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The goal of this dissertation work is to investigate the feasibility of an indirect flat-

panel imager (FPI) with programmable avalanche gain and field emitter array (FEA) 

readout for low dose x-ray imaging with high spatial resolution. It is made by optically 

coupling a structured x-ray scintillator, Cesium Iodide (CsI), to a thin layer of amorphous 

selenium (a-Se) avalanche photoconductor called HARP (high-gain avalanche rushing 

photoconductor). The charge image created by HARP is read out by electron beams 
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generated by the FEA. The proposed detector is called SAPHIRE (Scintillator Avalanche 

Photoconductor with High Resolution Emitter readout).  

Compared to existing Active Matrix FPI (AMFPI), one of the SAPHIRE’s advantages 

is its programmable gain gav, which ensures a wide dynamic range. This gain depends on 

both a-Se thickness and the applied internal electric field ESe. By varying ESe, high gav 

can be applied for low dose applications (e.g., fluoroscopy or tomosynthesis) to achieve 

x-ray quantum noise limited performance. gav can be turned off at high dose (e.g., 

radiography) to avoid signal saturation. Our investigation shows the detective quantum 

efficiency (DQE) can be enhanced to theoretical limit with proper avalanche gain.  

Because of the presence of avalanche gain, a high resolution type of CsI (Tl), which 

has not been widely used in indirect FPI due to its low light output, can be used to 

improve the high spatial frequency performance. The lateral spread of the electron beam, 

emitted with an oblique angle from FEA, was investigated with three different electron-

optical designs: mesh-electrode-only, magnetic focusing, and electrostatic focusing. The 

design of electrostatic focusing was found to be the best method to satisfy the 

requirements of small pixel size (50 µm) and excellent spatial uniformity.  

The temporal performance, i.e., lag, of SAPHIRE was also investigated. It is found 

that dominant lag source is the energy spread of the electron beams from the FEA, i.e. 

beam discharge lag. Three contributing factors were analyzed. Lag calculation was 

performed using FEA parameters of two prototype HARP-FEA image sensors and the 

results were compared with experimental measurements. Excellent agreement was 

observed for both prototype sensors. Strategies for reducing lag in SAPHIRE were 
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proposed and analyzed. The first frame lag can be reduced to ~ 4%, which is comparable 

to state-of-the-art real-time x-ray AMFPIs.  

Finally, an x-ray imaging investigation was performed using a prototype optical 

HARP-FEA image sensor. The dynamic range, spatial resolution and image noise were 

measured, and the results demonstrated the advantages of SAPHIRE.   
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Chapter 1 

 

Introduction 

 

During the twentieth century, medical imaging has seen vast progress and a series of 

revolutionary changes, which are driven by the development of underlying sciences and 

technologies as well as the needs of healthcare. Besides the conventional film/screen x-

ray imaging, various modalities, such as computed tomography (CT), nuclear magnetic 

resonance imaging (MRI), Doppler ultrasound imaging, positron emission tomography 

(PET) and single photon emission computed tomography (SPECT), are undergoing rapid 

and successful development, both technologically and commercially, and have become  

powerful imaging tools for radiologists. These changes are partly owed to the 

proliferation of more developed and widely used computational resources and data 

communications, which have become less expensive and more powerful.    

Although these new modalities have found their positions in medical diagnosis, the 

classical x-ray projection radiography itself also continues a trend of tremendous progress. 

Commercial computed radiography (CR) has been used since the 1980s and has steadily 

reduced in both size and cost. Nearly one hundred years after the discovery of x-rays by 
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German physicist Wilhelm C. Röntgen, conventional x-ray imaging technologies are 

being challenged by the emerging technology of flat panel digital x-ray detectors. These 

digital imaging technologies have been applied to previously unexploited physical 

potentials as well as for practical applications such as image archiving and transmission.  

These revolutionary changes are driven by the expanding information technology 

infrastructure in medicine as well as the need to provide health care to an increasing 

number of people efficiently. Research is now concentrated on the development of flat 

panel digital detectors whose possible applications range from digital mammography 

(image of breast) to conventional diagnostic radiography and fluoroscopy. Further 

development will lower the cost of the detectors and increase the availability of 

diagnostic digital imaging. Therefore, the information transition in a completely digital 

medical imaging environment will deliver better tools for patient care.  

Among these applications, digital mammography has generated extensive attentions 

since breast cancer is the most commonly diagnosed malignancy in American women and 

the second leading cause of cancer death (second to lung cancer) [4, 5]. Based on reports 

from American Cancer Society, in the year of 2008, there are 182,460 new cases of 

female cancer, which is about 27.2% of total new cases of cancer, and there are 40,480 

estimated death among those females. These numbers are up from 178,480 (26.3%) and 

40,460 in the year of 2007, respectively [6].  

The causes for this disease are largely unknown. Therefore, early detection and 

treatment are the only methods for reducing mortality from breast cancer. X-ray 

mammography means imaging a compressed breast with a low-energy x-ray beam, which 

has been the standard breast screening method and currently the most effective method 
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for early detection of breast cancer, i.e., when the cancer is in situ or minimally invasive.  

Statistics have shown that although the incidence rates of invasive female breast cancer 

for all races combined have been consistently increased since 1980, the mortality rate has 

significantly decreased by 2.2% annually [7], partially thanks to the development of x-ray 

mammography. Statistics show that on average, mammography can detect 80 - 90 % of 

breast cancers in women without symptoms. Sources have shown that mammography has 

reduced the mortality rate due to breast cancer by 20 - 30 % [8-10]. 

Our research will be focused on (but not limited to) x-ray digital mammography 

detector. In this chapter, I will first describe x-ray production and x-ray interaction with 

matter as well as the typical x-ray spectrum. Then I will introduce the current status of x-

ray digital mammography detectors and their limitations, as well as the basic 

requirements for medical imaging systems. Finally, I will propose our detector structure 

and describe its operating principles and present basic image quality metrics for digital 

systems. At the end of this chapter, a basic outline of this dissertation is given. 

 

1.1 X-ray production and interaction 

1.1.1 X-ray production 

X-rays can be produced by several different methods, such as by synchrotrons, by 

channeling sources, by free electron lasers, etc. However, in most radiology departments 

around the world, the vast majority technology used for x-ray production is the standard 

x-ray tube, which emits both bremsstrahlung and characteristic x-rays. 

Bremsstrahlung radiation is produced when an electron (or other charged particle) 

incident upon a target (e.g. tungsten (W)) interacts with the nuclei of that target. The 
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electron interacts with the electric field generated by the nucleus of target atoms and 

experiences a loss in velocity, which results in the radiation of electromagnetic energy. 

Most of electrons pass through the atomic electric field with a grazing incident angle and 

give off only a small fraction of their kinetic energy to the resulting x-ray photons. On 

occasion, an electron may interact with the atomic nucleus and give up almost all of its 

kinetic energy to produce x-ray photons. Thus, the theoretical energy distribution of 

bremsstrahlung spectrum from a target produced by a mono-energetic beam of electrons 

is mathematically described as  

max( ) ( )E cZ E E          (1.01) 

where  is the energy distribution of bremsstrahlung x-ray spectrum, E is the energy 

of x-ray photons, c is a constant, Z is the atomic number of the target, and  is the 

kinetic energy of the incident electron. 

( )E

maxE

Characteristic radiation occurs when electrons interact with the atomic electrons in 

the target material. In the classic Bohr model of the atom, when an incoming electron 

interacts with an inner-shell atomic electron and imparts enough energy upon it to cause 

ejection, an outer-shell electron will subsequently fill the vacancy with a process 

resulting in the emission of characteristic x-ray photons, which have an energy equivalent 

to the difference between the binding energies of the two electron shells. The 

characteristic x-rays resulting from electrons transitioning between atomic shells are 

unique to the target atom. For example, tungsten atom has electrons roughly at energy 

level of 70 keV, 11 keV, and 3 keV for K-, L-, and M-shell electrons, respectively. Target 

of W may give off characteristic x-rays with energy of 59 keV (called Kα, from L-shell to 

K-Shell) and of 67 keV (called Kβ, from M-shell to K-Shell).    
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1.1.2 X-ray interaction with matter 

There are several different types of interaction mechanisms for x-rays (and γ rays) to 

interact with matter. The types of interactions include the photoelectric effect, Rayleigh 

(coherent) scattering, Compton (incoherent) scattering, pair production and triplet 

production. These interaction mechanisms combine to produce attenuation of the incident 

x-ray photon beam as it passes through matter, as it follows the Lambert-Beers law: 

0
tN N e  ,        (1.02) 

where N0 and N are the numbers of x-ray photons before and after the interaction with 

matter of thickness, t.  Here, the linear attenuation coefficient, μ, is the probability of 

interaction from all mechanisms and thus is the sum of the interaction probabilities of all 

the interaction types: 

 r c          ,      (1.03)  

where  is the attenuation coefficient for photoelectric effect, r  is the Rayleigh scatter 

attenuation coefficient, c  is the Compton attenuation coefficient,   is the pair-

production attenuation coefficient, and   is the triplet production coefficient. All of the 

above coefficients are energy-dependent. An example for carbon may be seen in Fig 1.01, 

which is the most common element in human body, and calcium in Fig. 1.02, which is 

one of the most important elements in bones. For calcium, the K edge (at 4.05 keV) is 

very obvious. 
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Figure 1.01: The mass attenuation coefficients for carbon as well as its components are 
plotted as a function of x-ray energy [11].  
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Figure 1.02: The mass attenuation coefficients for calcium as well as its components are 
plotted as a function of x-ray energy. The K edge (4.05 keV) is apparent [11]. 
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1.1.3 X-ray spectrum 

Both of Figs. 1.01 and 1.02 show that the attenuation coefficients generally degrade 

as x-ray photon energy increases. In the x-ray spectrum for medical diagnosis, which 

usually has x-ray energy up to 150 keV, pair production and triplet production will never 

happen. However, for different medical diagnosis purposes, the x-ray spectrum, 

determined by the x-ray tube target, peak kilo-voltage (kVp, i.e., the maximum energy of 

bombarding electrons), and filtration, must be carefully chosen.  

To obtain a good contrast for anatomic structures, low energy x-ray photons are 

preferred, since the difference of x-ray attenuation coefficients for different anatomic 

structures are relatively large at low energies. On the other hand, low energy x-rays do 

not penetrate tissue as well as high energy x-rays and are easily absorbed by body tissue. 

A large amount of x-rays is required to obtain good contrast, which, in turn, increases the 

absorbed dose. Thus, the x-ray spectrum must be chosen on the type of diagnosis. Fig. 

1.03 shows the measured x-ray attenuation coefficient of fibroglandular breast tissue, 

adipose tissue and infiltrating ductal carcinoma [8, 12] as well as bone [11] For chest 

radiography or fluoroscopy, W is an appropriate choice as an x-ray tube target with a kVp 

of 70 ~ 150 V; for mammography, the target is typically molybdenum (Mo) or rhodium 

(Rh) and the kVp is generally 30 ~ 40 V. The x-ray spectrum from x-ray tube is usually 

filtered by W, Mo, Rh, Aluminum (Al) or Polymethyl-methacrylate (PMMA). These 

filters absorb most low energy x-ray photons but allow the x-rays at characteristic 

energies to propagate, thus increasing the x-ray beam quality. This filtration is also a 

process of beam hardening.  
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Figure 1.03: Linear attenuation coefficients of fat, fibroglandular tissue, breast 
carcinoma and bone, for x-ray, are plotted as function of x-ray photon energy [11, 13].  
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Figure 1.04: Spectrum used for mammography. The three curves show the spectrums 
before filtration, after 30-μm-Mo filter and final spectrum after 4-cm-PMMA filter, 
which is also shown the figure inside. The two peaks stand for characteristic x-rays which 
happen at 17.4 keV (Kα) and 19.6 keV (Kβ).  
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For the research we focused on, we chose a spectrum of 28 kVp with a Mo/Mo target 

filter combination, through 4cm PMMA (“28kVp Mo/Mo, 4cm PMMA”) for 

mammographic applications and RQA5 for general radiography/fluoroscopy (R/F). The 

“28kVp Mo/Mo, 4cm PMMA” for mammographic application supplies a 28 kV potential 

on an x-ray tube (Mo as anode) and the output x-rays are filtered by 30-μm of Mo with an 

additional 4-cm PMMA layer. The spectra are shown in Fig. 1.04. From the spectrum 

without filtration, we see most of low energy x-rays (< 10 keV) are missing, which is due 

to the self attenuation by metallic structures of the tube. Characteristic x-rays are shown 

on the spectrum as the two peaks, which occur at Kα (17.4 keV) and Kβ (19.6 keV). The 

Mo filter reduces the bremsstrahlung radiation, especially for the x-ray photons with 

energy above the Mo K-edge (20 keV). The PMMA also reduces the low energy x-rays. 

The two electrons in the K-shell, in actuality, retain two different energies. This results in 

two Kα peaks, which have a slight energy difference. This is not important for medical x-

ray spectrum and usually cannot be seen. RQA5 is one of the x-ray beam quality 

standards recommended by international electrotechnical commission (IEC). It supplies 

70 kV of direct current (DC) on x-ray tube which has W as anode (target) and 23-mm Al 

of filtration. The spectrum is shown in Fig. 1.05. Except for the self-absorbed low energy 

x-ray photons, the characteristic x-rays Kα (~ 59 keV) and Kβ (~ 67 keV) are not visible, 

since its K-edge is present at about 70 keV.  These two spectrums are used to evaluate 

our detector SAPHIRE, particularly for signal detection.        
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Figure 1.05: RQA5 spectrum. The two curves show the spectrum before and after 23-
mm-Al filtration. RQA5 spectrum is the final one which is also shown inside the figure. 

 

1.2 Mammography   

1.2.1 Conventional screen/film mammography 

Before we discuss digital mammography, it is important to note that conventional 

screen/film mammography is still a valuable tool for detection and radiological diagnosis 

of breast cancer. Conventional screen/film mammography has several advantages, 

including relatively inexpensive price and a high spatial resolution (20 line-pairs/mm). 

However, it also has limitations: (1) it has a non-linear response to x-ray exposure and the 

image contrast is low, particularly for patients whose breasts contain large amounts of 

radiographically dense, fibro-glandular breast tissue, i.e., the dense breast [14, 15]; (2) it 

is not x-ray quantum noise limited, especially at high spatial frequencies where the noise 

is dominated by film granularity and screen structure [13].  
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1.2.2 Digital mammography 

Today screen/film systems are gradually being replaced by digital mammography 

detectors, which provide an electric signal proportional to the intensity of x-ray 

transmitted. They have received extensive investigation and demonstrated increased 

dynamic range and improved the diagnosis in women with dense breasts [13, 16, 17]. 

Except for scanning-slot digital mammography systems based on charge coupled devices 

(CCD) [18, 19], the majority of existing digital mammography detectors are active matrix 

flat-panel imagers (AMFPI) [20-22], which use a two dimensional (2-D) array of thin 

film transistors (TFT) to read out a charge image generated by an x-ray sensor [23]. 

Based on the method used for the detection of x-ray, the detectors can be classified as 

two categories: direct or indirect detection. In a direct detector, the recorded information 

(electric charge, current or voltage) results directly from ionization of the atoms in the 

detector. For example, Fig. 1.06 shows a schematic concept of a solid state direct 

detection flat panel imager (FPI), also sometimes called a flat panel detector (FPD). A 

uniform layer of amorphous selenium (a-Se), which has attracted substantial amount of 

interest as a photoconductor for x-ray imaging, is placed between two electrodes in a 

sandwich structure. The potential difference between these two electrodes will produce 

the necessary electric field (~ 10 V/μm) so charges of signal can be generated as x-ray 

hits. In this example, the bottom electrode is pixilated, and read out by a 2-D TFT array: 

scanning control turns on the gate (marked as “G” in Fig. 1.06) of the TFT row by row, 

and multiplexer reads out all data on that row simultaneously.  
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Figure 1.06: 3-D schematic showing the concept of direct flat panel imager. X-ray 
interacts with a photoconductor (e.g. a-Se) and generates negative and positive ions, 
which migrate to the opposite electrodes and produce signal data. 
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Figure 1.07: 3-D schematic showing the concept of indirect flat panel imager. X-ray 
interacts with a scintillator and produce light photons, which is then measured by the 
photo-detector. 
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An indirect detector system uses a phosphor/scintillator to convert x-rays to visible-

light photons before the photons transmit, through optical diffusion, to a photo-detector 

such as a photodiode. Fig. 1.07 shows a schematic concept of an indirect AMFPI. A TFT 

is once again used here as the readout method. Although the TFT has been extensively 

used in FPIs and in other fields (such TFT liquid crystal display), we will see later it is 

not the only choice for digital mammography. 

One of the advantages that the direct approach has over the indirect is the inherent 

image resolution. As the optical photons transmit through the phosphors, the optical 

diffusion may cause image blurring, which is usually the dominant source of blurring 

during imaging chain. 

 

1.2.3 Limitations of current mammography detector 

Although x-ray mammography is the most effective method for early detection of 

breast cancer, 10 % ~ 20 % may be missed even with the most recent advances in 

mammography [24]. The main reason that cancers are missed is because they are often 

obscured by radiographically dense, fibro-glandular breast tissue [14]. 

Meanwhile, because of their rapid readout speed and geometric accuracy, digital 

mammography detectors have generated interest in digital tomosynthesis [25, 26], where 

a series of images are taken quickly from different angles. Those images are then used to 

re-construct three dimensional (3-D) images of the breast to assist radiologists in the 

removal of “structured noise” and thus improve the accuracy of diagnosis. However, this 

presents a tremendous challenge for the detector: to generate quantum noise limited 
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images behind a dense breast with a dose a fraction (one tenth or less) of that used in 

screening mammography.   

Although both of the direct or indirect AMFPI methods offer better image quality 

than screen-film or CR [27, 28], their imaging performance have not yet been fully 

optimized. Further improvement, especially in spatial resolution and low dose 

performance, is still possible and can lead to better clinical performance [8]. Existing 

mammography AMFPIs have the following two shortcomings: (1) the electronic noise 

degrades the imaging performance behind dense tissue in a low dose application. The 

spatial frequency dependent detective quantum efficiency, DQE(f), which describes the 

efficiency of an imaging detector in utilizing x-rays, is the gold standard for physical 

imaging performance of x-ray detectors. Previous researchers have shown that the DQE(f) 

for both direct and indirect AMFPI at ~ 1 mR of exposure behind dense tissue can be < 

50 % of that at 10 mR exposure, which is about the mean exposure behind breast [29-31]. 

This suggests the detector is not x-ray quantum noise limited. This problem is 

exacerbated when pixel size is decreased or a low dose is used i.e. for tomosynthesis; (2) 

the pixel size currently used in mammography AMFPIs is about 70 ~ 100 μm. This size 

has an impact on the detection of the shape of micro-calcifications in breasts. It has not 

yet been known what pixel size, del, is optimal for digital mammography. However, it has 

been shown that with del = 100 μm, characterization of the shape of calcification is 

compromised, while del = 50 μm this information can be preserved [8].  

To overcome the limitations above, several studies are currently being undertaken:  

(1) The existing AMFPI is expected to be optimized by either increasing the signal or 

decreasing the electronic noise. The methods for increasing the signal include those to 

14 



develop continuous photodiodes [32, 33], those to optimize Cesium Iodide (CsI) for 

indirect AMFPIs [34], and those to increase the electric field in a-Se detectors for direct 

AMFPIs [35]. Although DQE(f) behind dense breasts can be theoretically improved by 

these changes when used in screening mammography applications [31], they will not be 

sufficient for tomosynthetic use or for a decreased pixel size (e.g., 50 μm). One method to 

decrease electronic noise is to introduce pixel amplification by adding two extra TFTs at 

each pixel, which can potentially lead to a twofold decrease in noise [36-38]. However, 

this improvement is still insufficient and may be extremely difficult to implement for the 

small pixel size needed for mammography.  

(2) High conversion gain photoconductors are being developed for direct AMFPIs, 

including the promising candidate materials of Lead Iodide (PbI2) [39] and Mercuric 

Iodide (HgI2) [40, 41]. Both materials can provide x-ray to charge conversion gain which 

is about 5 ~ 7 times higher than that of a-Se [41]. This advantage makes it possible to 

build an AMFPI that is x-ray quantum noise limited for the low dose exposures used in 

tomosynthesis. These candidate materials, however, face two challenges. One is that the 

high gain results in the need for a large pixel storage capacitor (Cst > 10 pF) in order to 

hold the image charge generated in high exposure regions (e.g. near the skin line in 

screening mammography). This is impractical to manufacture for small pixel sizes, and a 

large Cst will significantly increase the pixel electronic noise, which eventually negates 

the advantage of signal gain at low exposures. The other challenge is that there is only 

one type of charge carrier in each instance (holes for PbI2 and electrons for HgI2) that has 

adequate range. This leads to a high probability of charge trapping in the photoconductors 

[42] and results in image artifacts (ghosting) [43]. Other materials, including Cadmium 
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Zinc Telluride (CdZnTe, or CZT) [44] and Thallium Bromide (TlBr) [45], have also been 

developed as potential x-ray photoconductors since both have higher atomic numbers and 

greater x-ray to charge conversion gain. However, they cannot provide additional 

avalanche gain.  

 

1.3 SAPHIRE: our proposed detector 

1.3.1 Structure and operational principles of SAPHIRE 

Motivated by the continuing effort to improve upon digital mammography and the 

limitations of other methods, we proposed to investigate the feasibility of a new concept 

of indirect conversion flat-panel digital detectors with avalanche gain and field emitter 

array (FEA) readout, which is referred to as SAPHIRE (Scintillator Avalanche 

Photoconductor with High Resolution Emitter readout). The structure of the SAPHIRE 

concept is shown with the schematic drawing in Fig. 1.08. It consists of a thallium (Tl) 

doped needle-structured CsI scintillator, which is optically coupled (e.g. through fiber 

optics) to a uniform thin layer (4 ~ 25 µm) of avalanche a-Se photoconductor called 

HARP (High Avalanche Rushing amorphous Photoconductor). As shown in the cross-

sectional view in Fig. 1.09, the optical photons emitted from the scintillator transmit 

through a transparent indium tin oxide (ITO) bias electrode of HARP and generate 

electron-hole pairs near the top interface of the HARP layer. Through carefully 

engineered blocking contacts, which prevent charge injection, a positive voltage is 

applied to the ITO electrode, and holes move towards the bottom (free) surface of the 

HARP and experience almost the identical avalanche multiplication under an electric 

field strength of ESe > 80 V/µm [46, 47], which is an order of magnitude higher than that 
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typically used in direct a-Se x-ray detector. The holes form an amplified charge image at 

the bottom surface of HARP and are read out with the electron beams generated by a 

two-dimensional FEA, which is placed at a short distance, e.g. 1 mm, below the 

scintillator-HARP (SHARP) structure. The total amount of charge is measured by an 

amplifier connected on the ITO and forms the output signal. 
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Figure 1.08: Schematics showing the concept of the proposed detector SAPHIRE: the 
side-view of main components of the detector. The figure is not to scale. 
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Figure 1.09: Schematics showing the concept of the proposed detector SAPHIRE: cross-
sectional view showing the operating principles  

 

The concept of electron beam readout is similar to that used in optical and x-ray 

vidicons [48], except that the FEA is a compact,  two-dimensional source of electron 

beams, allowing the construction of the detector in the form of a FPI. As an emerging 

technology for large area flat-panel field emission displays (FED) [49], FEA has the 

potential to provide a smaller pixel size than that achieved with a TFT readout. As shown 

in Fig. 1.08, the field emitter (FE) tips (with spacing of ~1 µm) are connected to base 

electrodes arranged in columns, and rows of gate electrodes are used to control the field 

emission. The overlapping area between the base and gate electrodes defines the pixel 

size. Smaller pixel FEAs require thinner passive addressing lines and essentially no 

increase in cost while in TFT readout method, making smaller TFTs to reduce pixel size 

would result in exponential increase in cost. Sufficient FE tips can be included in a small 

pixel of del = 50 µm to provide sufficient emission current required by the wide dynamic 

range of medical images. Each pixel is addressed by applying a forward positive bias 
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potential (e.g., 60 V) between the gate and the base. This driving scheme is very similar 

to that used in passive matrix liquid crystal displays (LCDs). The main disadvantage of 

the passive driving scheme is the pulse delay due to load resistance and capacitance of 

each line. To alleviate this problem, active matrix FEA have recently been under 

development, where each pixel is addressed through a transistor [50, 51]. A mesh 

electrode, biased with positive potential, is inserted halfway between the FEA and HARP 

target to minimize the lateral spread of electron beams before they land on the free 

surface of the HARP target. The amount of charge required to return the bottom surface 

of the HARP target to ground (cathode) potential is measured by a charge amplifier 

connected to the ITO electrode to form the output signal. As will be discussed later in this 

dissertation, more sophisticated electron beam focusing methods are desirable to reach a 

pixel size of 50 µm. 

All the detector components of SAPHIRE, including the CsI, the a-Se 

photoconductor and the FEA, can be fabricated into large area with moderate cost, than 

the detector can be assembled into the same thin and compact form as AMFPI. Although 

the operation of FEA requires vacuum, modern FED assembly technology allows the 

active area to be very near the edge of the detector, so that the dead space along the chest 

wall is minimal. By using an angle fiber optic faceplate to couple CsI to HARP, the dead 

space along the chest wall can be further reduced.  

 

1.3.2 Advantages of SAPHIRE 

Compared to existing AMFPI, SAPHIRE has the following advantages: (1) 

programmable avalanche gain, gav, ensures a wide dynamic range. By changing the 
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electric field ESe, high gav can be applied for low dose applications (e.g. fluoroscopy or 

tomosynthesis) to achieve x-ray quantum noise limited performance, and turned off for 

high dose (e.g. radiography) to avoid detector saturation [52]; (2) FEA may provide 

smaller pixel sizes than what is possible with TFTs; (3) A high resolution (HR) type of 

CsI can be used because of the additional gain provided by HARP. HR type CsI has less 

Lubberts effect, i.e. depth dependent blur, which is the main source of DQE degradation 

at high spatial frequencies [3, 53]. Despite its resolution advantages, HR CsI has not been 

used widely in commercial indirect FPI due to its lower conversion gain, which makes 

the detector more susceptible to electronic noise at low exposure levels [54, 55]; (4) it has 

higher radiation resistance because FEA has no sensitive components; (5) it has a 

potentially higher readout speed and better temporal performance because both charge 

carriers in a-Se have adequate range and the probability of charge trapping is lower than 

PbI2 or HgI2 films. 

The potential use of thick HARP layers (e.g., 500 μm) as direct x-ray detectors has 

been investigated and was found to be undesirable due to the depth dependence of 

avalanche gain and significant degrading Swank factor [56]. 

 

1.3.3 General requirements of x-ray imaging systems 

As hundreds of years have passed for development of medical imaging acquisition 

and interpretation, radiologists are justifiably reluctant to stray too far, too quickly from 

their familiar approach. Definition of the important imaging parameters would be a good 

start. Although SAPHIRE is motivated to improve the performance of current 

mammographic detectors, its programmable gains and high readout speed make it also 
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appropriate for Radiography/Fluoroscopy detector. Table 1.01 shows priori requirements 

of SAPHIRE for the medical imaging systems, which is adopted from the one derived by 

J. A. Rowlands and J. Yorkston [23].  

 

Table 1.01: Detector parameters for digital x-ray imaging systems 
Clinical 
Task 

Chest 
Radiography 

Fluoroscopy Mammography Mammographic 
Tomosynthesis 

Detector 
size (cm) 

25 × 20 25 × 20 25 × 20 25 × 20 

Pixel size 
(μm) 

200 × 200 200 × 200  50 × 50 50 × 50 

Number of 
pixels 

1250 × 1000 1250 × 1000 5000 × 4000 5000 × 4000 

Readout 
time (sec) 

< 5  1 / 30 < 5 1/6 ~ ½ 

X-ray 
spectrum 

RQA5 RQA5 28 kvp, 
Mo/Mo,  
4cm PMMA 

28 kvp, 
Mo/Mo,  
4cm PMMA 

Mean 
exposure 
(μR) 

300  1 20000 2000 

Exposure 
range (μR) 

30 ~ 3000 0.1 ~ 10 1000 ~ 240000 100 ~ 24000 

Noise level 
(μR) 

6 0.1 60 10 

 
 

1.4 Image quality metrics for digital systems 

In order to assess the performance of these devices, it is necessary to consider the 

physical image quality parameters besides the observer’s perceptual response. Here is a 

brief description of basic image quality metrics for digital systems we may use 

throughout this dissertation.  

1.4.1 Linearity  
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The relationship between input intensity and output signal in an imaging system 

influences the range in which an appropriate image quality can be obtained. This 

relationship (response) is linear (with respect to the logarithm of incident intensity) in 

screen/film over approximately 1 to 2 orders of magnitude. In digital systems, the 

response is typically linear with respect to exposure over 3 to 4 orders of magnitude. The 

range of the highest to lowest response is usually called dynamic range of the system. 

The dynamic range for a digital system, we hope, is limited to practical issues of 

available digitization bits rather than an inherent limitation of the x-ray detection.  

 

1.4.2 SNR, MTF, NPS and DQE 

Signal to noise ratio (SNR) is one of the most basic metrics for image quality 

assessment and its importance was first recognized by Rose [57]. The Rose SNR is given 

by  

0( )
SNR b

Rose b

b

A
C A

A

 
  


 ,     (1.04) 

where Φ0 and Φb are the mean quanta of the uniform object with area A and the uniform 

background. It is assumed that the background has uncorrelated quanta and the noise is 

Poisson distributed. Thus the noise is described by the standard deviation of b bA    

and the contrast of the object is defined as C = (Φb-Φ0)/Φb. Rose’s criterion states that the 

threshold of detectability of an object for humans is ΔSNRRose ≥ 5 [57]. 

To compare the performance of imaging systems, characteristics curves based on 

Fourier analysis are proposed as useful metrics to determine the imaging performance of 

the system [58]. These characteristics curves include modulation transfer function (MTF), 
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noise power spectrum (NPS) and DQE. These characteristics measurements can be 

performed on the detector.  

MTF measures the spatial resolution of the imaging system in the frequency domain. 

The spatial resolution in a system is “technically” the minimum distance between two 

objects which can still be distinguished as distinct objects. Of course, the shape of the 

object is important, thus, the shape of the response of the system to a delta-function is of 

the best utility. This response is called point spread function (PSF) and contains all of the 

deterministic spatial-transfer information of the system. The line spread function (LSF) is 

defined by 

( ) ( , )
y

LSF x PSF x y dy  ,      (1.05) 

which is usually more easily measured on the detector than the PSF. MTF is the Fourier 

transform of LSF, normalized by the MTF at the zero frequency: 

 
0

( ( ))
( )

( ( )) f

FT LSF x
MTF f

FT LSF x 

 .      (1.06) 

Blurring sources for detector MTF depends on many factors. The interaction between 

the x-rays and detection media, e.g. scatter, is an inherent source of loss in the spatial 

resolution. In digital systems, the pixel size partially determines the shape of the MTF, 

which is the product of the inherent MTF and transmission function of the pixel. The 

pixel aperture function is usually a 2D Sinc function of the pixel size. For indirect digital 

detectors, the inherent MTF is usually poor due to the optical properties of the phosphor. 

For direct digital detectors, the inherent MTF is usually very high, therefore pixel size 

limits the spatial resolution.  
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NPS is the addition of independent noise sources. It is defined as the Fourier 

transform of the autocovariance of the signal d(x), as  

 ( ) ( ( ))dNPS f FT K x ,      (1.07) 

where the autocovariance Kd(x) is defined as  

   
'

( ) ( ') ( ' )d
x

K x E d x d x x         (1.08) 

in an ergodic wide-sense stationary (WSS) system, which the digital imaging systems 

usually are. NPS for a 1D signal d(x) has units of d2(x) × x.  

The two most important sources of noise are x-ray quantum noise and electronic 

noise. Ideally quantum noise, with the characteristics of Poisson white noise, should be 

the dominant noise source. However, quantum noise may be contaminated by other noise 

sources such as electronic noise. This makes NPS exposure dependent. At low exposures, 

the NPS may become dominated by fixed pattern noise, i.e., electronic noise in a digital 

detector. This will subsequently cause degradation in DQE.  

DQE is another useful quantity for imaging characterization. It describes the 

efficiency of the detector utilizing x-rays and transferring information, i.e., SNR through 

the system. Mathematically DQE is given by: 

2
out

2
in

SNR ( )
( )

SNR ( )

f
DQE f

f
 ,      (1.09) 

where for x-ray imaging systems, the SNRout is the output SNR, mainly determined by 

the gain, MTF and NPS. SNRin
2 is the input SNR2 and is equivalent to the incident x-ray 

quanta. More specifically, DQE is calculated from measured MTF and NPS by following 

equation:[58] 
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fMTFk
fDQE        (1.10)                                      

where q0 is the incident x-ray quanta per unit area (in quanta mm-2), and k is the measured 

sensitivity at a given exposure. DQE is a function of spatial frequency and has values 

within a range of 0 ~ 1, with higher values indicating better performance. Comparisons 

based on DQE can indicate which detector makes more efficient use of the incident 

photons. However, such comparison does not necessarily indicate which detector will 

produce a better image. For DQE to be a valid metric for comparing images produced by 

different detectors, SNRin(f) for the different systems must be equal. If different kVp 

settings are used or if the scatter conditions are different, comparisons based on DQE 

may be misleading [59]. Alternatively the quantification of image quality may use noise 

equivalent quanta (NEQ): 

0( )  ( ) NEQ f q DQE f       (1.11) 

NEQ is an absolute measure of image quality and directly related to image quality. In 

principle, NEQ can be used to compare an ultrasound system with a positron emission 

tomographic system [60]. 

 

1.5 Chapter Outline 

In this chapter (Chapter 1), we briefly examined x-ray production, interaction with 

matter and x-ray spectrum. The basic modalities for breast imaging and current status of 

digital x-ray detectors were also reviewed. With the goal of enhancing the detector’s low 

dose performance with high resolutions, we proposed our indirect FPI, SAPHIRE. Its 

structure and operational principles were described. Before we analyzed the details of 
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SAPHIRE, the basic requirement for the operational conditions as well as the image 

quality metrics for digital systems are given. 

In Chapter 2, we will determine the optimal CsI-HARP combination. We will 

investigate the total gain in the HARP, the linearity, dynamic range, gain non-uniformity 

resulting from thickness non-uniformity. The effects of direct x-ray interaction with 

HARP are also investigated. 

In Chapter 3, the spatial resolution of SAPHIRE is investigated. The spatial resolution 

in different components of SAPHIRE is analyzed. Three different electron beam focusing 

methods, i.e. mesh-electrode-only, magnetic focusing, and electrostatic focusing are 

proposed and theoretically studied. Parallel beam readout is also proposed to read out the 

information.  

In Chapter 4, the temporal performance of SAPHIRE, i.e. lag and ghosting are 

investigated. The contributions to lag and ghosting from the three components of 

SAPHIRE are studied. The beam discharge lag, which is found to be the dominant source 

of lag, is investigated in details. Different factors are considered to be the reason for 

discharge lag and a theory is established and validated by the experiment. Also, we 

proposed several methods to improve its temporal performance. 

In Chapter 5, we experimentally investigated a prototype HARP-FEA image sensor 

with magnetic focusing. Its linearity, spatial resolution, noise properties are validated by 

experiments. Its potential x-ray imaging performance is also experimentally studied with 

a combination of x-ray imaging intensifier (XRII).  

In Chapter 6, we will give an overview on potential future work. 
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Chapter 2 

 

Signal Detection 

 

One of the advantages of SAPHIRE is its programmable gain made possible by the 

HARP layer, which can be turned on during low dose fluoroscopy or mammographic 

tomosynthesis to overcome electric noise, and turned off during high dose radiography to 

avoid pixel saturation. In this chapter, we will investigate the important design 

considerations for the combination of Scintillator and HARP (called SHARP), such as 

avalanche gain. To determine the optimal design parameters and operational conditions 

for HARP, we measured the avalanche gain and optical quantum efficiency of an 8-μm 

HARP layer, both of which are functions of electric field (ESe) inside the a-Se. The 

results were used in a physics model of HARP as well as a linear cascaded model of the 

FPI to determine the following x-ray imaging properties in both the avalanche and non-

avalanche modes as a function of ESe: (1) total gain, which is the product of avalanche 

gain and optical quantum efficiency; (2) linearity; (3) dynamic range; (4) gain non-

uniformity due to the thickness non-uniformity of HARP layer; and (5) effects of direct 

x-ray interaction in HARP.  
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2.1 Photo-charge generation mechanism inside a-Se  

As a semiconductor, selenium has been a focus of research and commercial interest 

for the use as a photoconductor since its discovery and initial application in rectifiers and 

photocells in the last century. In the most recent development of a-Se technology, one of 

its most promising properties is that its avalanche multiplication occurs at extremely high 

electric fields (ESe > 80 V/μm). It was Juska et al [46] who were first to observe the 

avalanche phenomenon in a-Se by measuring time-of-fight (TOF) signals in an a-Se layer 

sandwiched between two insulating layers. In avalanche mode, a-Se has been used as a 

target for ultra-high sensitivity HARP television cameras [61, 62]. Avalanche 

multiplication may provide extremely high sensitivity for optical light, up to 1000 times 

higher than the sensitivity of the Silicon (Si) based charge-coupled devices (CCDs). 

These HARP television cameras may be able to produce high definition imaging in low 

light conditions such as night shooting. It is not a long history for HARP to be proposed 

as an indirect photoconductive material for medical imaging [35, 53, 63]. 

 

2.1.1 Quantum efficiency  

Quantum efficiency (QE) is defined by the number of free carriers generated per 

absorbed photon. Generally, the mechanism of photo-charge generation in a-Se is 

described by the Onsager dissociation mechanism [64, 65]. This has been proven 

experimentally by Pai and Enck [66]. In the Onsager model, every absorbed photon 

creates a single thermalized germinate electron-hole pair (EHP) which is bound by 

Coulomb attraction. The probability of EHP dissociation/recombination depends on the 
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initial separation (r0) between the two thermalized charge carriers, and the strength of 

applied electric field, i.e., ESe. For higher energy photons, i.e., smaller wavelength (λ), the 

initial separation will be larger and so the probability of dissociation for the bound pairs 

into free carriers will also be greater. A high ESe help the charge carriers to overcome 

their mutual Coulomb attraction thus also increase the probability of dissociation.   

Following the Onsager mechanism, the photo-generation quantum efficacy (η) in a-

Se is dependent on ESe and λ, and can be expressed by  

0

0
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   ,   (2.01) 

with 

2

04

e
A

kT
 .        (2.02) 

where T is the absolute temperature, k is the Boltzmann constant, q is the elementary 

charge (to distinguish from the exponential sign “e”),  is the relative static permittivity 

for HARP, 0 is the vacuum permittivity, is the characteristic thermalization length or 

the initial separation, which is wavelength dependent. 0 is defined as the efficiency of 

production of thermalized charge pairs per absorbed photon, and it is independent of ESe. 

Pai and Enck showed that the room temperature measurement of  can be best fitted with 

the expression in Eq. 2.01 using 0=1 and r0 in the range between 0.8 – 7.0 nm for  

values between 620 and 400 nm. 

0r

However, in the Onsager model, the external electric field is generally emphasized to 

play a role in the dissociation process. A higher external electric field is believed to be 

able to modify the density of states within band tails, influencing the photoconductive 
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properties of amorphous material. Furthermore, the Onsager model has not included the 

effect of impact ionization. Thus, it can only explain the initial production of EHPs. The 

final effective quantum efficiency (η*) should include avalanche multiplication 

phenomenon if necessary.   

 

2.1.2 Impact ionization rate and avalanche multiplication  

When the electric field in a semiconductor is increased above a certain value, the 

carriers can gain enough energy so that they can excite electron-hole pairs by impact 

ionization. The impact ionization rate is defined as the number of EHP generated by one 

carrier per unit distance traveled. It is obviously electric field dependent and is related to 

the threshold fields for carriers to overcome the deceleration effects of thermal, optical-

phonon, and ionization scattering [67, 68]. Let us assume that electrons and holes have 

impact ionization rates, α and β, respectively. We also assume an a-Se layer with 

thickness of L and under an external electric field ESe, as shown in Fig. 2.01. Consider 

one EHP which has been created at depth of x. In traversing an element of distance dx, 

the electron will create dx ionization collisions on average when it moves up while the 

hole similarly will generate dx EHPs when it passes down. These secondary pairs will 

start chains of ionization depending on where they are created. If ( )M x is the average 

final total number of EHPs generated resulting from one initial EHP created at x, we can 

write  
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Figure 2.01: Schematics shows the process and parameters of avalanche phenomenon in 
a-Se layer with thickness of L and external electric field of ESe. The initial EHP is 
assumed at depth of x. 
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Its universal solution thus is given by 
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In our case where ESe is uniform everywhere, Eq. 2.04 can be simplified to  

 
     

 ( )
L x

L

e
M x

e

 

 

 
 

 







.      (2.05)  

Eq 2.05 shows avalanche multiplication is depth dependent. The overall avalanche 

gain, gav, is the average avalanche multiplication at different depths, the probability of 

which is determined by the Lambert-Beers law given by Eq. 1.02. So, 
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      ,     (2.06)   

where μ is the linear attenuation coefficient for a-Se. Here we assume the photons are 

from the side of x = 0, i.e., the positive bias electrode. The details of derivation are given 

in Appendix A. 
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For optical photon absorption of a-Se, the values of μ are very large, compared with α 

and β. For example, μ = 3 ×107 / m for λ = 450 nm. This means that more than 95% of 

photons are absorbed within 0.1 μm of a-Se layer from the entrance side. Therefore,  
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,     (2.07) 

where is the thickness of a-Se layer. The impact ionization rate, α and β, have 

previously been studied for multiple a-Se layers with thickness up to 4 μm [47]. They 

found both α and β show an exponential dependence on 1/ESe. Meanwhile, in a-Se the 

value of β is much greater than α since the drift mobility of holes (0.18 cm2/Vs) is much 

higher than that of electrons (0.003 cm2/Vs). It is important to note that in order for gav, 

as defined in Eq. 2.07, to have a finite positive value, i.e., stable, avalanche, the condition 

of 

Sed

  Se
d 

e   must be satisfied. Under the assumption that the contribution of 

electrons to avalanche gain is negligible, Eq. 2.07 can be simplified to  

 .        (2.08) Se
d

avg e


We will obtain the value of β by fitting experimental results.  

The final effective quantum efficiency, i.e., the photosensitivity (η*), defined as the 

number of photo-carrier collected finally per absorbed photon, is given by  

  .        (2.09) *
avg  

 

2.2 HARP structure  
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Figure 2.02: Schematics show the HARP multilayer structure. Only hole avalanche process is 
shown as an example in this figure. Electron avalanche process is not shown here.  

 

Since the discovery of avalanche multiplication in a-Se over a decade ago, HARP 

tubes, which consist of a HARP layer read out with a scanning electron beam, have been 

commercialized for high sensitivity and high definition television applications. Stable and 

uniform avalanche multiplication has been observed with very little added noise [69]. 

The electric field (ESe > 80 V/um),  under which avalanche multiplication occurs, is an 

order of magnitude higher than that typically used in direct FPI incorporating thick a-Se 

layers. In order to sustain ESe of this high magnitude without significant increase in dark 

current due to charge injection from the bias electrodes, blocking layers need to be 

developed for both electrode interfaces. A sample structure of the sandwiched a-Se 

HARP layer used in our experiment is schematically shown in Fig. 2.02. The top side is 

biased with a high voltage through transparent ITO electrode and the bottom is a free 

surface where charge images are formed and read out. A thin layer of antimony 

trisulphide (Sb2S3) is deposited on the bottom side to prevent electron injection from the 

negative bias electrode, which may be happen in a solid state detector with TFT readout 
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or scanning electron readout beams (e.g., from FEA). This electron injection blocking 

layer can reduce the emission of secondary electrons. Between the a-Se layer and the ITO 

electrode, a thin layer (~ 20 nm) of cerium dioxide (CeO2) is interposed to make the hole-

blocking contact stable and a thin layer of lithium fluoride (LiF) doped a-Se is used to 

block injection of holes from the ITO bias electrode. The intrinsic a-Se photoconductor is 

usually 0.5 – 35 m thick depending on the desired avalanche gain and is doped with 

arsenic (As) to prevent a-Se from recrystallizing. 

 

2.3 Experiment measurement of photosensitivity of HARP 

The x-ray imaging performance of the indirect FPI with avalanche gain relies on the 

photosensitivity (η*) of HARP. Understanding its dependence on ESe and HARP layer 

thickness, dSe, is crucial for the proper choice of HARP design parameters and 

operational conditions for both the avalanche and non-avalanche modes. In this section, 

we will present the experimental method and results of the photosensitivity 

measurements of HARP. In section 2.1, we will present the theory of the effective 

quantum efficiency (photosensitivity), which is proportional to both the optical quantum 

efficiency  and the avalanche gain gav, both of which are ESe dependent. The theory and 

experimental data will then be used to determine  and gav as a function of ESe in the 

context of x-ray imaging. 

 

2.3.1 Experiment method 

The experimental setup for photosensitivity measurements is shown in Fig. 2.03. A 

grating monochromator was used to generate optical photons of a single wavelength (). 
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The values of  used in our experiments ranged between 380-600 nm. The intensity of 

the output beam was attenuated by neutral-density (ND) filters. A beam-splitter was used 

to direct a fraction (90 %) of the attenuated beam to a silicon (Si) photodiode (PD), which 

is used to monitor the beam intensity during experiment. The optical photons passing 

directly through the beam splitter (10 %) are detected by the HARP tube, which contains 

an a-Se photoconductive layer of dSe = 8 μm. Before sensitivity measurements, the HARP 

input light intensity was calibrated for each  in order to keep a constant input power. 

This was achieved by adjustment of the ND filters and monitoring the light intensity 

using the Si PD. 

 

 
Figure 2.03: Experimental apparatus for measuring the photosensitivity of HARP. 

  

For each  and ESe, the signal current, S, obtained by the HARP tube was recorded, and 

the photosensitivity, which was quantified as the number of signal charge carriers 

generated by one absorbed light photon and referred to as the effective quantum 

efficiency *, is the product of  and gav. The values of * was experimentally 

determined from the measurement of HARP tube current S using: 

* /

/

S q

I T h



 ,        (2.10)  
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where q is the electron charge, I is the HARP input light intensity power given in Watts 

(W), h is the energy of each incident photon, and T is the fraction of the incident 

photons (to HARP) reaching the a-Se layer. The correction factor, T, is due to light 

attenuation by both the ITO bias electrode and the CeO2 blocking layer for HARP, and is 

a function of the wavelength λ. The value of T was experimentally measured for all λ 

used in our experiment by using a HARP substrate consisting of just the faceplate, 

electrode, and blocking layer. During the manufacturing of HARP targets this structure is 

assembled prior to deposition of the a-Se layer. The substrate sample was placed in the 

beam path of the monochromator and the transmission of light was calculated by taking 

the ratio of the light intensity measured by the Si PD with the sample in place to that 

without. 

 

2.3.2 Measurement results 

Shown in Fig. 2.04 is the measured effective quantum efficiency η* as a function of 

ESe for an 8 μm thick HARP layer. It shows that for blue light ( = 400 nm), η* reaches a 

plateau at ESe > 20 V/m. This corresponds to a saturation of optical quantum efficiency, 

, at unity. With a further increase in ESe to > 80 V/μm, * starts to increase again, which 

shows the onset of avalanche. However, for green light, the ESe dependence of * is quite 

different. As shown in Fig. 2.04 for  = 540 nm, which is the peak of the emission 

spectrum of CsI (Tl), * starts at a much smaller value compared to that with blue light. It 

then increases continuously with ESe without saturation before avalanche starts at ~80 

V/μm. Based on the theory behind the photo-carrier generation mechanism, described in 

section 2.1, this is because of the lower optical  for green light, which has lower photon 
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energy, and as a result does not saturate as a function of ESe or reach unity until ESe is 

well into the range of avalanche multiplication.  
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Figure 2.04: Measured effective quantum efficiency * as a function of ESe for an 8 μm 
thick HARP layer.     

  

 

2.3.3 Determination of the avalanche gain 

As we described in Eq. 2.09, the effective quantum efficiency η* of HARP is 

proportional to both η and gav. The value of η can be calculated by using Eq. 2.01. The 

initial separation of r0 is a function of incident photon wavelength λ, which has been 

measured by Pai and Enck [66]. For the rest of the discussion, we will focus on λ = 540 

nm, which is the peak of the emission spectrum for CsI (Tl) used for SAPHIRE.  
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Figure 2.05: Optical efficiency of a-Se calculated using Onsager theory and r0 = 1.7 nm, 
compared with the measured effective quantum efficiency η* at λ = 540 nm.   

 

Shown in Fig. 2.05 is the value of η calculated using Eq. 2.01 and r0 = 1.7 nm. The 

infinite calculation was stopped at l = 140, n =115 and m = 24. Also plotted in Fig. 2.05 

are the measurement of η* at the same wavelength for dSe = 8 μm. These results show 

that the Onsager theory provides a reasonable predication for the ESe dependence of * in 

HARP for ESe  80 where gav = 1. The theoretical η-value predicted by Onsager theory 

was then used as the denominator. The numerator would be the measured η*, which 

therefore results in the ESe dependence of gav. The results are shown in Fig. 2.06 (a), 

where gav = 46 at ESe = 110 V/m. Fig. 2.06 (a) shows that gav increases very rapidly with 

ESe. As a result choosing the appropriate operating conditions for HARP is crucial. In 

order to determine the x-ray response of the indirect FPI with avalanche gain, it is 

necessary to understand the continuous dependence of gav on ESe. This is because as 
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image charge accumulates on the pixels, the voltage drop across the HARP layer will 

decrease, i.e., ESe will decrease. With the rapid change of gav as a function of ESe shown 

in Fig. 2.06 (a), the value of gav will decrease significantly as a result of charge 

accumulation on the pixels, especially when ESe is high. This will affect the x-ray 

sensitivity, linearity and dynamic range of the FPI.  

Based on avalanche multiplication theory (Eq. 2.08), the avalanche gain gav is a 

function of ESe (through β, where the effect from electrons, α, has been ignored) and dSe. 

To determine how β is exponentially dependent on1/ESe, we use 

 

2

1
SeEe


 


         (2.11) 

to fit the experimental measurement of gav, where β1 and β2 are two constants 

independent to ESe and dSe  By taking the logarithm of Eq. 2.11 twice, we obtain 
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Se
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  ,      (2.12)                             

which indicates that the quantity ln(ln(gav)) is linearly related to 1/ESe. Shown in Fig. 2.06 

(b) is the re-plotted experimental data from Fig. 2.06 (a) in the form of ln(ln(gav)) as a 

function of 1/ESe. The best linear fit for the experimental data is also shown in Fig. 2.06 

(b). From the intercept and the slope of the fitted straight line we obtained 

1=5.5 × 103 /m        (2.13) 

and  

2 = 1.029 × 103 V/m.      (2.14) 
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Figure 2.06: (a) Solid circles are the gav for the 8 m HARP layer calculated by dividing 
the measured * at 540 nm by the optical  predicted by the Onsager theory using r0 = 
1.7 nm. The solid line shows the gav calculated using the fitted 1 and 2 values. (b) The 
plot of ln(ln(gav)) as a function of 1/ESe, and the best linear fit for the data. 
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The fitting parameters agree well with the experimentally determined gav. Using these 

β1 and β2 values and the analytical expression for gav shown in Eq. 2.08, the theoretical 

gav values are calculated and shown in Fig. 2.06 (a). Since gav is related to β2 through two 

exponential functions, a small error in the estimate of β2 may result in a large error in the 

estimation of gav. Nevertheless, the Fig. 2.06 shows the excellent quality of fitting for ESe 

in the range ≤ 110 V/μm in the figures. The fitting parameters β1 and β2 are slightly 

different from that obtained from samples without LiF doped layer. This may be due to 

the field modulation caused by a positive space charge in the LiF doped region [70, 71].  

 

2.4 X-ray imaging performance  

2.4.1 Cascaded linear system model 

Digital medical imaging systems are complex with multiple physical processes 

involved in the conversion of the input signal to the final output image, which is 

presented to the physicians. A highly-quality image is obtained only when all processes 

are designed appropriately to ensure accurate transfer of the image signal and noise from 

input to output. This transfer is laid out by communication theory, and in particular, by 

the Fourier transform linear-systems approach [72]. Linear-system theory was initially 

applied in the imaging sciences by Rossmann [73-75] and then developed by others [76-

81]. Normally, the final image is represented as a cascade of multiple processes in the 

systems, and is then described by the linear system theory for the transfer of signals and 

noise. 

There are three elementary processes which play an important role in the transfer 

theory: (a), quantum amplification; (b) deterministic blurring; and (c) quantum scattering, 
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which is also called stochastic blurring in other publications. The image formation 

process can be interpreted as an appropriate serial combination of these three processes. 

The characteristic details [82] will not be described here.  
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Figure 2.07:  Flow diagram showing the imaging stages involved in the simplified linear 
system model for SAPHIRE, adapted from [1]. Φ and S represent the signal and noise, 
respectively.  

 

In order to obtain an estimate of how much avalanche gain is needed for SAPHIRE, 

we adopted a preliminary cascaded linear system model developed in our group [1]. 

Shown in Fig. 2.07 is a flow diagram of the imaging stages. To simplify the model for 

SAPHIRE, it does not yet show the effect of K-fluorescence reasbsorption or the 

Lubberts’ effect [83] in CsI. The effect of direct x-ray interaction events in the HARP 

layer is also ignored.  

Using the cascaded linear system model, we investigated two important aspects of the 

x-ray imaging performance, the pixel x-ray response of the detector, i.e. the linearity and 
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dynamic range, for both the avalanche and non-avalanche operational modes, and the  

DQE. 

From the cascaded linear system model, we obtain the mean signal, Φs, from each 

pixel of the detector, which is given by 

 
2

p av a
s

a g E

W


  b ,       (2.15) 

where W is the energy required to generate an optical photon in CsI, and Eab is the x-ray 

energy absorbed by CsI per unit area. Eab here includes contributions from all three 

parallel paths associated with K-fluorescence, i.e. 

 ,  (2.16)   0 ( ) ( )[(1 ) ( ) ]ab x k k k k k k
E

E q E E P E E E P E P f    

where q0(E) is the incident x-ray photons per unit area as a function of energy E for a 

given x-ray spectrum, Pk is the probability of K-fluorescence, Ek is the energy of the K-

fluorescence photon, and fk is the fraction of K-fluorescence reabsorbed in the CsI layer. 

Each of the K-fluorescence related terms in Eq. 2.16 were determined separately for the 

K and K photons from both Cs and I atoms and integrated to obtain the final result of 

Eab. 

Thus the final DQE from the cascaded linear system model in Fig. 2.07 is then given 

by: 
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          (2.17) 

where q0 is the number of incident x-ray photons per unit area, γ is the optical coupling 

efficiency between CsI and HARP layer, Tb(f), Tc(f), and Ta(f) are the MTF due to blur in 
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CsI, the optical coupling between CsI and HARP, and the pixel aperture function, 

respectively. AS, x, and g are the Swank factor, x-ray quantum absorption efficiency and 

x-ray to photon conversion gain of the CsI layer, respectively. ap is the pixel width. Sn is 

the electronic noise associated with the pixel readout. For simplicity, we ignore the effect 

of aliasing. This is a reasonable assumption for most indirect detectors. The denominator 

of Eq. 2.17 is the dose normalized NPS. The first term is the x-ray quantum noise, the 

second term is the secondary quantum noise associated with the variance in gain in the 

conversion and the avalanche process, and the third term is the contribution from the 

electronic noise of the readout. It shows that the electronic noise is less important at high 

dose (i.e., q0 is high). It is also inversely proportional to gav
2. This demonstrates that the 

introduction of avalanche gain effectively reduces the importance of noise at low dose. 

The avalanche gain also introduces additional noise due to its variance, as the second 

term, which is approximately twice for gav >> 1 than that for gav = 1, assuming  is the 

same in both cases. This excess secondary quantum noise is the penalty for avalanche 

gain. However for SAPHIRE with high conversion gain g and efficient optical coupling 

between CsI and HARP, i.e. 2xg   , the secondary quantum noise is negligible 

compared to the x-ray quantum noise. Here, Ta(f) is the aperture function of readout, 

which remains unknown for FEA right now. However, it is reasonable to assume it 

behaves like a TFT readout, i.e., it is a sinc function from the Fourier transform of a 

square aperture function with fill factor of unity. When the electronic noise is small, the 

factor Ta(f) will be eventually cancelled from this equation. Eq. 2.17 also does not include 

the effect of K-fluorescence reabsorption of CsI which have been investigated by Zhao, et. 

al. [3]. The results showed that K-fluorescence reabsorption in CsI has too effects: (1) 
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degradation of the Swank factor for x-ray energies above the K-edge and (2) additional 

image blur. 

The previous investigation of the inherent x-ray imaging performance of CsI (Tl) has 

shown that the high resolution (HR) type has essentially no depth dependent blur and 

provides better DQE(f) at high spatial frequencies compared to the CsI optimized for high 

light output (HL) [3]. This was achieved at the cost of a lower light output (60 %) for the 

HR compared to the HL type. For the calculation in this chapter, we used a 150 μm HR 

type CsI for mammography and a 600 m HL CsI for R/F applications. The previously 

measured values for W, AS and presampling MTF of these CsI layers were used in the 

cascaded linear system model. Since we have not yet implemented the depth dependent 

blur of CsI in our cascaded linear system model, the DQE(f) at high frequencies for the 

600 m HL CsI layer (for R/F) will be overestimated. Table 2.01 summarizes the 

detector parameters and HARP operating conditions chosen for each application. For 

mammography, we consider two different image acquisition modes: regular screening 

mammography and tomosynthesis. 

 

Table 2.01: Detector design operating conditions chosen for different x-ray imaging 
applications. 

Mammography detector R/F detector  
tomosynthesis screening Fluoroscopy radiography 

X-ray spectrum 28 kVp Mo/Mo, 4cm PMMA RQA5 
CsI (75% packing) 150 m HR 600 μm HL 
W for CsI (eV) 30 18 
 0.8 0.8 
Minimum exposure 0.1 mR 1 mR 0.1 R 30 µR  
ESe (V/µm) 110 105 110 95 
 0.36 0.35 0.36 0.31 
gav  46 12 46 2.3 
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2.4.2 Pixel response 

In this section, we will apply the ESe dependence of gav and η derived in previous 

sections to determine the x-ray response of the SHARP layer. Due to the difference in 

resolution and avalanche gain requirement for mammography and R/F detector, the 

calculation will be performed separately for these two imaging applications.  

 

A. Radiography/Fluoroscopy 

Shown in Fig. 2.08 is the DQE(f) calculated using the cascaded linear system model 

for the detector with different gav settings. The calculation was performed for the lowest 

exposure in fluoroscopy (0.1 µR), where the detector performance is most susceptible to 

electronic noise. It shows that gav = 46 is sufficient to bring the DQE(f) to its theoretical 

limit (i.e. a detector without electronic noise). The DQE(f) for the next gav = 12 measured 

at ESe = 105 V/m also provides reasonable DQE. Thus, an ESe between 105 and 110 

V/m will be adequate for fluoroscopy. Fig. 2.09 shows the DQE(f) calculated for the 

lowest radiographic exposure of 30 R. It shows that ESe = 95 V/µm can provide 

sufficient η (0.31) and gav (2.3). Hence the ESe chosen in Table 2.01 is adequate for the 

dual-mode operation of a R/F detector. 
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Figure 2.08: Calculated DQE(f) for a fluoroscopy detector at the x-ray exposure level of 
0.1 μR. Operating conditions are shown in Table 2.01. 
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Figure 2.09: Calculated DQE(f) for a fluoroscopy detector at the x-ray exposure level of 
30 μR. Operating conditions are shown in Table 2.01. 
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Figure 2.10: Calculated image charge on each pixel of the detector and the 
corresponding avalanche gain as function of x-ray exposure for the fluoroscopy detector.  
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Figure 2.11: Calculated image charge on each pixel of the detector and the corresponding 
avalanche gain as function of x-ray exposure for the radiography detector. 
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Shown in Figs. 2.10 and 2.11 are the calculated pixel x-ray responses for the R/F 

detector under two different operating conditions. Here we assumed that the dominant 

pixel capacitance is the capacitance of the HARP layer. This condition results in the 

largest drop in the potential across the HARP layer for a given x-ray exposure, and 

creates the biggest effect on linearity. Fig. 2.10 shows that for fluoroscopy, the initial ESe 

= 110 V/m provides a gav of 46. Within the regular exposure range of 0.1 – 10 µR per 

frame in fluoroscopy, the detector has very good linearity, i.e. an essentially constant gav. 

With further increase in exposure, which corresponds to the exposure near or beyond the 

edge of the human body, the x-ray response becomes sub-linear with a decrease in gav. 

This decrease in gav ensures a wide dynamic range for the detector because there is no 

“hard” saturation. The pixel potential will continue to increase as a function of x-ray 

exposure. The pixel potential for the exposure of 1 mR in the fluoroscopy mode is VP = 

56 V. Fig. 2.11 shows that with a much lower gav = 2.3 programmed for radiography, the 

detector response for the regular exposure range of 30 μR – 3 mR is essentially linear 

with very little change in gav. Comparing Figs. 2.10 and 2.11, the image charge on the 

pixels are in the same range despite their large difference in exposure range. This 

demonstrates the wide dynamic range (over 5 orders of magnitude) of the detector by 

varying gav for different x-ray imaging applications. This is different from a detector with 

constant high gain, which has problems of pixel saturation for radiographic applications. 

 

B. Mammography 
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Figs. 2.12 and 2.13 show the DQE calculated for mammography detector. The 

parameters and the operating conditions are listed in Table 2.01 for tomosynthesis and 

screening applications. Both figures show that the choice of ESe for both operational 

modes are adequate for achieving the theoretical limit of DQE without electronic noise. 

The pixel x-ray response for mammography was calculated and the results are shown 

in Figs. 2.14 and 2.15 for tomosynthesis and screening mammography, respectively. The 

minimum exposure in both figures corresponds to the detector exposure behind dense 

breast tissue, and the maximum corresponds to raw exposure. Figs. 2.14 and 2.15 show 

that when there is no storage capacitance, the signal increases sub-linearly as a function 

of the x-ray exposure. This is because the pixel capacitance due to the HARP layer for 

mammography is only ~0.02 pF with ap = 50 m, which is much smaller than that for the 

R/F detector (0.28 pF). Hence the signal accumulated on each pixel creates a much more 

significant drop in the ESe, which causes a rapid decrease in gav. The maximum image 

charge shown in Figs. 2.14 and 2.15 corresponds to a pixel potential of ~100 and 210 V, 

respectively. Alternatively we have proposed a detector called SHARP-AMFPI, which 

reads out the signal by TFT arrays rather than FEA [52]. However, these potentials 

exceed the maximum voltage safe for the TFT readout. One method for alleviating this 

problem while maintaining the same dynamic range is to add a pixel storage capacitance 

Cst. With Cst = 0.5 pF, the pixel potential rises much slowly and the x-ray response of the 

detector becomes more linear. The pixel potentials corresponding to the maximum 

exposures in Figs. 2.14 and 2.15 reduce to 25 and 50 V, respectively, both of which are 

safe for TFTs.   
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Figure 2.12:  Calculated DQE(f) using the detector parameters and operating conditions 
shown in Table 2.01 for mammographic tomosynthesis with minimum exposure of 0.1 
mR. 
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Figure 2.13: Calculated DQE(f) using the detector parameters and operating conditions 
shown in Table 2.01 for screening mammography with minimum exposure of 1 mR. 
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Figure 2.14: Calculated image charge on each pixel of the mammography detector and 
the corresponding avalanche gain as a function of x-ray exposure. The results are for 
detector operating conditions chosen for tomosynthesis image acquisition. 
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Figure 2.15: Calculated image charge on each pixel of the mammography detector and 
the corresponding avalanche gain as a function of x-ray exposure. The results are for 
detector operating conditions chosen for screening mammography. 
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2.4.3 Direct x-ray interaction in HARP 

In indirect FPI, direct interaction of x-rays in the photodiodes (or CCD) produces 

additional noise [84]. This is because the x-ray to charge conversion gain in the 

photodiodes is much higher (~ 50 times) than that in phosphors, which causes each direct 

interaction x-ray to produce a much higher signal (and noise) than that absorbed in the 

phosphors. For our proposed detectors, the HARP sensor (e.g. dSe = 8 m) is much 

thicker than the a-Si photodiodes (~ 1 m) in existing indirect FPI, hence there will be 

more direct x-ray interaction events. Fortunately the x-ray to charge conversion gain in 

HARP [43] (WSe = 16 eV at ESe = 100 V) is very similar to that in CsI, thus direct x-ray 

interaction in HARP is not expected to add additional noise. However when HARP is 

operated in the avalanche mode, the x-rays absorbed by HARP will experience different 

avalanche gain depending on their depth of interaction. For x-rays absorbed in HARP at 

depth x from the top (light entrance) interface, the effective thickness for avalanche 

multiplication is (dSe – x). This could lead to a depth dependent variation in gav, and add 

additional noise [85]. In the following we will derive the propagation of signal and noise 

due to direct x-ray interaction in HARP, and investigate the effect on the DQE of 

SHARP-AMFPI. 

 

A. Signal and noise propagation for direct x-ray interaction 

The input for direct x-ray interaction in HARP is the number of x-rays transmitted 

through the CsI layer, q1, which is a function of x-ray energy. For clarity we assume a 

mono-energetic x-ray beam in the following derivation of theory, although we used the 
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full x-ray spectrum in our calculation of direct x-ray interaction. We ignored the effect of 

K-fluorescence reabsorption in HARP. Under this assumption, both the signal and NPS 

for direct x-ray interaction are white prior to the pixel aperture function so that we could 

omit the frequency dependence in the following derivation. The x-ray signal produced at 

depth x into the HARP layer by a small thickness dx of a-Se is given by: 

1( ) ( )x
a v S ex q e g x g d x   ,     (2.18) 

where  is the linear attenuation coefficient of a-Se, and gSe is the average x-ray to charge 

conversion gain which is equal to E/WSe. The depth dependence in gav can be derived 

from Eq. 2.05 as ( ) exp[ ( )]av Seg x d x  . The noise power spectrum NPS due to direct 

interaction as a function of depth, S(x), is given by [85]:  

 2 2 2 2( ) exp( )[( ) ( ) ( )]
Se avSe g av Se gS x x g g x g x dx       .  (2.19)   

Integrating both Eqs.2.18 and 2.19 with respect to x from 0 to dSe, we obtain the total 

signal and NPS due to direct x-ray interaction: 
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B. Calculation results 
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Figure 2.16: Signal spectra comparison of the pre-sampling signal and NPS (before pixel 
aperture function) due to x-ray absorbed in CsI and direct x-ray interaction in HARP, 
where the signal due to direct interaction is negligible. 
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Figure 2.17: NPS comparison of the presampling signal and NPS (before pixel aperture 
function) due to x-ray absorbed in CsI and direct x-ray interaction in HARP, where the 
NPS due to direct interaction under the Nyquist frequency of 2.5 cycles/mm is negligible. 
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Using Eqs.2.20 and 2.21, we calculated the contribution to the total signal and NPS 

by the direct interaction of x-rays in HARP using the parameters shown in Table 2.01 for 

an R/F detector. With a RQA5 x-ray spectrum and a 600 m HL layer of CsI, the fraction 

of x-rays transmitted through the CsI layer is 13.2%, out of which ~1 % is absorbed by 

the HARP layer. Shown in Fig. 2.16 is a comparison between the presampling signal 

spectra (before the pixel aperture function) due to x-rays absorbed in CsI and that in 

HARP. It shows that at low frequencies, the signal due to direct x-ray interaction is less 

than 0.2 % of that due to x-ray absorbed in CsI. This is consistent with the difference in 

their x-ray quantum efficiencies. At high frequencies (e.g. 5 cycles/mm), the signal from 

CsI decreases due to the blur in CsI, however the signal from direct x-ray interaction in 

HARP stays constant. But the latter is still negligible. Shown in Fig. 2.17 is the NPS 

(before pixel aperture function) comparison. It shows that at 5 cycles/mm, the NPS due to 

direct x-ray interaction becomes significant (~17 % of the NPS due to CsI). However 

below the Nyquist frequency of 2.5 cycles/mm, it is still negligible (< 3 %). This is why 

there is no significant change in DQE after including the direct x-ray interaction events in 

HARP, as shown in Fig. 2.18. Hence we can conclude that direct x-ray interaction in 

HARP in an indirect FPI with avalanche gain has no degradation effect on DQE of the 

detector.    
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Figure 2.18: Comparison between the DQE of SHARP-AMFPI with and without 
consideration of direct x-ray interaction in HARP. 

 

2.5 Effect of HARP thickness uniformity  

An important issue for making a large area HARP is its thickness uniformity. 

Currently HARP films can be made very uniform for an area of 1-2” in diameter with 

essentially no visible gain variation in the images. The images currently produced by 

HARP for broadcast applications do not require any gain uniformity correction. The area 

of HARP needs to be increased significantly for x-ray imaging applications. Although 

uniform, large area a-Se films have been developed for direct FPI, the uniformity 

requirement for HARP in indirect FPI with avalanche gain is expected to be much higher. 

In this section we will derive the relationship between thickness non-uniformity and gain 

non-uniformity for HARP sensors so that the results can be used as a guideline for 

engineering of large area HARP layers for FPI. 
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2.5.1 Relationship between HARP avalanche gain and thickness uniformity 

During the operation of HARP, a constant potential Vb is applied to the top ITO bias 

electrode, as shown in Fig. 2.02. A non-uniformity in the thickness of HARP will result 

in a variation in ESe and subsequently a gain non-uniformity. An increase in dSe under a 

constant Vb causes a decrease in ESe. Although an increase in dSe tends to increase gav (Eq. 

2.08), the simultaneous decrease in ESe will lead to a much bigger effect in decreasing gav 

because of the additional exponential dependence shown in Eq. 2.11. By substituting ESe 

= Vb/dSe into Eq. 2.12 and differentiating both sides, we obtain:  

 21
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g d
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g g d V
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Eq. 2.22 can be rewritten as: 
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Eq. 2.23 shows that with 2 > ESe, which is true for HARP, a positive change in dSe 

results in a negative change in gav. Eq. 2.23 also shows that the percentage variation in 

avalanche gain is proportional to ln(gav) and the percentage thickness variation, hence 

HARP layers operated with higher gav is more susceptible to thickness non-uniformity. 

 

2.5.2 Calculation of gain non-uniformity 
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Figure 2.19: The avalanche gain gav calculated as a function of the thickness of HARP, 
which varies around 8 m, under a constant bias potential Vb of 840, 864 and 880 V. 

 

Using Eqs.2.08 and 2.11, and the values for 1 and 2 determined in Section 2.3.3,  

the variations in gav were calculated for both positive and negative change in dSe around 8 

m, and results are shown in Fig. 2.19. Three Vb values of 840 V, 864 V and 880 V were 

used, which corresponds to gav of 12, 25 and 46, respectively. Fig. 2.19 shows that the 

slope of the curve, i.e. percentage change in gav, is much higher for negative change in dSe, 

which causes an increase in gav, than it is for positive. Hence when choosing the bias 

potential Vb of HARP for a desired ESe, the smallest dSe for the entire detector area should 

be used, so that the variation in thickness is positive from the reference thickness. If we 

assume the smallest dSe = 8 m, the percentage changes in gav due to an increase in dSe of 

1 % are 19 %, 23 % and 26 %, respectively, for the three Vb settings of 840 V, 864 V and 

880 V. The change in gav increases to 33 %, 40 %, and 44 %, respectively, when the 
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variation in dSe increases to 2 %. This range of gav non-uniformity is certainly within the 

capability of gain correction and the dynamic range of the electronic circuits of FPI. With 

further increase in dSe to 4 %, the value for gav will decrease from the original setting of 

46, 25 and 12 to 15, 10 and 6, respectively, which is a gain non-uniformity of 2 to 3 folds. 

Although the change in gav is significant, it is not expected to cause significant 

degradation in the DQE performance, as can be seen in the example of gav = 46 and 12 

shown in Fig. 2.08. However this will pose more challenges for the uniformity correction 

algorithm. Hence we can conclude that a maximum thickness non-uniformity of 2 % is 

desirable for a HARP layer, and 4 % non-uniformity could still possibly be tolerated. 

 

2.6 Conclusions 

The feasibility of a new concept of indirect conversion flat-panel detector with 

avalanche gain is being investigated. The avalanche gain and quantum efficiency of an 8 

µm thick HARP layer was investigated experimentally as function of ESe. The 

characteristics of HARP were applied to a cascaded linear system to determine the 

operating conditions for x-ray imaging. Our results showed that by varying the avalanche 

gain between 2 and 46, x-ray quantum noise limited performance and a wide dynamic 

range can be obtained for typical detector parameters chosen for both R/F and 

mammographic imaging applications. Direct x-ray interaction in HARP is not expected to 

affect the imaging performance. Due to the rapid increase in gav as a function of ESe, a 

small variation in dSe can cause significant non-uniformity in avalanche gain. It is 

desirable to keep the thickness uniformity of a HARP layer within 2 %, which could keep 

the variation in gav within ~ 40 %.   
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Chapter 3 

 

Spatial Resolution 

 

In the previous chapter, the programmable avalanche gain of HARP has been 

investigated, which can improve the low dose performance of SAPHIRE. Because of the 

avalanche gain, a high resolution (HR) type of CsI (Tl), which has not been widely used 

in indirect FPI due to its lower light output, can be used to improve the high spatial 

frequency performance. The FEA can be also made with pixel sizes down to 50 µm. The 

purpose of this chapter is to investigate the factors affecting the spatial resolution of 

SAPHIRE. Since the resolution performance of the Scintillator/HARP combination has 

been well studied, the focus of this chapter is on the inherent resolution of the FEA 

readout method. The lateral spread of the electron beam emitted from a 50 µm × 50 µm 

pixel FEA was investigated with three different electron-optical designs: mesh-electrode-

only, magnetic focusing and electrostatic focusing. Our results showed that both 

magnetic and electrostatic focusing methods can satisfy the requirement of 50-µm-pixel 

size. However the electrostatic focusing is more feasible with the manufacture of large 

area FPI and provides better spatial uniformity.  
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3.1  Introduction 

The pixel sizes currently used in mammography AMFPI range from 70 to 100 µm, 

which may not be optimal for the detection of calcifications. For example, it has been 

shown that with pixel size del = 100 µm characterization of the shape of micro-

calcifications is compromised in digital mammography, while del = 50 µm can preserve 

this information [8]. 

As we described the structure and operational principles of SAPHIRE in Chapter 1,  

the concept of electron beam readout by FEA is similar to that used in optical and x-ray 

vidicons [48], except that the FEA is a compact,  two-dimensional source of electron 

beams, allowing the construction of the detector in the form of a FPI. As an emerging 

technology for large area flat-panel FED, FEA has the potential to provide a smaller pixel 

size than that achieved with TFT readout. As shown in Fig. 1.08, the overlapping area 

between the base and gate electrodes defines the pixel size. Therefore smaller pixel FEAs 

require thinner passive addressing lines and essentially no increase in cost. Sufficient FE 

tips can be included in a small pixel of del = 50 µm to provide sufficient emission current 

to produce the wide dynamic range required in medical images. A mesh electrode, biased 

with a positive potential, is inserted halfway between the FEA and HARP target to 

minimize the lateral spread of electron beams before they land on the free surface of the 

HARP target. As will be discussed later in this chapter, more sophisticated electron beam 

focusing methods are desirable to reach a pixel size of 50 µm. 

Compared to existing AMFPI, SAPHIRE can use a high resolution (HR) type of CsI 

because of the additional gain provided by HARP. HR type CsI has less Lubberts effect, 
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i.e. depth dependent blur, which is the main source of DQE degradation at high spatial 

frequencies [3, 53]. Despite its resolution advantages, HR CsI has not been used widely 

in commercial indirect FPI due to its low conversion gain, which makes the detector 

more susceptible to electronic noise at low exposure levels [54, 55].     

In this chapter, we focus our investigation on the factors affecting the spatial 

resolution of SAPHIRE. Since breast imaging is the application that requires the highest 

spatial resolution, we will use a hypothetical mammography detector design as an 

example for our discussion, although SAPHIRE can be used in a general purpose R/F 

detector as well. In Section 3.2, we provide a brief review of the principles and 

mechanisms of field emission as well as the electron beam readout method, especially the 

parallel electron beam readout proposed for SAPHIRE. In Section 3.3, we present our 

theoretical and simulation methods for investigating the spatial resolution of SAPHIRE, 

focusing on the factors related to the FEA readout. Three different electron-optical 

designs for focusing the electron beams are included in our investigation: (1) a basic 

design incorporating only a mesh electrode, such as that shown in Fig.1.09, (2) magnetic 

focusing, and (3) electrostatic focusing in addition to the mesh electrode. In Section 3.4, 

the results for different electron-optical designs are presented and compared from which 

we draw conclusions about the desired methods for electron beam focusing in SAPHIRE. 

 

3.2 Background and theory  

3.2.1 Principles of field emission 

Field emission refers to the extraction of electrons from the surface of a condensed 

phase (e.g. conductor or semiconductor) into another phase (e.g. the vacuum) under very 
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high electric fields (0.3-1.0 V/Å) [86]. As an example, Fig. 3.01 shows the energy band 

diagram of a conductor. The work function φ is defined as the energy difference between 

the Fermi level of the conductor and the vacuum level. The occupation of each energy 

level by electrons follows the Fermi-Dirac distribution, and most electrons have energy 

below the Fermi level at room temperature. Compared to thermionic emission or 

photoemission, where extra energy is absorbed by the electrons to overcome the barrier 

(φ), field emission is based on tunneling. An electric field (EFE) applied across the 

vacuum bends the vacuum energy level downwards, as shown in Fig. 3.02, which 

increases the probability of the electrons inside the conductor of tunneling into the 

vacuum thereby enabling in electron emission.  
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Figure 3.01: Energy band diagram for a conductor (e.g., Molybdenum) 
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Figure 3.02: Energy band diagram with applied electric field. Electron is tunneling from 
metals. 

 

The field emission process can be treated by considering a one-dimensional potential, 

which is assumed to have the same effect on a conduction electron as the actual metal. 

This potential was used in Fowler-Nordheim theory [87]. There are three contributions to 

this effective potential barrier: 1, within the metal the potential energy has some constant 

value, -Wa relative to vacuum level. Its actual value is immaterial in the ordinary 

discussions of the theory; 2, an electric field, EFE, is applied to draw the electrons out of 

the metal and gives a contribution of FEqE x  to the potential energy; 3, an electron 

outside a metal is attracted to the metal as a result of the charge it induces on the surface 

and the energy at position x is
2

04

q

x
 , where q is the elementary charge, ε0 is the 
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permittivity of free space and x is the distance between the electron and the surface of 

metal. These three contributions give 

2

0

( )                          where 0

    where 0
4

a

FE

V x W x

q
qE x x

x

  

   
    (3.01) 

for the effective potential energy. If we define W as the energy related to x-part, the field 

emission intensity, J, the electric current per unit area, is given by 

  ,      (3.02) ( )
aW

J q P W dW



 

where 

 .     (3.03) ( ) ( ) ( )P W dW D W N W dW

The function of  is called the supply function and is the number of 

electrons with their energies of 

( )N W ( )N W dW

~W W dW incident on the surface per second per unit 

area;  is called the transmission coefficient and is the probability of penetration of 

the barrier. The product  gives the number with those energies that emerge 

from the metal per second per unit area. The supply function originates from the Fermi-

Dirac distribution of electron gas statistics and the transmission coefficient is obtained 

from the time-independent Schrödinger equation as 

( )D W

( )P W dW

  
2

2 2
( ) 2

( ) 0
d x m

W V x
dx


 


      (3.04) 

through Wentzel-Kramers-Brillouin (henceforth, WKB) approximation method. Here we 

will not give the details of the solutions, which have been well documented.  

Finally, at the absolute temperature of T = 0, the field emission intensity, J (in A/cm2), 

is related to φ (in eV) and EFE (in V/cm) by [88, 89] 
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An increase in temperature T will increase J from its value at T = 0, J(0), by  
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,       (3.06) 

where k is the Boltzman’s constant and d is a function [90] related to EFE and φ. However, 

the effects of temperature on J are negligible compared to the effect of EFE. Using the 

field emission from molybdenum (Mo) as an example, which has φ = 4.6 eV, a field 

strength of EFE = 6.0×107 V/cm can generate a current density of J ≈ 3×106 A/cm2 at T = 

0, while at room temperature (T = 300 K) J increases by only ~1.68 %.  

 

3.2.2 Structure and operation of FEA 

The FEA is a practical vacuum microelectronic device built to nanometer tolerance. 

Several technologies have been invented for manufacturing FEA for flat-panel display 

(FPD) applications. They include surface-conduction electron emitter (SCE) [91], carbon 

nanotube (CNT) [92], metal-insulator-metal (MIM) emitter as ballistic electron surface 

emitting device (BSD) [93, 94], metal-insulator-semiconductor (MIS) in high-efficiency 

electron emission devices (HEED) [95] and Spindt-type field emitters [96]. The 

characteristics of different FEA technologies vary in the angular distribution and intensity 

of the emitted electron beams. In field emission display (FED), the anode (phosphor) is 

usually biased with a positive potential at tens of thousands of volts, which accelerate the 

electrons to high speeds and minimize the time the electrons take to reach the anode. As a 

result, the lateral spread of the electron beam, which is due to the lateral velocity 
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component of the electrons emitted with an oblique angle, is insignificant. However in an 

image sensor, the potential on the bottom surface of the photoconductive target is 

proportional to the image signal, and is typically less than a few tens of volts. Therefore 

additional electron-optical focusing methods need to be developed to ensure that the 

electrons can reach the target without significant lateral spread. Furthermore, the intensity 

of the electron beam has to be sufficient for reading out the highest signal current 

generated in the HARP target.  

Compared to the other types of FEA, Spindt-type field emitters have higher emission 

intensity and narrower angular distribution. They have also proven to be robust and stable 

over time [88]. Prototype Spindt-type FEDs of 8 inches [97] and 11.3 inches [98] have 

been presented, which are approaching the imager size required for medical FPI. For the 

remainder of this dissertation, we will use the typical characteristics of Spindt-type FEA 

as an example for our investigation. The most commonly used material for the Spindt tips 

is molybdenum (Mo). The cross-sectional view in Fig. 3.03 shows the typical geometry 

and structure of a single Spindt-type emitter tip. The FEA is enclosed in high vacuum 

(10-9 torr) during operation. To turn on field emission, the cone-shaped Mo cathode is 

biased at ground potential and a positive bias, Vg (40-100 V), is applied to the gate 

electrode. This bias condition results in a very high EFE around the emitter tip due to its 

small area (~ 13Å2) [88, 96] and causes field emission. As shown in Fig. 3.04, each pixel 

consists of a matrix of FE tips and different pixels of a FEA are addressed by orthogonal 

base and gate lines, i.e. a passive driving scheme. A prototype FEA with del = 50 µm with 

17 × 17 tips in each pixel has been used in a 1˝ diameter optical HARP FEA image 

sensor [2]. 
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Figure 3.03: Cross-sectional view showing the structure of a single Sprindt-type Emitter. 

 

 
Figure 3.04: Schematic showing an example of FE tip arrangement on a Spindt-type 
FEA pixel.  

 

The emission current as a function of gate voltage has been measured for such a FEA 

array. It has been found that the mesh electrode will absorb 45 % ~ 50 % of the total 

emission current [99].  Fig. 3.05 shows the effective emission current (Ie) as a function of 

Vg, which controls the field emission, from a sample of Spindt-type FEA. The emission 

current has ensured a wide dynamic range.  
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Figure 3.05: Effective emission current as a function of gate voltage on a FEA array with 
17 × 17 tips/pixel. 

 

The size of the FPI required for x-ray imaging is much larger than that for optical 

imaging, e.g. 20 cm × 25 cm for mammography. A pixel size of 50 µm would result in 

4000 × 5000 pixels. This necessitates division of the ITO signal/bias electrode into 

multiple strips for two reasons: 1. One large ITO electrode would result in a large input 

load capacitance for the amplifier, which leads to increased electronic noise; 2. The large 

passive load (capacitance and resistance) of each gate and base line of a large area FEA 

results in driving pulse delay, which requires that each pixel be turned on for a typical 

time of 0.16 µs. A FEA matrix of 4000 × 5000 pixels would require 3.2 seconds to read 

out pixel-by-pixel. If the ITO electrode is divided into Ns stripes and each connected to a 

charge amplifier, as shown in Figs. 3.06 and 3.07, Ns pixels can be turned on 

simultaneously for parallel readout and increase the readout speed by Ns times. The major 

benefits of parallel beam readout are the decrease in readout lag, which will be discussed 
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later. For the discussion in the present paper, the parallel beam readout only has an 

impact on the pixel turn on time (tp), which affects the pixel aperture function (to be 

discussed in subsection 3.3.4 and Section 3.4.4).  
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Figure 3.06: Schematic diagram showing the necessity of dividing the ITO electrode into 
multiple strips to enable parallel beam readout. The rectangle shows the ITO pattern, 
whereas the shaded squares show the pixels addressed simultaneously on the FEA. 
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Figure 3.07: 3-D schematic view of the parallel beam readout method to show the 
simultaneous emission of electron beams from several pixels of the FEA, one for each 
ITO strip. The mesh electrode and CsI are removed from the SAPHIRE structure for 
clarity of illustration.  

 

3.3 Materials and Methods 

There are several factors affecting the spatial resolution of SAPHIRE: (1) the inherent 

resolution of the optically coupled scintillator-HARP (SHARP) combination; (2) the FEA 

pixel size; and (3) the lateral spread of the electron beams. In this section, we will first 

outline the inherent imaging performance of the SHARP combination in subsection 3.3.1, 

and then describe the lateral spread of electrons emitted from the FEA with different 

electron-optical designs (subsection 3.3.2). Finally in subsection 3.3.3, we will derive the 

shape and intensity of the electron beam for each pixel of the FEA from the FEA pixel 

design and the lateral spread of electrons. This information can be used to determine the 

aperture function of the FEA readout method. 
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3.3.1 Imaging performance of Scintillator-HARP (SHARP) 

The SHARP combination determines the inherent x-ray imaging properties of 

SAPHIRE, and provides a reference for the spatial resolution requirement of the FEA 

readout. The dynamic range of SHARP and the inherent resolution of different types of 

CsI have been investigated previously [52]. However the dynamic range of SHARP 

affects the configuration for FEA operation and the spatial resolution of the FEA needs to 

be compared with the inherent resolution of SHARP. Hence in this section we will briefly 

describe our method developed previously for the determination of inherent resolution 

and dynamic range of SHARP, and make modifications needed for the unique readout 

properties of SAPHIRE. We will use design parameters suitable for mammography as an 

example.  

 

3.3.1.1 Inherent spatial resolution 

The inherent resolution of SHARP is dominated by the blur in the structured CsI 

scintillator. The photon detection and avalanche processes in HARP do not introduce 

additional blur because the bias field ESe in HARP draws the image charge directly to the 

bottom surface without lateral spread. This has been experimentally demonstrated in high 

definition optical HARP that operates with an effective pixel size of 10 ~ 20 µm [61, 62]. 

It was found in our previous work that the HR type CsI provides significant improvement 

in modulation transfer function (MTF) compared to the high light (HL) type CsI layers. 

The image blur in HR CsI also has less depth dependence, which results in improved 

DQE at high spatial frequencies. The only disadvantage with HR CsI is the lower light 

output, which is 64% of that in HL CsI [3]. However the lower light output does not 

73 



degrade the Swank factor for HR CsI, which is ~ 91 ~ 93 % for mammographic x-ray 

energies lower than the K-edge of CsI (33.2eV for I and 36.0eV for Cs) [3, 100]. 

Therefore the avalanche gain of SAPHIRE can overcome the limitation of the low light 

output of HR CsI and realize its advantages for high resolution imaging. The imaging 

performance of a 150 µm HR CsI layer will be used for our discussion in this paper. 

 

3.3.1.2 Dynamic range 

Since the avalanche gain of HARP is programmable by changing the bias field. ESe, 

the SHARP combination has a wide dynamic range. In this chapter, we followed the 

methods in our previous work and calculated the variation of the bottom surface potential 

(Vt) of the HARP target based on a proposed detector design for mammography with an 

a-Se thickness of dSe = 8 µm and HR type CsI of 150 µm. The relationship between 

image charge generated by SHARP under different ESe bias condition has been 

established through the development of a cascaded linear system model for indirect 

AMFPI with avalanche gain [1, 52]. The major difference between SAPHIRE and the 

TFT readout method is that the pixel capacitance in SAPHIRE is only attributed to the 

HARP target itself, i.e. no additional pixel storage capacitor as in the TFT readout 

method. Therefore the cascaded linear system model was modified to reflect this 

difference. The relation between Vt and the x-ray exposure under different ESe bias 

condition is given by:  

0

av ab Se
t

Se

g E qd
V

W


 

 .       (3.07) 

Here, Eq. 3.07 is actually the same as the Eq. 2.15 on page 43, except here we calculated 

the pixel response in units of potential instead of charge. The avalanche gain gav follows 
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Eq. 2.06 with the parameters determined in the previous chapter. Eab contains the 

information of exposure, which is calculated through Eq. 2.16 on page 43. 

    

3.3.2 Lateral spread of FEA readout 

The geometric arrangement of FE tips on each pixel of the FEA determines the area 

of emission. However, the spatial resolution of the FEA readout is determined by the 

intensity of the electron beam when it reaches the bottom surface of the HARP target as 

shown in Fig. 3.08, which depends strongly on the lateral spread of the electrons with an 

emission angular range of ~ 40 - 50° [2].  

The lateral spread of electrons is the integration of the lateral component of the 

velocity, vx, over the time tgt it takes for the electron to travel from the gate electrode to 

the target. Since the value of Vt is on the order of several volts, the electric field, Ez, 

between HARP and FEA is not sufficient to drive the electrons to a reasonable speed. 

Therefore it is necessary to insert a mesh electrode with several hundred volts of potential 

Vm between the HARP target and the FEA. As shown in Fig. 3.08, the mesh electrode 

will accelerate the axial velocity component vz of the electrons thus shorten tgt. After the 

electrons transmit through the mesh electrode, they decelerate due to the reversed electric 

field, and only those electrons with sufficient initial value of vz can reach the target. The 

other electrons decelerate to vz = 0 before reaching the target and return to the mesh 

electrode. If we assume the same initial energy for electrons emitted with different angles 

(θ), the electrons with smaller θ have higher initial vz. Thus, there exists a critical 

emission angle θc, within which the emitted electrons can reach the target. 
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To reduce the lateral spread of electrons, different electron-optical focusing designs 

have been investigated to reduce either vx or tgt. In this paper three different electron-

optical designs were investigated: (1) mesh electrode only; (2) magnetic focusing and (3) 

electrostatic focusing in addition to the mesh electrode. For each design, we use a two-

step approach to determine the spatial resolution of electron beam: (1) determine the 

maximum lateral travel distance (LSmax) of a single electron emitted from a single FE tip; 

and (2) compute the spreading of the electron beam emitted from one pixel of the FEA, 

which includes a two-dimensional array of tips. These two steps will be described in this 

subsection (3.3.2) and the next two subsections (3.3.3 and 3.3.4) separately. 
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Figure 3.08: Schematic diagram showing the lateral spread of electron beams emitted 
from the FEA. The emitted electrons neutralize the image holes accumulated on the 
bottoms surface of HARP target layer. It induces the same amount of reduction of 
accumulated electrons on the other side of HARP layer. This reduction is read out 
through ITO electrode as signal. 

 

3.3.2.1 Mesh-electrode-only   
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As described above, the simplest method to reduce tgt and subsequently, the lateral 

spread, is to insert a mesh electrode halfway between the HARP target and the FEA, as 

shown in Fig. 3.08. If we assume that all electrons have the same initial energy E = qVg 

after emission from the gate electrode [99], the lateral spread can be derived analytically 

as shown in Appendix B, and is given by 
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,  (3.08) 

where Lgm and Lmt are the gate-mesh and mesh-target distances, respectively; Vt and Vg 

are potential on target and gate electrode, respectively. The LSmax is the value of lateral 

spread with critical angle θC, which is determined by Vt and Vg of the FEA:  
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Then LSmax can be obtained by substituting θ in Eq. 3.08 with θC in Eq. 3.09: 
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Eq. 3.10 shows that LSmax depends on the geometry and the operating conditions of the 

FEA, e.g. Lgm, Lmt, Vm and Vg, as well as on the x-ray exposure (i.e. Vt).  

 

3.3.2.2 Magnetic focusing 
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Figure 3.09: Cross-sectional view showing electron trajectory under magnetic focusing. 

 

The magnetic focusing design was originally proposed and implemented for a 1˝ 

optical HARP FEA sensor [101]. The concept is shown in Fig. 3.09. In addition to the 

mesh electrode, a constant and uniform magnetic field, B, is applied in the z-direction 

through a ring shaped permanent magnet which is placed around the FEA sensor. The 

magnetic field results in a spiral trajectory for the emitted electrons. The projection of the 

electron trajectory in the horizontal plane (x-y plane in Fig. 3.09) is a circle. As shown in 

the derivation in Appendix C, the lateral spread of the electron depends on the diameter 

of the circle, which is determined by the strength of the magnetic field, B, through:  
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where m is the mass of an electron, and tgt is given by 
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It is difficult to obtain an analytical expression of LSmax from Eq. 3.11 for electrons 

with different θ because lateral spread in Eq. 3.11 is not a monotonic function of  and 

LSmax does not necessarily correspond to θ = θC. The values for LSmax were determined by 

calculating lateral spread as a function of θ at different operating conditions. 

Although magnetic focusing may not be practical for FPI in medical imaging due to 

the difficulty in maintaining a uniform magnetic field over a large area, the fundamental 

properties of magnetic focusing were investigated here for completeness and ease of 

comparison. 

 

3.3.2.3 Electrostatic focusing  

Electrostatic focusing is feasible for large area SAPHIRE. The concept of 

electrostatic focusing proposed for SAPHIRE is shown in Fig. 3.10.  An additional 

(focusing) electrode layer is added on top of the FE tips and this structure is referred to as 

the double-gated Spindt-type emitter [88]. Both electrodes are made of Mo through 

photolithography and are separated by an insulating layer (e.g. SiO2). The lower Mo layer 

is the regular gate electrode for the control of field emission, while the upper Mo layer 

acts as an electrostatic focusing lens. To deflect the electrons with large θ back to the 

vertical direction, a focusing lens potential VL that is much lower than Vg is applied. The 

choice of VL depends on the geometry of the double-gated tip.    
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Figure 3.10: Cross-sectional view showing the structure of a double-gated Sprindt-type 
Emitter with focusing electrodes, which defect the electrons with large emission angle to 
axial direction.  

 

The lateral spread of electrons with electrostatic focusing cannot be calculated 

analytically. Instead, the electron trajectory was simulated using finite element analysis 

(COMSOL Multiphysics
®

), which was used to solve for the electric field distribution 

between the HARP target and the FEA. Since the size of FE tips (~1 µm) is three orders 

of magnitude smaller than the distance between the target and the gate Lgt (~1 mm), 

variable resolution was used to set up the finite element mesh in the simulation. The 

element size chosen for the vicinity of the FE tip was ~1 nm to ensure accurate 

simulation of electron trajectory with the focusing lens. Since the structures of each FE 

tip were identical and independent, the simulation was performed on a single FE tip with 

circular symmetry about the tip. With axial distance of > 2 µm above the focusing 

electrode, the electric field becomes essentially parallel; therefore the element size for 

simulation was increased gradually to ~1 µm to minimize the simulation time. The 
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trajectories of a single electron emitted at different angles were determined with separate 

runs of the simulation. The effects of possible interaction between electrons as they 

traverse between the FEA and the HARP target were not included in the simulation. 

These effects were estimated and found to be negligible. They will be discussed in 

section 3.4.5. The electron emission intensity and relationship of lateral spread versus 

θ ,LS(θ), determines the beam shape for a single FE tip, which will be used in the next 

section to form the beam intensity profile for a pixel with a 2D array of FE tips. 

 

3.3.3 Electron beam intensity  

The spatial intensity distribution of the electron beam as it reaches the target, I(x,y), 

was calculated for each pixel of the FEA with del = 50 µm×50 µm. An array of 17 × 17 

FE tips was arranged in a total emission area of 20 µm × 20 µm in the center of the pixel. 

The electron beam intensity from a single tip, I0(x,y), was first obtained by 

substituting the inverse of the relationship between lateral spread and θ in subsection 

3.3.2, i.e. θ=LS-1(x, y), into the angular intensity distribution of field emission Iθ(θ) from 

a single tip, and then converting the result to Cartesian coordinates: 

  1
0 ( , ) ( , )I x y I LS x y

 .      (3.13) 

The distribution of Iθ(θ) used in our calculation is shown in Fig. 3.10 and was adapted 

from the simulation and experimental measurements by Itoh et. al. for Spindt-type FEA. 

The beam intensity for one pixel was then calculated by integrating I0(x, y) over all the 

FE tips in the x and y directions with Nx = Ny = 17:  
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Figure 3.11: Angular distribution of electrons in Spindt-type field emitters, adapted from 
ref [2].  

 

3.3.4 Pixel aperture function  

The pixel aperture function of the FEA readout method, MTFFEA(fx, fy), was 

determined from the Fourier transform of the spatial distribution of the image charge on 

the target, Qa(x, y), that was read out by each FEA pixel. Qa(x, y) is given by the integral 

of I(x, y) within the pixel readout time, tp:  

0
( , ) ( , )

pt

aQ x y I x y dt  .     (3.15) 

During electron beam readout, the target potential Vt decreases with time as the 

electrons reach the target. Since I(x, y) is Vt dependent, Qa(x, y) was calculated 

numerically by dividing tp into small steps and updating I(x, y) in real-time.  After Qa(x, y) 

was calculated for each focusing method, MTFFEA(fx, fy) was obtained through the two-

dimensional Fourier transform: 
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FEA
FEA

FT ( , )
MTF ( , )

MTF (0,0)
a

x y

Q x y
f f  .     (3.16) 

The presampling MTF of SAPHIRE was then calculated by multiplying the 

MTFFEA(fx, fy) by the MTF of the SHARP combination: 

 .      (3.17) MTF MTF MTFSAPHIRE SHARP FEA 

 

3.4 Results and discussion  

3.4.1 Imaging performance of Scintillator-HARP (SHARP) 
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Figure 3.12: Presamling MTF of the CsI layers for 150 µm HR type CsI layers (adapted 
from Ref. [3]) 

 

Fig. 3.12 shows the measured presampling MTF for a 150µm thick HR type CsI layer 

[3]. This result has been corrected for the pixel aperture function of a 48 µm pixel size 

CMOS sensor used in the measurement. The MTF is 36% and 17% at 5 and 10 
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cycles/mm, respectively. This will be compared with the aperture function of the FEA 

readout in subsection 3.4.3. 

Our previous study [52, 53] of the dynamic range of SHARP showed that by varying 

the avalanche gain between 12 and 46, x-ray quantum noise limited performance and a 

DQE value that is independent of x-ray exposure can be obtained for both screening and 

mammography tomosynthesis applications. Using the previously calculated range of 

image charge generated by SHARP, and the unique pixel capacitance of SAPHIRE, the 

range of Vt corresponding to the operating conditions is calculated using Eq. 3.07. Figs. 

3.13 and 3.14 show the values for Vt as a function of x-ray exposure for tomosynthesis 

and screening mammography, respectively. The operating conditions chosen are listed in 

Table 2.01. Due to the change in gav, the range of Vt for tomosynthesis and screening 

mammography is comparable, which is the major advantage of SAPHIRE versus a 

photoconductor with constant high gain. The maximum Vt behind the breast, where the 

estimated detector exposure is 50 mR near the skin line for screening mammography, is 

expected to be ~ 50 V. However, outside the region of the breast where the detector is 

receiving raw radiation exposure, Vt can be as high as 150 V. This range of Vt is 

considered in the calculation of spatial resolution of the FEA readout method in the next 

section.  
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Figure 3.13: Calculated target potential Vt of the mammography detector for 

tomosynthesis with minimum exposure of 0.1 mR and =110V/µm, SeE  =0.36 and 

=46. avg
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Figure 3.14: Calculated target potential Vt of the mammography detector for screening 

mammography with minimum exposure of 0.1 mR and =105V/µm, SeE  =0.35 and 

=12. avg
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3.4.2 Lateral spread of FEA readout  

The lateral spread of electrons emitted from a single tip for all three electron-optical 

designs were calculated using the methods described in subsection 3.3.2. Fig. 3.15 shows 

an example of the calculation result, which is a comparison between the electron 

trajectory of mesh-electrode-only and the electrostatic focusing designs. It shows that 

focusing can reduce lateral spread significantly (from 59 µm to 16.9 µm). Magnetic 

focusing can also help reduce lateral spread moderately, resulting in a value that is 

between the other two focusing methods. Here we discuss the results in detail for each 

design separately. 
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Figure 3.15: Electron trajectories within the vacuum space between the FEA and the 
HARP target for different electron-optical designs. The mesh electrode is placed half-way 
between the FEA and the target, i.e. 500 µm from the FEA. The detector geometry and 
bias conditions are shown in Table 3.01. 

  

 

86 



3.4.2.1 Mesh-electrode–only 

The lateral spread for mesh-electrode-only design was calculated using Eq. 3.08 and 

the trajectory was calculated using Eqs. B.07 and B.11 in Appendix B. The detector 

geometry and bias conditions, i.e. Vg, Vm, Lgm and Lmt, are listed in Table 3.01. The 

example result in Fig. 3.15 shows that lateral spread is 59 µm at Vt = 0.4 V, which 

corresponds to a critical angle θc of 5.74°. This means that only a small fraction of the 

emitted electrons is utilized for readout. With an increase in Vt, the efficiency increases 

by drawing electrons with larger θ to the target, however at the cost of increased LSmax, 

which becomes 444 µm with  Vt = 20 V. The major limitation of the mesh-electrode-only 

design is that lateral spread varies significantly as a function of signal, which will lead to 

image artifact due to non-uniformity in spatial resolution that cannot be easily corrected. 

Furthermore, while this magnitude of lateral spread may be acceptable for general 

radiographic applications with pixel size ranging from del = 150 ~ 200 µm, it is not 

adequate for mammography with del = 50 ~ 100 µm. As shown in Eq. 3.08, lateral spread 

can be reduced by increasing Vm or decreasing Lgt. However, this makes the detector 

much more difficult to manufacture. Therefore, for mammography, additional focusing 

without reduction in Lgt is desirable. 

 

Table 3.01: Detector geometry and bias conditions used for all three electron-optical 
designs 

 Mesh-electrode only Magnetic focusing 
B = 0.12 T 

Electrostatic focusing 
VL = -2V 

Vg  (V) 40 50 40 
Vm  (V) 350 300 350 

Lgm  (mm) 0.5 0.9 0.5 
Lmt  (mm) 0.5 0.9 0.5 
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3.4.2.2 Magnetic focusing 

The lateral spread with magnetic focusing was calculated using Eq. 3. 11. A previous 

study has shown that there exist optimal B values that minimize lateral spread [101]. The 

choice of B value depends on detector geometry and bias conditions. Shown in Fig. 3.16 

are the lateral spread values as a function of B with Vt = 0.4V, 10V and 20V at  = θC. 

The calculation was performed using the geometry and bias conditions listed in Table 

3.01. The figure shows that optimal B values correspond to multiples of complete 

rotations of electrons in its spiral trajectory, e.g. 360° and 720°. The B value that provides 

the first minimum is in the range of 0.11 – 0.13 T. With a fixed B value, lateral spread 

depends on Vt and , and is not always at the minimum. Shown in Fig. 3.17 are the 

calculated lateral spreads as a function of  (up to c) for different value of B and Vt. The 

set of curves for each B value can be used to determine LSmax as a function of Vt, and the 

results for B = 0.12T are shown in Fig. 3.18. Despite the Vt dependence, the range of 

lateral spread values is much smaller than that for the mesh-electrode-only design at the 

same Vt.    

As noted in Table 3.01, the detector parameters chosen for the magnetic-focusing 

design, which are identical to those used in the prototype 1˝ optical FEA sensor [101] are 

different from the other two focusing designs. The distances between different electrodes 

are noticeably larger.  This is because lateral spread for magnetic-focusing does not 

depend strongly on the separation of different electrodes due to the spiral trajectory of the 

electrons. For a given set of detector geometries and bias conditions, lateral spread can be 

minimized by optimizing the B value.  
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Figure 3.16: Lateral spread of electrons with magnetic focusing as a function of 
magnetic field B with different target potentials Vt at critical emission angle θC. Other 
conditions are listed in Table 3.01. 
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Figure 3.17: Lateral spread of electrons with magnetic focusing as a function of the 
emission angle θ with different B and target potential Vt. Other conditions are listed in 
Table 3.01.  
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Figure 3.18: LSmax of electrons with magnetic focusing as function of target potential Vt 
at B = 0.12T. Other detector parameters are listed in Table 3.01. 

  

3.4.2.3 Electrostatic focusing 

The electron trajectory for electrostatic focusing was obtained using finite element 

analysis. The example result shown in Fig. 3.15 indicates that electrostatic focusing can 

reduce lateral spread significantly. Here we will further examine the dependence of 

electrostatic focusing on different FEA operating conditions:   

 

a. Electrostatic focusing lens potential VL 

With electrostatic focusing, the major factor affecting the trajectory of emitted 

electrons is the bias potential, VL, on the electrostatic focusing lens electrode. In general, 

VL < Vg is required to produce the focusing effect. Since the focusing lens electrode is 

located < 1 μm away from the gate, VL has to be chosen carefully to avoid inadequate 
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focusing. The diagrams in Fig. 3.19 show qualitatively the effect of VL on the trajectory 

of electrons emitted from different angles. Our strategy in the choice of VL is to minimize 

under-focusing, which leads to larger lateral spread and loss of electrons. Our simulation 

of electron trajectories with different VL showed that VL = -2V provides the best 

compromise, and this value was used for calculating the results in Fig. 3.20.  
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Figure 3.19: Conceptual electron trajectories under different VL bias conditions: (a) For 
electrons emitted with the same angle, different VL results in different lateral spread; (b): 
For the same VL, electrons emitted with different angle results in different lateral spread.     

 

Shown in Fig. 3.20 are the lateral spreads as a function of θ for the operating 

conditions in Table 3.01 and FE tip geometry in Fig. 3.10. The LSmax occurs at θ = 20°. 

This is because electrons emitted with larger θ are deflected by the focusing lens and 

result in lower lateral spread. Electrons emitted with θ > 28° are absorbed by the lens 

electrodes in this simulation setting.   
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Figure 3.20: Lateral spread of electrons with electrostatic focusing design as a function 
of electron emission angle θ under the operating conditions in Table 3.01 and FE tip 
geometry in Fig. 3.10. The target potential Vt = 0.6 V. 

 

To facilitate the calculation of the pixel aperture function in the next section, the 

relationship between lateral spread and θ shown in Fig. 3.20 was fitted with a 6th order 

polynomial function, and the fitted result is shown for comparison in the same graph.  

   

b. HARP target free surface potential Vt 

In the previous two focusing designs, the dependence of lateral spread on Vt is 

significant (larger than the desired pixel size), and would result in non-uniformity in 

spatial resolution. The results of the lateral spread calculation for electrostatic focusing 

are shown in Fig. 3.21 as a function of Vt for two emission angles: θ = 5° and 20°. The 

figure shows that lateral spread decreases as Vt increases due to the reduction in electron 

travel time tgt. However the variation in lateral spread is < 2 µm over a Vt range of 0 ~ 30 

92 



V. Since this variation is much smaller than the desired pixel size, lateral spread can be 

regarded as essentially independent of Vt, which leads to uniform spatial resolution across 

the image.  
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Figure 3.21: Lateral spread of electrons with electrostatic focusing as function of target 
potential Vt for electrons emitted at θ = 5° and 20°.   

 

Another difference for electrostatic focusing is that the fraction of emitted electrons 

utilized by readout is essentially independent of Vt because all electrons emitted with 

θ<28° can reach the target and contribute to the readout. Whereas with the other focusing 

designs, the critical angle c decreases with decreasing Vt, as indicated by Eq. 3.09, which 

means that the readout becomes less efficient as the target potential approaches ground.  

 

c. Detector geometry and bias conditions: Vm and Lgt  
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The dependence of lateral spread on Vm is shown in Fig. 3.22 for  = 5° and 20°. 

Plotted in the same graph for comparison is the lateral spread versus Vm for the mesh-

electrode-only design calculated using Eq. 3.08 for  = c. It shows that lateral spread 

decreases with an increase in Vm. This is because the lateral spread with electrostatic 

focusing is the product of vx and tgt, which is similar to the mesh-electrode-only design. 

While vx is reduced substantially by the focusing lens, tgt can be reduced by increasing Vm 

or decreasing Lgt. However since the lateral spread is much smaller than that in mesh-

electrode-only design, electrostatic focusing is much more tolerant to changes in detector 

geometry.  
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Figure 3.22: Lateral spread of electron beams with the electrostatic focusing as a 
function of mesh electrode potential Vm with Vt = 1.5 V. For comparison, the result for 
mesh-electrode-only at Vt = 0.4 V is plotted in the same graph.  

 

3.4.3 Electron beam intensity 
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The intensity of the electron beam reaching the target from a single tip, I0(x, y) was 

obtained using Eq. 3.13. The relation between lateral spread and θ used in Eq. 3.13 was 

established in Eqs. 3.08 and 3.011, and Fig. 3.20 for the three electron-optical designs. 

The results of the I0(x,y) calculation are shown in Fig. 3.23. Since I0(x,y) has circular 

symmetry, the results are shown as a function of x only (with y = 0).  
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Figure 3.23:  Comparison of the electron beam intensity on target for a single FE tip, I0(x, 
y), for three different electron-optical designs.  

 

As shown in Fig. 3.23, I0(x, y) for the mesh-electrode-only design has the lowest 

intensity and widest spread, and is not suitable for mammography detectors. For magnetic 

focusing, I0(x, y) near the FE tip is the highest. This is because the optimal B value 

corresponds to complete spiral rotation of the emitted electrons regardless of the emission 

angle. However as discussed before, lateral spread and hence I0(x, y) depends on Vt. For 

electrostatic focusing, I0(x, y) is the lowest near the center, and peaks at the edge. The low 

95 



intensity at the center is because electrons emitted with small θ are not affected 

significantly by the focusing lens and their trajectory is similar to that in the mesh-

electrode-only design. However near the edge of the emission spot on target, where 

lateral spread is in the range of 26 ~ 27 µm, electrons emitted with a much wider angular 

range accumulate due to the effect of electrostatic focusing. This can be seen from the 

lateral spread versus θ relation in Fig. 3.20, where the curve is essentially flat near the 

maximum lateral spread of 27 µm for θ between 16° and 23°. Similar behavior of higher 

I0(x, y) at the edge also exists in magnetic focusing because the LS-θ curves also exhibit a 

plateau near the maximum lateral spread, as shown in Fig. 3.17.  

The results of I0(x, y) shown in Fig. 3.23 were used to calculate I(x, y) for the entire 

pixel with 17 × 17 FE tips. The results are shown in Figs. 3.24 (A)-(C) for magnetic 

focusing with different target potentials, and in Fig. 3.24 (D) for electrostatic focusing. 

Here we omitted the result for mesh-electron-only design because it is not suitable for 

high resolution imaging applications such as mammography.  For each intensity image of 

I(x, y) in Fig. 3.24, the square in the center represents the emitting area of 20 µm × 20 µm, 

the outer square represents the desired del = 50 μm, and the boundary of 100 µm × 100 

µm shows the extent of electron spreading. Figs. 3.24 (A)-(C) show that for magnetic 

focusing, beam spreading decreases as Vt decreases, which is consistent with the results 

in Figs. 3.16 and 3.23. Unlike the other two graphs, however, Fig. 3.24 (A) shows a 

darker ring outside the boundary of the FE tips. This is because with the wider I0(x, y) 

distribution for large Vt, the edge of the beam from each tip is greater than the dimension 

of the emission area (da = 20 µm) of a pixel. Therefore the shape of I0(x,y) is reflected in 

the integrated result for all the tips, i.e. I(x, y). Similarly for electrostatic focusing, as 
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shown in Fig. 3.24 (D), the lower I0(x, y) in the center of each tip is reflected in the I(x, y) 

result.  

A B

C D

 
Figure 3.24: Electron beam intensity profile I(x, y) for each pixel of the FEA with 

 

different focusing methods and operating conditions: A: magnetic focusing with Vt =20 V. 
B: magnetic focusing with Vt =10 V. C: magnetic focusing with Vt =5 V. D: electrostatic 
focusing. The boundary of each graph measures 100 µm × 100 µm, the outer square 
shows the pixel size of 50 µm × 50 µm; and the small square in the center shows the 
emitting area of 20 µm × 20 µm. All graphs are plotted with the same grey scale 
representation of beam intensity. 
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3.4.4 Pixel aperture function 

The spatial distribution of the image charge on the HARP target read out by each 

FEA pixel, Qa(x, y), was obtained using Eq. 3.15. Besides the parameters listed in Table 

3.01, the pixel readout time tp and the initial target potential, Vt, also affect Qa(x, y). In 

breast tomosynthesis, which is an emerging 3D imaging technique using digital 

mammography detectors, a readout rate of 2~6 frames/s is required. This translates to tp = 

1~3 µS if we divide the ITO electrode of SAPHIRE into Ns = 128 strips. For simplicity of 

analysis, Vt  = 20V was chosen for the calculation of Qa(x, y). As shown in Fig. 3.13, this 

target potential corresponds to a detector exposure of 7 mR for tomosynthesis, which is 

3.5 times the mean exposure. For screening mammography, Vt  = 20V corresponds to the 

mean detector exposure of 20 mR. The results of Qa(x, y) calculation for both magnetic 

and electrostatic focusing methods are shown in Fig. 3.25. Since Qa(x, y) has circular 

symmetry, the result is plotted as a function of x only (with y = 0).  It shows that the 

shape of Qa for electrostatic focusing is essentially flat across the pixel, despite the lower 

I(x, y) intensity at the center. This is because the absolute values of I(x, y) are sufficient to 

read out 100 % of the image charge within tp of 3 µs. However, with the magnetic 

focusing design, a higher fraction of the signal is read out from the center than the 

periphery of the pixel. This is because the electron beam shrinks as Vt decreases during 

readout, as shown in Fig. 3.23. Therefore, readout using electrostatic focusing is more 

efficient.  
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Figure 3.25: Spatial distribution of image charge on target, Qa(x, y=0), that is read out by 
each FEA pixel. The initial Vt = 20 V.  

 

The pixel aperture functions for magnetic and electrostatic focusing, MTFFEA_B and 

MTFFEA_E, respectively, were then derived from the Fourier transform of Qa(x, y) using 

Eq. 3.16, and the results are shown in Fig. 3.26. At 5 cycles/mm, the values for MTFFEA_B 

and MTFFEA_E are 86% and 84%, respectively. At 10 cycles/mm, which is the Nyquist 

frequency for a detector with pixel size del = 50 µm, the values decrease to 53% and 46%.  

For comparison, the inherent MTF for SHARP, and the total detector MTF for both 

focusing methods are also shown in Fig. 3.26. The figure shows that the inherent 

resolution of SHARP is the dominant source of blur in SAPHIRE. Overall, electrostatic 

focusing is the better method because it provides a MTF that is independent of Vt, and 

allows more efficient and faster readout.  
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Figure 3.26: The presampling MTF calculated from Qa(x,y) in Fig. 3.25 for the FEA 
readout method with both magnetic focusing (denoted as _B in subscript) and 
electrostatic focusing (denoted as _E) methods. The presampling MTF for SHARP 
combination (from Fig. 3.12) and the resulting system MTF for SAPHIRE are shown in 
the same graph.     

 

3.4.5 Effect of electron interaction  

As mentioned in subsection 3.3.2, the lateral spread of the electron beam was 

calculated based on the trajectories of a single electron in the electromagnetic field with 

different detector geometries and bias conditions. This method assumes that the effect of 

interaction between electrons emitted from the same tip or neighboring tips is negligible. 

The main source of interaction between electrons is the space charge effect due to the 

electric field generated by other electrons. This effect is proportional to the electron beam 

intensity and the square of the electron travel time, tgt, and inversely proportional to the 

width of the electron beam. The space charge effect for the electron beam in a Vidicon 

has been investigated previously [102]. It was found that for a distance of 2 cm between 
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the last focusing electrode and the target, the additional spread due to the space charge 

effect was 11 µm with a beam current of 1.6 µA and beam radius of 166 µm at the mesh 

electrode [102]. For FEA readout with a similar beam current (2 µA/pixel), the additional 

spread due to the space charge effect is expected to be < 1 µm because the travel distance, 

Lgt, is only 1 mm, which results in a travel time (~0.18 nS) that is more than an order of 

magnitude smaller than that in the Vidicon (~2.13 nS) [102]. Therefore this effect can be 

ignored in our calculation of lateral spread.  

  

3.5 Conclusions  

A new detector concept SAPHIRE is being investigated to improve the low dose x-

ray imaging performance of indirect FPI. In this Chapter, we investigated the spatial 

resolution aspect of the imaging performance of SAPHIRE. The lateral spread of the 

electron beam from the FEA and the resulting pixel aperture function of the FEA readout 

method were investigated for three different electron-optical designs: mesh-electrode-

only, magnetic focusing, and electrostatic focusing. It was found that electrostatic 

focusing is the only method with a pixel aperture function that is independent of the x-ray 

signal. It also provides the highest beam current by allowing more emitted electrons to 

reach the target. Therefore it is the most promising electron-optical focusing method to be 

incorporated in the design of SAPHIRE for high-resolution, low-dose x-ray imaging 

applications. 

 



 

Chapter 4 

 

Temporal Performance: Lag 

 

In the previous chapter, we have investigated the spatial resolution of SAPHIRE. In 

this chapter, we investigate the temporal performance, i.e. lag, of SAPHIRE. Lag is a 

temporal effect which may cause smearing of subsequent images when the illumination 

levels change. There are multiple factors affecting lag values. Since the temporal 

performance of x-ray detection materials, i.e. the structured scintillator and avalanche 

amorphous selenium photoconductor, have been studied previously, our investigation is 

focused on lag due to the FEA readout method. The principle of FEA readout is similar to 

that of scanning electron beam readout used in camera tubes, where the dominant source 

of lag is the energy spread of electrons. Since the principles of emission and beam 

focusing methods for FEA are different from thermionic emission used in camera tubes, 

its electron beam energy spread and lag would be expected to be different. In the present 

work, the energy spread of the electrons emitted from a FEA was investigated 

theoretically by analyzing different contributing factors due to FEA design and operation: 
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the inherent energy spread of field emission, the FEA driving pulse delay, and the angular 

distribution of emitted electrons. The electron energy spread determines the beam 

acceptance characteristic curve (BACC) of the photoconductive target, i.e. the accepted 

beam current (Ia) as a function of target potential (Vt), from which lag can be calculated 

numerically. Lag calculation was performed using FEA parameters for two prototype 

HARP-FEA image sensors. The results were compared with experimental measurements. 

Excellent agreement was observed for both prototype sensors. Strategies for reducing lag 

in SAPHIRE were proposed and analyzed. Our results showed that for typical cardiac 

detector parameters, SAPHIRE with 128 parallel strips can provide real-time readout (30 

frames/second) with first frame lag of ~4 %. 

 

4.1 Introduction 

The temporal performance of an x-ray imaging detector is usually characterized by 

lag and ghosting, which measures the residual signal and change in sensitivity from 

previous x-ray exposures of the detector, respectively [103]. Three major detector 

components of SAPHIRE may contribute to the lag and ghosting, which are: (1) the 

structured scintillator for x-ray detection; (2) HARP layer for optical photon detection; 

and (3) the FEA readout method. In a fluoroscopic system, lag is usually required to be 

less than 10% after the first frame [104], and the values measured from most indirect 

active matrix FPIs (AMFPIs) are between 2 % – 10 % depending on the x-ray exposure 

and detector operation [105-107]. The temporal performance of CsI (Tl) has been studied 

extensively for indirect AMFPI. It was found that the lag due to the afterglow of the CsI 

(Tl) is ~ 0.1% after 5 ms, and the typical values of ghosting are 1 % and 3 % at the 
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exposure levels of 1 mGy and 10 mGy, respectively [108] (1 R = 8.76 mGy). Therefore 

lag in existing indirect AMFPI is dominated by the charge trapping and detrapping in a-Si 

photodiodes. The lag and ghosting in a-Se photoconductors exposed to optical photons 

depends on the density and the depth of the charge traps. We will provide a brief analysis 

in section 4.2 to show that its contribution to lag and ghosting in SAPHIRE is negligible. 

Therefore our study is focused on the temporal properties associated with the FEA 

readout method, which is expected to introduce readout lag in SAPHIRE.  

FEA has been widely used in display devices and shown advantages at high emission 

current and low operating voltages [88]. However there have been very few studies on its 

fundamental properties related to imaging devices. The principle of FEA readout is 

similar to the scanning electron beam readout method used in camera tubes (e.g. Vidicon, 

Saticon) except the following two differences: (1) cold source based on field emission as 

opposed to thermionic emission used in an electron gun of a camera tube; (2) separate 

electron source for each pixel that is electronically scanned versus the electro-

magnetically scanned single electron beam in camera tubes. It has been established in  

studies of camera tubes that the main mechanism for lag due to the electron beam readout 

is the incomplete readout of the image charge on the target surface. This is often referred 

to as beam discharge lag. It depends on the energy spread of the electron beam, the 

capacitance of the photoconductive target, and the input signal current [48]. While the 

target capacitance and signal current of a HARP-FEA sensor are essentially identical to 

its camera tube counterpart, i.e. HARP tube, the energy spread of the electron beam is 

expected to be different due to the difference in emission mechanism and operating 

scheme.  
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In the present work, we have identified the following factors of the FEA design and 

operation that can contribute to the energy spread of electron beam: (1) inherent energy 

spread of emitted electrons, which results from the different probabilities of field 

emission for electrons at different energy levels within the atoms; (2) the delay of driving 

pulses for the operation of the FEA, which result in uncertainty in the potential applied to 

each pixel; and (3) the angular distribution of the emitted electrons. In this chapter we 

will provide a description of the physical mechanisms responsible for the electron beam 

energy spread in FEA, develop a theoretical framework to quantitatively predict energy 

spread with different FEA design and operating conditions, and finally these theoretical 

foundationd will be applied to understand experimental measurements from a small area 

prototype HARP-FEA sensor. Based on this framework, we will predict the beam 

discharge lag for SAPHIRE and propose methods to improve its temporal performance.     

 

4.2 Theory and backgrounds 

4.2.1 Photoconductive Lag in HARP 

In this subsection we will present a simple analysis to show that the photoconductive 

lag in HARP layer is negligible. Photoconductive lag occurs when charge carriers 

generated in one frame are carried-over to and read out in the subsequent frame. This is 

caused by trapping and detrapping of photo-generated carriers when they move across the 

thickness of the a-Se layer, dSe. As shown in Fig. 1.09, the holes generated by optical 

photons in HARP undergo avalanche multiplication when they move across the a-Se 

layer. The electrons created upon impact ionization move towards the positive ITO bias 

electrode. Under an electric field of ESe, the charge transit time TR is given by [109, 110]: 
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where µC is the drift mobility of charge carriers in a-Se. At avalanche field strength (ESe 

> 80 V/µm ), the mobilities for electrons and holes are 0.06 cm2/Vs and 1.0 cm2/Vs, 

respectively [46]. The drift mobility accounts for the time a carrier spends in shallow 

traps. Therefore TR provides the total transit time of a carrier from one bias electrode to 

the other. For HARP thickness of dSe = 25µm, TR can be calculated from Eq. 4.01 as 0.04 

µS for electrons and 2.5 nS for holes. These values are much smaller than the frame time 

(TF =33 mS for real time readout) therefore it is reasonable to conclude that 

photoconductive lag in HARP is negligible.  

This is consistent with the experimental findings in optical HARP image pickup tubes 

which are using scanning electron beams [61, 111], where lag was dominated by the 

image readout (beam discharge) lag. A typical lag was 1.2% after 50 ms with a target 

capacitance of 400 pF and an effective beam temperature of T = 3000K.  

 

4.2.2 Mechanisms of Energy Spread 

In electron beam readout, the amount of image charge read out from each pixel is 

determined by the integral of the actual beam current accepted by the target (i.e. the 

signal current Ia) over the pixel readout time (tp). Although the effective emission current 

(Ie) from each FEA pixel is typically 2 µA or higher to ensure a wide dynamic range, not 

all the emitted electrons can reach the target to contribute to readout. Shown in Fig. 4.01 

is a schematic diagram depicting the different energy levels an emitted electron possesses 

when it traverses from the FE tip to the HARP target. When an electron is emitted 

through tunneling mechanism, its initial energy corresponds to the energy state it 

106 



occupied within the atom. As the electron travels through the gate and mesh electrodes, it 

gains kinetic energies corresponding to the potential differences between the electrodes. 

After passing the mesh electrode, the electron decelerates since the target potential (Vt), 

which is usually on the order of tens of volts as a result of optical exposure, is lower than 

the mesh potential Vm (300 ~700V). Only those electrons with sufficient kinetic energy 

can reach the target after deceleration, and the others will return to and be absorbed by 

the mesh electrode.  As shown in Fig. 4.01, the electrons can reach the target only if Vt is 

greater than the initial energy of the electrons. As Vt approaches the initial energy of the 

electrons, the inherent energy spread of the emitted electrons plays an important role in 

how efficient the electron beam reads out image charge, i.e. lag. 

The energy spread of the emitted electrons is the dominant factor for beam discharge 

lag. There are several contributing factors to the final energy spread: (1) inherent energy 

spread due to field emission process, (2) variation in base potential Vb due to the driving 

pulse delay and (3) angular distribution of emitted electrons after passing through the 

gate electrode. The mesh electrode is essentially employed in order to minimize the 

lateral spread of electrons [99, 101]. It does not increase or decrease the energy spread. 

Here we will describe the mechanism for each factor separately.  

  

107 



Inside tip

Fermi Level

Vacuum Level
at surfaceWork 

Function

Electron tunnels out
e 1
e 2

Vg

Vm

gate 
elect rode

mesh 
elect rode

HARP 
target

Vt1

Potential
Level

Position

Tip

High

Low

Inside 
target

Energy Level

Vt2

 

Figure 4.01: Schematic diagram showing the electron energy levels inside a HARP-FEA 
image sensor. The thick, black solid lines depict the change in energy of an emitted 
electron as it traverses from the FE tip to the HARP target. It shows that the electron can 
only land on the target with sufficiently high target potential (Vt1), otherwise (e.g. with Vt2) 
the electron does not have sufficient kinetic energy to travel to the target and will return 
to the mesh electrode. 

 

1. Inherent Energy Spread 

The inherent energy, Ei, refers to the energy level occupied by an electron inside the 

FE tip. The probability of field emission through tunneling increases with the energy 

level of the electron [86, 87, 90, 112]. The probability of an electron occupying a higher 

energy level follows the Fermi-Dirac distribution, while the tunneling probability is 

determined by the electric field, EFE. For a given FE tip material and operation 

temperature (room temperature T = 300 K), the inherent energy spread of emitted 

electrons is only affected by EFE. 
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2. Driving Pulse Delay 

As shown in Fig. 4.01, when an emitted electron passes the gate electrode, it gains a 

kinetic energy due to the change in potential, where q is the elementary 

charge. In reality, the base potential, Vb, is not constant during the pixel readout time due 

to the delay of driving pulses. The FEA is operated with a passive driving scheme, where 

a potential difference is applied across orthogonal base and gate lines (Fig. 1.08). Each 

pixel is addressed by applying a forward bias between the gate and the base electrode, as 

shown in Fig. 4.02. At the beginning of each line, a positive bias is applied to the gate 

while the base of each pixel is also biased positively so that no field emission occurs. A 

pixel is turned on by applying 0 V to its corresponding base electrode, resulting in a 

forward bias between the gate and base. The driving pulse width for each pixel is 

typically tp = 160 nS for an image sensor with 256 × 192 pixels and 30 frames per second 

readout rate [101]. 

(bg g bE q V V  )

In a passive driving scheme, the impedance of each gate and base electrode can be 

represented by a distributed resistance-capacitance (RC) network. The rectangular driving 

pulse for the base electrode, which constitutes the pixel clock, is delayed as it propagates 

through the RC load. This base potential delay results in a variation in Ebg and hence 

further energy spread. The electrons emitted with higher Vb will require higher Vt to reach 

the target. Furthermore, driving pulse delay also results in variation in EFE, which affects 

the initial energy spread. The driving pulse delay also occurs on the gate line. However 

since the gate line bias is applied well before the pixel clocks begin, it would not cause 

variation in Ebg. 
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Figure 4.02: Diagrams showing the driving scheme for the FEA: the top two waveforms 
depict the driving pulses applied to the gate line and base line, respectively, and the 
bottom waveform shows conceptually the delay of the driving pulses due to the RC load 
of each base line.   

 

3. Angular Distribution 

The emitted electrons pass the gate electrode with some kinetic energy (Eg). However 

it has been shown both theoretically and experimentally that the electrons are emitted 

with a wide angular distribution [2]. Only the “vertical component” of kinetic energy, Ez, 

determines whether an electron can reach the target: 21

2z zE mv , where m is the electron 

mass and vz is the vertical component of velocity. The angular distribution of emitted 

electrons causes further spread in Ez. The effect of angular distribution of electrons on 

energy spread in camera tubes has been investigated previously [48, 113]. It plays a 

minor role in lag because the incident angle at the last mesh electrode (θm) is < 5° with a 
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well designed electron beam focusing system [113]. In FEA, however, the angular spread 

of emitted electrons is up to 40° ~ 50° [2]. Although the electrons at extreme angles will 

not reach the target due to insufficient vz, there could still be a substantial angular spread 

under typical operating conditions. The maximum θm of electron beam is ~15° when Vt 

and Vm are 20V and 300V, respectively [114]. This indicates that the angular distribution 

is an important source for electron energy spread and lag in an FEA image sensor.                            

 

4.2.3 Beam Acceptance Characteristic Curve (BACC) 

Because of the energy spread, the amount of electrons landing on the target (i.e. Ia) 

varies as target potential, Vt, changes. The amount of image charge read out during tp is 

determined by the integral of Ia, which decreases as Vt gradually decreases during the 

readout process. To determine how much charge is left on the target after each readout, 

i.e. beam discharge lag, it is important to investigate the dependence of Ia on Vt, i.e., Ia(Vt), 

which is called the beam acceptance characteristic curve (BACC). BACC provides 

information about the energy spread (specifically, the spread in the vertical kinetic energy 

comportment Ez) of the electron beam. Assuming Ez0 is the lowest Ez with which the 

electron can reach the target at potential, Vt, the BACC can be related to the energy 

spread through: ( )z zP E

 
0

( ) ( )
z

a t z z zE
I V P E d


  E ,      (4.02)  

which is the complementary cumulative distribution function of .  ( )z zP E
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Figure 4.03: Two hypothetical beam acceptance characteristic curves (BACC) to 
illustrate their dependence on the energy spread of an electron beam. The corresponding 
energy distribution functions of the electrons are shown in the inset graph. A wider 
energy spread results in a shallower slope of the BACC. 

 

Shown in Fig. 4.03 are two conceptual BACC curves with their corresponding 

probability distribution functions for electron energy spread. Electron beams with wider 

energy spread would result in a shallower rising slope on the BACC. As Vt continues to 

increase, Ia reaches saturation when electrons with the lowest energy are able to reach the 

target.  

BACC has been investigated extensively for camera tubes to quantify beam discharge 

lag [113, 115]. When the photocurrent in the target changes abruptly from Ip1 to Ip2 as a 

result of the changes in light exposure, the target potential changes accordingly by ΔVt. 
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However, the readout signal current, Ia, changes gradually following the relationship [116, 

117]: 

 ,     (4.03)    2 ( )t t p aQ C V I I t t     

where Ct is the target capacitance. Eq. 4.03 describes the relationship between the amount 

of charge (ΔQ) read out by the electron beam and the corresponding change in the target 

potential (ΔVt) during a beam dwelling time interval (Δt). To describe how to derive lag 

using the BACC, we assume a starting equilibrium condition of Ia = Ip1 at time t = 0, 

when the light exposure increases abruptly to Ip2. Image charge begins to accumulate on 

the free surface, i.e., ΔQ >0, which causes Vt to increase. Based on the BACC, this leads 

to an increase in Ia until a new equilibrium is established with Ia(t) = Ip2. With a steep 

slope for the BACC, a small increase in Vt would result in a substantial increase in Ia, 

resulting in a rapid transition into the new equilibrium, i.e. small lag. Using Eq. 4.03 and 

the BACC the time dependence of signal, which quantifies lag, can be predicted.   

 

4.3  Methods 

Theoretical and experimental methods were developed to understand the lag of FEA 

imaging sensors. Our theoretical method was to predict the energy spread of the electron 

beam and its associated BACC. From the BACC the lag for a FEA image sensor with a 

given target structure and readout speed can be predicted. Then, the predicted lag was 

compared with the experimental measurements from two prototype FEA image sensors 

with different HARP layer thickness.  

 

4.3.1  Energy Spread and BACC 
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All three factors contributing to the energy spread of an electron beam were 

investigated theoretically: 1. inherent energy spread associated with field emission; 2. 

FEA driving pulse delay; and 3. angular distribution of emitted electrons. Here we will 

describe the method for each factor separately. 

 

1. Inherent Energy Spread  

The energy distribution of electrons from field emission has been investigated 

extensively [86, 87, 90]. Theoretical [89] and experimental [118, 119] studies have 

shown that the probability distribution of electrons emitted with inherent energy, Ei, is 

given by 
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t

,  (4.04) 

where h is the Planck’s constant, k is the Boltzmann constant, φ is the work function of 

the emitter material, and c and d are two functions related to the applied electric field, EFE  

[112].  

As shown in Fig. 4.01, in order for an electron to reach the target with potential, Vt, it 

needs to have an initial energy . Therefore the signal current, Ia(Vt), can be 

obtained by integrating the emitted electrons in this energy range: 

( )i bE q V V 

 
( )

( ) ( )
b t

a t e i i iq V V
I V qA P E dE




  ,      (4.05) 

where Ae is the effective emission area. Eq. 4.05 provides the BACC associated with the 

inherent energy spread only.  
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2. Driving Pulse Delay 

The driving pulse delay is mainly associated with the base electrode line, which 

contains the pixel clock. The time response of the driving pulse was simplified using a 

single exponential decay function: 

 ( ) exp( / )b gV t V t          (4.06) 

where τ is the RC time constant for the total resistive and capacitive load for each line. 

When an emitted electron passes through the gate electrode, the probability for it to 

accumulate a kinetic energy of ( )bg g bE q V V   is proportional to the amount of emitted 

electrons, Ie(Vb)×dt:  

 ( ) ( ) ( )b bg bg b e b b e b bg
bg

dt
P E dE N I V dt N I V dE

dE
  ,   (4.07) 

where Nb is a normalization factor to ensure a total probability of unity. The emission 

current density, Ie, under different operation conditions can be obtained using the method 

in ref. [90]. Eq. 4.07 is solved numerically by dividing tp into infinitesimal small dt and 

calculating the amount of emitted electrons during dt. In order for an emitted electron to 

reach the target, its initial kinetic energy, Ebg, must be sufficient to overcome the 

potential difference between the gate electrode and the target, i.e., . 

Hence the total beam current reaching the target with potential, Vt, can be obtained by:  

( )bg g tE q V V 

 
( )

( ) ( )
g t

a t b bg bgq V V
I V P E




  dE .      (4.08) 

Eq. 4.08 can be used to derive a BACC that includes only the effect of variation in Vb due 

to driving pulse delay. 

 

3. Angular Distribution 

115 



For the present investigation, we used the angular distribution of electrons emitted 

from Spindt-type FEA for the calculation of energy spread. This type of FEA was 

incorporated in the HARP-FEA image sensors used in the experimental measurement of 

lag. It was also used as an example in our previous investigation of spatial resolution of 

SAPHIRE [114]. Here, the same angular distribution adapted from ref. [2] was used in 

our calculation, as shown in Fig. 3.11 for the electron beam intensity as a function of 

emission angle, θ, i.e., I(θ). The angular distributions are slightly different for different 

sizes of the Spindt-type FE tips, however, this difference is very trivial and is ignored 

here. 

For electrons with a kinetic energy of Eg at the gate electrode [99], their vertical 

components Ez can be calculated using 2cosz gE E  . Its probability distribution can be 

derived (in Appendix D) as: 

 0

( )
( )

cosz z

I
P E N




 ,       (4.09) 

where N0 is a normalization factor. If Ez is greater than the potential difference between 

the target and the gate electrode (Vg), i.e., , the electron can land on the 

target and contribute to Ia: 

( )z gE q V V  t

 
( )

( ) ( )
g t

a t z z zq V V
I V P E




  dE .      (4.10) 

Eq. 4.10 defines the BACC that only includes the energy spread due to the angular 

distribution of emitted electrons.  

  

4. Total energy spread 

The energy spread of electrons due to the first two factors, which are given in Eqs. 
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4.04 and 4.07, were first combined to provide the total energy Eg of an electron at the 

gate electrode:  

 g i gE E E  b .        (4.11) 

The joint probability distribution for Eg is given by: 

 ( ) ( ) ( )
i

g g i i b g
E

P E P E P E E  i .     (4.12) 

Eq. 4.12 was then substituted with Eq. 4.09 to obtain the total energy (z-component) 

spread as : ( )o zP E
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To obtain the BACC due to the total energy spread, Eq. 4.13 was substituted into Eq. 

4.10: 

 0( )
( ) ( )

g t
a t z zq V V
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  dE .      (4.14) 

 

4.3.2 Prediction of Lag 

When the photocurrent in the HARP target changes from Ip1 to Ip2 due to exposure 

change at time t =0, the beam discharge lag, L(t), can be expressed as  

 2

1 2

( )
( ) 100%a p

p p

I t I
L t

I I


 


.      (4.15)  

When Ip1 > Ip2, it is called turn-off lag or white-to-black lag; otherwise, it is called turn-on 

lag. The turn-on lag in electron beam readout is usually smaller than the turn-off lag due 

to the same shape of the BACC [48], We will thus focus our study on the turn-off lag.  

To calculate L(t), we need to obtain the time dependent signal current Ia(t). As 
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described in subsection 4.2.3, the BACC and Eq. 4.03 can be used to solve for Ia(t). Since 

we cannot obtain an analytical expression for the BACC of field emission, as for 

thermionic emission [116], we solve the equations numerically by dividing t into small 

time intervals Δt (~ tp /104 in our calculation) and updating Vt and Ia in real time.  

 

4.3.3 Experimental Measurement of Lag 

The experimental measurement of lag was performed on two small area HARP-FEA 

prototype optical image sensors with different HARP layer thicknesses [99]. The 

geometry and structure of the prototype sensor were identical to those used in our 

previous investigation of the spatial resolution of SAPHIRE [114]. The FEA contains 256 

× 192 pixels, with pixel size of del = 50 µm. The emitting area of da = 20 µm, which 

contains 17 × 17 Spindt-type FE tips, is located in the center of each pixel. The FEA was 

turned on pixel by pixel using a passive driving scheme with tp =160 nS and Vg = 48 V. 

The HARP layer thicknesseses in the two prototype sensors were dSe = 4 µm and 25 µm, 

with corresponding high voltage bias (applied to ITO electrode) of 440 V and 2580 V, 

respectively.    

 

4.4 Results and discussion 

4.4.1 Beam discharge Lag 

1. Inherent Energy Spread 
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Figure 4.04: (a) The inherent energy (Ei) distribution of emitted electrons at different Vg 
for Mo emitters at room temperature. (b) The BACCs associated with the inherent energy 
spread in Fig. 4.04 (a) at different Vg. 
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The inherent energy distribution for electrons through field emission is given by Eq. 

4.04. For Spindt-type FEA with Mo emitters which is operated at room temperature, φ = 

4.6 eV and T = 300 K. Typically EFE needs to be > 109 V/m to maintain a reasonable field 

emission current [88]. It was estimated that EFE of ~ 7×109 V/m was maintained with Vg = 

48 V for Spindt-type FEA in our prototype sensors. Fig. 4.04 (a) plots the inherent energy 

distributions at Vg = 48 V in comparison with Vg = 40 V and 60V. Their corresponding 

BACC were calculated using Eq. 4.05. Since both emission current and energy spread 

change as a function of Vg, the calculated BACC curves were normalized, as shown in 

Fig. 4.04, to facilitate the comparison of energy spread, which is reflected by the slope of 

the curves.  

Fig. 4.04 (a) shows that the maximum energy Ei of emitted electrons is ~ -4.6 eV for 

all three Vg. This is because the energy is defined relative to the vacuum level and the 

work function for Mo is Φ = 4.6 eV. At T =300K, the energy for most electrons are below 

the Fermi level. Fig. 4.04 (a) also shows that the standard deviations, σi, of the inherent 

energy spread increases as EFE increases. They are 0.26, 0.34 and 0.42 eV, respectively, 

for Vg values of 40, 48 and 60 V. This is because at higher Vg (i.e., higher EFE), more 

electrons with lower Ei can emit through tunneling. The inherent energy spread is smaller 

than that in thermionic emission (used in electron tubes), which is typically 0.6 ~ 0.7 eV 

in theory [89]. Fig. 4.04 (b) shows that a smaller Vg leads to a sharper rising slope, 

however with smaller emission current. 

 

2. Driving Pulse Delay 
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Figure 4.05: (a) The distribution of energy accumulation (Ebg) of electrons due to the 
delay of driving pulses as they pass through the gate with Vg = 48V and delay time 
constant τ =70 nS. (b) The BACC associated with the energy spread due to driving pulse 
delay shown in Fig. 4.05 (a).  
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The variation in base potential, Vb, due to driving pulse delay results in a variation in 

energy gain as the emitted electrons pass the gate electrode. The value for Vb was 

calculated using Eq. 4.06 with τ = 70 nS.  The distribution of energy gain, Ebg, was 

calculated using Eq. 4.07 and the results are shown in Fig. 4.05 (a) for a gate bias 

potential of Vg = 48V. The corresponding BACC was obtained using Eq. 4.08 and shown 

in Fig. 4.05 (b).  

Fig. 4.05 (a) shows that more electrons are emitted with higher Ebg (as Vb approaches 

0 V). This is because a lower Vb results in higher EFE and emission current. The standard 

deviation of Ebg distribution, σb, was obtained using Eq. 4.07 as 2.61eV, which is 

substantially larger than σi. Listed in Table 4.01 are the σb values calculated for different 

FEA operating conditions. Since Vg is usually selected to ensure sufficient emission 

current (e.g. 2 A per pixel) for a wide dynamic range, the preferred method for 

decreasing σb is to increase the ratio of /pt  . Fig. 4.05 (b) shows that with driving pulse 

delay, the slope of the BACC becomes shallower, and the intercept with the horizontal 

axis also increases by ~ 5 V. 

 

Table 4.01: Standard deviation of energy spread σb due to driving pulse delay under 

different conditions:  

(a)  σb as function of Vg at τ = 70 nS   

Vg (V) 40 48 60 

σb (eV) 1.96 2.61 3.69 

 

(b) σb as function of τ at Vg = 48V 
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τ (nS) 60 70 80 

σb (eV) 2.54 2.61 2.65 

 

3. Angular Distribution 

The angular distribution of electron beam intensity in Fig. 3.11 was used to calculate 

the distribution of Ez using Eq. 4.09, and the results are shown in Fig. 4.06 (a) for three 

values of Eg. Their corresponding BACCs, calculated using Eq. 4.10, are shown in Fig. 

4.06 (b). To facilitate comparison all curves were normalized.  

Fig. 4.06 (a) shows that the maximum Ez corresponds to its associated Eg value. The 

shape of Ez is consistent with that of the angular distribution curve in Fig. 3.11. The 

standard deviation of Ez spread, σz, increases as Eg increases, as shown in Table 4.02. 

This is because Ez is proportional to Eg through 2cosz gE E  . Fig. 4.06 (b) shows that a 

larger energy spread (e.g. Eg = 60 eV) leads to a shallower slope for the BACC curve.  

 

Table 4.02: Standard deviation of energy spread σz due to angular distribution under 

different operating conditions: 

Eg (eV) 40 48 60 

σz (eV) 5.03 6.04 7.55 
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Figure 4.06: (a) The distribution of the vertical component of kinetic energy (Ez) due to 
the angular distribution of emitted electrons. The total kinetic energy accumulated by the 
electrons as they pass through the gate, Eg, was assumed to be constant.  (b) The 
normalized BACCs associated with the Ez distributions in Fig. 4.06 (a). 
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4. Total Energy Spread 

To combine all factors, the distribution of Eg, ( ( )g gP E ) due to the first two factors, 

was calculated using Eq. 4.12 as the first step, then the total Ez distribution  was 

obtained using Eq. 4.13.  The results for 

( )o zP E

( )g gP E  and  are shown in Fig. 4.07 (a). 

The FEA operating parameters used in the calculation were chosen based on the 

prototype FEA sensors, i.e., Vg = 48 V.  

(oP E )z

Fig. 4.07 (a) shows that the first two factors result in a combined energy spread of σg 

= 2.65 eV for Eg, and a reduction of the maximum Eg to ~ 38 eV, as shown in Fig. 4.07 

(a). After inclusion of the angular distribution, the standard deviation for the total energy 

spread in Ez is σz = 5.51 eV. The corresponding BACC is given in Fig. 4.07 (b), which 

shows that the BACC has an intercept of ~10 V with the horizontal axis (i.e. Vt) and the 

rise of Ia occurs over a Vt span of ~20 V. These results are consistent with the total energy 

spread in Ez shown in Fig. 4.07 (a).                                                      

 

125 



0 10 20 30 40 50
0.0

0.2

0.4

0.6

0.8

1.0

(a)

 

 

re
la

tiv
e

 p
ro

b
a

b
ili

ty

 energy (eV)

energy distribution
 overall E

z

 overall E
g

V
g
=48V

 

0 10 20 30 40 50
0.0

0.5

1.0

1.5

2.0

(b)

BACC
V

g
=48V

 

si
g

na
l c

ur
re

nt
  I

a 
(

A
)

target potential V
t
 (V)

 
Figure 4.07: (a) The energy spread in Eg (dashed line) due to the first two factors, and 
the total energy spread in Ez (solid line) due to all three factors at Vg = 48V. (b) The 
BACC corresponding to the total energy spread in Ez due to all three factors at Vg = 48V. 
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4.4.2 Prediction of Lag 

The BACC in Fig. 4.07 (b) was used to predict the beam discharge lag using Eqs. 

4.03 and 4.15. The operational parameters were chosen based on the prototype HARP-

FEA sensors, where the emission current was Ie = 2 µA/pixel at Vg = 48V. The initial 

photocurrent was Ip1 = 200 nA, i.e. the maximum signal current experienced by the 

prototype sensor. The thickness of the HARP target for the two prototype sensors was dSe 

= 4 µm and 25 µm. The final signal current, Ip2, was selected to be the dark current (i.e. 

no optical exposure), which is < 1 nA in avalanche mode. The calculated lag curves for 

both prototype sensors are shown in Fig. 4.08. Lag was normalized to the signal prior to 

the exposure change, as defined in Eq. 4.05. The first frame lag (at 33 ms or second field) 

is 60.3 % and 9.2 % for dSe = 4 µm and dSe = 25 µm, respectively. 

0 1 2

0

20

40

60

80

100

3

 

la
g 

(%
)

frame number

 d=4m, measured lag
 d=4m, calculated lag
 d=25m,measured lag
 d=25m,calculated lag

 
Figure 4.08: Comparison between calculated and measured lag as a function of frame 
number (at 30 frames/second) for two prototype HARP-FEA image sensors. The HARP 
layer thickness was dSe = 4µm and 25µm. 
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4.4.3 Measurement of Lag  

The turn-off lag was measured for both prototype HARP-FEA optical sensors using 

the method described in subsection 4.3.3, and the results are plotted in Fig. 4.08 together 

with the theoretical calculations for both HAPR layer thicknesses. The measured first 

frame lag was 62.1% and 9.1% for dSe = 4 µm and dSe = 25 µm, respectively. The lower 

lag for thicker HARP target is due to the smaller Ct under the same FEA operating 

conditions. The measurement and theoretical calculations are in excellent agreement.  

 

4.4.4  Strategies for lag reduction with FEA readout method 

Our results showed that the measured lag agrees well with the theoretical calculation, 

which validates our understanding of the mechanisms. However the amplitude of lag is 

much larger than that for electron tube devices. Methods for reducing lag are needed 

before the FEA readout method can be used in practical imaging applications. Here we 

will discuss several strategies for reducing lag based on our understanding of its 

mechanisms. 

 

1.  Reducing energy spread of electrons 

To improve the spatial resolution of SAPHIRE, an electrostatic beam focusing 

method is being investigated [114]. The additional focusing electrode, which is built 

directly above each single FE tip using photolithography, will redirect the electrons 

emitted at large angles to the vertical direction. Therefore it has the potential to reduce 

the angular spread of emitted electrons, which is the dominant source of energy spread 

and lag. Once a FEA with focusing electrode is manufactured, the angular distribution of 
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emitted electrons will be investigated and its corresponding change in Ez calculated to 

estimate the improvement in lag.    

 

2.  Alternative driving schemes 

One of the advantages of the FEA over the scanning electron beam is its array 

structure, which makes it possible to turn on multiple FEA pixels at the same time. A lag 

clearance procedure can be implemented between the readout of subsequent frames. At 

the end of each frame, all the FEA pixels will be turned on simultaneously for a lag 

clearance period tc that is equal to the time required to reset the target potential Vt. For 

example to reduce lag to 2 % in a 25 μm thick HARP target, tc = 3 tp is required 

according to Fig. 4.08. This method is equivalent to reading out the pixel for four 

consecutive frames although only the signal from the first frame is recorded. For image 

sensors with a large number of pixels, e.g. 1000 × 1000, the total current needs to be 

drawn from the FEA driving circuit may be prohibitive. In this case, the clearance 

procedure can be implemented between subsequent rows or a number of rows.    

 

3.  Lag reduction in SAPHIRE 

With the lag clearance procedure described above, the lag of a small-area (2.54cm 

diameter) HARP-FEA image sensor can be reduced to a negligible level. However, the 

size of SAPHIRE for x-ray imaging is much larger and major changes are needed to 

allow real time readout without lag. A 25 cm × 20 cm cardiac detector with 200 µm pixel 

size has 1250 × 1000 pixels and requires tp < 30 ns with pixel-by-pixel readout in 30 

frames/second. Lag with such short tp would be unacceptable, hence a parallel beam 
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readout method has been proposed [120]. The ITO electrode of SAPHIRE is divided into 

Ns parallel strips, each connected to an individual charge amplifier, as shown in Figs. 

3.06 and 3.07. In parallel beam readout, Ns pixels are turned on simultaneously thus 

increasing tp by a factor of Ns compared to the pixel-by-pixel approach.  This in turn will 

minimize driving pulse delay for large area FEA, which also helps reduce lag. 

To quantitatively illustrate the effects of pixel size, detector size and Ns on the lag of 

SAPHIRE, we provide an example lag calculation for a hypothetical SAPHIRE with dSe 

= 25 µm, del = 200 μm and a detector size of 25 cm × 20cm. The signal current chosen for 

lag calculation, Ip1 = 2 µA, corresponds to the mean detector exposure of 1 µR/frame in 

fluoroscopy. For real-time applications with higher exposures (e.g. cine and angiography), 

the range of signal current is expected to be similar to that in fluoroscopy since the 

avalanche gain of HARP will be reduced [52, 114]. The operating condition for Spindt-

type FEA is assumed to be Vg = 48 V. Compared to the optical HARP-FEA sensor with 

50 m pixel size discussed earlier, the pixel size of a SAPHIRE is 16 times larger, which 

increases both Ie and Ct by a factor of 16. According to Eq. 4.03, the lag for SAPHIRE 

should be independent of pixel size. The calculated lags with different Ns values are 

shown in Fig. 4.09. With Ns = 1, tp for SAPHIRE is ~ 26 nS with pixel-by-pixel readout. 

Even if we ignore driving pulse delay with such a short tp, the first frame lag is 42 %, 

which is unacceptable. With Ns = 16 and parallel readout, tp increases to 420 nS, and the 

first frame lag is reduced to 8 %. With Ns = 128 and further increase in tp to 3.4 μS, the 

first frame lag is 4.3%, which is within the range of lag values measured in AMFPIs 

[105-107]. Further reduction in lag could be realized by incorporating the charge 

clearance procedure described in subsection 4.4.4.2. It is important to note that the lag 
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calculation results in Fig. 4.09 only included the effects of the inherent energy spread and 

angular distribution, which results in underestimation of lag for Ns < 40 due to driving 

pulse delay. However driving pulse delay is negligible in the preferred detector 

configuration of Ns = 128.  
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Figure 4.09: The prediction of lag for SAPHIRE with and without parallel beam readout. 
The detector parameters used were: dSe = 25 µm, Ip1 = 2 µA, Ip2 = 0 and Vg = 48V.     

 

4.5 Conclusions 

In this chapter, we investigated the temporal performance of the new proposed detector 

concept, SAPHIRE. The beam discharge lag is the dominant lag source, which is due to 

the energy spread among electron beams. The mechanism of field emission electron 

beam on FEA is investigated by including three main factors: the inherent energy spread, 

the base potential delay effect and the angular distribution effect. The dominant source of 

the energy spread is the angular distribution. Our prediction agrees very well with 
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experiments on a small area optical HARP-FEA sensor. Due to the large size of 

SAPHIRE, several methods are designed based on the mechanism of field emission to 

improve its temporal performance. Parallel beam readout can increase the pixel turn-on 

time and remove the base potential delay effect, as well as help to reduce beam discharge 

lag. With proper design, the lag of SAPHIRE is expected to be less than 5% after the first 

frame. It can be optimized by a flushing method to remove the residual signals. 

Electrostatic focusing method has the potential reduce the angular distribution effect 

greatly.   
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Chapter 5 

 

Experimental Investigation of a Prototype 

Image Sensor 

 

Previously we investigated the signal detection of Scintillator/HARP and theoretical 

resolution of FEA separately. In this chapter, the imaging characteristics of  FEA readout method, 

including spatial resolution and noise characteristics, were investigated experimentally by using a 

prototype 15-μm-thick optical HARP-FEA image sensor with magnetic focusing. The FEA pixel 

size is set at 20 μm for better resolution. The FEA is also used to read out charge information 

generated by HARP to investigate its sensitivity. The avalanche gain of HARP depends on both 

a-Se thickness and applied electric field, ESe. As expected, at ESe  > 80 V/µm,  the avalanche gain 

can enhance the signal at low dose (e.g. fluoroscopy), allowing the detector to be x-ray quantum 

noise limited down to a single x-ray photon. At high exposure (e.g. radiography), the avalanche 

gain can be turned off by decreasing ESe to < 80 V/µm. The potential x-ray imaging performance 

of SAPHIRE, especially the advantage of programmable gain to ensure wide dynamic range and 

x-ray quantum noise limited performance at the lowest exposure in fluoroscopy, was investigated 

in experiments  
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5.1 Introduction 

Two of advantages of the proposed SAPHIRE detectors are: (1) programmable 

avalanche gain gav, ensures a wide dynamic range for the detector; and (2) FEA readout 

can provide smaller pixel sizes than possible with TFTs. In previous chapters, we have 

developed a cascaded linear system model to predict the fundamental x-ray image quality 

of indirect FPI with avalanche gain [52, 53] and demonstrated the advantages of 

programmable avalanche gain, gav, to ensure a wide dynamic range. We also theoretically 

investigated the spatial resolution of SAPHIRE with three different electron-optical 

designs [114]: (1) a mesh electrode inserted half way between the HARP and the FEA, as 

shown in Fig. 1.09; (2) an external magnetic focusing and (3) an integrated electrostatic 

focusing electrode in addition to the mesh electrode. It was found that with magnetic or 

electrostatic focusing, SAPHIRE can satisfy the highest spatial resolution requirement for 

x-ray imaging. From the investigation of SAPHIRE with FEA pixel size of 50 μm, we 

found that the scintillator (CsI) is the limiting factor for the resolution of SAPHIRE. To 

investigate the spatial performance of HARP-FEA experimentally, we first used an 

optical source, instead of x-rays, removing the necessity of using a scintillaotor. The FEA 

pixel size is reduced to 20 μm. As shown in Fig. 1.08, the overlapping area between the 

base and gate electrodes defines the pixel size. Smaller pixel FEAs require thinner 

passive addressing lines and essentially no increase in cost. A small quantity of FE tips 

(121 tips) can be included in the pixel size of del = 20 µm and still provide sufficient 

emission current required for a wide dynamic range. Thus by using a prototype HARP-

FEA optical sensor with an optical source the spatial performance can be better 

investigated. 
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In this chapter, we will experimentally investigate these two properties of the imaging 

performance of a 1” prototype HARP-FEA image sensor with magnetic focusing and 

FEA pixel size of 20 μm. The optical sensitivity, spatial resolution and noise 

characteristics were measured, and the results were compared with theoretical predictions 

using the HARP and FEA physical parameters. We also investigated the potential x-ray 

imaging performance of SAPHIRE by coupling the prototype HARP-FEA image sensor 

to the output of an x-ray imaging intensifier (XRII). 

 

5.2 Materials and methods  

5.2.1 Description of a prototype optical HARP-FEA image sensor 

A 1” prototype optical HARP-FEA image sensor was used to investigate the imaging 

performance of the FEA readout method. A photograph of the sensor is shown in Fig. 

5.01 (a). The FEA consists of 640 × 480 pixels with pixel size of 20 × 20 m. The HARP 

target is 1” in diameter with an a-Se layer thickness of dSe = 15 m. The external driving 

electronics were bonded to the edge of the FEA substrate. The high voltage bias for the 

HARP layer was established through a metal pin inserted through the glass substrate. The 

images were read out at 30 frames per second in interlace mode. The output video signal 

can be digitized with a standard analog frame grabber. A micrograph of the FEA pixels is 

shown in Fig. 5.01 (b). Each pixel contains a matrix of 11 × 11 field emitter (FE) tips, 

which occupy an area of 14 × 14 m in the center. To turn on field emission, the cone-

shaped molybdenum (Mo) cathode is biased at ground potential and a positive bias, Vg 

(40-100 V), is applied to the gate electrode. This bias condition results in a very high 

electric field around the emitter tip due to its small area [88, 96] (~ 13Å2) and causes field 
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emission. An active driving circuitry was built for the FEA using metal-oxide-

semiconductor field effect transistors (MOSFET) technology. Each FEA pixel is 

addressed sequentially by turning on the MOSFET to apply the desired gate potential [50, 

121]. The geometric parameters and the operating conditions of the prototype HARP-

FEA image sensor are summarized in Table 5.01. 
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Figure 5.01: (a) A photography of the 1” optical HARP-FEA sensor with 640 × 480 
pixels and a 15 m thick a-Se layer; (b) A micrograph of the FEA pixels. The pixel pitch 
is 20 × 20 m, and each pixel contains 121 FEA tips. 

 

Table 5.01: Geometric parameters and operating conditions of the prototype HARP-FEA 
image sensor 

HARP layer thickness dSe 15 µm 
Pixel number Np 640 × 480 

Pixel size del 20 µm × 20 µm 
Emitting area da 14 µm × 14 µm 
Magnetic field B 0.125 T 

Gate electrode potential Vg 60 V 
Mesh electrode potential Vm 700 V 
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Effective emission current Ie 7 µA 
Distance between gate and mesh Lgm 1.25 mm 

Distance between mesh and target Lmt 1.25 mm 
FE tips number per pixel np 11 × 11 

Pixel turn-on time tp 80 ns 
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Figure 5.02: Photograph of prototype HARP-FEA sensor with permanent magnets. 
 

As described in previous chapters [114], the electron beam emitted from the FEA 

spreads laterally before reaching the HARP target due to the oblique angle of emission. 

Although the mesh electrode inserted between the HARP target and FEA (Fig. 1.09) 

could reduce the lateral spread of electrons, it could still be significant (> 400 m), 

depending on the signal intensity on the HARP target. This is a major source of image 

blur for SAPHIRE. To alleviate this problem, an external magnetic field was applied to 

the entire image sensor to focus the electron beam. Shown in Fig. 5.02 is a photograph of 

the sensor and its focusing magnets. Fig. 5.03 illustrates the principle of magnetic 

focusing. Under the external magnetic field, B, which is perpendicular to the surface of 

the HARP target, electrons emitted with an oblique angle follows a spiral trajectory 
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before landing on the HARP target. Hence, the lateral spread is less compared to without 

focusing (Fig. 1.09). It should be noted that it is virtually impossible to maintain a 

uniform external magnetic field for a large area SAPHIRE. Therefore, the electrostatic 

focusing method, which is accomplished by an integrated focusing electrode at each FE 

tip, is under investigation [114].  

 

 

Figure 5.03: Schematic diagram showing the concept of magnetic focusing used for 
minimizing electron beam spread in the 1” prototype HARP-FEA image sensor 

 

5.2.2 Optical sensitivity of the HARP-FEA image sensor 

The effective quantum efficiency, η*, of a HARP image sensor is defined as the total 

number of charge carriers produced by a single incident optical photon.  It is the product 

of the optical quantum efficiency (η) and the avalanche multiplication gain (gav): 

 * avg   .        (5.01) 
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Both η and gav have been investigated previously as a function of dSe and ESe [47, 52, 61, 

62, 66]. The optical quantum efficiency of HARP follows Onsager theory, and depends 

on both ESe and the wavelength, , of the optical photon [66]. The avalanche gain can be 

determined from ESe using the expression [52]. 

  1 2exp expav Se Seg d E    ,     (5.02) 

where β1 = 5.5 × 103 /μm and β2 = 1.029 × 103 V/μm are fitted constants from 

experimental measurements in Chapter 2. 
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Figure 5.04: Schematic diagram showing the experimental setup for the measurement of 
optical sensitivity of HARP-FEA sensor. 

  

The optical sensitivity of the prototype sensor was measured using green light with 

wavelength λ = 540 nm, which is closely matched to the peak emission wavelength of 

Thallium (Tl) doped CsI scintillators in SAPHIRE. The experimental setup is shown in 

Fig. 5.04. The signal current of the HARP-FEA image sensor was measured as a function 

of the HARP target bias potential VITO, which determines ESe via ITO
Se

Se

V
E

d
 . As gav 

increases with VITO, the incident light intensity was attenuated with neutral density (ND) 

filters to avoid saturation of signal current in HARP. Therefore, the signal current per unit 
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incident photon intensity was recorded, which is expected to be proportional to η*. The 

linearity of optical response was also measured at different VITO values. 

 

5.2.3 Spatial Resolution 

In this subsection, we will first predict the spatial resolution of the HARP-FEA image 

sensor. We start with the trajectories of the emitted electrons and the optimal choice for 

the magnetic field. We then calculate the spatial distribution of the electron beam 

intensity and the amount of signal charge read out from the target. The experiment 

measurement of MTF will be also presented.  

 

A. Theoretical investigation 

The concept of magnetic focusing has been shown in Figs. 3.09 and 5.03. The 

magnetic field results in a spiral trajectory for the emitted electrons. The steps of the 

theoretical calculation are similar to Chapter 3. However, since the geometry size (e.g., 

distance between target and FEA) and bias potential (e.g. Vm) have been changed, we 

may expect different optimal magnetic fields and subsequent calculations.  

The first step is to investigate the lateral spread of electrons as a function of their 

emission angle  [101]. This spiral trajectory of the emitted electrons projects to a circle 

in the x-y plane, which is parallel to the HARP surface. As derived in previous chapters, 

the lateral spread, LS, of the electrons is determined by the chord length between the 

starting and finishing points on the projected circle, which is given by:  

22
sin sin

2
gmV qBt

LS
B q m




  
 

gt 
 ,     (5.03) 
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where m is the mass of an electron, q is the elementary charge and tgt is the time for an 

electron to travel from the gate to the HARP target:  
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.  (5.04) 

where Vt is the free surface potential of the HARP layer due to image charge 

accumulation, and the definitions and values of the HARP-FEA design parameters such 

as Lgm, Lmt, Vg and Vm are listed in Table 5.01. The lateral spread of electrons was 

calculated using Eq. 5.03 up to the critical emission angle θC, beyond which the emitted 

electrons do not have sufficient kinetic energy to reach the HARP target. θC is given by 

arcsinC V V  t g



 [99]. The focusing magnetic field only changes the direction of the 

lateral component of the electron velocity; hence it does not affect θC.  

The next step is to determine the spatial distribution of the electron beam intensity as 

it reaches the HARP target, I(x, y), for each pixel of the FEA with del = 20 µm × 20 µm. 

The electron beam intensity from a single tip, I0(x, y), was first obtained by substituting 

the inverse of the relationship between lateral spread and  in Eq. 5.03 into the angular 

intensity distribution of field emission, Iθ(), from a single tip and then converting the 

result to Cartesian coordinates: 

  1
0 ( , ) ( , )I x y I LS x y

 .      (5.05) 

The distribution of Iθ() used in our calculation is shown in Fig. 3.11. The beam 

intensity for one pixel was then calculated by integrating I0(x, y) over all FE tips in the x 

and y directions with Nx = Ny = 11:  

141 



 0( , ) ( , )
x y

x t y
N N
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The final step is to derive the pixel aperture function of the FEA readout method, 

MTFFEA(fx, fy) [114], which has been discussed in Chapter 3. It was calculated by taking 

the two-dimensional Fourier transform of the spatial distribution of the image charge on 

the target, Qa(x,y), that was read out by each FEA pixel. Qa(x, y) is given by the integral 

of I(x, y) within the pixel readout time tp:  

0
( , ) ( , )

pt

aQ x y I x y dt  .      (5.07) 

MTFFEA(fx, fy) can then be obtained as the normalized Fourier transform of Qa(x,y): 
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f f
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 .     (5.08) 

where FT denotes the Fourier transform. The photo-electric conversion and avalanche 

process in HARP has been shown to have negligible blur in high definition optical HARP 

cameras that operates with an effective pixel size of 10~20 µm [61, 62]. Hence MTFFEA 

can be regarded as the presampling MTF of the HARP-FEA image sensor. 

 

B.  Experiment measurement of the MTF  

The spatial resolution of the optical HARP-FEA image sensor was measured using 

the slanted edge method, which involves focusing a sharp optical edge onto the HARP 

target through lens. To facilitate quantitative evaluation of the images, the output video 

signal from the HARP-FEA sensor was digitized with an 8-bit analog frame grabber. The 

full range of the 8-bit digitization corresponds to a maximum signal current of 200 nA. 

To ensure good linearity of the measurement, the light intensity at each VITO was adjusted 
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such that the maximum digital count is < 200, which corresponds to ~ 160 nA of signal 

current and well within the linear range of the HARP sensitivity curves. 

 

5.2.4 Noise characteristics 

The optical noise power spectrum (NPS) of the HARP-FEA image sensor was 

measured as a function of light intensity and target bias potential, VITO. At each VITO, the 

light intensity was adjusted such that the mean signal current is well within the linear 

range of the HARP-FEA sensor response. At each operating condition, 60 image frames 

were acquired under uniform optical illumination of the HARP target. A region of 

interest (ROI) with 128 pixels × 128 pixels was selected, resulting in a total of 120 sub-

images for the computation of 2D NPS. The 2D NPS was calculated as the ensemble 

average of the square of the Fourier transform of all mean subtracted ROI noise images 

[122]:  

 2

( , ) ( , ) ( , )x y

x y

d d
NPS u v FT I x y I x y

N N
    ,   (5.09) 

where I(x, y) and ( , )I x y represent the image data and the average signal of each ROI, 

respectively. Nx and Ny are the numbers of elements in each ROI, and dx and dy are the 

pixel dimensions.  

 

5.2.5 Potential x-ray imaging performance of SAPHIRE 

In SAPHIRE, the CsI scintillator needs to be placed in direct contact with the HARP 

layer or coupled through a fiber optic faceplate (FOP) to minimize any loss of light and 

additional blur. Since the prototype HARP-FEA sensor has a 1 mm thick regular glass 
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faceplate, direct coupling with a CsI layer will introduce significant image blur. For the 

purpose of the present work, which is to demonstrate the advantages of HARP versus 

optical sensors without avalanche (e.g. a-Si photodiodes), we used lens coupling to focus 

an x-ray image onto the HARP target. Due to the limited light collection efficiency of 

lens coupling, we used the amplified optical image at the output of an x-ray image 

intensifier (XRII) so that the combined optical gain (XRII * lens coupling efficiency) was 

comparable to that of CsI(Tl) directly coupled to HARP in SAPHIRE. A diagram 

showing the experimental setup is shown in Fig. 5.05. This approach allowed us to 

investigate the noise characteristics of SAPHIRE. However, the spatial resolution may be 

limited by the additional conversion steps in the XRII/lens imaging chain.  
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Figure 5.05: Diagram showing the imaging chain used to investigate the potential signal-
to-noise performance of HARP-FEA structure in SAPHIRE. 

 

The XRII used in our investigation has a 4” field of view (V7227, Hamamatsu 

Photonics, Hamamatsu, Japan). The input phosphor is a CsI(Na) screen with mass 

loading of ~90 mg/cm2, and the peak emission wavelength of the output phosphor is 545 

nm. The combined demagnification factor of the XRII and lens is ~ 6, resulting in an 

effective pixel size of 122 m for the x-ray images read out by the HARP-FEA image 
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sensor. The total optical gain of the XRII/lens combination was estimated to be 1000 

photons per 40 keV absorbed x-ray photon. Both conversion gain and pixel size are 

within the range expected for SAPHIRE. The peak wavelength of the light exiting the 

XRII is also similar to the emission spectrum of CsI (Tl) proposed for usage in SAPHIRE.  

The x-ray imaging system was operated in continuous fluoroscopy mode using a 

micro-focal spot x-ray tube with tungsten target (L9631, Hamamatsu Photonics). An x-

ray spectrum of 80 kVp with 2 mm Al and 1 mm Cu filter was used to simulate a typical 

spectrum with patient attenuation in fluoroscopy. During the x-ray experiment, the 

optical coupling of the imaging chain was fixed. The x-ray exposure rate to the input of 

the XRII varied from 0.2 to 78 µR per frame. The slanted edge method was used to 

measure the presampling MTF of the HARP-FEA based x-ray imaging chain. For NPS 

measurement, our investigation was focused on the programmable gain aspect of HARP. 

While the optical gain of the system was kept constant, the HARP target bias potential 

VITO was increased while the x-ray exposure rate decreased. This is to ensure an x-ray 

quantum noise limited performance. The VITO settings at different exposure rates are 

listed in Table 5.02. For each operating condition, 30 image frames were obtained under 

uniform x-ray exposures to compute the 2D NPS. 

Table 5.02: Comparison of exposure, VITO settings, and the associated gain 
of the HARP layer used in the x-ray NPS measurement. 

Exposure rate (µR/s) 0.20 1.20 3.91 19.85 
HARP bias VITO (V) 1570 1540 1500 1420 
 

5.3 Results and discussion 

5.3.1 Optical sensitivity of the HARP-FEA image sensor 

145 



0 300 600 900 1200 1500 1800
1E-3

0.01

0.1

1

10

100

1000

1

10

100

1000
Theoretical
Calculation

 

 
or

 
*

ITO bias potential V
ITO

 (V)
(a)

 
 *=×g

av

 A
valan

che G
ain g

av

 

 g
av

  

0 300 600 900 1200 1500 1800

1E-3

0.01

0.1

1

10

100

1E-3

0.01

0.1

1

10

100

1000

 measured signal current

green light
 = 540nm

 

 

re
la

tiv
e

 s
in

ga
l c

u
rr

en
t (

nA
)

ITO bias potential V
ITO

 (V)
(b)

theoretical 
*

 theoretical *=g
av

×

 
Figure 5.06: (a) Theoretical calculation of the effective quantum efficiency η* of the 
HARP-FEA sensor for green light (λ = 540 nm) as well as the optical quantum efficiency 
η and avalanche gain gav. (b) Measured signal current per unit incident photon intensity 
for green light. The theoretical value of η* is plotted for comparison. The shapes of 
measured and calculated results are in excellent agreement.  
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The optical quantum efficiency, η, was obtained for λ = 540 nm as a function of VITO 

and shown in Fig. 5.06 (a). Plotted in the same figure are the calculated avalanche gain, 

gav, using Eq. 5.02 and the resulted effective quantum efficiency, η*. Fig. 5.06 (a) shows 

that for VITO < 1200 V, which corresponds to ESe = 80 V/µm for dSe = 15 µm, there is no 

avalanche gain. Therefore η* is equal to η, which increases sub-linearly as a function of 

ESe for green light. As VITO increases above 1200 V, avalanche starts to occur and gav 

increases exponentially, as does η*. The experimental measurement of the signal current 

as a function of VITO is shown in Fig. 5.06 (b). Plotted in the same figure for comparison 

is the calculated η*. The shapes of the two curves match very well. With further increase 

in VT, the signal current increases exponentially, indicating the onset of avalanche gain in 

a-Se. Increasing VITO = 1300 V to 1570 V, the signal current increases by two orders of 

magnitude. The sensitivity of the HARP increases considerably.   

Shown in Fig. 5.07 is the linearity measurement of the HARP-FEA image sensor with 

VITO = 1200 V, 1500V, and 1560V, respectively. Plotted in the same figure is the linear 

fitting of the data. It shows that for signal current IS < 200 nA, the signal response has 

good linear performance at VITO = 1200 V and 1500V. IS = 200 nA corresponds to a 

potential of ~ 15 V on the bottom (free) surface of the HARP layer due to the 

accumulation of holes. This is ~ 1 % of the bias potential on the ITO and therefore, will 

not decrease ESe significantly. At higher incident light intensity, the reduction of ESe due 

to accumulated holes will start to decrease sensitivity and make the curve sub-linear, as 

shown in Fig. 5.07. At VITO = 1560 V, the linear performance is only good up to 100nA, 

due to the reason the self-reduction of gav is more significantly at high ESe as we 

described in Chapter 2. At higher bias potentials, the sensitivity curve shifts to the left 
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due to the higher avalanche gain. The decrease in sensitivity as exposure increases is 

advantageous for ensuring a wide dynamic range of the detector. For the purpose of 

linear system analysis and measurement of detector performance, the HARP layer should 

be operated in the linear range. Otherwise linearization needs to be performed before 

calculation of MTF and NPS.       
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Figure 5.07: The signal current of the HARP-FEA sensor measured as a function of the 
incident light intensity at different target bias potentials to show the linearity.  

 

5.3.2 Spatial Resolution 

1.  Theoretical investigation  

The lateral spread of electrons with magnetic focusing was calculated using Eq. 5.03 

with the FEA parameters listed in Table 5.01. Shown in Fig. 5.08 are the calculated 

values of lateral spread as a function of B with Vt = 1.5V, 6V, 12V and 20V at  = θC. Fig. 

5.08 shows that there are local minimums for lateral spread, which correspond to 
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complete rotations of electrons in their spiral trajectory, i.e. multiples of 360°. The first 

minimums for different Vt are within a close range of B values (0.12 – 0.13 T). Shown in 

Fig. 5.09 is the calculated lateral spread as a function of electron emission angle  (up to 

c) for different Vt at B = 0.125T. It shows that the lateral spread of the electron beam can 

be as high as 30 µm and its maximum values LSmax does not occur at  = θC. The LSmax in 

Fig. 5.09 was then determined for each Vt value, and plotted as a function of Vt in Fig. 

5.10 for three magnetic fields: B = 0.12 T, 0.125 T and 0.13 T. It shows that B = 0.125 T 

provides the smallest lateral spread. This magnetic field strength was chosen for the 

prototype HARP-FEA image sensor.  
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Figure 5.08: Lateral spread as function of magnetic field for electrons with θ = θC. The 
other conditions are listed in Table 5.01. 
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Figure 5.09: Lateral spread as function of emission angle up to θC at different Vt with B = 
0.125 T. The other conditions are listed in Table 5.01.  
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Figure 5.10: Maximum lateral spread as function of Vt at three different B-values. The 
other conditions are listed in Table 5.01. The optimal choice is B = 0.125 T. 
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The spatial distribution of the electron beam intensity from one single FE tip, I0(x, y), 

was obtained using Eq. 5.05. The inverse relation between the lateral spread LS(x, y) and 

θ was obtained from Eq. 5.03. Since I0(x, y) has circular symmetry, the results of the I0(x, 

y) calculation are shown in Fig. 5.11 as a function of x only (with y = 0). These results are 

consistent with those shown in Fig. 5.09. At higher Vt (e.g., Vt = 12V), electrons emitted 

with larger θ can complete one rotation in the spiral trajectory and return to the origin, 

resulting in high beam intensity near the origin, whereas lower Vt (e.g., Vt = 6V) would 

not permit complete rotation for electrons, hence the intensity near the origin is smaller.  
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Figure 5.11: Maximum lateral spread as function of Vt at three different B-values. The 
other conditions are listed in Table 5.01. The optimal choice is B = 0.125 T.  

 

The results of I0(x, y) shown in Fig. 5.11 were used to calculate I(x, y) for an entire 

pixel with 121 FE tips using Eq. 5.06, and the results are shown in Fig. 5.12. For each 

intensity image of I(x, y) in Fig. 5.12, the square in the center represents the emission area 
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of 14 µm × 14 µm, the outer square represents the pixel size del = 20 μm of the FEA, and 

the boundary of 100 µm × 100 µm shows the extent of electron beam spreading. It shows 

that the readout electron beam spot shrinks as the HARP target free surface potential Vt 

drops during readout. This results in signal dependence of spatial resolution, whereas the 

spatial resolution of FEA with electrostatic focusing, proposed by us previously, is 

independent of signal [114]. 

 

A B C  
Figure 5.12: Electron beam intensity profile I(x, y) for one pixel of the FEA with 
different HARP target free surface potential Vt: A: Vt = 20V; B: Vt = 12V; and C: Vt =6V. 
The boundary of each graph measures 100 µm × 100 µm, the outer square shows the 
pixel size of 20 µm× 20 µm; and the inner square shows the emitting area of 14 µm × 14 
µm. All figures are plotted with the same grey scale representation of beam intensity. 

 

The spatial distribution of the image charge read out by each FEA pixel, Qa(x, y), was 

obtained using Eq. 5.07, which shows that the initial target surface potential, Vt, also 

affects Qa(x, y). The results of Qa(x, y) with readout time tp = 80 ns are shown in Fig. 5.13 

for different Vt values. Since Qa(x, y) has circular symmetry, the results are plotted as a 

function of x only (with y = 0).  It shows that the shape of Qa is essentially flat for the 

majority of the pixel area, indicating complete charge readout. At the pixel boundary Qa 

drops more quickly for lower Vt due to the smaller lateral spread of electron beams.  
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Figure 5.13: The spatial distribution of image charge, Qa(x, y=0), that is read out from 
each pixel of the FEA within tp = 80 ns. The initial target surface potential Vt are 6V, 12V 
and 20V. 
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Figure 5.14: The calculated presampling MTF of the HARP-FEA image sensor with 
different initial Vt. The MTF has circular symmetry.     
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The pixel aperture function, MTFFEA(fx, fy) was then calculated as the Fourier 

transform of Qa(x, y) using Eq. 5.08. The results are shown in Fig. 5.14 as a function of fx 

due to circular symmetry. At 10 cycles/mm, the values for MTFFEA are 86%, 75% and 

60%, for Vt = 6V, 12V and 20V, respectively. It shows that MTF is better with small 

signal levels. 

 

2.  Experimental measurement of the presampling MTF 

Fig. 5.15 shows the measured presampling MTF of the HARP-FEA image sensor in 

the horizontal (scanning) and vertical (cross-scanning) directions. In the vertical direction, 

the first zero is at 45 cycles/mm, which is slightly lower than the first zero of 50 

cycles/mm for a square aperture function of 20 m pixel size. It indicates that the 

magnetic focusing method is able to limit the lateral spread of the electron beam to within 

the pixel size. The MTF is considerably lower in the horizontal direction, with the MTF 

dropping to 10 % at 20 cycles/mm. This is due to the temporal low pass filter connected 

to the output of the video amplifier. The temporal frequency of the TV signal can be 

related to the spatial frequency of the images through 1/tp = 1/del, where tp = 80 ns is the 

time spent on reading out one pixel of the FEA sensor. Therefore the temporal frequency 

bandwidth of 5 MHz corresponds to a spatial frequency bandwidth of 20 cycles/mm. The 

measured MTF in the vertical direction should thus be used as the spatial resolution of 

the FEA readout method. 

The edge image used for MTF calculation has Vt values ranging from 1.5 V (dark) to 

11 V (bright), and 1 ~ 2 pixels in each line where the edge intercepts have intermediate 

pixel values. The theoretical prediction of presampling MTF at Vt  = 6 V, which is the 
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average pixel values of the edge image, is shown in Fig. 5.15 for comparison. Reasonable 

agreement was observed between the theoretical calculation and the measured 

presampling MTF in the vertical direction. 
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Figure 5.15: Measured presampling MTF in two directions of the 1” optical HARP-FEA 
sensor with 20 µm FEA pixel size, compared with the theoretical prediction of MTF at 
different conditions. The theory (blue line) is close to the measurement (black line). 

 

5.3.3 Noise characteristics 

The 2D NPS of the HARP-FEA sensor was measured under uniform illumination. Fig. 

5.16 shows the measured NPS in both directions at VITO = 1560 V. In the horizontal 

direction (scanning direction), the shape of the NPS follows the square of the MTF, 

which suggests that quantum noise is the dominant source of noise. In the vertical 

direction (cross-scanning direction), however, the NPS first drops with frequency and 

then increases. This is due to the interlace readout of the HARP-FEA camera. The effects 

of different interlace readout schemes on the shape of the NPS in x-ray imaging systems 
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have been investigated thoroughly by Lai and Cunningham [123]. Here we will provide a 

brief description. The sampling frequency for each image field in interlace readout is one 

half of that in progressive readout. While the interleaving of two image fields recovered 

the full sampling frequency of the signal, the undersampled (and aliased) NPS cannot be 

recovered. In addition, the two image fields are only correlated for one half of the frame 

time. Therefore, there is a white noise component.   
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Figure 5.16: In both the horizontal and vertical directions of the HARP-FEA image sensor 
measured at VT = 1560 V. 

 

5.3.4 Potential x-ray image performance of SAPHIRE 

The presampling MTF of the imaging chain was measured using the slanted edge 

method. Shown in Fig. 5.17 are the results in both directions of the FEA image sensor. 

Using the measured optical MTF (Fig. 5.15) and taking into account the optical 

demagnification factor of ~ 6, the presampling MTF due to the HARP-FEA sensor is 
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expected to be 0.73 at 2 cycles/mm in the vertical direction. Fig. 5.17 shows that the 

combined MTF of the imaging chain is 0.26 at 2 cycles/mm. We can thus deduce that the 

blur due to XRII is responsible for two thirds of the MTF drop. 
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Figure 5.17: Measured x-ray presampling MTF of the imaging chain in both horizontal 
and vertical directions.  

 

Shown in Fig. 5.18 (a) are the normalized NPS (NNPS) in both horizontal and 

vertical directions, calculated from uniform x-ray images made with detector exposure of 

0.2 µR per frame and VITO = 1570 V. The signal is less than 50 nA and it can be regarded 

as being operated in linear range. The NNPS is calculated by dividing NPS by the square 

of the mean signal. The avalanche gain gav at VITO = 1570 V is calculated to be 84 from 

Eq. 5.03. Fig. 5.18 (a) shows that the NPS in the horizontal direction follows the square 

of the MTF, indicating x-ray quantum noise limited performance. In the vertical direction, 

the NPS first shows a decrease following the square of the MTF, then an increase, which 

is the signature of interlaced image readout.  
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Figure 5.18: (a) Measured NPS from the imaging chain: NPS normalized by square of 
mean signal at 0.2 R/frame; and (b) the product of exposure and NNPS at different exposures 
and avalanche gain. 
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Fig. 5.18 (b) shows the exposure normalized NPS, which is defined as the product of 

the x-ray exposure with the NNPS, for the exposure values listed in Table 5.02. The 

corresponding avalanche gains are 4.8, 16.5, 39 and 84 for the four different exposure 

rates, respectively. For clarity, only the NPS data in the vertical direction are shown. The 

curves virtually overlap with each other, indicating that x-ray quantum noise limited 

performance is maintained throughout the exposure range by increasing the avalanche 

gain of the HARP layer at low x-ray exposures.    

 

5.4 Discussion and conclusions 

In the present chapter we investigated the sensitivity, spatial resolution and noise 

properties of a prototype HARP-FEA image sensor and its potential x-ray imaging 

performance. Our results show that a wide dynamic range can be obtained with the 

programmable avalanche gain of HARP-FEA. With magnetic focusing of the emitted 

electron beam, the measured presampling MTF is comparable to the pixel width of the 

FEA. It is important to point out that the magnetic focusing method used in the prototype 

1” HARP-FEA image sensor is not intended for large-area SAPHIRE. Electrostatic 

focusing method by integrating an additional focusing electrode onto the FEA substrate is 

being investigated for SAPHIRE, and its performance is expected to be more uniform and 

signal independent compared to magnetic focusing [124, 125].  

In order to demonstrate the advantages of programmable avalanche gain of HARP for 

SAPHIRE, an XRII-lens imaging chain was used to focus a minified x-ray image onto 

the HARP target of the FEA image sensor. It has equivalent x-ray to optical photon 

conversion gain and effective pixel size expected for SAPHIRE. This approach allowed 
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us to investigate the potential signal and noise characteristics of the FEA readout method 

when used in SAPHIRE. Our results show that a HARP target thickness of dSe = 15 m is 

sufficient to produce x-ray quantum noise limited images at the lowest exposures 

expected for fluoroscopy. One of our ongoing investigations is to make the HARP multi-

layer structure on top of a FOP substrate (instead of a regular glass substrate) so that the 

HARP-FEA image sensor can be placed in direct contact with CsI (Tl) x-ray scintillators. 
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Chapter 6 

 

Future work 

 

Our SAPHIRE was proposed to improve the digital detector’s low dose performance 

with high resolution. It is made by optically coupling a scintillator with a thin layer of 

HARP, and the charge image is read out by the electron beams generated by Spindt-type 

FEA. It has two major advantages: (1) HARP layer has programmable avalanche gain, 

which can be turned on to enhance the detector’s low dose performance and turned off at 

high exposure, so that it ensures a wide dynamic range; (2) FEA can provide small pixel 

size and rapid readout, which can preserve more information. 

Based on the current study, some work may be undertaken in the future 

 

6.1 Experimental investigation of Spindt-type FEA with inherent electrostatic 

focusing  

As we described in Chapter 3, one of the advantages of Spindt-type FEA is its more 

stable emission and relatively smaller angular distribution. Spindt-type FEA, along with 
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other types of FEA, has been widely applied to field emission displays where the target 

(phosphor) is biased with a potential higher than thousand volts. However, for image 

sensors, as we see in Chapter 3, the lateral spread of emitted electrons can be more than 

400 μm under some conditions if there is no additional focusing design. Magnetic 

focusing was proposed as a solution [101]. It can not only reduce the lateral spread but 

also relax requirements such as the distance between HARP and FEA as well as the bias 

potential. It has been successfully applied as a small area image sensor, however, it is 

difficult to implement in a larger area medical image detector while maintaining a 

uniform magnetic field.  

 It would be very interesting to fabricate a Spindt-type FEA with an inherent 

electrostatic focusing design, as shown in Fig. 3.10. This multi-layer structure of Spindt-

type FEA is widely believed to limit angular distribution of emission, which is good in 

two aspects of SAPHIRE: 1, it can further improve spatial performance; 2, it can reduce 

the effective energy spread among emitted electrons, where angular distribution is the 

dominant source as we analyzed in Chapter 4. This would improve its temporal 

performance, i.e. lag, significantly. It would be very fruitful to repeat the experiment 

using Spindt-type FEA with inherent electrostatic focusing design. 

 

6.2 Alternative type of FEA  

 Besides Spindt-type FEA, a new type of FEA with metal-insulator-semiconductors 

(MIS) structure is being investigated for applying in image sensor [126]. In contrast to 

Spindt-type FEA, its advantages include a simple structure and its electron emission 

characteristics, which are insensitive to operating pressure. Its disadvantage is that the 
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electron-emission efficiency, which is defined as the ratio of the emission current to the 

total tunneling current flowing through the diode, is very low (1%). Some efforts are 

being made to increase the electron-emission efficiency and an active matrix High 

Efficiency Electron-emission Device (HEED) has been reported to have an electron-

emission efficiency as high as 28% and been applied in image sensors [127]. 
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Appendix 

 

Appendix A: derivation of avalanche gain gav 

We already have  

0
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We may differentiate Eq. 2.01 and obtain   
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Substitute Eq. A.03 into Eq. 2.01 and let x = L, we obtain 
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Substitute Eq. A.04 back to Eq. A.03 and simplify it, we get ( )M x as Eq.2.03:  
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According to Lambert-Beers law 0
xN N e  , where μ is the linear attenuation 

coefficient for a-Se, the number of photons absorbed in a layer with depth of x and 

thickness of Δx is given by 

  0
xdN

N x N e
dx

      x .      (A.05)   

And the total absorbed photons is given by  

 .       (A.06) 0 (1 )L
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The final overall avalanche gain, gav, is the weighted avalanche multiplication ( )M x at 

different depths: 
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Then Eq. 2.07 can be simplified into the form of Eq. 2.04. Here we suppose that photons 

are coming from the side of x = 0. If photons enter from the side of x = L, we have 
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which is simplified to  
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Appendix B: The electron trajectory and lateral spread for mesh-electrode-only 

design  
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In this appendix, the trajectory of the electrons and the resulting lateral spread is 

derived for the mesh-electrode-only design. The lateral spread is the product of the lateral 

component of the electron velocity, vx and the time it takes the electron to travel from the 

gate to the HARP target, tgt. The electrons were assumed to have an initial kinetic energy 

of KE0 = qVg after emission from the gate electrode with an angle of θ (respect to z-axis), 

hence vx is given by: 

 
2

sing
x

qV
v

m
 ,       (B.01) 

where m is the mass of an electron. Since the electric field is in the z direction, vx remains 

unchanged as the electrons travel to the target. The potential V(z) and the axial velocity 

component vz(z) change as functions of position z (z = 0 at gate electrode). The value of 

tgt is given by the sum of the time it takes to travel from the gate to the mesh electrode, 

tgm, and from the mesh electrode to the target, tmt: 
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where m g
gm

gm

V V q
a

L m


  is the electron acceleration between the gate and the mesh and 

m t
mt

mt

V V q
a

L m


   is the deceleration between the mesh and the target. Using energy 

conservation, i.e.  2 21
( ) ( )

2 z xm v z v qV z  , we can obtain:  

 222 ( )
( ) sing

z

qVqV z
v z

m m
  .     (B.03) 

By substituting vz(Lgm) and vz(Lgt) into Eq. B.02, tgt can be obtained using:  
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Thus the x and z location of an electron at any time t is given by  

 xx v t  ,        (B.05) 

and 
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The final lateral spread is given by x(t = tgt) as:   
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The lateral spread increases as θ increases while the other factors are kept constant. The 

condition for electrons to reach the target is vz ≥ 0 at z = Lgt. The critical θc occurs when vz 

= 0. Thus Eq. B.03 can be simplified to: 
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The maximum lateral spread (LSmax) can be obtained by substituting Eq. B.08 into Eq. 

B.07:  

 max
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Appendix C: The electron trajectory and lateral spread for magnetic focusing 

design  

In this appendix, the trajectory of the electrons and the resulting lateral spread is 

derived for the magnetic focusing design. Since the magnetic field only changes the 

direction of vx, the travel time tgt and the location z(t) are the same as in Eqs. B.02 and 

B.06, respectively. The spiral trajectory of the electron is projected to a circle in the x-y 

plane, which has a radius of x
B

mv
r

qB
 and an angular velocity of

qB

m
  . Thus the lateral 

spread is given by the chord of the circle from the starting to the finishing point of the 

trajectory. The trajectory can be translated from the Cartesian coordinate system (x, y, z) 

to a cylindrical coordinate system (r, ψ, z). The lateral component, r, at any time t, is 

given by: 
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The final lateral spread is given by r(t = tgt) as:  
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Appendix D: The energy spread due to the angular distribution of emitted electrons  

If we assume the same kinetic energy of qVg for all the emitted electrons when they 

pass through the gate electrode [99],  only the electrons with smaller emission angles (i.e., 

higher vz) can reach the target. Therefore there exists a critical emission angle θC, within 

which all the emitted electrons can reach the target [99]. The accepted electron beam 

current, Ia, can be obtained by integrating the emitted beam intensity up to θC: 
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d             (D.01) 

where N is a normalization factor to ensure Ia = Ie when all electrons are collected. We 

also have 
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where 2cosz gE qV 

2 sin cosz gqV d

 is the axial (vertical) kinetic energy. Since 

dE     , Eqs. D.01 and D.02 can be combined to obtain: 
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