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Highlighting the world-class capabilities of SUNY Polytechnic Institute’s research  
ecosystem as it supports the rapid expansion of Governor Andrew M. Cuomo’s  
innovation economy in New York State, it is my pleasure to present the 2014 edition of 
SUNY Polytechnic Institute’s Faculty Research Report. SUNY Poly has emerged as a  
single institution from the merger between the SUNY College of Nanoscale Science and 
Engineering in Albany and the SUNY Institute of Technology (SUNYIT) in Utica.

SUNY Polytechnic Institute’s Colleges of Nanoscale Science and Engineering’s (SUNY 
Poly CNSE) mission is to serve as an intellectually vibrant powerhouse for research 
and education in the nanotechnology disciplines, from theoretical principles to practical  
applications. This mission is carried out through cutting-edge work that is being  
undertaken by faculty and staff each day at SUNY Poly CNSE’s unmatched $20  
billion Albany NanoTech Complex. With its unique, publicly led public-private partnership 
model providing access to 300 mm and 450 mm wafer processing capabilities, SUNY 
Poly CNSE is fueling next-generation semiconductor-based research, with the ability to  
quickly and efficiently integrate discoveries into advanced manufacturing processes. This 
true “lab to fab” capability accelerates innovation and controls costs, even as the research 
and development environment becomes increasingly complex.

Research at SUNY Poly’s Utica campus spans disciplines ranging from technology, including engineering and  
cybersecurity, computer science, and the engineering technologies; professional studies, including business,  
communication, and nursing; and arts and sciences, including mathematics, natural sciences, humanities, and social  
sciences. Faculty members at both campuses are active scholars, publish regularly, and are internationally known in 
their fields. SUNY Poly’s globally recognized resources, know-how, and capabilities enable a bright future for economic  
development, education, research, development, and commercialization based on the leading-edge work of faculty, staff, 
and students. Their combined efforts are leading to ultra-fast and secure data; the improved detection, treatment, and  
prevention of diseases such as cancer or diabetes; increasingly efficient clean energy applications; and a greater  
understanding of physics, mathematics, and human behavior, for example.

Simply put, SUNY Poly is an engine for 21st Century research. In fact, the National Science Foundation recently ranked 
SUNY Poly as the number one college/university in the United States in 2013 for research expenditures funded by business, 
with $201.6 million in research and development expenditures derived from more than 300 corporate and business partners, 
topping MIT, Duke, and Stanford. 

The 2014 Faculty Research Report highlights key areas of SUNY Poly’s educational and research efforts:

 » Business Management 
 » Communications and Humanities
 » Computer and Information Sciences
 » Engineering, Science & Mathematics
 » Engineering Technology
 » Nanobioscience
 » Nanoeconomics
 » Nanoengineering
 » Nanoscience
 » Social and Behavioral Sciences

We hope that SUNY Poly’s 2014 Faculty Research Report will provide a valuable glimpse into our exciting research,  
development, commercialization, and deployment efforts that are yielding powerful results.

Michael Liehr
CNSE Executive Vice President of Innovation and Technology; Vice President for Research
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Religion and Gender in Revolutionary Mexico 
 (Kristina A. Boylan) 

 
Scope: My ongoing research agenda critically examines the roles played by 
Catholic laywomen in social movements and debates in revolutionary Mexico.  
This contributes to a growing body of literature recognizing the importance of 
grassroots organizing across the ideological spectrum in shaping Mexico’s 
domestic politics and international relations. Though excluded on the basis of 
their sex from official positions of power in Church and government, activist 
women contributed significantly to the reconstruction of the Catholic social 
movement in Mexico following the Cristero Rebellion and to the diminution or 
abandonment of several radical aspects of the 1917 Constitution, its operating 
laws, and corresponding state and local policies.  
 
Goals: To maintain an active research agenda oriented toward producing articles, 
monographs, and other scholarly works. 
 
2014 Accomplishments 
 
TOPIC 1: “Virgin of Guadalupe,” entry for Eric Zolov, ed., Iconic Mexico:  An 
Encyclopedia from Acapulco to Zócalo (USA:  ABC-CLIO, Aug. 2015) 
 
This encyclopedia article was submitted to the editor of the collection in June 2013; I 
submitted revisions to the text in April 2014.  Also, at the request of the editor 
(Associate Professor of History at Stony Brook University), I submitted three proposals 
for a primary source document related to this entry, including originally-composed 
introductions (which will receive author credit) from which “Graham Greene, ‘The Dark 
Virgin,’ was selected. 
 
Figure 1: Listing for the forthcoming publication can be viewed at http://www.amazon.com/Iconic-
Mexico-volumes-Encyclopedia-Acapulco/dp/1610690435/  
 
TOPIC 2: “The Impact of Mexican Catholic Women’s Grassroots Programs:  
Educational Campaigns and Community Monitoring in the Archdiocese of 
Guadalajara, 1934-1940,” article submitted to The Americas, June 2014. 
 
This is the revised text of a conference paper presented in March 2010 and originally 
solicited for inclusion in an edited collection of essays (inability to fund the document’s 
being professionally translated when a US-based publication offer fell through and a 
Mexico-based publication offer emerged led to its being taken out of the collection).  I 
revised the manuscript for submission to The Americas 
(http://journals.cambridge.org/action/displayJournal?jid=TAM). In December 2014 I 
received a request to make minor revisions and re-submit the article for consideration, 
which I am working on timing for the editorial board’s next meeting at the end of March 
2015. 
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TOPIC 3: With co-author Gregory Swedberg, ongoing research project, 
“Engendering or Revealing a New Cardenista Contract?  Leonor Sanchez, 
Workers, and the Negotiation of Church-State Tensions in 1937 Veracruz, 
Mexico.” 
 
Dr. Swedberg (Manhattanville College) traveled to Mexico this past summer, and 
located materials in historical archives in Xalapa and Orizaba that we are using to 
continue our research project on the details and impact of the incident of Sanchez’s 
death and subsequent religiously-oriented protests in Veracruz in 1937.  Earlier work on 
this project was supported by SUNYIT’s Visiting Scholar program in March 2012; we 
presented preliminary findings at the Latin American Studies Association conference in 
Washington, DC in June 2012.  Dr. Swedberg has invited me to present our research at 
Manhattanville College on March 26, 2015, supported by a similar fund at that 
institution.  We are currently reviewing the primary source documents and preparing the 
presentation, with the goal of strengthening our existing paper to the necessary level of 
documentation and analytical rigor for journal publication. 

 
TOPIC 4: Interdisciplinary Understandings of Food in Society, Kristina A. Boylan 
(2d research area): With Xinchao Wei (SUNY Poly), Principal investigator, Andrew 
Wolfe, Laura Weiser-Erlandson, and myself, “Design and Build A Sustainable Bus 
Stop Shelter: Project-based Learning to Integrate Sustainability into Educational 
Programs at SUNYIT,” SUNY Small Grant Sustainability Fund Application, 
submitted Dec. 2013, awarded $6,100 April 2014.  
 
Dr. Wei invited me to participate in this project, as the instructor of an interdisciplinary 
course examining the science, technology, and human values of food in society (IDS 
103). The co-authors intended to implement assignments in several courses 
(engineering, for Wei and Wolfe, biology, for Weiser-Erlandson, and IDS 103, for 
myself) in order to involve students in the design, construction, and furnishing of a bus 
stop shelter powered by renewable energy sources. Based on my IDS 103 class, 
service-based learning projects involving starting seedlings for community gardens 
(2011 and 2013-present), my role was to identify plant species that could survive (or 
periodically be raised and re-planted) in a living garden wall that would form part of the 
shelter, and to implement that project into a class in Fall Semester 2014. Dr. Wei and I 
are continuing our discussions of how to design and implement student-centered 
projects that integrate assignments and ideas from natural sciences, environmental 
engineering, and interdisciplinary social science and humanities perspectives.  

12
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Designing an Optimal Online Learning Environment   
 (Russell L. Kahn, Ph.D.)  

 
Scope: Qualitative research found that students in a given class exhibited 
multiple learning styles from teacher-centered to student-centered. The study 
found that students preferred academic activities that appealed to a range of 
learning styles. 
 
Goals: Provide a model for designing courses that appeals to the widest range of 
learning styles 
 
2014 Accomplishments  
 
TOPIC 1: A Taxonomy for Choosing, Evaluating, and Integrating In-the-Cloud 
Resources in a University Environment 
 
Developed and applied an analytic matrix for searching and using Web 2.0 resources 
along a learning continuum based on learning styles. This continuum applied core 
concepts of cognitive psychology, which placed an emphasis on internal processes, 
such as motivation, thinking, attitudes, and reflection. A pilot study found that access to 
multiple media and enhanced graphical tools in an online classroom responds to 
students’ varied learning styles. This research applies Bloom’s Taxonomy of learning 
styles to explain the matrix. It presents preliminary evidence that indicates how use of 
multiple resources works to include more learning styles and thus engage and motivate 
more students. 
 
Table 2: Bloom’s Revised Taxonomy with sample in-the-cloud applications 
Learning 
Style 

Remembering Understanding  Applying 
Analyzing 

Evaluating  Creating  

Examples Sharing 
information 

Visualizing, 
interpreting, 
discussions 

Mashing, 
playing 

Moderating Students 
produce/direct 

Sample 
Applications 

Webinars, Wikis, 
Wikipedia 
Prezi, TED talks 
 

Lexipedia, 
Tagxedo, Wordle,  
Mashpedia 
IceRocket 
Silobreaker 
Slideshare 

Discussion 
Journals 
Jing 
annotate 
 

Discussion 
replies Google 
Docs 
 

Prezi, 
Jing Video 
 

 
2014 Highlights: 

• Publication in two peer reviewed journals 
o Journal of Education and Technology Systems (Volume 41 Number 2) 
o Institute of Electrical and Electronics Engineers Professional 

Communication 
• Membership on the SUNY-wide FACT2 committee 
• Named Senior fellow and mentor for Open SUNY  
• Thesis advisor on the subject of online learning for eight thesis projects 

13



	  
Department of 

Communications & 
Humanities 

• Referee (for the third year) for the IITG SUNY-wide grant submissions committee 
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Mediated Nostalgia (Ryan Lizardi) 
 
Scope: Analysis of the contemporary proliferation of nostalgic texts across 
multiple media, such as film, television, video games, and social media. 
 
Goals: To examine the cultural impact of media companies’ encouragement of a 
perpetual nostalgia defined by beloved media texts from the past 
 
2014 Accomplishments 
 
TOPIC 1: Mediated Nostalgia: Individual Memory and Contemporary Mass Media. 
Lanham, MD: Lexington Press. 
 
Considering the current rash of film remakes, vintage video game downloads, and box 
sets of bygone television shows, media today is obsessed with nostalgia. Instead of 
presenting a past that functions as an adaptive mirror with which we can compare our 
contemporary situation, the past is instead presented as an individualized version that 
transfixes us as uncritical citizens of our own culture. Mediated Nostalgia: Individual 
Memory and Contemporary Mass Media argues that the cultural implication of a cross-
media eternal return to nostalgia is an increasing reliance on defining who we are as 
people and societies by what media we consumed as children. The unblinking eye 
toward the past knows no progress, or at the very least, does not employ the past to 
compare and adaptively engage with the present or future. Examining film, literature, 
television, and video games, Ryan Lizardi tackles the idea of why that strong sense of 
nostalgia is such a popular tactic for the media industry, and why it is problematic. 
 
TOPIC 2: “The Nostalgic Revolution Will be Televised” in Remake Television: 
Reboot, Re-use, Recycle. Ed. Carlen Lavigne. Lanham, MD: Lexington Press. 
 
There are countless examples of the television medium’s recent saturation of the past 
as a defining logic. From shows that engage explicitly with the past, such as Glory 
Daze, That 70s Show, and channels like The Hub playing Transformers vintage 
cartoons alongside new versions, as well as programming that implicitly obsesses with 
the past, like How I Met Your Mother, and Lost. Remakes are a large part of this 
televisual past obsession and are the primary focus of this chapter as it explores what 
type of engagement with history is encouraged when viewers are not able to escape 
their beloved nostalgic pasts. This chapter examines both explicit nostalgic remakes for 
their history defined by media texts, focusing on many examples but mostly on 
Elementary and Transformers: Prime, as well as the implicit past-ness in many 
seemingly contemporary shows that validate perpetual nostalgia through characters' 
constant recalling of their pasts. The accompanying advertising system is also explored 
for its reliance on commodity-focused nostalgia, like Volkswagen's commercial "The 
Force" that taps into Star Wars nostalgia. Commercials as remakes may seem 
improbable as they focus on the new, but this pervasive television “genre” is constantly 
appropriating texts from the past and remaking ad campaigns/slogans from long ago. 
This chapter argues that television viewers are confronted with a history that is uncritical 

15
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and lacking a radical past through its reliance on commodified remakes and flattened 
historical representations. 
 
TOPIC 3: "Scott Pilgrim vs. Hegemony: Nostalgia, Remediation, and 
Heteronormativity” in Superheroes and Identities. Eds. Mel Gibson, David Huxley, 
and Joan Ormond. New York: Routledge. 
 
The Scott Pilgrim comic-book series is a significant cultural text on many levels 
including its relationship to the past, to the comic-book medium, and to socio-cultural 
power dynamics. Through a close reading of this popular series, this analysis explores 
the ways in which Scott Pilgrim builds up potential to address ideological issues in a 
progressive manner through its ironic nostalgic stance and its reliance on medium-
bending cultural references. The issue is that this comic-book series squanders this 
potential and ends up reaffirming dominant hegemonic gender roles and a dangerous 
brand of heteronormativity. This reaffirmation is especially problematic considering Scott 
Pilgrim’s wide cultural influence across comics, film, and video games. Scott fights 
many foes in this series, but hegemony in the form of dominant gender roles and 
sexuality seem to be one fight Scott cannot win.  
 
TOPIC 4: “Bioshock: Complex and Alternate Histories.” Game Studies: The 
International Journal of Computer Game Research, 14.1 (2014). 
 
Irrational Games’ Bioshock series, represents an important example of videogames that 
are made within the current mainstream industry that stand above many other games in 
terms of their potential to be thought-provoking and complicated texts. 
The Bioshock series does not contain universally progressive ideological elements, nor 
is it universally acclaimed by critics, but through a combination of complex narrative 
content and quality gameplay, the series stands out as a potentially important site for 
scholarly exploration. Because of the complexity and ever-changing nature of these 
games - dynamics that are continually reinforced through ludic gameplay elements – the 
Bioshock series embodies the future of game studies as a complex field of exploration 
that recognizes the importance of all its interactive elements. Specifically, this article 
argues that the Bioshock series encourages complex historical interpretations as 
opposed to simplistic accepted histories, and that it does so despite the games' 
fantastical literal content. Because of the complexity and polysemic nature of this game 
series, dynamics which are continually reinforced through ludic gameplay elements, this 
article addresses how to approach this type of game series, engages the series’ 
potential for complex history, and, in the end, argues for more game studies research 
on the alternate historical text for its progressive potential. 
 
Lizardi, Ryan. Mediated Nostalgia: Individual Memory and Contemporary Mass Media. Lanham, MD: 
Lexington Press. 2014 
 
Lizardi, Ryan. “The Nostalgic Revolution Will be Televised” in Remake Television: Reboot, Re-use, 
Recycle. Ed. Carlen Lavigne. Lanham, MD: Lexington Press. 2014. 
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Lizardi, Ryan. "Scott Pilgrim vs. Hegemony: Nostalgia, Remediation, and Heteronormativity” in 
Superheroes and Identities. Eds. Mel Gibson, David Huxley, and Joan Ormond. New York: Routledge. 
2014. 
 
Lizardi, Ryan.  “Bioshock: Complex and Alternate Histories.” Game Studies: The International Journal of 
Computer Game Research, 14.1 (2014). 
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Exploring Innovative Ways to Teach Writing  
with the Disciplines   

(Alexander Bulson, Dr. Joanne Joseph, Dr. Mary Krenitsky 
Perrone, and Dr. Veronica Jaris Tichenor)  

 
Scope: An approach to enhancing and supporting the teaching of writing in the 
disciplines 
 
Goals: Improve student written performance in the disciplines 
 
2014 Accomplishments  
 
TOPIC 1: A Comparative Analysis of Several Pilot Studies We Conducted in our 
Classrooms 
 
A series of pilot studies were conducted which paired a writing professor with a 
professor in the disciplines. These partnerships began with a senior seminar class in 
Psychology, a class in Fluid Mechanics, a class in Social Problems, and a class in 
Communication Theory. Data was also gathered from assessments of student 
performance in the disciplinary classes during previous semesters where other 
interventions were employed. These various sets of papers were collectively reviewed. 
 
Our study focused upon two sets of data: the senior seminar in psychology and the 
sociology class on social problems.   
 
From the senior seminar in psychology, we had sets of student papers from three 
semesters: one semester without any interventions, a second semester where the 
students participated in a service-based learning project, and a third semester where 
the students not only participated in a service-based learning project, but also worked 
with a writing professor by choosing to enroll in a two-credit-hour writing class partnered 
with their psychology class. The papers were numbered, randomly mixed into a single 
group, and given to three outside reviewers (a psychology professor, a composition & 
rhetoric professor, and a healthcare agency practitioner). The results indicated that the 
papers in both the service-based learning class and the service-based learning class 
paired with the writing instructor were superior to the student papers from the class 
without interventions. In addition, one of the outside reviewers (a professor of 
composition and rhetoric) found the student papers (later identified as coming from the 
third section which was paired with the writing professor) to be superior to the rest. In 
fact, this rater was so impressed with the quality of the writing and the students’ ability 
to integrate prior research into their writing, she wrote in a “comments” section, “the 
students not only utilized the resources, but they adopted them.”  
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Table 1:       

                       
 
 
From the sociology class in social problems, the sociology professor tried multiple 
interventions to improve student writing, including weekly writing assignments and 
requiring students to work with Writing Center tutors on drafts of their assignments.  
(See Table 2) These interventions, tracked over time, produced modest improvements 
in student writing. 
 
Table 2:         

                          
 
Then, the sociology professor decided to use a two-credit-course complement, which 
partnered the students with a dedicated writing professor. Again, student performance 
was reviewed and the results indicated that the students received additional benefit 
from working in partnership with a writing professor compared to results achieved when 
working with writing tutors in the Learning Center. Students were also asked to provide 
feedback on working with a tutor versus the partnered writing professor (See Table 3). 
Students reported fewer difficulties in scheduling and more helpful feedback on their 
papers.    
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Table 3: 

                       
 
Recommendations: 

• Service-based projects improve student learning outcomes. 
• It is imperative that the writing component be credit bearing. 
• For the partnerships to be successful, each discipline must be respectful of the 

other and establish reasonable expectations regarding workload. 
• Optimal class size is 15-20 students. 
• Partnering allowed the Writing professor to build professional relationships with 

the students, which contributed toward their comfort sharing drafts and accepting 
criticism. 

• Partnering improved student thought and writing because the students had to 
explain their discipline to an outsider audience when paper conferencing with the 
Writing professor.  

 
Publication: 

1. Bulson, Alexander A., J. Joseph, M. Krenitsky Perrone, and V. Jaris Tichenor. “Enhanced 
Student Performance as Evidenced by Partnering Writing Facilitation with Courses in the 
Disciplines” Impact: The Newsletter of The Assessment Network of New York. Volume 3 Issue 3, 
Fall 2014. 

 
Conference Presentation: 

1. Bulson, Alexander A., J. Joseph, M. Krenitsky Perrone, and V. Jaris Tichenor. “Enhanced 
Student Performance as Evidenced by Partnering Writing Facilitation with Courses in the 
Disciplines” Assessment Network of New York (ANNY) Rochester, NY (2014). 

 
Research done in collaboration with 

College of Health Sciences and Management 
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Virtual and Augmented Reality 
 (Dr. Ibrahim Yucel, Media Lab, Dr. Joanne Joseph)  

 
Scope: Education, entertainment, and design 
 
Goals: Development of design guidelines for virtual and augmented media, 
treatments for PTSD, educational use of the technology 
 
2014 Accomplishments 
 
TOPIC 1: Differences in Engagement Between Virtual Headsets and Traditional 
Displays 
 
We have been testing the use of virtual technology in serious applications in both health 
and education. I have an Oculus Rift headset and am awaiting delivery on a Cast AR 
system. We have presented at conferences about the possibilities of virtual reality, 
which gives us the promise of many new computer applications that have never been 
seen before. Examples include a doctor practicing surgery on a patient who is located 
miles away, or a virtual tour of a building that does not yet exist. Imagine exploring lost 
architectural wonders of the ancient world, recreated by students. Immersion promised 
by virtual reality will depend on continued development and experimentation of 
technology software kits. These experiments give valuable feedback on interaction with 
end users. We tested if users had improved levels of experience compared with 
traditional displays. Previous studies indicate that implementation of virtual reality and 
immersion is benign for use in therapy. It was promising to see stress disorders reduced 
over time after treatment with virtual reality. Researchers say exposure therapies, like 
the virtual reality-based technique studied in the new report, can help sufferers directly 
confront those fears and the issue of avoidance. Many experts believe that exposure 
therapy is one of the most effective ways to treat PTSD, but few studies compare the 
use of traditional displays to HMD display. In this paper we show results from a 
comparison of gameplay of Portal 2 with a traditional and HMD display and offer a few 
implementation suggestions for the use of HMDs in new applications. 
 
2014 Highlight: 

• Presented paper at PCA/ACA national conference in Chicago 
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Rules for Writing Rules (Dr. Ibrahim Yucel)  
 
Scope: Game design, analog game studies 
 
Goals: Development of design guidelines for games 
 
2014 Accomplishments 
 
TOPIC 1: How Instructional Design Impacts Good Game Design 
 
Rules are the building blocks of all games, providing all the structure and boundaries to 
which players consent. Yet, they can quickly become the most frustrating aspects of a 
game. The task of reading and memorizing a textbook-sized list of rules for more 
complicated games intimidates many players, particularly new ones. As players discuss 
and try to parse out poorly-organized rules, a game can come to a standstill, breaking 
what we would see as “immersion” or “fun.” While much has been written on the need to 
playtest to discover a game’s feedback loops (e.g., how a player multiplies his/her in-
game rewards) and dominant strategies (i.e., a strategy that defeats all other options) in 
games, vague rules still plague the best of games, especially in games where specific 
rules (i.e., rules on individual cards) may contradict the general rules of the game. It is 
thus important to write rules in clear, understandable, and easily referenced manner to 
allow players enjoyment of the game. 
 

Marvel character Shuma-Gorath incarnated as a Heroclix figure. Photo CC Ibrahim Yucel. 
 

Marvel character Shuma-Gorath incarnated as a Heroclix figure. Photo CC Ibrahim Yucel. 
 
One game plagued by vague rules is the Heroclix collection of collectable miniature 
combat games, in which comic book heroes and villains battle each other utilizing 
various superpowers. Collectable games that sell individual components in booster 
packs such as Magic: The Gathering and Heroclix are often prone to open rules 
conflicts, due to booster packs’ constant introduction of new elements. Players must 
frequently consult the directions, deliberate with others about vague rules, and adjust 
meta-game strategies – emergent strategies of the player community beyond the 
strictures of the game – as certain elements of a game privilege certain modes of play 
over others. At best, poorly written rules and abilities receive attention from the 
community of players itself, which leads to errata, or rules published after the initial 
release. These errata then become paratextual references outside of the rules 
themselves, and increase the difficulty of comprehending the game. Acting as rules 
arbitrators, the Heroclix HCrealms community dedicates whole sections of their 
discussion forums to game rules and player interactions with these rules. Often, game 
judges must search and read pages of discussion to discover how a particular game 
element interacts with other game elements. If an issue is not discussed, players must 
post a new discussion in the forum to seek clarification. The HCrealm forums, 
specifically the unit rulings thread, also constitute the main archive of these rulings. 
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The HCRealms Forum homepage. Screen capture taken on 5 October 2014 by the editors. 
 
The HCRealms forums represent a needed communication channel between the 
designers of the game and its community, patching up points where the rules have 
failed to provide clear, unambiguous instructions. Game designers focus on the ability of 
rules to work in conjunction with each other, and achieve a specified game “aesthetic.” 
While flow, engagement, and fun are always the primary goals of games, the 
comprehension of rules remains essential to those goals. Players’ experiences could be 
greatly improved with some general principles of design applied to the crafting and 
presentation of rules. Below, I suggest some principles of design and instruction to 
improve legibility, reviewability, and comprehension of rules. 
 
Designers often craft a series of statements that form the rules. These statements are 
often presented in paragraph formats, with the designer describing the elements and 
defining terms used in a game. However, those with experience in writing legal 
documents, where meaning and interpretation carry the upmost importance, sympathize 
with the difficulty in writing something that is both easy to comprehend, yet 
unambiguous. Game designers utilize the tricks of various forms of media including text, 
web videos, and interactive flash presentations to communicate the basic rules of a 
game. Three areas which make a large impact on making rules clear and easy to read 
are chunking, figures, and flowcharts. 
 
Chunking: 
 
Grouping smaller memes and ideas by category is known as "chunking." Photo CC Stefan Klocek 

@flickr 
 

Grouping smaller memes and ideas by category is known as “chunking.” Photo CC Stefan Klocek 
@flickr 

 
Chunking is one of the simplest and most common ways of taking complex sets of rules 
and organizing them to make them easier to memorize and reference. William Lidwell, 
Kritina Holden, and Jill Butler define “chunks” as the following: “The term “chunk” refers 
to a unit of information in short-term memory—a string of letters, a word, or a series of 
numbers. The technique of chunking seeks to accommodate short-term memory limits 
by formatting information into a small number of units. The maximum number of chunks 
that can be efficiently processed by short-term memory is four, plus or minus one.” 
 
While much debate surrounds the precise optimal number of chunks our memory can 
handle, fewer chucks generally mean easier recall by readers. For this reason, 
gameplay containing a long series of steps will often be broken into phases, converting 
chunks to more manageable lists. Examples of chunking a series of steps in a turn can 
be found in Magic: The Gathering’s phase system, Dungeons and Dragons, and the 
board game Agricola, among others. In most editions of Dungeons and Dragons, for 
example, fighting requires a pre-combat chunk that establishes who is aware of the 
enemy, an initiative chunk to establish turn order, and finally a combat chunk for actions 
to be taken. This allows the dungeon master to be aware of specific rules for each 
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chunk, and give considerations to each player at the table in turn. Agricola similarly 
uses chunks so that important game events are not ignored. Chunks also allow each 
player ample time to consider the strategy they will use that turn. Its chunks are divided 
into: start the round, replenish, work, return home, and harvest. Each of the phases are 
further chunked in the rules to sub-phases, all of which must be followed to ensure fair 
play. 
 
 

Cards from the Agricola board game. Photo CC 18r @flickr 
 

Cards from the Agricola board game. Photo CC 18r @flickr 
 
This technique also often reflects the aesthetic basis for a game. For example, many 
tabletop role-playing games feature a large set of rules and terms for defining the 
abilities of one’s character and their application. While there are rules regarding how 
capable the character is in combat, we chunk the rules into “combat” sections rather 
than “character creation.” Chunking also works well on smaller-scale games such as 
war, poker, or backgammon. Many board games will chunk their setup rules separately 
from the game sequence rules just for this reason. 
 
The proper number of chunks needed for any particular set of rules is a compromise 
between its subject matter and a player’s limits on memory. Complex games, such as 
war and empire-building games, rely on reference cards for players to remember 
chunks and their contents, since the game has an otherwise high cognitive load. In best 
practice, chunks are easy to find, and organized via lists and outlines. 
 
Figures and Examples: 
 
 

An example figure from the board game The Greenway. Picture CC Rik Eberhardt @flickr. 
 

An example figure from the board game The Greenway. Picture CC Rik Eberhardt @flickr. 
 
A great rulebook is one that shows as well as tells. Figures such as photographs of the 
initial game setup may be necessary in some games in order to convey placement 
without resorting to onerous and confusing details. However, such images also prove 
vital in examples of gameplay, to show the before- and after-states of complicated 
moves outlined in the rules. Figures and visual examples scaffold the player, providing 
needed context to the rules and may show how a number of rules interact to create 
dynamic gameplay. The use of scaffolding techniques is also vital to design in 
educational video games, as the scaffold provides the needed context and starting point 
for all players. Figures, diagrams, and examples help when the rules become 
complicated enough that any chunking remains a difficult proposition. Finally, figures 
help accommodate those players with different kinds of learning preferences, increasing 
the game’s appeal to diverse audiences. 
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Those who utilize figures, however, need to pay special attention to the design 
principles of comparison, framing, highlighting, and iconic representation. Each of these 
principles has an impact on developing the user’s mental model of the game itself and 
how the rules of the game fit into that mental model. Comparison helps the user 
distinguish between states of the game. A series of figures showing — via comparison 
— how states change from one point to the next allows the user to mimic and then 
internalize how a rule is implemented in actual play. Framing provides the context for 
the player, so that the picture is not just a series of unrelated objects and the placement 
of game elements makes more sense to the user. Highlighting informs the player of key 
game elements they might otherwise overlook. Finally, iconic representation is usually 
used in place of photographic depictions because of the increased clarity and (often) 
universality of the figure. Rule authors would do well to avoid arbitrary iconic 
representations, however, as they may confuse players more than help them. 
 
Flowcharts: Sid Meier once said “A [good] game is a series of interesting choices.” 
Choices available to the player can be represented using a flowchart of the decision 
points. Rules are often misinterpreted around timing and sequencing effects, for which 
flowcharts often provide the best guidance. Many games feature abilities for different 
players to enhance the tactical options and aesthetics of a particular choice of play. 
However, since these abilities need to interact with both the standard rules of play and 
other players’ abilities, the resolution of said effects must be considered. Magic: The 
Gathering is such a game in which the state of cumulative effects plays a vital 
importance. As a response to this design challenge, Magic has developed the gold 
standard of effect rules: the “stack,” which means the last effect declared is the first to 
be resolved. Even with this simple rule, resolving effects can be very difficult to parse 
without a flowchart. 
 

Flowchart courtesy of StarCityGames.com - "Ask the Judge." 3 March 2005. 
 

Flowchart courtesy of StarCityGames.com – “Ask the Judge.” 3 March 2005. 
 
A flowchart also provides the clearest visualization of how to transition between states 
in a game. They usefully supersede the paragraph format of written rules when dealing 
with very complex, multi-stage games that require players to act either simultaneously 
or semi-simultaneously. Despite their usefulness, flowcharts are often not provided 
within tabletop games. Players usually resort to fan communities that share homemade 
flowcharts clarifying the rules, again creating a paratextual layer of rules interpretation. 
Fans archive flowcharts on sites such as Boardgamegeek.com, so that others in the 
community can find them. 
 
Conclusion: Basic principles of instructional design come into consideration whenever 
rules to games are created, and certain best practices effectively convey authorial intent 
to the players. Arguments over rules often appeal to this authorial intent, and unclear 
communication through unreflective rules design can destroy even the most carefully 
designed game. Player misunderstandings are a given in the playing of any game, but 
they can be minimized and productively channeled through a well laid-out set of rules. 
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2014 Highlight: 

• Published Article in the Journal of Analog Game Studies: 
http://analoggamestudies.org/2014/10/the-rules-for-writing-rules-how-
instructional-design-impacts-good-game-design/ 
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A Critical Analysis of Layer 2 Network Security in  
Virtualized Environments (Ronny L. Bull)  

 
Scope: A full assessment of Layer 2 network security in multi-tenant virtualized 
environments. 
 
Goals: (1) Assess the Layer 2 network security posture of enterprise level multi-
tenant virtualized environments; (2) Develop mitigation and hardening techniques 
that will improve the security posture of these environments   
 
2014 Accomplishments 
 
TOPIC 1: Evaluation of Layer 2 MAC Flooding Attacks on Multi-Tenant Virtualized 
Environments 
 
The MAC flooding attack is a Layer 2 network attack that is commonly used on physical 
switches in order to force the switch into a fail safe mode where the inherent separation 
of collision domains is broken, and every frame passing through the switch is forwarded 
to all connected devices. When successful, this attack allows for passive eavesdropping 
of all network traffic passing through the device. The MAC flooding attack was tested on 
seven different enterprise level multi-tenant environments in order to evaluate the 
virtualized network security posture of each environment against the attack. It was 
concluded that three out of the seven environments used a common virtual switch that 
was vulnerable to the MAC flooding attack, and that each one of the evaluated 
environments suffered from network performance degradation due to the massive 
amount of spoofed frames that were flooding the network by the attacking virtual 
machine.      

 

 
 

Figure 1: A malicious virtual machine running a MAC flooding attack on an Open vSwitch virtual 
network and successfully using Wireshark to eavesdrop on the HTTP traffic of another tenant 
virtual machine. 
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Table 1: Summary of MAC flooding attack results across seven test environments. A check mark 
indicates that the attack was successful. Note: Permission must be obtained from VMware in 
order to release the results of testing per the VMware EULA. 
 
TOPIC 2: Evaluation of DHCP Attacks on Multi-Tenant Virtualized Environments 
 
The Dynamic Host Configuration Protocol is a networking service that provides IP 
addressing and other network information to clients located within the same broadcast 
domain as the DHCP server. In order to perform a Layer 2 DHCP attack, an attacker 
must place a rogue DHCP server on the target network in hopes that clients in the same 
broadcast domain associate with the malicious DHCP server rather than the authorized 
server for the network. Once a client receives an IP address lease from a malicious 
DHCP server under the attacker’s control, that client can also be seeded with the IP 
address of a poisoned DNS server, an incorrect default gateway, a duplicate address of 
another client on the network, or be forced to run malicious code as a privileged user.  
In order to evaluate the security posture of virtualized networks against DHCP attacks, 
four different attack scenarios were ran on the same seven test environments that were 
previously used in the MAC flooding experiments. It was concluded that every one of 
the seven evaluated environments were vulnerable to each of the four DHCP attack 
scenarios that were conducted.      
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Table 2: Summary of DHCP attack scenario results across seven test environments.  A check 
mark indicates that the attack was successful. 
 
TOPIC 3: Future Work 
 
Going forward, the seven enterprise level virtualized environments will be evaluated 
against additional Layer 2 networking attacks such as VLAN hopping, Spanning Tree 
Protocol attacks, and ARP spoofing in order to provide a complete Layer 2 network 
security posture assessment of the default out-of-the-box configuration for each 
environment. Once baselines have been established, mitigation and hardening 
techniques will be researched and developed in order to contribute to an increased level 
of security of the virtualized networking devices utilized in these environments.   
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Exploring Security Enhancements for Android 
 (William "Amos" Confer) 

 
Scope: Android Security 
 
Goals: Enable the understanding of Android OS, Linux, and SELinux security 
models to enable the creation of security-enhanced Android products 
 
2014 Accomplishments 
 
TOPIC 1: Exploring SE for Android 
 
PACKT publishing has announced book, Exploring SE for Android, which is currently 
available on its website: https://www.packtpub.com/networking-and-servers/exploring-
se-android. 
 
This book introduces the reader to the Security Enhancements (SE) for Android open-
source project and walks them through the process of securing new embedded systems 
with that technology. To our knowledge, this book is the first source of any kind to 
document such a process in its entirety. With it, students, small OEMs, and engineers of 
emerging areas where Android is seeing growth can produce products secured by SE 
for Android. Traditionally, only large OEMs such as Samsung or Cisco do this, and most 
commonly, the target device is a phone or tablet. This book changes this, engaging a 
very wide audience in developing and understanding modern security tools. 
 
Exploring SE for Android directs the reader to fail their way to success. It first covers the 
appropriate theoretical understanding of how security is gained and enforced and then 
introduces a system that has never been secured that way (not even by the authors 
prior to writing the book). The book guides the reader through intelligent guesswork, 
embracing unexpected failures for the newly found idiosyncrasies they expose, and 
eventually enforcing the authors' custom security policies. This prepares the reader to 
secure other devices, the process for which is always different (and difficult). It requires 
the engineer to resolve differences between four major open source projects (Linux, 
Security Enhancements for Linux, Google Android, and SE for Android), each of which 
have independent goals and deployment schedules. 
 
The book is co-authored by William Roberts, a founding engineer for Samsung’s KNOX 
Android security product and 2011 SUNY Poly alum. 
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Automatic Facial Activity Analysis (Reale) 
 
Scope: Automatic analysis of facial activity for multi-modal human-machine 
applications   
 
Goals: Propose and develop new algorithms to detect and recognize facial 
activity (such as facial expression, eye gaze behavior, and gestures) in different 
data modalities, and integrate approaches into a unified, real-time recognition 
system  
 
2014 Accomplishments  
 
TOPIC 1: Micro Action Unit Detection and Recognition through Local Spatio-
Temporal Fitting 
 
“Micro-expressions” are expressions that flash across the face within a tiny fraction of a 
second. They are consequently difficult to detect and identify, but they are also more 
indicative of the true emotional state of the subject. As such, research in automatic 
micro-expression detection and classification is critical for the future of facial activity 
analysis applications. Our current work uses spatio-temporal analysis to recognize 
“micro-AUs” in 4D (i.e., dynamic 3D) spontaneous expression data from the BP4D-
Spontaneous database. The detection and classification of micro-AUs is the natural 
precursor to the detection of full micro-expressions. The underlying assumption of our 
appearance-based features is that micro-AUs will exhibit symmetric or semi-symmetric 
temporal behavior. We have run experiments on both 2D and 3D video data. The 
overall results on 14 AUs are encouraging and show improvement over the compared 
state-of-the-art approaches.  
 

 
 

Figure 1: 2D and 3D images from the BP4D-Spontaneous facial expression database. 
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TOPIC 2: 3D Eye Tracking and Gaze Estimation Patent 
 
Knowing where the user is focusing is a critical part of many human-computer 
interaction applications. Our unique, real-time eye tracking and gaze estimation 
algorithm constructs a 3D model of the eyeball; this helps us, among other things, tackle 
the issue of head pose. The approach incorporates the fovea (i.e., the true vision center 
in the back of the eye) for increased gaze accuracy. Moreover, the system runs in real 
time. This work has been published and presented in IEEE ICME 2010 and IEEE CVPR 
workshop 2010, and patent #8,885,882 was granted for this approach in November 
2014.  
 

 
 

Figure 2: Eye tracking and gaze estimation. 
 

 
TOPIC 3: 4D Spontaneous Facial Expression Database Construction 
 
Many computer vision approaches and techniques have concentrated on 2D images 
and videos, which are problematic because of lighting, pose, and individual appearance 
changes as well as occlusion issues (e.g., glasses or facial hair). For facial expression 
analysis in particular, the trend now is to attempt to classify behavior from static 3D 
mesh data or dynamic 3D (i.e., 4D) data. There are advantages to pursuing 3D-based 
data over 2D. For instance, head pose changes can be adjusted for with 3D face 
information, and, assuming the data was captured correctly, lighting problems are 
nonexistent. Moreover, some facial activity causes changes in depth on the facial 
surface, which can be detected in 3D but may not be visible in 2D. Although current 
real-time commodity 3D cameras are still fairly noisy and the resolutions have 
historically been low, such devices are becoming more prevalent and promise to 
improve in the future. Hence, the research community has begun to pursue how best to 
analyze expression in 3D and 4D space. There are, however, few 3D facial expression 
databases and only a handful of 4D facial expression databases. 
 
I have assisted in the construction of the BP4D-Spontaneous facial expression 
database, a collaborative project between Binghamton University and the University of 
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Pittsburgh. This database is the first and only 4D spontaneous facial expression 
database in existence. I am also a co-author on a more recently published paper for the 
BP4D-Spontaneous database in the October 2014 issue of the Image and Vision 
Computing journal. This paper had been selected as one of 25 best biometrics papers 
in the past six years from eleven different Elsevier journals. It has also been published 
in the virtual special issue of Biometrics 2014, Pattern Recognition Journal, Oct. 2014, 
Elsevier. 
 
2014 Publications and Patents: 
 
X. Zhang, L. Yin, J.F. Cohn, S. Canavan, M. Reale, A. Horowitz, P. Liu, and J. Girard, “BP4D-
Spontaneous: A High-Resolution Spontaneous 3D Dynamic Facial Expression Database,” Image and 
Vision Computing, Vol. 32, Issue 10, pp. 692-706, Oct. 2014, Elsevier (The Best of Face and Gesture 
2013). 
 
US Patent #8,885,882 for “Real Time Eye Tracking for Human Computer Interaction” (2014). 
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Integration of Virtual and Real Equipment Related to 
Sustainability Education (Mark Bremer & Collaborators) 

 
Scope: Sustainable energy, such as wind and solar, can contribute significantly 
to meet the energy demand of New York State. Implementing sustainable energy 
will require the development of technology as well as public understanding and 
acceptance of sustainable systems. Therefore, integration of sustainability 
education into SUNY programs as well as providing opportunities for K-12 
students to see and interact with sustainable energy is crucial. 
 
Goals: The objectives of this project are to create an integrated combination of 
sustainability-related virtual and real activities/exercises that would be 
appropriate to 1) support undergraduate sustainability and alternative energy-
related courses, 2) support SUNY Poly K-12 outreach programs both on and off 
campus, and 3) address teaching high-risk young people. 
 
2014 Accomplishments 
 
TOPIC 1: Virtual Exercises Created & Updated 
 
1. Green Home Builder Game / Informal Learning Tool for Secondary School 
Students and Public Outreach 
An undergraduate Research Assistant programmed a game that engages the user with 
the benefits & costs of home renewable energy options (Figure 1). 
 
Features of the game: 

• 5 to 10 minute game experience. 
• Initial budget to install equipment in the game is monthly electric bill * 60 months. 
• Users make decisions about which renewable energy modules (solar panels & 

small wind turbines) and how many units to install on a single family residential 
home. 

• Animated installation of equipment. 
• Animated functioning of electrons flowing from grid power lines to household 

appliances (TV, lights, fan, etc.). 
• Animated functioning of solar panel creating electrons that flow into the 

household appliances and to the grid via power lines. 
• Animated functioning of small wind turbine rotating and creating similar electron 

flow to appliances and grid. 
• Animated sunrays and clouds/wind. 
• Implemented in HTML 5 using Construct 2. 
• Used fixed variables with the ability to import real-time data from an outside 

source in the future.  
• Identify monthly savings on electricity bill. 
• Evaluate return on investment by calculating simple payback of equipment. 
• Identify environmental benefits of renewable energy (ie. reduced CO2 emissions). 
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Figure 1: Screenshot of online GreenHome Energy Builder game. 
 
To evaluate the effectiveness of the game, we enlisted 50 students from an 8th grade 
class at Holland Patent Middle School to make suggestions for improvements. They 
made several valuable suggestions which were incorporated into later versions of the 
game, including: 

• Add a tutorial of game function and controls at the beginning. 
• Add decorations and animations to the home to make it more real. 
• Include a timer for build time countdown. 
• Make winning flashier and more recognizable. 

 
2. Development of University-Level Virtual Exercises 
 
Several virtual exercises were developed for both in class and informal educational 
purposes. They include exercises around the theme of planning and building a smart 
grid, the management of the smart grid and the positive impacts of renewable energy on 
the environment. 
 
There were two virtual exercises that were developed around the theme of smart grid 
management. One is based upon the day ahead load and power generation planning 
and the other is based upon the impact of the weather and environment of real-time grid 
management (Figure 2).    
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Figure 2: Scenes from smart grid management exercises. 
 

a. Additions made to initial IITG virtual exercise. 
1) Real-time grid management component. This exercise allows the user to 

make simulated hour-to-hour and even minute-to-minute simulated 
electrical grid management decisions in much the same way that grid 
operators do during actual grid management. Challenges can be tailored 
for various “what if” scenarios that include all of the renewable energy 
types.  An example of a challenge a user would be given would be how to 
manage the grid when there are losses of renewable energy generation 
due to the weather conditions. The user has the ability to explore such 
factors in “what-if” type scenarios such as the cost–benefit of adding 
storage to the grid in terms of more fully utilizing renewable energy.   
(Note – components of this exercise are from open source components 
external to this project.) 

2) Day ahead planning allows the user to make realistic power purchasing 
decisions. In these sets of exercises the user is given the ability to play the 
role of load and power purchasing planners under very realistic situations 
using real historical data as an input to the decision making process. 
These virtual exercises allow the user to make power purchasing 
decisions and see the cost or benefit of their decision to include the impact 
of weather on that decision. For example, not enough power is purchased 
a day ahead because of a drop off in wind, and the result is the need to 
purchase power at very expensive cost on the “spot” market. This 
illustrates the necessity of very accurate wind and cloud forecast to 
effectively use renewable energy.  

3) Add ability to use teaching tools for all four seasons. The initial tool 
provided data and interfaces only for the summer season. Data and 
interfaces to support exercises for all four seasons plus a training session, 
were added to the current version. 

 
b. Addition of new exercises. (Some new exercises utilize open source virtual 

exercise components developed outside of this project).  
1) Load energy demand planning exercises. This exercise tool allows the 

user to virtually estimate the load requirements of an existing community 
or for a new community. It allows the user to play “what if” scenarios on 
the cost–benefits of using efficient technologies in the construction or 
retrofitting of existing buildings.  
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2) Customize building exercises. This exercise allows users to look at 
specific cost-benefits of building energy efficient homes and using energy 
efficient appliances. 

3) Wind Power planning. This exercise allows a user to virtually go through 
the siting and planning process to include costs and carbon savings 
analysis for the entire life cycle of a wind farm.  

4) Solar power planning exercise. This exercise allows a user to virtually go 
through the siting and planning process to include costs and carbon 
savings analysis for the entire life cycle of the commercial or home solar 
power generator. 

5) Energy footprint. This exercise allows the user to perform an analysis of a 
person’s energy use and carbon cost as well as to compare it against the 
average uses of other people in the US and other cultures. 

6) Embedded links to green building exercise that was developed as part of 
the project on to the SUNY Poly project web site.   

 
3.  In-Class Virtual Exercise Testing 
 
In-class testing of the exercises was done in three classrooms. The purpose of the three 
classes and the connection to the project was threefold. First, these were ways to test 
the virtual exercises and get feedback before their use in the project classes. Second, 
they provided an opportunity to specifically train instructors in how to use the exercises. 
Third, it provided value of the project to a broad range of State of New York University 
students.  
 
Class 1: SUNY Poly Utica ESC 120 Design Process and Tools engineering class 
                        Professor: Dr. Steven Wei 
                        Monday March 29, 2014 12:00 to 1:55 
 
The prototype of the grid management exercise was first tested at SUNY Poly in Dr. 
Xinchao Wei’s ESC 120 Design Process and Tools engineering class (15 students). Dr. 
Van Knowe worked with Dr. Wei and his students on the virtual exercises to get 
essential feedback so modifications can be made before further testing in the college 
classroom.  
 
Class 2: UAlbany ATM 413 Weather, Climate, and Societal Impacts  
                        Professor: Dr. Brian Tang 
                        Monday April 7, 2014 11:30 to 12:25 
          
The day ahead grid planning exercise was tested in this classroom by 16 seniors, 75% 
were atmospheric science (meteorology) majors, and the remainder were environmental 
science students. The students performed the sequence of virtual exercises that 
involved both load and generation planning from the perspective of how meteorologists 
and weather forecasts are needed to support grid management operations and from the 
perspective of the grid managers who utilize this information. Pre- and post-evaluation 
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questions along with an exercise worksheet were accomplished in order to evaluate the 
effectiveness of the exercises and to determine if any modifications are needed.  
 
The evaluation of the pre, post survey and worksheet indicated that approximately 75% 
percent of the class grasped the main message that renewable energy is much harder 
to manage in terms of weather variability than conventional power generation. There 
were a few who didn't quite understand how temperature affected demand and there 
were also a few who didn't understand how various weather elements contribute to 
specific challenges in forecasting supply (i.e. precipitation was tied to hydro power, 
cloud cover was tied to solar power, etc.), but in general, all gained an appreciation for 
how forecast errors and uncertainty have real-world implications on electricity 
generation and decision making. 
 
Class 3: UAlbany ENV 250 / GEO 250 Sustainable Development: Energy and 
Resources  
                        Professor: Dr. Robert Keesee 
                        Monday April 7 2014 12:35 to 1:30 
          
The day ahead grid planning exercise was tested in this classroom by 40 sophomores 
and juniors from various science and non-science majors. These students performed 
the sequence of virtual exercises with perspective of both the impact the environment 
has on load and power generation and the impact that conventional energy and 
renewable energy has on the environment and electrical grid management. 
 
Pre- and post-evaluation "clicker" questions along with an exercise worksheet were 
accomplished in order to evaluate the effectiveness of the exercises with a relatively 
large class size. The feedback from the students was overwhelmingly positive both from 
an objective and subjective perspective. Objectively the students could answer more 
questions correctly about the management of the electrical grid, the impact of the 
environment on the grid, and the grid’s impact on the environment. Subjectively, the 
students gave many positive statements in the fact that using such an exercise helped 
them keep engaged in the class and take away more information from the class.   
 
TOPIC 2: Upgrades to Renewable Energy Demonstration Equipment & Outreach 
Displays 
 
1. Upgraded system controller for SUNY Poly solar trailer 

• Installed upgraded Mate 3 system controller & Mate 3 USB card capable of 
connecting to a laptop computer and monitor to display energy performance of 
system. 

 
2. Installed a 24” Display monitor, laptop computer, wifi antenna range extender 
on SUNY Poly solar trailer 

• Enhanced educational display of solar trailer performance data. 
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• Ability to connect solar trailer to internet-based project website via wifi network 
using laptop and range-extending USB antenna (Figure 3). 

 
3. Installed 12V Air Breeze Marine small wind turbine for SUNY Poly solar trailer 

• Roof-mounted to SUNY Poly solar trailer. 
• Electrically integrated to charge off-grid deep cycle battery. 

 
4. Internet-connected SUNY Poly Sustainability Path solar PV and small wind 
installation 

• Digi connectport x2 gateway xtend to ethernet  and rf modem 9xtend. 
• Reports performance data from PROwatt SW 2000 Xantrex inverter on SUNY 

Poly Sustainability Path. Data will be shown on real-time renewable energy 
dashboard still under development (Figure 3). 

 

 
Figure 3: Upgrades to renewable energy demonstration equipment, including fixed and mobile 
solar and wind demonstration modules. 
 
5. Axeos Exia and Xoos floor stands for Galaxy Tab 10.1s 

• To be installed in Wildcat Field House and Student Center at SUNY Poly’s Utica 
campus, pending IT network update. 

• Wifi-connected to internet in order to display project webpages and SUNY Poly 
Green Team webpages to students, staff, faculty, and visitors to campus (Figure 
4). 
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Figure 4: Axeos Xoos and Exia tablet display stands for displaying sustainability education 
project webpages. 
 
TOPIC 3: Utilization of Renewable Energy Equipment at SummerITeens 
Renewable Energy Camp, August 11-14, 2014. 
 
National Grid scholarships were made available for middle school students, ages 12 
and up, to attend the camp. Students explored solar, wind, and hydro energy using 
virtual and hands-on equipment. They discovered how renewables are being used now 
to meet our energy needs in Central New York. Students collaborated with other teens 
as they used virtual tools to help design, build, and operate real wind turbines and 
photovoltaic solar systems. They helped install photovoltaic solar panels on a mobile 
roof module (Figure 5), experienced a ropes course, and had fun competing with virtual 
and hands-on energy related games such as managing an electric grid mock-up and 
racing solar cars.  
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Figure 5: Middle school age students in the 2014 SummerITeens Renewable Energy Camp helped 
assemble a portable solar photovoltaic system. 
 
 
Co-PI’s and Key Partners: 
Philip Hofmeyer, Ph.D., Assistant Professor, Renewable Energy Training Center, Morrisville State 
College 
Ibrahim Yucel, Ph.D., Assistant Professor, Information Sciences and Technology , SUNY Poly 
Christopher Urban, Lecturer, Computer Science, Computer Information Systems (CIS) Technology, 
SUNY Poly 
Kenneth T Waight III, Ph.D., Senior Scientist/ Director of Atmospheric Modeling, MESO Inc. 
Xinchao Wei, Ph.D., Assistant Professor, Civil/Environmental Engineering, SUNY Poly 
Glenn E. Van Knowe, Ph.D., Adjunct Lecturer, Electrical Engineering Technology, SUNY Poly 
Robert Keesee, Ph.D., Associate Professor Atmospheric Chemistry, University at Albany 
Brian Hong-An Tang, Ph.D., Assistant Professor Atmospheric Science, University at Albany 
Elizabeth Rossi, K-12 Outreach Director, SUNY Poly 
Suzanne Tulino, Director, Taberg Residential Center for Girls, New York State Office of Children and 
Family Services (OCFS) 
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Quantum Field Theory and Application  
(Wenfeng Chen, Ph.D., Applied Mathematics Group)  

  
Scope: Supersymmetric Quantum Theory, Topological Quantum Field Theory, 
Mathematical Physics, Differential Geometry 
 
Goals: Explore the application of the idea and techniques of quantum field theory 
in high-energy physics, condensed matter physics, differential geometry and 
topology, reveal new physical mechanisms and phenomena, and develop new 
mathematical methods for physical sciences 
 
2014 Accomplishments 
 
TOPIC 1: Reexamine Supersymmetric Current Anomaly and Explore its Geometric 
Origin 
 
The gamma trace anomaly of supersymmetry current in a four-dimensional super-
symmetric gauge theory is re-examined with an improved regularization scheme. The 
ambiguity of the result in the literature is clarified. The geometric meaning and 
topological origin of supersymmetry current anomaly is investigated. A possible 
generalization to higher dimensional space-time of supersymmetry current anomaly is 
made. 
  
W.F. Chen, Supersymmetric Current Anomaly Reexamined and Topological  Meaning, to be published. 
 
TOPIC 2:  Investigate Witten’s Deformation in Terms of Discrete Exterior Calculus 
and Possible Application to Morse Theory 
 
One of Witten’s celebrated works is to deform exterior differential operator by a smooth 
Morse function and construct a supersymmetric quantum mechanical model to prove 
weak and strong Morse inequalities. We are trying to deform discrete exterior differential 
operator and see whether one can study Morse theory with supersymmetric quantum 
mechanics in the discrete version. This might make us calculate Morse index 
numerically for some complicated differential manifolds and study their topological 
structure. This work is in progress with colleagues in the Applied Mathematics Group. 
 
TOPIC 3: Application of Quantum Field Theory Methods to Condensed Matter 
Physics, Especially Nanoscience 
 
Quantum field theory is a physical framework of describing a physical system of an 
infinite number of degrees of freedom. Despite that it has been developed mainly for 
dealing with fundamental interactions among elementary particles, nowadays it has 
been widely used in condensed matter physics to tackle some difficult problems such as 
strongly correlated electronic system and fractional quantum Hall effects, etc. Quantum 
Field Theory provides plenty of calculation techniques for a many-body physical system 
including path integral and perturbation theory. We are starting to try to use some low-
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dimensional quantum field models, including Chern-Simons gauge theory in 2+1 
dimensions, Wess-Zumino-Witten model in two dimensions, and Landau-Ginszburg 
theory to investigate some phenomena in condensed matter physics, including 
fractional quantum Hall effect, Chiral spin state, and the dynamical mechanism of 
topological insulators, etc. 
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Computational Mathematical Modeling; Applied Mathematics 
(Andrea Dziubek, Edmond Rusjan, Bill Thistleton) 

 
Scope: Computational ocular blood flow modeling and retinal image processing 
 
Goal: Develop EYE DEC, a software environment to model blood flow in the eye 
 
2014 Accomplishments 
 
TOPIC: EYE DEC – A Software Environment to Model the Eye 
 
Patients with glaucoma and myopia have significantly lower choroidal blood flow than 
glaucoma patients without myopia, suggesting that myopia might be an important 
vascular risk factor for glaucoma. 
 
To study the relation between ocular perfusion pressure and retinal hemodynamics, we, 

together with external collaborators, 
developed a model based on first 
principles of solid and fluid mechanics. 
The model solves the extended Darcy 
flow equations on a hemispherical 
surface.  
 
 The numerical solution of systems of 
partial differential equations on a curved 
manifold is mathematically challenging 
and is of interest beyond the particular 
application to ophthalmology. To solve 
the model equations, we use methods 
from geometric mechanics, in particular 
exterior calculus, which are vital to the 
development of structure preserving 
numerical methods.  
 
We developed a software environment for 
the discretization of the model equations 
using discrete exterior calculus and finite 

elements and have integrated libraries for mesh generation (Gmsh), discrete exterior 
calculus (PyDEC), and for rendering the solution (Mayavi). 
 
Vasculature conforms to a variational principle for optimal transport of the blood to 
minimize the energy to overcome shear stress and the metabolic energy required to 
maintain blood volume and vessel tissue (Murray's law). We model the vascular 
structure of retinal arteries and veins by binary trees with several branching levels using 
Lumped Network and Fractal methods.  
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Fundus images of the interior surface of the eye (retina, optic disc, macula, fovea, and 
posterior pole) are widely used in the clinical setting to help determine the health of the 
retina, and to track retinal changes over time. We study image processing techniques 
for retinal images and are developing an android operating system implementation, 
suitable for tablet PC’s and Smart Phones. 
 

 
Figure 1: Pressure distribution in mmHg on a hemispherical surface with radius R=12 mm in the 
venous, capillary, arterial level. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Distribution of speed and hierarchical velocity fields in cm/s on a hemispherical surface 
with R=12 mm between feeding arteries and arterial level, in the capillary level, and between 
venous level and draining veins. 
 
A.Dziubek, G. Guidoboni, A.N.Hirani, E.Rusjan, B.Thistleton, A.Harris. Effect of vascular geometry on 
retinal perfusion. (Paper in submission). 
 
A.Dziubek, E. Rusjan, EYE DEC, A Software Environment to Model Blood Flow in the Eye. Institute for 
Mathematics and its Applications, Special Workshop Structure-Preserving Discretizations of Partial 
Differential Equations, October 22-24, 2014, University of Minnesota, MN. 
 
A.Dziubek, E. Rusjan, W. Thistleton. Challenges in Blood Flow Simulation: Numerical Methods and 
Image Processing Tools. Proceedings of the ASME/FDA 2013, 1st Anual Frontiers in Medical Devices, 
Washington DC, 9/12/2013. 
 
A.Dziubek, G. Guidoboni, A. Harris, A. N. Hirani. Effect of ocular curvature and myopia on retinal blood 
flow: a theoretical study: Association for Research in Vision and Opthalmology, Poster at (ARVO), 
Seattle, US, May 6, (2013). 
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Physics at the Large Hadron Collider (LHC): The Higgs 
Boson and the Low-Energy Quantum Chromodynamics  

(Fariborz)  
 
Scope: Properties of Higgs bosons and model building for low-energy Quantum 
Chromodynamics (QCD)  
 
Goals: Understand the characteristics of the Higgs boson; and development of a 
generalized linear sigma model for low-energy QCD and its applications 
 
2014 Accomplishments 
 
TOPIC 1: Characteristics of the Higgs Boson 
 
General Introduction: Fundamental interactions; Higgs mechanism; spontaneous 
symmetry breaking and foundational connections to other areas of physics 
including graphene and superconductivity   
 
There are four fundamental forces in nature: gravitational, electromagnetic, weak and 
strong forces. The last two are traditionally referred to as nuclear forces. It is the main 
objective of the elementary particle physics to explore these forces and unify them into 
one fundamental theory, known as “The Theory of Everything (TOE).” This goal, has 
made the elementary particle physics one of the most ambitious, attractive, and 
challenging areas of physics, and has attracted experts from other areas including pure 
and applied mathematics, and computer science. 
 
One of the fundamental secrets of physics that this field intends to uncover is the notion 
of mass: What is mass, and where does it come from? For example, the electron, which 
plays such an important role in our daily lives from its roles in chemical bounds to its 
roles in electric circuits and semiconductors, is an elementary particle (i.e. is not made 
of anything else). It belongs to a family of elementary particles called leptons. The 
properties of electrons have been studied since the 19th century by many well-known 
scientists, including Thomson and Rutherford. However, even with all the advances in 
the microscopic properties of matter and the power of quantum physics in explaining the 
properties of atoms, the most fundamental question about the electron (and other 
elementary particles) remained unanswered for a long time: Where does the mass of an 
electron [ 31101.9 −×  Kg] come from? How is this mass (and those of other elementary 
particles) generated in the first place? It turns out that to answer this fundamental 
question, one has to go back in time for several billions of years and study the evolution 
of the Universe after the Big Bang; how matter was generated and how it evolved. This 
is one of the objectives of the elementary particle physics and cosmology. Based on 
theories developed in the sixties, seventies, etc., it became (theoretically) clear that the 
mass of all elementary particles are generated via interaction with a mysterious particle 
called the Higgs boson (also informally referred to as the “God particle”). Higgs boson 
was introduced in elementary particle physics by Higgs and Englert in the sixties, and 
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there was every theoretical sign for its existence – all the accelerator data were 
quantitatively (to a high precision) consistent with the Standard Model of elementary 
particle physics that uses the Higgs mechanism as its cornerstone (and received the 
Nobel Prize in Physics in 1979), but yet, there was no experimental sign of the Higgs 
boson itself. Higgs boson remained a mystery and a dark (and demoralizing) corner in 
the area of elementary particle physics for about fifty years. Many started questioning 
the existence of this particle and gave up, and many others invested their lifetime 
tirelessly searching for it. Finally, the multibillion-dollar machine, the Large Hadron 
Collider (LHC) in Switzerland/France did put an end in this search in July 2012 with its 
monumental discovery of the Higgs boson, 50 years after its theoretical prediction. This 
discovery led to the 2013 Nobel Prize in Physics awarded to Higgs and Englert and has 
given the field a new hope to understand the evolution of the Universe and the very 
many excitements that it brings with it.     
 
Whether it is the inflationary period [≈ 3510 −  seconds after the Bang] or the formation of 
stars and galaxies [ 1510  seconds after the Bang], in all these investigations, symmetries 
(and the mechanisms for their breakdown) have played a central role. The general 
understanding of the role of symmetry is not limited to the field of particle physics, but 
also applicable in other areas of physics such as in condensed matter physics that 
explores the properties of matter and its very many applications in electronics. The 
Higgs mechanism in particle physics induces spontaneous symmetry breaking (SSB) in 
electroweak theory, which is similar to the SSB mechanism that occurs in a wide range 
of natural phenomena in physics including in superfluidity, superconductivity, and 
graphene in condensed matter physics. A specific category of SSB is known as 
dynamical symmetry breaking (DSB) in which the effect is driven by formation of 
composite states such as the formation of electron pairs (Cooper pairs) in 
superconductivity, or formation of quark and gluon condensates in hadron physics.    
The phenomena of SSB/DSB provide underlying bridges that connect two widely 
separated (and otherwise rather decoupled) scales of physics: the condensed matter 
physics and the elementary particle physics. Naturally, these connections allow various 
insights and methodologies to be exchanged. Examples include recent developments in 
understanding the physics of graphene where its continuum limit can be mapped onto 
Quantum Electrodynamics in 2+1 dimensions ( 12QED + ). The interplay between 12QED +  
and physics of graphene has in recent years gained considerable attention in modeling 
the physical properties of graphene (such as AC conductivity, integer quantum Hall 
effect and optical sum-rules), based on 12QED +  Dirac fermions and the underlying 
symmetries (Lorentz symmetry, parity, time reversal, charge conjugation, continuous 
U(4) symmetry,  and chiral symmetry). Also, the Higgs mechanism and its applications 
in superconductivity have led to interesting recent works [See, for example, P.W. 
Anderson, Nature Physics 11, 93 (2015); D. Sherman et al, Nature Physics 11, 188 
(2015)]. 
 
Specific achievements in 2014: In ref. [1] it was shown that based on the top color 
group 21 )3()3( SUSU × a hierarchy of quark masses can be understood. The work was 
conducted within a dynamical symmetry breaking approach with top condensate model 
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inspired by the low energy QCD, where not only two quark but also four quark 
composites were taken into account. Then, the strong QCD dynamics suggest that the 
Higgs particle discovered at the LHC might correspond to the scalar particle from an 
electroweak triplet of four-quark states composed of the top and bottom quarks.  
 
In exploring the nature of the Higgs boson and the possibility of it being a composite of 
other elementary fields, in ref. [2], it was shown that in the absence of quantum 
corrections (i.e. tree level relations) in a top condensate model with dynamical 
electroweak symmetry breaking the mass of the composite Higgs boson can be 
expressed in terms of top quark mass: 

2

2
2 t
H

mm =  

 
With the known top quark mass of 173 GeV, this results in 122=Hm GeV which is close 
to its experimental value of 125 GeV discovered at the LHC in 2013. Therefore, this 
work showed that the quantum corrections should be around 3%.  
 
To further understand the source of the Higgs mass, in ref. [3], the connections between 
the scalar field and the gauge bosons in a spontaneously broken gauge theory was 
exploited to establish a relation between the mass of the Higgs boson and the masses 
of the gauge fields (W and Z bosons) corresponding to the spontaneously broken 
generators of the electroweak theory. Specifically, it was shown that: 
      

( ) 222 423 HWZ mmm ≅+  
 

With  2.91=Zm  GeV and 4.80=Wm GeV, this results in 126=Hm GeV in a remarkable 

agreement with the experimental value of 5.125=Hm GeV measured at the LHC. 
 
TOPIC 2: Model Building for Low-Energy QCD 
 
General Introduction: Within the fundamental interactions, the strong interaction (also 
traditionally known as the strong nuclear force) is responsible for bounding the protons 
and neutrons inside the atomic nucleus. Of course, the strong interaction is not just 
limited to inside the nucleus, as protons and neutrons belong to a large family of 
particles called hadrons, and all of these family members experience the strong 
interaction. It is known that hadrons can be best classified if they are to consist of other 
elementary particles called quarks. The theory that describes the strong interaction of 
quarks is called Quantum Chromodynamics (QCD). This theory is very well established 
at high energies and has successfully explained experiments at these energies. 
However, due to computational difficulties, this theory breaks down at low energies. At 
the present time, understanding the low energy behavior of QCD is one of the main 
challenges in theoretical elementary particle physics. 
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The main focus of Fariborz research in low-energy QCD has been on the lowest lying 
scalar mesons. Understanding their status in general, and their quark substructure in 
particular, are topics of intense research activity in theoretical and experimental particle 
physics. The investigations have included the properties of light scalar mesons and their 
role in understanding the Goldstone boson interactions in the energy region up to 
approximately 1 GeV. Particularly, understanding the substructure of the lightest scalar 
mesons has been an important issue in QCD; consistency with the low-energy 
experimental data suggests a significant four-quark component for these states, a 
deviation from conventional quark spectroscopy. 
 
Specific achievements in 2014: Two main low-energy QCD frameworks have been in 
development by Fariborz and collaborators over the past couple of decades. One of 
these frameworks is within the context of the linear realization of chiral symmetry, 
named by the authors, “the generalized linear sigma model,” has given a coherent 
description of various low-energy processes (this model has so far resulted in more than 
10 well-cited publications in Physical Review D). The main idea has been the underlying 
quark mixing among scalar mesons and among pseudoscalar mesons below and above 
1 GeV. This idea was first introduced in the late 90’s by Fariborz and collaborators 
within a different context of nonlinear realization of chiral symmetry (the second 
framework that has been in development in parallel with the generalized linear sigma 
model) and have since inspired numerous works in the literature (list of publications can 
be accessed on the “INSPIRE High Energy Physics Literature Data Base,” at 
http://inspirehep.net/ by entering “a fariborz” in the search bar).  
 
In 2014, this framework was applied to an important (and fairly non-trivial) three-body 
decay of ηππη →ʹ′ , the result of which was presented in ref. [4]. The decay amplitude 
was computed in ref. [4] and all sources of uncertainties were taken into account. In an 
attempt to control the model uncertainties, first the prediction of the model for several 
two-body decay widths was examined (Fig. 1). Then, this information was used in order 
to study the decay of ηππη →ʹ′  which is described by Feynman diagrams in Fig. 2.     
This led to a remarkable agreement with experiment as can be seen in Fig. 3. 
 
The same generalized linear sigma model was also applied to studies of the decays of 
heavy D and B mesons. For example, one of the decay channels studied in ref. [5] is 

es veKD ++ → 0  depicted in Fig. 4. This decay proceeds via production of a down and an 
anti-strange quark, which then get hadronized into the final state K meson. The 
hadronization process is not fully understood in QCD and the discussion falls into the 
challenging domain of non-perturbative methods. The generalized linear sigma model 
discussed above was used to analyze this decay amplitude in ref. [5]. This resulted in 
computing the partial decay width in a close agreement with the known experimental 
bounds, shown in Fig. 5. 
 
Further studies of quark mixing patterns and mechanism for mass spectra was carried 
out in ref. [6]. In this work it is shown how an underlying quark and glueball mixing can 
result in description of mass spectrum and decay properties of scalar mesons below 
and above 1 GeV in general, and the puzzling scalar meson state of )1370(0f in 
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particular. The mixing patterns are depicted in Fig. 6 and the underlying quark fields are 
shown in Fig. 7. 
 
 
 

 
Figure 1: Predictions of the generalized linear sigma model for the two-body decay widths of 

)980(),980(),500( 000 aff and )800(*0K . These theoretical model predictions are in good 
agreement with corresponding experimental data. The main sources of model uncertainties stem 
from two of the experimental inputs )]1300([πm and 13 / AA shown above. 
 
 
 

       
 

Figure 2: Feynman diagrams representing the decay ηππη →ʹ′ . Intermediate scalar mesons 
play an important role in the dynamics of this decay. 
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Figure 3: Prediction of the generalized linear sigma model (shaded regions) for the energy 
dependencies of the normalized decay amplitude shows a remarkable agreement with the 
experimental data (error bars). 

 
 

 
 

Figure 4: Schematic Feynman diagram for the decay es veKD ++ → 0 . 
 
 

 
Figure 5: Partial decay width of es veKD ++ → 0  predicted by the generalized linear sigma model 
(blue circles and squares) is within the experimental bounds (green lines). 
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Figure 6: Mixing mechanism for isodoublet and isotriplet scalar mesons below and above 1 GeV 
given in ref.[6]. Existence of a pure four-quark scalar meson nonet beneath a quark-antiquark 
nonet [Fig. (a)] results in a mass spectrum for I=1,1/2 states where the two isotriplets are closer to 
each other than the two isodoublets. This is due to the inverted mass spectrum in a four-quark 
nonet compared to that of a quark-antiquark nonet. Allowing the states with the same quantum 
numbers to mix leads to a level repulsion in which the isotriplets split more than the isodoublets 
and consequently a level crossing occurs that results in a0(1450) becoming heavier than the K0 
(1430). This mechanism also works when the two isotriplets are degenerate in mass [Fig. (b)]. The 
level repulsion also shows that the light scalar mesons below 1 GeV get pushed down and 
become lighter than expected.  
 
 
 

 
Figure 7: Schematic diagram for a possible rearrangement of the quark lines in the mixing 
process. For the case of isosinglet states, this effect also involves mixing with scalar glueballs 
[see A. Fariborz, Physical Review D74, 054030 (2006)]. 
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Structure-Function Studies of Prostaglandin Endoperoxide H 
Synthase (Narayan Sharma, in collaboration with Prof. 

William L. Smith) 
Scope:  Role of human prostaglandin endoperoxide H synthase-2 in 
inflammation, thrombosis, and colon cancer 

Goals: To understand the regulatory mechanism of the prostaglandin 
endoperoxide H synthase by non-steroidal anti-inflammatory drugs (NSAIDS) 
such as aspirin, Ibuprofen, and celecoxib 

2014 Accomplishments  

TOPIC 1: Preexistent Asymmetry in the Human Cyclooxygenase-2 Sequence 
Homodimer 

Prostaglandin endoperoxide H synthase-2 (PGHS-2), also known as cyclooxygenase-2 
(Cox-2), is a sequence homodimer. However, the enzyme exhibits half of site heme and 
inhibitor binding and functions as a conformational heterodimer having a catalytic 
subunit (Ecat) with heme bound and as allosteric subunit (Eallo) lacking heme. Some 
recombinant heterodimers composed of a cox-deficient mutant subunit and a native 
subunit (i.e. Mutant/Native PGHS-2) have Cox activities similar to native PGHS-2. This 
suggests that the presence of heme plus substrate leads to the subunit becoming 
lodged in a semi stable Eallo-mutant/Ecat-native heme form during catalysis. 

	  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Oxygenation of different substrates by Native/Native huPGHS-2 homodimer and 
Y385F/Native huPGHS-2 heterodimer. 
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Figure 2: Model for the folding and processing of Native/Native hu-PGHS-2 to yield two pre-
existent conformational heterodimers that are allosterically regulated by fatty acids. 
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Continuous Symmetries of Differential and Discrete 
Equations   

(Zora Thomova, in collaboration with  
Pavel Winternitz1 and Decio Levi2)  

 
Scope:  Application of Lie group theory and continuous symmetries to differential 
equations; performing symmetry classification for differential and discrete 
equations; development of the theory and tools for applications of Lie group 
theory to the difference and differential-difference equations 
 
Goals: Extending the definition of the contact symmetries to the difference and 
differential-difference equations; symmetry classification of the difference 
equations and differential - difference equations 
 
2014 Accomplishments  
 
TOPIC 1: Contact Symmetries for Difference Equations 
 
The symmetry methods for differential equations (ordinary and partial) are well 
established and based in the classical work of Sophus Lie. The applications of 
symmetry method allow one to generate new solutions from the known ones, to perform 
symmetry reduction (reducing the order of the equation or the number of variables), to 
do symmetry classification of equations and to identify the integrable equations. 
 
The application of the Lie group theory to discrete equations is relatively new and has 
seen substantial development since the mid-1990s. There are several “types” of 
symmetries for differential equations: point symmetries, contact symmetries, 
generalized symmetries. In the 2011 paper we defined the contact symmetries for 
difference equations as: 
 
Definition 1: A contact transformation for the OΔS (ordinary difference scheme) 
satisfies the following: 

(1) The vector fields forming the Lie algebra LC of contact and point 
transformations should have the form X = ξ!   ∂!! + φ!   ∂!!with at least one of 
the coefficients ξn and φn in one of the fields X depending on K + 1 points: 
ξn = ξn(xn, yn, xn+1, yn+1, . . . , xn+K, yn+K), K ∈ Z+ 
φn = φn(xn, yn, xn+1, yn+1, . . . , xn+K, yn+K).  
(2) The Lie algebra should be integrable to a Lie group. This implies that all 
coefficients in the Kth prolongation of X should depend only on the points (xn, yn, 
… xn+K, yn+K) and not on any further ones. 
(3) In the continuous limit, the algebra and the group of contact transformations 
of the OΔS should reduce to the corresponding Lie algebra and Lie group of 
contact transformations of the corresponding ODE. 
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Definition 2: A contact transformation for a difference scheme is said to be of order l   if 

it involves l  + 1 points of the lattice. 

 
Further we proved the following “no-go” theorem: 
 
Theorem 1: Contact transformations of order 1 of OΔS do not exist. 
 
This “negative” result left open the possibility of defining the contact transformations for 
difference equations more generally while still requiring that in the continuous limit, they 
would reduce to contact transformations. In the 2012 Fast Track Communications in 
Journal of Physics A we give a less restrictive definition of contact transformations for 
difference equations: 
 
Definition 3: The vector fields X = ξn∂xn + φn∂yn  where ξn and φn are functions of 
{xn+j, yn+j, j = 1, . . . J} form a Lie algebra of contact symmetries of OΔS if they satisfy the 
following conditions: 
 

• pr(N)XEa|E1=E2  = 0, a = 1, 2;  
• at least one of the vector fields in the Lie algebra has J ≥2; 
• the Lie algebra should be integrable to a Lie group at least on the invariant 

surface defined by the OΔS; 
• in the continuous limit, the symmetry algebra and Lie group reduce to the Lie 

algebra and group of contact symmetries of the corresponding ODE. 

Further, we show that transformations satisfying this definition do exist, in particular, the 
discretization of y’’’=0. The ODE has a 10-dimansional symmetry group of contact 
transformations, while the corresponding OΔS has a 7-dimansional group (the equation 
is invariant under the 10-dimensional group, but the lattice is not). The contact 
transformation is actually a “second-order contact,” containing the second order discrete 
derivative, but reducing in the continuous limit to the first order contact transformation 
(continuous). 
 
References: 
D. Levi, C. Scimiterna,  Z. Thomova, P. Winternitz: Contact transformations for difference schemes, J. 
Phys. A: Math. Theor., Fast track comm. 45, 2012;  recognition: “IOP Select” and “J Phys A highlights of 
2012.”  
 
D. Levi, Z. Thomova, P. Winternitz: Are there Contact transformation for Discrete Equations? J. Phys A: 
Math.Theor., 44, 2011 ; recognition “IOP Select.” 
 
 
 
 
TOPIC 2: Applications of Symmetry Methods to Differential - Difference Equations 
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One of the applications of Lie groups to differential equations is to perform symmetry 
classification. The problem is to determine the Lie point symmetry group of the system 
for φa generic and then to find all sets of functions φa for which the symmetry group is 
larger than in the generic case. In the 2014 paper we performed the symmetry analysis 
on the generalized Krichver-Novikov differential-difference equation: 
 

𝑢!,! = 𝑢! =
𝑃 𝑢! 𝑢!!!𝑢!!! + 𝑄 𝑢! 𝑢!!!𝑢!!! + 𝑅 𝑢!

𝑢!!! − 𝑢!!!
 

 
The equation with polynomial forms of 𝑃 𝑢! , 𝑄 𝑢!   ,𝑅 𝑢!  was treated in the earlier 
work by Levi, Winternitz, Yamilov (2011). In this work we considered the arbitrary 
analytic functions.  
 
The generalized Krichever-Novikov differential-difference equation is invariant under the 
time translation. We identified the cases where the symmetry group is at least 2 
dimensional, i.e. the Lie point symmetry algebra contains at least one element (in 
addition to 𝜕! ) and have found 5 non-polynomial cases. After applying Möbius 
transformation, they reduced to three no-equivalent cases. Each of the three new 
differential-difference equations admits a 2-dimensional symmetry algebra, which is 
then used to perform the symmetry reduction of the equation. We have shown that all 
point symmetries of the continuous limit (generalized Krichever-Novikov equation) are 
obtained from the point symmetries of the differential-difference equation above, which 
is not the case for all differential-difference equations. 
 
References: 
 
D. Levi, E. Ricca, Z. Thomova, P. Winternitz: Lie group analysis of a generalized Krichever-Novikov 
differential-difference equation, submitted to J. Math. Phys., 55 (2014). 
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Psychological Science 
(Kazuko Y. Behrens, Ph.D.) 

 
Scope: The integration of developmental psychology, cultural psychology, 
cognitive psychology, and neuroanatomy to investigate individual differences in 
the quality of the parent-child relationship  
 
Goals: To understand the roots of individual differences in the quality of human 
relationships, specifically how parents’ interpretation of their own childhood 
experiences affect the parent-child relationship   
 
2014 Accomplishments  
 
TOPIC 1: Understanding the Neurobiological Determinants of Parental Behavior: 
When Parents See Their Child, How Does Their Brain See Their Child? 
 
The long term goal of this research is to promote the health and well-being of children 
by improving parental behavior by first fully understanding why some parents do not 
respond to their child in the sensitive-responsive manner. The purpose of this project is 
to enhance the current understanding of parental behavior by examining the parents’ 
EEG response to their child and comparing this response with their EEG response to 
other images of differing valance (positive, negative, neutral). This approach will 
investigate whether parents’ hemispheric activation patterns while viewing images of 
their child are similar to the activation patterns while viewing positive images or negative 
images. Central to this project is the hypothesis that parental behavior is guided not only 
by consciously recognizing their child’s needs, but also by neurologically identifying their 
child as a target to approach to or withdraw from, following the well-established 
characterization of left vs. right hemispheric activation patterns, corresponding to 
approach/positive vs. withdrawal/negative stimuli. Currently available measures of 
parental sensitivity have focused exclusively on examining parents’ ability to accurately 
identify the child’s needs and respond quickly. No research to date has considered 
examining the neurological indicators of parental sensitivity. The hypothesis that 
secure/insecure parents’ EEG responses to their child are significantly associated with 
their EEG response to other positive/negative images will be tested, utilizing correlation 
analyses. Parents’ attachment security will be judged by the Adult Attachment Interview 
(AAI), their child’s attachment security by the Strange Situation Procedure (SSP), and 
parental sensitivity by the Maternal Behavioral Q-Sort. Structural Equation Modeling 
(Figure 1) will be conducted to compare effect size estimates between parental 
attachment security, child’s attachment security, parental sensitivity and the EEG 
response.  
 
The current research proposal was built upon the preliminary study which was 
conducted to explore whether neurophysiological responses to visual stimuli, including 
participants’ family pictures, would differ based on maternal attachment status. EEG 
responses to a total of 100 images of different valance (Positive, Negative, Neutral, and 
Personal-participant’s parent & child) were analyzed within and between three mothers 
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with three distinct AAI attachment statuses (Insecure-Dismissing, Insecure-
Preoccupied, Secure). Findings showed that Alpha2 cross-region activation patterns in 
response to the participants’ children’s images were similar to their response to 
Negative images for mothers with insecure status (Dismissing; r = .83, p < .05, 
Preoccupied, r = .82, p < .05) whereas the Alpha2 activation pattern of the mother with 
secure status in response to her child’s images was similar to her response to Positive 
images (r = .90, p < .05). Further, the Dismissing mother showed significantly stronger 
left hemispheric Beta1 activation across all image types, whereas the Preoccupied 
mother showed significantly stronger right hemisphere Beta1 activation for all but the 
Neutral images. The Secure mother showed significantly stronger Beta1 activation in 
the left hemisphere for all but parental Personal photos (Figure 2). The findings from 
this pilot study indicate that the secure mother’s brain processes the image of her child 
as a target to approach whereas insecure mothers’ brains process the images of their 
child as a target to withdraw from, providing a neurological explanation for their 
insensitive behaviors.  
 
     r = D      r = F      
     
           r = A 
 
       r = B      r = C 
 
 
Figure 1: Hypothesized path diagram: Existing literature = A > B, A > C, Proposed= D > B, F > C 
 

 
 
Figure 2: Beta 1 activation for different pictures in each type by hemisphere and by AAI status  
 
Behrens, K. Y. Understanding the neurobiological determinants of parental behavior: When parents see 
their child, how does their brain see their child? Submitted an R21 proposal as P.I. to National Institute of 
Child Health and Human Development, October 2014. 
 
Behrens, K. Y., Li, Y., Gribneau-Bahm, N. I., & O’Boyle, M. W. (2011). EEG responses to photos: A case 
study of three major AAI classifications. Psychological Reports, 108, 993-1010. 
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TOPIC 2: Japanese Mothers’ Attachment Status Predicts Their Children’s 
Reactions to the Family Photograph 
 
Family photographs can elicit positive, negative, or mixed emotions. How do children 
react to the photographs taken with their parents? Do children’s reactions to family 
photographs differ depending on the quality of their relationship with their parents? More 
than a quarter century ago, Main, Kaplan, and Cassidy (1985) presented six-year-olds 
Polaroid photographs that were taken earlier with their parents. Main et al. observed 
different reactions to the photographs and the differences were related to the different 
quality of attachment with their parents in infancy. For example, children who were 
judged securely attached in infancy “readily accepted the photograph, smiled and 
showed some interest” (p.90) whereas children who were judged insecure “avoided the 
photograph” or “became depressed.” The current study is the first, since Main et al.’s 
original study, to investigate an empirical link between children’s reactions to the family 
photographs and attachment. This is also the first study that examined photo reactions, 
involving Japanese six-year-olds and their mothers. Forty-four Japanese 6-year-olds 
and their mothers participated in this study. The differences in children’s photo reactions 
were assessed by a newly developed continuous scale, assessing how engaged or 
positively responded to the photographs taken earlier with their mothers. Mothers’ 
attachment security was assessed by the standard Adult Attachment Interview. The 
findings showed that children of mothers with secure attachment status scored 
significantly higher in their photo reaction scores than did children of mothers with 
insecure attachment status. Children of mothers with secure status were, therefore, 
more engaged (with interest) in viewing the photographs, or more positively reacted to 
the photographs than were children of mothers with insecure status. Implications of the 
findings and future research are discussed. In particular, it is possible that this simple 
procedure can be used across samples, across cultures, and even as a potential 
screening tool for clinical populations. 

    
 
Figure 3: Different reactions, scored high (left) and scored low (right), to the photo taken earlier 
with the child’s mother predicted by the mother’s attachment security status 
 
Behrens, K. Y., & Umemura, T. (2014, July). Japanese mothers’ attachment status predicts their 
children’s reactions to the family photographs. Symposium presentation at the 28th International Congress 
of Applied Psychology, Paris, France. 
 
Behrens, K. Y., & Umemura, T. (2013). Japanese children’s reactions to the family photographs: 
Association found with their mothers’ attachment status. Infant and Child Development, 22, 289-296. 
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TOPIC 3: Associations Between AAI Adjectives, AAI Scales, and SSP Scales 
 
The Adult Attachment Interview (AAI), a well-validated measure that assesses adults’ 
current states of mind with respect to attachment, strongly predicts attachment security 
in offspring (van IJzendoorn, 1995), assessed based on another validated measure of 
attachment – the Strange Situation Procedure (SSP). A number of scales guide both 
AAI coders and SSP coders to determine final attachment classifications. AAI coding 
requires further integration of additional scales, considering multi-dimensional 
approaches. One of the first tasks for AAI coders is to judge the overall valence 
constellation of five adjectives that speakers have chosen to represent their perceived 
childhood relationship with each parent. Therefore, the chosen adjectives and their 
supporting evidence (i.e., specific episodic memories), or lack thereof, play a key role in 
assessing the individual’s state of mind. However, there has been no systematic 
approach to quantifying adjectives, and accurate assessment relies exclusively on the 
expertise of the AAI coder. This study marks the first attempt to assign numerical values 
to each descriptor of the speaker’s perceived childhood attachment relationship and 
then examine the empirical associations between these adjectives, AAI state of mind 
scales, and SSP behavioral scales. Sixty-six mothers and their 12-month-old infants 
participated in the study as part of a longitudinal social-emotional development project. 
The dyads underwent the standard SSP and the mothers participated in the standard 
AAI. Twenty-three per cent of the AAI data were double coded by reliable AAI coders, 
whereas half of the SSP data were double coded by reliable SSP coders, achieving 
high agreements (93% for the AAI, 84% for the SSP). The interclass correlation 
coefficient (ICC) for state of mind scales ranged from .90 to 1.0 for mother and .80 to 
1.0 for father. The ICC for SSP behavioral scales ranged from .76 to .95. Each AAI 
adjective was assigned a numerical value based on a negative-positive dimension, 1 
being most negative and 5 being most positive. Five adjective scores were summed to 
give a score for adjectives for mother and father separately (see Figure 3 for examples 
of adjectives). A team of trained coders who were blind to any other information scored 
adjectives. The ICC for adjective scores ranged from .97 to .99 for mother and .97 to .98 
for father. Total adjective scores for both mother and father were significantly positively 
correlated with one AAI scale (idealization) and SSP scale (proximity seeking), and 
significantly negatively correlated with two AAI scales (anger and derogation). Because 
high adjective scores indicate positive descriptors for childhood experiences with 
parents, a positive association with idealization and negative associations with anger 
and derogation make sense. In this sample, adjective scores were also positively 
associated with proximity seeking, indicating that mothers who describe their 
relationships with parents positively were likely to have children who approached them 
during the second reunion in the SSP. This finding needs to be interpreted with caution, 
however, because highly idealizing parents often reject their children’s attachment 
needs and the children are likely to avoid them during reunion. Further investigations 
with larger samples are needed. 
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Figure 3: The frequency of adjectives chosen to describe speakers’ childhood relationships with 
their parents in a normative sample (N = 66) 
 
Behrens, K. Y., Bahm, N., & Burnett, C. (2014, July). Associations between AAI adjectives, AAI scales, 
and SSP scales. Poster presentation at the biennial meeting of the International Conference in Infant 
Studies, Berlin, Germany. 
 
TOPIC 4: Re-Examining Infant Jealousy 
 
It is a widely-accepted view that children’s jealousy, along with other emotions referred 
to as complex or self-conscious emotions, is a secondary emotion that does not emerge 
until the 2nd year of life. Recent investigations of infant jealousy, however, reported 
nascent form of jealousy in 10-month-olds in response to the loss of the mother’s 
exclusive attention to the rival during the jealousy-evoking laboratory procedure. While 
common features in infant jealousy, such as distress and proximity seeking, were 
generally expressed, individual differences were also observed, characteristic of distinct 
attachment patterns (Figure 4). This study explored infant emotion regulation strategies 
and variation during reunion with the mother, following baseline, mother-infant 
interaction and differential treatment (i.e., jealousy-evoking) episodes. Seventy-two 
mother-infant dyads participated in the laboratory procedure with a series of brief 
episodes, including two differential treatment episodes during which mothers were 
instructed to ignore their infants while paying exclusive attention to a rival (a life-size toy 
baby), each followed by reunion during which infants regained their mothers’ attention.  
A number of jealousy protest responses were observed and found correlated during 
differential treatment and reunion. In particular, the association between mother-
directed Gaze during differential treatment and Distress during reunion suggests that 
visual inattention during differential treatment serves as a regulatory strategy. 
Additionally, Distress was lower during reunion than during differential treatment, but not 
as low as baseline, suggesting that differential treatment poses challenge to interactive 
repair. Further, dysregulation following differential treatment was characterized by 
resistance and passivity. Infant emotion regulation can be considered as a powerful 
framework for addressing recovery from differential treatment. 
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Fun 
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Figure 4: Infant’s normative behavior (left) and non-normative behavior (right) in response to the 
mother’s differential treatment episode (i.e., holding another baby) 
 
Invited speaker for the Department of Psychology and Sport & Exercise Sciences at Munster University, 
Germany, July, 2014. 
 
Hart, S. L. & Behrens, K. Y. (2013). Affective and behavioral features of jealousy protest: Associations 
with child temperament, maternal interaction style, and attachment.  Infancy, 18(3), 369-399.  
 
Hart, S. L., & Behrens, K. Y. (2013). Regulation of jealousy protest in the context of reunion following 
differential treatment, Infancy, 18(6), 1076-1110. 
 
TOPIC 5: Stability of Maternal Sensitivity Across Time and Contexts with Q-Sort 
Measures 
 
The construct of maternal sensitivity, particularly in the attachment field (e.g. Ainsworth, 
Bell, & Stayton, 1971; 1974; Bowlby, 1969/1982; Pederson & Moran, 1995), has been 
explored for nearly a half century since Ainsworth reported her observation of 26 
families in Uganda (Ainsworth, 1967) and in the U.S (Ainsworth et al., 1971).  Ainsworth 
recorded individual differences in infants’ behaviors toward their mothers and further 
noted that these differences were related to the way the mothers behaved toward the 
infants. Based on painstaking, extensive documentation of 26 dyads’ interactive 
behaviors, she devised a systematic measure of maternal interactive behaviors 
including the 9-point maternal sensitivity scales (Ainsworth et al., 1971; 1974). While 
Ainsworth’s maternal sensitivity scale continues to be used today, a number of different 
maternal sensitivity measures have also emerged to accommodate a specific study 
design as researchers continue to believe, and have shown, that maternal sensitivity is 
one of the most fundamental and crucial relational constructs to predict developmental 
outcome despite the challenge in sustaining consistent statistical support (e.g., Belsky & 
Fearon, 2002). Whereas the majority of maternal sensitivity research has used a 
contingency-based sensitivity scale (e.g., Ainsworth et al., 1974; Bigelow, MacLean, & 
Proctor, 2004), a q-sort measure of maternal sensitivity—the MBQS—has become 
available. The MBQS was developed to observe sensitivity in naturalistic conditions 
where mothers are generally expected to attend to multiple on-going daily activities in 
addition to the often subtle cues of their infants (Pederson et al., 1990). The MBQS was 
devised by Pederson and Moran who posited that more meaningful individual variations 
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in sensitivity could be observed when maternal “attention is divided between the 
demands of their infant and tasks posed by the researchers” (Pederson & Moran, 1995, 
p. 115). The MBQS consists of 90 cards with descriptors of maternal interactive 
behavior that are sorted by trained observers following a two-hour home visit. The sort 
yields a composite score, ranging from -1 to +1, which represents similarity between a 
prototypically sensitive mother and the mother being observed. Studies that utilized the 
MBQS have shown much stronger links to attachment security (r = .60, Pederson & 
Moran, 1996) than what was reported in a meta-analysis of other sensitivity measures 
such as contingency of response, physical contact, or cooperation in addition to 
Ainsworth’s scale (r = .24, De Wolff & van IJzendoorn, 1997). This study examined 
stability of maternal sensitivity and efficacy of a q-sort measure of maternal sensitivity 
across time and context. Two versions of the Maternal Behavior Q-Set (MBQS) were 
employed, first during the Strange Situation Procedure (SSP) and second at home, two-
and-a-half years later based on the available subsample. Findings revealed that the 
MBQS scores assessed at two time points in two contexts were significantly correlated, 
showing the stability of maternal sensitivity of the subsample over the time period of 2.5 
years. The MBQS scores assigned to mothers of preschoolers were also significantly 
correlated with their children’s early interactive behavioral scores given during the SSP 
(Table 1). The current findings further validate the consistency, the versatility, and the 
efficacy of the MBQS as a sound measure of maternal sensitivity.  
 
Table 1: Correlations between Two MBQS Scores and Infant Interactive Behavior Scores of SSP 
Reunions  
 

 MBQS MBQS-preschool 

Proximity Seeking .46* .49** 

Contact Maintenance .40* .38* 

Contact Resistance -.06 -.04 

Proximity Avoidance -.44* -.51** 

 
Note. ** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-
tailed). 
 
Behrens, K. Y., Parker, A. C., & Kulkofsky, S. (2014). Stability of maternal sensitivity across time and 
contexts with Q-Sort measures. Infant and Child Development, 23, 532-541.   
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Psychology and Technology: A Global Perspective 
(V. K. Kool, Department of Behavioral and Social Sciences, 

College of Arts and Sciences) 
 
Scope: After publishing 6 books, several book chapters and dozens of papers, I 
realized that the science of psychology is missing out on a number of critical 
areas of behavior. Without a firm focus on behaviors of a wide variety and across 
different cultures, the development of the science of psychology will remain 
incomplete. As stated by Arnett in the American Psychologist (2008), as far as 
research in psychology is concerned we tend to neglect 95% population of the 
world, but generalize about principles of behavior that apply to every human 
being on this earth. My recent Fulbright Awards and lecture opportunities in 
many countries have not only helped me to understand this but also to share a 
broader scope of psychology. Taking it as a mission, I have been concentrating 
my research and teaching on two hitherto neglected fields of psychology: 
psychology of technology and psychology of (non)violence. 
 
Goals:  
 

A) To maintain scholarly work in the new emerging area of psychology of 
technology.  

B) To conduct research at the global level in the relatively new field of 
psychology of nonviolence. 

C) Additionally, to continue to collaborate in research and curriculum 
development at foreign universities in my current capacity of Fulbright 
Specialist (2011 through 2016) and apply such acquired inputs to benefit 
both teaching and research at SUNY Polytechnic Institute. 

 
2014 Accomplishments 
 
TOPIC 1: Psychology of technology 
 
A recent NSF report stated that given the rate at which technology is changing, it would 
be almost impossible to predict its consequences on human behavior beyond 20 years. 
With such an uncertainty regarding the impact of technology on our behavior in the long 
run, psychology, as a science of behavior, must prepare itself in a robust form to not 
only investigate the consequences of technology but also to offer solutions for its 
favorable and unfavorable impact on us. It is unfortunate that a course on the 
psychology of technology is not being offered at many American universities and even 
more so, there is no textbook currently available to teach this course. To fulfill this need, 
I have compiled relevant material in the form of seven chapters. The writing work is 
continuing and I have a plan to publish my book in about two years. 
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TOPIC 2: Promoting global use of my test of nonviolence (NVT) 
 
With ever increasing threats caused by the overuse and abuse of technology, especially 
in the context of terrorism, each academic discipline, including the science of behavior, 
needs to focus on the nature of violence and its control. Since 1984, my measure of 
nonviolence, known as NVT, has been translated into several languages, including 
Japanese and Polish, and used in many doctoral dissertations across disciplines—
psychology, sociology, social work, criminology, etc. My test was applied by a group of 
researchers at the University of Maryland as a part of the Gemstone project, and they 
found a significant decrease in the levels of violence of prison inmates in three facilities. 
 
As a Fulbright Specialist, I am continuing to help in its adaptation in research in several 
countries around the world. Recently, I have helped with its use in Kyrgystan. I had also 
received an invitation to deliver a series of lectures at GITAM University and IIT, 
Kanpur, India in 2014, but this visit had to be postponed and I hope to complete this 
assignment in 2015-16.  
 
TOPIC 3: Going beyond Erickson’s seminal work 
 
Since the publication of the Pulitzer Award book, Gandhi’s Truth (1969), by Erickson, of 
Harvard University, psychologists have not conducted any significant work on this topic. 
At the invitation of the Gandhi Peace Foundation, in 2014, I edited their peer reviewed 
internationally acclaimed journal, Gandhi Marg, with special reference to developments 
in modern psychology. I wrote the Preface of this journal and also contributed an article, 
“Whither Skinner’s science of behavior, his analysis of Gandhi and the aftermath.” I was 
overwhelmed by the support I received from scholars from University of California at 
Berkeley, University of Notre Dame, Boston University, Williams College, and from the 
many others who worked with me and offered their perspectives to enrich the subject 
matter beyond Erikson’s classic work in this journal. I intend to take this work further 
and publish a book, Modern Psychology and Gandhi, before the 150 anniversary of 
Gandhi. To make my work authentic, I am also looking forward to interviewing some of 
the co-workers of Gandhi; fortunately, a handful among them are still alive, though in 
their late 80s or 90s. 
 
TOPIC 4: Focus on research methods in psychology and curriculum development 
 
Teaching research methods of behavioral sciences has been generally considered a 
challenge and it is especially challenging in teaching this subject to science and 
technology students. In 2014, I wrote a chapter, “On Using Experimental Designs,” in 
the book, Essays in Research Methodology, published by Springer and edited by Dr. D. 
Hegde. Dr. Rita Agrawal is co-author of this chapter. 
 
TOPIC 5: Preparing our students for research 
 
After Bonta published a list of 23 peaceful communities around the world, I encouraged 
my students to explore a remote Himalayan community, Malana, for its features that 
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helped it to sustain its peaceful existence for centuries. During my visit to this 
community, I had collected some data and documents and made them available to two 
of my students, Erica Piazza and Diana Dote, in my Psy 415 course entitled Psychology 
of aggression and Nonviolence. After further research, they wrote a paper and 
presented it at a conference at the Universitat of Konstanz, Germany and later 
published it in the journal, Gandhi Marg, Spring 2014, to make a firm case for one more 
peace culture to be added to Bonta’s list.  
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Psychological Science (Paul H. Schulman, Ph.D.) 
 
Scope: Learning and homeostasis 

Goals: The concept of the ‘wisdom of the body,’ or homeostasis, suggests that 
there are automatic compensatory mechanisms that maintain internal stability. If 
any of a number of physiological variables falls outside of narrow limits for a 
period of time, the organism sickens and dies. Learning, in this case Pavlovian 
conditioning, is one factor in homeostasis. External cues that repeatedly predict a 
disturbance in the internal milieu can, through learning, trigger compensatory 
responses in anticipation of the actual disturbance.   
 
2014 Accomplishments 
 
TOPIC 1: Learning and Compensation for the Effects of Caffeine 
 
Siegel has shown that if environmental cues predict insulin-induced reductions in blood 
sugar level (1972) or in the analgesic effects of morphine (1975), animals learn to 
generate compensatory responses in anticipation of the actual internal change. This 
learning, he argues, accounts for drug tolerance. The situation is similar whenever we 
eat or drink anything: the smell and taste predict digestive consequences. A sweet 
taste, for instance, predicts a subsequent rise in blood sugar level. People drink coffee 
to maintain alertness, though caffeine has other physiological effects, as well. Caffeine 
induces salivation and increases heart rate and blood pressure. Caffeine is ingested as 
coffee; consequently, the smell and taste of coffee predict these subsequent 
physiological changes. Therefore habitual coffee drinkers should have learned to 
compensate for these disruptions in homeostasis, or in other words, should show 
tolerance to caffeine. 
 
We gave caffeinated and decaffeinated coffee to habitual (daily) coffee drinkers and to 
non-drinkers. We expected that coffee drinkers would compensate for the caffeine 
effects and show less salivation than non-drinkers. When given caffeinated coffee, 
coffee drinkers should show tolerance to caffeine--a diminution in the drug effect; when 
given decaffeinated coffee, coffee drinkers should actually show a reduction in 
salivation below baseline. We measured salivation using dental cottons, the sort that 
dentists use to absorb saliva, which were weighed before and after people put them in 
their mouth for five-minute periods. The results below are for about two-thirds of our 
data. The rest were collected last semester and are still to be analyzed. These data are 
all with respect to a baseline, which was the amount of saliva produced prior to drinking 
the beverage. 
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Figure 1: Percentage of saliva above or below baseline for coffee drinkers (red) and non-drinkers 
(blue) after drinking caffeinated coffee and decaffeinated coffee. 
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Trust in the Physician and the  
Perception of the Quality of Care 

 (Linda R. Weber, Ph.D., St. Elizabeth’s Family Medicine 
Residency Program Research Group Leader) 

 
Scope: The primary research question is as follows: What is the relationship 
between trust in one’s physician and the patient’s perception of the quality of 
care?   
 
Goals: 1. Developing a viable approach to conducting research within an inner-
city clinic; 2. Assisting the Family Medicine residents in completing their research 
requirements; 3. Understanding how the relationship between trust and quality of 
care is influenced by such factors as the patient’s age, gender, social desirability, 
trust in the profession, nativity, and race concordance/discordance, and being 
Burmese; 4. Developing a theoretically based instrument with which to measure 
trust in the physician. 
 
2014 Accomplishments 
 
TOPIC 1: Nativity Concordance/Discordance 
 
When the physician and patient are of different nationalities, does that influence 
perception of quality of care? This is one of many topics addressed in this research. 
Nationality concordance was operationalized as either both physician and patient being 
born in the U.S. or both not being born in the U.S. Discordance was operationalized as 
either the physician or patient being born within the U.S. and the other not being born 
within the U.S. As indicated in Figure 1, concordant or discordant pairing did not 
significantly affect the perception of the quality of care; surprisingly, those patients in 
concordant pairs were significantly less likely to trust their physicians. However, further 
investigation revealed that those patients in concordant pairs wherein both were non-
native were significantly less likely to trust his or her physician. These results are 
preliminary and are just one example of the interesting findings generated by this 
research project.   
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Figure 1: Nationality Differences and the Influence on Quality of Care 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2014 Highlights: 

• Data collection completed; 
• Database constructed; 
• Preliminary analysis completed; and 
• Resident researchers presented preliminary results. 
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Nonlinear Dynamics and Vibrations Laboratory 
(Firas A. Khasawneh)  

 
Scope: Analytical, numerical, and experimental investigations of dynamical 
systems 
 
Goals: Study a new framework for data-driven and model-based analysis of 
nonlinear dynamical systems with delays and stochastic components 
 
2014 Accomplishment 
 
TOPIC 1: Ascertaining the Stability of Stochastic Dynamical Systems by 
Examining Their Time Series Using Topological Data Analysis 
 
Deterministic models of dynamical systems have been the subject of extensive research 
in the past decade. However, many systems are inherently stochastic with many noise 
sources. When the stochastic dynamical system includes nonlinearities and time delays, 
its analysis becomes extremely complicated, and it is often done using stochastic 
simulations, e.g., using the Euler-Maruyama approach. 
 
This project aims to study stochastic dynamical systems using numerically or 
experimentally generated time series. As a first step, we generated a collection of time 
series using Euler-Maruyama method and then turned them into a point cloud in a high 
dimensional Euclidean space using the standard delay embedding procedure. The point 
cloud can then be analyzed using persistent homology.  
 
The specific system that we analyzed represents a stochastic machining process called 
turning. A schematic of this process is shown in Fig. 2. Specifically, in the deterministic 
case, the system has a stable fixed point while the loss of stability is associated with 
Hopf bifurcation, whereby a limit cycle branches from the fixed point. Since periodicity in 
the signal translates into circularity in the point cloud, the persistence diagram 
associated to the periodic time series will have a high persistence point. This can be 
used to determine a threshold criterion that can automatically classify the system 
behavior based on its time series. For example, Fig. 1 shows the stability diagrams for a 
turning process with and without noise. The x-axis here represents the spindle speed 
non-dimensionalized by the natural frequency of the tool while the y-axis represents 
what can be described as the non-dimensional depth of cut. The figure shows that the 
measure of circularity that we picked, which is the maximum persistence, accurately 
captures the stability behavior of the system even in the presence of noise. This can be 
seen by examining the significant jump in the value of the maximum persistence, 
represented here on the shown log-color scale, across the stability boundary which is 
overlaid on the two figures. This stability boundary was obtained using the linearized 
deterministic version of the governing equation and is shown here for comparison. For 
the deterministic case, Fig. 1a, it can be seen that stability results are perfectly 
duplicated using the presented approach. For the noisy case, Fig. 1b, we notice that the 
unstable regime, as evidenced by higher maximum persistence values, permeates the 
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deterministically determined stability boundary. This can be explained by the 
phenomenon of stochastic resonance whereby the stochastic system experiences 
jumps to a different attractor due to stochastic forcing.   
 
The results of this study show that the described approach can be used for analyzing 
datasets of delay dynamical systems generated both from numerical simulation and 
experimental data. The contributions of this work include presenting for the first time a 
persistent homology based approach for investigating the stability of a class of nonlinear 
stochastic delay equations, and introducing a new application of topological data 
analysis in machining processes. Further, our results prove the usefulness of applying 
topological data analysis from the field of applied topology to dynamical systems. We 
anticipate that more research on the interface of the two fields can provide 
fundamentally new insight on the study and analysis of stochastic dynamical systems. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

• Khasawneh, F. A. & Munch, E., “Exploring equilibria in stochastic delay differential equations 
using persistent homology,” Proceedings of the ASME 2014 International Design Engineering 
Technical Conferences & Computers and Information in Engineering Conference, August 17-20, 
2014, Buffalo, NY, USA, 2014. 

• Khasawneh, F. A. & Munch, E., “Stability Determination in Turning Using Persistent Homology 
and Time Series Analysis,” Proceedings of the ASME 2014 International Mechanical Engineering 
Congress & Exposition, November 14-20, 2014, Montreal, Canada, 2014.   

• Khasawneh, F. A. & Munch, E., “Chatter Detection in Turning Using Persistent Homology”, under 
review. 

 
 

Figure 1: The maximum persistence for (a) the noise-free case and (b) the noisy case 
with δ=0.01 shown at the same scale, given by the log-scaled color bar. Each diagram 
has the stability boundary calculated using the spectral element approach overlaid. The 
behavior of the maximum persistence function stays close in line with the stability 
boundary despite the increase in average function value when noise is included. 
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TOPIC 2: A Universal Frequency Domain Approach for Studying the Dynamics of 
Metal Cutting with a Flexible Workpiece and a Compliant Tool 
 
One limitation of current studies on machining dynamics is the scarcity of tools for 
studying machining of flexible structures with flexible tools. This situation often occurs 
when machining slender, deep components for the automobile or aerospace industry 
with thin tools. The challenges in this case include the variation of dynamic parameters 
as the tool travels over the workpiece as well as the need to capture the interaction 
between the modes of the tool and the workpiece. 
 
This work investigates a universal frequency domain approach for studying the 
dynamics of metal cutting with a flexible workpiece and a compliant tool. The method is 
used for the identification of the position-dependent stability lobes in turning. It enables 
a fast, accurate, and systematic stability analysis of machining processes in their 
parameter space. The method is capable of incorporating analytical, numerical, and 
experimental information from the system. Further, the results of this work are able to 
capture the mode interaction between the tool and the workpiece with no restriction on 
the number of considered modes or spatial directions. In addition to machining 
processes, the results of this work can be used for continuous dynamical systems that 
are coupled by a force term to another distributed parameter system.   
 

• Andreas Otto & Firas Khasawneh, “Position-dependent stability analysis of turning with tool and 
workpiece compliance,” under review. 

 

 
Figure 2: (a) Model for turning of a cylindrical workpiece of length L and diameter D at cutting 
point P with cutting force F(P,t) acting on the tool tip. (b) The uncut chip area (shaded 
parallelogram) is the product of the chip thickness h and the chip width b. The chip thickness 
depends on the relative displacement between the cutting edge and the workpiece along the 
normal direction n at the current (green, dashed) and the previous (blue, thick) cuts. 
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Environmental Engineering (Wei Group)  
 
Scope: Water and wastewater treatment, nano-materials and their application in 
treatment/remediation, water quality and environmental chemistry, industrial and 
hazardous waste treatment, resource reuse and recovery 
 
Goals: Development of innovative technologies in the area of water, wastewater, 
industrial waste, and hazardous waste using physicochemical processes and 
engineered nanomaterials; Minimize the environmental impact of emerging 
contaminants including nanoparticles 
  
2014 Accomplishments  
 
TOPIC 1: Development of an Effective Method to Capture and Concentrate 
Engineered Nanoparticles for Quantification Using Magnetic Silica Microspheres 
(MSMs) 
 
Engineered nanoparticles (ENPs) are becoming emerging contaminants in the 
environment. While concern over potential toxicity of ENPs is growing, very little is 
known about the concentration or total amount of industrial ENPs released into the 
environment due to the lack of viable quantification methods. We have investigated the 
feasibility of using modified magnetic silica microspheres MSMs to detect, capture, and 
quantify ENPs from the aqueous environment. MSMs possess superparamagnetic 
properties due to the embedded iron oxide nanoparticle core, conferring magnetic 
properties and thereby also a mechanism by which ENPs adsorbed onto the surface of 
these MSMs can be removed from the aqueous environment. The method can 
potentially be used for the detection and quantification of ENPs in a real-world industrial 
wastewater stream at a semiconductor R&D facility. 
 
TOPIC 2: Development of Innovative Drinking Water Treatment Technologies for 
Small Public Water Systems in Rural Areas 
 
Resource-constrained small public water systems in many rural areas are facing great 
challenges to remove a cluster of contaminants and provide safe drinking water. 
Sustainable alternative technology to the current costly activated carbon adsorption is 
needed. Chitosan, a ubiquitous biopolymer, has the highest adsorption capacity among 
the biosorbents for a variety of contaminants. Diatomaceous earth (DE), an abundant 
natural mineral, has unique properties for water treatment. We have studied the use of 
chitosan modified DE as an adsorbent to develop an innovative sustainable drinking 
water treatment technology to remove a group of dissolved contaminants (natural 
organic matters, arsenic, nitrate, and fluoride) as well as suspended solids. The new 
adsorbent has the unique properties of both diatomaceous earth (good mechanical 
strength, large surface area, and good permeability) and chitosan (ubiquitous 
biopolymer with outstanding versatile adsorption capacity). The technology can 
potentially have great impacts on the drinking water treatment for a wide range of 
communities in many rural areas, including Upstate New York. 
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TOPIC 3: Development of Nanoparticle-Based Materials for Contaminants 
Removal from Water and Wastewater Selenium and Lead Removal by Nano-
Magnetite Modified Diatomaceous Earth 
 
While the applications of nanoparticles are promising, the associated high costs and the 
potential consequences of nanoparticles on public health are the limiting factors. 
Consequently, low-cost, environmentally friendly nano-materials are the focus of many 
recent research efforts in environmental treatment or remediation. Among them, nano-
magnetite has received significant attention because it is relatively inexpensive to make, 
safe to handle, and friendly to the environment. Diatomaceous earth (DE) is an 
important industrial mineral commonly used as a filter media for water and wastewater 
treatment. Although DE is a lightweight material with a porous structure, the surfaces of 
DE are inert silica lacking chemically active sites to adsorb dissolved contaminants from 
water or wastewater. The surfaces of DE were modified with a layer of magnetite 
nanoparticles and the removal of selenium anions and lead cations was investigated 
using the modified DE as an adsorbent. Batch adsorption experiments were conducted 
to evaluate the effects of pH, temperature, adsorbent concentration, and presence of 
competing anions in conjunction with studies on adsorption kinetics, isotherms, and 
adsorptive thermodynamics. The new adsorbent exhibited great potential in reducing Se 
and Pb to a very low level. The modified DE could be a very promising adsorbent for 
full-scale column adsorption processes for water and wastewater treatment.  
 
Publications 
 
Wei, X., Wolfe, F.A., Han, Y. (2014). “Mine Drainage: Characterization, Treatment, Modeling, and 
Environmental Aspect.” Water Environment Research, 86(10), 1515-1534. 
 
Cardona, I., and Wei, X. (2014). “Adsorption of selenium oxyanions by nano-magnetite-modified 
diatomaceous earth: a batch and column study.” Journal of Environmental Engineering (under review).  
 
Wei, X., and Wolfe, F.A. (2013). “Chitosan Biopolymer for Water Quality Improvement: Application and 
Mechanisms,” Chapter 11 In Water Quality: Indicators, Human Impact and Environmental Health, Nova 
Science Publishers Inc., Hauppauge, New York (ISBN: 978-1-62417-112-3), pp. 273-294. 
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Exploiting Control and Communications Techniques to 
Establish and Maintain Network Connections for Robust and 

Flexible Multi-Robot Coordination (Yu Zhou) 
 
Scope: Control of multi-robot systems 
 
Goals: The objective of this project is to investigate a set of control and 
communication techniques for establishing and maintaining communication 
connectivity, in response to varying communication conditions in practice, to 
ensure robust and flexible coordination among multiple collaborating mobile 
robots. We target to exploit the features of wireless communications and mobility 
of robots to significantly increase the coverage and reliability of communications 
and the chance of forming communication links among disconnected mobile 
robots. 
 
2014 Accomplishments 
 
TOPIC 1: Multi-Robot Motion Control  
 
We specifically targeted for exploration multi-robot motion control schemes which can 
adapt to the signal propagation conditions in different environments and fit with the 
randomness in signal propagation without depending on a prior knowledge of the signal 
propagation conditions in robots and environments, in order to establish and maintain 
multi-robot communication connections in physical robot systems and real 
environments.  
 
We investigated multi-robot control schemes to deal with the instable and fluctuating 
nature of the wireless signal propagation in physical environments. We figured out that, 
under this signal propagation complexity, any control scheme relying on an a priori 
communication model may not be very reliable in physical environments and with 
physical robots. We combined fuzzy inference, artificial neural network and machine 
learning with robot dynamics to create intelligent control approaches, learning to adapt 
to the unknown and uncertain signal propagation condition in the target environment.  
 
Motivated by dealing with the difficult-to-model, if not completely unknown, wireless 
signal propagation condition in physical environments, we investigated a reinforcement 
learning neural network-based distributed control approach. Each robot is controlled by 
a local onboard neural network controller which consists of several radial basis 
networks (RBNs). Each RBN is designed for the robot to adapt to the environment and 
maintain the desired wireless link quality with one neighbor, mapping the wireless link 
quality with a neighbor to the robot’s communication-maintaining movement relative to 
the neighbor. The local controller for each robot is defined by the aggregation of all the 
RBNs, corresponding to all its neighbors, to adapt to the quality of the wireless links with 
all its neighbors. The establishment and maintenance of the system-wide 
communication connectivity result from the combined effect of all the robots. Before 
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putting the controller into use, a robot carries out a reinforcement learning process to 
train the RBN through consecutive interactions between the RBN and environment to 
establish the relationship between the wireless link quality and robot motion decision, in 
order to adapt the controller to the in situ signal propagation condition in the target 
environment.  
 
Further motivated by the need to deal with the signaling randomness caused by various 
environmental factors and robot movement, we further combined fuzzy inference with 
neural network and developed a reinforcement learning fuzzy neural network-based 
distributed control approach. Each robot is controlled by a local fuzzy neural network 
controller which consists of several fuzzy neural networks (FNNs). Each FNN is 
designed for the robot to adapt to the environment and maintain the desired wireless 
link quality with one neighbor. Each FNN is a hybrid system which combines the fuzzy 
logic and artificial neural network. The control process follows a fuzzy inference 
process, which maps the perceived wireless link quality through input membership 
functions and fuzzy rules to robot motion decision. Fuzzy logic provides an effective way 
to incorporate the randomness in wireless link quality. The FNN structure follows a 
neural network, where the parameters of the fuzzy inference are tuned through the 
learning process of the neural network. The decision making framework and learning 
process are similar to those of the RBN based control approach.  
 
The above control approaches were tested through a series of Matlab simulations in 
several environments under different wireless signal propagation conditions which were 
simulated using the probabilistic log-distance path loss model. The results show that 
both approaches guide a multi-robot system to converge to the desired connectivity 
while forming coverage across the environment. 
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Figure 1: Reinforcement learning fuzzy neural network controller 

 
X. Zhong, and Y. Zhou, “A reinforcement learning trained fuzzy neural network controller for maintaining 
wireless communication connections in multi-robot systems”, in Proceedings of SPIE DSS 2014, 
Baltimore, Maryland, 2014. 
X. Zhong, and Y. Zhou, “Establishing and maintaining wireless communication coverage among multiple 
mobile robots using a radial basis network controller trained via reinforcement learning,” in Proceedings of 
2013 IEEE International Conference on Robotics and Biomimetics (ROBIO2013), Shenzhen, China, 
2013. 
 
TOPIC 2: Mobile Robot Localization 
 
We specifically targeted to the indoor mobile robot onboard localization technology in 
order to support autonomous robot navigation and multi-robot collaboration.  
 
We developed a mobile robot self-localization scheme for indoor navigation based on 
reliable design and recognition of artificial visual landmarks. Each landmark is patterned 
with a set of nested concentric circular rings in black and white, which reliably encodes 
the landmark’s identity under realistic illumination conditions. A mobile robot in 
navigation uses an onboard camera to capture landmarks in the environment. The 
landmarks in an image are detected and identified using a robust recognition algorithm 
which can identify significantly incomplete landmarks located on the image boundary 
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and influenced by nearby light sources. The recognized landmarks are used to estimate 
the position and orientation of the onboard camera in the environment, based on the 
geometric relationship between the image and environment frames. The experiments 
conducted in a real indoor environment show high robustness of the proposed landmark 
design and recognition scheme to the illumination condition, which leads to reliable and 
accurate mobile robot localization. 
 

 
Figure 2: Landmark-based indoor mobile robot localization 

 
X. Zhong, Y. Zhou, and H. Liu, “Real-time indoor mobile robot localization based on the recognition of 
omni-directional artificial landmarks”, in Proceedings of ASME 2014 International Design Engineering 
Technical Conferences & Computers and Information in Engineering Conference (IDETC/CIE2014), 
Buffalo, New York, 2014. 
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HDL-Based Implementation of a Novel Dynamic 
Reconfigurable Data Acquisition Scheduler-on-Chip (SchoC) 

(Mohammed Abdallah) 
 
Scope: Dynamic heterogeneous multi-channel signals acquisition 
 
Goals: Develop technology to provide the ability to sample each channel at the 
appropriate sampling frequency to maximize the total number of dynamic 
heterogeneous multi-channel signals/channels, and minimize the amount of data 
being acquired which eventually will be stored or transmitted 
 
2014 Accomplishments 
 
TOPIC 1: HDL-Based Implementation of a Novel Dynamic Reconfigurable Data 
Acquisition Scheduler-on-Chip (SchoC) 
 
Data acquisition (DAQ) is a crucial component in instrumentation and control. It typically 
involves the sampling of multiple analog signals, and converting them into digital 
formats so that they can be processed. DAQ systems also involve microprocessors, 
microcontrollers, digital signal processing, and/or storage devices. Many multi-channel 
DAQs, which utilize some sort of processing for simultaneous input channels, are found 
in various applications. In this research for heterogeneous multi-channel signals, 
different sampling rates are identified for each channel, and optimized for best data 
quality with minimal storage requirement. Accordingly, power consumption and 
transmission times can be reduced. The fidelity of the proposed Scheduler-on-Chip 
(SchoC) is increased by using reconfigurable chip technology, where flexibility, 
concurrency, speed, and reconfiguration can be achieved in hardware. Therefore, the 
SchoC can be utilized in various real world applications, especially hazardous 
environments, or for remote architecture reconfiguration, while keeping the cost of the 
device low. Performance evaluations show that the speed of the proposed SchoC is 
24% faster than a comparable software-based scheduler. The proposed SchoC reduces 
the amount of data being acquired by up to 59%, which in turn decreases memory 
requirements. It achieves a high signal reconstruction quality. It reaches up to 15% 
better root mean square of errors than a comparable software-based DAQ. 
 
2014 Highlights: 

• Published paper in the International Conference on Engineering & Technology 
(IAJC-ISAM), September 2014 (Acceptance Rate 22%) 

 
 
 
 
 
 
 

84



	  
Department of 

Engineering 
Technology 

A Novel Securely Remote USB Connection Image and its 
Applications on Online Learning for Electrical and Computer 

Engineering Technology (Mohammed Abdallah) 
 
Scope: A novel USB interface to ease online learning 
 
Goals: Enable students to have a mobile laboratory experience anywhere they 
choose; in short: deliver the classroom to the student and not the student to the 
classroom, including the hands-on experience, which is not included in the 
traditional and current teaching methods. 
 
2014 Accomplishments:  
 
A Novel Securely Remote USB Connection Image and its Applications on Online 
Learning for Electrical and Computer Engineering Technology 
 
Online learning is the optimal solution for many students. However, current online 
learning approaches lack the hands-on experience. Hardware is always at the 
campus/server-side. To gain hands-on experience, a student should be on-campus to 
access the available hardware in labs. Hardware means any equipment such as 
microprocessor boards, data acquisition device or even a medical device that students 
need to connect to certain software. To date, there are three solutions to provide some 
kind of hands-on experience in on-line learning. First, simulation can be used. Students 
can rely on simulation tools installed on their computers or they can remotely access 
simulation tools which are hosted at their schools. In both cases, students do not gain 
the hands-on experience that is available to on-campus students. Second, some 
schools invite their students on campus a few times to expose them to the hardware 
and provide the necessary hands-on labs. It is not a practical solution since not all 
students will be able to make it. Third, students can remotely access the developing 
tools which are hosted at schools, but the problem is the attached hardware will not be 
accessed. Students are not able to touch the connected hardware, give inputs, or even 
see and monitor the outputs as shown in Figure (1-a).  
 
Proposed Solution: Therefore, the Principal Investigator (PI) proposes a novel online 
learning approach as shown in Figure (1-b). The idea is to separate hardware from 
software. The software will be in the campus/server-side; a school will handle it, 
including the license and upgrading issues. The hardware will be handled via students. 
Students will be able to locally connect their hardware to their computers and still be 
able to remotely access the developing tools. The challenge is to create a module that 
can have an image of any installed developing tool at the school site and provide this 
image to any authorized students who remotely accesses the school server. The 
ultimate advantage of the proposed approach is students can remotely access the 
expensive developing tools hosted by their school and locally connect the required 
hardware to gain the necessary hands-on experience. Moreover, it enables instructors 
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to change a course to include state-of-the-art hardware without changing any 
infrastructure on campus. 

 
 
 

 
 

Figure 1: Traditional vs. the proposed on-line learning approaches 

2014 Highlights: 
• Published paper in the ASEE Conference for Industry and Education 

Collaboration (CIEC), February 2014 
 

• Published paper in the SUNY Conference on Instruction and Technology (CIT), 
May 2014 

 
• Received two grants to implement the proposed system (IITG and ASEE-ETD) 
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Ultrasonic Wave Propagation in Moving Random Media 
(Durgin, Niyirora, Jones, Andreeva) 

  
Scope: The propagation of high frequency acoustic waves through turbulent 
flow is affected by both the mean flow and the turbulence. Measurements that 
utilize the transit time or phase shift of ultrasonic waves through moving 
random media are, therefore, modified by the flow turbulence. Conversely, 
fluctuations of transit time or phase shift encode the characteristics of the 
turbulent flow. 

 
Goals: 1) To characterize the effects of turbulence on transit time and phase 
shift on the propagation of high frequency acoustic waves. 2) To develop 
methods of determining the nature of turbulent flow from the statistics of 
transit times and phase shifts. 
 

2014 Accomplishments 
 
TOPIC 1: Isotropic Turbulence Experiments 
 
Experiments conducted using isotropic turbulence are reported in Andreeva and 
Durgin (1) in summary form for both heated and unheated grids. From these 
measurements, both kinematic and scalar correlation coefficients were determined 
and compared to theory based on the isotropy of the flow. These are shown in the 
figures below from (2). It would be reasonable to assume, based on what is known to 
date, that if measurements were made in a turbulent flow and correlation coefficients 
showed the same behavior, then the turbulence must have been isotropic. This 
hypothesis must, of course, be tested. Experiments are now being set up to produce 
non-isotropic turbulent flows so that the behavior of correlation coefficients can be 
determined in that setting. Collaborators include W. W. Durgin, J. Niyirora, and D. 
Jones of SUNY Polytechnic Institute and T. Andreeva of Heriot-Watt University, 
Edinburgh, UK. 
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Experiment Formula (12) 
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Fig. 1 Correlation function of travel time 
obtained from experimental data collected 
at temperature of 15°C plotted along with 
the best-fit line exponential curve (10). The 
mean flow velocity is U = 3.5 m/s 

 

Fig. 2 Correlation function of the travel time 
obtained from the experimental data collected 
at the temperature of 70.6°C plotted along with 
the best-fit line exponential curve (12). The 
mean flow velocity is U = 3.5 m/  

1) Andreeva, T., and W.W. Durgin, Chapter ton “Nondestructive Ultrasonic Technique in Diagnostics of 
Turbulent Flow,” Wave Propagation, G. Mateus (ed.), Academy Publish, 2014. 
 

2) Andreeva, T.A. and W.W. Durgin, “Determination of Correlation Functions of Turbulent Velocity and 
Sound Speed Fluctuations By Means of Ultrasonic Technique,” Experiments in Fluids, vol. 51, n. 6, 2011. 
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Nitride Semiconductor Research (Gherasoiu) 
Scope: Group III-N nanocolumn P-N junctions on silicon for efficient long 
wavelength emitters  

Goals:	   Develop deposition methods for the fabrication of InGaN p-n junctions 
with high indium fraction. Determine the influence of dopant impurity 
concentration on the carrier properties and crystalline perfection. Develop 
methods to prevent carrier accumulation at surfaces and to deposit large-area, 
dislocation insensitive InGaN p-n junctions. 

2014 Accomplishments 

TOPIC 1: Characterization of Nanocolumn (NC) Light Emitting Diodes Grown on 
Silicon (111) 

InGaN alloys could allow the fabrication of full-spectrum solar cells as well as long 
wavelength LEDs. For device applications, reduction of electron background due to native 
and/or crystalline defects is essential. Even when high quality GaN substrates are 
available their usefulness for the growth of thick or high indium fraction (x>30%) InxGa1-xN 
layers is limited by the formation of misfit and threading dislocations at the InGaN/GaN 
interface. One possible approach toward the mitigation of the dislocation effects and for 
the control of the indium segregation in InGaN alloys is the growth of nano-structured 
devices. In this work a detailed study on Mg and Ge doping of InGaN P-N junctions grown 
on Si (111) substrates is undertaken. The properties of Mg doped GaN and InGaN films 
with indium fraction up to 40% have been investigated using ion channeling, Rutherford 
back scattering (RBS), electrochemical capacitance-voltage (ECV) and Hall 
measurements. Dopant concentrations have been determined by secondary ion mass 
spectrometry (SIMS). For GaN it has been found that hole conduction can be achieved up 
to a Mg concentration of 2x1020 /cm3. For Mg concentrations larger than 6-7x1020/cm3 the 
crystallinity of GaN deteriorates and the conduction becomes n-type. No defects are 
detected by ion channeling and TEM for Mg concentrations lower than ~1020/cm3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
In the case of InGaN films with In> 30%, the channeling yield is high due to degraded 
crystalline quality and hence is insensitive to changes introduced by Mg doping. 

Figure 1:  (a) Effect of magnesium incorporation in GaN as expressed by the ion channeling 
yield. (b) Effect of magnesium incorporation on the InxGa1-xN indium fraction and crystalline 
quality, as reflected by the ion channeling yield. 
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Competition between In and Mg for the group III site for high Mg concentration is 
observed. 
 
For Mg fluxes (BEP) larger than 1x10-7 torr, (Mg >3x1021/cm3) indium incorporation is 
largely prevented (In<1%). Quaternary InMgGaN alloy formation with Mg concentration of 
up to 12% is observed. Electron and hole mobilities as functions of Ge and Mg 
concentrations respectively, have also been determined. 
 

The nanocolumn-based light emitting diodes have 
been grown on 4in p-type silicon (111) wafers at 
temperatures between 540 oC and 605 oC. The typical 
structure is Si(111)/AlN/n-GaN/n-InGaN/p-InGaN/p-
GaN. The n-GaN layer (Ge-doped) was grown under 
2-dimensional growth mode while the n-InGaN layers 
were grown under N-rich conditions, allowing first the 
on-set of Stranski-Krastanov and latter 3-D growth 
mode. Finally, graded p-InGaN and p-GaN layers have 
been grown under metal-rich conditions to promote 
faster lateral growth. Two different samples have been 
used to measure the electroluminescence, Figure 2d. 
Although the current injection characteristics were the 
same for the two structures, it is noticeable that the 
intensity of the yellow LED is reduced by almost 40% 
when compared to the intensity of the green LED. We 
speculate that this gradual reduction of the potential 
barrier at the InGaN surface is responsible for the 
increase of the leakage currents in InGaN p-n 
junctions and is the mechanism that governs the 
gradual reduction in the external quantum efficiency of 
the light emitting diodes (LEDs) with the increase of 
the indium fraction in the active region. This 
phenomenon is also known as the “Green Gap.”  
 

 

 

 

Publications: 
1. I. Gherasoiu, K.M. Yu, L.A. Reichertz, W. Walukiewicz, “InGaN Doping for High Carrier 
Concentration in Plasma-Assisted Molecular Beam Epitaxy”, Phys. Status Solidi C, Volume 11, Issue 
3-4, pages 381–384, April 2014. 
 
2. I. Gherasoiu, K.M. Yu, L.A. Reichertz, W. Walukiewicz, “InGaN pn-junctions grown by PA-MBE: 
Material characterization and fabrication of Nanocolumn electroluminescent devices”, ICMBE 2014 – 
International Conference on Molecular Beam Epitaxy 2014, 7-12 September 2014, Flagstaff, AZ. 

Figure 2: InxGa1-xN NCs: SEM top view of the NCs during the 
growth of the device. (a) InGaN:Mg NCs, (b) GaN:Mg NC 
coalescence, (c) Fully coalesced GaN:Mg cap layer, (d) RT 
electro-luminescence. 
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“e-student” Remote Laboratory Experiments 
(Daniel Jones, Mohammed Abdallah) 

 
Scope: Develop technology to provide the ability to conduct experiments on-line, 
supported by $20k funding from IITG 
 
Goals: Provide the general framework and demonstrate sample experiments  
 
2014 Accomplishments 
 
TOPIC 1: Remote Laboratory Experiments 
 
Advanced information technology provides students access to a wide range of learning 
experiences. One of the challenges of the online forum is providing exposure to hands-
on laboratory experience to students. The goal of this project is to actively engage on-
line students in the learning process. The crux of this proposal is to investigate and 
validate a new concept of bringing state-of-the-art technology to enhance pedagogical 
on-line learning approaches and provide flexibility of time and location for both students 
and faculty. These new developments will provide capabilities for adoption at a course 
level, college wide, and possibly beyond. Creating a dynamic and efficient learning 
environment with ubiquitous access to computing and laboratory resources is the main 
goal of this proposal. Additionally, this new alternative environment is expected to 
provide enhancements to the recently developed online instructional models in 
engineering, science, and technology. Furthermore, it will be an effective test bed for 
new educational technology of core interest to SUNY. For example, it will enable on-line 
delivery of Physics laboratory courses to fulfill General Education requirements for 
students who do not have direct and immediate access to the required laboratory 
equipment.  
 
Justification and Background. In electrical and mechanical engineering technology 
programs, practical application of theoretical concepts has been traditionally taught via 
hands-on learning with experiments in a laboratory. On-line learning is becoming 
increasingly optimal for many students who are not on campus, but the current on-line 
learning approaches lack hands-on experience. To gain this experience, a development 
tool is needed to provide remote access to the physical hardware. Most of the 
development tools and hardware currently in place are too expensive for students, and 
so they must be purchased, installed, and hosted on the campuses of universities. 
Therefore, the hardware is always at the campus/server-side. To gain hands-on 
experience, a student must be on campus at a prescribed time in order to physically 
access the available hardware in labs. This hardware includes a wide range of 
equipment that students connect to electronics, computers, and software. Faculty 
currently teach students to use microprocessors and data acquisition devices to 
measure phenomena such as speed and acceleration of rigid bodies, pressure in fluid 
flow, and forces applied to a metal specimens as they are stretched. 
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To date, there are three solutions to provide some kind of hands-on experience in on-
line learning. First, simulation can be used. Students can use simulation tools installed 
on their computers, or they can remotely access simulation tools which are hosted by 
the university. In both cases, students do not gain the hands-on experience that is 
available to on-campus students. Second, some schools invite their students a few 
times on-campus to expose them to the hardware and provide the necessary hands-on 
labs. This is not a practical solution since not all students will be able to make the trip at 
the prescribed time and place. Third, students can remotely access the development 
tools which are hosted on campus, but the problem with this approach is that the 
attached hardware is not accessible. Students are not able to touch the connected 
hardware, change the experimental variables, or even see and monitor the outputs.  
 
Some of the groundwork for this proposal has been accomplished by one of the PIs 
using funds from an IITG Tier I grant in 2013. The idea was to separate the hardware 
from the software. The software was on the campus/server-side, and the hardware was 
handled by students. Students locally connected their hardware to their computers and 
while remotely accessing the software. A module has an image of the software installed 
on campus servers, and it provided this image to any authorized students with remote 
on-line access. This approach has been successfully developed and tested, but the 
drawback is that not all hardware can be purchased by students. Some large and 
expensive equipment, such as an Instron Tensile Testing Machine, must be on campus. 
Therefore, this novel approach is proposed to provide hands-on experience to on-line 
learners.  
 
The Proposed Idea. The PIs propose a multi-phase project.  
 
Phase 1: Developing a new on-line laboratory experiments that utilize dedicated 
software such as LabVIEW. This will provide on-line learners with access and control of 
different types of hardware. A student will remotely access LabVIEW to control 
hardware on experimental test stands that are set up on campus. A student will change 
experimental parameters using electro-mechanical actuators. For example, a student 
could turn on a pump and open a valve to adjust the follow of water through a pipe. 
Using LabVIEW, the student will collect data using sensors in order to monitor the 
results on-line. For example, the student could measure the pressure drop between the 
inlet and outlet of the valve to measure flow rate, and the resulting data will be 
transmitted to the remote student on-line for further analysis. 
 
Phase 2: Connecting a camera to provide a live video stream to the on-line student. A 
secured internet camera will be set up in the lab with adequate lighting to allow the 
student to watch the experiment in real time. The student will be able control the camera 
(zoom in and out, rotate, pan back and forth, etc.) to see different aspects of the 
experiment.  For example, the student could look at the meter to see how much 
electrical power is consumed by pump, and then change the view to look at the angular 
setting of a valve. The student would then be able to control the hardware and visually 
monitor the experiment.  
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Phase 3: A robot in the lab to be controlled on-line by the remote student. This robot, 
known as“e-student,” would serve as a friend on campus to help set up and run 
experiments that are more sophisticated. The “e-student” will provide additional access 
that is beyond the capabilities of LabVIEW. 
 
The “e-student” will perform simple tasks such as starting and stopping an experiment, 
or more complicated tasks such as moving tools from one place to another. It can be 
extended to more elaborate tasks such as placing an object at different locations on a 
track, or inserting resistors and capacitors into a breadboard. 
 
The combined use of LabVIEW, the camera, and “e-student” will provide a range of 
options for on-line students.  The results of this project will be utilized to expand 
capabilities into a wide range of different experiments accessible remotely at any time. 
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Sensors, Components, and Mitigators of Stress and Damage 
Signaling (Begley Group)  

 
Scope: Cancer biology, environmental health and toxicology, stress-signaling, 
and technology development for human health applications 
 
Goals: Identify molecular determinants of stress responses, which will help us 
identify new strategies and drugs for cancer prevention and cancer treatment 
 
2014 Accomplishments 
 
TOPIC 1: Cell Signaling in Response to Environmental Stress by Reactive Oxygen 
Species: NIH-Funded Studies to Analyze How Translation is Regulated During 
Environmental Stress. 
 
The Begley lab was awarded a five-year grant from National Institute of Environmental 
Health Sciences, NIH, titled, “Translational control of ROS Management 
(5R01ES024615)”.  Grant studies were based on the abstract below. Treatment options 
for late-stage colorectal cancers are needed, as associated tumors can be quite deadly 
for affected patients. Many late-stage cancer cells have turned off important stress 
response and growth regulatory pathways. We have demonstrated that the human 
tRNA methyltransferase 9-like (hTRM9L) gene is turned off in many breast, bladder, 
testicular, cervical, and colon cancers. We have also implicated the hTRM9L protein in 
regulating tRNA modifications and stress responses. Using cells derived from late stage 
colorectal cancers, we demonstrate that reactivation of hTRM9L can prevent tumor 
growth via regulation of a known tumor suppressor (LIN9) and prevent activation of the 
hypoxic response.  

 
 
Figure 1: A. 5 x 105 SW620 cells expressing either LacZ or hTRM9L were inoculated on CAM and 
tumors were analyzed after 7 days in vivo. Tumors were excised, minced, and collagenased and 
the number of cells per tumor nodule was counted. B. SW620 and hTRM9L expressing cells from 
tumor nodules were harvested after several time points as indicated and stained for acidic β-gal. 
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Study goals of this grant are to use LC/MS, systems biology, and molecular biology-
based approaches to define “on” and “off” switches specific to the translational 
regulation of selenocysteine containing ROS and DNA damage response enzymes.  
 
Begley, U., Sosa, M. S., Avivar-Valderas, A., Patil, A., Endres, L., Yeriel Estrada, Y., Chan, C. T. Y., Su, 
D., Dedon, P. C. Aguirre-Ghiso, J. A., and Begley T. J. 2013.  Human tRNA methyltransferase 9 prevents 
tumor growth by regulating LIN9 and HIF1α. 2013.  EMBO Molecular Medicine. 5, 1 – 18. 
http://www.ncbi.nlm.nih.gov/pubmed/23381944 
 
NIH Grant details: 
http://projectreporter.nih.gov/project_info_description.cfm?aid=8777772&icde=23227772&ddparam=&ddv
alue=&ddsub=&cr=7&csb=default&cs=ASC 
 
TOPIC 2: Electrochemiluminescence Assay Platform Development for Multiplexed 
Quantification of DNA Damage Response Proteins: SUNY RF Funded Studies to 
Identify Determinants of Cisplatin Resistance in Ovarian Cancer Models. 
 
The cellular DNA damage response has been implicated in the progression of many 
cancers. Diagnostic assays to quantitate cellular DNA repair capacity would thus 
provide an important tool for clinical studies, as a robust assay to measure DNA repair 
capacity could be used to help prescribe therapeutic approaches. We have developed 
multiplexed protein quantification assays built off the MesoScale Discovery tool that 
measures the levels and modification status of many DNA repair proteins, and tested 
this tool as a measure for cellular DNA repair capacity. Using leukocyte samples 
derived from patients before and after computerized tomography, we have 
demonstrated the clinical feasibility of our assay and shown that in vivo DNA repair 
pathways are activated by this controlled exposure to ionizing radiation. We have 
recently been awarded funds from the SUNY Research Foundation to work with 
Professor Orlando Schärer from Stony Brook University, SUNY to develop a multiplexed 
quantification assay that can be used to predict the ability of a tumor to resist cisplatin 
therapy. Further development of this assay will provide a robust diagnostic tool for 
population and clinical studies, and provide a resource for cancer biology and 
chemotherapeutic development.    
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Figure 2: The MSD Systems for ECL Analysis of Captured Proteins. (A) A Multi-Array plate 
contains independently addressable electrodes in each well of the plate. Each electrode contains 
a capture antibody that will bind a target protein. A Sulfo-tagged antibody specific to a different 
epitope in the target protein is then applied to facilitate detection.  (B) The ECL reaction is initiated 
by electricity and the Sulfo-tag (i.e., Ru(bpy)3 tag ) will emit light. (C) The Sector 2400 will read 
each well of a 96 or 384-well plate after electrical stimulation, and the emitted light can be 
quantitated using ultra-sensitive photo detectors in the instrument. We have evaluated and 
validated antibodies for use in the electrochemoluminescence-based detection technology. We 
have validated the MPQ assay using cells exposed to ionizing radiation and demonstrated 
activation of the DNA damage response (i.e., ATM, CHK2 and p53) and will develop further assays 
for measuring cisplatin associated DNA repair pathways. 
 
TOPIC 3: Develop Bio-Based Strategies to Degrade Carbon Nanotubes and 
Monitor the Biological Responses to Nanomaterials 
 
Carbon nanotubes are the strongest and stiffest materials discovered to date, and their 
disposal poses a problem. Left unmitigated, carbon nanotube disposal could lead to 
environmental contamination and increased human and ecological hazards. Carbon 
nanotubes are extremely resistant to degradation (heat at 500 °C needed to degrade) 
but recent studies have demonstrated that some peroxidase enzymes can breakdown 
these structures. Specifically, we have performed enzymatic degradation of carbon 
nanotubes by horseradish peroxidase (HRP) and human myeloperoxidase and shown 
that they can degrade carbon nanotubes in weeks (HRP) and days (myloperoxidase).  
In addition we have used cell culture studies to demonstrate that intact CNTs can 
promote cell death and activate the DNA damage response, with this mitigated by 
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enzymatic degradation of the CNTs. It has been theorized that CNT’s promote toxicity 
by causing increased reactive oxygen species (ROS). We are currently developing a 
mouse model (i.e. Alkbh8-/- model) that has increased levels of reactive oxygen species 
(ROS) for use as a hypersensitive tool for the analysis of new material toxicity. We will 
use it to test the hypotheses that CNT’s promote cell death by increasing ROS levels, 
with this potentially mitigated by enzymatic degradation. We have developed assays 
using this tool to measure ROS and associated DNA damage levels. In the future we 
will use it for in vivo toxicity testing of CNTs and other new materials. 
 

 
 
Figure 3: Alkbh8-/- cells have elevated reactive oxygen species (ROS). A) Intracellular ROS was 
measured in immortalized MEFs by DCFDA staining 6 h after the indicated treatments and is 
shown as (A) Representative images for cell batches taken from the peak frequency of DCFDA 
intensities for wt and Alkbh8-/- sample runs (i.e., shows up as more intense green color) and B) 
median fluorescence intensity emitted by oxidized DCFDA at 517 - 527 nm +STDV, (n=3) C) 
Antioxidant-based rescue of the Alkbh8-/- ROS phenotype. 
 

A                                                              B                                         C 
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Bio-derived Nanomaterials for Nanomedicine and 
Characterization of iCVD-Polymers for Surface Modification 

and Low-Temperature Bonding 
(Bergkvist Research Group) 

 
Scope: Surface chemistries; gas-phase polymerization; novel adhesives for 3D 
integration; development of bio-based nanomaterials 
 
Goals: TOPIC 1: Characterize the thermal and physical properties of thin polymer 
films synthesized via initiated chemical vapor deposition (iCVD) and assess their 
potential as low-temperature adhesives for 3D integration. TOPIC 2: Investigate 
biologically derived nanomaterials for delivery of therapeutics. 
 
2014 Accomplishments 
 
TOPIC 1: Investigation of bonding and adhesion properties of iCVD polymer films 
for use in low-temperature bonding  
 
Wafer bonding is a critical step in 3D integration of IC and packaging of heterogeneous 
MEMS devices. Among the various techniques, polymer adhesive wafer bonding has 
received significant attention due to its ease of application, low processing 
temperatures, tolerance to particles and compatibility with CMOS technology. Currently, 
such adhesive films are obtained by solution-based techniques such as spin casting, 
spray coating, screen printing, and stamping. However, most of these techniques lead 
to thick, non-uniform films which pose issues with solvent outgassing, void trapping and 
substrate alignment. Furthermore, processing of solution-based adhesive films involve 
multiple bake and cure steps resulting in thermal stress-induced wafer bow and 
warpage, rendering the substrate unusable for further processing steps. Here we 
present results from our investigations of a new technique, initiated chemical vapor 
deposition (iCVD), to realize solvent-less 
thin-film polymer adhesives that represent 
an alternative to conventional solution-based 
polymer deposition techniques. 
 
iCVD being a low-energy, solventless 
technique eliminates multiple bake and cure 
steps and potential risk of void entrapment 
due to solvent outgassing while enabling 
deposition on solvent and thermally 
sensitive substrates. There are a variety of 
monomer precursors amenable to the iCVD 
process with potential for both thermoplastic 
“tacky” bonding and covalent-linkage bonding (figure 1). Additionally, the ability to 

Figure 1: Illustration of iCVD for  
thermoplastic and covalent bonding. 

99



	   The Nanobioscience 
Constellation 

Figure 2: (a) Scanning acoustic microscopy image of 300mm silicon 
wafers bonded using 300nm thick iCVD PGMA films. Arrow indicates 
a void at the bond interface caused by particles. (b) Digital 
photograph of bonded wafers where the top wafer is thinned down 
to 60 µm thick using a standard CMP process.  

(a) (b) 

deposit thin polymer films conformally over 3D substrates makes it attractive for many 
applications in the microelectronics industry, including diffusion barriers, flip-chip 
underfills and hermetic sealing.  

 
One major accomplishment over the last year is the successful demonstration of the 
concept of low-temperature solvent-less adhesive bonding using iCVD polymer thin 
films. We have demonstrated both iCVD polyglycidylmethacrylate (PGMA) and 
polyneopenthylmethacrylate (PnPMA) films can be used to bond 300mm silicon wafers 
at temperatures below 90 °C. This is significantly lower compared to BCB polymer 
(typically between 250 - 300 °C), which is considered as a general benchmark adhesive 
for silicon wafer bonding. Further, the bonding process using iCVD adhesives can be 
done under 15 minutes, compared to 2 to 4 hours for BCB. Figure 2 shows a 
representative scanning acoustic microscopy image of 300mm silicon wafers bonded 
using iCVD-PGMA adhesive where excellent bond uniformity with < 2% void area could 
be observed. Bonded wafers were subsequently subjected to coarse and fine chemical 
mechanical 
planarization (CMP) 
processes where the 
top wafer thickness 
was reduced to 60 
µm. These results 
show that iCVD films 
have good adhesion 
to silicon and can 
survive critical 
semiconductor 
processing steps. 
(Bharamaiah 
Jeevendrakumar, 
2012, Bharamaiah 
Jeevendrakumar, 
2013a, Bharamaiah 
Jeevendrakumar, 2013b, c) 

  
In parallel with the above, we have also investigated the adhesion energies of iCVD 
PGMA polymer films depending on bonding temperature. The wafers were bonded at 4 
different temperatures from 30 - 150 oC. All conditions led to bonded wafers where SAM 
imaging confirmed the wafers were in good contact with minimal void formation. After 
dicing, the 4-point bend technique was used to investigate the critical adhesion energy 
and failure interface for these samples. Figure 3 (a) and (b) shows that the critical 
adhesion energy (Gc) and sample failure mode depend on the bond temperature. For 
the 30 °C and 65 °C samples, we observed that the polymer thickness on each wafer 
after separation retained the original thickness (~200 nm). This shows that the failure 
was at the polymer-polymer interface and indicates cohesive failure. In the case of 150 
°C bonded samples, high adhesion energy was observed and attributed to cross-linking 
and surface anchoring of polymer chains during thermal ring-opening reaction of PGMA. 
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(b) (a) 

Figure 3: (a) Adhesion energy and (b) failure mode for wafers bonded using iCVD PGMA 
adhesives was manipulated using bonding temperature. 30 °C and 65 °C bonded samples 
showed increased adhesion when annealed to 90 °C (> Tg) which was attributed to increased 
polymer chain mobility above Tg. Further, the failure mode changed from cohesive to 
adhesive post anneal.   

These cross-linked films failed via a “stick-slip” mode where the crack propagated 
through multiple interfaces during testing. This is a commonly observed phenomenon in 
hardened materials. These results demonstrate that we can successfully manipulate the 
adhesion energy and failure mode for iCVD PGMA to enable both temporary and 
permanent bonding.  
 

In addition to our efforts to use iCVD films for adhesive applications we are also 
pursuing iCVD polymers as potential materials for use in ocular tissue engineering and 
for biosensor coatings. 

  
TOPIC 2: Biologically derived nanomaterials for delivery of therapeutics.  
 
The Bergkvist lab is exploring several naturally occurring nanomaterials for use in 
nanomedicine and nutraceutical 
applications. We are currently working on 
several material systems including zein (a 
corn protein), which is a natural prolamine 
that is insoluble in water but readily 
dissolves in ethanolic solutions, and virus 
capsids. Virus capsids offer a versatile, 
multi-functional platform for nanomaterial 
engineering and we have developed a 
system for site-specific delivery of cancer 
therapeutics (Cohen, 2013, Cohen, 2012). 
 
Another natural nanoparticle system we are 
currently working with is enzymatically 
synthesized glycogen (ESG) dendrites 
(figure 4). The ESG closely resembles 

Figure 4: Schematic model of ESG 
structure. Biocatalysis & Biotransformation 
(2008), 26:133–140. 
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native glycogen in its structural and physicochemical properties and has proved to be 
safe as a food ingredient for human consumption. It has also been shown to have anti-
tumor effects in a manner that prolongs the survival time of tumor-bearing mice by oral 
administration and elevates natural killer cell activity. ESG contain thousands of 
branched glucan chains forming a dendritic structure.  
 
Such glucan chains can form helical 
structures (figure 5), which can 
encapsulate hydrophobic guest molecules 
in the central helix cavities and enhance 
the water solubility, bioavailability and 
stability of these molecules. Thus, the 
ESG may have potential use in the food, 
cosmetic and pharmaceutical fields as a 
carbohydrate nanocarrier because of its 
highly-branched structure, good water-
solubility and low toxicity. 
 
Over the last year we have investigated the inclusion behavior of hydrophobic 
compounds with ESG. Phase-solubility measurements were performed on four poorly 
water-soluble drug/drug model molecules, 4’,7-dihydroxyisoflavone (Daidzein), 7-amino-
4-methylcoumarin (7-AMC), 6-methylcoumarin (6-MC) and 5, 10, 15, 20-Tetrakis (4-
hydroxyphenyl)-21H, 23H-Porphine (THPP). We created phase-solubility diagrams 
(Higuchi–Connors method). Table 1 shows the apparent stability constant (Ks) and the 
solubility (S) of the compounds, where figure 6 show a solubility curve with THPP as an 
example.  

 
 

	  
Figure 5: Schematic representation of a 
single-stranded helix of a glucan chain. Wang, 
et.al. (2010). Acta Pharmacologica Sinica, 
45:909-913. 
 

 
 
Figure 6: The solubility of THPP as a function of ESG concentration at 
room temperature.	  

102



Constellation 

We found that ESG could increase the solubility of predominantly Daidzein and THPP. 
Further investigation regarding the ability of ESG to solubilize natural antioxidants for 
enhanced bioavailability is currently under way. In addition to the above studies, we are 
also investigating chemically modified ESG as a biocompatible carrier for delivery of 
therapeutic siRNA together with Dr. Nadine Hempel. 
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Table 1: Ks and solubility (S) of Daidzein, 7-AMC, 6-MC and THPP in increasing molarities of 
ESG. 

Conc.	  of	  ESG	  
(mM) 

S	  in	  BG	  (mM) Conc.	  of	  ESG
(mM) S	  in	  BG	  (mM) 

Daidzein 7-‐AMC 

9.52 0.0851 9.52 0.3397 

7.62 0.0654 7.62 0.3311 

5.71 0.0558 5.71 0.3281 

3.81 0.0439 3.81 0.3251 

1.90 0.0369 1.90 0.3192 

0 0.0227 0 0.3169 

Ks	  [M-‐1]	   270.05	   Ks	  [M-‐1]	   7.27	  

6-‐MC THPP 

9.52 7.6000 9.52 0.0109 

7.62 7.5394 7.62 0.0101 

5.71 7.4606 5.71 0.0102 

3.81 7.4061 3.81 0.0094 

1.90 7.3515 1.90 0.0097 

0 7.2970 0 0.0004 

Ks	  [M-‐1]	   6.45	   Ks	  [M-‐1]	   9732.65	  
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Occupational and Environmental Health and Safety of 
Engineered Nanomaterials 

(Brenner Group) 

Scope: The integration of occupational and environmental medicine, exposure 
science, industrial hygiene, materials science, and metrology to investigate the 
human health and safety implications of exposure to engineered nanomaterials 

Goal: To proactively address the emerging needs of health and safety research 
related to engineered nanomaterials, seeking to develop in real-time the 
innovative technologies and methodologies needed to assess, monitor, and 
safely accelerate nanotechnology 

2014 Accomplishments  

TOPIC 1: Occupational Exposure Assessment of Engineered Nanoparticles 
During Chemical Mechanical Planarization (CMP) Operation and Maintenance 
(Phase IV). 

Engineered nanoparticles are used in the semiconductor industry during chemical 
mechanical planarization (CMP), a process that occurs multiple times at different stages 
of the integrated circuit (IC) fabrication process for silicon complementary metal-oxide-
semiconductor transistors. Because of their size and novel chemical physical properties, 
certain nanoparticles could be more toxic than their bulk material, with the potential that 
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existing occupational control measures and 
exposure limits may not be sufficiently 
protective. Currently, there is little published 
data available on potential occupational 
exposures to the engineered nanoparticles used 
in CMP (nanoscale alumina, silica, ceria). 
Additional studies are needed to evaluate 
potential nanoparticle exposures in the 
workplace. 
Our research assesses potential worker 
exposures to engineered nanomaterials (ENMs) 
and agglomerates during CMP tool operation, 
maintenance, and related tasks. We obtained 
air samples from the task area and workers’ 
personal breathing zones to assess the 
potential for inhalation exposure to ENMs. This 
was achieved by using multiple complementary 
instruments and approaches to compare particle number concentrations during tasks 
with potential exposure to nanoparticles with background levels, and to characterize 
airborne particulate by size, morphology, and chemical composition. Microvacuum 
samples of selected surfaces in the workplace were also collected and analyzed for the 
presence of the materials of interest to assess for potential cutaneous exposure (Fig. 2). 

Based on findings from 2011-2013, 
different areas at the sampling location 
where workers handle ENMs were 
identified for further testing based on the 
likelihood of inhalation or cutaneous 
exposures. To date, results from air and 
surface samples collected suggest that 
ENMs used or generated by CMP 
become aerosolized during various 
tasks and may be accessible for 
inhalation or cutaneous exposures by 
workers (Fig. 3). A deeper investigation 
and further exposure assessments have 
been prioritized based on risk for 2015. 
Additional research is needed to further 
quantify the level of exposure and 
determine the potential human health impacts. Furthermore, it is important to interpret 
this exposure assessment data alongside hazard (toxicological) data in order to assess 
risk to workers. Risk assessments should also be conducted in conjunction with the 
information available regarding the effectiveness of personal protective equipment and 
other controls in order to reduce exposures to ENMs. 

!
Figure 2: Exposure assessment and sampling 
methodology. (Brenner SA, Neu-Baker NM, 
Caglayan C, Zurbenko IG. Occupational exposure 
to airborne nanomaterials: an assessment of 
worker exposure to aerosolized metal oxide 
nanoparticles in semiconductor wastewater 
treatment. J. Occ. Env. Hyg. Article in press.) 
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Figure 1: CMP polishing mechanism. 
(Roth GA, Neu-Baker NM, Brenner SA. 
SEM analysis of particle size during 
conventional treatment of CMP process 
wastewater. Sci. Tot. Env. 2015, 508:1-6. 
Available online Dec. 2014. 
doi:10.1016/j.scitotenv.2014.11.075.) 
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Relevant publications (2014): 
1) Brenner SA, Neu-Baker NM, Caglayan C, Zurbenko IG. (under review). Occupational exposure

to airborne nanomaterials: an assessment of worker exposure to aerosolized metal oxide
nanoparticles in a semiconductor subfab. Annals of Occupational Hygiene.

2) Brenner SA, Neu-Baker NM, Caglayan C, Zurbenko IG. Occupational exposure to airborne
nanomaterials: an assessment of worker exposure to aerosolized metal oxide nanoparticles in
semiconductor wastewater treatment. Journal of Occupational and Environmental Hygiene.
Accepted Jan. 2015. Article in press.

3) Brenner SA, Neu-Baker NM. Occupational exposure to nanomaterials: assessing the potential
for cutaneous exposure to metal oxide nanoparticles in a semiconductor facility. Journal of

Figure 3: Panel of representative TEM images of air samples. Top row (a – c) obtained from WWT; 
middle row (d – f) obtained from subfab; bottom row (g – i) obtained from fab. (a) Si agglomerate from 
WWT worker’s PBZ during a filter change-out (NIOSH 2012); (b) Si agglomerate from WWT worker’s 
PBZ during sump pump clean-out (BVNA 2013); (c) Si agglomerate from task area sample in WWT 
(NIOSH 2012); (d) Si, Cr, Fe agglomerate from subfab worker’s PBZ during preventive maintenance 
(PM) tasks (iATL 2013); (e) Si and Ce agglomerates from subfab worker’s PBZ during PM tasks (BVNA 
2013); (f) Si agglomerate from task area in subfab (NIOSH 2012); (g) Si, Cr agglomerate from fab 
worker’s PBZ during PM (iATL 2013); (h) higher magnification of area identified by red box in (g); (i) Al 
agglomerate from task area in the fab (NIOSH 2012). 
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Chemical Health and Safety. Available online 15 November 2014. Article in press. 
doi:10.1016/j.jchas.2014.11.001. 

4) Shepard M, Brenner S. Cutaneous exposure scenarios for engineered nanoparticles used in
semiconductor fabrication: a preliminary investigation of workplace surface contamination.
International Journal of Occupational and Environmental Health 2014, 20(3):247-257.
doi:10.1179/2049396714Y.0000000074.

5) Shepard MN, Brenner S. An occupational exposure assessment for engineered nanoparticles
used in semiconductor fabrication. Annals of Occupational Hygiene 2014, 58(2):251-265.
doi:10.1093/annhyg/met064.

TOPIC 2: Development of Advanced Imaging and Analytical Techniques for 
Occupational Exposure to Nanomaterials 

This project assists the U.S. National Institute for Occupational Safety and Health 
(NIOSH) by advancing risk assessment and reduction strategies for occupational 
exposures, monitoring of materials that may impact population health and public safety, 
and the development of industrial practice standards for product safety. Monitoring and 
surveillance techniques are being developed with NIOSH and other collaborators and 
partners to assess the occupational impact of exposure to nanomaterials. A framework 
will be built to employ custom-tailored strategies to mitigate potential risks associated 
with nanotechnology-based manufacturing and formulation processes that are currently 
in use to create nano-enabled products already on the market as well as those under 
development. NIOSH, in dialogue with SUNY Poly CNSE and other research centers, 
has identified a fundamental hurdle in advancing exposure science for the 
nanotechnology workforce: the lack of validated analytical techniques that consistently, 
reliably, and accurately identify and characterize ENMs captured in occupational 
settings. Exploring new or alternate visualization techniques is critical for addressing 
exposure assessment needs.  

Hyperspectral imaging (HSI) is a versatile technique that has seen use in geological and 
ecological studies due to its ability to map materials based on their characteristic 
spectral profile. These profiles on a macroscopic scale are heavily indicative of the 
material’s composition. The Brenner Research Team has employed an Olympus BX-43 
microscope equipped with a darkfield camera, a hyperspectral camera, and a CytoViva® 
light source to enable the same materials analysis on nanoscale materials (see Fig. 4). 
Spectral profiles for nine commercial CMP slurries have been assembled into a 
reference library for comparison to unknown samples. This library has been verified to 
successfully map pixels in identifiable particles while excluding background pixels. 
Reference spectral libraries will be developed for each ENM involved in the study. 

! !
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Relevant publications (2014): 
1) Roth GA, Tahiliani S, Neu-Baker NM, Brenner SA. Hyperspectral microscopy as an analytical tool

for nanomaterials: advanced review. WIREs Nanomedicine & Nanobiotechnology. Available
online January 2015. doi:10.1002/wnan.1330.

TOPIC 3: Investigating the Size-Dependent Material Properties and Activity of 
Ceria Nanocrystals 

Ceria nanocrystals have been reported to have high oxygen storage and buffering 
capacity. This enables ceria nanocrystals to act as antioxidants that reduce excessive 
reactive oxygen species (ROS) levels in vivo, catalysts in solid oxide fuel cells, 
planarizing material for glass and electronic chip processing and a promising candidate 
for medical and therapeutic applications. Due to the recent emergence of the wide 
variety of the applications of ceria nanoparticles in these various areas, there is a 
greater possibility of ceria nanoparticles being introduced into environmental systems 
such as wastewater and potentially soil.  

The oxygen buffering or antioxidant capacity of ceria nanocrystals will affect the activity 
of ceria nanocrystals in any system or environmental matrix and this capacity has been 
reported to be highly size dependent. However, the benchmark and quantification of this 
capacity has not been well defined or understood. To benchmark or measure this 
capacity, a combination of powder X-ray diffraction (XRD) Rietveld analysis, 
transmission electron microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and 
Raman spectroscopy is proposed to measure crystallite sizes, lattice parameters, 
oxygen site occupancies, and the relative abundance of cerium 3+ ions in a nanoceria 
sample. Various size distributions of nanoceria are produced via three synthesis routes: 
microemulsion, sol-gel peroxo and thermal decomposition/calcination. Each synthesis 
method produced characteristic sizes ranges and morphology in addition to varying 
defect (oxygen vacancies) characteristics (Fig. 5 and 6). Smaller nanocrystals were 
noted to have lower oxygen site occupancies in the lattice and a greater number of 

Figure 4: (left) CytoViva® Hyperspectral
Imaging (HSI) System. (middle) HSI image of 
silica-based CMP slurry with corresponding 
spectral profile (right).  

!

108



The Nanobioscience 
Constellation 

defects. The correlation of crystallite size, oxygen site occupancy and the amount of 
cerium 3+ ions in a sample would provide a benchmark for measuring this oxygen 
buffering or antioxidant capacity of ceria nanocrystals. 

(continued) 

Figure 5: TEM images of the change in nanocrystals morphology of ceria nanocrystals from a 
sol-gel peroxo method using a chloride salt as annealing temperature is changed: (a) 300ºC, (b) 
500ºC, (c) 700ºC. Annealing temperature changed average size of the crystals and their defect 
characteristics. Imaged at SUNY Poly CNSE by Bushra Alam, MS, PhD student, Brenner Lab. 

Figure 6: For these synthesis methods, only an appreciable change in 
morphology appeared at the annealing temperature of 700ºC. (a – c) TEM images 
of ceria nanocrystals from a sol-gel peroxo method using a nitrate salt annealed at 
300ºC, 500ºC and 700ºC, respectively. (d – f) Ceria nanocrystals from the thermal 
decomposition of cerium acetate annealed at 300ºC, 500ºC and 700ºC, respectively. 
Imaged at SUNY Poly CNSE by Bushra Alam, MS, PhD student, Brenner Lab. 
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TOPIC 4: Identification and Determination of Fate of SiO2 and Metal Oxide 
Nanoparticles During Conventional Wastewater Treatment (Phase III). 

Characterization of ENMs used in or generated by industrial processes, their fate, and 
their health effects will help to inform employee and environmental health and safety 
policy.  We were able to fully develop a scanning particle mobility particle sizing (SMPS) 
protocol, which enabled accurate characterization of CMP slurries while minimizing the 
non-trivial background effects, and should be amenable to other aqueous samples, 
such as wastewater. We also examined these materials by single-particle inductively-
coupled plasma mass spectrometry 
(SP-ICP-MS) and inductively-
coupled plasma optical emission 
spectroscopy (ICP-OES). Results 
from ICP-OES and SP-ICP-MS were 
able to determine the mass and had 
a high degree of similarity, and 
indicate that safety data sheets 
(SDS) provided by slurry 
manufacturers may be highly 
inaccurate, which is a safety 
concern. While SMPS provided 
some excellent information on 
particle counts and size, agreeing 
reasonably with other measurement 
techniques, SP-ICP-MS yielded 
unusually low counts and anomalous 
sizes, and thus it may not be 
amenable to examining certain 
materials such as silica (Table 1). In 
addition, we began examining the impact of these materials on primary cell lines (Fig. 
7). It was clear that silica-based slurries had, by two different metrics, a much more 
pronounced negative effect on viability, as they did on cancer lines. Curiously, alumina- 
and ceria-based slurries had positive effects on viability at low concentration. 
Investigation of the mechanism of action by which these slurries affect cells is 
underway. 

Slurry SDS SP-ICP-MS ICP-OES 
Alumina <1.5% 0.9% 1.0% 
Alumina <2%  1.8% 1.7% 
Alumina <5%  0.7% 0.7% 
Silica <3% 5.3% 5.7% 
Silica 5% 14% 12.9% 
Silica 12-30%  28.7% 25.6% 
Silica <20% 21.3% 30.8% 
Ceria (IV)  <5% 0.9% 0.8% 

Figure 7: Trypan blue assay of IMR-90 survival after 
24hr exposure to three slurries. Note that all slurries 
have a positive effect on viability at low levels, but silica 
becomes toxic much more rapidly than other slurries. 
Gary Roth, MS, PhD student, Brenner Lab, SUNY Poly 
CNSE. 

Table 1: Comparison of two methods 
of mass-assay of ENMs with slurry 
SDS. There was high, but not perfect, 
agreement of SP-ICP-MS and ICP-OES 
on mass concentrations of suspended 
ENMs. For 3 of 4 slurries listed at left, 
the assay did not agree with the SDS, 
even when the SDS provided a range. 
Gary Roth, MS, PhD student, Brenner 
Lab, SUNY Poly CNSE. 
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Relevant publications (2014): 
1) Roth GA, Neu-Baker NM, Brenner SA. (in revision). Comparative characterization methods for

nanoparticle abrasives. Journal of Chemical Health & Safety.
2) Roth GA, Neu-Baker NM, Brenner SA. SEM analysis of particle size during conventional

treatment of CMP process wastewater. Science of the Total Environment 2015, 508:1-6.
Available online December 2014. doi:10.1016/j.scitotenv.2014.11.075.

TOPIC 5: Acute and Subchronic Effects Following Inhalation Exposure to 
Engineered Metal Oxide Nanoparticles in a Rat Model (Phase III) 
Collaborators: Günter Oberdörster, DVM, Ph.D. and Alison Elder, Ph.D., University of 
Rochester 

Inhalation has been identified as the most prominent potential route of human exposure 
during manufacturing, distribution, and use of engineered nanomaterials. There are, 
however, major challenges to performing a realistic risk assessment for these materials 
due to a lack of accurate occupational exposure data and of health effects-related data 
using realistic exposure conditions. Until now, in vitro and in vivo studies have identified 
hazard using bolus type delivery 
methods and unrealistically high 
doses in order to induce an 
inflammatory response. 
Furthermore, bolus type delivery 
methods are limited in 
determining chronic health 
effects that may result from 
prolonged exposure to very low 
concentrations. This study 
investigates the extent to which 
dose, dose rate, and duration of 
exposure to slurries containing 
metal oxide nanoparticles 
influences associated health 
outcomes. Specifically, this study 
evaluates dose-related outcomes 
following inhalation exposures in 
rats to SiO2, Al2O3 and CeO2 
nanoparticle-containing slurries, 
as well as traditional bolus 
delivery methods for comparison. 
This study also aims to characterize the retention of inhaled slurry NPs in different 
regions of the respiratory tract and translocation to secondary organs. 

Nanoparticle-containing CMP slurries induced high pulmonary inflammatory responses 
when tested in rats using an intratracheal instillation exposure method. The main aim at 
this stage was to screen the panel of slurries to select a subset for further analysis and 
to establish target doses for acute inhalation exposures. Male F-344 rats were exposed 
for 4 hours in whole body exposure chambers to each of the three nanoparticle slurries 

Figure 8: Pulmonary inflammatory response of inhaled 
nanoparticle slurries in rats. Lung lavage neutrophil 
number, 24hr post-4hr exposure. Note the low dose in the 
lung and associated very high pulmonary inflammatory cell 
(lung lavage neutrophils) following SiO2 NP exposure. 
(Oberdörster and Elder, University of Rochester). 
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using a DeVilbiss ultrasonic nebulizer to generate aerosols of the three metal oxide 
NPs. The goal was to achieve deposited doses in the lung of 15-100µg based on 
findings from the bolus delivery portion of the study. Rats were sacrificed at different 
time points (immediately, 24 hours, 7 days) post-exposure, and harvested tissues 
(spleen, kidney, lung, lung lymph nodes, mediastinal lymph nodes) were sent to our 
research team for analysis. Acute inhalation exposures were completed and showed 
discrimination amongst the three slurries in terms of the magnitude and persistence on 
the lung inflammatory responses. The results from these acute exposure-dose-
response studies were used to define target exposure concentrations for repeated 4-
week exposures that are ongoing now. Figure 7 shows an indicator of the inflammatory 
response in the lung induced by different doses administered by 4-hour inhalation. The 
high inflammatory potential of SiO2-D compared to Al2O3 and CeO2 NPs is obvious. In 
order to identify potential reasons for these differences, we have requested additional 
detailed information from the supplier about physicochemical characteristics of these 
NPs as well as about proprietary ingredients. 

Another goal of this portion of the study is to identify and characterize nanoparticle 
retention in the lungs and potential translocation to other organs. Organ sections from 
the acutely exposed rats were prepared for brightfield and darkfield microscopy. In this 
way, we are able to elucidate the biodistribution of these metal oxide nanoparticles 
following inhalation exposure. To date, we have observed materials of interest in each 
organ type sectioned and prepared from these studies (Fig. 9). We have discovered that 
nanoparticles reach the circulatory system, likely through the lungs where they have 
been observed in the blood vessels. Additionally, nanoparticles have been located in 
other organs as well, though it is as of yet uncertain whether they are the same particles 
as the exposure. Identifying contaminant at this time remains a major issue, but one that 
is slowly getting resolved as the ENMs used for exposure become better characterized 
to allow for easier exclusion of others. This is currently under investigation, as well as 
determining a method for semi-quantitative analysis of biodistribution using enhanced 
darkfield microscopy. 

Figure 9:  (a) Brightfield image of nanoparticles in central vein in liver of rat exposed via inhalation to 
alumina-based slurry; sacrificed 7 days post-exposure. (b) Enhanced darkfield image of (a) using 
CytoViva, showing illuminated nanoparticles. (c) Brightfield image of macrophages containing 
nanoparticles within lung alveoli of rat exposed to ceria-based slurry via inhalation; sacrificed 7 days 
post-exposure. (d) Enhanced darkfield image of (c) showing illuminated nanoparticles. (a – d) 100x 
magnification. (Imaged at SUNY Poly CNSE by Leonardo Bezerra and Ahlam Abuawad, Brenner 
Team). 
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1) Kennell A., R. Gelein, P. Wade-Mercer, S. Brenner, G. Oberdörster, A. Elder.  Acute effects
following inhalation exposure to metal oxide nanoparticle containing chemical mechanical
planarization slurries.  Toxicologist  2015.  (poster presentation at 2015 Society of Toxicology
conference)

 

TOPIC 6: Cutaneous Penetration of Nano-Sized SiO2, Al2O3, and CeO2 Using a 
Porcine Skin Model (Phase III) 
Collaborators: Mary Frame, Ph.D., Stony Brook University and Adam Friedman, MD, 
Albert Einstein College of Medicine  

The risk factors associated with handling nanomaterials in the workplace have not yet 
been fully addressed, and extensive research is still required to understand the health 
impacts of acute and chronic exposure to nanomaterials. There is a paucity of literature 
available on the cutaneous (skin) exposure of commonly used metal oxides in the 
nanoelectronics industry. A determination of susceptibility, route of exposure, and 
potential toxicity of nanoparticles requires attention. This project investigates whether 
certain metal oxide nanoparticles (SiO2, Al2O3 and CeO2) will readily penetrate skin.   

A porcine (pig) skin model was chosen due to its structural and physiologic similarities 
with human skin. A modified Franz diffusion chamber is used to permit realistic, very low 
volume epidermal exposures of nano-metal oxides. Following exposure in the Franz 
chamber, the tissue is sent to my research team to be prepared for and analyzed by 
various imaging techniques, including electron microscopy and CytoViva hyperspectral 
imaging (HSI). To date, we have observed materials of interest in the porcine skin via 
brightfield microscopy and CytoViva enhanced darkfield microscopy and hyperspectral 
imaging (Figure 10).  

!
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Figure 10. Porcine skin exposed to CeO2 nanoparticles. Row A shows clusters of nanoparticles 
over the stratum corneum of the skin in different imaging modalities. On all rows from left to right, 
brightfield image taken at 40x magnification where arrowhead is pointing at darkened nanoparticles. 
Next image corresponds to a darkfield view of the same area shown in brightfield, taken at 100x 
magnification (oil immersion). Following image depicts the hyperspectral image of the same area, and 
the last image corresponds to the spectral profile of the nanoparticles shown. Row B shows a cluster 
of nanoparticles over the dermal layer of the skin. Row C shows multiple aggregated and dispersed 
nanoparticles over the subcutaneous tissue. Scale bars:  brightfield images = 50µm; darkfield images 
= 10µm. Imaged at SUNY Poly CNSE by Pilar Sosa, medical student, Brenner Lab.  
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 Nanobiotechnology, Biosensors & Bio-Inspired Devices  

(Cady Group) 
 
Scope: The Cady group focuses on the unique interface between nanotechnology 
and biology. Research in our group falls into the following two general 
categories:   
 
Approaching nanotechnology from the biological world: 
Nanoscale innovations and technologies from the biological world are harnessed 
to manipulate and control materials at the nanoscale. Drawing knowledge from 
biological systems enables unique approaches to nanotechnological design, 
engineering, processing, and manufacturing.   
 
Approaching biology from the nanoscale: 
Nanoscale phenomena, technologies or processes are used to study biology at 
its fundamental level – the nanoscale.  Similarly, nanoscale devices, materials, or 
phenomena can be harnessed for therapeutics, diagnostics, medicine, 
pharmaceuticals, and many other biological applications.  
 
Goals: Develop cutting-edge nanotechnologies for biological research and 
employ biological principles for developing novel nano-devices.  
 
2014 Accomplishments  
 
TOPIC 1: Resistive Memory Devices (Memristors) 
 
The Cady group has worked closely with the Center for Semiconductor Research (CSR) 
during 2014 on multiple projects to produce resistive memory devices (ReRAM). These 
devices behave similarly to neural synapses, as their “memory state” depends on the 
current and voltage history of the device. This is a good example of bio-
inspired/biomimetic research, since the biological process of synapse formation is being 
mimicked by a physical device. The goal of our Air Force Research Laboratory-
supported research program is to develop RMDs that can be integrated into 
reprogrammable, low-power encryption systems. In 2014 we demonstrated vertically 
integrated CMOS/ReRAM hybrid devices using SUNY Poly CNSE’s 300mm fabrication 
facility. Yielded devices include reconfigurable XOR circuits with ReRAM based 
inputs/outputs, 1 transistor/1 memristor (1T1R) structures, and high-density arrays of 
ReRAM elements in a crossbar configuration. These devices are now being electrically 
tested for reliability and performance and will be leveraged for future efforts towards 
neuromorphic computing. 
 
In addition to our AFRL-sponsored effort, we also began a new NSF-sponsored project 
that focuses on “sneak paths” that form between ReRAM elements in high density 
crossbar arrays. We have begun large-scale testing of 128 x 128 element crossbar 
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arrays and are working with a research team at the University of Central Florida to 
develop novel computing algorithms using sneak paths.  
 
Our final ReRAM project is in collaboration with EWA Govt. Systems, under a U.S. 
Army SBIR program. In 2014 we were awarded a sub-contract under the Phase II SBIR 
effort and are currently providing ReRAM and hybrid CMOS/ReRAM switching data to 
EWA Govt. Systems to enable circuit design for neuromorphic “biomimetic” circuits. 
    

    
Figure 1: Cross-section of a vertically integrated transistor / memristor (1T1R) device fabricated at 
SUNY Poly CNSE under this effort.  The bottom electrode of the memristor (ReRAM) device is 
connected to the drain contact stud (CA) via the M1 line. The figure at right is a cross-section of 
the memristor element alone, showing the bottom electrode (M1), hafnium oxide dielectric layer, 
TiN top electrode, and M2 contact. This figure demonstrates the successful integration of CMOS 
with memristors (ReRAM). Remaining work on this project includes full electrical characterization 
of device performance and evaluation of the reconfigurable XOR hybrid CMOS/memristor circuits. 
 
 
Footnote:  
 
B.D. Briggs, S.M. Bishop, K.D. Leedy, N.C. Cady. Characterization of hafnium oxide resistive memory 
layers deposited on copper by atomic layer deposition.  (2014) Thin Solid Films. 562: 519-524. 

 
TOPIC 2: Inhibition of Bacterial Biofilm Formation 
 
We are working with collaborators (including Prof. Rabi Musah, UAlbany – Dept. of 
Chemistry, Prof. Alexander Rickard, UMichigan-School of Public Health) to develop 
molecular antagonists of biofilm formation and methods of delivering these antagonists 
for prophylactic or therapeutic treatment against biofilms. Our initial work in this area 
has focused on the inhibition of bacterial biofilm formation by a library of natural 
products (bio-inspired compounds). Prof. Musah’s group has developed these 
compounds, which we have shown to have efficacy against Pseudomonas aeruginosa 
biofilm formation. Interestingly, we also showed that these compounds are effective in 
reducing cell signaling (quorum sensing) behavior of P. aeruginosa. Our hypothesis is 
that disruption of quorum sensing pathways in P. aeruginosa affects the expression of 
genes involved in biofilm formation.  While we are continuing to investigate this system, 
we are also pursuing this approach for organisms involved in oral biofilm formation. To 
this end, Dr. Musah’s group has synthesized a new library of compounds with structures 
that mimic quorum sensing signal molecules found in many Gram positive oral biofilm 
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formers (eg. Streptococcus mutans, Streptococcus sanguinis, Actinomyces oralis).  We 
have shown that several lead compounds from this library can inhibit biofilm formation 
and quorum sensing, and we are now working to elucidate the mechanism of action for 
these compounds. 
 
In addition to this work, we also continued to work on evaluation of nano and micro-
scale topographical features that could prevent cell attachment to surfaces. The results 
of this work were published in Coatings (Graham et al. 2014).   

 

 
Figure 2: Effect of biomimetic organosulfur compound on Streptococcus mutans biofilm 
formation in a saliva-fed flow cell system. A normal S. mutans biofilm is shown on the left, while a 
biofilm treated with one of our organosulfur compounds is shown on the right. (From Kasper, et 
al. 2014)  
 
Footnote:  
 
S. Kasper, D. Samarian, A. Jadhav, A. Rickard, R. Musah, N.C. Cady. S-Aryl-L-Cysteine Sulfoxides and 
Related Organosulfur Compounds Alter Oral Biofilm Development and AI-2 Based Cell-Cell 
Communication. (2014) Journal of Applied Microbiology. 117(5): 1472-86.  
M.V. Graham, N.C. Cady.  Nano and microscale topographies for the prevention of bacterial surface 
fouling.  (2014) Coatings. 4(1): 37-59.  
 
 
TOPIC 3: Biofilms for Wastewater Treatment 
 
Our group (and others) has previously demonstrated that bacteria can be used to 
adsorb heavy metals from contaminated wastewater. Previous work in our laboratory (in 
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conjunction with SEMATECH associate company, Atotech, GmbH) demonstrated proof-
of-concept for biomass-based remediation of copper-contaminated wastewater 
generated during CMP. This novel approach to heavy metal decontamination utilizes 
the natural ability of certain bacteria and fungi to adsorb (and even scavenge) metals 
and metal ions. Furthermore, production of bacterial and fungal biomass is an 
environmentally friendly process which has been pioneered by the biotechnology 
industry to produce enormous quantities at low cost. The novelty of the proposed effort 
is the use of bacterial biofilms, which are robust aggregates of surface-associated 
bacteria. Unlike other efforts, our biofilm-based approach does not require cell 
encapsulation, sedimentation, or filtering. Instead, biofilms grown in solid-phase 
separation columns (similar to ion-exchange resins), are resistant to killing/damage from 
wastewater contaminants, and have the potential to be “recharged” by periodic 
outgrowth via addition of nutrients. To date, we have demonstrated proof of concept for 
establishing bacterial biofilms that can bind copper from mock wastewater and actual 
CMP wastewater solutions. We are now in the process of scaling up our demonstration 
platform to achieve higher throughput, and to focus on additional contaminants, 
including Group III and Group V elements (used in III-V semiconductor devices).  
 

 
 
Figure 3: A granular activated carbon packed bed filter column supporting a mixed bacterial / 
yeast biofilm used for Cu2+ biosorption. 
 
Footnote:  
 
A.P. Mosier, J. Behnke, E.T. Jin, N.C. Cady.  Microbial biofilms for the removal of Cu2+ from CMP 
wastewater.  Submitted to the Journal of Environmental Management, October 1, 2014. 
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TOPIC 4: Cell Patterning, Biomolecule Patterning, & Biomechanical Testing  
 
To better understand how cells behave in complex microenvironments, the Cady group 
has pursued novel patterning strategies to attach cells to surfaces in fixed geometric 
patterns, which has resulted in a novel, direct cell printing technology. This cell printing 
technology grew out of a collaboration with the company BioForce Nanosciences that 
developed a nanoscale printing instrument called the Nano eNabler. Our group beta-
tested this instrument and developed our own microscale “quill pen” printing 
components for live, whole-cell printing. This approach to live cell printing is much 
different than techniques such as ink-jet or laser-based cell printing, both of which 
impart high thermal and shear forces on cells during the printing process. We have 
currently been using our cell printing methods to study cell signaling (eg. bacterial 
quorum sensing), as well as metabolic cross-feeding in synthetic or evolved bacterial 
systems (with our collaborator, Prof. Christopher Marx at the University of Idaho).  We 
also use “quill pen” printing for various tissue engineering related projects. We have 
expanded our surface patterning efforts to a collaboration with Prof. Michelle Lennartz 
(Albany Medical College) and are also pursuing tissue engineering-related work with 
Prof. Melinda Larsen (University at Albany), which involves measuring the mechanical 
properties of biological materials using a combined microfluidic/atomic force microscopy 
approach.  
 

 
 
Figure 4: Shown here are schematic diagrams of the microfluidic clamp device, including (from 
top to bottom) a three dimensional model, top-down planar view, and cross-sectional slice views. 
The device itself measures 43 mm by 22 mm and is assembled on a standard 75 × 25 mm glass 
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microscope slide and three layers of patterned polydimethylsiloxane (PDMS). Cross sections are 
taken along the dotted lines indicated in the top view. Note that the cross-sections have been 
stretched in the Z-direction for clarity and are not to scale. Features of note include four fluid 
chucks (a tissue sample immobilized by one chuck (D) and syringe connection port (A) are labeled 
here), stabilization trenches (C) patterned within the floor of the analysis chamber (F), as well as 
fluid perfusion channels (inlet (B) and outlet (E)). (From Mosier et al. 2014) 
 
Footnote:  
 
A.C. Wong, X. Zhang, W.F. Hynes, M.M. Barroso, C.M. Hanes, N.C. Cady, M. Trebak, M.R. Lennartz.  
Dual role of PKC-epsilon in vesicle delivery and membrane fusion during IgG-mediated phagocytosis.  
Submitted to the Journal of Cell Biology, November 19, 2014.  

W.F. Hynes, N.J. Doty, T.I. Zarembinski, M.P. Schwartz, M.W. Toepke, W.L. Murphy, S.K. Atzet, R. Clark, 
J.A. Melendez, N.C. Cady.  Micropatterning of 3D microenvironments for living biosensor applications. 
(2014) Biosensors. 4(1): 28-44.  

S.B. Peters, N. Naim, D.A. Nelson, A. Mosier, N.C. Cady, M. Larsen. Biocompatible Tissue Scaffold 
Compliance Promotes Salivary Gland Morphogenesis and Differentiation. (2014) Tissue Engineering, 
Part A.  20(11-12): 1632-42. 

A.P. Mosier, S. Peters, M. Larsen, and N.C. Cady.  Microfluidic platform for the characterization of mouse 
submandibular glands by atomic force microscopy. (2014) Biosensors. 4(1): 18-27. 

 
 
TOPIC 5: Biosensor Development  
 
In 2014 we completed our multi-year National Cancer Institute-funded project with Dr. 
David Lawrence (Wadsworth Institute), in which we developed a sensor platform that 
incorporates a microfluidic blood fractionation device with a grating-coupled surface 
plasmon resonance sensor. This system was used to separate circulating tumor cells 
(CTCs) from whole blood and from CTC-spiked samples. In this work, we also 
demonstrated successful capture of size-separated cells on surface plasmon resonance 
(SPR) gratings, which were also manufactured at SUNY Poly CNSE, and incorporated 
with the microfluidic separation device. This work was presented at the 2014 Materials 
Research Society conference in San Francisco, CA.   
 
In addition to this effort, we continued a collaboration with Prof. Eric Ledet at RPI. Dr. 
Ledet’s group focuses on mechanical sensors for orthopaedic research and clinical 
applications. Our research group has developed a microfabrication process to fabricate 
wireless stress/strain sensors that do not require any power, and can be interrogated 
using radio frequency (RF) signals. Our successful development of this process flow 
has enabled Prof. Ledet’s group expand their research toward proof-of-concept 
demonstration and augmentation for additional sensing modalities (such as pathogen 
detection).   
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Figure 5: Schematic of our microfluidic blood fractionation device (top) and example of size-based 
sorting of micrometer scale beads (bottom). Bead and cell separation was performed on a 
microfluidic sorting chip (below) which consists of fluid inputs (a), sorting array (b) and detection 
area (c). (From Holt et al. 2014) 
 
 
Footnote:  
 
J.S. Holt, A. Mendoza, D. Lawrence, N.C. Cady. Integrated sorting and detection of circulating tumor cells 
in blood using microfluidic cell sorting and surface plasmon resonance. (2014)  Proceedings of the 
Materials Research Society, San Francisco, CA.  1686, mrss14-1686-v09-02  
 
J.F. Drazan, A. Gunko, M. Dion, O. Abdoun, N.C. Cady, K.A. Connor, E.H. Ledet.  Archimedean spiral 
pairs with no electrical connections as a passive wireless implantable sensor.  Submitted to the Journal of 
Biomedical Technology Research, July 2014.  

J.F. Drazan, A. Gunko, M.K. Dion, O. Abdoun, K.A. Connor, N.C. Cady, E.H. Ledet. Coupled 
Archimedean Spirals as Passive Wireless Force Sensors Exhibit Linear Frequency Shifts With Strain. The 
Annual Meeting of IEEE/EMBS, Chicago, IL 2014. 
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Wafer Processing and Nanobioscience Research 
(Castracane Group) 

 
Scope:  Custom Wafer Processing/Materials Development, Self-Balancing Optical 
Position Sensitive Detector, Microsensor for Monitoring Living Plant Tissue and 
Nanobioscience Research 
 
Goal: Specialized R&D in support of wafer processing/integration activities 
 
Topic 1: Development of New Materials, Processes and Instrumentation to 
Advance Wafer/Device Research. 
 
2014 Accomplishments: 
 
A portfolio of experiments was carried out in support of a variety of corporate sponsors, 
including SiMPore, Vaporsens, Nuclea Biotechnologies, MMMI, Ohr Pharmaceuticals, 
among others. Two examples are given below: 
 
Nuclea Biotechnologies Project: Development of a custom biosensor for cancer 
diagnosis 
 

a).               b).             
 

a). Custom silicon wafer with an array of prototype biosensors  
b). Expanded view of biosensor layout 

 

 

122



	   The Nanobioscience 
Constellation 

 
Sample Data from Prototype Functionalized Biosensor 

 
 

MMMI Inc. Project:  Development of a Novel Optical Position Sensitive Detector (OPSD) 
 

 

 
 

Packaging Details of Silicon-based OPSD 
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Initial Full Function Optical Tests of the OPSD 
 
 

 
 

Demonstration of Position Sensing and Interface to Company Software  
 
 
 
Topic 2: The NANAPHID:  An Innovative Microsensor for Monitoring Living Plant 
Tissue Carbohydrate Levels  
 
2014 Accomplishment: 
 
This project involves the study of the relative concentrations of carbohydrates in living 
plant tissues to establish the effect of climate change on plant vitality, and it focuses on 
enabling real-time in situ measurements of NSC concentrations in stems, roots, and 
branches to provide biologists with many new opportunities to monitor critical changes 
in resource allocation in plants. Tracking these changes in groups of living plants is 
necessary for direct tests of effects of many environmental changes associated with 
factors such as climate, diseases, atmospheric nutrient loads, and acidic deposition.  
This project builds on the successful development of prototype stand-alone biosensors 
capable of ex situ measurements of sucrose, fructose, and glucose in sap extracts from 
trees. The project leverages Integrated Circuit (IC) fabrication methods to produce 
sensors with durable, enzyme-coated probes to yield real-time data, which are 
collected, analyzed, and displayed on laptop computers for efficient field use. The 
current project will produce the first generation of fully operational networks of 
implantable sensors suitable for in situ field measurements in forests. 
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Prototype NANAPHIDS based on Thermopile Operation 
 

 
 

Initial NANAPHID Data Displaying Sensitivity to Sucrose and Glucose Concentrations  
 

 
 
 

Conceptual Design of Next Generation NANAPHIDS  
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Topic 3: Development of the NANIVID for cancer cell migration studies  
 
2014 Accomplishments: 
 
This work aims to create and validate an implantable device to collect migrating cancer 
cells as they leave primary tumor sites, and also, to use it as a method to induce 
changes in the tumor microenvironment. This project focuses on the continued 
development and deployment of the NANo IntraVItal Device (NANIVID) in support of the 
cancer cell metastasis studies. After successfully completing in vitro tests, the project 
moved to in vivo studies using a rat model. In addition, an alternate version of the 
NANIVID was developed and applied to induce in vivo changes in the tumor 
microenvironment including hypoxia and collagen stiffness, among others. Also a study 
of the cancer cell motion on nanofibers was also carried out as a mimic to in vivo 
motility on collagen fibers in the TMEN. The array of NANIVID versions is show below. 
  

 
 

Various Configurations of the NANIVID 
     

 
 

in vivo Demonstration of Cancer Cell Chemotaxis toward the implanted NANIVID 
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Experimental Setup for the Study of Cell Motility on 1D surfaces 
 

 
 

Relative Motility Data of Cancer Cells with Associated Macrophages on 1D Fibers 
 

 
James K. Williams, David Entenberg, Yarong Wang, Alvaro Avivar-Valderas, Michael Padgen, Ashley 
Clark, Julio A. Aguirre-Ghiso, James Castracane and John Condeelis, “Validation of an implantable 
chemotaxis device for the study of cell migration in vivo”, to be published, Biomaterials (2015). 
 
Logan Butt, Joseph M. Sanders, Ashley Clark, James Williams, Michael Padgen, Patricia Keely, John S. 
Condeelis, Julio Aguirre-Ghiso and James Castracane, “A BioMEMS Device for Localized Manipulation 
of the Tumor Microenvironment”, Proceedings of American Society of Cell Biology Annual Meeting, 
(2014). 
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G. Fluegen & A. Avivar-Valderas, Y. Wang, M. R. Padgen, Y. Estrada, J. K. Williams, D. Entenberg, P. J.  
Keely, J. Castracane, V. V. Verkhusha, J. Condeelis and J. A. Aguirre-Ghiso, “Hypoxic primary tumor 
stress microenvironment primes dormancy in lung DTCs”, Proceedings of American Society of Cell 
Biology Annual Meeting, (2014). 
 
 
Topic 4: Micro/Nano-Patterned Substrates for Salivary Gland Replacement  
 
This work’s goal is to create biocompatible scaffolds for effective cell growth and re-
generation by focusing on the continued development of a nanofiber-based mesh which 
can be functionalized to assist in salivary cell gland growth and gland formation. Use of 
a micropatterned substrate overgrown with nanofibers drove cell growth and 
differentiation. In addition, core/shell spun fibers were spun to explore the capability of 
making hybrid fibers to gain control over the fiber stiffness, possibly improving cell 
growth and proliferation. 
 

   

 
(top): Micropatterned substrate with nanofiber mesh; (bottom): ICC stained cells showing 
increased cell width on curved substrates 
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a).     b).  
 
 

a).  SEM image of PGS/PLGA Core/Shell Nanofiber Scaffold; b).  Improved cell proliferation with 
Core/Shell Approach 

 
 

 
Lauren Sfakis, Robert A. Schramm, Tim Kamaldinoff, Zahraa Foraida, Deirdre A. Nelson, Melinda Larsen, 
and James Castracane, “Copolymer Nanofiber Scaffold for Salivary Gland Development”, Saliva 
Symposium, (2014). 
 
R. A. Schramm, III, J. Castracane, M. Larsen, D. Nelson, S. Sequiera, K. Jayarathanam, L. Sfakis; 
“Electrochemical Impedance Immunosensors for Detection of Salivary Gland Secretory Products for 
Tissue Engineering”, Tissue Engineering and Regenerative Medicine International Society Annual 
Meeting, (2014). 
 
Kavitha Jayarathanam, Sharon Sequeira, Robert Schramm, Lauren Sfakis, Melinda Larsen, James 
Castracane, “Bio-macromolecule Conjugated Nanofiber Smart Scaffolds for Salivary Gland Tissue 
Engineering”, 3rd Global Conference on Nanoengineering for Medicine and Biology, 2014. 
 
For more information: http://www.sunycnse.com/AboutUs/FacultyStaff/Faculty/JamesCastracane.aspx 
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Molecular Toxicology & Nano-Drug Development 
 (Ding Group)  

 
Scope: (1) Development and application of genetically engineered mouse models 
for mechanistic studies on the role of cytochrome P450 (P450 or CYP) enzymes in 
drug response, chemical toxicity, carcinogenesis, and disease susceptibility; (2) 
characterization of polymorphisms of human P450 and P450 reductase (CPR or 
POR) genes, in order to identify the genetic basis for interindividual differences in 
drug efficacy or susceptibility to environmental diseases; (3) basic and preclinical 
studies on the pharmacology and toxicology of nano-drugs and other nano 
devices. 
 
Goals: (1) To gain basic knowledge on the function, regulation, and genetics of 
xenobiotic-metabolizing enzymes, which can be applied to translational research 
for improvements in drug safety and efficacy; (2) to identify genetic and 
environmental factors that influence disease risks, such as lung cancer; (3) to 
develop nanotechnology-based approaches for improving drug efficacy and 
safety, or for better protection against environmental diseases.   
 

 
 
2014 Accomplishments 
 
TOPIC 1: Metabolic Mechanisms of Naphthalene Toxicity in Lung 
 
Naphthalene (NA) is a ubiquitous pollutant to which humans are widely exposed. NA 
causes tumors in rats and mice and has been classified as a Possible Human 
Carcinogen. The mechanism of NA carcinogenicity is believed to involve repeated 
cycles of NA-induced acute lung injury and repair. A prerequisite for NA cytotoxicity is 
its bioactivation by P450 enzymes. The major enzymes responsible for NA bioactivation 
in the mouse include CYP2A5 and CYP2F2. Both human lung and human liver are 
capable of metabolizing NA, although large interindividual variations exist in the rates of 
microsomal NA metabolism and bioactivation. However, the roles of human CYP2A13 
and CYP2F1 (orthologs of mouse CYP2A5 and CYP2F2, respectively) in NA 
bioactivation are not well understood, and the potential impact of variations in hepatic 
P450 function on an individual’s risks of developing NA-mediated lung toxicity remains 
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undefined. The objectives of this project, which is funded by the National Institute of 
Environmental Health Sciences, NIH, and is a collaboration with the University of 
California, Davis, and the Wadsworth Center of New York State Department of Health, 
are to define the role of human CYP2A13 and CYP2F1 in NA bioactivation and toxicity 
in the lungs of CYP2A13/2F1-humanized mice; identify human lung regions that are 
enriched in CYP2A13/2F1 expression; and determine whether P450-mediated NA 
bioactivation and/or detoxification in the liver could contribute to, or otherwise influence, 
NA lung toxicity.  
 
We had previously shown that mouse CYP2F2 plays an essential role in NA-induced 
lung toxicity, but not in NA-induced nasal toxicity. We have now further demonstrated 
that Cyp2a5-null mice are much more resistant than wild-type (WT) mice to NA-induced 
nasal toxicity (Fig. 1), and that mouse CYP2A5 plays an essential role in the 
bioactivation and toxicity of NA in the nasal olfactory mucosa (OM), but not in the lung. 
This finding illustrates the tissue-specific nature of the role of individual P450 enzymes 
in xenobiotic toxicity, and provides the basis for a more reliable assessment of the 
potential risks of NA toxicity in humans (Hu et al., 2014).  

 
 

Figure 1:  Histopathological analysis of nasal mucosal injury caused by NA treatment in WT and 
Cyp2a5-null mice. Mice were treated with a single i.p. injection of NA, or with the vehicle alone. 
Tissues were obtained at 24 h after the treatment. For the nose, representative H&E-stained cross 
sections of the nasal cavity in the olfactory region (40X) are shown. Vehicle-treated mice had 
normal ethmoidal turbinates (ET) and nasal septum (SP) lined by a thick, pseudostratified 
olfactory neuroepithelium in the dorsomedial part, and a clear nasal passage; NA-treated WT mice 
showed extensive injury to the OM, evident as epithelial necrosis, detachment, sloughing, and 
ulceration; NA-treated Cyp2a5-null mice showed essentially normal olfactory epithelium and 
Bowman’s glands (BG). For the lung, representative H&E-stained sections (40X) are shown. 
Control mice had a normal bronchiolar epithelium; NA-treated WT mice and Cyp2a5-null mice both 
showed necrosis and detachment of cells from the epithelium, with abundant cell debris (D) 
present in the airway lumen. [Modified from Hu et al., 2014] 
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The function of human CYP2A13 and CYP2F1 in NA bioactivation and respiratory tract 
toxicity was also examined, using CYP2A13/2F1-humanized mice and CYP2A13 (only)-
humanized mice (on Cyp2abfgs-null background). In vitro studies indicated that, while 
the activity in the OM of the CYP2A13/2F1-humanized mice was primarily contributed 
by CYP2A13, the activity in the lung was mainly contributed by CYP2F1 (Li et al., 2014). 
Further in vivo studies are underway to assess the capabilities of CYP2A13 and 
CYP2F1 to mediate acute inhalation toxicity of NA, at NA doses relevant to occupational 
exposure.  
 
Hu, J., Li, S., Li, L., Zhou, X., Xie, F., Li, Y., and Ding, X.:  Mechanisms of olfactory toxicity of 
naphthalene: essential roles of CYP2A5 and target-tissue metabolic activation. Drug Metab. Dispos., 
42:23-7, 2014, PMC3876791 
Li, L., Jia, K., Hartog, M., Wang, Y., Winkle, L. V., and Ding, X.:  Role of human CYP2A13 and CYP2F1 in 
naphthalene bioactivation and toxicity in the lung and nasal mucosa of a CYP2A13/2F1-humanized 
Mouse. Abstract submitted to the 2014 Society of Toxicology Meeting, Phenix, AZ. 
 
TOPIC 2: Role of Human Lung P450 CYP2A13 in Tobacco Carcinogen-Induced 
Lung Tumorigenesis 
 
CYP2A13 is an enzyme selectively expressed in human respiratory tract, and is the 
most efficient human P450 enzyme in the bioactivation of 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone (NNK), a major tobacco-derived lung procarcinogen. This National 
Cancer Institute-funded project is testing the hypothesis that CYP2A13 plays an 
important role in tobacco-related lung carcinogenesis in humans. We have shown for 
the first time that transgenic expression of human CYP2A13 can increase the incidence 
of NNK-induced tumorigenesis in the mouse lung (Fig. 2A), a result suggesting that 
individuals with elevated CYP2A13 expression in their lungs are at a higher risk of 
developing tobacco-induced lung tumors (Megaraj et al., 2014a; Jia et al., 2014). 
Notably, lung cancer is the leading cause of cancer-related deaths in the U.S. 
Confirmation of a significant role of CYP2A13 in the risks of lung toxicity in humans may 
lead to new strategies for chemoprevention via enzyme inhibition.  
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Figure 2: NNK-induced lung tumorigenesis. Mice were treated with a single injection of saline or 
NNK at the indicated dose (i.p.). Tumors were detected at 4 months after the NNK or saline 
injection. Tumor multiplicity is shown as mean ± S.E. A. Comparisons among wild-type, Cyp2a5-
null, and CYP2A13-humanized (CYP2A13-transgenic/Cyp2a5-null) mice (A/J-N5). *, P < 0.05. B. 
Comparisons between WT and Cyp2abfgs-null mice (A/J-N3). ***, P < 0.001. 
 
Additionally, we have demonstrated a substantial role of other P450 enzymes in the 
mouse Cyp2abfgs gene subfamilies, in addition to CYP2A5, in NNK bioactivation and 
lung tumorigenesis (Fig. 2B; Li et al., 2014). This latter finding stimulates interest on the 
role of other human P450 enzymes in tobacco-induced lung carcinogenesis. 
 
Jia, K., Li, L., Liu, Z., Hartog, M., Kluetzman, K., Zhang, Q.-Y., and Ding, X.:  Generation and 
characterization of a novel CYP2A13-transgenic mouse model. Drug Metab. Dispos., 42:1341-8, 2014, 
PMC4109209  
Li, L., Megaraj, V., Wei, Y., and Ding, X.:  Identification of cytochrome P450 enzymes critical for lung 
tumorigenesis by the tobacco-specific carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK):  
insights from a novel Cyp2abfgs-null mouse. Carcinogenesis, 35:2584-91, 2014, PMC4216058 
Megaraj, V., Zhou, X., Xie, F., Liu, Z., Yang, W., and Ding, X.:  Role of CYP2A13 in the bioactivation and 
lung tumorigenicity of the tobacco-specific lung procarcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-
butanone: in vivo studies using a CYP2A13-humanized mouse model. Carcinogenesis, 35:131–137, 
2014a, PMC3871935 
 
TOPIC 3: Role of the P450/P450 Reductase Enzyme System in Drug Efficacy or 
Disease Susceptibility in Various Other Organs 
 
Several studies were conducted to explore the potential impact of deficiencies in the 
expression or function of the P450 reductase on human disease risks, including 
susceptibility to adverse drug responses. Individuals with severe (but rare) POR 
deficiency develop disrupted steroidogenesis, female infertility, disordered development, 
Antley-Bixler syndrome, and altered drug metabolism. However, milder POR 
deficiencies, manifest as low POR expression or activity, are common, but their 
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biological or clinical impacts are poorly understood. We have developed a series of 
mutant mouse models with either organ-specific Por deletion or global suppression of 
Por expression (named “Cpr-low”), which are valuable for studying the in vivo functions 
of POR and POR-dependent enzymes. 
 
The role of P450/POR in modulating susceptibility of the intestine to environmental 
insults was studied in collaboration with scientists at the Wadsworth Center of New York 
State Department of Health. We discovered that mice deficient in intestinal POR are 
prone to acute toxin-induced intestinal mucosal damage (Ahlawat et al., 2014). These 
mice also show elevated levels of secretory IgA and decreased levels of two P450-
produced arachidonic acid metabolites with known anti-inflammatory property, results 
that support a role of P450 enzymes in mucosal homeostasis and immunity. The role of 
intestinal P450 in the bioactivation of a colon carcinogen azoxymethane (AOM) was 
examined in another study (Megaraj et al., 2014b). To determine whether P450 
enzymes of the liver and intestine both contribute to AOM bioactivation in vivo, we 
compared tissue levels of AOM-induced DNA adducts, microsomal AOM metabolic 
activities, and incidences of colonic aberrant crypt foci (ACF) among WT, liver-specific 
Cpr-null, and intestinal epithelium-specific Cpr-null mice. Our results suggest that the 
overall (both hepatic and extrahepatic) bioactivation capacity is more useful than either 
hepatic or colonic activity alone for assessing the risks of chemical toxicity from AOM 
(and related compounds) in the colon.  
 
We have also studied the role of brain P450/POR in the therapeutic as well as side 
effects of morphine, in collaborations with researchers at the Albany Medical College 
(Hough et al., 2014a; 2014b). For example, following our initial discovery that the 
analgesic properties of morphine require the activity of brain neuronal P450 enzymes, 
we have further demonstrated that brain P450 activity is not required for three of 
morphine’s major side effects (respiratory depression, constipation, and locomotor 
stimulation). The dissociation of the mechanisms for the therapeutic and therapy-limiting 
effects of opioids may have important consequences for the development of analgesics 
with reduced side effects and/or limited addiction liability.  
 
A new study has been initiated to explore roles of P450/POR in the kidney, which is also 
an important disease target organ. In that regard, we have discovered persistent kidney 
vacuolization and tissue injury in male, but not female, Cpr-low mice (Liu et at., 2014). 
Further studies to understand the mechanisms responsible for the tissue damage are 
expected to elucidate factors that might precipitate similar kidney injuries in POR-
deficient humans. 
 
Ahlawat, S., Xie, F., Zhu, Y., D’Hondt, R., Ding, X., Zhang, Q.-Y., and Mantis, N. J.: Mice deficient in 
intestinal epithelium cytochrome P450 reductase are prone to acute toxin-induced mucosal damage. Sci. 
Reports., 4:5551. doi: 10.1038/srep05551, 2014, PMC4080431 
Hough, L. B., Nalwalk, J. W., Cleary, R. A., Phillips, J. G., Fang, F., Yang, W., and Ding, X.:  Deficits in 
neuronal cytochrome P450 activity attenuate opioid analgesia but not opioid side effects. Eur. J. 
Pharmacol., 740:255-62, 2014a, PMC4147671 
Hough, L. B., Nalwalk, J. W., Yang, W., and Ding, X.:  Significance of neuronal cytochrome P450 activity 
in opioid-mediated stress-induced analgesia. Brain Res., 1578:30-7, 2014b, PMC4143908 
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Liu, S., Dickman, K., Sell, S., Ding, X., Mei, C., and Gu, J.: Suppression of NADPH-cytochrome P450 
reductase causes vacuolization in renal proximal tubules in mice. Abstract submitted to the 2014 Society 
of Toxicology Meeting, Phenix, AZ.  
Megaraj, V., Fang, C., Kovalchuk, N., Zhu, Y., Ding, X., and Zhang, Q.-Y.: Role of intestinal P450 
enzymes in the metabolic activation of the colon carcinogen azoxymethane in mice. Chem. Res. Toxicol., 
27:656–62, 2014b, PMC4002058 
 
TOPIC 4: Regulation of P450 gene expression 
 
Given the diverse functions of various P450 enzymes in the metabolism of both 
endogenous and xenobiotic compounds, it is important to understand how the 
expression of P450 genes is regulated. Interindividual differences in P450 expression 
may underlie variations in disease susceptibility or drug responses. Our efforts in this 
regard led to several interesting findings (Zhu et al., 2014; Xu et al., 2014; Liu et al., 
2014). For example, in collaboration with Wadsworth scientists, we discovered that 
intestinal expression of several P450 genes was increased in mice deficient in hepatic 
P450 function, a finding that may have profound implications for the prediction of drug 
exposure in patients with compromised hepatic P450 function. Further mechanistic 
studies of the inter-organ crosstalk revealed a possible role of intestinal FGF15 in the 
regulation of intestinal P450 expression (Zhu et al., 2014).  
 

 
Figure. 3: Proposed scheme for a possible role of FGF15 in the regulation of intestinal P450 
expression (From Zhu et al., 2014) 
 
Zhu, Y., Ding, X., Fang, C., and Zhang, Q.-Y.: Regulation of intestinal cytochrome P450 expression by 
hepatic cytochrome P450 function: impact on systemic drug exposure and possible involvement of 
intestinal fibroblast growth factor 15 in the regulation. Mol. Pharmacol. 85:139-47, 2014, PMC3868902 
Xu, S., Ren, Z., Wang, Y., Ding, X., and Jiang, Y.: Preferential expression of cytochrome P450 CYP2R1 
but not CYP1B1 in human cord blood hematopoietic stem and progenitor cells. Acta Pharmaceutica 
Sinica B, 4:464–469, 2014. 
Liu, Z., Li, L., Wu, H., Hu, J., Zhang, Q.-Y., and Ding, X.: Characterization of a CYP2B6-humanized 
mouse model: inducibility of CYP2B6 in the liver by phenobarbital and dexamethasone and role in 
nicotine metabolism in vivo. Drug Metab. Dispos., In Press. 
 
TOPIC 5: Establishment of a Preclinical Nano-Drug Development Laboratory 
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A new research laboratory has been established on the SUNY Poly CNSE campus with 
state-of-the-art analytical tools for studying nano-drugs. Collaborations with SUNY Poly 
CNSE scientists and engineers are being actively established.   
 
Additional Publications 
 
Cheng, W., Zhang, R., Yao, C., Jia, K., Yang, B., Du, P., Chen, J., He, L., Liu, Z., Ding, X., and Hua, Z.:  
A critical role of FADD (Fas-Associated protein with Death Domain) phosphorylation in intracellular ROS 
homeostasis and aging. Antioxidants & Redox Signaling, 21:33-45, 2014. PMC4048578  
Shen, S., Li, L., Ding, X., and Zheng, J.: Metabolism of styrene to styrene oxide and vinylphenols in 
cytochrome P450 2F2- and P450 2E1-knockout mouse liver and lung microsomes. Chem. Res. Toxicol., 
27:27-33, 2014. PMC4041473 
Shi, K., Jie, Z., Chu, C., Zhang, Q.-Y., Ding, X., and Jiang, Y.: A novel recombinant human granulocyte 
colony-stimulating factor (G-CSFa) enhances peripheral platelet recovery in mice exposed to 
radiotherapy and has no immunogenicity in rats. J. Carcinog. Mutagen. 5:162. doi:10.4172/2157-
2518.1000162 
Spink, B. C., Bloom, M. S., Wu, S., Sell, S., Schneider, E., Ding, X., and Spink, D. C.: Analysis of the AHR 
gene proximal promoter GGGGC-repeat polymorphism in lung, breast, and colon cancer. Toxicol. Appl. 
Pharmacol., In Press. 
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Genomic Profiling of Yeast Resistance to P450-activated 
Carcinogens (Michael Fasullo)  

 
Scope: The main focus of my laboratory is to determine human susceptibility to 
environmental chemicals and carcinogens, also referred to as xenobiotics. The 
rationale is that human susceptibility to carcinogens is highly variable; individual 
differences may result from both genetics and lifestyle factors. Since many 
environmental chemicals are metabolized and detoxified within the body, we 
postulate that susceptibility to many xenobiotics results from their bioactivation 
that produces genotoxic metabolites. Differences in genetic susceptibility could 
then result from variability in activation of the xenobiotics or deficiencies in 
repairing xenobiotic-associated DNA damage. We individually characterize 
polymorphic human P450 enzymes that metabolize compounds and eukaryotic 
genes that confer resistance to the activated compounds. For model chemicals, 
we use aflatoxin, a highly potent liver carcinogen, and heterocyclic aromatic 
amines (HAAs), which are potent colon cancer carcinogens found in over-cooked 
meats. As a model eukaryote, we use Saccharomyces cerevisiae (budding yeast), 
which although does not contain any endogenous P450 enzymes that can 
activate carcinogens, can express human P450 genes. We have constructed 
expression vectors for P450 genes and created a library of 5,000 yeast strains 
that express CYP1A2, where each yeast strain is deleted for a non-essential gene. 
This research employs state-of-the-art next genomic sequencing, high 
throughput screening, molecular biology, and bioinformatics to identify genes 
that confer chemical resistance. This approach can be expanded to include P450-
metabolized pharmaceuticals and pollutants.  
 
Goals: 1. Activating carcinogens in budding yeast by expressing of polymorphic 
P450 enzymes; and 2. Genome profiling of carcinogen resistance in budding 
yeast expressing P450 enzymes 
 
2014 Accomplishments 
 
TOPIC 1: Characterization of P450 Polymorphisms  
 
CYP1A2 is the highly polymorphic, liver-specific P450 enzyme that metabolizes both 
aflatoxin and HAAs; there is a growing list of genetic CYP1A2 alleles that are found in 
diverse human populations. Nonetheless, it is unclear whether these alleles confer 
differences in carcinogen activation. As a proof of principle, we have expressed four 
CYP1A2 variants in yeast expression vectors; these alleles differ in amino acid coding 
sequences. The CYP1A2 were then introduced into budding yeast strains and the 
following biomarkers were analyzed for aflatoxin genotoxicity: 1) DNA adducts, 2) 
recombination, 3) Rad51 foci formation, and 4) carcinogen sensitivity in a double mutant 
defective in both recombinational repair and nucleotide excision repair. We found that 
these biomarkers could detect differences in activation of aflatoxin in budding yeast; for 
example, differences in the number of Rad51 recombination foci were observed 
between a strain expressing CYP1A2 I386F and strains expressing the other CYP1A2 
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alleles (Figure 1). This study was the first to show that phenotypic differences of CYP 
alleles can be measured in budding yeast.  

 
 
TOPIC 2: Genome Profiling of Carcinogen Resistance in Budding Yeast 
Expressing P450 Enzymes. 
 
The purpose of this study is to identify genes that confer resistance to P450-activated 
carcinogens. Since ~30% of the yeast genes are orthologous to human genes, we 
reason that identifying yeast genes would also aid in identifying the corresponding 
human genes. We had earlier shown that several DNA repair pathways were involved in 
carcinogen resistance, but we wanted to scan the entire genome to identify additional 
metabolic pathways involved in RNA metabolism, cell cycle checkpoint control, and cell 
growth control. In order to identify the wide range of gene functions, we scanned the 
5,000 non-essential yeast strain collection expressing CYP1A2. These yeast strains 
contain molecular barcodes, which identify each strain. The yeast strains are pooled 
and divided into triplicates which either are exposed to carcinogen or exposed to 
solvent. The DNA barcodes are then counted using the Illumina high-throughput 
sequencing platform. With the aid of Frank Doyle, SUNY Poly CNSE Bioinformaticist, 
we set up a bioinformatics platform to identify both sensitive and resistant strains. Using 
freely available software from the Saccharomyces genome database (SGD), we have 
placed the resistant genes into gene ontology groups. These groups include DNA 
repair, cell cycle checkpoint, RNA metabolism, and mitochondrial genes. A similar study 
is now being performed using the heterocyclic aromatic amine, 2-amino-3-
methylimidazo [4,5-f]quinoline (IQ). This research is an active collaboration with Thomas 

Figure 1:  yfp-Rad51 foci in AFB1-exposed cells expressing CYP1A2 (YB421), CYP1A2 C406Y 
(YB422), CYP1A2 D348N (YB423) or CYP1A2 I386F (YB424). Rad51 foci were identified by the 
appearance of yellow fluorescent foci in the confocal microscope. Left panel shows Rad51 
foci in A) irradiated cells containing pRS424-CYP1A2, B) irradiated cells containing CYP1A2 
I386F, C) AFB1-treated cells containing CYP1A2, D) A AFB1-treated cells containing CYP1A2-
I386F. The right panel gives the percentage of CYP1A2-expressing cells containing foci after 
either no exposure, exposure to AFB1 or 10 Gy irradiation. The percentage of cells containing 
foci is indicated on the y-axis and the CYP1A2-expressing strain is identified on the x-axis 
(Fasullo et al., Mutat.Res.2014). 
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Begley and Frank Doyle, and CNSE students Julian Freedland (undergraduate) and Nick St. 
John (graduate student).  
 
 
Publications:  

1. Fasullo, M. Smith, A., Egner, P and Cera, C. Activation of Aflatoxin B1 by expression of CYP1A2 
polymorphisms in Saccharomyces cerevisiae, Mutation Research 761:18-26, 2014. 

2. Fasullo, M. Understanding differential carcinogen resistance. International Innovation 1(170): 97-
99, 2014. 
 

Grant Awards:  
1. National Institute of Health, R15ES023685 Genomic profiling of yeast resistance to heterocyclic 

aromatic amines. Direct cost: $300,000. Role PI.  
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Cellular and Molecular Mechanisms of Cancer Metastasis 
(Hempel Group)  

 
Scope: The study of tumor metastasis, with an emphasis on signal transduction, 
metabolism, antioxidant enzymes, and reactive oxygen species. 
 
Goals: 1. To identify novel molecular and cellular mechanisms that drive ovarian 
and bladder tumor metastasis, and 2. Use this knowledge to identify new targets 
for detection and therapeutic intervention of metastatic cancer using 
nanobiotechnology 
 
2014 Accomplishments  
 
TOPIC 1: Role of Reactive Oxygen Species and Antioxidant Enzymes During 
Cancer Metastasis 
 
Epithelial ovarian cancer (EOC) is the fourth leading cause of death due to cancer in 
women and comprises distinct histological subtypes, which vary widely in their genetic 
profiles and tissues of origin. Ovarian clear cell carcinoma (OCCC), a very aggressive 
subtype, comprises >10% of EOCs. We show that mitochondrial superoxide dismutase 
(Sod2) is highly expressed in OCCC compared to other EOC subtypes. Sod2 is an 
antioxidant enzyme that converts highly reactive superoxide (O2

•-) to hydrogen peroxide 
(H2O2), and our data demonstrate that Sod2 is pro-tumorigenic and -metastatic in 
OCCC. Inhibiting Sod2 expression reduced OCCC tumor growth and metastasis. 
Mechanistically, we show that Sod2 maintains highly functional mitochondria, by 
scavenging O2

•-. In addition, Sod2 alters the steady-state redox balance to drive H2O2-
mediated migration. Understanding the complex interaction of antioxidants and ROS 
may provide novel therapeutic strategies to pursue for the treatment of this histological 
EOC subtype. 

Figure 1: Inhibition of Sod2 
expression abrogates OCCC 
tumorigenicity A, Sod2 
expression was reduced using 
RNA interference in OCCC cell 
lines ES-2 and TOV-21-G B, 
Cell proliferation rate was 
decreased with reduced Sod2 
expression analyzed by trypan 
blue exclusion assay. C, Sod2 
RNA interference decreases 
the ability of single cell 
survival of ES-2 cells tested 
with clonogenicity assays. D, 
Reduced Sod2 levels 
significantly inhibited the 
tumor size and weight in the 
ex ovo CAM model.  
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Hempel N, Melendez JA (2014) Intracellular redox status controls membrane localization of pro- and anti-
migratory signaling molecules. Redox Biology, 2:245-250. PMC3909818.  
 

Hemachandra LPMP, Shin DH, Dier U, Uusitalo LM, Engelberth, SA, Murphy SK, Hempel N (2014) 
Mitochondrial superoxide dismutase (Sod2) has a pro-metastatic role in ovarian clear cell carcinoma. 
Under review, Cancer Research. 
 

Shin DH, Dier U, Melendez JA, Hempel N (2015) Transcriptional regulation of MMP-1 by hypoxia is 
dependent on the intracellular redox environment of metastatic bladder cancer cells. In submission, 
Molecular Cancer Research. 
 
TOPIC 2: Role of Mitochondria and Metabolism in Ovarian Cancer 
 
Ovarian clear cell carcinoma (OCCC) represents approximately 10% of all ovarian 
cancer cases and has been termed a stress responsive cancer. In this project, we 
hypothesized that bioenergetic profiling might uniquely distinguish OCCC from other 
EOC histological subtypes. Using an extracellular flux analyzer, OCCC lines were 
shown to be highly metabolically active. A high bioenergetics profile was associated 
with the cell lines’ ability to form anchorage independent spheroids. Given their high 
glycolytic and mitochondrial activity, OCCC cells displayed strong sensitivity to 2-deoxy-
D-glucose and Rotenone growth inhibition. Bioenergetic profiling also identified a non-
OCCC cell line with severely compromised mitochondrial function. This was 
accompanied by mitochondrial morphology changes, increased expression of the 
mitochondrial fission protein Drp1, and a loss of mitochondrial membrane potential. 
Importantly, this was accompanied by the inability of OVCA420 cells to cope with 
hypoxic stress. This knowledge may be imperative for researchers planning to utilize 
this cell line for further studies of metabolism and hypoxia, and suggests that altered 

mitochondrial fission dynamics 
represents a phenotype of a 
subpopulation of EOCs.   

 
 

Figure 2: Bioenergetics profile of 
ovarian cancer cell lines. A. OCCC cell 
lines ES-2 and TOV-21-G as well as 
OVCAR3 cells display high glycolysis 
(ECAR) and Oxidative phosphorylation 
(OCR) and are classified as highly 
energetic. B. Plotting Glycolytic 
Reserve against Respiratory reserve 
indicates that some cells appear to be 
operating close to their maximal rate, 
such as ES-2 cells, whereas others 
have high respiratory reserve 
(NOSE007) or high glycolytic Reserve 
(DOV-13, OVCA429). C. Spheroid 
formation correlates with bioenergetic 
signature of ovarian cancer cells. Cells 
were seeded into ULA plates and size 
(area of spheroid aggregate in pixels) 
plotted (n=6).  
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Dier U, Shin DH, Hemachandra LPMP, Uusitalo LM, Hempel N (2014) Bioenergetic analysis of ovarian 
cancer cell lines: Profiling of histological subtypes and identification of a mitochondria-defective cell line. 
PLoS One, 9(5) e98479. PMC4032324 
 
TOPIC 3: Use of Nanoparticles for Therapeutic Delivery to Ovarian Cancer 
 
Over the last decade, small interfering ribonucleic acid (siRNA) has shown promise for 
clinical applications to downregulate specific gene expression. However, one challenge 
for in vivo implementation is the development of effective and safe siRNA delivery 
systems. In collaboration with Dr. Magnus Bergkvist (SUNY Poly CNSE), we have 
studied chemically modified, enzymatically synthesized glycogen (ESG) nanodendrites 
as a biodegradable, biocompatible, protective siRNA delivery systems. Commercial 
ESG was modified using glycidyltrimethylammonium chloride (GTMA), introducing 
quaternary ammonium groups throughout the dendrimeric structure. Cationic ESG 
(cESG) could electrostatically bind siRNA and successfully knockdown protein 
expression in an in vitro ovarian clear cell carcinoma model. Further, this 
construct exhibited lower toxicity and a sustained knockdown compared to a 
commercial delivery reagent, Lipofectamine RNAiMax. These results are promising and 
set the stage for future in vivo studies in an ovarian cancer IP xenongraft model and 
the utilization of our complex for codelivery of siRNA as adjuvant therapy. 
 

Figure 3: Western blot of Sod2 
expression with β-Actin control after 
72 hour treatment with 1) growth 
media 2) Lipofectamine-RNAiMAX-
siRNA 3) BG-GTMA 4) BG-GTMA-
scramble siRNA 5) BG-GTMA-siRNA 
Sod2 and 72 hour treatment followed 
by 72 hour recovery period, treated 
with 6) growth media 7) BG-GTMA 8) 
BG-GTMA-scramble siRNA 9) BG-
GTMA-siRNA Sod2. B) Image 
quantification of band intensities, 
normalized to protein expression in 
media treated samples. Due to cell 
death, insufficient protein was 
collected for the 6 day Lipofectamin-
RNAiMAX-siRNA sample analysis. 

 
Engelberth SA, Hempel N, Bergkvist M (2014) Development of Nanoscale Approaches for Ovarian 
Cancer Therapeutics and Diagnostics, Critical Reviews in Oncogenesis, 19(3-4):281-315. PMC4183979 
 

Engelberth SA, Hempel N, Bergkvist M (2015) Chemically Modified Dendritic Starch: A Novel 
Nanomaterial for siRNA Delivery. in preparation. 
 
TOPIC 4: Development of Nanotopography Arrays for Metastatic Cancer Cell 
Characterization and Diagnosis 
 
Tumor metastasis is characterized by enhanced invasiveness and migration of tumor 
cells through the extracellular matrix (ECM), resulting in extravasation into the blood 
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and lymph and colonization at secondary sites. The ECM provides a physical scaffold 
consisting of components such as collagen fibrils, which have distinct dimensions at the 
nanoscale. In addition to the interaction of peptide moieties with tumor cell integrin 
clusters, the ECM provides a physical guide for tumor cell migration. Using 
nanolithography we set out to mimic the physical dimensions of collagen fibrils using 
lined nanotopographical silicon surfaces and to explore whether metastatic tumor cells 
are uniquely able to respond to these physical dimensions. Etched silicon surfaces 
containing nanoscale lined patterns with varying trench and ridge sizes (65-500  nm) 
were evaluated for their ability to distinguish between a non-metastatic (253J) and a 
highly metastatic (253J-BV) derivative bladder cancer cell line. Enhanced alignment 
was distinctively observed for the metastatic cell lines on feature sizes that mimic the 
dimensions of collagen fibrils (65-100  nm lines, 1:1-1:1.5 pitch). Further, these sub-
100  nm lines acted as guides for migration of metastatic cancer cells. Interestingly, even 
at this subcellular scale, metastatic cell migration was abrogated when cells were forced 
to move perpendicular to these lines. Compared to flat surfaces, 65  nm lines enhanced 
the formation of actin stress fibers and filopodia of metastatic cells. This was 
accompanied by increased formation of focal contacts, visualized by immunofluorescent 
staining of phospho-focal adhesion kinase along the protruding lamellipodia. Simple 
lined nanotopography appears to be an informative platform for studying the physical 
cues of the ECM in a pseudo-3D format and likely mimics physical aspects of collagen 
fibrils. Metastatic cancer cells appear distinctively well adapted to sense these features 
using filopodia protrusions to enhance their alignment and migration.  

 
 

Figure 4: Nanoscale lines below 150nm 
can differentiate metastatic 253J-BV 
from non-metastatic 253J cells based on 
anisotropic behavior. A & B: Non-
metastatic 253J and metastatic 253J-BV 
cells were grown to sub-confluency on 
silicon wafers containing varying lined 
topographical patterns. Cells were 
analyzed for anisotropic behavior on the 
increasing nanoscale line widths with 
fixed trench size of 100 nm (A) or 75 nm 
(B) trenches. SEM images of the 
surfaces are shown above the alignment 
graphs. Graphs represent percentage of 
alignment of 20-30 cells per pattern from 
3 replicative experiments (mean ± SEM; 
**p<0.01, ***p<0.001, Student’s t-test).  C: 
Upper panel shows SEM image of 65 nm 
lined features (created using photoresist 
immersion lithography) used in D.  
Lower panels show schematic of 
lamellipodial protrusion directionality 
measurements.  D: 253J-BV metastatic 
cells were grown on 65 nm lines, 
adjacent to a region of unpatterned 
photoresist (Scale bar = 100µm).  
Random orientation of cells is observed 
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on the flat region while alignment to nanoscale topography is observed on the 65 nm lines.  
Lamellipodia directionality was plotted using polar coordinates of the lamellipodial protrusion 
angle (n=20-30 cells, 2-4 protrusions per cell). 
 
Iuliano, J, Kutscha P, Biderman N, Subbaram S, Groves TR, Tenenbaum S, Hempel N (2014). Metastatic 
bladder cancer cells distinctively sense and respond to physical cues of collagen fibril-mimetic 
nanotopography. Experimental Biology and Medicine. In press. PMID:25465204 
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Nanobioscience (Melendez Group) 
 

Scope: Evaluate the role of oxidants in the control of cancer, aging, and 
infectious disease.  
 
Goal: Provide R&D for the development of targeted antioxidant based therapies 
for the treatment of metastatic cancer, aging, infection,, and nanomaterials 
assessment.  

 
2014 Accomplishments  
 
TOPIC 1: Identifying Redox-Responsive Coactivators which Regulate Certain 
MMP-1 Activity 
 
In summary, by manipulating intracellular antioxidant status we have identified a set of 
redox-responsive coactivators that regulate the transcriptional activity of MMP-1. 
Aberrant MMP-1 expression is implicated in a number of degenerative disease 
pathologies that involve shifts in steady-state oxidant production. Our studies suggest 
that preservation of HDAC activity may serve to restrict MMP expression under 
oxidizing conditions. The antioxidant N-acetylcysteine prevents redox-dependent 
increases in MMP-1 expression and is used clinically for the treatment of pulmonary 
fibrotic injury. It is exciting to speculate that N-acetylcysteine and other antioxidants may 
exert their therapeutic effects by preserving HDAC activity and limiting H2O2-dependent 
signals that drive the pathologic expression of not only MMPs but also other similar 
oxidant-responsive genes. Moreover, we have unveiled the molecular triggers that drive 
aberrant MMP-1 expression in response to superoxide dismutase (Sod2) expression. 
Growth factors and cytokines can induce Sod2 and modulate the intracellular redox 
environment. In this fashion Sod2 may contribute to the aberrant proteolysis that 
accompanies chronic inflammation. 
 

 

 
• Redox increases in MMP-1 are associated 

with altered HAT/HDAC recruitment  
• Shifts in HAT/HDAC balance is accompanied 

by enhanced histone acetylation  
• Redox alterations in HDAC2 ubiquitination 

lead to its proteasomal degradation 
• Increased steady-state H2O2 drives AP-1 and 

ETS-1 recruitment to the MMP-1 promoterc-
Jun ablation prevents the redox-dependent 
increase in MMP-1 expression. 
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Redox-sensitive gene-regulatory events controlling aberrant matrix metalloproteinase-1 
expression. Bartling TR, Subbaram S, Clark RR, Chandrasekaran A, Kar S, Melendez JA. Free 
Radic Biol Med. 2014 Sep;74:99-107. 
 
TOPIC 2: Redox-Control of the Senescent Phenotype 
 
Cellular senescence has evolved as one of the protective mechanisms to arrest growth 
of cells with oncogenic potential. While senescent cells have lost the ability to divide, 
they remain metabolically active and adapt a senescence associated secretory 
phenotype (SASP). The SASP is central to the progression of several age-associated 
disease pathologies perpetuated by inflammation. A key modulator of SASP is the 
proinflammatory cytokine interleukin-1 alpha (IL-1α) whose expression and activity is 
responsive to the senescence associated oxidant production and the accompanying 
disruption of calcium (Ca2+) homeostasis. Members of the Transient Receptor Potential 
(TRP) channel family control cellular Ca2+ and may or may not be sensitive to activation 
by H2O2. Using primary IMR-90 human fetal lung fibroblasts as a cellular senescence 
model in combination with the cell permeant Ca2+ binding ratiometric fluorophore Fura-
2-AM, we have begun to explore the likely channel responsible for increased Ca2+ entry. 
Current work involves elucidating the likely source of oxidant and the molecular identity 
of the Ca2+ channel that is responsible for SASP regulation through IL-1α, establishing 
new paradigm of communication between the mitochondria and nucleus.  
 

A B 
 

Senescent cells do not respond to exogenous Ca2+ and oxidants, which can be reversed with a 
catalase pretreatment. Senescent cells are not responsive to H2O2 -induced calcium entry 
compared to pre-senescent cells (Panel A). Quantification of Calcium entry pre and post H2O2 
exposure. 
 
 
 
TOPIC 3: Redox-Control of Tularemia Pathogenesis  
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As an innate defense mechanism, macrophages produce reactive oxygen species 
(ROS), which weaken pathogens and serve as secondary messengers to modify 
signaling responses involved in immune function. The gram-negative bacterium F. 
tularensis utilizes its antioxidant armature to limit the host immune response but the 
mechanism behind this suppression has not been defined. Here, we establish that F. 
tularensis limits Ca2+ entry in macrophages thereby limiting actin reorganization and IL-
6 production in a redox-dependent fashion. Wild-type (LVS) or catalase deficient F. 
tularensis (∆katG) show distinct profiles in their H2O2 scavenging rates, 1 pM/sec and 
0.015 pM/sec, respectively. Murine alveolar macrophages infected with ∆katG display 
abnormally high basal intracellular Ca2+ concentration that did not increase further in 
response to H2O2. Additionally, ΔkatG-infected macrophages displayed limited Ca2+ 
influx in response to the Ca2+ ionophore ionomycin. Basal increases in cytosolic Ca2+ as 
well as insensitivity to H2O2-mediated Ca2+ entry in ΔkatG-infected cells are reversed by 
the Ca2+ channel inhibitors, 2-Aminoethyl diphenylborinate (2APB) and SKF-96365.  
2APB but not SKF abrogated ∆katG-dependent increases in macrophage actin 
remodeling and IL-6 secretion, suggesting a role for H2O2-mediated Ca2+ entry through 
the transient receptor potential melastatin 2 (TRPM2) channel in macrophages.   
Indeed, increases in basal Ca2+, actin polymerization and IL-6 production are reversed 
in TRPM2-null macrophages infected with ∆katG. Together our findings provide 
compelling evidence that F. tularensis catalase restricts ROS to temper macrophage 
TRPM2-mediated Ca2+ signaling and limit host immune function. 
 

 

Figure 2. Francisella catalase is necessary to 
maintain calcium homeostasis following 
infection. Murine alveolar macrophages were 
infected with LVS or LVSΔkatg for one hour. 
Macrophages were loaded with Fura Red, whose 
fluorescence is inhibited by calcium, lifted and 
analyzed on ImageStream flow cytometer. Panel A 
depicts the mean Fura Red fluorescence. Panel B 
depicts representative images from the mean. 
Screening of multiple LVS mutants was 
accomplished by the analysis of Fura Red 
Fluorescence with a plate reader (Panel C). 300 
uM H2O2 was used as a control for calcium influx. 
Data represents the mean fluorescence intensity ± 
SEM of three independent experiments. ** = p 
<0.001, *** = p <0.0001 
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TOPIC 4: Development of High-Throughput Nanotoxicity Assessment System   
Continued expansion of the nanotechnology industry has necessitated the self-
assessment of manufacturing processes, specifically in regards to understanding the 
health-related aspects following exposure to nanomaterials. There exists a growing 
concern over potential occupational exposure in the semiconductor industry where 
Al2O3, CeO2 and SiO2 nanoparticles are commonly featured as part of the chemical 
mechanical planarization (CMP) process. Chronic exposure can result not only in acute 
cytotoxicity but also initiation of a chronic inflammatory state associated with diverse 
pathologies. In the current investigation, pristine nanoparticles of Al2O3, SiO2 and CeO2, 
along with commercial CMP slurry formulations were employed to assess their ability to 
induce cytotoxicity, inflammatory responses and reactive oxygen species in a mouse 
alveolar macrophage cell model. The pristine nanoparticles and slurries were not 
intrinsically cytotoxic and did not generate free radicals but were found to act as 
scavengers in the presence of an oxidant stimulant. Al2O3 and SiO2 nanoparticles 
increased levels of pro-inflammatory cytokines while pristine SiO2 nanoparticles induced 
generation of F2-Isoprostanes. In co-treatment studies, the pristine nanomaterials 
modulated the response to the inflammatory stimulant lipopolysaccharide. Pristine 
nanoparticles and slurries do not impact the cells in a similar way indicating that pristine 
nanoparticles cannot be used as slurry substitutes in toxicity evaluations. These studies 
have defined a model cell line capable of assessing the in vitro ability of current and 
future nanomaterials to disrupt cellular homeostasis.  

 
Physical characterization of pristine nanomaterials and slurries. The 
hydrodynamic radii of pristine nanoparticles examined by dynamic light 
scattering in water, cell culture media and phosphate buffered saline (PBS) 
illustrated dispersion differences in the different solvents. Additionally, the 
zeta potential of the nanomaterials was determined in water. The above 
figure shows the size distribution profile of Al2O3 nanoparticles (A), CeO2 
nanoparticles (D), SiO2 nanoparticles (G). Zeta potential values of Al2O3 
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nanoparticles (B), CeO2 nanoparticles (E) and SiO2 nanoparticles (H) are 
represented. Panels (C), (F) and (I) show the scanning electron 
micrographs for the Al2O3 nanoparticles, CeO2 nanoparticles and SiO2 
nanoparticles respectively. Manuscript in preparation. 

 
 
TOPIC 5: TMAH Safe Replacement Chemistry 
  

Tetramethylammoniumhydr
oxide (TMAH) is a widely 
used chemical in the 
burgeoning electronics 
industry. Used as a 
cleaning or etching agent in 
computer chip 
manufacturing (1)its 
production and use is 
increasing with the growth 
of that market. The 
increased production and 
use comes with a potential 
for increased work related 
exposure and injury. 
Several incidences of 
industrial exposure have 
been studied and the 
resultant deaths have been 

attributed to more than the direct chemical burns incurred, but rather to the neurotoxicity 
of TMAH within the affected victim(s)(2, 3). The scope of this project was to attempt to 
find an alternative compound capable of both a) performing to the same industrial 
standards as TMAH and b) elicit little or no neurotoxic side effects as assessed using a 
fast and high-throughput screening assay. TMAH has been shown to be an 
acetylcholine mimetic and capable agonist of the Acetylcholine Receptors (AChRs)(1). 
One broad and fast cellular response of AChR engagement is Calcium (Ca2+) 
mobilization(4, 5). We developed an experimental protocol to monitor intracellular Ca2+ 
mobilization using a 96 well format plate reader and the commonly used Fura2-AM ratio 
metric dye under various experimental exposure conditions as a proxy for AChR 
engagement. We are able to monitor the ability of cells to mobilize Ca2+ from external 
and internal sources upon exposure to AChR agaonists, including TMAH. This 
approach is a new high-throughput tool capable of assessing the early neurotoxic 
effects of TMAH and potential TMAH replacement chemistries in the growing electronic 
industry. 

1.  Lin, C.-C., Yang, C.-C., Ger, J., Deng, J.-F., and Hung, D.-Z. (2010) Tetramethylammonium 
hydroxide poisoning. Clin. Toxicol. (Phila). 48, 213–7 

2.  Park, S.-H., Park, J., You, K.-H., Shin, H.-C., and Kim, H.-O. (2013) Tetramethylammonium 
hydroxide poisoning during a pallet cleaning demonstration. J. Occup. Health 55, 120–4 

 

SOD2 overexpressing HT1080 cells exposed to a broad AChR 
agonist Carbachol (100uM) or antagonist Atropine (1uM), or both 
concurrently in the presence(+) or absence(-) of 1mM extracellular 
Ca2+. 
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3.  Lee, C.-H., Wang, C.-L., Lin, H.-F., Chai, C.-Y., Hong, M.-Y., and Ho, C.-K. (2011) Toxicity of 
tetramethylammonium hydroxide: review of two fatal cases of dermal exposure and development 
of an animal model. Toxicol. Ind. Health 27, 497–503  

4.  Kennedy, R. H., Wyeth, R. P., Gerner, P., Liu, S., Fontenot, H. J., and Seifen, E. (1995) 
Tetramethylammonium is a muscarinic agonist in rat heart. Am J Physiol Cell Physiol 268, C1414–
1417  

5.  Brown, D. A. (2010) Muscarinic acetylcholine receptors (mAChRs) in the nervous system: some 
functions and mechanisms. J. Mol. Neurosci. 41, 340–6  
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Nanomachines, Cancer Therapy, and Human Stem Cell 
Bioengineering  (Janet L. Paluh, Ph.D.)  

 
Scope: The Paluh lab applies nanotechnology and dynamic parameters of 
biological systems toward improved healthcare and nanofabrication. This 
includes analysis of cellular nanomachines with applications to drug discovery, 
nanorobotics and biomimetic improvements to nanofabrication. Human stem cell 
biology and 3D bioengineering of human tissues and organoids are also 
underway to elucidate pathways in human development, disease and repair for 
advances in health care.  
 
Goals: Applications of nanobiotechnology to 1. human preventative healthcare 
and personalized medicine (biosensors, development, cell therapy, tissue repair, 
cancers, neurodegeneration); and 2. biomimicry, biosynthetic interfacing, 
nanomachines, transformable materials, and bottom up assembly.  
 
2014 Accomplishments  
 
TOPIC 1: Nanomachines: Microtubule Organizing Center (MTOC) Mechanisms; 
Novel Control of Mitotic Spindle Function and its Application to Drug Discovery 
for Human Cancers 
 
Self-assembly of biological systems is inherent in sub-cellular nanomachines to higher 
order assemblies of cells, tissues, organs, and organ systems (Figure 1). Biological 
nanomachines formed by bottom-up assembly and their communication networks 
incorporate dynamic concepts of error correction, transformability and multi-tasking. 
These molecular machines offer an incredibly rich and inspiring resource for 
development of complex materials, architectural designs, and networking to be applied 
to human made systems. In addition, such parameters are critical considerations in drug 
discovery/resistance prevention studies. 
 
The Paluh laboratory is harnessing components of the microtubule cytoskeleton and 
mitotic spindle apparatus. Mitotic mechanisms, though studied for over 100 years, still 
have undiscovered underlying complex control networks that operate in spindle 
functions of chromosome segregation, cell polarity, and multi-cellular lineage 
specification. The microtubule cytoskeleton and its associated proteins (MCPs) also act 
in broader cellular networks as scaffolds, roadways for motility and trafficking, tethers, 
and signaling hubs, and they bring versatility into complex and critical tasks of cells and 
cell-cell networks. These diverse tasks include cell crawling, neuronal signaling, and 
immune system cytotoxic killer T-cell function. The formation of microtubules, that are 
dynamic polar polymers typically 25 nm in diameter, is nucleated through a 
macromolecular Microtubule Organizing Center (MTOC) complex. This complex helps 
to define microtubule polarity and organization in cells and influences the dynamic 
growth/shortening cycles of microtubules. Unlike static synthetic counterparts such as 
carbon nanotubes (CNTs), biological microtubule networks rapidly transform, adapt, and 
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error-correct to rapidly self-customize to new architectural designs or meet changing 
cellular needs.  
 
Prof. Paluh is an international leader in mitotic mechanisms. Recent publications from 
her lab reveal new mitotic mechanisms and reagents for MTOC control, including 
proven potential for development as a new target and therapy in breast cancers. This 
work is expected to have considerable impact to all fields of biology and human disease 
in which microtubules play a role.1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Drug Discovery: Self-assembly mechanisms are inherent in biology at subcellular, multi-
cellular, organoid and system levels. The Paluh lab discovery of a new mitotic mechanism in 
spindle assembly and its control elements has led to a pending patent and the potential for a new 
strategy and target in cancer treatments. Effectiveness has been demonstrated in vivo to arrest 
growth of breast cancer cell lines. Multiple additional applications are expected and being 
explored and developed. 
 
TOPIC 2: Nanoscale and Molecular Communication Framework; Development of 
an IEEE Standard for Advancing Nanotechnology 
 
Biological systems form diverse communication networks that scale broadly and with 
high accuracy from subcellular levels of quantum, nano- and micro- scales to multi-

                                                
1 Footnote: Grant proposals pending: NSF Cellular Dynamics and Function proposal “Mitotic Mechanisms 
of γ-TuRC Associated Kinesins” and NIH SBIR R41 proposal “A Novel Target and Strategy in Anti-Cancer 
Therapy: MTOC Inactivator”. In addition two provisional patents on ‘MTOC polymers’ were filed and two 
peer reviewed publications resulted from this research as well as an invitation to serve on the Nature 
Publishing editorial board for the journal Scientific Reports. 
Patents: J.L. Paluh and Z. Olmsted, ‘MTOC-Inactivating Peptides’  
Manuscripts: 
Z.T. Olmsted, A. Colliver, T.D. Riehlman, and J.L. Paluh (2014) Kinesin-14 and kinesin-5 antagonistically 

regulate microtubule nucleation g-TuRC in yeast and human cells. Nature Communications 5:5339. 
doi:10.1038/ncomms6339 

Z.T. Olmsted, A. Colliver, and J.L. Paluh (2014) The Kinesin-Tubulin Complex: Mechanistic 
Considerations in Structure and Function. J. Cell Health and Cytoskeleton. In press with 
accompanying video. 
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cellular macroscales. This is evident in cellular functions, multi-cellular tissues and 
organs, or organ systems in organisms. Biomimicry of these complex networks 
increasingly requires the aid of computational and mathematical modeling and virtual 
simulations. Prof. Paluh participates actively in NIH-sponsored Multiscale Modeling and 
Interagency Modeling and Analysis (MSM IMAG) and Virtual Cell meetings and as an 
IEEE member since 2012 on the IEEE Standards Association P1906.1 Working Group 
on Recommended Practice for Nanoscale and Molecular Communication Framework. 
This multi-disciplinary team of engineers, physicists, biologists and chemists has 
completed a draft recommended practice document for academia, industry, and clinical 
advancement of nanoscale communication networks. The work applies Shannon’s 
Rules of Information Theory to biological, synthetic, and biosynthetic systems that 
include a human made component. Prof. Paluh is co-author of the IEEE Standards 
Association P1906.1 Framework document (that has passed balloting and is in final 
revision before publishing), along with an accompanying companion paper.2 Such a 
framework document establishes common definitions and practice to enable 
constructive multi-disciplinary collaborations and accelerate discovery and applications 
in nanotechnology. The Paluh laboratory is applying these concepts to complex self-
assembling microtubule networks to be used in biosynthetic systems as in Figure 2 and 
in modeling neural networks as in Figure 3, Topic 3.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                
2 Footnote: Two submitted works are pending from this effort that include an IEEE Draft Recommended 
Practice undergoing balloting and revision as well as an accompanying manuscript: 
S.F.	  Bush,	  J.L.	  Paluh,	  G.	  Piro,	  V.	  Rao,	  V.	  Prasad,	  and	  A.	  Eckford	  (2014)	  Defining	  Communication	  at	  the	  Bottom.	  

IEEE	   Journal	   on	   Selected	   Areas	   of	   Communication	   (JSAC):	   Molecular,	   Biological	   and	   Multi-‐Scale	  
Communications	  Series.	  manuscript	  in	  review	  

S.F. Bush, J.L. Paluh, G. Piro, V. Rao, V. Prasad, A. Eckford, et al. (2014) P1906.1TM/D0.1 Draft Recommended 
Practice for Nanoscale and Molecular Communication Framework. Sponsored by the Standards Development 
Board of the IEEE Communications Society. Balloting complete, revisions in progress. 
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Figure 2: Molecular Communication Frameworks: Guided Self-Assembly. This figure outlines the 
pathway of discovery from isolation of biological components (Aim1), establishment of the bio-
synthetic interface (Aim2), and application of information theory mathematical algorithms for 
controlled patterning of simple switchable designs or those with parquet deformation complexity 
(Aim3). Biological components shown include 25 nm microtubules, kinesin nanomotors and 
microtubule organizing center (MTOC) molecular machinery, among others.  
 
TOPIC 3: Human Stem Cell Bioengineering; Organ specialization, Tissue 
Bioengineering, Disease and Development Studies 
 
Preceding human clinical trials, studies in animal models as well as in vitro tissue 
bioengineering contribute significantly to advancing discoveries for human health. For 
the latter, biomimicry of the in vivo environment in architecture, multi-cellular context, 
physical and chemical parameters, and signaling communication networks are needed 
to best approximate the natural state. The defined microenvironment also includes 
dynamic temporal controls for developmental growth, cell differentiation and aging that 
impact the occurrence/susceptibility, progression and treatment of diseases. The recent 
merger of nanotechnology with the discovery of human stem cells in 1998, ‘stem cell 
nanotechnology’ research, offers unprecedented opportunities in human healthcare.  
 
Stem cell nanotechnology research in Prof. Paluh’s lab is directed at understanding the 
human stem cell niche, developmental pathways, and organ function to understand 
disease mechanisms and optimization preventative treatments or cell therapy. The 
traditional cell culturing methods of the 1950’s have been superseded by eloquent 
biomimicry of the 3D natural environment with an enormous recognized impact of 
cellular environment on outcomes of gene regulation, lineage specification, and 
organoid development. The Paluh laboratory applies nanotechnology to create 
architectural scaffolds for 3D hydrogel microfluidic environments for use with pluripotent, 
differentiating progenitor or transit amplifying cells, derived mature cells and multi-
cellular contexts. This approach increases statistic evaluation of cell-cell communication 
and complex networks in multi-lineage specification for current applications in neural 
development and neurodegeneration as well as analysis of cancers of developmental 
origin (Figure 3).  
 
As part of our ~$1 million New York State Stem Cell Science (NYSTEM) award, we 
have derived and characterized new ethnically diverse and karyotypically normal human 
stem cell lines of African American, Hispanic-Latino, Asian, and Caucasian origin3. By 
including ethnicity in stem cell research with clinical applications, we expect to identify 
disease biomarkers and protective or debilitating factors in disease treatment and drug 
                                                
3 Footnote: Three manuscripts are in preparation from this effort that includes collaborations between 
Prof. Jose Cibelli, Michigan State University and Michael Buck, SUNY Buffalo:  
E-A Chang, M. Tomov, J. Cibelli, and J.L. Paluh (2014). Derivation of Xenofree Minority Pluripotent Stem 

Cell lines from Hispanic, African American and Asian Origin. In preparation. 
M. Tomov, Z.T. Olmsted, E-A Chang, S. Suhr, J. Cibelli, and J.L. Paluh (2014). Bioinformatic Analysis of  

pluripotent stem cell lines of Hispanic, African American and Asian Origin. In preparation. 
M. Tomov, Z.T. Olmsted, and J.L. Paluh (2014). Complexity of the embryoid body cystic core. In 

preparation.  
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studies. Through our work and collaborative efforts, we hope to investigate ethnicity in 
any of a number of human processes including neural networks and neurodegeneration, 
early retinal development, cardiac drug susceptibility, aging, diabetes, smoke addiction, 
myopathies, and cancers, as well as other yet unknown contributing pathways related to 
human health and longevity. The importance of this research is reflected in a recent 
invitation for Prof. Paluh to present her work at the next meeting of the Task Force on 
Minority Aging Research (TFMAR) for the NIA National Advisory Council on Aging to be 
held at NIH in May 2015.  
 

 
Figure 3: Lithography template platforms for stem cell nanotechnology of neural networks. A. 
CAD designed multilayer grid for patterning of uniformly sized embryoid bodies that are 
preformed in custom lithography-generated microwells. B. Derivation of human pyramidal 
neurons for co-culture studies, including neuronal-glial networks, blood-brain barrier and cancers 
of neural origin. C. Co-cultures of human gliomas and neuroblastomas. D. CAD designed matrix 
and porous grid for investigation of blood-brain barrier using human multicellular co-cultures. 
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Mammalian and Microbial Cell Bioprocessing 
(Sharfstein group) 

 
Scope: Production of therapeutic and diagnostic biomolecules from cultured 
animal and bacterial cells; development of models for in vitro testing of small 
molecule therapeutics; development of sensing technology to support cell 
culture 
 
Goal: Develop fundamental understanding of the role of cell culture conditions 
and cell physiology on the production of biotherapeutics. 
 
2014 Accomplishments  
 
TOPIC 1: Metabolic Engineering of Chinese Hamster Ovary (CHO) Cells for the 
Production of Pharmaceutical Heparin and Evaluation of Novel Bioreactors 
(Collaborative with Sepragen, Inc.) 
 
Sepragen Inc. and the Sharfstein laboratory are collaborating on the development of a 
novel cell line/reactor system capable of producing a bioengineered heparin that is 
structurally and pharmaceutically equivalent to current heparin that is purified from 
animal tissues. This project seeks to leverage Sepragen’s novel Express® bioreactor 
and the expertise in metabolic engineering of Chinese hamster ovary (CHO) cell lines of 
Professor Susan Sharfstein at SUNY Poly CNSE and her long-time collaborator, 
Professor Robert Linhardt at Rensselaer Polytechnic Institute (RPI). The Express® 
bioreactor is a high performance, cell-culture bioreactor in which the cells are grown in a 
honey-comb mesh, continually bathed by a thin film of gently flowing culture media, 
experiencing essentially no shear-stress, while simultaneously exposed to optimized 
gas exchange. 
Professors Sharfstein and Linhardt had previously reported development of a CHO cell 
line in which the naturally produced heparan sulfate (HS) had been altered by metabolic 
engineering to produce a glycosaminoglycan (GAG) that more closely resembles 
anticoagulant heparin.[1, 2] If successful, this bioengineered heparin will ultimately be 
used as a substitute for animal-derived heparin, reducing the risks of adventitious 
agents and adulteration. A critical aspect of the success of creating a bioengineered 
heparin for commercial use is development of process conditions that will yield an 
adequate amount of product at a competitive cost. We hypothesized that the Express® 
bioreactor could be used to increase the productivity of the cell lines with no loss of 
product quality.  
All studies described here were performed using the Dual-29 (also referred to as D29) 
cell line previously described by Baik, et al.[1] This cell line, which is based on CHO-S®, 
a commercially available, suspension CHO cell line from ThermoFisher Scientific (Life 
Technologies), has been engineered to overexpress two critical enzymes in the heparin 
biosynthetic pathway, N-deacetylase sulfotransferase 2 (NDST2) and 3-O 
sulfotransferase 1 (3OST-1).  
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The Sharfstein laboratory evaluated the productivity of the “heparin-producing” cultures 
and optimized feed conditions to improve the cell growth, productivity, and sulfation 
patterns in traditional, stirred-tank bioreactors. Two fed-batch bioreactor runs were 
performed in a classic stirred tank bioreactor (2-liter Biostat B bioreactor with 1 liter 
working volume) as shown in Figure 1 below. The maximum viable cell density was ~4 
x106 cells/ml, similar to that obtained in fed-batch shaker studies; however, the culture 
duration was extended to nearly 14 days, yielding an integrated viable cell density of 35 
x106 cells/mL*day for the first bioreactor run and 25 x106 cells/mL*day for the second 
bioreactor run (Figure 1a, top and middle panels). The final GAG concentration was 
approximately 60 µg/mL in run 1 and 80 µg/mL in run 2 (Figure 1a, lower panel), about 
10% of our long-term target values.  
As seen in Figure 1b (top panel), the alternating glucose / Efficient Feed B feeding 
regimen was able to maintain the glucose concentration > 2 g/L for the entire culture 
duration (with the exception of some process deviations early in run 1). In both runs, a 
lactate shift was observed at ~4-6 days in culture, with final lactate concentrations below 
1 g/L (Figure 1b, second panel). The glutamine was depleted somewhat more rapidly 
than in shake-flask cultures, being completely exhausted by day 5 (Figure 1b, 3rd 
panel). This coincided with a cessation of cell growth, but did not result in a dramatic 
decrease in cell viability. Ammonia levels were significantly lower than in shake-flask 
studies (Figure 1b, 4th panel) remaining below 0.3 g/L, possibly due to improved 

Figure 1: (a) Growth and productivity and (b) metabolism for Dual-29 
cells grown in stirred tank bioreactors under fed-batch conditions 
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oxygen and pH control. The reduced ammonia levels may have contributed to improved 
culture viability late in culture, allowing for extended culture. Despite the feeding, some 
nutrient depletion was still observed, particularly cystine and ethanolamine.  
Disaccharide analysis of the GAGs produced showed that the majority of the GAGs 
were N-sulfated with small amounts of disulfated GAGs and no detectable trisulfation 
(Figure 2). We further measured the anticoagulant activity of the GAGs produced in the 
stirred-tank bioreactors (Table 1). We found that the anticoagulant activity in the 
medium corresponded to 21.4 ng/mL of heparin and the overall yield for the fed-batch 
process was 32 µg, corresponding to a production rate of 2.3 µg. These results have 
been submitted for publication.[3] 

Table 1: Anticoagulant activity of GAGs produced by cultured Dual-29 CHO cells 
Sample Anticoagulant activity 

(ng/mL heparin 
equivalent) 

Harvest 
volume 

(mL) 

Total heparin 
equivalent 
units (µg) 

Culture 
Duration 

(days) 

Productivity 
(µg/day) 

Stirred tank 
bioreactor 1 21.4 1500 32 14 2.3 

Express 
bioreactor 2 
harvest 1 

20.6 1000 20.6 3 6.8 

Express 
bioreactor 2 
harvest 6 

12.3 1100 13.5 7 1.9 

Express 
bioreactor 2 
total 

  68 28 2.4 

In parallel to the stirred tank cultures performed in 
the Sharfstein laboratory, we performed two 
Express® Bioreactor runs at Sepragen. The first 
bioreactor run focused on determining whether the 
cells would be retained in the bioreactor and 
maintaining cell viability. It was terminated after 42 
days when a contamination occurred. In this 
reactor run, cell culture medium was changed 
every 2-5 days in order to maintain adequate 
nutrients. While we were unable to quantitate the 
number of viable cells, the presence of a viable cell 
mass was verified by the consumption of nutrients 
and production of waste products as shown in 
Figure 3, left panels. In this experiment, the entire 
medium volume in the bioreactor (~1 liter) was changed at every feeding. While this 
approach maintained viable cells for an extended period of time, it led to a very dilute 
product stream, with GAG concentrations less than 10 µg/mL.  
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Figure 2: Disaccharide composition 
for GAGs purified from cell culture 
supernatants from stirred-tank 
bioreactors 
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To address the dilute 
product concentrations, we 
initiated a second run 
where medium was 
removed less frequently 
and feed supplements 
were added (Efficient feed 
B, glucose and 
Glutamax™). This reactor 
was also inoculated with a 
higher cell density of 2.5 x 
109 cells in 500 mL of 
medium. Complete media 
changes were performed 
on days 4, 7 and 13. This 
reactor run was 
maintained for 
approximately 29 days, at 
which point an exhaust 
filter clogged with 
condensate, creating back 
pressure that led the 
oxygen line to disconnect. 
Had this not occurred, we 
believe that the reactor run 
could have been maintained for two months without any difficulty. The nutrient profiles 
from this reactor run are shown in 
Figure 3, right panels. The 
glucose concentration was 
maintained at a somewhat higher 
level than in the first run; 
however, the lactate 
concentrations were similar. A 
bolus of Glutamax™ was added 
on day 8, which combined with 
the less frequent media changes, 
led to somewhat elevated 
ammonia levels. To determine 
the productivity of the reactor, 
harvested media was assayed for 
anti-coagulant activity as shown 
in Table 1. The anticoagulant 
activity in the medium ranged from 7 
ng/ml of heparin to 21 ng/mL ng of 
heparin. On the lower end, this is 
about half the concentration in the stirred tank bioreactor, while on the higher end, it is 

Figure 3:  Metabolic profiles for Dual-29 cells cultured in 
Sepragen Express bioreactors 

Figure 4: Disaccharide composition of GAGs 
isolated from repeated harvests from Sepragen 
Express® bioreactor run 2. 
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comparable. However, when the productivity per unit time is compared, the stirred tank 
bioreactor and Express® bioreactor show nearly identical productivity, despite the 
Express® bioreactor running for nearly twice as long.  
The GAG disaccharide composition from the second Express® bioreactor was also 
determined as shown in Figure 4. The composition remained fairly constant throughout 
the culture with a slightly higher level of unsulfated GAGs than seen in traditional stirred 
tank bioreactors (compare with Figure 2), but slightly lower than seen in shaker flask 
studies (data not shown).  
We subsequently completed a series of fed-batch shaker flask studies where we 
evaluated the effects of supplementing the culture medium with a bolus of either 
Glutamax™, cysteine (a sulfur source) or a combination of the two. Interestingly, the 
amount of GAGs produced by the cysteine supplemented cultures were lower than the 
controls, but the anticoagulant activity was higher, suggesting that supplementation with 
a sulfur source improves the anticoagulation activity (Table 2). We did not see any 
effects on GAG disaccharide composition, but the critical structure for anticoagulant 
activity is a tetrasaccharide structure that cannot be easily detected using LC/MS 
techniques.    
We subsequently performed two fed-batch bioreactor runs (run 3 and run 4) using the 
Sepragen Express® bioreactor in the Sharfstein laboratory (one currently in progress) to 
evaluate a similar feeding strategy as used in the traditional stirred-tank bioreactors.  
 

As we were unable to 
measure the viable cell 
density and viability during 
the culture, we assayed the 
samples for the presence of 
lactate dehydrogenase 
(LDH), to obtain a measure of 

cell health. LDH is commonly released upon cell lysis and can be used as a marker for 
cell death. As shown in Figure 5 (left panel), the LDH levels were maintained at a very 
low level for the first ~ 2 ½ weeks in culture. As the glucose levels decreased, we 
observed an increase in LDH, which was dramatically reduced after feeding. 
Interestingly, at ~23 days in culture, the LDH levels began to rise, and this rise was not 
eliminated by feeding with Efficient Feed B. This rise coincided with complete 
consumption of glutamine, which is absent from the Efficient Feed B. Hence, cell death 
could be caused by nutrient depletion. Alternatively, it could be due to buildup of other 
toxic metabolites or excessive osmolarity. This behavior suggests that a buildup of LDH 
that is not alleviated by feeding could be used as a criterion for a complete medium 
replacement.  
 
To determine the product quality and yield, Factor Xa anticoagulant assays and Alcian 
blue GAG assays were performed on the bioreactor samples as well (Figure 9, center 
and right panels, respectively). As shown in Figure 5, both the anticoagulant activity and 
the total GAG concentration increased continuously until approximately 15-17 days in 
culture at which time both appear to plateau. Beginning at ~20-23 days in culture, both 

Table 2: Effects of medium supplementation on anticoagulant 
activity 

Culture condition Specific anticoagulant activity 
(normalized to control) 

Control 1 
Glutamax™ bolus 0.89 
Cysteine bolus 2.49 
Glutamax™ and cysteine bolus 1.56 
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Figure 5: Lactate dehydrogenase activity (left panel), Factor Xa anticoagulant activity (center 
panel), and total GAG concentration (right panel) in Sepragen Express® bioreactor run 3. This 
reactor was run in fed-batch mode, similar to the stirred-tank bioreactor.  

the anticoagulant activity and the total GAG concentrations begin to decline, with a 
more pronounced decline in anticoagulant activity. These changes correlate well with 
the initial appearance of significant amount of lactate dehydrogenase and with its 
prolonged accumulation (Figure 9 left panel), again suggesting that LDH accumulation 
might be a signal for medium exchange. The decrease in activity could be caused by 
degradation of the GAGs or by loss of critical sulfation that is necessary for 
anticoagulant activity. The decrease in GAG concentration and the more pronounced 
decrease in anticoagulant activity suggest that both degradation and desulfation are 
likely occurring. The medium was changed after 27 days in culture, and we are currently 
evaluating the total GAG concentration in samples purified from the collected spent 
medium as well as determining the specific activity of the GAGs. Unfortunately, the 
reactor became contaminated upon medium exchange. We have implemented some 
engineering modifications of the system to prevent future occurrences.  
 
TOPIC 2: Understanding the Factors that Control Rapid Microbial Growth in a pH 
Auxostat 
 
The factors that control microbial growth rates have been studied for decades, as the 
ability to control growth is critical to both microbial physiology and pathology. [4, 5] To 
survive and propagate in response to a change in environmental conditions, cells must 
adapt using one or both of two mechanisms: i) altering the expression or activity of 
existing genes and their protein products and/or ii) modifying their DNA sequences. 
Despite extensive study of growth mechanisms, many questions remain unanswered. 
Evaluation of global genetic changes in response to environmental perturbations has 
only become feasible recently with the development of next-generation sequencing 
(NGS) technologies. In a pH auxostat, microbial cells can be adapted to grow at very 
rapid rates (doubling times ~15 minutes) in relatively lean media over the course of 
several days. [6-8] Once adapted, the cells can be maintained at this growth rate, under 
steady-state conditions for extended periods, thus creating a novel culture system for 
investigation of the physiological changes that occur upon adaptation to very rapid 
growth. Studies on Escherichia coli MG1655 in our laboratory have demonstrated that 
the alternative RNA polymerase sigma factor, RpoS (σ38 or σS), a critical regulator of 
the general stress response, is induced under rapid growth conditions in a pH auxostat, 
despite adequate nutrient availability. This result is somewhat surprising as RpoS is 
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generally induced in microbial cells in response to cellular stresses, most notably 
nutrient starvation, whereas RpoS is generally down-regulated under conditions of rapid 
growth and nutrient excess. Preliminary whole genome sequencing identified deletion 
mutations in a number of membrane-associated proteins, particularly transport proteins, 
again a somewhat counter-intuitive result. Preliminary studies in our laboratory revealed 
a number of physiological changes upon culture at very rapid growth rates. As seen in 

Figure 6, the cell size increased 
significantly at faster growth rates, a 
phenomenon that has been observed for 
many years,[9] and only recently attributed 
to a change in UDP-glucose levels 
affecting cell division.[10] Preliminary gene 
expression studies in our laboratory using 
DNA microarrays identified a number of 
genes in the RpoS regulon that were 
differentially regulated under auxostat (AS) 
conditions when compared to chemostat 
conditions at low dilution (LD) rate (0.016 
min-1 ≈ 42 minute doubling time) in a 
manner consistent with RpoS upregulation 
(Table 3). The majority of the genes 

showed a similar regulation pattern (usually to a lesser extent) in chemostat at high 
dilution (HD) rate 
(0.024 min-1 ≈ 28 
minute doubling time) 
when compared with 
low dilution rate, 
suggesting that 
expression changes 
are correlated with 
growth rate, i.e. the 
stress intensity is a 
function of growth 
rate. In these studies, 
cells were grown in 
M9 minimal media 
with glucose (M9) as 
the carbon source 
(final glucose 
concentration 10 g/L) 
and 2 g/L of yeast 
extract. Cells were 
inoculated in a batch 
culture mode, and 
then switched to 
chemostat mode with  

Figure 6: Photomicrographs of E. coli cells 
from low dilution chemostat culture (left panel) 
and auxostat culture (right panel). All images 
taken at 100X magnification. Cells from 
auxostat culture are 2-3 times longer than 
those from chemostat culture.  

Figure 7: Western blot of RpoS expression from (a) bioreactor samples 
and (b) batch shake flask studies. LD-chemostat, low dilution rate; HD-
chemostat, high dilution rate; AS-auxostat culture; M9(E)-M9 medium, 
exponential phase; M9(S)-M9 medium, stationary phase; LB(E)-LB 
medium, exponential phase; LB(S)-LB medium, stationary phase. All 
sample lanes were loaded with 4.4 µg of total protein. Protein loading 
was verified by Coomassie staining. 

b a 

AS MW HD LD MW AS MW HD LD MW 
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increasing dilution rates as steady state was obtained. Once steady state was obtained 
at the high dilution rate, cultures were switched to auxostat mode with a pH setpoint of 
6.5. At auxostat steady state, the approximate dilution rate and doubling time were 
0.044 min-1 and 15 minutes, respectively.  
 
Since many of these genes could be regulated through other cellular stress 
mechanisms, we verified the levels of RpoS by Western blotting as shown in Figure 7a. 
While RpoS was present under all conditions, it was significantly increased in auxostat 
relative to chemostat cultures (~2-fold by densitometry analysis). As a control, we 
determined the expression levels of RpoS for cells grown in batch shake flask cultures 
in either M9 medium (again supplemented with 10 g/L of glucose and 2 g/L of yeast 
extract) or LB medium (Figure 7b). Interestingly, the highest levels of RpoS were 
observed during exponential phase in M9 medium while virtually no expression was 
observed in exponential phase in the rich LB medium, consistent with other 
observations in the literature.  
 

In addition to the genes that were regulated by RpoS in a similar manner as described 
by other groups examining RpoS induction by other mechanisms, we observed that a 
number of RpoS-regulated genes exhibited behavior contradictory to that previously 
reported.[11-15] Surprisingly, the transcription of succinate dehydrogenase (SdhABCD), 
which is negatively regulated by RpoS,[14] was up-regulated more than 25-fold in 
auxostat, and fumarate reductase (FrdABCD), which is positively regulated by RpoS 
and is known to work under anaerobic conditions[16], was down-regulated significantly. 
Hydrogenase 1 genes (hyaABC), known to be induced under anaerobic conditions, 
were down-regulated more than 9-fold in auxostat.[17] Cytochrome b oxidase genes 

Table 3: Differentially expressed genes consistent with RpoS induction 

GENE 
NAME 

GENE 
NUMBER FUNCTION 

AS-LD 
Fold 

change 
Genes positively regulated by RpoS 

bolA b0435 regulator of penicillin binding proteins and beta lactamase 
transcription (morphogene) 1.9 up 

aldB b3588 aldehyde dehydrogenase B 1.4 up 
csgA b1042 cryptic curlin major subunit 1.8 up 
csgB b1041 curlin nucleator protein, minor subunit in curli complex 2.5 up 
csgC b1043 predicted curli production protein 1.6 up 

glpD b3426 sn-glycerol-3-phosphate dehydrogenase, aerobic, 
FAD/NAD(P)-binding 8.5 up 

pqiA b0950 paraquat-inducible membrane protein A 2.5 up 
pqiB b0951 paraquat-inducible protein B 1.8 up 
proP b4111 proline/glycine betaine transporter 2.1 up 
topA b1274 DNA topoisomerase I, omega subunit 2.4 up 
xthA b1749 exonuclease III 2.7 up 
ycgX b1161 predicted protein 4.3 up 

Genes negatively regulated by RpoS 
aceB b4014 malate synthase A 2.6 down 
aceB b4015 isocitrate lyase 2.3 down 
glnQ b0809 glutamine transporter subunit 1.8 down 
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(cydA), which are also expressed under oxygen-limited conditions, were also down- 
regulated more than 7-fold in auxostat culture, again suggesting a complex regulatory 
process. Since many of these genes are oxygen regulated, one of our project goals is to 
create a bioreactor where we have control of dissolved oxygen so the aerobic state of 
the culture can be controlled independently of the growth conditions, which may help to 
deconvolute these results. 
In addition to the RpoS regulated genes, we observed a number of iron-transport-
related genes up-regulated as shown in Table 4. All of these genes are putatively 
controlled by RpoD; however, their expression was still increased significantly. 
Interestingly, expression of rsd, the anti-sigma factor that binds to RpoD and blocks its 
interaction with RNAP, was up-regulated three-fold under auxostat conditions (rsd is 
positively regulated by RpoS); however, this did not appear to inhibit the strong 
activation of these genes. The activity of the iron transporters was confirmed by 
measuring the cellular iron content by inductively coupled plasma mass spectrometry 
(ICP-MS) as shown in Table 5. The cellular ion content varied little between batch and 
chemostat cultures regardless of the medium but was increased ~four-fold in auxostat 
conditions.  
As cellular 
responses to 
environmental 
perturbations may 
also occur at the 
genetic levels, we 
performed some 
preliminary  
genome-scale sequencing of cultures grown in 
chemostat at LD, HD and in auxostat conditions and 
compared them to the MG1655 reference genome. The 
sequencing was performed on DNA purified directly 
from culture samples rather than individual colonies. 
Hence, while there were several hundred putative 
mutations identified, we focused on mutations that 
occurred in 100% of the reads from each culture 
condition and mutations that were not seen under all 
culture conditions. 
 
From these putative 
mutations, we identified 16 
deletion mutations, 7 from 
the auxostat conditions as 
shown in Table 6. Notably, 
a number of the mutations 
involve transport proteins, 
suggesting a growth advantage in selecting against transporters of certain secondary 
metabolites. helD encodes an ATP-dependent DNA helicase IV, which is involved in 
DNA recombination and its mutation may facilitate accumulation of mutations. hupA 

Table 4: Iron-related genes induced in auxostat 
Gene name Gene number Function AS-LD fold change 
fhuF b4367 Iron hydroxamate transport 10.190up 
cirA b2155 Colicin І receptor 16.361 up 
fepD b0590 Iron enterobactin transport 23.040 up 
entC b0593 Enterobactin biosynthesis 70.606 up 
fiu b0805 Iron transport 50.722 up 
entB b0595 Enterobactin biosynthesis 21.269 up 

Table 5: Cellular iron 
concentrations determined by 
ICP-MS 
Sample Iron conc. (mg/L) 
LB 
exponential 

0.24 

LB stationary 0.15 
Low dilution 0.14 
High dllution 0.18 
Auxostat 0.81 

Table 6: Deletion mutations observed in auxostat culture 
Gene name Gene number Function 
speD b0120 Adenosylmethionine decarboxylase 
yadH b0128 ABC superfamily efflux transporter 
codB b0036 Cytosine transporter 
held b0962 DNA helicase 
yidD b4557 Putative membrane protein insertion factor 
bglF b3722 Sugar transporter 
hupA b4000 Transcriptional regulator 
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encodes for a subunit of the nucleoid-associated protein HU, which plays a role in 
stimulating translation of RpoS, suggesting an additional possible strategy for down-
regulating RpoS other than mutation of RpoS itself. We are currently confirming these 
preliminary results with Sanger sequencing of the genes of interest. 
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RNA-Based Nanotechnology (Tenenbaum Group)  
 
Scope: All areas of RNA molecular biology, including gene expression, genomics, 
and cancer biology 
 
Goals: To utilize nanoscale technology to study the role of RNA as a gene 
regulator and to develop RNA based nanotechnologies  
 
2014 Accomplishments  
 
TOPIC 1: sxRNA: An RNA-based Nanoswitch 
 
Most medicines interact with proteins in the body, but more recently gene therapies 
have targeted DNA directly to affect bodily functions. That leaves a third class of 
molecules completely untapped in terms of medical interventions–RNA. We have found 
a way to target and report the presence of any RNA of interest in a living cell. We 
developed a nano-based technology called sxRNA that can be injected into cells to 
seek out a specific RNA molecule. If the target is found, the sxRNA switches on the 
expression of a reporter gene that glows – literally functioning as an indicator light. 
Accurate reporting of the presence of an RNA molecule could be used to diagnose 
certain diseases in which certain genetic pathways are overactive and cause pathology. 
The invention has been patented as a platform technology. That means that rather than 
creating a single diagnostic or therapeutic tool, the Tenenbaum group is developing the 
process to be applicable to any medical intervention that involves RNA molecules. In 
the future, we envision possibilities where instead of creating a mere signal for the 
presence of a particular RNA, the sxRNA could switch on a gene that repairs faulty cell 
function or a gene that causes the self-destruction of a cancer cell. When fully 
developed, the sxRNA platform technology will not only represent a powerful new 
molecular tool, but will also have tremendous potential for the development of novel 
therapeutics, anti-virals, and even imaging applications with substantial impact on a 
multibillion dollar industry. “We have developed a novel, breakthrough technology that 
acts as a Nano-switch mechanism to turn ‘on’ and ‘off’ expression of a protein using 
RNA rather than DNA. No other RNA-based technology allows a similar control of 
protein expression, and we believe that this RNA-based, Nano-switch platform 
technology, called structurally interacting RNA (sxRNA), has the potential to replace 
gene therapy and create an entire new therapeutic class commanding a market value of 
several billion dollars.” sxRNA has the potential to represent a new category of 
molecular tool/therapeutic that uses the specificity of unique miRNA (or other non-
coding RNA) expression to turn “ON” the expression of a gene to repair or kill the cell. 
We have biophysically characterized in vitro a switch that demonstrated increased 
binding (by as much as 5X) for the histone stem-loop binding protein (HSLBP). These 
findings were validated in vivo successfully. 
. 
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TOPIC 2: Effect of Nanoenvironments on Cancer Metastasis 
 
There is a growing need for the development of novel platforms to study the metastatic 
phenotype of cancer cells and their differences from non-metastatic cells from the same 
line. Our lab’s focus is to utilize recent advances in the field of nanolithography to 
design surface topographies that mimic physical features of the extracellular matrix 
(ECM) to better elucidate these effects. These defined features will be utilized to 
investigate fundamental mechanistic questions on the unique ability of metastatic tumor 
cells to sense and respond to physical cues at this scale. In addition to these features, 
we would also like to investigate the effects of combining these responses to physical 
cues with known responses to chemotactic and other chemical gradients to better 
understand their combinatorial effects on cancer cell lines.  
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In this regard our preliminary data show that interactions with nanoscale topographies 
are enhanced in metastatic bladder tumor cells as compared to their non-metastatic 
counterparts. Our data suggest that these unique cellular interactions with lined 
nanotopography below 100nm could be utilized to distinguish metastatic from non-
metastatic cells. This observation is based on key differences in cell morphology, 
directional migration, anisotropy to underlying features, length, and alignment of 
filopodia and differential pro-migratory signaling. Our next major focus will be to 
integrate the effects of photodefined gradients with these features for a better 
understanding of the total system as well as expanding to encompass several varieties 
of ovarian cancer. This work shows early indication of the mechanisms underlying 
cancer cell metastasis. We have established an ongoing and active cancer metastasis-
working group at CNSE, including faculty members Nadine Hempel, Andre Melendez, 
Scott Tenenbaum, and Timothy Groves.  
 
 

 
 
Figure 2: Metastatic Cells on Nanotopography. 253J-BV are metastatic bladder cancer cells 
derived from the non-metastatic tumor cells 253J.  This highly metastatic line was grown both flat 
and patterned pieces of wafer and grown for 24 hours.  Cells were then fixed and dehydrated 
before being imaged with ESEM. 
 
TOPIC 3: Carbon Nanotube Field Effect Transistors as a Multimodal Biosensor 
 
Carbon nanotube field effect transistor (CNTFET) is widely recognized as an excellent 
platform for chemical and biological sensing. These nanotube/nanowire-based field 
effect transistors are considered to be suitable candidates to potentially replace the 
current patch-clamp techniques used to study the electrophysiology of cells. Our unique 
device (CNTFET) design allows us to take advantage of the cell’s natural tendency to 
prefer lower trench regions to grow when allowed to proliferate on a surface with varying 
topography. These cells in the trench interact with suspended carbon nanotubes, which 
run across the trench, connecting the two metal contact terminals on either ends. The 
working principle is that when a voltage bias is applied across the terminals, the cell 
acts as gate material and effectively changes the current flowing through the carbon 
nanotube. This results in a characteristic current-output. Cells based on its physiological 
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state, type, and condition give different characteristic outputs. The device can thus act 
as a sensor for study cellular activity. We tested our devices for such biosensor 
applications by growing M4A4 human breast cancer derived cells on them and found 
that the interaction with the carbon nanotubes did not dramatically reduce the integrity 
of the cell membrane. The cell proliferation and growth were normal. The results 
obtained are encouraging for potentially developing our device as a real-time biosensor. 
Our future goals involve developing methods for electrical passivation of the metal 
contacts. This project is done in collaboration with Ji Ung Lee. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3: (Left) Schematic of the suspended SWNT device. The M4A4 cell travels into the trench 
that the suspended SWNT spans, resulting in partial insertion of the nanotube’s suspended 
portion into the cell, with the nanotube remaining functional. (Right) An SEM image of the fixed 
M4A4 cell and the suspended SWNT showing the location of the carbon nanotube within the cell.   
 
 
Further Accomplishments: 
Patent: Trans-acting RNA switches, US 8841438 B2 
 
ABSTRACT 
Disclosed are RNA constructs which function to activate or inactivate a biological process, e.g., may be 
designed for attachment to a polypeptide coding region. Such RNA constructs modulate translation of a 
polypeptide from the coding region in response to the presence of a target polynucleotide in an 
expression environment. Such RNA constructs include a weakened stem-loop structure which, when 
bound to the target polynucleotide, assumes stem-loop secondary structure and associates with an RNA 
binding protein. Association with the RNA binding protein modulates translation of the polypeptide coding 
region. Such RNA constructs also have three-way junction joining regions 3′ and 5′ of the stem-loop 
structure. 
 
Papers: 
1) Metastatic bladder cancer cells distinctively sense and respond to physical cues of collagen fibril-
mimetic nanotopography. Iuliano JN, Kutscha PD, Biderman N, Subbaram S, Groves TR, Tenenbaum 
SA, Hempel N. Exp Biol Med (Maywood). 2014 Dec 2. pii: 1535370214560973. [Epub ahead of print] 
 
2) Identification of SMG6 cleavage sites and a preferred RNA cleavage motif by global analysis of 
endogenous NMD targets in human cells. Schmidt SA, Foley PL, Jeong DH, Rymarquis LA, Doyle F, 
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Tenenbaum SA, Belasco JG, Green PJ. Nucleic Acids Res. 2015 Jan 9;43(1):309-23. doi: 
10.1093/nar/gku1258. Epub 2014 Nov 27. 
 
3) Nanomanipulation of single RNA molecules by optical tweezers. Stephenson W, Wan G, 
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Nanobioengineering Stem Cell Technology  
 (Xie Group)  

 
Scope: Nanobioengineering pluripotent stem cell microenvironments, cell-cell 
communications, advanced biomanufacturing and eye tissue engineering 
 
Goals: Create 3D µ-tissue complex for understanding stem cell-cancer cell 
interactions, adipogenesis, trabecular outflow and retina function, leading to 
better restriction and treatment of cancer metastasis, obesity, and eye diseases.  
 
2014 Accomplishments  
 
TOPIC 1: Bioengineering Embryonic Stem Cell Microenvironments to Understand 
Mechanistic Convergence in Stem Cell Development and Cancer Metastasis  
 
Cancer cells share anatomical and physiological characteristics of stem cells, such as 
indefinite proliferation and self-renewal, cellular differentiation and pluripotency gene 
expression. Cancer cells have been linked to embryonic stem cells (ESCs) since the 
convergence of embryonic signaling pathways in cancer, which drive self-renewal and 
proliferation. In ESCs, this signaling is tightly controlled, allowing the proper timing and 
sequence of events during embryonic development. However, invasive cancer cells 
display mis-expressed signaling components, leading to deregulated signaling that 
cause aberrant proliferation and metastasis. Embryonic microenvironments have great 
potential to correct these signaling pathways in cancer and reprogram invasive cancer 
cells to less aggressive phenotype (International Journal of Molecular Sciences, 2011; 
Biotechnology Journal, 2013). 
 
We demonstrated that an in vitro embryonic microenvironment could be constructed by 
culturing undifferentiated mouse ESCs in alginate hydrogels (Biomaterials, 2011a).  Our 
previous studies showed that exposing highly invasive rat breast cancer cells to 
bioengineered ESC microenvironments (ESC-hydrogel microbeads) restricts cancer cell 
proliferation, migration and oncogene expression (Biomaterials, 2011b), indicating that 
secreted factors from ESC microenvironments could restore abnormal cell signaling in 
cancer. We further demonstrated that bioengineered mouse ESC microenvironments 
could restrict the proliferation and metastatic potential of human invasive breast cancer 
cells. The degree of restriction could be enhanced by changing the ESC 
microenvironments from microbeads to microstrands. By designing the hydrogel 
microstrand with a diameter less than 200 µm, which is within the diffusion limit, a 
favorable microenvironment for ESC self-renewal and soluble factor secretion is 
provided. We discovered that mouse ESCs in microstrands with optimized conditions 
could inhibit human metastatic breast cancer cell proliferation, migration, and invasion 
as well as shift and cancer metabolism and cell cycle. This bioengineering approach 
provides a new avenue for better understanding convergent signaling in embryonic 
stem cells and cancer, leading to restriction of metastatic diseases. 
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TOPIC 2: Identify the optimal substrate chemistry for pluripotent stem cells and 
retinal pigment epithelial cells 
 
Engineering the surface chemistry at the nanoscale has great potential to provide 
optimal cell adhesion, long-term maintenance of pluripotent stem cells, and control of 
stem cell fate decisions. A chemically defined robust synthetic substrate is desirable for 
the development of a uniform culture system for pluripotent stem cell expansion and 
directed differentiation (BioNanoScience, 2012). With the aim of synthesizing a 
chemically defined substrate for expanding ESCs in an undifferentiated state, we have 
successfully identified the optimal surface chemistry of the substrata for ESC adhesion 
and long-term self-renewal in 2D and 3D. This is collaborative effort with Professor 
Georges Belfort at Rensselaer Polytechnic Institute.  
 
Using a rapid high-throughput photo-induced polymerization and screening platform 
from a comprehensive library of 66 monomer-grafting membrane surfaces, we first 
identified the optimal substrate for mouse ESC attachment and confirmed its support of 
the expansion and pluripotency of ESCs (Macromolecular Bioscience, 2013). We further 
scaled up this optimal synthetic surface chemistry to 3D fibrous matrices using plasma-
induced graft polymerization and demonstrated that it strongly influences pluripotent 
stem cell growth and maintenance of pluripotency (Macromolecular Bioscience, 2014).  
Furthermore, we successfully incorporated this optimal surface chemistry into an FDA-
approved, natural hydrogel system and demonstrated that it provided an adhesive 
hydrogel system for self-assembly of ESCs in 3D. In addition, we identify the surface 
chemistries that support human retinal pigment epithelial cell attachment and functional 
cobblestone formation as well, using the established high-throughput polymerization 
and screening system. These studies provide a new avenue to study the control of 
surface chemistry for stem cell growth and differentiation. 
 
TOPIC 3: “Brown Fat in a µ-Tube”⎯Bioengineering Embryonic Stem Cell 
Microenvironments for Adipogenesis 
 
Adipocytes play a key role in the development of obesity and metabolic consequence.  
There are two types of fat cells in the body: white adipocytes for energy storage and 
brown adipocytes for energy expenditure. While white adipocytes have been well 
studied, the development, function, and therapeutic potential of brown adipocytes have 
only recently attracted more attention due to the re-discovery of brown fat in adults.  
Brown adipocytes are enriched in mitochondria and uniquely express uncoupling protein 
1 (UCP-1), allowing energy expenditure and thermogenesis by oxidizing the excess fat 
in the body. It demonstrates that increasing the amount and function of the brown fat 
may treat obesity and prevent type-2 diabetes and other metabolic disorders. The 
therapeutic potential of the brown fat creates significant impetus to understand the 
cellular and molecular aspect of brown adipogenesis.   
 
The ability to create an engineered hydrogel microenvironment and manipulate the 
differentiation of embryonic stem cells to brown fat cells will advance the understanding 
of early events during brown adipogenesis, leading to new strategies to prevent and 
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treat obesity and other diseases. We demonstrated that mouse ESCs could be cultured 
in high density in 3D alginate hydrogel microtubes (200 µm in diameter) and 
differentiated into UCP-1+ brown fat cells with high efficiency, forming “Brown Fat in a µ-
tube.” The “Brown Fat in a µ-tube” expressed higher level of brown fat marker 
expression than conventional 2D differentiation. In particular, the “Brown Fat in a µ-
tube” is responsive to adrenergic stimulation, indicating the potential for obesity drug 
screening and testing. It provides a unique brown adipocyte culture system and allows 
unprecedented understanding of brown adipogenesis, leading to new therapeutic 
strategies for obesity. 
 
TOPIC 4: “Trabecular Meshwork Engineering”⎯Bioengineering Trabecular 
Meshwork for High-Throughput Anti-Glaucoma Drug Screening and Discovery 
 
Glaucoma is an age-related disease and the leading cause of irreversible blindness. It is 
predicted that the number of people with glaucoma worldwide will reach 79.6 million by 
2020. The vision loss in glaucoma is caused by the permanent optic nerve damage due 
to increased intraocular pressure (IOP). IOP is determined by the balance between 
aqueous humor production and elimination (so called outflow). Human trabecular 
meshwork (HTM) controls the aqueous humor outflow and determines the IOP which is 
the only modifiable risk factor of glaucoma. However, the lack of a proper in vitro model 
of the HTM severely limits advances in understanding outflow physiology and 
discovering IOP-lowering anti-glaucoma therapeutics.  
 
To overcome this technological barrier, we recreated functional 3D HTM constructs 
using micro-/nanofabricated porous matrices for understanding the outflow physiology in 
response to medication (Biotechnology and Bioengineering, 2013). We demonstrated 
that HTMs cells cultured on microfabricated, well-defined, porous SU-8 scaffolds which 
simulate the HTM microenvironment structurally and chemically, and mimicked the 
morphology, biological feature, and outflow physiology of HTM in vivo. In particular, the 
bioengineered HTM is responsive to biological agents in the manner as seen in vivo.  
For example, after being treated with prednisolone acetate, a glucocorticoid that can 
induce glaucoma state, 3D HTM, exhibited increased ECM deposition, myocilin 
expression, and flow resistance.  On the contrary, the challenge of intraocular pressure-
lowering agents, including Latrunculin B and Rho kinase inhibitor, which are anti-
glaucoma agents, could decrease the flow resistance and increase the outflow facility.  
These results validate the feasibility of using the bioengineered 3D HTM model anti-
glaucoma drug screening and testing. Furthermore, we successfully built a 3D HTM 
complex by co-culturing HTM and human Schlemm’s canal (HSC) cells on different 
sides of the SU-8 scaffold to better recapitulate the architecture and outflow physiology 
of the outflow tract. Additionally, we were able to differentiate human microvascular cells 
into HSC-like cells during co-culture with HTM cells, offering an alternative HSC source 
for establishing high-throughput 3D HTM complex for drug screening. This project is a 
multidisciplinary, collaborative effort with Dr. Danias, a physician in Ophthalmology, and 
Professors Sharfstein and Bergkvist at SUNY Poly CNSE. Bioengineered 3D HTM 
offers an in vitro model system for understanding HTM physiology and high-throughput 
screening of pharmacological or biological agents that affect trabecular outflow facility in 
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humans, leading to drug discovery and effective treatment of glaucoma (Biotechnology 
Advances, 2014). 
 
TOPIC 5: Development of Delivery Vehicles for Retinal Stem Cell Therapy 

 
A healthy retina is essential for good vision. The pigmented layer of retina⎯retinal 
pigment epithelium (RPE) helps nourish and support the retina. The structural and 
functional integrity of the RPE is vital for maintaining the health and function of the 
retina. Unfortunately, progressive deterioration of RPE occurs in elderly individuals, 
resulting in visual impairment and ultimately blindness-causing diseases, such as age-
related macular degeneration (AMD). There is a significant unmet medical need for 
treatment of AMD that could replace both RPE cells and the surface of the matrix.  
 
RPE cell replace therapy is promising to treat AMD. However, RPE injection presents a 
potential challenge since it has been documented that cell death, leakage and migration 
from the injection site occurs when RPE cells are delivered as a single cell suspension 
in saline. Therefore, it is essential to keep cells suspended in a thickening 
agent/injection vehicle that could maintain high cell viability during storage and 
transport, slow down cell settling during injection, facilitate RPE cells’ reattachment to 
Bruch’s membrane and/or promote RPE reconstruction as well as retinal function. In 
collaboration with Dr. Sally Temple’s group, we examined FDA-approved hydrogel 
materials as injection vehicles for delivery of human retinal pigment epithelial stem cell 
(RPESC)-derived RPE to sub-retinal space. We identified the potential injection vehicles 
that support RPESC growth, cobblestone formation, and RPE marker expression. It 
offers a new avenue to RPE cell replace therapy. 
 

 
Figure 1: Scheme of bioengineering 3D µ-tissue complex for understanding diseases, drug 
screening, tissue engineering, and cell therapy. 
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Ion Beam Laboratory (H. Bakhru and M. Huang) 
 

Scope: Ion beam characterization (RBS, NRA, PIXE, High-Res RBS, microbeam) 
and fabrication (ion implantation) 
 
Goals: Fabrication and characterization of nanoscale and microscale devices and 
structures for electronic, photonic, and spintronic applications 
 
2014 Accomplishments  
 
TOPIC 1: Fabrication of Embedded Ni Nanoparticles in Silicon for Spintronic 
Applications 
 
Fabrication of Ni nanoparticles using H+ and Ni+ ion implantation and annealing has 
been achieved with the Extrion 400kV implanter. RBS/C analysis was performed on the 
4MeV Dynamitron to characterize the implantation damage at both ion ranges. Depth 
profiling and magnetic measurements confirmed that Ni nanoparticles formed are 
responsible for magnetic properties varying from paramagnetic to ferromagnetic-like 
behavior, with magnetism persisting at room temperature. 
 
Electrical characterization of the samples to 
determine the magnetoresistance (MR) of 
the magnetic nanoparticle layer are being 
performed in a 2-terminal vertical geometry. 
A positive magnetoresistance of 10.6% at 
300K and 2.5T field has been observed to 
increase with decreasing temperature (300-
50K). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figures show high-resolution TEM and RBS/C 
spectra for H+Ni and only Ni implanted samples   
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Figures show the magnetization vs. field, schematic of MR device and the Voltage vs. field curves 
for positive and negative current injections respectively. The dependence of the magnitude of 
magnetoresistance on the direction of current flow indicates there is a dependence on the carrier 
type induced into the magnetic nanoparticle layer. 
 
G. Malladi, M. Huang, T. Murray, S. Novak, A. Matsubayashi, V. LaBella, and H. Bakhru. Synthesis and 
properties of ferromagnetic nanostructures embedded within a high-quality crystalline silicon matrix via 
ion implantation and nanocavity assisted gettering processes. J. Appl. Phys. 116, 054306 (2014) 
 
TOPIC 2: Rutherford Backscattering/Channeling, Micro-Raman, and Induced 
Selective Etch Studies on He- and Heavy-Ion Implanted Single Crystal LiNbO3: 
Micro-Raman Study of Helium-Ion-Induced Radiation Damage in Single Crystal 
LiNbO3 
 
By probing abruptly patterned implanted samples, we show that the spatial two- 
dimensional mapping of the Raman spectral peaks can be used to image the crystal 
strain field resulting from ~MeV He+ patterned implant and determine its absolute 
magnitude. 
 
The following figures show the two-dimensional (2D) Raman mapping on a patterned-
implanted sample: (a) High contrast imaging of peak positions of the A1(TO4) mode 
between implanted (I) and unimplanted (II) regions. 
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2D Raman mapping of the evolution of damage after annealing for 30 minutes at different 
temperatures. 
 
TOPIC 3: Rutherford Backscattering/Channeling, Micro-Raman, and Induced 
Selective Etch Studies on He- and Heavy-ion Implanted Single Crystal LiNbO3: 
Helium-Ion-Induced Radiation Damage in a LiNbO3 Thin-Film (~10 µm-thick) 
Electro-Optic Modulator  
 
MeV He+ ion induced damage is experimentally investigated. The results demonstrate a 
degradation of the device performance in the presence of He+ irradiation at doses of 

Active mode 
(631cm-1) 

 
 
 
 
 

Forbidden mode 
(875cm-1) 
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1016 cm-2. The extinction ratio and insertion loss are compared for virgin and irradiated 
films show that the presence of the He+ stopping region, which determines the degree 
of overlap between the ion-damaged region and the guided optical mode, plays a major 
role in determining the degree of degradation in modulation performance. The strain 
and scattering from interstitials and crystal defects (partial loss of crystallinity) are found 
to give rise to degradation of the device modulation. 
 

 
     Optical images of a side view of the CIS film before and after PLA (Post Liftoff Annealing) 
 

 
 
Figure shows an electro-optic modulation using virgin LNTF: a ~10 dB extinction ratio 
(modulation depth of ~90%) with ~7.5 V-cm VπL parameters were measured. The device overall 
length is ~3.5 mm, with an effective electrode length of ~2.1 mm. 
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Hsu-Cheng Huang, Dadap Jerry I., Herman Irving P., Bakhru H., Osgood, R.M. Jr. Micro-Raman 
spectroscopic visualization of lattice vibrations and strain in He+- implanted single-crystal LiNbO3. Optical 
Materials Express, Volume 4, Issue 2, pp. 338-345, Feb 2014 
 
Hsu-Cheng Huang, Jerry I. Dadap, Girish Malladi, Ioannis Kymissis, Hassaram Bakhru, and Richard M. 
Osgood, Jr. Helium-ion-induced radiation damage in LiNbO3 thin-film electro-optic modulators. Optics 
Express, Vol. 22, Issue 16, pp. 19653-19661 (2014) 
 
Hsu-Cheng Huang, Jerry I. Dadap, Richard M. Osgood, Girish Malladi, and Hassaram Bakhru. Helium-
Ion-Induced Radiation Damage in LiNbO3 Thin Film Electro-Optic Modulators. CLEO: Science and 
Innovations, San Jose, California United States, June 8-13, 2014 
ISBN: 978-1-55752-999-2. Controlling Light in Resonators and Photonic Crystals (STu2H) 
 
TOPIC 4: Rutherford Backscattering/Channeling, Micro-Raman, and Induced 
Selective Etch Studies on He- and Heavy-ion Implanted Single Crystal LiNbO3: Ion 
Implantation Induced Modifications in Crystal Structure for Selective Etching in 
Congruent Single-Crystal LiNbO3 
 
The induced selective etching properties of LiNbO3 in a sample subjected to ion 
processing using sequential light- and heavy-ion irradiation are also investigated. It is 
found that single-energy amorphizing irradiation results in undercut etching at the 
interface, while multiple-energy irradiation yields sharper features. This technique 
enables ready fabrication and high-resolution patterning on freestanding thin films and 
other photonic structures. 
 
 

The device performance 
degrades, viz a ~9 dB 
additional waveguide loss, 
~5 dB lower extinction ratio 
and a ~73% increased VπL 
value indicating 
degradation for a dose of 
2×1016 cm-2. Figure shows 
the degradation of the 
extinction ratio using the 
normalized transmitted 
power for 3.6 MeV He+ 
irradiated condition. 
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RBS/C spectra showing peaks at the He and Fe implantation ranges indicating lattice damage for 
various samples. The etch pattern closely matches with the implanted range and the damage 
profile as observed from the SRIM simulations. 
 

 
 
 
(a) A sample irradiated with only single energy 800 keV Ar+ with a dose of 1×1015 cm-2. Due to the 
higher degree of damage close to the argon-ion stopping range (Rp), substantial lateral etching at 
~Rp is apparent, resulting in an undercut feature. (b) undercut feature can be suppressed by using 
multiple-ion-energy irradiation. 
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Other Publications 2014: 
 
Mengbing Huang and William Spratt, “Optical barriers, waveguides, and methods for fabricating barriers 
and waveguides for use in harsh environments,” United State Patent 8,852,695. 
 
V. Nikas, S. Gallis, M. Huang, A.E. Kaloyeros, A.P.D. Nguyen, A. Stesmans, V.V. Afanas'ev, “The origin 
of white luminescence from silicon oxycarbide thin films,” Applied Physics Letters 104, 061906 (2014). 
 
Perveen Akhter, Mengbing Huang, Nirag Kadakia, William Spratt, Girish Malladi and Hassaram Bakhru. 
Suppressing light reflection from polycrystalline silicon thin films through surface texturing and silver 
nanostructures. J. Appl. Phys. 116, 113503 (2014) 
 
Souhan B., Grote R.R., Driscoll J.B., Lu M., Stein A., Bakhru H., Osgood R.M. Metal-semiconductor-
metal ion-implanted Si waveguide photodetectors for C-band operation. Optics Express, Volume 22, 
Issue 8, pp. 9150-9158, April 2014 
 
Borja J., Plawsky J.L., Lu T.-M., Bakhru H., Gill W.N. Current leakage relaxation and charge trapping in 
ultra-porous low-k materials. Journal of Applied Physics, Vol. 115, Issue 8, p1, Feb 2014 
 
Borja J., Plawsky J.L., Lu T.M., Bakhru H., Gill W.N. Correlation between Plasma Damage and Dielectric 
Reliability for Ultra-Porous Low-k Materials. ECS Journal of Solid State Science and Technology, Volume 
3, Issue 4, pp.N59-N61, Feb 2014 
 
Trusheim M.E., Li L., Laraoui A., Chen E.H., Gaathon O., Bakhru H., Schröder T., Meriles C.A., Englund 
D. Scalable fabrication of high purity diamond nanocrystals with long-spin-coherence nitrogen vacancy 
centers. Nano letters, Volume 14, Issue1, pp.32-36, Jan 2014 
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EUV Research Projects (Brainard Group) 
 
Scope:  Photoresist Fundamental Research 
 
Goals: 1. Design and synthesize small molecules and polymers for use in 
photoresists used in EUV (13.5 nm) and 193 nm applications; 2. Design and 
synthesize Molecular Organometallic Resists for use in EUV (MORE Project); and 
3. Develop fundamental and mechanistic understanding of processes occurring 
in EUV photoresists, specifically the role of secondary electrons during exposure 
 
2014 Accomplishments 
 
TOPIC 1: EUV Resists based on Tin-Oxo Clusters 
 
We have studied the photolysis of tin clusters of the type [(RSn)12O14(OH)6] X2 using 
extreme ultraviolet (EUV, 13.5 nm) light and developed these clusters into novel high-
resolution photoresists. A thin film of [(BuSn)12O14(OH)6][p-toluenesulfonate]2 (1) was 
prepared by spin coating a solution of (1) in 2-butanone onto a silicon wafer (Figure 1).  
Exposure to EUV light caused the compound (1) to be converted into a substance that 
was markedly less soluble in aqueous isopropanol. To optimize the EUV lithographic 
performance of resists using tin-oxo clusters and to gain insight into the mechanism of 
their photochemical reactions, we prepared several compounds based on 
[(RSn)12O14(OH)6] X2. The sensitivity of tin-oxide films to EUV light were studied as a 
function of variations in the structure of the counter-anions (X, primarily carboxylates) 
and organic ligands bound to tin (R) (Figure 2). Correlations were sought between the 
EUV sensitivity of these complexes vs. the strength of the carbon-carboxylate bonds in 
the counter-anions and vs. the strength of the carbon-tin bonds. No correlation was 
observed between the strength of the carbon-carboxylate bonds in the counter-anions 
(X) and the EUV photosensitivity. However, the EUV sensitivity of the tin-oxide films 
appears to be well-correlated with the strength of the carbon-tin bonds (Figure 3). We 
hypothesize that this correlation indicates a mechanism of carbon-tin bond homolysis 
during exposure. Using these tin clusters, 18 nm lines were printed showcasing the high 
resolution capabilities of these materials as photoresists for EUV lithography. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(Continued) 
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Figure 1: The mechanism of photolysis for Tin clusters of the type [(RSn)12O14(OH)6]X2 was 
explored through structural variation. (A) Clusters were made varying the bond energies of both 
the counter-ions (X) and the organic ligands (R) and tested for EUV lithographic performance. (B)  
Highest-resolution results for tin clusters. The best imaging was achieved by the clusters 
containing the phenyl organic ligands (R), which was capable of 18 nm resolutions. 

 
 
Figure 2: (A) Tin clusters of the type [(BuSn)12O14(OH)6]X2 were investigated lithographically and 
the relative sensitivity (ESize) was determined for each. (B1) Bond dissociation energy vs. Esize 
does not show any correlation. (B2) Ligand molecular weight vs. Esize suggests a functional 
dependence. These results suggest a mechanism involving the cluster core, not the counter-ion. 
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Figure 3: (A) The bond dissociation energies for three organic groups and lithographic results. By 
incorporating these groups into the tin clusters, a broad distribution of Sn-C bond energies 
should be achieved.59 (B) For the three clusters tested, there appears to be a direct correlation 
between the radical stability of the organic group and the sensitivity of the cluster which suggests 
that homolysis is occurring.  
 
TOPIC 2: Bismuth Resists for EUV Lithography 
 
We studied the synthesis and lithographic evaluation of Molecular Organometallic 
Resists for EUV (MORE) that contain post-transition metals. These elements have high 
EUV optical density so they can utilize a large fraction of the incident photons. We 
described two technical approaches for EUV resist platforms that contain bismuth 
(Figure 4). Approach 1: Combination of organometallic compounds with photoacid 
generators. Approach 2: Combination of high-oxidation state metal-center oligomers 
that utilize carboxylate anions bound to the metal centers. The high-resolution 
capabilities of these materials enable them to act as photoresists for EUV lithography. 
 
This work presents two approaches to create EUV photoresists using bismuth. These 
approaches leverage the free radical stability of and acid cleavability of metal phenyl 
bonds of main group metals. The EUV sensitivities of the two approaches as well as 
lithographic results of Approach 2 are reported in this work. The two approaches are 
shown schematically in Figure 4 and are outlined below. 
 
Approach 1. Main group metal-phenyl bonds are known to be acid sensitive [8,9]. 
When triphenyl bismuth is treated with three equivalents of triflic acid, bismuith tritriflate 
is formed. Triphenyl bismuth is organic soluble while bismuth tritriflate is water soluble 
[9]. Approach 1 utilizes these properties by blending metal-phenyl oligomers with a 
PAG. The proposed reactivity is the cleavage of metal phenyl oligomers in the exposed 
regions through photo-generated acid. Synthetic design of main group metal-phenyl 
oligomers is described in section II. These oligomers form the basis of Approaches 1 
and 2.  
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Approach 2. High resolution (18 nm) and good sensitivity (30 mJ/cm2) have been 
achieved by a salt of CoBpy(Ox)2 as presented by Daniel Freidman at SPIE Advanced 
Lithography 2014. From these results monomeric metal carboxylates of bismuth were 
synthesized. Compounds of the type BiPh3X2 where X = Cl and -O2CR only achieved 
solubility contrast in protic solvents. This may be attributed to the high baseline solubility 
of these compounds in nonpolar organic solvents. Imaging results of these compounds 
using protic solvent developers were poor. This is likely due to the decomposition of 
these compounds in protic solvents. Approach 2 utilizes oxidized metal-phenyl 
oligomers. These oligomers have lower baseline solubility in non-polar organic solvents. 
Oxidized oligomers of bismuth have demonstrated solubility contrast under EUV 
exposure with development in non-polar organic developer.  
 
 

 
 
Figure 4: Schematic representation of approaches taken to develop EUV resists from main group 
metals. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(Continued) 
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Figure 5: Bismuth oligomer synthetic approach. As linking bismuth dichloride unit is increased as 
compared to the ending monochloride unit, molecular weight increased. 
 
 

 
Figure 6: Lithographic results for oxidized bismuth oligomer with various X group substituents. 
Dose of 30 mJ/cm2 is achieved for X = OAc, resolution of 21 nm is achieved for X = Cl. 
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TOPIC 3: Electron Penetration Depths in EUV Photoresists 
  
One of the obstacles hindering the transition from 193 nm to extreme ultraviolet (EUV) 
photolithography is photoresist performance. However, design of next generation 
chemically-amplified EUV resists necessitates that we fully understand the mechanisms 
underlying photoacid generation. In particular, we would like to determine the effective 
distance the low-energy electrons generated during EUV exposure travel within resists 
while continuing to induce photoacid generator (PAG) decomposition, since diffusion 
length carries important implications for resolution and line edge roughness. Here, we 
demonstrate two novel experimental approaches for obtaining electron diffusion length 
in resists using top-down electron beam exposure: thickness loss experiments and in 
situ mass spectrometry (Figure 7). 
 
Though we cannot yet determine the precise penetration depth of electrons of a specific 
energy, we can use the data shown in Figure 8 to infer an approximate distribution of 
the locations of PAG reactions during exposure. Suppose that exposure by electrons of 
a certain energy clears 10 nm of resist at 10 µC/cm2 and 15 nm of resist at 20 µC/cm2.  
In the latter case, an additional 10 µC/cm2 was required to remove 5 nm beyond the first 
10 nm.  Therefore, half as many reactions occur in the region of resist 10-15 nm below 
the surface than in the top 10 nm during exposure. Extending this logic, we can then 
replot the data in Figure 2 in terms of the number of relevant reactions (in arbitrary 
units) versus depth in the resist and obtain a distribution of acid generation events for 
each energy (Figure 9). These reaction profiles do not necessarily reflect distribution of 
electron ranges during exposure, but from them 
we can estimate the depth at which the large 
majority of electrons cease to cause reactions.  
However, the actual number of reactions occurring 
during exposure at a specific depth is dose-
dependent. For example, even though a small 
fraction of the total number of reactions 1000 eV 
electrons cause are at a depth of 50 nm or 
greater, at high enough doses, enough reactions 
occur in this region to dissolve the resist to this 
depth. 
 
 
Figure 7: (A) Schematic of secondary electron diffusion 
from the EUV photon absorption site. (B) Process flow 
of our (B) thickness loss experiments and (C) mass-
spectrometer experiments to determine depth of 
electron travel. 
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Figure 8: Thickness loss in nm plotted against dose at four different energies, both on a linear 
scale (A) and a log scale (B). 
 
 
Figure 9: Relevant reactions in arbitrary units vs. 
depth at which reactions are occurring; data is 
identical to those in Figure 2 but are replotted as 
described in the text.  We can approximate from 
this graph an effective reaction depth at which 
most of the reactions are occurring during 
exposure for each energy.   
 
 
 
 
 
 
 
 
 
2014 Highlights: 
 

• Won Best Paper (Grant Willson Award) at 2014 SPIE Conference for paper on 
MORE project. Title: “EUV Resists based on Tin-Oxo Clusters” 

 
• Won Best Poster Award at 2014 SPIE Conference for paper on MORE project.  

Title: “Bismuth Resists for EUV Lithography” (This is the first time one group has 
won two awards in the same year.) 

 
• Filed two patent applications this year: one on MORE and one on a confidential 

resist project. 
 

• Defined six key reaction mechanisms that secondary electrons undergo during 
EUV exposure of photoresists. 
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Characterization, Metrology, and Physics of Nanoscale 
Materials and Structures  

(Diebold Group)  
 
Scope: The Diebold group works in all areas of characterization, metrology, and 
materials science of nanoscale materials and structures. Through collaboration 
with SUNY Poly CNSE partners, measurement is used to advance R&D into new 
materials and structures. Example topical areas include lithography, transistor, 
and interconnect metrology for silicon IC R&D and manufacturing. The group also 
works on non-silicon IC 2D materials such as graphene. Measurement methods 
frequently used by the group include spectroscopic ellipsometry, scatterometry, 
photoluminescence, second harmonic generation, high-resolution X-Ray 
diffraction, X-Ray reflectivity, transmission electron microscopy, X-Ray 
photoelectron spectroscopy, and ion beam analysis.  
 
Goals: Advance new measurement methods for all areas of semiconductor 
technology (Si, III-V, & 2D materials) from the lab to the fab.  
 
2014 Accomplishments  
 
TOPIC 1: Demonstrated Greatly Enhanced Sensitivity of Scatterometry to 
Changes in CD for Copper Metal Lines Using Plasmonic Grating Structure 
  
Scatterometry is used for the characterization and control of critical dimensions (CD) 
during patterning. In this method, spectroscopic ellipsometry is used to measure grating 
structures that have a repeated array of the feature of interest. A rigorous coupled wave 
approximation is used to solve Maxwell’s equations for an optical model of the grating.  
Scatterometry software determines the feature dimensions for the optical model that 
best fit the experimental data. The RC2 spectroscopic ellipsometer used in this project 
measures the full 16 element Mueller Matrix scattering and the NanoDiffract™ software 
is uniquely able to simulate the full Mueller Matrix data. This project was funded by and 
done in collaboration with Nanometrics Inc. who provided NanoDiffract™ software. 
 
As CD continues to shrink, sensitivity to changes in CD are becoming more difficult to 
measure. Simulations of the Mueller Matrix elements show that a cross-grating structure 
greatly increased sensitivity to changes in the line-width of thin metal lines that are 
intersected with a much larger cross-grating that has dimension necessary for a 
plasmonic response. 
 
This research demonstrates how engineering the grating structure used for 
scatterometry can greatly increase CD sensitivity. 
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Figure 1: M12 Mueller Matrix element vs. wavelength for infinite cross-grating with 100 nm wide 
large lines with a pitch of 1200 nm and the fine lines having a pitch of 75 nm. Reference listed in 
footnote. 
 
Enhancing One Dimensional Sensitivity with Plasmonic Coupling, S. O’Mullane, B. Peterson, J. Race, N. 
Keller, A.C. Diebold, Optics Express 22, (2014), 26247. 
 
 
TOPIC 2: Mueller Matrix Spectroscopic Ellipsometry-Based Scatterometry for 
Critical Dimension Measurement of Block Co-Polymers Patterned Using Direct 
Self-Assembly 
 
As mentioned in Topic 1, scatterometry is used for the characterization and control of 
critical dimensions (CD) during patterning. In this method, spectroscopic ellipsometry is 
used to measure grating structures that have a repeated array of the feature of interest. 
The RC2 spectroscopic ellipsometer used in this project measures the full 16 element 
Mueller Matrix scattering and the NanoDiffract™ software is uniquely able to simulate 
the full Mueller Matrix data. The sample wafers for this project were provided by a 
collaboration with GLOBALFOUNDRIES. This project was funded by SRC and done in 
collaboration with Nanometrics Inc. who provided NanoDiffract™ software. 
 
Wafers with a variety of focus and exposure conditions allowed characterization of the 
quality of the self-assembly. The line grating samples with the unetched polystyrene-b-
polymethylmethacrylate (PS-b-PMMA) patterns and the etched PS line-space patterns 
with a lamellae period of Lo~28 nm) were fabricated by the resist trim and neutral brush 
chemoepitaxy method (RTNB) on a 300 mm wafer. The focus and exposure conditions 
were systematically varied across the wafer as shown in Figure 2, and the optical model 
for the line-space patterns is shown in Figure 3. Another wafer with silicon fins patterned 
using DSA was fabricated using the neutral layer lift off chemoepitaxy method (NLLO). 
This sample was fabricated using optimal focus and exposure conditions as established 
by process window analysis. 
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The line grating structure had a variety of guide structure pitches which Mueller Matrix 
scatterometry was able to measure in sharp contrast to CD-SEM. The line pattern 
varied from nearly perfect to fingerprint-like depending on the focus-exposure 
conditions. 

 
Figure 2: FEM wafer used for scatterometry study. Reference listed in footnote. 

 
 

 
 
Figure 3: Line-space structure of the PS lines used in the optical model for scatterometry.  A guide 
pitch of 84 nm is depicted along with the neutral brush layer in pink. Reference listed in footnote. 
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Figure 4: Mean-Square Error for the macros with the 3x to 6x guide patterns across the FEM wafer. 
CD-SEM measurements for some of the best structures is shown on right. Copyright, SPIE from 
paper referenced in footnote. 
 
The silicon fins patterned using NLLO DSA varied from straight fins with significant 
sidewall roughness to fingerprint patterns. Although the etch process required further 
development, the sample provided a significant challenge for optical modeling. Three 
distinct structural models; linear Si fins, Si fins with sidewall having optical properties 
modeled using an Effective Medium Approximation (EMA), and multi-parameter Si fins 
with periodic wiggles were used. Top down images of the Si fins are shown in Figure 5. 
The multi-parameter Si fins with periodic wiggles model provided the best fit. The 
models used to fit the Si fin data are shown in Figure 6. 
 
 
 
 
 
 
 
 
 

Figure 5: Top Down CD-SEM images of Si fins patterned by NLLO DSA 
 

 
Figure 6: The three structural models used to simulate the Mueller Matrix SE data from Si fins 

patterned using NLLO DSA; reference listed in footnote. 

200#nm# 200#nm#200#nm#
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Metrology for Block Copolymer Directed Self-Assembly Structures using Mueller matrix based 
Scatterometry, D. J. Dixit, V. Kamineni, R. Farrell,, E. R. Hosler,, M. Preil, J. Race, B. Peterson, A. C. 
Diebold, Control of IC Patterning Variance. Part 1: Metrology, Process Monitoring, and Control of Critical 
Dimension in Journal of Micro/Nano Lithography, MEMS & MOEMS, (2015), accepted. 
 
TOPIC 3: Multi-Method Approach to Determining the Phase and Texture of 
Crystalized Hf-Oxide-Based High-K 
 
Collaborative research covering the characterization of high-K metal gate stacks with 
TEL Technology Center America continued in 2014. In order to extend Hf-oxide-based 
high-K to future generations, the semiconductor industry is pursuing new processes that 
result in crystallization of the thin films into higher dielectric constant phases. In 2014, 
the research extended to studies of the impact of the alloying on the crystal phase of the 
high-K. For the past several years, we have used a multi-technique approach for the 
evaluation of the crystallinity of thin HfO2 films using a combination of X-Ray and 
spectroscopic ellipsometry (SE) measurements. Synchrotron-based grazing incidence 
in-plane X-ray diffraction (GIIXRD), X-Ray texture studies, and X-Ray absorption 
methods provided key results in 2014. This year, the collaboration reported the 
presence of the cubic phase of 40 cycle ALD HfO2 with a TiN overlayer and subject to a 
post metallization annealing resulted in stabilizing the cubic phase of HfO2 as shown in 
Figure 7. Previously, studies without the metal gate did not observe the cubic phase, 
and it was not observed for other ALD deposition processes. This study highlights the 
importance of the initial crystalline state and nucleation of HfO2 as well as the thermal 
stability of the capping metal layer material when engineering dielectric layer crystallinity 
by means of a postmetal cap anneal. Synchrotron X-Ray measurements were done at 
Brookhaven National Laboratory and use of the National Synchrotron Light Source, 
Brookhaven National Laboratory, was supported by the U.S. Department of Energy, 
Office of Science, Office of Basic Energy Sciences. 

 
Figure 7:  GI-IXRD spectra of 40 cycle HfO2 with TiN and no post metal anneal on chemical oxide 
(as dep, chem ox), with TiN and post metal anneal on chemical oxide (PMA, chem ox) and with TiN 
and post metal anneal on H-terminated Si (PMA, Si-H). See Consiglio, et al, JVST B 32 (2014), 
03D122. 
 
Electrical Enhancement and Higher-K Engineering in Ultra-Thin Atomic Layer Deposited Hf1-xAlxOy 
Films, K. Tapily, S. Consiglio, R. D. Clark, R. Vasic,  C. S. Wajda, J. Jordan-Sweet,  G. J. Leusink, and A. 
C. Diebold, ECS Journal of Solid State Science and Technology, 4, (2015), N1-N5. 
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Engineering crystallinity of atomic layer deposited gate stacks containing HfO2 and a Ti-based metal gate: 
Effects of post metal gate anneal and integration schemes, S. Consiglio, K. Tapily, R.D. Clark, T. 
Hasegawa, F. Amano, G.J. Leusink, J. Jordan-Sweet, R. Vasić, M. Medikonda, and A.C. Diebold, J. Vac. 
Sci. Technol. B 32(3),  (2014), 03D122. 
 
TOPIC 4: Characterization of Graphene Using Optical and Advanced Electron 
Microscopy Methods  
 
Second harmonic generation, a non-linear optical characterization method, provides a 
unique method for characterizing the interface between graphene and the substrate 
layer below. In 2014, SHG was used to characterize the effect of current flow on the 
layers below graphene on SiO2/Si and graphene on SiC. Current flow resulted in charge 
buildup in the SiO2/Si substrate as shown in Figure 8.  

 
Figure 8: Characterization of the effect of trapped charges in the graphene/SiO2/Si on the Optical 

Second Harmonic signal during current flow. 
 
Advanced microscopy plays a critical role in the characterization of graphene. In 2014, 
the effect of the relative orientation of single layer graphene on single layer h-BN HR-
TEM images was simulated and published. Determination of the dielectric function of 
CVD graphene using electron energy loss spectroscopy during aberration corrected 
scanning transmission electron microscopy and comparison with spectroscopic 
ellipsometry was published in 2014. This research was supported in part by ORNL’s 
Shared Research Equipment (ShaRE) User Facility, which is sponsored by the Office of 
Basic Energy Sciences, U.S. Department of Energy.   
 
Enhanced optical second-harmonic generation from current-biased graphene on the substrates of Si and 
SiC, Y.Q. An, J.E. Rowe, D.B. Dougherty, J.U. Lee, and A.C. Diebold, Phys. Rev. B 89, (2014), 115310. 
 
Thickness and Rotational Effects in Simulated HRTEM Images of Graphene on Hexagonal Boron Nitride, 
A. J. Green and A.C. Diebold, Microscopy and Microanalysis, Firt View (2014), Avery J. Green and Alain 
C. Diebold. Thickness and Rotational Effects in Simulated HRTEM Images of Graphene on Hexagonal 
Boron Nitride. Microscopy and Microanalysis, available on CJO2014. doi:10.1017/S1431927614013105. 

 
High-energy “plasmons” in graphene are not plasmons, F. J. Nelson, J.-C. Idrobo, J. Fite, Z. L. Mišković, 
S.J. Pennycook, S.T. Pantelides, J.U. Lee, and A.C. Diebold, Nano Letters, 14, (2014), pp 3827-3831.  
 
Other research of interest published in 2014 includes: 
The optical properties of pseudomorphic Ge(1-x)Snx (x = 0 to 0.11) alloys on Ge(001), M. Medikonda, G. 
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R. Muthinti, R. Vasic, T. Adam, A. Reznicek, M. Wormington, G. Malladi and A.C. Diebold, J. Vac. Sci. 
Technol. B 32, (2014) 061805 (2014). 

 
The following research was described in 2013 and published in 2014: 
Measurement of Periodicity and Strain in Arrays of Single Crystal Silicon and Pseudomorphic Si1-xGex/Si 
Fin Structures using X-ray Reciprocal Space Maps, M. Medikonda, G. Muthinti, J. Fronheiser, V. 
Kamineni, M. Wormington, K. Matney, T. Adam, E. Karapetrova and A.C. Diebold, J. Vac. Sci. Technol. 
B32, (2014), 021804. 
 
 
2014 Highlights: 

• Demonstrated method for greatly enhancing sensitivity of scatterometry to 
changes in CD for metal line using a plasmonic grating structure 

• Demonstrated Mueller Matrix Spectroscopic Ellipsometry-based Scatterometry 
for CD measurement of State of the DSA-BCP line-space structures 

• Demonstrated multi-method approach to characterization of phase and texture of 
High-K Metal Gate Stacks 

• Continued development of the characterization of graphene using optical and 
advanced electron microscopy methods.  

o Demonstrated non-linear optical measurement of effect of current on 
interface between graphene and SiO2/Si using second harmonic 
generation 

o Published simulation study of HR-TEM imaging of single layer graphene 
on single layer BN 

o Published aberration corrected scanning transmission electron microscopy 
study of graphene describe in 2013 

• Published study of optical properties of pseudomorphic Ge(1-x)Snx (x = 0 to 
0.11) alloys on Ge(001) 

• Published method for measurement of Fin Pitch and Stress State using High 
Resolution X-Ray Diffraction Reciprocal Space Mapping 
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Defects and Microstructural Engineering  
(Dunn Group) 

 
Scope: Using charged particle beams to uncover the relationships between 
crystalline defects and chemical inhomogeneities in advanced materials 
 
Goals: Manipulate defect microstructure to improve performance and achieve 
new functionalities 
 
2014 Accomplishments 
 
TOPIC 1: Advanced Metrology for Alloy Interconnects 
 
As copper interconnect technology for semiconductor devices is scaled to finer 
dimensions, it has become increasingly difficult for conventional metrology techniques 
to detect the distributions of trace quantities of plating impurities and metallic dopants. 
The Dunn group has worked with collaborators at the National Institute for Standards 
and Technology to develop methodology for the use of Atom Probe Tomography (APT) 
for 3-dimensional high spatial resolution mass spectrometry for copper interconnect 
applications. A dual beam Focused Ion Beam/ Scanning Electron Microscope was used 
to extract the area of interest from a wafer, mount it on a standard APT carrier needle, 

and thin the specimen down to a 
sufficiently narrow tip (Figure 1.) A 
combination of laser pulsing and high 
voltage was used to evaporate ions from 
the tip, one by one, with time-of-flight 
used to distinguish different species by 
mass-to-charge ratio. A position-sensitive 
detector was used to determine the ion’s 
trajectory and reconstruct a three-
dimensional tomograph of the atoms’ 

starting positions.  
 

Figure 2 shows selected reconstructions from such tomographs. The colored dot 
represents the center of mass (starting position) of an atom, colored orange for copper 

and fuchsia for tantalum. 
The atomic resolution 
inherent in the technique is 
demonstrated in (a) and 
(b), where the lattice 
planes in adjacent copper 
grains can be seen (white 
lines added as a guide to 
the eye). In (c), the 
interface between Cu and 
Ta on the trench sidewall 

Figure 1: Methodology development for 
preparing APT needles from interconnect 
samples. Region of interest is defined and 
protected using Pt, and milled down using 
the FIB/SEM as a nano-lathe.  

Figure 2: Selected 
reconstructions from atom 
probe tomograph. Each dot 
represents the center of mass 
of an atom, color coded by 
mass. Atomic resolution is 
demonstrated in (a) and (b), 
showing crystallographic 
planes (white lines added as a 
guide to the eye) and the grain 
boundary where those planes 
meet. (c) Color-coded  
reconstruction of the Cu/Ta 
interface at the trench sidewall 
(grey plane added as a guide 
to the eye).  
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can be seen (grey plane added as guide for the eye). 
 
Michael Rizzolo, Frederick Meisenkothen, Michael Hatzistergos, Eric Steel, Steve Novak, and Kathleen 
A. Dunn, “Toward High Spatial Resolution Chemical Analysis of Copper Interconnects Using Atom Probe 
Tomography,” submitted to J. Appl. Phys. (2014). 
 
TOPIC 2: Time-Resolved Recrystallization in Nanoscale Copper 
 
The incubation time and transformation rate for spontaneous recrystallization of 
electroplated copper depends on the texture of the film, with random polycrystals 
transforming significantly faster than textured ones. In blanket samples, this texture is 
strongly influenced by the texture of the I-PVD seed layer, 
which is 111-fiber texture (i.e., the majority of the seed grains 
have a <111> direction normal to the film surface). In 
patterned samples, the field regions are similarly 111-
textured. The structure and texture on the sidewall, however, 
depends on the feature size. In wide lines, the seed on the 
sidewall is strongly <111> textured, but in narrow lines, 
where sidewall coverage relies on material being sputtered 
from the bottom of the trench, the seed has no preferred 
orientation, a high energy configuration that increases the 
driving force for microstructural transformation. By cross-
sectioning a sample at successive time intervals, we have 
developed a time-resolved model for the transformation, 
confirming that it initiates in the trenches (Fig. 3) and not at 
the free surface as the conventional wisdom had predicted. 
Without the singularity of a free surface (or textured 
substrate) to control the process initiation, grain orientations 
are randomly distributed rather than textured. Since no 
location is “special,” many sites within the trench may 
nucleate new grains, which grow until they encounter another 
grain; within the trenches, this may be within a few dozen 
nanometers, leaving the wires undesirably polycrystalline 
(Fig. 4). Subsequent transformation of the overburden 
appears decoupled from this process, with insufficient driving 
force to convert the already recrystallized trenches. Given 
the increased importance of the seed-plated Cu interface, the 
introduction of alloy seeds into manufacturing poses new 
challenges for microstructural control. Initial SIMS and TEM 
data suggests that the microstructural transformation of 
copper plated on a CuMn seed is slower than a pure seed, 

Fig. 3. Cross-sectional 
TEM image (top) showing 
large grains growing up 
from the trenches rather 
than initiating at the free 
surface (as conventional 
wisdom would predict). 
Electron backscatter 
diffraction analysis (color 
coded map) indicate that 
these grains have no 
preferential orientation 
with respect to either the 
free surface or the trench 
sidewall.  

Figure 4: Cross-sectional image 
of trenches showing 
polycrystalline nature of the 
trenches post-transformation.  
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and decoupled from the out-diffusion of Mn.  
   
 
TOPIC 3: Defect Analysis in III-V Materials Using Aspect Ratio Trapping (ART)  
 
The integration of III-V materials with Si offers the potential for higher carrier mobility 
and lower power consumption for digital applications, but must be compatible with 
standard CMOS process flows. Direct epitaxy of GaAs on Si is complicated by a 4.1% 
lattice mismatch, which results in the generation of defects which negatively impact 
performance. Cool-down after growth can exacerbate the strain between the layers and 
lead to additional defect generation. These defects include both linear (dislocations) and 
planar defects (e.g., stacking faults, anti-phase boundaries). While the use of graded 
buffer layers or off-cut substrates can reduce defect content, additional reductions have 
been achieved using Aspect Ratio Trapping (ART) (Figure 5). This latter approach 
exploits the typically inclined geometry of dislocations in the zincblende system. By 
defining stripes in SiO2 which are taller than they are wide, inclined defects are 
geometrically filtered when they encounter the sidewalls of the ART structure (Figure 5 
(b)), reducing the overall defect density. This material could be used as individual fins 
as they emerge from the ART stripe, or be allowed to coalesce with neighboring stripes 
into a continuous film. By combining ART with off-cut substrates, we have reduced 
dislocation densities by four orders of magnitude in the device region. The off-cut of the 
substrate introduces anisotropy into the system, however, resulting in preferential 
appearance of one specific type of stacking fault associated with the vicinal steps of the 
substrate (Figure 5(c)). Spectroscopy suggests that alloying elements (such as In in the 
case of InGaAs) segregate to defects, causing local variations in stoichiometry and 
strain, which may have grave impacts for device performance.  
 
K.A. Dunn,  P.Y. Hung, M. H. Wong, G. Bersuker, Q.  Li, K.M. Lau, R. Droopad and R.J. W. Hill, 
“Transmission Electron Microscopy Defect Measurements for Aspect Ratio Trapping Structures,”  
submitted to Materials Characterization. 

 

	  

Figure 3. Diffraction contrast images of GaAs grown in 65 nm wide ART structures on 
vicinal (001) Si. White arrows indicate dislocations, while black arrows indicate planar 
defects.  (a) Plan view image of the top ~100 nm of the ART, (b) transverse cross-
section and (c) longitudinal cross-section. The dislocation density in the device region 
(top ~100 nm of material) is nearly three orders of magnitude less than in the 
corresponding blanket film shown in Figure 2. However, the distance between planar 
defects is only ~ 0.3 µm, leading to linear density of stacking faults that is an order of 
magnitude higher than the blanket films. 

Si 

SiO2 

GaAs 

GaAs 

SiO2 

(�110) projection 

(110) projection 

Figure 5: Transmission electron microscopy 
images of GaAs grown in 65 nm-wide AR structures 
on off-cut (001) Si. White arrows indicate 
dislocations, black arrows indicate planar stacking 
faults. (a) Plan view image of the top ~100 nm of the 
ART, showing the emergence of stacking faults at 
the top of the ART. (b) Transverse cross-section 
showing inclined defects annihilating at the 
sidewall interface with the SiO2 spacers. (c) 
Longitudinal cross-section (along the ART) 
showing the predominance of one stacking fault 
orientation due to the vicinal steps of the substrate. 
The dislocation density in the device region (above 
the ARTs) was 4 orders of magnitude less than the 
corresponding blanket samples.  
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Nanomaterials for Emerging Electronics, Renewable Energy, 
and Flexible Electronics Applications 

(Eisenbraun) 
 
Scope: Develop and benchmark enabling materials, processes, and 
nanostructures for applications in key emerging high technology fields 
  
Goals: Establish economically and environmentally sustainable and 
manufacturable approaches for the fabrication of functional material systems that 
push the performance of advanced electronics, sensing, renewable energy 
generation, and energy storage technologies 
 
2014 Accomplishments 
 
TOPIC 1: Atomic Layer Processing of Conductors for Flexible Electronics 
Applications 
 
Developing low-temperature processing approaches for atomic layer-deposited 
materials for use in high-performance, thermally fragile flexible electronics structures. 
The formation of device-quality materials using ALD has been achieved at temperatures 
as low as 100 °C. 

 
TOPIC 2: Novel Materials and Processes for Advanced Generation Fuel Cells 
 
Creating novel nanostructured support/catalyst superstructures for implementation in 
emerging fuel cell technologies. In particular, a major goal is to reduce or eliminate the 
use of expensive platinum-based catalyst systems by employing combinatorial 
chemistry techniques to determine the performance of multicomponent catalytic 
materials such as RuCo and PtFe. Electrochemical testing to date has demonstrated 
performance similar to that of Pt-based fuel cell electrodes estimated to be 
manufacturable at a fraction of the processing cost. 
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Figure 1: Nanoscale Schottky 
barrier height map of the (a) 
Au/Si and (b) Au/Ag/Si(001) 
interfaces. The Au/Si map is 
uniform, where the Au/Ag map 
shows evidence of Au/Si 
Schottky barrier heights 
indicating diffusion of the Au 
through the Ag to the interface.  
 

Nanoscale Schottky Barrier Mapping 
(LaBella Group) 

 
Scope: The Schottky barrier is the electrostatic barrier at the interface between a 
metal and semiconductor. It is a rectifying contact that is fundamental in 
nanoelectronic devices such as source drain contacts. We developed the ability 
to map the barrier height to nanoscale dimensions.  
 
Goals: To accurately map the Schottky barrier height for several metal-silicon 
contacts utilizing ballistic electron emission microscopy (BEEM) and 
demonstrate the ability to infer interface stoichiometry utilizing the barrier height. 
 
2014 Accomplishments 
 
TOPIC 1: Nanoscale Schottky Barrier Height 
Mapping 
 
Metal/semiconductor interfaces form a rectifying 
contact known as a Schottky diode, characterized by 
a barrier height that is governed by the charge 
transfer and localized bonding at the interface.  
Conventional current voltage spectroscopy measures 
a spatially averaged barrier height. Ballistic electron 
emission microscopy (BEEM) is a scanning tunneling 
microscopy (STM) technique that can measure barrier 
heights with nanoscale resolution due to the nano-
positioning of the STM tip[1-3]. The Schottky barrier 
height is mapped with nanoscale resolution at pure 
Au/Si(001) and mixed Au/Ag/Si(001) interfaces by 
acquiring  and fitting thousands of BEEM spectra 
every 11.7 nm over a 1 micron square area. The 
maps indicate a mixture of metal species at the 
interface, which is utilized to estimate the composition 
at the interface and compared with XPS 
measurements. This work is funded by NSF-DMR-
1308102 and SRC CAIST program.  
 
[1] Robert Balsano, Akitomo Matsubayashi, Vincent P. LaBella, 
AIP Advances, 11 112110 (2013).  
[2] Robert Balsano, Chris Durcan, Akitomo Matsubayashi, 
Vincent P. LaBella, arXiv:1411.0014 (2014). 
[3] Chris A. Durcan, Robert Balsano, Vincent P. LaBella, 
Journal of Applied Physics, 116 023705 (2014). 
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Scanning Electron Microscopy and X-ray Microanalysis 
(Lifshin Group)  

 
Scope: The Lifshin Group performs research in both the development and 
application of scanning electron microscopy and x-ray microanalysis. Electron 
beams from both thermionic and field emission source electron guns are focused 
to probes as small as 1.0 nanometers, causing the generation of a variety of 
measureable signals used to provide information about the chemical 
composition, morphology, crystal orientation, and other characteristics of highly 
localized regions of samples. A key component of this research is to understand 
and establish a variety of relationships between these attributes and experimental 
conditions in order to optimize the useful information that can be obtained. This 
work involves both experimental measurement and modeling techniques. As an 
example, a major thrust is underway to improve the spatial of scanning electron 
microscope (SEM) images based on determining the distribution of electrons in a 
probe and using that information in conjunction with regularization-based 
deconvolution methods. 
 
Goals: Provide new and improved characterization methods for scanning electron 
microscopy and X-ray microanalysis.  
 
2014 Accomplishments  
 
TOPIC 1: New Method for Determining the Point Spread Function of an Electron 
Beam 
 
The Lifshin Group developed a new method for determining the point spread function 
(PSF) of an electron beam based on a comparison of a high-resolution reference image 
and images obtained under actual practical SEM operating conditions. A patent for this 
method has been applied for. The example below illustrates how the PSF varies with 
astigmatism settings: 
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TOPIC 2: Improving SEM Image Resolution  
 
The Lifshin Group developed a method for improving the resolution of SEM images 
by as much as a factor of 5 for certain experimental conditions based on new 
deconvolution procedures. This approach has even been used to demonstrate that 
for a thermionic source SEM, the resolution can be extended beyond its expected 
value and approach that of a Schottky source instrument. See example below: 

 

 
 
Research is also ongoing to decrease image collection times by taking advantage of 
the high probe currents associated with larger probes for thermionic source 
instruments, using high beam energy images to improve the resolution of low beam 
energy images, and to simulate SEM images and study the effects of various 
instrumental parameters. 

 
Recent References: 
 

1. E. Lifshin, Y. P. Kandel, and R. Moore, “Improving SEM Resoluton for Near Planar Samples 
Through the use of Image Restoration,” Microsc. Microanalysis, 20, 78-89, 2014 

2. Y. P.  Kandel,  E. Lifshin, S. Lyu and R. Moore, “The Use of Regularized Least Squares 
Minimization for the Deconvolution of SEM Images,” Microsc. Microanalysis 20, Supplement 3 
(2014): 368-387 

3. E. Lifshin, Y. Kandel, R. Moore and S. Lyu, “Improved SEM Image Resolution Through the Use 
of Image Restoration Techniques,” Microsc. Microanalysis 20, Supplement 3 (2014): 12-13. 
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Reliability of Nanostructured Materials (Jim Lloyd Group) 
 
Scope: Research into the reliability of nanostructured materials such as 
nanoelectronic and photovoltaic technologies  
 
Goals: Understand reliability of low-K dielectrics and metal conductors in 
nanoelectronic applications 
 
2014 Accomplishments  
 
TOPIC 1: Negative Magnetoresistance in SiCOH  (Brian McGowan) 
  
We observed negative magnetoresistance in amorphous SiCOH, a low-K dielectric, 
applying modest magnetic fields (< 150 Gauss) at room temperature. The conductivity 
increases with increasing magnetic field and has little or no temperature dependence 
over the range studied. The magnitude of the effect is independent of the orientation of 
magnetic field relative to the direction of current flow. The effect is attributed to spin 
constraints associated with double occupancy of a trap site under the assumption that 
trap sites which have double occupancy have lower hopping frequencies than traps that 
have single occupancy. To our knowledge, this is the first observation of this effect in 
low-K dielectrics. 
 

 

 

 

 

 
 
 
 
 
 
 
 
 
TOPIC 2: Lot to Lot Variations in Electromigration Performance (Andrea Hubbard) 
 
In this study we investigated the efficacy of common qualification practices used in the 
industry for electromigration reliability assessments by observing the reliability of 29 lots 
to projections made from arbitrary subsets of 3 to 6 lots as is commonly practiced in 
industry and considered the impact of uncertainty as a result of lot-to-lot variation on 
those projections. Since design rules are generally generated from this sort of analysis, 

Figure 1: Normalized 
current change as a 
function of magnetic field 
for multiple temperatures 
over a range from 30° to 155 
°C. 
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Figure 2: Current vs. time of a sample at 
80 °C, biased at 14 Volts with the 
magnetic field initially off, turned on to 
140 Gauss for 15 seconds then turned off 
again.   
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we calculated the allowable current density to achieve at most 0.1% failure at 10 years 
for a chip containing 1,000 failure elements, defined as a conductor carrying the 
maximum current density at 100% duty cycle.   
 

                        
 
 
 
 
 
 

TABLE I.   

 
Range of Calculated Use Current Densities for Groups of 

3, 6 and 29 Lots Using Common Industry Assumptions 
Average (MA/cm2) Worst (MA/cm2) 

3 Lots 1.4 - 6.3 0.26 – 5.8 

6 Lots  1.2 – 4.7 0.26 – 2.0 

29 Lots 2.9 0.26 

 

 
 
 
 
 
 
TOPIC 3: Resistance Change and Crystallographic Alignment Due to 
Electromigration in Solidifying Sn Conductors (Austin Woodard) 
 
It has been observed that when current is passed through a randomly oriented 
polycrystalline Sn conductor, the resistance changes as a function of the applied current 
and temperature. Sn is the main ingredient in lead-free solders and is highly anisotropic 
in its important properties including resistance, diffusion, and mechanical. Because of 
this anisotropy, and the fact that the diffusion of important materials is extremely rapid in 
Sn in some crystallographic directions, it is desirable to have Sn-based solder balls 
oriented in a particular way. It was believed that we may be able to obtain such oriented 
Sn by melting and solidifying the Sn while passing a high current density.  
 

Figure 3: Distribution of median times to failure and the 
lognormal standard deviation for 29 lots of standard 
material from the nanofabrication facility  

Figure 4:   Projections of maximum allowed current based 
on the data obtained in this experiment following standard 
industry practices of observing 3 to 6 lots. The large 
variations seen reflect the uncertainty in actual performance 
based on limited statistics 
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The experiments performed were to take Sn conductors, measure the resistance prior 
and subsequent to melting in the electric field and comparing them to identical 
conductors that were remelted without the application of the current. The results were 
very promising. 
  

Test Number Resistance 
Change for 
Sample (S) and 
Control (C) 

Tmeas (°C) Tmelt (°C) 

1 S: -24.5%        
C: 29% 

22 260 

2* S: -47% 
C: 5.8% 

22 260 

3 S: -28.6% 
C: 5% 

22 300 

4 S: -6.5% 
C: -2.6% 

22 300 

5 S: -4.4% 
C: 5% 

22 300 

6 S: -2.7% 
C: 0% 

22 300 

7 S: -28% 
C: 6.24% 

22 300 

8 S: -5% 
C: 2% 

22 300 

 
In 8 out of 8 trials the samples with current decreased in resistance. In 7 out of 8 trials 
the controls increased in resistance, but in one case there was a decrease but 
substantially smaller than the sample passing current. This work is continuing to 
understand more fully the reason behind this behavior. 
 
TOPIC 4: The Effect of High Electric Field on the Redistribution of Cu in CIGS 
(Copper Indium Gallium Selenide) Solar Cell Material (Norb Biderman) 
 
The objective of this research program is to gain further understanding of cadmium 
diffusion in copper indium gallium selenide, a semiconductor material used in 
photovoltaic devices. Such understanding would assist in improving photovoltaic device 
performance and reliability. Over the past year, the temperature dependence of 
cadmium diffusivities through the bulk and along grain boundaries in CuInGaSe2 have 
been determined using time-of-flight secondary ion mass spectrometry, a sensitive 
technique that yields diffusion information. Research efforts have progressed to 
carefully controlling the copper content of CuInGaSe2 via electrical bias, allowing for 
diffusion mechanisms of cadmium to be studied. 
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In addition, a curious observation of Cu redistribution under electric fields has produced 
Cu nodules on the surface of the CIGS cells that defies understanding at this time. This 
is being investigated further. 

                           
TOPIC 5: Identified Reduction of Ni Oxides Due to Vacuum Annealing in Oxidized 
Ni Nanoparticles Deposited onto Graphene Substrates (James Zhang) 
 
An interesting observation was made in that contacts to graphene made from Pd/Au, Ni, 
and Ti/Au behaved very differently when annealed in air and in H2. From these 
preliminary results it appears that Ni oxidation occurs in freshly deposited Ni contacts, 
but this is reduced in hydrogen and doesn’t reform with additional exposure to air after 
the hydrogen reduction. Curiously, a hydrogen anneal unexpectedly degraded a Pd/Au 
contact and not surprisingly at Ti/Au contact, it was seen to degrade both with hydrogen 
annealing and exposure to air. 
 
Several theoretical models are being revaluated to explain these results and to 
illuminate the degradation mechanisms for these contact materials. Other 
measurements (XPS primarily) have shown that vacuum annealing of Ni contacts can 
reduce the Ni oxides and not produce Ni carbides from the graphene. More work needs 
to be done to confirm the theoretical models developed and to account for these 
observations. 
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TOPIC 6: Characterized Degradation of CIGS Solar Cells Under Local Ambient 
Conditions (Raji Sundaramoorthy) 

 
The importance of correlation of string level monitoring to the estimated and generated 
power from PV arrays of 3 different technologies has been shown. The degradation 
rates are within 0.3% for the 3 year operation period of the array. Power changes in 
strings within the array were monitored and the cause of the power degradation has 
been identified using imaging techniques. The degradation rate for the power has been 
correlated to the IV performance metrics. A comparison of the performance of three 
different technologies in the northeast climate and the correlation of the degradation 
rate to the performance metrics was presented along with the weather-corrected 
performance ratio of the arrays. 
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Correlation of Pmax degradation rate with degradation rate of Voc & Isc of strings from c-Si E and c-
Si W arrays 

 
 

2014 Highlights: 
• Discovered negative magnetoresistance in a low-k SiCOH based dielectric 
• Investigated lot to lot variations in electromigration performance and application 

to design rules 
• Demonstrated crystallographic aligning in Sn when solidified while carrying 

electrical current 
• Demonstrated the effect of high electric field on the redistribution of Cu in CIGS 

(Copper Indium Gallium Selenide) solar cell material 
• Identified reduction of Ni oxides due to vacuum annealing in oxidized Ni 

nanoparticles deposited onto graphene substrates 
• Characterized degradation of CIGS solar cells under local ambient conditions 
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X-Ray Metrology: Advances in Methods and Applications 
(Richard J. Matyi, Professor) 

 
Scope: X-ray metrology for bulk, thin film, and nanoscale materials 
characterization 
 
Goals: The overarching goal of our research is to develop the tools, experimental 
techniques, and analytical methods that will lead to the development and 
deployment of X-ray scattering approaches to metrology for manufacturing 
processes. 
 
2014 Accomplishments 
 
TOPIC 1: X-ray Diffraction Analysis of Thin Film Materials and Nanostructures 
with Rietveld Whole-Pattern Refinement 
 
Rietveld refinement of powder X-ray diffraction data provides one of the most direct 
methods for obtaining detailed structural data. The Rietveld method involves fitting an 
entire X-ray powder diffraction pattern and performing a least-squares refinement that 
minimizes the difference between the experimental data points and calculated values. 
The most obvious result of a Rietvelt refinement is the identification of crystalline unit 
cell and phase composition. Chemical information such as site occupancy enters into 
the refinement via the structure factor, which in turn is determined by the occupancy on 
specific crystallographic sites in the diffracting crystal’s unit cell. Details of 
microstructural information such as the average crystal size and the effects of 
microstrain and texture can also be extracted from a Rietveld refinement. 
 
At SUNY Poly CNSE we regularly apply our Rietveld analytical capability to a variety of 
structural characterization problems. Depending on the problem at hand, we typically

 

 
 
 
Figure 1: Laboratory Rietveld 
refinement from sub-10 nm β-W film. 
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Figure 2: XRD data and Rietveld 
refine-ment from nanoceria from 
sol/gel (top); and nanoceria from  
Ce-acetate (bottom) 

 
Figure 3: Rietveld refinement of three-stage CIGS 
sample after three layers of growth 

utilize either the open-source GSAS Rietveld analysis software; however, some 
problems are more easily solved using the 
commercial Bruker TOPAS analytical package. 
Figure 1 illustrates a relatively simple Rietveld 
analysis performed on a β-tungsten thin film as 
part of an overall program to establish the 
conditions for stability of the metastable β-W 
phase1. What is remarkable about this result is 
that it was obtained from a <10 nm thick 
polycrystalline layer in a laboratory setting and 
demonstrates our in-house capability for Rietveld 
analyses. 
 
Rietveld refinement has also been used in an 
ongoing investigation at SUNY Poly CNSE of the 
chemical reactivity of nanoparticulate ceria. 
Figure 2 shows Rietveld analyses of two ceria 
materials Prior to these analyses, we performed 
instrument calibrations using NIST SRM 674b, a 
stoichiometric CeO2 with known lattice 
parameter (5.411651Å) and average crystal size 
(380.6 nm) and negligible microstrain or texture. 
Commercial Rietveld analysis software was used 
to refine the parameters for the instrumental 

peak function as well as factors such as 
zero error and axial divergence, among 
other. Subsequent Rietveld fits of two 
nanoparticulate ceria samples showed a 
strong dependence on nanoparticle 
synthesis. Ceria nanoparticles fabricated 
using a sol/gel route resulted in a 
relatively large average crystal size (70.2 
nm) and a lattice parameter (5.4119Å) 
that differed only slightly from that of the 
NIST SRM. In contrast, the 
nanoparticulate ceria derived from cerium 
acetate had a very small average crystal 
size of 7.1 nm and a lattice parameter 
(5.4233Å) that was significantly larger 
than the bulk value. Significantly, the 
oxygen site occupancies for the sol/gel 

and acetate samples (0.854 and 0.713, respectively) indicated significant oxygen 
deficiencies. This information is currently being used in collaboration with Prof. Sara 

                                                
1 A.J. Narasimham, M. Medikonda, A. Matsubayashi, P. Khare, H. Chong, R.J. Matyi, A.C. Diebold, and 
V.P. LaBella, “Fabrication of 5-20 nm Thick β-W Films” AIP Advances, 4, 117139 (2014). 
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Brenner as part of her program to relate the structural and chemical properties of ceria 
nanomaterials to their biological activity. 
 
This success has led us to apply Rietveld analyses to even more complex systems. 
Figure 3 shows a typical result from a (Cu,In)GaSe2 (CIGS) thin film PV material where 
Rietveld refinement has allowed us to monitor the evolution in both structure and 
chemistry during a multi-stage deposition process. Specifically, the Rietveld approach 
has allowed us to monitor the site occupancy on the In+Ga crystal sublattice and 
examine the relation between structural and chemical properties as a function of the 
development of layer microstructure. 2  
 
TOPIC 2: Critical Dimension Small-Angle X-ray Scattering (CD-SAXS) for 
Semiconductor Manufacturing 
 
CD-SAXS is a synchrotron technique that measures the average cross-section of arrays 
of periodic surface features through a range of incident angles in transmission 
geometry. In recent years, CD-SAXS studies of FinFETs, 3D NAND structures, block 
copolymers, photoresists, nano-imprinted gratings and grating structures with 
programmed line edge roughness (LER) and line width roughness (LWR) have shown 
the capability of the technique to extract the 3D structural parameters associated with a 
feature’s average cross-section with low uncertainty values necessary for 
semiconductor line shape process monitoring. CD-SAXS is non-destructive, needs no 
sample preparation, and can conform to 50 µμm to 100 µμm scatterometry targets, but 
development of high-brilliance compact X-ray sources is essential for in-line 
measurement capability. The synchrotron experiments use a high-brilliance, sub-nm 
wave-length X-ray beam that penetrates through the backplane of a Si substrate and 
scatters into small angles about the transmitted beam due to periodically spaced 
features. By tilting the sample through a range of incident angles with respect to the X-
ray beam, we can probe a feature’s cross-section parallel and perpendicular to the 
sample surface. The surface features scatter the beam into diffracted intensity orders 
collected by a CCD area detector. Extraction of the scattered intensity at all tilt 
conditions is displayed as reciprocal space intensity map (RSM) based on the feature’s 
CD, cross-sectional shape, pitch, number of features contributing to the diffracted 
signal, and electron scattering length density contrast, Δρ between the feature and its 
surrounding material. Figure 4 shows the principle of the CD-SAXS method. 

                                                
2 T.A. Reese, S.B. Evolution In CIGS Deposition: An X-ray Diffraction Analysis With Rietveld Whole-
Pattern Refinement” Proc. 40th IEEE Photovoltaic Specialist Conference, 1691 (2014). 
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Figure 5: CD-SAXS RSMs for samples BF1 (no anneal), 
BF9 (low temperature), BF6 (medium temperature), 
and BF2 (high temperature) 

 
Figure 6: Bulk FinFET cross-
sections extracted from CD-SAXS 
RSM data. 

 
We have examined a variety of sample types to better define the capabilities and 
limitations of CD-SAXS as a routine tool for semiconductor manufacturing metrology.3 
For instance, Figure 5 illustrates typical CD-SAXS RSMs that were recorded from bulk 
FinFET structures that had been subjected to a variety of high-temperature annealing 
steps following fabrication. A cursory examination of the intensity distributions indicates 
structural evolution induced by annealing. Figure 6 illustrates typical trapezoid model 
cross-sections for bulk Si fins after H2 anneal that were extracted from CD-SAXS data; 
four of these cross-sections (BF1, BF2, BF6 and BF9) were generated from the data in 
Figure 5. As we apply this approach to progressively more complex structures, we plan 
to assess the extent to which a model-based fitting approach can yield reliable 
nanoscale structural information via CD-SAXS metrology. 
 
 
 
                                                
3 C.M. Settens, A. Cordes, B.D. Bunday, A.F. Bello, V.K. Kamineni, A. Paul, J. Fronheiser and R.J. Matyi, 
“An Assessment of CD-SAXS Measurement Approaches for FinFET Fabrication Process Monitoring” 
Journal of Micro/Nanolithography, MEMS, and MOEMS, 13, 041408 (2014). 

 
Figure 4: (left) Schematic 

illustration of CD-SAXS data 
collection. 
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TOPIC 3: Inverse Compton Scattering High Brightness X-Ray Source  
 
X-ray metrology methods are playing an increasingly critical role in semiconductor 
industry research, development, and manufacturing. X-ray techniques are a natural 
choice for nanoscale metrology as they offer a truly nanometer-scale probe and the 
ability to directly detect interactions with atoms and chemical bonds. The electron beam 
impact source – where X-rays are generated when an energetic (several keV) electron 
beam interacts with a metallic target to produce X-rays – is technology that is more than 
100 years old. Despite their ubiquity, however, there are two intrinsic limitations to 
electron impact sources. The first is the removal of heat generated by the electron beam 
impact process. A second physical limitation of all electron impact sources is that their 
X-ray emission process is homogeneous in angle, with the photon generation 
distributed over a solid angle of 2π steradians (i.e. one-half of a sphere). Conventional 
beam-conditioning optics such as crystal monochromators accept X-rays only over a 
restricted angular range (a few arcseconds for a high resolution XRD tool), meaning that 
only a tiny fraction of the photons are ultimately available for the diffraction process. 
 

Compton scattering is a well-known inelastic scattering process wherein a collision 
between a high-energy X-ray photon and an electron at rest results in a scattered 
photon downshifted in frequency and hence energy. In inverse Compton scattering 
(ICS), the collision of photons with high energy (relativistic) electrons causes the 
photons to be upshifted in frequency by a double Doppler shift. ICS sources are 
typically built around high-power electron accelerators (often with superconducting 
element) in order to achieve extremely high energy upconversions. However, X-ray 
production can be accomplished using more modest instrumentation. This fact has been 
recognized by MIT Professor David Moncton, who is developing a high-brightness (HB) 
X-ray source based in ICS technology (schematically illustrated in Figure 7) that is 
compact, relatively low-cost, and compatible with either laboratory or manufacturing 
environments. Prof. Moncton has shown that an HB X-ray source can be realized using 

 
Figure 7: Layout for X-ray metrology experiments with ICS source. Electrons are produced by 
the RF gun and accelerated to 21 MeV in a linac. Following the linac they collide with a high 
power laser pulse at an angle of 50 mrad (exaggerated in schematic) stored in a ringdown 
cavity. The small source size (~3 microns) and large X-ray divergence enable a short 1-2 m 
long beamline. Courtesy Dr. David Moncton, MIT. 
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“off-the-shelf” femtosecond laser systems and relatively low-energy (~21 MeV) non-
superconducting linear electron accelerator technology. Note that while this accelerator 
energy is “low”, it is still relativistic, and as such results in a brilliance increase due to 
the 1/γ Lorentz beam compression. From our work with Prof. Moncton and with 
discussions among members of the semiconductor manufacturing community we have 
identified the following application spaces for an HB ICS source: 
 
1. HB X-ray technology has the potential to significantly impact the capabilities of both 

existing X-ray metrology approaches and tools (HRXRD, XRR, etc.) by increasing 
throughput and decreasing the sample volume required for analysis. 

2. Metrology approaches (especially emerging ones) that have known dependencies 
on X-ray optical brightness (such as CD-SAXS) may warrant a renewed 
examination.  

3. New X-ray metrology methods that have been previously unavailable (i.e., 
synchrotron-only) that would be enabled by an advanced HB X-ray source capability. 

 
We are working with MIT and SEMATECH to define the parameters for a commercially-
viable HB ICS X-ray source for both semiconductor and non-semiconductor X-ray 
metrology. 
 
2014 Highlights: 
• The development and deployment of a robust Rietveld refinement methodology that 

provides new insights into structure-property-performance relationships for a wide 
array of bulk, thin film, and nanostructured materials 

• Definition of the capabilities and limitations of critical dimension small angle X-ray 
scattering (CD-SAXS) for the characterization of complex semiconductor device 
structures 

• Identification of high-brightness (HB) X-ray sources based on inverse Compton 
scattering (ICS) as a transformative approach to semiconductor manufacturing X-ray 
metrology 
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Compound Semiconductor Research (Oktyabrsky Group)  
 
Scope: Group III-V/high-K oxide MOSFETs for high-speed low power integrated 
circuits 
 
Goals: Develop and demonstrate the technologies of gate stacks for scalable p-
type InGaSb MOSFETs with low interface trap density and superior channel 
transport using III/high-K oxide materials systems. 
 
2014 Accomplishments  
 
TOPIC 1: III-Sb Semiconductors Epitaxially Grown on Si Substrate for MOSFET 
Applications: Defects and Electrical Properties  
 
InGaSb on Si. Molecular beam epitaxy of group III-Sb were employed to initiate the 
growth of metamorphic AlSb/AlGaSb buffers on Si (001) and SOI (fully depleted 20 nm 
thick Si BOx) substrates. The growth was accompanied by RHEED monitoring of the 
growing surface and in-situ Auger electron spectroscopy (AES) to quantify the Si 
surface coverage during AlSb layer nucleation (Fig. 1). AlSb was grown by alternating  
Al and Sb fluxes (migration – enhanced epitaxy) at different growth temperatures (TG). It 
was observed that low temperature growth of AlSb promoted faster coverage of AlSb on 
Si  (Fig. 2). At 250 °C growth temperature, ~3ML (~7 ML) coverage of AlSb is needed 
while at 550 °C; at least 17ML (25 ML) of AlSb coverage is required to drop Si signal to 
50% (10%).  
 

 
Fig. 3 shows AFM images of the AlSb nucleation layer grown at different temperatures 
using MEE. It can be observed that at low temperatures the faster coverage results in 
an earlier transition to the continuous layer growth mode, and layers with reduced 
roughness. The results of AES and AFM studies of the AlSb nucleation layer are shown 
in Fig. 4. The nucleation density is increasing with the reduction of growth temperature 
and the MEE further helps to increase it (Fig. 4b). The roughness values and 

 

 
Figure 1: Schematics of in-situ Auger spectra of 
the SOI (001) surface after consecutive steps of 
pre-growth substrate preparation in an MBE 
system. 

 

 

 
Figure 2: Reduction of AES Si signal with a 
number of grown AlSb monolayers (ML) at 
different temperatures.  
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continuous layer thickness are decreasing with the optimum growth temperature below 
350-400 °C (Fig. 4 a, c).  
 

 

 
Figure 3. AFM images (1x1 µm2) of AlSb nucleation layer grown at 250°C-550°C using MEE. 

(a)

 

(b) 

 

 (c) 

 
Figure 4: (a) AlSb thickness needed to reduce SI AES signal to 50% and 10%; (b) Nucleation 
density of AlSb on Si, and (c) surface roughness of the nucleation layer and thick heterostructure 
with a QW from 10x10 µm2 AFM images as a function of growth temperature. 
 
Hetero-epitaxial structures with a strained buried p-channel In0.36Ga0.64Sb QW (biaxial 
compressive strain of about 1.8%) on Al0.93Ga0.07Sb metamorphic buffer were further 
grown on the AlSb nucleation layers (Fig. 5). The Fig. 4c also compares the roughness 
of these thick heterostructures with those of nucleation layers. The lowest roughness 
corresponds to the sample with the highest hole mobility value of 650 cm2/V-s in the 
QW channel and the lowest hole density 3.2x1011 cm-2 extracted from room temperature 
Hall measurements (Fig. 6). Therefore, the optimum growth AlSb nucleation occurs at 
~300 °C.   
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Figure 5: Schematic cross-section of 
MBE InGaSb strained QW on SOI 
structure with in-situ gate oxide 
grown on the nucleation layer with 
thick buffer. 

 

 
Figure 6: Room temperature Hall mobility and sheet hole 
density in the strained InGaSb QW as a function of 
nucleation layer growth temperature. 

 
To quantify the defect density, strain and surface morphology of the heterostructures 
with QW channels they were analyzed using AFM, TEM, FIB/SEM and XRD. In contrast 
to GaSb, the dominant features observed on the surface of QW heterostructures are 3D 
bumps elongated in <110> direction (Fig. 7). Cross-sectional TEM correlates this to 
undulations on AlGaSb surface and resulting features in the InGaSb layer as shown in 
Fig. 8. The morphological instabilities that occur between the closely-spaced or within 
wide microtwins (MTs) and the resulting strain are likely the origin of this bump 
formation and need to be further addressed.  

 
Figure 7: AFM images of the 
heterostructure surface showing 
mainly features from microtwins. 
 

  

 
Figure 8: TEM  cross-sectional micrograph of the surface 
features as in AFM image. The 3D features are the result 
of surface growth instability of InGaSb at double or wide 
microtwins.  

 
The other less prominent surface features are due to dislocations (Fig. 9) and anti-
phase domain boundaries (APBs) (Figs. 10). APBs create 1-3 nm high surface 
steps/dips on the AlGaSb surface but are “repaired” after the growth of InGaSb layer 
likely due to the high adatom mobility of the constituents of the QW layer while 
threading dislocations (TD) show just a monolayer high step on the QW surface (Fig. 9). 
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Figure 9: Cross-sectional STEM of a threading 
dislocation, causing a monolayer surface step. 

  
Figure 10: Cross-sectional HAADF STEM 
micrograph showing an antiphase domain 
boundary creating a surface dip on AlGaSb 
surface which after InGaSb growth is recovered. 
Polarity of the adjacent domains is clearly 
visible from the dumbbell contrast.  

 
The defect density was quantified from cross-sectional TEM images as in Fig. 11 which 
shows fast reduction of both MTs and TDs with the buffer thickness (Fig. 12). The 
baseline of the defect density at the surface for 1.8 µm thick buffer is about 2-3 times 
higher than that when grown on GaAs or InP substrates: threading dislocations ~3x108 

cm-2,  microtwins  ~2x103 cm-1, and antiphase domain boundaries  ~104 cm-1. 
 
The first pass optimization of the metamorphic buffer with 3 nm thick semiconducting 
AlSb/InAs top layer (Fig. 16) has given the QW transport values as shown in Table I. 
The highest mobility sample employed the optimized AlSb nucleation layer grown at 300 
°C though with relatively high surface roughness that shows further room for 
improvement.  
 
 

.  
Figure 11: Large area TEM image showing 
dislocation and planar defects within the 
film. 

 
Figure 12: Reduction of defect density with the 
buffer layer thickness (TDs and MTs) quantified 
from cross-sectional TEM images. 
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Figure 13: Cross-sectional STEM of the strained 
InGaSb QW p-channel.  

 
 
Figure 14: Hall hole mobility correlation with 
defect  density (=dislocation density) in 
strained InGaSb QWs derived from graphs in 
Fig. 12.   

 
Table I: Sheet Resistivity and Mobility of strained InGaSb QW channel with 3 nm top barrier and 

Al2O3 gate oxide : 1st pass optimization  

 
 
 
GaSb on Si.  In order to evaluate the electrical properties at a specific depth, the 
sequential etching of a GaSb sample on SOI was carried out using CH4/Ar RIE/ICP 
process. Hall measurements were taken after each etch step The results for hole 
concentration and mobility as a function of depth into the sample are shown in Fig. 15. 
The hole concentration is increasing with the depth indicating the increased density of 
defects in undoped GaSb layer. Fig. 16 summarizes the correlation between electrical 
properties and defect density in GaSb layers that clearly reveals increase of 
unintentional acceptor doping with higher defect density.  
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Figure 15: Hole concentration and mobility vs. 
depth of the GaSb layer. extracted from Hall 
measurements with etching of  the GaSb/Si 
structure. 

 
Figure 16: Experimental correlation of density 
of shallow acceptors to the defects in GaSb 
layers. The defect number density equal to 
twice the microtwin areal density (= dislocation 
density) evaluated from AFM or TEM images.     

 
TOPIC 2: p-MOSFET Technology Development and Demonstrations 
 
Technologies for a buried channel In0.36Ga0.64Sb QW MOSFETs were demonstrated 
using “self-aligned” dual resist process flow illustrated in Fig. 17. Ni intermetallic alloy 
with III-V’s have been shown to work as a “silicide-like” process where unreacted Ni 
over the gate can be selectively etched. A 300 °C RTA results in alloy formation with 
lateral extension  for ~20 nm under the gate (Fig. 17). P-MOSFET characteristics with 
record high drain current of 166 mA/mm (Fig. 18) and ION/IOFF ratio to 1,500 were direct 
results of improving the intermetallic alloy source-drain contact to the In0.36Ga0.64Sb 
channel.  
 

 
Figure 17: “Gate-last” In0.36Ga0.64Sb QW 
MOSFETs technology: layout of duo-channel 
resist for e-beam lithography; cross-section of 
the gate region with Pt metal; STEM/EDX cross-
section with annealed  Ni contacts.  

 
  
 
Figure 18: Output I-V characteristics of a 
strained InGaSb MOSFET shown in Fig. 17.  The 
devices demonstrate record-high drain current 
among p-type III-V MOSFETs. 
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The InGaSb/high-K MOSFETs are picking up very fast and, in fact, have already similar 
or better parameters than HFETs and Ge p-MOSFETs (Fig. 19). The SUNY Poly CNSE 
MOSFETs are built using novel low thermal budget and scalable technologies as 
compared to Stanford/NRL and Purdue devices that used implantation and high-
temperature annealing.   

 
Figure 19: Maximum drain current in p-type III-Sb HFETs and p-MOSFETs (shown in stars). InGaSb 
p-MOSFETs demonstrated over last four years are picking up 30-year long advancements in p-
HFETs and Ge MOSFETs. Different colors correspond to different III-V materials systems. Dashed 
line shows linear scaling trend.  
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oxide-semiconductor field-effect-transistors by gated Hall method.” Appl. Phys. Lett. 104, 131605 
(2014). 

5. N. Vagidov, A Sergeev, V.Mitin, S. Oktyabrsky, M. Yakimov, “Conversion of concentrated solar 
radiation by quantum dots with built-in charge,” Abstracts, APS March Meeting, H1.111, 2014. 

6.  A. Sergeev, Y. Li, N. Vagidov, V.Mitin, K. Sablon, S. Oktyabrsky, M. Yakimov, “Nanoscale 
engineering of efficient photovoltaic conversion in quantum dot media,” Abstracts, APS March 
Meeting, L24.10, 2014.  

7. A. J. Kerr, E. Chagarov, S. Gu, T. Kaufman-Osborn, S. Madisetti, J. Wu, P. M. Asbeck, S. 
Oktyabrsky, and A. C. Kummel, “Preparation of gallium nitride surfaces for atomic layer deposition of 
aluminum oxide,” J. Chem. Phys. 141, 104702 (2014). 

8.  P.M. Bouzi, Y. Chiu, C. Deutsch, Y. Dikmelik, Y. Song, V. Tokranov, S. Oktyabrsky, C. Gmachl, 
Importance of growth direction in mid-infrared quantum cascade lasers, J. Appl. Phys. 116 (2014) 
034504. 
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9. S. K. Madisetti, V. Tokranov, A. Greene, M. YakimovM. Hirayama, S. Oktyabrsky, S. Bentley, A. P. 
Jacob, “Growth of strained InGaSb quantum wells for p-FET on Si: Defects, interfaces, and electrical 
properties.” J. Vac. Sci. Technol. B 32(5), 051206 (2014).  

10. V. Tokranov, S. Madisetti, M. Yakimov, S. Sasaki, M. Hirayama, S. Bentley, A. P. Jacob, S. 
Oktyabrsky, “Strained InGaSb QW p-channel grown by MBE on SOI with AlSb nucleation layer,” 
International Conference on Molecular Beam Epitaxy, ICMBE-2014 . 
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Nanoscale Characterization and Metrology  
(Thiel Group)  

 
Scope: Professor Thiel’s research program is embedded within the SEMATECH 
Advanced Metrology Development Program. Our metrology research focuses on 
the development of technologies and methodologies necessary to provide 
solutions for the measurement needs of high-volume manufacturing of 
semiconductors. 
 
Goals: To identify and address gaps in measurement technology for advanced 
materials and architectures for the 11 nm technology node and beyond. Current 
trends, in addition to shrinking dimensions, are three-dimensional structures (in 
logic, memory, and interconnect), and in use of more materials in complex 
stacks.  
 
2014 Accomplishments  
 
TOPIC 1: Development of Massively Parallel Electron Beam Technology for Wafer 
Defect Inspection 
 
Optical brightfield methods currently are the dominant technology for detecting defects 
occurring in semiconductor 
manufacturing. Critical (performance 
killing) defects include patterning errors, 
rouge particles, surface contamination, 
and scratches. As semiconductor feature 
sizes continue to shrink, so does the size 
of critical defects. However, for particles 
below about 20 nanometers, optical 
scattering strength decreases 
exponentially with particle size. 
Therefore, the sensitivity of brightfield 
methods is decaying rapidly as nodes 
shrink. Electron beam-based inspection, 
similar to imaging in a scanning electron 
microscope (SEM), can easily meet the 
sensitivity requirements far into the 
future, but throughput is unacceptably 
slow. Scanning a single wafer for 10 nm 
defects with a conventional SEM would 
literally require months. Our proposed 
solution is centered on a core technology 
that uses a massively parallel array of 
electron beams. One such 
implementation is depicted in Figure 1, 
which shows a single electron source 

Figure 1: Schematic of an 
electron beam splitter column.  
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split into an array of beamlets traveling through a single electron-optical column. 
 
The success of multibeam technology relies in part on achieving uniform electron-
optical performance of all the beams within the array. Our role is to identify the relevant 
performance metrics for assessment and to devise and execute the appropriate tests. 
One major component of that effort is the design and fabrication of suitable test 
structures. In addition to obvious parameters, such as the variation in spot size and 
probe current, we are concerned with measuring the contrast transfer function of each 
beam and signal channel. In particular, the shape of the high frequency response curve 
determines the noise sensitivity of each channel, which feeds directly into the 
calculations of the required electron dose necessary to achieve a given level of defect 
sensitivity. 
 
 
 
 
 
 

 
Figure 3: Distribution of probe currents in 
a representative multibeam system. 

Figure 2: Distribution of probe sizes in 
a representative multibeam system 
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PROGRAM: iCLEAN, SUNY Poly’s Energy and 
Nanotechnology Incubator 

(Dr. Pradeep Haldar & Dr. Laura Schultz) 
 
Scope: Incubators for Collaborating & Leveraging Energy And Nanotechnology 
(iCLEAN) was founded by SUNY Polytechnic Institute (SUNY Poly) and the 
Hudson Valley Center for Innovation in 2010. Funded primarily through the New 
York State Energy Research Development Authority (NYSERDA) and supported 
by the National Science Foundation, iCLEAN works with clean energy, 
nanotechnology, and biotechnology companies throughout New York, the 
Northeast, and the rest of the country. 
 
Goals: iCLEAN’s overarching goal is to create a sustainable entrepreneurship 
ecosystem in New York by utilizing SUNY Poly’s resources and capabilities. 
iCLEAN actively achieves this goal by: assisting its companies raise public and 
private funding, providing an array of business and technical services, assisting 
companies create and retain jobs, and helping companies spinout and 
commercialize technologies and products in New York. 
 
2014 Accomplishments 
 
TOPIC 1: iCLEAN Incubation and Commercialization Assistance 
 
iCLEAN offers budding and seasoned entrepreneurs, scientists, engineers, inventors, 
and innovators the highest levels of incubation and commercialization assistance, 
including access to world-class facilities and equipment, prototyping and advanced 
development capabilities, manufacturing and training expertise, along with executive 
mentoring and entrepreneurship education and outreach programs. 
 
Over the past three years, iCLEAN has transformed from a purely energy-focused 
incubator program into the hub of innovation, incubation, and entrepreneurship at SUNY 
Poly. iCLEAN is responsible for creating, developing, and fostering all of SUNY Poly’s 
spinout companies, which are based on emerging technologies being developed by 
SUNY Poly and its partners. In addition, SUNY Poly’s Energy and Environmental 
Technology Applications Center has worked closely with companies commercializing 
nanotechnology-enabled energy and semiconductor technologies for more than a 
decade. 
 
iCLEAN assists its member companies in the development of technologies and 
businesses through all stages of development while simultaneously helping them raise 
funding and collaborate with strategic partners to accelerate commercialization. 
 
In just the past three years, iCLEAN has directly assisted its member and graduate 
companies raise over $97 million from public and private sources, which in turn has 
created and retained 143 jobs. 
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Coinciding with these principles, SUNY Poly and iCLEAN are committed to continuing to 
cultivate and grow a world-class innovation ecosystem for start-up and established 
clean energy, nanotechnology, and biotechnology companies in New York. This 
enables the companies working with iCLEAN and its partners, as well as all of the other 
ventures that benefit from iCLEAN’s various programs, to develop rapidly and 
organically, which keeps the public and private investments along with the jobs that 
these companies create right here in New York.  
 
iCLEAN was founded on the premise that advanced technology innovations can only be 
meaningfully commercialized when they are scaled for the future. 
 
iCLEAN companies’ notable achievements: 
 

• Over $97 million in public and private funding raised for iCLEAN member 
companies 

• Added 6 companies to client portfolio in 2014, for a total of 31 member 
companies and 4 graduate companies 

• Currently assisting 7 SUNY Poly spinout companies with development of their 
businesses and raising money to take their technology to the next level 
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INITIATIVE: New York Business Plan Competition 
(Dr. Pradeep Haldar & Dr. Laura Schultz) 

 
Scope: The 2014 New York Business Plan Competition expanded to feature the 10 
Regional Economic Development Council zones of New York – Capital Region, 
Central New York, North Country, Mohawk Valley, Finger Lakes, Western New 
York, Southern Tier, Mid-Hudson, New York City, and Long Island. Selected 
regional partner institutions hosted semifinal competitions in each of these 
regions in early April. The top teams from each of the regions advanced to the 
statewide final competition where they went head-to-head for the $100,000 grand 
prize at SUNY Polytechnic Institute’s Colleges of Nanoscale Science and 
Engineering on April 25. 
 
Goals: To provide students at public and private institutions of higher education 
in New York with: 
 

• Access to participating students from major college and university 
communities throughout New York State 

• Opportunity to network with top investors as well as other business and 
political leaders who participate in the program 

• Exposure to the future business leaders of our communities 
• Opportunity to support and encourage the entrepreneurial spirit and help 

advance the technology transfer originating at New York State’s leading 
colleges and universities 

• Opportunity for economic development and job creation through start-up 
creation 

 
2014 Accomplishments 
 
TOPIC 1: The $500,000 New York Business Plan Competition 
 
The New York Business Plan Competition is the only leading collegiate business 
competition that is a regionally coordinated, collaborative statewide program, which sets 
it apart from all other competitions. It is one of the largest collegiate business 
competitions in the nation. In 2014 Over 70 colleges and universities participated from 
across New York, including a collaborative network of more than 20 institutions that 
hosted semifinal competitions in 10 regions across the state in early April, leading up to 
the statewide final competition on April 25. $500,000 in total prizes was awarded to the 
560+ teams that competed at the regional and statewide levels of the 2014 program. 
 
Highlights from the 2014 competition:  
 

• SUNY Poly CNSE’s team Glauconix took the grand prize of $50,000 cash and 
$50,000 in in-kind services 
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• 500+ students, investors, academicians, and community stakeholders attended 
the 2014 New York Business Plan Competition at SUNY Poly CNSE. 

• At the end of the 2014 competition, over $1,300,000 has been awarded to 
student entrepreneurs in New York since the competition’s inception 

• Since 2010, over 1,130 student teams from 75 institutions have participated in 
the Business Plan Competition 
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INITIATIVE: Tech Valley Innovation Pipeline 
(Dr. Pradeep Haldar & Dr. Laura Schultz) 

 
Scope: SUNY Polytechnic Institute (SUNY Poly), in collaboration with iCLEAN, the 
energy and nanotechnology incubator, held the fourth annual Tech Valley 
Innovation Pipeline (Tech-VIP) event in February 2014 to accelerate 
commercialization of advanced technologies. 
 
Goals: The primary goal of the Tech-VIP is to continue to develop and grow SUNY 
Poly’s innovation pipeline as well as give faculty and students ample opportunity 
to commercialize the technologies that they are developing at SUNY Poly. The 
Tech-VIP, in addition to iCLEAN and the New York Business Plan Competition, 
strives to further grow the culture of innovation and entrepreneurship at SUNY 
Poly. 
 
2014 Accomplishments 
 
TOPIC 1: The Tech-VIP: An Idea Pipeline for Next-Generation Technologies 
 
The mission of the Tech-VIP – the first technology idea pipeline of its kind in New York 
– is to accelerate commercialization of potentially game-changing technologies as well 
as serve as a think tank for innovation at SUNY Poly. SUNY Poly is committed to 
facilitating technology transfer and the formation of new technology spinout companies. 
SUNY Poly and iCLEAN provide support to entrepreneurial faculty, students, and teams 
with ideas, demonstrated concepts, or inventions from all applications of 
nanotechnology. 
 
Glauconix was selected to receive a $5,000 in-kind award that supported the team 
through a series of mentoring sessions and provided research assistance to advance 
their proposed technology at the Tech-VIP event. This support was designed to enable 
Glauconix to effectively vet their ideas and investigate the possibility of transforming 
their technology-based concepts into potential companies or commercial products. All 
participating teams received detailed feedback from the judges to help them take their 
ideas to the next level. 
 
Students were assisted as they conducted an opportunity analysis and prepared 
business plans to move the ideas through iCLEAN’s incubation activities. Glauconix 
competed at the fifth New York Business Plan Competition statewide finals, held at 
SUNY Poly CNSE in April 2014, and won the $100,000 grand prize.   
 

• Eight student teams developing various technologies and products were 
participated in the Tech-VIP program 

• SUNY Poly student teams that were incubated through the Tech-VIP program 
that participated in the statewide New York Business Plan Competition finals 
placed: 

o Glauconix – Grand Prize and 1st place in Biotechnology/Healthcare Track 
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§ $50,000 cash + $50,000 in-kind services 
o Goodlight, LLC – 1st place in Energy/Sustainability Track 

§ $10,000 cash + $2,000 in-kind services 
o Titan Nanotech – 3rd place in Nanotechnology/Advanced Technology 

Track 
§ $1,500 cash  
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PROGRAM: eNTEL 
(Dr. Pradeep Haldar & Dr. Laura Schultz) 

 
Scope: SUNY Polytechnic Institute (SUNY Poly) and Albany Law School (Albany 
Law) continued to helm a joint educational program, “Ecosystem for 
Nanotechnology, Entrepreneurship and Law,” (eNTEL) which will integrate the 
strengths of each institution to uniquely prepare student entrepreneurs to launch 
startup companies and attract business investment as a means of further driving 
New York’s fast-growing innovation economy. 
 
Goals: Through the eNTEL program, both SUNY Poly and Albany Law will foster a 
culture of interdisciplinary collaboration that will assemble the experience, 
knowledge, and expertise of each institution’s faculty and staff, as well as 
practitioners and experts in the Capital Region, to create training opportunities, 
joint classes, and collaborative projects, all intersecting with technology, 
entrepreneurship, and the law. 
 
2014 Accomplishments 
 
TOPIC 1: Leveraging the eNTEL Program to Create World-Class Business 
Opportunities 
 
Through the eNTEL program, both SUNY Poly and Albany Law will foster a culture of 
interdisciplinary collaboration that will assemble the experience, knowledge, and 
expertise of each institution’s faculty and staff, as well as practitioners and experts in 
the Capital Region, to create training opportunities, joint classes, and collaborative 
projects, all intersecting with technology, entrepreneurship, and the law, which will be 
issued jointly by SUNY Poly and Albany Law. 
   
Students will work in teams to explore ways to develop products from idea to 
commercialization; create a “Tech Transfer Practicum” in which students from both 
SUNY Poly and Albany Law will bring business ideas generated by SUNY Poly student 
researchers to market; provide Albany Law students with vital real-world experience 
through placement in an externship with the SUNY Poly Office of Technology Innovation 
and Commercialization; and, in collaboration with Albany Law’s Government Law 
Center, the school’s Tax and Transactions Clinic will provide free start-up legal 
assistance to selected very early stage businesses and nonprofit organizations, 
including those founded by SUNY Poly students that have educationally appropriate 
legal needs. These initiatives will give students from both institutions opportunities to 
bring ideas to market and grow them into successful businesses to create economic 
development opportunities in the region, and to provide opportunities for area attorneys 
to service the businesses after the initial stage. 
   
Portions of the program will be implemented over the next four years, with more than 
200 students expected to be trained in the scientific, commercial, and legal aspects of 
nanoentrepreneurship, simultaneously strengthening the network of alumni, faculty, 
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engineers, entrepreneurs, and practicing attorneys involved with the nanoscale industry 
in the Capital Region and throughout New York State. Additionally, the program aims to 
attract top engineering, business, and law students to the region to enhance enrollment 
at both institutions. 
 
Program Highlights: 

• Offered the joint Law & Entrepreneurship Course in spring 2014; the course saw 
maximum participant level 

• Developed another joint offering, the Innovation & Entrepreneurship Course, for 
spring 2015 
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Economics of Nanomanufacturing Industries 
 (Unni Pillai)  

 
Scope: Develop industry models to understand the contribution of factors like 
government policies, research collaborations, and market structure toward 
technological progress in manufacturing industries that use nanotechnology-
enabled techniques (semiconductors, solar cells, batteries, LEDs, biotechnology) 
and use such models to evaluate the impact of government policies in generating 
competitiveness of domestic firms in global markets  
 
Goals: 1. Measurement: to develop metrics of technological competitiveness for 
firms and countries in nanomanufacturing industries and to collect data on 
historical and current values of these metrics; 2. Analysis: to develop analytical 
techniques and economic models that can identify causal factors that can explain 
the measured differences in technological competitiveness among firms and 
among countries in nanomanufacturing industries; and 3. Public Policy: to use 
economic models to evaluate the effectiveness of public policies toward 
improving regional and national competitiveness in nanomanufacturing  
industries 
 
2014 Accomplishments  
 
TOPIC 1: Supply Chain Coordination and International Competitiveness in the 
Semiconductor Industry 
 
Semiconductor industries in the United States and Japan have experienced clear and 
substantial shifts in their global competitiveness. U.S firms played the central role in the 
events that led to the birth of the semiconductor industry. The industry grew rapidly 
during 1950-1970 under the stewardship of the U.S. companies, who remained the 
leaders in both research and manufacturing of semiconductor products. In contrast, the 
semiconductor industry in Japan was clearly a follower in 1950s and 1960s. The 
dominant position of U.S. firms in the semiconductor industry was weakened by the 
increasing market penetration of firms from Japan in the 1970s and 1980s. By the 
1990s, the U.S. semiconductor industry had reversed its downward slide and has since 
maintained a leading position in the market for semiconductors. The semiconductor 
equipment industry has closely mirrored that of the national semiconductor chip 
industry, with a steady decline in U.S. global equipment market share and increasing 
Japanese market share in the 1980s, followed by a revival of the U.S. equipment 
industry and a decline in the Japanese industry in the 1990s.  
 
Our research examines the role that the Very Large Scale Integration (VLSI) consortium 
played in the ascent of the Japanese firms in the global semiconductor market in the 
1980s, and the role that the SEMATECH consortium and SUNY Poly CNSE played in 
the revival of the US semiconductor firms in 1990s and 2000s. Our hypothesis is that 
these consortiums played a significant role in the rise of the semiconductor firms in the 
two countries, by improving the coordination across the different segments of 
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semiconductor supply chain within each country. We have collected firm level data on a 

number of relevant variables and are currently developing an industry model that is 
consistent with the data. 
 
TOPIC 2: Technological Progress in the Solar Industry 
 
In the solar industry, the pace of technological progress has usually been measured in 
terms of reduction in the cost of producing a watt of electric power with solar panels. 
The cost per watt has decreased rapidly over the last few decades, and most studies of 
the industry attribute this to what is commonly called learning (or experience) effects, 
and the presence of economies of scale in production. We developed a model which 
combined the important engineering parameters with production choices that solar 
panel companies would make if they attempted to minimize the cost of production. The 
model yielded a cost function that included engineering variables like conversion 
efficiency of solar panels and economic variables like cumulative production and plant 
size, as well as learning and economies of scale effects. Using a panel dataset of solar 
panel manufacturing firms for the years 2005-2012, we were able to show statistically 
that once improvements in the engineering variables are taken into account, learning 
and economies of scale are not significant in explaining the reduction in the cost of solar 
panels. This was a very informative result because it suggests that cost reduction in the 
industry has not been merely a transient outcome caused by increases in scale, rather it 
was because of factors that we might expect to persist over long periods of time.  
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The methodology used in the research can be applied to other industries, for example it 
can be used to study the recent effort by Tesla Motors to reduce the cost of lithium ion 
batteries in its electric cars by building a massive factory in Nevada to exploit the 
assumed economies of scale in lithium ion battery production.   

U. Pillai, “Sources of Cost Reduction in Solar Photovoltaics”, Energy Economics (Revise and Resubmit), 
2014. 
 
TOPIC 3: Competition Among Solar Contractors in California 
 
Driven by concerns about global warming, governments across the world have adopted 
a variety of policies to reduce the emission of greenhouse gases. In evaluating the 
effect of such government policies, the focus has been on modeling the consumer 
purchasing process and in quantifying the impact of the policies on consumers’ decision 
to purchase electric cars or solar panels. Very little attention has been paid to the role 
played by firms in the industry or on the influence of market structure in determining the 
market penetration of these environmentally friendly products. Our research paper fills 
the gap in the literature by developing a model of the solar photovoltaic installation 
industry in California that is consistent with observations about the market structure, and 
using the model to quantify the impact of demand side subsidies for solar equipment on 
welfare and solar penetration in the residential electricity market in California. The 
parameters in the model are estimated using simulated method of moments. The 
calibrated model is used to answer two questions that have been central in government 
policy making in the industry. First, the model is used to quantify the impact of the thirty 
percent subsidy offered by the U.S federal government on welfare and solar penetration 
levels in California. Second, the calibrated model delivers the cost reduction necessary 
to obtain the solar penetration levels that result under a consumer subsidy. To achieve 
the penetration level for solar in 2012 in California without the federal subsidy, the 
model estimates that the unit cost would have had to be 35.4% lower than what it 
actually was in 2012.  
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U. Pillai, “Competition among Solar Contractors in California”, Proceedings of the 2014 
Fall Symposium Series of Association for the Advancement of Artificial Intelligence, 2014. Arlington, VA. 
AAAI Press. 
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Creating Economic Impact with Emerging Technologies 
(Laura Schultz) 

 
Scope: Creating value through the development and commercialization of 
emerging technologies.  
 
Goals: To better understand how new technologies are created, the pathway they 
follow into the market place and their impact on regional economies; to directly 
assist SUNY Poly CNSE and Capital Region entrepreneurs as they commercialize 
their technologies through new ventures; to identify the impact policies have on 
the creation and commercialization of technology.  
 
2014 Accomplishments  
 
TOPIC 1: The Role of Workforce Development in an Innovation Economy 
 
Cutting-edge strategies for regional economic development aim to harness and 
leverage the expertise and resources of universities, industry, and government to 
generate economic growth. Economic growth emerges, in part, from a workforce with 
the skills needed to take up jobs within the R&D clusters and to attract new firms in 
associated sectors to the region. SUNY Poly CNSE has led the transformation in the 
Capital Region’s workforce. I examined SUNY Poly CNSE’s roles in fostering the 
development of the nanotechnology workforce at different levels and types of education 
skills, in response to information about local employer demand. Initial results indicate 
the potential of SUNY Poly CNSE’s approach to workforce development to address 
growing and evolving nano-related skill and workforce needs in the region and beyond. 
Future research will develop methods for assessing workforce needs in dynamic, high-
tech-based regions.  
 
L.I. Schultz, A. Wagner, “Workforce development in a targeted, multi-sector economic development 
strategy: The case of SUNY’s College of Nanoscale Science and Engineering” In Transforming U.S. 
Workforce Development Policies for the 21st Century, (C. Van Horn, T. Greene, T. Edwards, eds.) New 
Brunswick, NJ Rutgers University Press, 2014. 
 
Topic 2: Promoting an Entrepreneurial Ecosystem to Enable the 
Commercialization of SUNY Poly CNSE Technologies; Training SUNY Poly CNSE 
Students to Become Leaders of Nanotechnology Innovation  
 
An entrepreneurial ecosystem is an environment in which student and faculty inventors 
are encouraged to pursue the commercialization of their technologies through the 
startup of new firms or collaborations with industrial partners. A university with a strong 
entrepreneurial ecosystem uses several channels to send the message that the 
commercialization of its technologies is valued and will be rewarded. It provides training 
and assistance to help inventors navigate the commercialization and venture creation 
process. Professor Schultz has been a leader in creating an entrepreneurial ecosystem 
at SUNY Poly CNSE through coursework, mentoring of student entrepreneurs, and 
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business plan activities, in addition to published research on the importance of 
entrepreneurial ecosystems.  
 
L.I. Schultz, “The Importance of entrepreneurial ecosystems for university technology transfer,” 
Technology Transfer and Entrepreneurship. October 2014. 
 
2014 NY Business Plan Competition. More than 425 teams from 50 schools across NYS competed for 
$500,000 in prizes. 
 
Topic 3: Identifying and Realizing Value in Advanced Technologies 
 
Scientists and engineers at SUNY Poly CNSE are creating technological breakthroughs 
in their laboratories. They excel at identifying and answering technical research 
questions. While they clearly see the value in their work, it can be a challenge to reach 
the users who will benefit the most from the adoption of their innovations. Success for 
academic, industrial, and entrepreneurial scientists depends on convincing funding 
agencies, management, or investors of the value of their research. This value is created 
through the process of technology transfer that transforms an invention from the 
laboratory to a commercial product. Professor Schultz is a graduate of the NSF I-Corps 
program that teaches scientist and engineers to use the scientific method to evaluate 
the commercial potential for their technologies through interviews with potential 
customers, competitors, partners, and industry experts. She has used these methods to 
serve as a commercial advisor to startup companies from SUNY Poly CNSE, assist 
fellow faculty in pursuing innovation grants, and develop entrepreneurship curricula for 
undergraduates and graduates.  
 
Highlights:  

• Completed the highly competitive NSF I-Corps program with Eonix  
• Served as commercialization advisor to Glauconix, grand prize winner of the 

2014 New York Business Plan Competition, who have raised $500,000 in less 
than one year. 

• Director of Commercialization for PVMC. 
• Member of the iCLEAN advisory board.  
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Nanoscale Semiconductor Device Processing and Simulation 
(Borst Group)  

 
Scope: Professor Borst’s research is centered on the continued advancement of 
semiconductor technology, through experimentation and simulation. The work 
investigates today’s state-of-the art techniques for producing devices at the 14nm 
node and below. 
 
Goals: To leverage the unparalleled research and development equipment 
infrastructure to determine real-world challenges for silicon and pursue 
approaches for improvement of existing processes and enablement of new 
techniques.  To this end, the Borst group processes wafers using SUNY Poly’s 
advanced device module integration flows and develops appropriate test 
reticles/structures and simulations using commercially available software. 
 
2014 Accomplishments  
 
TOPIC 1: Study Of Millisecond Laser Annealing on Recrystallization, Activation, 
and Mobility of Laser Annealed SOI Doped Via Arsenic Ion Implantation 
 
Millisecond anneal techniques have been demonstrated to achieve fully recrystallized, 
highly activated, shallow, and abrupt junctions in silicon with both p- and n-type dopants 
due to the technique’s fast time scale and high temperature. To understand and model 
the effects of millisecond laser annealing, knowledge of the true thermal profile 
experienced by the active semiconductor region must be known. The Borst group has 
simulated the impacts of a scanning laser in a series of shallow implants appropriate for 
advanced-node S/D, and compared those results to experimental results. Arsenic ion 
(As+) implant energies of 10, 19, and 25 keV at doses of 1.5x1015 and 3x1015 cm-2 into a 
silicon-on-insulator substrate were studied to achieve different doping levels and 
amorphization depths. The recrystallization, activation, and mobility of the laser 
annealed, ion implanted experimental cells were then analyzed. 
 
For each experiment, Sentaurus technology computer aided design was used to create 
a calibrated 2D laser model to approximate the thermal budget of the lasing recipes 
(850–1250 degrees C) then used that output as an input into lattice kinetic Monte Carlo 
(LKMC) to simulate the solid phase epitaxial regrowth (SPER) during anneal of the 
various implant conditions. Sheet resistance and Hall Effect measurements were used 
to correlate dopant activation and mobility with the regrowth process during laser 
anneal, showing the onset of high conductivity associated with completion of SPER in 
the films. The LKMC model shows an excellent agreement with cross section 
transmission electron microscopy, correlating the increase of conductivity with 
completion of crystal regrowth, increased activation, and crystal quality at various 
temperatures. Shallow, lower dose implants are capable of single crystal regrowth, 
producing high levels of activation >1x1020 cm-2 and nominal mobilities for highly 
arsenic-doped silicon. However, higher energy implants that fully amorphize the film 
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regrow polycrystalline silicon with low mobilities even at very high temperatures (1250 
degrees C), unsuitable for source–drain formation in logic devices. 
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TOPIC 2: Innovative Advanced Nanotechnology Test Mask for Chemical and 
Mechanical Planarization Process Prediction 
 
There is an urgent need to provide a new Chemical Mechanical Planarization (CMP) 
test mask standard to the CMP development community. Updated test mask structures 
are required to maintain relevance for CMP R&D at the 14nm and beyond. The Borst 
research group and SUNY Polytechnic Institute’s Colleges of Nanoscale Science and 
Engineering’s (SUNY Poly CNSE) technical experts have joined together with 
SEMATECH to develop a next-generation CMP test vehicle and are using a proven 
collaboration model to design an industry validated, technologically relevant mask set to 
enable experiments and calibration of simulations.  
 
The next-generation CMP test vehicle will include multiple masks to address the 
challenges and potential interactions of STI, contact, and copper back-end-of-line 
(BEOL) layers. In addition, new masks will address the modern challenges of 
replacement metal gate (RMG), finFET, III-V, embedded memory, 3D CMP, and scale-
up impacts for 450 mm wafers. The design will include legacy structures with larger 
features well characterized by the industry, but will focus on providing advanced 
structures and designs necessary to address today’s CMP challenges at the 14 nm 
node. Selected university and industry collaborators have each provided survey input to 
decide the mask content. Each will be asked to further contribute expertise in universal 
design acceptance and structure correlation to CMP process characterization / 
simulation once the preliminary mask layout is finalized. This collaborative effort is 
important to create a new mask standard that will support numerous technology nodes.  
The printability and proof of fabrication on advanced-node substrates with advanced-
node materials through leading-edge CMP processes will be performed at SUNY Poly’s 
NanoTech Complex fabrication facility.   
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Chemical Sensors 
(Carpenter)  

 
Scope: Study the optical, electrochemical, and catalytic properties of 
nanocomposites comprised of plasmonically active metal nanoparticles in metal 
oxides as a function temperature and gas exposure 
 
Goals: 1. Develop plasmonically active nanocomposites for use as novel 
functional nanomaterials within harsh environments; 2. Develop unique in-
situ/operando functionality testing methods for nanocomposite materials; 3. 
Design and develop Si MEMS based electrochemical sensors for harsh 
environments 
 
2014 Accomplishments  
 
TOPIC 1: Examining the Charge Transfer Properties of Interfacial Chemical 
Reactions in Au-yttria Stabilized Zirconia Nanocomposites 
 
Collaborative work was completed with Drs. John Baltrus and Paul Ohodnicki from 
DOE-NETL to characterize interfacial charge transfer reactions. Critical to these studies 
was independent confirmation of the proposed reaction mechanism as determined 
through previous optical-based experiments 
with XPS analysis methods. Previous in-situ 
analysis of the plasmonic absorption band of 
Au nanoparticles (AuNP) embedded in yttria-
stabilized zirconia (YSZ) has led to a 
proposed interfacial charge transfer reaction 
mechanism involving the reaction of reducing 
gases such as H2 with oxygen anion species.  
At 500C in the presence of air, oxygen 
molecules dissociatively adsorb on YSZ 
forming O- and O2- species, which then 
occupy vacancies within the YSZ lattice.  
Electrons required for this process are 
removed from the AuNPs causing a red shift 
in the plasmon absorption band, subsequent 
exposure to H2 leads to a reaction with the 
oxygen anions species, forming water, and 
electron transfer back to the AuNP, causing a 
blue shift in the plasmon band.  
Measurements using XPS on AuNP-YSZ 
samples oxidized or reduced using the same 
reaction conditions noted above show a 
correlated shift in the Au photoelectron peaks 
as noted in Figure 1, that are indicative of 
interfacial charge transfer reactions. 

Figure 1: Au 4f binding energy shifts upon 
exposure to redox gas cycles 
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Calculations were completed which determined ~1% of the free electrons were 
exchanged in this process, which correlates well with the data and reaction mechanism 
proposed from analysis of the plasmon absorbance peak shifts as a function of the 
oxidation/reduction gas exposures. These latest independently confirmed results will be 
used for future planned experiments and optimization of plasmonically enabled 
chemical sensing materials for harsh environment applications.  
 
TOPIC 2: Development of Thermal Energy Harvesting Methods and Materials to 
Enhance the Integratability and Detection Properties of Harsh Environment 
Chemical Sensors 
 
For all previous plasmonics-related sensing work there is always the need and use of 
an external incident light source, which is required for probing the plasmonics 
absorbance band as a function of time, exposure, and changes in the surrounding 
environmental conditions of interest. The Carpenter group has demonstrated for the first 
time the energy harvesting characteristics of plasmonically active materials and has 
used these properties for the detection of emission gases under harsh environment 
conditions.   

 
Figure 2: a) Schematic of the thermal imaging bench setup (left). b) Diagram showing the 
placement of the sample in the Macor holder inside the furnace (right). Interfacial surface 
reactions between CO and oxygen species are also shown. 
 
The schematic in Figure 2 displays the methods used for this demonstration, which 
simply require the collection of the thermal energy emitted from the furnace to serve as 
the background radiation intensity, Io, for normalizing the intensity of the radiation that 
passes through the plasmonically active sample, I, and calculation of the associated 
absorbance spectra. By designing Au nanorods (AuNR) embedded in YSZ, which 
absorb energy that overlaps with the black body radiation emitted by the furnace 
operating at 700C, the energy is harvested by the AuNRs and an external incident light 
is not needed for these experiments. Chemical sensing tests have been performed with 
this newly developed method and they are comparable to those which use an external 
incident light source. These results have been critical for the future development of 
integratable plasmonics based sensors in harsh environments and are also expected to 
be widely applicable for a range of thermal energy harvesting applications, including 
catalysis. 
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TOPIC 3: Raman Spectral Analysis of PdO  
 
The phonon anharmonicity in PdO has been explored using in-situ Raman spectral 
analysis between 300 and 973K. Critical to these studies was the use of a mini-reaction 
chamber coupled to a Raman spectrometer. This chamber has an internal volume of 
15ml and, given its water-cooled chamber walls and ceramic-embedded heater, is able 
to achieve temperatures up to 973K in the presence of either reducing or oxidizing 
gases. These features are ideal for interrogating catalytically relevant interfacial 
reactions using Raman spectroscopy. PdO has a nearly resonant transition with the 
excitation wavelength used in these studies, 514 nm, and as such, the large Raman 
scattering cross section enables the sensitive detection of PdO as a function of film 
thickness and temperature. PdO thermally decomposes starting at ~650C, making its 
detection at high temperatures a challenging process. Figure 3 displays the Raman 

spectral properties of 30, 60, and 90 nm thick PdO films with a linear downward shift in 
the B1g Raman spectral line with temperature and a corresponding increase in its 
FWHM. Theoretical modeling of these features was used for study of phonon 
anharmonicity and thermal expansion properties of PdO as a function of temperature 
and determined for the first time the PdO anharmonic constants, e-ph coupling strength, 
and phonon line frequency and linewidth extrapolated to 0 K. 
 
TOPIC 4: Design and Development of Si MEMS-Based Electrochemical Sensors 
for Harsh Environments 
 
In partnership with Ohio State University, MicroAdventure Technologies and Makel 
Engineering, the Carpenter group is developing Si MEMS-based electrochemical 
sensors. These sensors will be compatible with harsh environments and will target 
industrial applications including power, transportation, and combustion. Oxygen sensors 
are used ubiquitously across these industries to improve efficiency of their respective 

(a) (b) 

Figure 3: (a) Raman B1g phonon shift with temperature for the 90nm PdO film (b) 
Temperature dependence of B1g phonon frequency and full width at half maximum 
(FWHM) for different thicknesses of PdO films 

245



	   The Nanoengineering 
Constellation 

industrial processes. However, there is a critical need for cost-effective miniaturized 
sensors for better mapping of system conditions, which would increase combustion 
efficiency, reduce emissions, and increase power generation efficiency. Figure 4 
outlines the current state-of-the-art in industrially available oxygen sensors, for which 

these sensors need an external O2 reference. The MEMS-based design will improve 
upon a demonstrated ceramic “pellet” -based O2 sensor design which uses an 
integrated internal O2 reference and furthermore will enable the fabrication of 3500 
sensors on a 6” Si wafer. MEMS-fabricated O2 sensor designs are currently being 
fabricated using facilities at SUNY Poly CNSE as well as SUNY Poly CNSE’s Smart 
System Technology & Commercialization Center facility in Canandaigua. Future sensor 
designs will utilize a plug-n-play type device structure, enabling the detection of a suite 
of gases including O2, CO, NO2 and other emission related gases. 
   
Publications 
1. Z. Zhao, J. Elwood, M. A. Carpenter, “Phonon Anharmonicity in PdO for Temperature Dependent 

Raman Scattering,” Physical Review B, Under Review, (2014) 
2. N. Karker, G. Dharmalingam, M. A. Carpenter, “Thermal Energy Harvesting Plasmonic Based 

Chemical Sensors,” ACS Nano, 8, 10953-62 (2014). 
3. J. P. Baltrus, P. R. Ohodnicki, N. A. Joy, M. A. Carpenter, “Examination of Charge Transfer in Au/YSZ 

for High-Temperature Optical Gas Sensing,” Applied Surface Science, 313, 19-25 (2014). 
 
Patents and Technology Disclosure Filings 
1. M. A. Carpenter, “Plasmonic Ion Focussing Device,” Technology Disclosure Filed (2014) 
2. M. A. Carpenter, “Coupled Plasmonics Enabled Chemical Sensors and Thermal Energy Harvesting 

Structures,” Technology Disclosure Filed (2014) 
3. Z. Zhao, M. A. Carpenter, “Development of Plasmonically Active Nanocomposites with Bimodal 

Nanoparticle Distributions,” Provisional patent filed (2014) 
 
Presentations 
1. M. A. Carpenter, “Thermal Energy Harvesting Plasmonics Based Chemical Sensors,” Fall 2014 MRS 

Meeting, Invited 
2. M. A. Carpenter, “Thermal Energy Harvesting Plasmonics Based Chemical Sensors,” Department of 

Chemical Engineering and Materials Science, Stevens Institute of Technology, NJ (November 2014) 
Invited 

3. N. Joy, N. Karker, M. A. Carpenter, “Emissions Sensing at High Temperatures Using Plasmonic 
Arrays: Probing Sensitivity and Selectivity Using Patterned Nanostructures,” 57th ISA POWID Division 
Symposium, Phoenix, Az (June 2014). 

4. G. Dharmalingam, M. A. Carpenter, “Morphological control of YSZ encapsulated gold nanoparticles 
for emissions sensing: Discrimination between reducing gases facilitated by material control,” 57th ISA 
POWID Division Symposium, Phoenix, Az (June 2014). 

!

Marathon 
Sensors Inc. 

~1-5m OSU/Argonne 

~1 cm 
2 mm 

c) In Progress b) Demonstrated a) Commercial 

15 cm wafer = 
3450 die 

Sensor die 

Uses external O2 reference 
With internal 
O2 reference With internal O2 reference 

Figure 4: Comparison of scale and designs of industrially available O2 sensors with the 
proposed design 
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5. M. A. Carpenter, “Hyperspectral Plasmonics Based Harsh Environment Compatible Chemical 
Sensors,” American Chemical Society, Dallas, Tx (2014) Invited 
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Lithography (Denbeaux Group) 
 
Scope: Research in advanced semiconductor processes including fundamental 
photoresist reaction mechanisms, optics contamination, surface photochemistry, 
and the generation, transport and measurements of nanoparticles for defectivity. 
 
Goals: Provide research and development in support of advanced lithography 
applications 
  
2014 Accomplishments  
 
TOPIC 1: Electron interactions with photoresists 
 
During exposure of photoresists with EUV radiation, the expected reaction mechanism 
is photon absorption (about 92 eV per photon) with subsequent reaction chemistry due 
to the lower energy secondary electrons. In order to measure this reaction chemistry, 
working with Professor Brainard’s group, we have built and commissioned a custom 
Electron Resist Interactions Chamber (ERIC) system that includes a tunable electron 
gun from 5 eV to 5000 eV electron energy and a quadrupole mass spectrometer to 
measure the outgassed species and monitor the reaction chemistry. Our goal is to 
understand the interaction mechanism leading to dissolution of resist in developer due 
to EUV exposures. Since the photon absorption interaction leads to generation of a 
photoelectron, and the photoelectron and subsequent secondary electrons are believed 
to be the dominant cause of chemistry, we are studying low energy electron 
interactions. In 2014, we measured the interaction length for electrons in photoresist 
based on the dissolution depth after development.  We also measured the likelihood of 
a photoacid generator decomposing to generate the desired acid due to exposures at 
selected electron energies. This is first step in sufficient understanding of the process to 
help in the design of new, better performing materials. 
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Figure 1: Measurement of photoacid generator (PAG) reactions per incident electrons for three 
resists, each with 15% PAG by weight.  The largest number of PAG reactions per electron at 80 eV 
is an indicator of the highest efficienty PAG for EUV exposures based on reactions to the primary 
and secondary electrons generated by the EUV exposure. 
 
 

 
 
Figure 2: Measurement of resist film thickness loss after exposure, bake and develop.  The depth 
of penetration of electrons can be determined by the depth of chemistry sufficient for dissolution 
during development.  The lower energy electrons only penetrate a few nm into the resist 
indicating that photoelectrons during EUV exposure will only travel a few nm within the resist. 
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TOPIC 2: Nanoparticle generation, transport and detection studies in low 
pressure systems for defectivity reduction 
 
As lithography continues to move toward smaller printed features, the presence of 
nanoparticle defects becomes an increasingly challenging problem. The nanoparticles 
of interest below 100 nm are difficult to detect with light scattering methods, and still 
pose a challenge to be critical defects in the lithography processes. Of special interest 
for our research are the nanoparticle generation, transport and detection in vacuum 
systems that compose many of the process steps for semiconductor manufacturing. In 
2013, we continued developing a custom nanoparticle detection system and measured 
the particle generation performance of vacuum valves to help the industry choose low 
particle generating components. In 2014, we expanded this work to measure the 
likelihood of particles to bounce off of surfaces in vacuum environments to help in the 
development of low particle vacuum tools. In 2015, we expect to expand this work and 
the related simulations to test and implement new concepts for real time vacuum 
particle counters for particles in the 10’s of nanometer size range. The fundamental 
measurements of the nanoparticles are completed with condensation particle counters, 
scanning mobility particle sizers, and custom made impactors. Simulations of the 
particle dynamics are performed with openFOAM computational fluid dynamics solvers. 

 
 

  
 
Figure 4: The left photograph is the nanoparticle measurement system with gas injection, pumps, 
filters, aerosol generator, condensation particle counter, optical particle counter, and scanning 
mobility particle sizer.  The right photograph is a sample result of the measured particle 
distribution generated by a valve indicating the peak particle size is near 260 nm. 
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Photovoltaics, Li-ion Batteries 
(Dr. Harry Efstathiadis’s Research Group) 

 
Scope: Material deposition and characterization for thin film CuInGaSe2-, 
CuZnSnSe-, and Si-based solar cells; development and evaluation of Si-based 
nanostructured anodes for Li-ion battery applications 
 
Goals: Develop and characterize the absorber layer, buffer, transparent 
conducting layers of CuInGaSe and CuZnSnSe-based solar cell devices; develop 
highly textured silicon on glass substrates; optimize the properties of Li-ion 
batteries through the integration of silicon-nickel nanowires with controlled 
interfaces and desired physical and chemical properties; perform fundamental 
understanding of materials and processing; and perform materials composition 
and device fabrication 
 
2014 Accomplishments 
 
TOPIC 1: Solar Cells: Development and Characterization of Transparent and 
Conductive InZnO Films by Magnetron Sputtering at Room Temperature 
 
Transparent conducting oxide (TCO) films have gained significant importance, due to 
their low film resistivity and their high transparency. These physical properties have led 
to the use of TCOs in applications such as flat panel displays, which consist most 
notably of liquid crystal displays (LCD) and organic light emitting diodes (OLED), and in 
thin film solar cell applications such as amorphous Si, CuInGaSe2 (CIGS), CdTe, and 
CuZnSbS4 (CZTS). 
 
In this work the electrical and optical properties of InZnO for use as TCO were reported 
through the investigation of the concentration of indium and oxygen in the film. InZnO 
films (10-30 wt% In) were deposited by magnetron sputtering without substrate heating 
or annealing from a ceramic ZnO and a metallic indium target. The film’s properties 
were investigated by X-ray photoelectric spectroscopy (XPS), 4-point probe, UV-vis 
spectroscopy (UV-VIS), spectroscopic ellipsometry, and Hall measurements. InZnO 
films obtained properties with low resistivity, on the order of ~5.5x10-4 ohm-cm, with a 
mobility ~35 cm2/V.S, and carrier concentrations ~3*1020 cm-3. The band-gap ranged 
from 2.7 – 3.2 eV with transmission of several samples > 80%. InZnO has demonstrated 
properties adequate for photovoltaic applications. 
 
TOPIC 2: Solar Cells: Crystalline Al2O3 on Buffered Soda-Lime Glass by E-Beam 
Evaporation 
 
Growth of high quality crystalline semiconductor films on inexpensive substrates has 
been of great interest to a number of research groups around the world due to the cost 
saving potential of devices made from such films. For example, high quality crystalline 
silicon thin film on glass could replace the relatively expensive 140 µm silicon 
monocrystalline wafer currently used in the solar industry while maintaining efficiency of 
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light conversion. It has long been known that single crystalline silicon can be deposited 
heteroepitaxially on single crystalline sapphire (Al2O3). This is a well-known commercial 
process. However, sapphire is not an inexpensive substrate. It has been suggested 
therefore that sapphire be grown as a thin-film or template on glass, and then Si could 
be deposited on it. In this work, in partnership with Solar Tectic LLC, we reported the 
deposition of a continuous crystalline Al2O3 film on ordinary soda-lime glass via a highly 
textured MgO buffer layer, using e-beam evaporation. As a result, a highly crystalline 
thin-film of silicon may now be deposited on inexpensive Al2O3 buffered soda-lime glass 
for cost effective photovoltaic and other electronic applications. In addition, our results 
have made possible a new kind of inexpensive and lightweight “sapphire glass” that can 
be used for display covers for smartphones, etc. 
 
TOPIC 3: Solar Cells: Highly Textured Silicon[111]Crystalline Thin-film on 
Buffered Soda-Lime Glass by E-Beam Evaporation 
 
It has been a long standing objective of the materials research community to grow 
single crystalline semiconductor thin-films, such as silicon, on inexpensive substrates 
such as glass or metal tapes. To date, there are a number of research groups around 
the world who are actively working toward demonstrating high efficiency 
semiconductors or solar cells by trying to grow high quality semiconductor thin films 
such as silicon on inexpensive substrates. If a silicon thin film could be deposited onto 
soda-lime glass, for example, with quality comparable to that found in the silicon single 
crystals used in the microelectronics industry, the cost of photovoltaic technology would 
drop significantly. Preliminary data we have gathered indicates that significant progress 
toward meeting this goal has been achieved.  
 
In partnership with Solar Tectic LLC, we fabricated and characterized MgO layers. A 
highly textured MgO buffer layer was deposited on glass substrate followed by in situ 
growth of a Si thin film on the buffer layer from an Al–Si eutectic. The Si film was 
deposited at 585 oC by e-beam evaporation. The deposition rate of Si was 6 nm/min.  
MgO is highly transparent (index of diffraction n ~1.73) in UV–vis–NIR wavelength 
regions and can be textured with uni- or biaxially crystalline orientations. RAMAN 
spectrum of a sample shown in Figure 1, after Al etching, displays a sharp and 
symmetric Raman band of crystalline phase Si, centering at 520.6cm-1.   
 
The estimated grain sizes by RCF model are 31.8 nm on average from different areas 
sampled. The comparison of the Raman spectrum with that of a single crystalline Si 
wafer clearly evidences the establishment of polycrystalline or perhaps single crystalline 
Si film quality with the MgO buffered sample based on the excellent spectral match 
between the sample and Si wafer. The epitaxy-like growth of Si is confirmed by the 
observation of only Si(111) preferred crystalline orientation by XRD pattern. 
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Figure 1: Raman analysis of Si nanoparticles on MgO/soda-lime glass using the Richter–
Campbell–Fauchet(RCF) phonon confinement model and fitting. 

 
 
TOPIC 4: Li-ion Batteries: The Cycling Performance and Surface Passivation 
Qualities of a Heterogeneous Amorphous NixSiOy/Polycrystalline NiSi2 Core Shell 
Nanowire Used as a Li-Ion Battery Anode 
 
Lithium-ion (Li-ion) batteries are the energy storage devices of choice for items ranging 
from portable electronic devices to electric vehicles (EVs). Most current batteries in this 
technology family rely on graphite as an anode material, which has relatively low charge 
storage capacity, inhibiting the range of electric vehicles and the lifetime of portable 
electronics. The use of higher capacity materials for both anode and cathode can 
alleviate the life-time problems, but are plagued by an array of issues resulting from the 
materials having an alloying rather than an intercalation reaction with Li. 
 
In this work, we utilized novel heterogeneous nanowires consisting of a multicrystalline 
NiSi2 inner core and an amorphous NixSiOy outside shell. The nanowires were grown by 
metal-induced growth process directly onto a 304 stainless steel substrate with a 
modified metal-induced growth process.  
 
We reported the cycling stability and the surface passivation qualities of the 
heterogeneous nanowires cycled in a Li-ion half-cell. The nanowire morphology showed 
stable cycling and excellent charge rate capability having a stable capacity above 1700 
mAh/g when cycled in a coin cell at 1/2 C and retaining a capacity of 300 mAhr/g when 
cycled at a 10C charge rate. It was shown that the stable cycling is due to the 
passivation qualities of the oxide components within the amorphous shell which create a 
stable solid-electrolyte interphase (SEI) during charging which is reduced during 
discharging through the conductive pathway provided by the Ni doping in the shell and 
NiSi2 in the core. The NiSi2 core interacts with Li through intercalation, retaining its rigid 
core even while Li charged, the overall dimensions of the structure mitigate any 
pulverization issues, and the conductive core along with the Ni doping disallow any Li 

Al etched 
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trapping leading to high columbic efficiency. The cycle rate performance of the nanowire 
anode is shown in Figure 2. The nanowire anode is shown to have a capacity that is 6X 
higher than graphite anode that is stable for 300 cycles. 
 

 
 

Figure 2: Cycle rate testing for a half-cell in a coin cell cycled at rates between 0.1–10C. 
 

J. N. Alexander, N. Sun, R. Sun, H. Efstathiadis, and P. Haldar, “Development and characterization of 
transparent and conductive InZnO films by magnetron sputtering at room temperature”, Journal of Alloys 
and Compounds (2015). 

S. Leonardi, F. Di Fonzo, A. Li Bassi, T. M. Murray, H. Efstathiadis and J. Kunze-Liebhäuser, “TiO2 
Nanotubes: Interdependence of Substrate Grain Orientation and Growth Rate”, ACS Applied Materials & 
Interfaces (2015). 

S. McMahon, A. Chaudhari, R Vispute, H. Efstathiadis, and Z. Zhouying, “Highly textured Si [111] 
crystalline thin-film on buffered soda-lime glass by e-beam evaporation”, Materials Letters 140 123-126 
(2015). 
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Solar Energy Materials & Solar Cells 125 47–53 (2014). 
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Materials Letters 136, 407-410, (2014). 
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incorporation into Si using pulsed laser melting”, Appl. Phys. Lett., (2014) 
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Si-NanoMaterials and Nanosystems Research Group 
(Gallis) 

	  
Scope: The scientific foundation that underlies the current and potential-future of 
materials science. To this end, my primary academic research interests are the 
design, synthesis and characterization of nanomaterials and nanostructured 
systems and devices as well as the development of photonic and optoelectronic 
systems for Si-based nano- photonic, energy, and biophotonic applications. 
Concurrently, my semiconductor-related research focuses are the advanced 
CMOS chip process integration and characterization, in addition to physical 
failure analysis (PFA) and the development of defect localization methodologies 
for CMOS technologies. My research approach has been to conceptualize, design 
and understand complex problems as an amalgam of several smaller 
components, while trying to approach and consider them holistically as a whole 
at scale. 
 
Goal: To design and synthesize novel Si-based nanostructured materials/ 
systems for applications in nanophotonics, biophotonics and energy 
applications. 

	  
2014 Accomplishments 
 
Topic 1: The Origin of White Luminescence from Silicon Oxycarbide Thin Films 
 
Silicon oxycarbide (SiCxOy) is a promising material for achieving strong room-
temperature white luminescence.1 The present work investigated the mechanisms for 
light emission in the visible/ultraviolet range (1.5 - 4.0 eV) from chemical vapor-
deposited amorphous SiCxOy thin films, using a combination of optical 
characterizations and electron paramagnetic resonance (EPR) measurements. 
Photoluminescence (PL) and EPR studies of samples, with and without post-deposition 
passivation in an oxygen and forming gas (H2 5 at.%, N2 95 at.%) ambient, ruled out 
typical structural defects in oxides, e.g., Si-related neutral oxygen vacancies or non-
bridging oxygen hole centers, as the dominant mechanism for white luminescence from 
SiCxOy (Fig. 1c). The observed intense white luminescence (red, green, and blue 
emission) is believed to arise from the generation of photo-carriers by optical absorption 
through C-Si-O related electronic transitions, and the recombination of such carriers 
between bands and/or at band tail states (Fig. 1b). This assertion is based on the 
realization that the PL intensity dramatically increased at an excitation energy coinciding 
with the E04 band gaps of the material, as well as by the observed correlation between 
the Si-O-C bond density and the PL intensity (Fig. 1a). (Paper published in Applied 
Physics Letters).2  

                                                
1	  S.	  Gallis,	  et	  al.:	  White	  light	  emission	  from	  amorphous	  silicon	  oxycarbide	  (a-‐SiCxOy)	  thin	  films:	  Role	  of	  
composition	  and	  post-‐deposition	  annealing.	  Appl.	  Phys.	  Lett.,	  	  97,	  081905	  (2010) 
2	  V.	  Nikas,	  S.	  Gallis,	  M.	  Huang,	  A.	  E.	  Kaloyeros,	  A.	  P.	  D.	  Nguyen,	  A.	  Stesmans	  and	  V.	  V.	  Afanas'ev.	  	  The	  origin	  of	  
white	  luminescence	  from	  silicon	  oxycarbide	  thin	  films.	  Appl.	  Phys.	  Lett.	  104,	  061906	  (2014)	  
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TOPIC 2: Single Metal-Free White Light Phosphor Based on Silicon Carbon 
Oxynitride (SiCxOyNz) Nanowire Array Systems 
 
Phosphors and their associated matrix materials comprise a significant portion of the 
packaged LED cost (e.g. raw materials, specialized red phosphors and QDs). On the 
other hand, single material phosphor converting violet/blue into white light with high 
chromaticity would be preferable since the combination of multicolor phosphors is 
usually associated with efficiency losses due to the different thermal stability and 
oxidation properties of the phosphors involved. Furthermore, it is very attractive to 
fabricate white-light phosphors based on silicon-based materials using the existing 
silicon microelectronics technologies and potentially reducing manufacturing costs. In 
this context, the vision of the project is to design and fabricate single white-light on chip 
phosphor materials with improved efficiency, color chromaticity and photo/ thermal 
stability based on silicon-carbon-oxynitride (SiCxOyNz) nanowire array systems. The 
proposed SiCxOyNz nanosystem architectures will be fabricated by e-beam lithography 
and reactive ion etching (RIE). Our proposed approach may potentially offer an 
alternative pathway, which may incubate the next generation phosphor materials with 
reduced process complexity and cost (e.g. process variability) and further limiting 
environmental impacts associated with the current phosphor technology (e.g. usage of 
rare-earth and toxic materials). (Concept paper submitted to DOE 3 ; received an 
encouraging decision). 
 
TOPIC 3: Defect Localization Methodologies for CMOS Technologies (IBM 
Microelectronics - Semiconductor Research and Development Center) – (Jan. – 
Sept. 2014) 
 

                                                                                                                                                       
	  
3	  Department	  of	  Energy	  (DOE)	  -‐	  Solid-‐State	  Lighting	  Advanced	  Technology	  Research	  and	  Development	  2015	  
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Figure 1: a) Normalized integrated PL 
intensities of red and green emission 
bands of SiCxOy and the integrated 
infrared absorption of the Si-O-C 
functional group; b) PL and PLE 
spectra for the SiC control samples; c) 
Electron paramagnetic resonance 
(EPR) spectrum and the deconvoluted 
EPR signals of an as-deposited 
SiCxOy sample (13.1 at.% C). 
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Gallis: Senior Engineer / Scientist (Lead Failure Analysis Scientist on 14 nm-FinFET 
SOI) 
 

• Recipient of an Outstanding Contributor Award (IBM 2013/14); 
• Development of specialized characterization methodologies in the area of laser-

based defect-localization and photon emission spectroscopy (SPEM) analyses. 
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PROGRAM: U.S. Photovoltaic Manufacturing Consortium 
(Dr. Pradeep Haldar) 

 
 
Scope: The U.S. Photovoltaic 
Manufacturing Consortium (PVMC) is a 
U.S. Department of Energy (DOE) SunShot 
Initiative funded, manufacturing-focused 
research consortium.  
 
Goals: To enable the U.S. photovoltaic (PV) industry through shared use of a 
manufacturing development facility (MDF), establish roadmaps and standards, 
and develop strategic partnerships with supply chain companies such as material 
suppliers, OEMs, through to PV cell/module manufactures to provide the U.S. 
with industry-wide benefits.  
	  
2014 Accomplishments 
 
Topic 1: The U.S. PVMC  
 
PVMC represents a unique research and development collaboration across industry, 
academia, and government to accelerate the development, commercialization and 
manufacturing of next-generation thin film (copper indium gallium selenide – CIGS) and 
crystalline-Si PV manufacturing technologies. SUNY Polytechnic Institute (SUNY Poly), 
in collaboration with SEMATECH, are the two founding organizations of PVMC, and 
SUNY Poly acts as the headquarters for the PVMC facilities discussed below. In 
partnership with the University of Central Florida, PVMC is also conducting additional 
R&D in crystalline silicon (c-Si) metrology and wafering methodologies. 
 
Thin film solar technologies such as CIGS use layers of semiconductor materials that 
are only a few micrometers thick and can be deposited on solid or flexible and 
lightweight substrates. PVMC is working to unlock the potential of this challenging but 
promising next-generation solar technology, which could prove to be less expensive to 
produce in high volume. PVMC is also driving cost reductions and technology 
innovations in elements of current crystalline silicon (c-Si) solar technologies, which 
continue to hold a dominant share of the solar market. For more information on PVMC, 
please visit http://www.uspvmc.org.   
 
2014 Program Highlights: 

• Expanded pilot line facilities 
• Held lightweight photovoltaic (LPV) and outdoor performance workshops 
• Developed innovative mounting mechanisms for different roof types 
• Completed prototype development and demonstration facility at Halfmoon, NY  
• Developed performance measurement standards 
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PROGRAM: ASPIRE (NSF AIR) 
(Dr. John Hartley & Dr. Pradeep Haldar) 

 
Scope: NSF Accelerating Innovation Research (AIR) project, entitled Advanced 
SiNWs: Partnerships for Innovative Research in Energy (ASPIRE), created by 
SUNY Polytechnic Institute (SUNY Poly), was funded in July 2012 for two years. 
ASPIRE built on the current work of SUNY Poly's successes at its unique 
nanofabrication facilities for building nanostructures as it leverages its broader 
incubation, commercialization and "partnerships for innovation" (NSF-PFI) 
efforts, which focuses on connecting university-based research and development 
activities with private enterprise, funding, and expertise, thereby helping increase 
the rate and scale of clean energy technology market deployment.  
 
Goals: To apply three principal architectures: silicon nanowires (SiNW), obliquely 
aligned nanorods and electron-beam lithographically produced nanopatterns as 
its technology platform with industry partners: 

� High-performance silicon-based anodes for lithium ion batteries  
� Advanced SiO2 nanorods as antireflective coatings for high efficiency solar 

cells   
� Large area nanopatterns applied to wire grid polarizers for smart windows  

 
2014 Accomplishments 
 
Topic 1: Connecting University-Based R&D with Private Enterprises 
 
SUNY Poly worked with research partners and assisted small businesses. Partners had 
a synergistic relationship to accelerate the commercialization of SiNW and 
nanoengineered structures for 
commercial products in a 
cost-effective, risk-reduced 
approach for investors. 
 
Research at SUNY Poly has 
demonstrated Silicon-based 
Nanowires (SiNWs) and 
nano-engineered structures to 
be a promising building block 
for future clean energy 
devices. The ASPIRE project 
enhanced SUNY Poly’s ability 
to build on its novel and 
emerging nanotechnology platform for integrating a patent pending branched-SiNWs, 
obliquely aligned nanorods, and lithographically patterned nanostructures into high 
energy density batteries, solar cells with improved absorption and wire grid polarizers 
for smart windows respectively, all with lower cost and improved performance. The 
open innovation knowledge model used by SUNY Poly was augmented with the 
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addition of interactive interdisciplinary collaborations and sharing of information 
amongst the industrial partners and other information from resource providers. This 
accelerated the pace of commercialization through pilot prototyping and rapid scale-up 
of these important innovations. The selected partnerships matched the small 
companies’ technical innovation with SUNY Poly’s top scientific capacity, research, and 
innovation focus, and unique multi-disciplinary approach to commercialize novel clean 
energy technologies as well as breakthrough materials and systems. 
 
For research to contribute to addressing major social, environmental, and technical 
problems, collaborations across disciplines and between researchers and practitioners 
(including government policy makers, business leaders, and community advocates) are 
increasingly being seen as essential. ASPIRE utilized a multi-disciplinary approach to 

serve its partners on the 
path to 
commercialization. The 
world needs short-, 
medium-, and long-term 
solutions to the global 
energy challenge, and 
innovative programs such 
as ASPIRE are just the 
answer to that challenge. 
By introducing a new 
paradigm of open, 
circular communication 

amongst partners, ASPIRE routinely made SUNY Poly’s nanostructured-materials 
platforms accessible to its partners, allowing them to expand on and remix the core 
product in surprising new ways such as clean energy applications. These firms can 
improve the innovations and create new value that SUNY Poly and its partners may 
ultimately be able to use in other industry segments. The most important innovation that 
was built within this ecosystem is a network of companies working collaboratively 
together to maximize technological research advances and identifying new opportunities 
utilizing the basic building blocks in a variety of ways. 
 
2014 Program Highlights: 
 

� Successfully concluded two year program 
� Fabricated and tested full cells in both coin and pouch cell formats; the 

nanostructured material has shown ~80% capacity retention over 3000 cycles in 
a full cell design using chronopotentiometry 

� Specific capacity of the Si nanostructures ranges from 821 to 1224 mAh/g, while 
the first cycle efficiency ranges from 65-71% 

� Demonstrated anti-reflection layer coated photovoltaic module with 5.6% higher 
energy conversion efficiency compare to an uncoated module 

� NREL SAM model predicted that the anti-reflective coating on a solar panel 
yields approximately 5-12% more power output per year, depends on the 
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location, and compared it to a panel without the ASPIRE-developed anti-
reflective coating 

� Elimination of all but one low resolution lithography step in double/multiple 
patterning using sidewall spacer concept suggests low cost manufacturing for 
wire-grid polarizer 
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PROGRAM: NICE-IP (NSF PFI) 
(Dr. Harry Efstathiadis & Dr. Pradeep Haldar) 

 
Scope: The “Nanotechnology Innovations for Clean Energy – Innovative 
Partnerships” (NICE-IP) project, created by the Energy & Environmental 
Technology Applications Center (E2TAC) at SUNY Poly, was funded by the 
National Science Foundation’s Partnership for Innovation program. This three 
year program began April 2011. 

Goals: Advance silicon-nanowire-based technologies through leveraging public-
private partnerships to create next-generation materials and clean energy devices  

2014 Accomplishments 

Topic 1: The NICE-IP Program 

The NICE-IP program was created in partnership with Magnolia Solar, besstech, and 
other public, private, and service 
provider organizations. NICE-IP 
built and strengthened “innovation 
ecosystems” that accelerated the 
movement of cutting-edge energy 
efficiency and clean energy 
technologies incorporating silicon-
nanowire (SiNW) -related 
nanotechnology innovations and 
discoveries from SUNY Poly 
laboratories into the market place. 
The ecosystem fosters open 
collaborative environments, 
bringing together key players from 
university, the private 
sector, and government.  

Optimizing the properties 
of energy devices through 
the integration of SiNW 
materials with controlled 
interfaces and desired 
physical and chemical 
properties allows more 
widespread 
implementation of this 
platform technology. 
SUNY Poly’s unique 
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fabrication capabilities of nanostructured materials enabled the team to produce 
interface geometries, defect structures, and atomic arrangements not otherwise 
possible in materials produced by traditional methods. This allowed investigation of 
carrier generation, charge distribution, surface migration and charge transfer on 
uniquely tailored surfaces, leading to better understanding and processing of these 
materials. Additionally, new shared knowledge determined how to best integrate one- 
and three –dimensional Si-based nanostructures and how such processes can be 
appropriately scaled economically.  
 
Advances in SiNW architectures will give rise to significant opportunities to create 
multifunctional materials for energy devices. Research utilizing nanostructured materials 
will have a broad impact on energy devices, including solar cells, thermoelectric 
devices, and batteries. The NICE-IP activities build on the work of SUNY Poly’s broader 
incubation, commercialization and innovation ecosystem efforts. 

 
2014 Program Highlights: 

• Successfully concluded three year program 
• XRD and Raman data demonstrated that the wires are crystalline. The 

distribution of the average crystalline core of the SiNWs showed the majority had 
a diameter of about 40-50nm.  

• NSF PFI: NICE-IP proved that the nanowires have high capacity while retaining 
good SEI characteristics, due to the integration of reaction displacement anode 
material (NiO) on the nanowire surface. The NiO passivates the surface during 
lithiation and insulates Si from degrading by becoming passivated by alkyl 
carbonate end terminations. 

• Showed that the nanowire anode has a capacity that is 6X higher than graphite 
anodes and it is stable for 300 cycles. The cycle rate shows that even at a high 
charge rate of 10C the nanowire anode still retains a capacity of 300mAhr/g 
which is the tested gravimetric capacity of graphite. 

• Demonstrated that the nanowires recover when switched from a high to a low 
cycle rate with no fast charging rate degradation mechanism. 

• This project yielded a journal publication, one pending journal publication, and 
three presentations in scientific conferences in 2014.  
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Advanced Lithography Group 
(Professor John Hartley) 

 
Scope: The Advanced Lithography Group is primarily concerned with the 
applications and technology of electron beam lithography. Other areas of interest 
include EUV lithography (masks), nanoimprint lithography (templates), and 
directed self-assembly (DNA based). 
 
Goals: Electron beam lithography (EBL) first appeared in the early ‘60s and 
continues to be highly relevant 5 decades later, primarily due to its resolution and 
flexibility. Since its inception, EBL has had a home in R&D environments for 
those reasons. Today optical lithography dominates for high throughput 
applications, but EBL does have commercial applications as well, primarily in 
mask patterning. In the Advanced Lithography Group we focus on the limits of 
EBL, addressing issues of both tool and process. Ultimately, we seek to blend the 
requirements of resolution with the demands of manufacturing to provide a high 
performance, cost-effective solution for high-volume manufacturing.  
 
2014 Accomplishments 
 
TOPIC 1: EUV Mask Alternative Absorber Material 
 
EUV lithography relies on a masked mirror to form images on the wafer. Radiation is 
projected onto the reflective mask at a small angle from normal. The masking material 
(absorber) partially shadows areas where rays should be reflected, leading to printing 
errors on to the substrate surface. By decreasing the height of the absorber material, 
errors induced by shadowing should decrease.   
 
We investigated an additive process that bypassed the etch step typically used in EUV 
mask fabrication process and included materials with greater attenuation characteristics 
than absorbers currently in use. This process consisted of patterning HSQ electron 
beam resist. This is followed by deposition of a material with affinity for oxides, in this 
case, the electron beam resist.  

    
Figure 1: Typical EUV mask structure1 on left, selective ALD process shown on right. 
 
1https://sites.google.com/site/euvnewsletter/News-update/euvmaskdefectswhatcanwedoaboutthem 
 
TOPIC 2: Noise Reduction Through Neural Network Programming 
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The traditional means of noise reduction for electron beam lithography is through 
elimination of internal noise and isolation from external sources. Insulation from external 
sources can significantly contribute to the cost of ownership for a lithography system 
and typically includes an environmental chamber for thermal noise, vibration isolation 
for mechanical vibrations, and field cancelling systems for electromagnetic interference.  
Because the manifestation of all forms of external interference are errors in beam 
position in x/y/z space, it should be possible in principle to eliminate shielding in favor of 
sensors that sense the environment and drive the beam in such a fashion to counter the 
interference. The group has been investigating the possibility of using neural network 
technology to learn how an e-beam system responds to environmental disturbances 
and applying that information to dynamically correct beam position and focus.  

 
Figure 2: Sample of neural network testing using a mock training dataset. 
 
 
TOPIC 3: Alternative Approaches to Double Patterning  
 
This program seeks to enhance throughput through the use of (relatively) low resolution 
high-speed lithography step combined with a novel double patterning process, resulting 
in an effective throughput gain. Investigations focus on material compatibilities and etch 
performance.  

       
Figure 3: Samples of etch experiments and material boundary interfaces. 
 
 
TOPIC 4: Metrology Test Target Fabrication 
 
Next-generation metrology tools typically require samples during their development 
cycle that are representative of technologies that are themselves under development.  
As the ITRS roadmap pushes into 1Xnm territory, fabrication of the samples pushes the 
limits of the patterning tool and process. As realistic test targets mimic the complexity of 
the actual devices to be inspected, it is necessary to carefully optimize the process 
throughput to achieve the desired outcome.  
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Figure 4: Samples from metrology target test site development. 
 
 
TOPIC 5: Fabrication of Si Nanowire Field Emission Sources 
 
Electron beam lithography has always suffered from limited throughput, primarily due to 
its serial nature. Advances in MEMS/NEMS and nanoelectronics in general open up the 
possibility of fabricating arrayed micro-columns for high throughput, massively parallel 
lithography. As an initial foray into micro-column fabrication, we have begun to fabricate 
Si nanowire field emission sources. The group’s first efforts resulted in demonstrated 
field emission from randomly placed emitters.  The next step will be the fabrication of a 
periodic array. 

 
Figure 5: Process flow, SEM image, and I-V characteristic curve from Si nanowires fabricated by 
the Advanced Lithography group. 
 
 
TOPIC 6: Options for 450mm EBL 
 
With the advent of 450 mm wafer processing, it is anticipated that high resolution 
patterning on test wafers for the evaluation of future metrology tools will be desired.  
Engineering a fully compatible 450 mm e-beam system is likely to be cost prohibitive but 
adapting an existing platform for limited 450 mm operations can be cost effective. The 
group did several engineering design studies that can potentially satisfy this future 
need.  
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Figure 6: Left – range of motion in 300 mm e-beam system with a 450 mm loaded; right – design 
modifications to 6” e-beam system to accommodate 450 mm wafer 
 
 
TOPIC 7: Improved methods for EBL liftoff processing 
 
Liftoff is a method of metallization commonly used in research environments due to its 
simplicity. It works through the use of an undercut resist profile which then acts as a 
shadow mask during a metal evaporation step. The resist is then removed and the 
unwanted metal “lifts off.” While it is capable of high-resolution, the undercut limits how 
close adjacent features may be placed. By using a bi-layer resist process coupled with 
sideband dose control, we look to reduce the minimum pitch that can be achieved for a 
given feature size. 

 
Figure 7: 20 nm Au/Ti lines on a 200 nm pitch. The exposure used 30 nm of PMMA over 60 nm 
MMA co-polymer. The lines were exposed at 20 nm with 15 nm sidebands at reduced dose. 
 
2014 Highlights:  

• Identified Tantalum Pentoxide with a selective ALD deposition process as a possible candidate 
for EUV mask absorber. 

• Gained experience with neural network software as a tool for environmentally hardening 
lithography systems. 

• Developed a novel double patterning process for throughput amplification of certain pattern 
classes. 

• Continued to build expertise in fabrication of high-resolution intentional defect arrays. 
• Fabricated and tested Si nanowire field emitters. 
• Conducted design studies for 450 mm electron beam lithography platforms. 
• Investigated new methods for enhancing resolution and pitch limitations for electron beam liftoff 

processing. 
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Carrier Transport in Nanoscale Materials and Devices 
(Ji Ung Lee) 

 
Scope: Our group conducts research into the fundamentals of carrier transport in 
nanoscale materials and devices.  We focus on carbon nanotube, graphene and 
2D transition metal dichalcogenide materials, and fabricate diode and FET 
devices. 
 
Goals: To understand novel properties that govern transport at the nanoscale 
 
2014 Accomplishments 
 
TOPIC 1: Characterization of Disorder in Supported Graphene and Ideal 
Graphene/Si Schottky Junction Diodes 
 
In publication #1, we fabricated ideal graphene/Si Schottky junction diodes. The ideal 
behavior allowed us to investigate the special transport property that arises when the 
Schottky junction is formed from an atomically thin metal. We discovered that a 
fundamentally new transport model is needed to describe this device, which is based on 
the Landauer transport model. The ideal diode was achieved from our efforts to reduce 
the disorder density of states in supported graphene, which is discussed in publication 
#2.  
 

  
 
Figure 1: (left)  Defect density of states of supported graphene on SiO2; (right) Fabrication and 
characterization of an ideal graphene/Si Schottky junction diode. 
 
1. Ideal Graphene/Silicon Schottky Junctions, Nano Lett 14, 4660 (2014), D. Sinha, J.U. Lee. 
2. Disorder DOS in supported graphene, J. Appl. Phys. (2014), D. Sinha and J. U. Lee. 
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Demonstrating 2X Performance Enhancement in Energy 
Density of Lithium Ion Capacitor (LIC) Over State of Art  
(Dr. Manisha Rane-Fondacaro and Dr. Pradeep Haldar) 

 
 
Scope: 1) Develop a protective coating for the anode of LIC device that prevents 
the electrolyte from decomposing during device operation, and facilitates 
reversible transport of Li ions into the graphitic carbon anode. 2) Optimize 
coating formulation, means of applying the coating on the anode surface, and 
curing protocol without damaging the coating. 3) Compare and contrast 
performance and cycling stability of LIC devices with coated and uncoated 
anodes. 4) Elucidate the performance enhancement mechanism of our 
engineered coating using electrochemical, spectroscopic, and structural 
characterization techniques.  
 
Goal: Demonstrate 100% performance enhancement in energy density of a 
Lithium Ion Capacitor (LIC) device over the state of the art that is reported at 10 
Wh/kg.  
 
2014 Accomplishments 

1. Developed a novel approach that dramatically enhances the performance 
of LIC device by 2X (or 100%) over the state-of-the-art by applying a coating 
to anode surface 

2. Expanded the operating potential window of LIC device by 50% to 4.2 to 1.8 
V as compared with 3.8 to 2.2 V, resulting in 15% enhancement in device 
capacitance 

 
TOPIC 1: Lithium Ion Capacitor: Development of anode coating enabling 
formation of conducting and ordered solid electrolyte interphase (SEI) layer that 
led to 100% performance enhancement (> 20 Wh/kg) over the state-of-the-art (10 
Wh/kg) 
 
State-of-the-art Lithium Ion Capacitor (LIC) devices typically operate in the potential 
window range of 3.8 V to 2.2 V, with maximum reported energy density of 10 Wh/kg. 
The energy density (E) of the LIC device can be enhanced by expanding the operating 
potential window since it varies as the square of the operating voltage window 
according to the equation: 

𝐸 =   
1
2𝐶(𝑉!

! − 𝑉!!) 
 
LIC devices when operated beyond 3.8 V to 2.2 V show drastic deterioration in 
performance, which is attributed to formation of highly resistive SEI layer on the carbon 
anode surface. SEI layer formation is a natural consequence of LIC device operation, 
where the electrolyte decomposes during initial cycling and the decomposition product 
deposits on the anode surface. The SEI layer plays a crucial role of preventing 
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continuous decomposition of electrolyte on anode surface after it conformally covers the 
anode surface, and it allows reversible transport of Li ions across it during charging and 
discharging. The lack of suitable electrolyte stable in wider potential window was 
perceived to be the bottleneck in expanding the operating potential window and hence 
limiting the energy density of the LIC device.  
 
We have developed a coating which when applied to the carbon anode surface prior to 
operating the LIC device enables formation of uniform and thin SEI layer on individual 
carbon particles (Figure 1, left). This coating facilitated reversible transport of Li ion 
across the SEI layer, thereby allowed cycling of LIC device in wider potential window of 
4.2 to 1.8 V without any performance degradation using conventional electrolyte. The 
SEI layer formed on bare or uncoated anode (Figure 1, right) was coarse, semi-fused 
mass of nanoparticles, which clogged most of the porosity of the anode.  
 
Figure 1: SEI layer formed on coated anode (left) and bare anode (right) 
 

   
 
The cell capacity of LIC device with coated anode was 5% higher than for bare anode 
when cycled in 3.8 V to 2.2 V range, which increased by another 15% in 4.2 V to 1.8 V 
potential window. This enhancement in cell capacity coupled with wider operating 
potential window (by 50%) led to 100% enhancement in energy density as compared to 
state of art LIC devices. This performance enhancement was realized without the need 
for a high performance electrolyte. 
 
 

 

SEI Bare 
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III-Nitride Wide Bandgap Opto/Electronics Materials and 
Devices  (Professor Shadi Shahedipour-Sandvik, Wide 

Bandgap Optronix Lab)  
 

Scope: Our program is primarily focused on development and research into novel 
electronic and optoelectronic devices with applications in addressing a variety of 
current and future needs in response to energy challenges, high sensitivity 
photon detection across a large wavelength range of near IR to deep UV (14nm), 
(bio)sensing, and high frequency/high power applications. Implementation of 
such devices using III-Nitride materials has been fueled by its success as high 
brightness LED/LDs, and its continued potential to offer great opportunities in 
developing novel devices to address these challenges. A combination of the 
presence of intrinsic polarization and piezoelectric polarization (at interfaces); 
wide, direct and tunable bandgap and integration with Si microelectronic have 
continued to generate high interest in III-Nitrides even after about two decades of 
intense research. Solar-cells/photovoltaics, sensors, detectors, emitting (lasers 
and LEDs) structures with a wavelength spanning from the near infrared (0.9 eV) 
to the deep UV (6 eV), and transistors (HEMT) are amongst the most important 
device/applications. The incorporation of III-nitride nanostructures offers even 
greater functionality via the unique characteristics of these materials' inherent 
properties.  
 
Goals: The goal of our research is 1. Development of high-performing electronic, 
optoelectronic, and sensing devices based on III-Nitrides’ inherent functionality; 
2. Exploration of the relationship between material structural/optical/electronic 
characteristics and Opto/Electronic device performance; and 3. Intelligent 
experimental materials and device design via machine learning methodology and 
extensive theoretical/computational modeling. 
 
2014 Accomplishments 
 
TOPIC 1: High-Performance AlGaN/GaN-Based High Electron Mobility Transistors 
on Si 
 
AlGaN/GaN-based HEMTs have emerged as promising candidates for high power, high 
frequency, and sensing applications due to their excellent material properties such as 
wide bandgap, high breakdown field, high carrier saturation velocity, high sheet carrier 
concentration at heterojunction interfaces, and high mobility. The huge success of 
AlGaN/GaN-based devices is mainly due to its interface properties. The high electron 
sheet carrier concentration at the AlGaN/GaN interface is induced by piezoelectric 
polarization of the strained AlGaN layer and spontaneous polarization which is very 
large in Wurtzite III-Nitrides. By epitaxially depositing AlxGa1-xN on GaN, the resulting 
heterojunction produces a 2-dimensional electron gas (2DEG) at the interface with the 
concentration of electrons reaching ~2x1013 cm-2 and an e- mobility of ~2000 cm2/V-s, 
while the large bandgaps of GaN and AlN (3.4 - 6.2 eV) lead to large breakdown 
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voltages in HEMTs, exceeding 1000 V. A combination of high carrier concentration and 
high electron mobility results in a high current density and a low channel resistance, 
which are very important for high frequency and power switching applications. The 
fabricated devices provide high output power density, which allows the design of much 
smaller size devices compared to other semiconductor materials.  
 
For AlGaN/ GaN based devices to be commercially viable technology, the main 
requirement is low cost and large scale manufacturability. This is possible by growing 
GaN on a large diameter Si substrate. We have recently developed and employed a 
pulsed MOCVD growth method to increase adatom diffusion length for growth of HEMT 
layers. The pulsing technique separates the injection of the growth constituents and 
thus improves the migration length of Al adatoms, while also reducing the parasitic pre-
reactions. The improvement in layer quality is exemplified with improvement in HEMT 
performance characteristics when compared to similar devices grown on Si using 
commonly used continuous flow injection methodology. The epitaxial structure of HEMT 
on Si consists of an AlN nucleation layer, followed by stress-mitigating layers consisting 
of AlxGa1-xN films, 1 um GaN buffer layer, 30 nm AlxGa1-xN barrier layer, and a 3-5 
nm in-situ deposited SiN capping layer. A k-Space in-situ stress evolution monitoring 
system is utilized to measure stress levels, as the epitaxial films are grown. By 
monitoring the stresses as they develop through the epitaxy, the stress levels can be 
tuned to optimize both material and electrical characteristics of the device layers. 
 
In our lab, we have adopted a holistic approach to design high-performance AlGaN/GaN 
HEMTs on Si substrate by combining the density functional theory calculation to 
understand behavior of Ga, Al, and N adatom diffusion on GaN and AlN surfaces, 
energy band engineering and device simulation, development, and employment of novel 
growth techniques (adatom migration enhanced MOCVD), optimization of the 
fabrication process, and the design of dedicated masks for integrating various device 
design techniques.  

 

 
 

 
Figure 1: Using pulsed MOCVD for AlN and AlGaN layers in the HEMT structure (right image), has 
resulted in completely crack-free GaN films of over 1 µm thick (middle image) along with a 
comparatively, smooth surface morphology with RMS roughness of 0.23 nm. 
 
 
 

        500 µm 
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                                      (a)                                                                          (b)  

 
Figure 2: (a) Drain-Source Current (Ids) curves showing a maximum saturation current of 532.22 
mA/mm and turn-off voltage of -6V on a HEMT on Si device with a 2DEG concentration of 1.87x1013 
cm-2 (b) Breakdown Voltage of over 400V was measured on our recent optimized HEMT Stack on 
Si.  
 
TOPIC 2: Cs-Free Polarization Field-Engineered III-Nitride Photocathode: Solid 
State Photon Counting Solar Blind Ultraviolet Detector 
 
GaN and AlGaN-based photocathodes have attracted considerable attention for their 
application in image intensifiers, astronomy, and UV detection and emission systems. 
Small electron affinity of AlGaN alloy allows development of high quantum efficiency 
negative electron affinity (NEA) photocathodes with significant advantages such as 
solar blindness, radiation hardness, and low noise. Conventional photocathodes 
achieve NEA by cesiating the 
photocathode surface. Fabrication, 
optimization, and installation in a vacuum 
is required for cesiated photocathodes 
due to the high chemical activity of the 
Cesium. Such requirement increases cost 
and limits the range of potential 
applications. Further, such photocathodes 
have been reported to suffer from 
chemical instability and degradation with 
time. We recently reported on a novel Cs-
free GaN-based photocathode that utilizes 
band engineering near the photocathode 
surface to achieve permanent NEA. The 
device structure is composed of a Mg 
doped GaN template followed by Si-delta doping and a thin n+GaN cap. By placing a Si 
delta doped layer on the p-GaN surface, the conduction band of the overall structure is 
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pulled close to the Fermi level of the p-GaN. A thin n+GaN cap is deposited to provide 
stability to the Si-delta doped layer. Device design parameters including Si-delta doping 
and thickness of n+GaN cap layers play a critical role in determining the emission 
threshold and quantum efficiency of the device. In addition, polarization induced 
charges at the device surface influence the device characteristics. We have performed 
physics-based simulations to optimize the device design parameters taking into account 
polarization-induced surface charges. Emission threshold of the device has been 
observed to increase with increase in the n+GaN cap thickness. Such behavior has 
been successfully modeled and is attributed to local electric fields caused by the 
negative polarization induced surface charges. Quantum efficiency of the device follows 
systematic exponential decay with increase in n+GaN cap thickness. Increase in Si 
incorporation in the delta doped layer, up to the optimum value, has shown to improve 
device characteristics. Further increase in Si incorporation caused increase in emission 
threshold and degradation of the photocathode surface. 

 
 
Figure 3: (Left) Simulated energy band diagram 
of photocathode devices with polarization.  
(Right) Quantum efficiency as a function of 
photon energy for different n+GaN cap 
thicknesses. Inset shows calculated emission 
threshold from the emission spectrum as a 
function of cap thickness. 
 
Although the delta-doped photocathode 
showed improved behavior, it did not 
exhibit NEA. In order to achieve true NEA 
and increased QE, we have recently 

shown that AlGaN must be incorporated into the design. Achieving high quality p-type 
AlGaN material has been difficult, with few reports in literature. We have recently 
demonstrated AlGaN material with a hole concentration exceeding 1017cm-3 for mole 
fractions up to 30%. Advanced 
polarization-engineered devices were 
explored via physics-based simulation and 
experimentally with MOCVD-grown 
samples. The addition of thin layers or 
usage of graded AlGaN layers can alter 
band and carrier profiles in the material in 
controllable way. Alteration of both surface 
and bulk parameters via polarization 
engineering is being explored. Feasibility 
of 3D polarization doping (image at right) 
via graded AlGaN material as an 
alternative to Mg impurity doping is being investigated. Polarization doping allows for 
controllable high-hole concentration that is not susceptible to freeze out at low 
temperature and has high mobility due to lack of ionized impurity scattering. 
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TOPIC 3: AlGaN-Based Avalanche Photodetector: Solid State Photon Counting 
Solar Blind Ultraviolet Detector 
 
Advancements in UV astronomy, remote flame sensing, and biological agent detection 
will require significant detector advances, particularly in quantum efficiency (QE), noise, 
resolution, and pixel count over the currently available UV detectors[1]. Avalanche 
photodetectors (APD) are capable of detecting low intensity light with very high quantum 
efficiency while providing a high signal-to-noise ratio without the need for external 
amplification. Detectors made of AlxGa1-xN with Al composition x>45% can achieve 
solar blindness without the use of external filters, are capable of operating under harsh 
environments, and can be fabricated into multi-pixel arrays. 
 
We have recently demonstrated both visible blind GaN and solar-blind Al0.40Ga0.60N-
based APDs on sapphire substrates using our pulsed MOCVD method. The spectral 
response of the GaN and AlGaN APDs show a cutoff at 365 nm and 278 nm 
respectively. Using a novel Ar+ ion implantation technique that has been previously 
demonstrated in III-Nitride Schottky diodes, leakage current has been reduced by over 2 
orders of magnitude compared to control samples. Additionally, this technique has 
demonstrated an ability to limit premature breakdown in devices by preventing current 
crowding at the contact edge, which has allowed for the fabrication of reliable p-i-n and 
SAM diode structures using GaN. 
 
This technique has been adapted to AlGaN p-i-n structures as well. Quantum efficiency 
of greater than 65% has been measured in p-i-n structures with a graded n-type region, 
and leakage current has again been reduced by 2 orders of magnitude compared to 
reference samples. Gains of almost 4000 have been recorded in AlGaN devices, which 
show a sharp cutoff in spectral response at 278 nm, indicating true solar-blind 
operation. Further optimization of material quality will enable the development of 
reliable, low dark current, solar-blind AlGaN APDs with high avalanche gains. For 
imaging applications, it is critical to develop processes that enable focal plane arrays of 
III-Nitride photodiodes. This includes the development of flip-chip processing techniques 
for the integration of III-Nitride devices with Si readout circuitry. Achieving uniform and 
reliable device performance is key to the development of focal plane arrays, and this 
novel ion implantation technique may prove to be critical in this effort. 
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Figure 4: (Left) Diagram of AlGaN p-i-n diode with implantation isolation processing. (Right) AFM 
micrograph of p-GaN contact layer that completes the AlGaN p-i-n structure. (Bottom) External 
quantum efficiency measured as a function of wavelength for AlGaN p-i-n structure, with sharp 
drop-off around 280 nm for solar-blind operation. 
 
TOPIC 4: Fundamental Studies into Stress Evolution in III-Nitrides 
 
The heteroepitaxial nature of AlxGa1-xN films, particularly grown on Si substrates, brings 
about challenges like defect formation and cracking for thick films due to a large amount 
of stress in the films caused by lattice mismatch and thermal expansion mismatch. To 
reduce these effects, a number of techniques such as migration enhanced epitaxy, 
growth of superlattices, selective area epitaxy and lateral epitaxial overgrowth (LEO) 
have been adopted. To compensate for this tensile stress, intrinsic compressive stress 
can be built into the layers during growth, which has proven to be an effective method 
but often involves detailed knowledge of layer stacks such as in superlattices and 
interlayers. In one approach, step graded AlGaN films are grown in succession, building 
compressive stress in each layer. To achieve the necessary stress compensation 
optimization of the growth parameters, number of AlGaN layers, layer thicknesses and 
compositions are necessary. Such a commonly used approach requires a great amount 
of experimentation. This is because the process of building compressive stress and 
stress relaxation in low mobility III-Nitride is not yet fully understood but is thought to be 
driven by a process known as dislocation inclination as seen in Figure 1 (by Cantu et 
al).   
 
In order to get an in-depth understanding of the stress evolution and this dislocation 
inclination process, it is required to observe the stress in the films during the deposition. 
Using in-situ stress evolution measurement, the curvature of the film stress is calculated 
using the Stoney equation 𝜎 ℎ! =

!"!!!

!
 where 𝜎  is the average stress in the film, ℎ!is 

the film thickness, κ is the substrate curvature, M is the biaxial modulus of the substrate, 
and hs is the substrate thickness. Figure 2 is an example of the growth of Al0.6Ga0.4N 
/Al0.4Ga0.6N/Al0.15Ga0.85N (from left to right) layer stack epitaxially grown on AlN buffer 
layer. The top curve shows reflectance with the oscillations in the AlGaN layer clearly 
showing a 2D growth and the bottom curve is the curvature measurement. Following the 
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Stoney equation, Fig. 2 shows that the curvature is directly proportional to the quantity 
stress* thickness.  As shown, curvature drops initially with the deposition of each AlGaN 
layer, which indicates that the film is under compressive stress and over time, its rate of 
decrease slows down, and changes into tensile stress at higher thickness. The sharp 
increase in curvature at the end is due to thermal stress. Ex-situ stress measurements, 
though valuable, only measure average stress and will include contribution from thermal 
stress and lack important details of such stress variation through the structure’s 
thickness. The in-situ stress 
evolution observation of AlGaN film 
growth of Fig. 2 confirms that stress 
relaxation is not linear and complex 
in nature. Work is being conducted 
to further understand the stress 
evolution process and the factors 
that influence it. The goal is to 
combine experimental data with ex-
situ characterization and theoretical 
models to develop a predictive 
model for stress evolution.   
 
TOPIC 5: III-Nitride Nanostructures 
 
Growth of III-Nitrides is typically 
performed along the vertical c-axis of 
the wurtzite crystallographic structure, 
which results in the material exhibiting a 
spontaneous and piezoelectric 
polarization field along that axis. This 
polarization field is detrimental to the 
performance of LEDs, for which this 
material system plays a critical role in 
home and commercial lighting. Much 
work over the last decade has optimized 
growth along alternate directions to 
mitigate the effect of this field on 
devices, however many of these 
techniques result in lower material 
quality which diminishes the benefit of 

this growth orientation. Another way to 
access these facets of the crystal is to 
grow the material laterally from pillars 
formed in conventionally grown material. 
These structures yield a higher surface area of the non-polar facet than a planar 
material would in the same footprint, while laterally-grown III-Nitrides are known to have 
a lower density of defects within the material. Very recently, this work has been 

Figure 2: Using our ICE stress monitoring 
system, reflectance and the corresponding 
curvature plots are given for growth of AlGaN 
on AlN.  

Figure 1: Weak beam dark field XTEM of 
Si-doped Al.49Ga.51N grown on 
Al.62Ga.38N with Si/group III ratios of (a) 
7.1x10-5 and (b) 4.9x10-4 .) 
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translated to silicon, whose benefits include lower cost and compatibility with current 
manufacturing. 
 
Our work in nanostructures furthers these current efforts related to silicon using our 
pulsed MOCVD technique, which allows us to achieve precise control of the evolving 
planes of the nanostructures. In our lab, we have developed the proper processes to 
yield uniform arrays of nanostructures with nonpolar planes suitable for the fabrication 
of LEDs and other types of devices. Utilizing these, quantum well structures on these 
facets have been grown yielding a 398 nm violet photoluminescence using In0.08Ga0.92N. 
The impact of dopant impurities such as magnesium on the evolution of the structures 
has been studied, revealing that magnesium has a net positive in enhancing non-polar 
plane stabilization. 
 

  
 
Figure 1: SEM cross-section               Figure 2: Comparison of Silicon doping (left) to  
of pillar array                 Magnesium doping (right) 
 
Acknowledgement: Research topics reported here are funded by Army Research Lab, 
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Nano-Inspired Device Research 
(Bin Yu Group) 

 
Scope: Prof. Yu’s lab is conducting research in the following areas:  

(i) 2D nanostructure: materials and devices 
(ii) Energy-efficient electronics 
(iii) Nano-inspired energy harvesting 
(iv) Photodetectors 
(v) Emerging data storage devices 
(vi) Graphene-based interconnects 
(vii) Self-assembly of functional 1D/2D/3D nanostructures 

 
Goals: To advance the arts of nanodevice (physics, engineering, and technology) 
based on a broad spectrum of emerging, functional nanomaterials 
 
2014 Accomplishments  
 
TOPIC 1: Extraordinary Photoresponse in Semiconductor Nanosheets 
 
Since the discovery of graphene, a number of two-dimensional (2D) crystals with 
different properties have been explored for nanoscale electronics and optoelectronics. A 
set of layer-structured crystals exist, ranging from elements to compounds. Contrary to 
traditional bulk or thin-film semiconductors, layered crystals are expected to have the 
following advantages: (i) Scalability: 2D systems allow for self-limiting assembly with 
atomic-level thickness control, making ultimate material scaling possible. (ii) Nearly 
perfect interface: Due to the self-terminated atomic bonds at the 2D crystal surface, the 
amount of surface states is negligible and native oxide formation is generally forbidden. 
This is attractive for low-recombination systems. (iii) Low defectivity: 2D nanosheets 
exhibit high-degree of crystallinity. Certain types of common line/planar crystallographic 
defects in bulk materials are often absent in 2D crystals. These unique attributes make 
semiconductor nanosheets a new class of materials key to electronic, optoelectronic, 
and photovoltaic applications.   

 
We have demonstrated extraordinary photoconductive behavior in 2D crystalline indium 
selenide (In2Se3) nanosheets. Photocurrent measurements reveal that semiconducting 
In2Se3 nanosheets have an extremely high response to visible light, exhibiting a photo-
responsivity of 3.95×102 A·W-1 at 300 nm with an external quantum efficiency greater 
than 1.63×105 % at 5 V bias. The key figure-of-merits exceed that of graphene and other 
2D material-based photodetectors reported to-date. In addition, the photodetector has a 
fast response time of 1.8×10-2 sec and a specific detectivity of 2.26×1012 Jones. The 
photoconductive response of α-In2Se3 nanosheets extends into ultraviolet, visible, and 
near-infrared spectral regions. The high photocurrent response is attributed to the direct 
bandgap (EG = 1.3 eV) of In2Se3 combined with large surface-area-to-volume ratio and 
native-oxide-free surface which help to reduce carrier recombination while keeping a 
fast response, allowing for real-time detection under very low-light conditions.  
 

279



	   The Nanoengineering 
Constellation 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: 2D Semiconductor Photodetector. (Left Photo) The smaller, more efficient 
photodetectors could lead to vastly improved imaging equipment. (Right Photo) CNSE 
Postdoctoral Research Scientist Dr. Mariyappan Shanmugam (left) and Research Assistant Robin 
Jacobs-Gedrim.   
 
“A highlight for low light” - Nanosheets discovery creates crisper results in imaging devices. Times Union 
(Newspaper), reported by Larry Rulison (January 29, 2014). 

 
Table 1: Comparison of Key Device Performance Figures-of-Merit and Band Gap of 

the Recently Reported 2D Material-Based Photodetectors 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(continued) 
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Figure 2: Semiconductor nanosheet photodetector. (Left) (A) Schematic of the In2Se3 nanosheet 
photodetector. (B) SEM of the photodetector from which the 0.041 µm2 active area and 240 nm 
device length were determined. (C) AFM mapping image of the photodetector with the white line 
indicating the location of the line scan.  (Right) Transient current waveform under a series of light 
pulses generated from the green LED showing fast and repeatable photocurrent response.  
 
R. B. Jacobs-Gedrim, M. Shanmugam, N. Jain, C. A. Durcan, M. T. Murphy, T. M. Murray, R. J. Matyi, R. 
L. Moore, and B. Yu, “Extraordinary Photoresponse in Two-Dimensional In2Se3 Nanosheets,” ACS Nano, 
8, 1, 514–521 (2014). 
 
TOPIC 2: Two-Dimensional Semiconductor in Solar Photovoltaics 
 
The major advantages of 2D layered semiconductors, such as tunable bandgap and 
photonic absorption, have been explored for solar energy harvesting applications. It is 
evident that by changing the number of layers of 2D semiconductors in a stack, photons 
with a wide spectral range can be harvested. In 2D semiconductors, weak van der 
Waals forces bring individual atomic planes together, while strong covalent bonds exist 
within each crystal plane. Recently, the chemical vapor deposition (CVD) method has 
been demonstrated in our lab for large-area growth. On the other hand, the superior 
properties of graphene such as high carrier mobility and negligible photoabsorption in 
the visible spectral range are considered to be key merits in serving as a transparent 
conductor for solar cells. To demonstrate the possibility of incorporating the advantages 
of both materials, we explore graphene / 2D semiconductor stacked heterostructures for 
solar photovoltaic applications.  
 
Schottky barrier solar cells are relatively simple in the structure and fabrication process, 
as compared with p–n, p–i–n, and tandem solar cells, having only a metal–
semiconductor junction to establish a built-in electric field in the depleted semiconductor 
region. Schottky barriers formed by graphene (monolayer, bilayer, and multilayer) on 2D 
semiconductor tungsten disulfide (WS2) nanosheets are explored for solar energy 
harvesting. The characteristics of the graphene-WS2 Schottky junction vary significantly 
with the number of graphene layers, resulting in differences in solar cell performance. 
Multilayer graphene helps in achieving improved solar cell performance due to superior 
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electrical conductivity. The Schottky barrier solar cell employing WS2 as a photoactive 
semiconductor exhibits efficient photon absorption in the visible spectral range, yielding 
considerable photoelectric conversion efficiency with graphene as the Schottky contact. 
Carrier transport at the graphene/WS2 interface and the interfacial recombination 
process in the Schottky barrier solar cells are examined. 
 
 
     (A)                                (B)                                                                    (C) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                  (D)                                                                  (E) 
 
Figure 3: Graphene / 2D Semiconductor Heterostructure Solar Cell. (A) A typical CVD synthesized 
sample showing WS2 nanosheet on SiO2. (B) Schematic of hexagonal atomic planar structure of 
WS2 showing W and S atoms. (C) Schematic of energy level alignment at the graphene–WS2 
interface illustrating Schottky barrier height, junction electric which drives electron–hole transport 
towards their respective electrodes. (D) Schottky barrier solar cell performance. (E) A combined 
schematic structure of the three fabricated Schottky barrier solar cells using Al as the ohmic 
contact for WS2 nanosheet, while graphene was used as Schottky contact. 
 
 
M. Shanmugam, R. Jacobs-Gedrim, E. S. Song, and B. Yu, “Two-Dimensional Layered 
Semiconductor/Graphene Heterostructures for Solar Photovoltaic Applications,” Nanoscale, 6, 12682-
12689 (2014). 
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TOPIC 3: Graphene-Based Interconnects: Conduction & Reliability 
 
Low current-carrying capacity, high power dissipation and increased RC-delay are the 
major challenges toward achieving ultra-scaled, high-speed metal interconnects for 
integrated circuits (ICs) and are the main factors driving the current research in the 
area. The performance limitation in copper wires is attributed to carrier scattering at 
material interfaces and grain boundaries, as well as electromigration and heat-induced 
failure at scaled dimensions. Recently, graphene has emerged as a front runner for 
potential interconnect design in the post-Cu era due to its excellent material/electrical 
properties, including high breakdown current and robustness to electromigration. 
Monolayer graphene with current densities over 108 A/cm2 have been reported. 
Enhancement in conduction has been demonstrated with 2D layered insulator 
hexagonal boron nitride (h-BN) as the supporting substrate and/or encapsulating layer. 
The superior thermal conductivity of h-BN leads to improved graphene breakdown 
behavior. While graphene exhibits current density ∼100 times higher than Cu, its 
atomically-thin nature limits the deliverable current.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Graphene Interconnects. (Left) Schematic view of the fabrication process to make dual-
layer graphene interconnect wire with a thin h-BN layer sandwiched between the two graphene 
monolayers. (Right) Characterizing graphene interconnect reliability. (a) Wire resistance as a 
function of time under constant voltage stressing. (b) Measured values of time-to-failure for 
monolayer, bilayer, and dual-layer graphene wires. 
 
Based on our extensive recent work in graphene-based interconnects, we have further 
demonstrated dual-layer graphene (DLG) interconnects with h-BN as the intercalated 
insulating layer. The DLG employs graphene sheet grown by chemical vapor deposition 
process with h-BN serving as a barrier preventing interlayer scattering, which degrades 
carrier transport in multilayer graphene. The electrical conduction behavior in dual-layer 
structures is compared with monolayer graphene and randomly stacked bilayer 
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graphene. Reduced resistance is observed in DLG, which exhibits higher current-
carrying capacity and maximum power density. In addition, DLG wire is shown to be 
robust under constant voltage stressing at an elevated temperature (150°C) with the 
mean time to failure ∼75 times higher than that of stacked bilayer graphene wires. 
 
N. Jain, M. Murphy, R. Jacobs-Gedrim, M. Shanmugam, F. Yang, E. S. Song, and B. Yu, “Electrical 
Conduction and Reliability in Dual-Layered Graphene Heterostructure Interconnects,” IEEE Electron 
Device Letters, Vol. 35, No. 12, PP. 1311-1313, DECEMBER 2014. 
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