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  As a novel photovoltaic material, Poly (3-hexylthiophene) (P3HT) has been extensively applied 

in variety areas such as field-effect transistors, chemical sensors, and photovoltaic solar cell. But 

its conductivity is unstable due to its poor mechanical properties and environment resistantance. 

In polymer photovoltaic devices, it is often to combine the conductive polymer with the certain 

kind of commodity polymer to get a semiconducting-insulating multicomponent system. Our 

research provides the method to produce ordered self-assembly columnar structure within active 

layer of bulk heterojunction (BHJ) solar cell by introducing Poly (methyl methacrylate) (PMMA), 

into the active layer. The blend thin film of PMMA, poly (3-hexylthiophene-2,5-diyl) (P3HT) 

and Phenyl-C61-butyric acid methyl ester (PCBM) at different ratio are spin coated on silicon 

wafer and annealed in vacuum oven for certain time. Atomic force microscopy (AFM) images 

show uniform phase segregation on the surface of polymer blend thin film and highly ordered 

columnar structure is then proven by etching the film with ion sputtering. The influence of the 

morphological structures on the performance of the BHJ solar cells will be correlated with the 

IV-curves tested in the BNL. 
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Chapter 1 Introduction 

1.1 Background and Motivation 

The world energy consumption in 2010 takes an over 5% growth than the year of 2009. In the 

G20 conference, it is reported, after the light decrease of 2009, the energy consumption soared 

by more than 5% in 2010.This kind of increase is the result of two converging trends. First, the 

industrialization of the countries, which is based on fossil fuel (coal, oil, and, gas) and, as a 

resource, is generally accepted to follow the Hubbert peak theory that, in brief, claims the rate of 

petroleum production follows a bell-shaped curve. That is the reason why the consumption 

which experienced a sharp decrease in 2009, recovered firmly in 2010. On the other hand, China 

and India, the kind of developing country, which showed no signs of slowing down in 2009, are 

still in the huge demand for all the forms of energy [1]. 

A general view about the energy source is there are still plenty of energy sources, especially the 

fossil fuel, in this planet, which have been accepted for a long time and ever lead lots of people 

to consider that it may be an overreaction to change our energy consumption pattern toward 

renewable energy sources, nuclear fission reactors, and nuclear fusion. However, energy derived 

from fossil fuels does produce carbon dioxide and the disaster that looms may not be a shortage 

of fossil fuels but rather global warming as a result of our excessive abuse of the energy derived 

from fossil sources. In reality, there is no argument; we should urgently change horses and aim 

for renewable and non-CO2-emissive sources of energy. 

One of the best renewable energy is solar energy. The good news, however, is that we receive 

plenty of energy from the sun and the challenge is simply to make use of it. The side of the earth 

that is exposed to the sun receives approximately 1.2*105 TW from the sun continuously, which 

is approximately 10,000 times the energy we consumed in the year 2009[2]. In 2011, 

the International Energy Agency said that "the development of affordable, inexhaustible and 

clean solar energy technologies will have huge longer-term benefits. It will increase countries’ 

energy security through reliance on an indigenous, inexhaustible and mostly import-independent 

http://en.wikipedia.org/wiki/International_Energy_Agency
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resource, enhance sustainability, reduce pollution, lower the costs of mitigating climate change, 

and keep fossil fuel prices lower than otherwise. 

Solar cell is one of the best choice of the using and storage of the solar energy. Renewable 

energy sources all suffer from the weakness that they are not all reliably available or storable. 

With photovoltaic systems, we only have reliable operation when the sun is shining, and while 

this happens at regular intervals (day and night), the energy output from a photovoltaic is highly 

dependent on the weather (cloud cover, time of the year in some locations, etc.). 

1.2 The introduction to the solar cells 

1.2.1 The type of the solar cells 

1.2.1.1 Silicon solar cells 

1. Mono-crystalline silicon solar cell 

Mono-crystalline silicon solar cell has the best photoelectric conversion efficiency (PCE) 

right now, which also has the most developed manufacture process. In the lab, the PCE 

could reach to the 24.7% for the highest record, and is stable round 15% in the industrial 

manufacture. The disadvantage that restricts the further development of the mono-

crystalline silicon is too difficult to low the cost of the mono-crystalline silicon 

2. Polycrystalline silicon solar cell 

The advantages of the polycrystalline silicon solar cell are the lower cost than the mono-

crystalline silicon solar cell and a good PCE that could reach 18% for the highest record 

in the lab and be stable around 10% in the industrial process [3]. 

1.2.1.2 Thin film solar cells 

A thin-film solar cell, which is also called thin-film photovoltaic cell (TFPV), is a kind of solar 

cell that is made by depositing one or more thin layers of photovoltaic material on a substrate. 

1. Cadmium telluride solar cell[4] 

The main part of the cadmium telluride solar cell is a cadmium telluride thin film, a 

semiconductor layer to absorb and convert sunlight into electricity. The cost would be 

lower than the mono-crystalline silicon solar cell, but the cadmium present in the cells 

would be toxic if released so that it is not a good choice for the further development. 

2. Gallium arsenide multijunction solar cell 

http://en.wikipedia.org/wiki/Sustainability
http://en.wikipedia.org/wiki/Climate_change
http://en.wikipedia.org/wiki/Fossil_fuel
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These multijunction cells consist of multiple thin films made by the metalorganic vapour 

phase epitaxy. A triple-junction cell, for example, may consist of the semiconductors like 

GaAs, Ge and GalnP2. GaAs based multijunction devices are the most efficient solar cells 

to date, but the cost of this kind of tandem solar cell is too high to replace the traditional 

silicon solar cell. 

3. Copper indium gallium selenide solar cell 

Copper indium gallium selenide (CIGS) is a direct band gap material. It has the highest 

efficiency around 20%. Traditional methods of fabrication involve vacuum processes 

including co-evaporation and sputtering [5]. 

1.2.1.3 Dye-sensitized solar cells 

A dye-sensitized solar cell is a kind of thin film solar cells, which is based on a semiconductor 

form by a photo-sensitized anode and an electrolyte. The operation process is always like that: 

sunlight enters the cell through the transparent SnO2: F top contact, reaching the dye on the 

surface of the TiO2. Photons with enough energy to be absorbed could make the dye at an excited 

state, from which the electron could be injected into the conduction band of the TiO2 

DSSCs are currently the most efficient third-generation solar technology available. Other thin-

film technologies are typically between 5% and 13%, and traditional low-cost commercial 

silicon panels operate between 12% and 15%. This makes DSSCs attractive as a replacement for 

existing technologies in "low density" applications like rooftop solar collectors, where the 

mechanical robustness and light weight of the glass-less collector is a major advantage. They 

may not be as attractive for large-scale deployments where higher-cost higher-efficiency cells are 

more viable, but even small increases in the DSSC conversion efficiency might make them 

suitable for some of these roles as well[6]. 

1.2.1.4 Polymer solar cells 

Polymer solar cells are a type of flexible solar cell. They can come in many forms including 

organic solar cell or organic chemistry photovoltaic cell that produce electricity from sunlight 

using polymers. 

Today, most polymer solar cells are based on the bulk heterojunction concept described in 1995 

by Yu et al [7]. From Figure 1.1, we can know, in this type of solar cell, the donor material 
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(typically a polymer) is mixed with an acceptor (a soluble fullerene) in an organic solvent and 

then spin coated or cast on the substrate of indium-tin oxide (ITO) on glass. 

Most of the common conjugated polymers have been tested as active materials for solar cells, but 

in my research, one of them have attained a special status. 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 a fundamental structure view of a bulk heterojunction polymer solar cell 

 

In my research, I choose the Poly (3-hexylthiophene) (P3HT) as the donor material, and Phenyl-

C61-butyric acid methyl ester (PCBM) for the acceptor. 

 

 

 

 

 

   Poly (3-hexylthiophene) (P3HT)                Phenyl-C61-butyric acid methyl ester (PCBM) 

 

Figure 1.2 the structural formula of the P3HT and PCBM 

 

The primary function of polymer solar cells (PSCs) starts in the active layer. At the beginning, 

light is absorbed by the donor polymer, here which is Poly (3-hexylthiophene) (P3HT), and then 

there would be excitons (hole-electron pairs) produced in the donor materials. After that, the 
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excitons will diffuse to the interface of donor and acceptor, where it would separate finally. Due 

to the greater electron affinity of the acceptor, after the exciton separated, the electrons will 

move to the acceptor and finally get into the anode. On the other hand, the holes will forward to 

the cathode through the donor materials [8]. 

 

 

 

 

 

 

Figure 1.3 Function of a heterojunction solar cell HOMO (Highest occupied molecular orbital) 

and LUMO (Lowest unoccupied molecular orbital) [9] 

1.3 Challenges and objectives 

In recent years, the use of photovoltaic is increasing dramatically, but in the contrast to the global 

energy consumption it only takes a slight part of the amount of the produced energy. And one 

common threshold problem for the photovoltaic industry is to face to the high cost on giving 

energy. This is believed to be one of the reasons that the use is mainly limited to niche products 

and applications at remote locations [10]. 

The special focus area of my thesis, polymer photovoltaics, especially the polymer–fullerene 

bulk heterojunction solar cells, offer intrinsic flexibility, low cost, a low thermal budget, solution 

processing, and very fast methods for fabrication. But the most important problem is how to 

enhance the PCE of the PSCs and the stability, flexibility and mobility of the PSCs. 
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Figure 1.4 current structure of bulk heterojunction driven by thermodynamic phase separation 

 

Figure 1.4 is the current structure of bulk heterojunction solar cell. Because of the tendency of 

the polymers to phase separation, it is difficult to generate the films of polymer blend with 

homogeneous structure. That is why we can see the inner structure is totally disordered in the 

active layer, where some donor and acceptor parts are isolated from each other and electrodes. 

The whole photocurrent needs long path conduction, which is the limitation of the PCE of the 

PSCs [10, 12]. 

As S.zhu and Y.Liu’ research, they find a way of physical effect of confinement in thin films, 

which could get an intimately mixed microemulsion with a perfectly flat surface and a two-

dimensional columnar domains [11]. 

The most important factor to control the morphology is the balance between the chemical 

potentials of the copolymer localized at interface and the copolymer in a state of the 

homogeneous state. We use a numerical self-consistent field (SCF) model based on the method 

developed by Scheutjens and Fleer, which is a method of studying the polymeric phase behavior 

with a mean filed approximation. In this model, the free energy is  

                        

The first term represents the entropy of the system, and the second one is the enthalpy of the 

system.  Here, k is Boltzmann’s constant, Ω is the number of conformations possible, χ is the 

Flory-Huggins parameter that means the various monomer-monomer interaction energies and 

      is the concentration of species i at position r [11]. 
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Figure 1.5 the proposed modified inner structure of the active layer for the PSCs 

 

Due to the difference of the surface energy of the different polymer, there would be phase 

separation in the polymer blend mixed by the P3HT and one isolated polymer after annealed [13]. 

Figure 1.5 is the proposed modified structure of the polymer blend for the active layer. 

Confinement of PCBM nanoparticles to the interfaces between P3HT and PS is necessary for 

exciton dissociation photovoltaic power production. Addition of nanoparticles ought to decrease 

the interfacial tension between the polymers while stabilizing the conformation. Nanoparticle 

confinement follows natural enthalpic and entropic routes (increasing order). Previous studies 

have shown that the microphase separation of copolymers can dictate the spatial distribution of 

nanoparticles [14]. 

 In my research, I select PMMA as the isolated polymer. We assume there could be the columnar 

in the active layer after phase separation, which can short the pathway of the carrier 

transportation. In this kind of structure, our objectives are controlling the domain and columnar 

size and interface width to potentially improve exciton dissociation efficiency. At the same time, 

the shorter pathway would lead to a less scattering rate and higher conductivity. Finally, it would 

enhance the PCE for the PSCs. 
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Chapter 2 Materials and Methods of the Morphology Analysis 

2.1 Experimental Materials 

Poly (methyl methacrylate) (PMMA), Poly (3-hexylthiophene) (P3HT),  

Phenyl-C61-butyric acid methyl ester (PCBM), 1-Chlorobenzene, Silicon Wafer 

2.2 Experimental Equipment 

Branson 3510 Sonicator, Southwest Science Hotplate, Photo-resist spinner (Headway Research 

Inc, 1-PM107D-R485), Gatan precision ion polishing system ( Model 691), Automatic Force 

MIrcroscopic (AFM), Rudolph three wavelength Ellipsometer, High Temperature Oven 

2.3 Experimental Steps 

2.3.1 Solution Preparation 

For the polymer blend with PMMA 

We produce the solution of PMMA/P3HT/PCBM blends under different ratios, 1:1:1 and 14:1:1 

respectively, by preparing a 3.6 wt% (total polymer content) solution in 2ml 1- chlorobenzene at 

the normal room temperature. 

1) We dissolve the PMMA in 2ml 1-chlorobenzene first, by stirring the solution on the 

Southwest Science Hotplate at the speed of 500 overnight. 

2) We add the Poly (3-hexylthiophene) (P3HT) in solution (1), and then stir the solution 

overnight. 

3) We place the solution (2) in a dark and stable place overnight to make the Poly (3-

hexylthiophene) (P3HT) crystallized completely. 

4) Finally, we add the Phenyl-C61-butyric acid methyl ester (PCBM) into the solution (3), 

and then stir it for 5 hours. 

For the polymer blend without PMMA 

We make the polymer blend without PMMA for the control group with the ratio of 1:1 for 

P3HT to PCBM. We arrange two control groups: one has the same amount of P3HT and 
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PCBM with 1:1:1 ratio blend with PMMA, another one has the same amount of P3HT and 

PCBM with 14:1:1 ratio blend with PMMA.The making process is the same with the blend 

with PMMA 

For the pure polymer solution 

1) We dissolve 20mg PMMA in 2ml 1-chlorobenzene first, by stirring the solution on the 

Southwest Science Hotplate at the speed of 500 over night, to get a 10mg/ml PMMA 

solution. 

2) We dissolve 20mg the Poly (3-hexylthiophene) (P3HT) in 2ml 1-chlorobenzene first, and 

then stir the solution over night, to get a 10mg/ml P3HT solution. 

2.3.2 Substrate preparation 

The silicon wafer is cleaved into 1cm*1cm squares, taken as the substrate. We wash the 

wafers in the Branson 3510 Sonicator by the deionization water and methanol for 10 minutes 

respectively. Then we use the following method to eliminate the organic contaminants on the 

surface of silicon wafers: First, we place the silicon wafers with the solution of 

H2O:H2O2:NH4OH under the ratio of 3:1:1, on the hot plate to boil lightly for 15 minutes to 

get the hydrophilic surface on the wafers; Subsequently, we clean the silicon wafers with the 

solution of H2O:H2O2:H2SO4 blends of 3:1:1 composition by keeping it boiled lightly for 15 

minutes; Finally, we use the 10:1 ratio of H2O: Hydrofluoric acid (HF) blends to remove the 

oxide surface on the silicon wafers to get the hydrophobic silicon wafers. 

2.3.3 Spin-casting thin films 

We filter the polymer solution prior to spin coating through a 0.45 μm syringe filter (PTFE). 

We use the photo-resist spinner (Headway Research Inc, 1-PM107D-R485) to spin at 2500 

rpm for 30s to fabricate the polymer thin films. 

2.3.4 Sample Annealing  

According to Gang Li’s paper [1], for the P3HT: PCBM blend, the annealing temperature is 

very important for the solar cell to improve short circuit current, fill factor, and therefore the 

efficiency of the device. And based on the research of Gilles Dennler, we know 150 °C is the 

best annealing temperature for the blend. So we use the high temperature oven to anneal the 

sample at 150 °C for 24 hours. 
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2.3.5 Sputtering 

Gatan precision ion polishing system (Model 691) is always used to sputter the polymer thin 

film. The ion mill always uses the rare gas as the ion source, which is ionized in a strong 

magnetic field. In our lab, we use the argon gas as the ion source, and the other parameters 

are: a gun voltage of 5kV, a gun current of 3.5mA, and a beam angle of 30°, a rotation speed 

of 3.0 rpm and a maintain pressure of 7 x 10 
-4

 torr. To get the etching rate of pure polymer 

and figure out the morphology of the polymer blend, we design three comparison groups 

depending on the different sputtering time, 10 seconds, 20 seconds, and 30 seconds. 

2.3.6 Ellipsometry 

With the Rudolph Research ellipsometer, we could measure the thickness of our samples in 

angstroms. According to the n values of P3HT and PMMA, 2.1 and 1.489 respectively, we 

can determine the thickness of pure P3HT and pure PMMA samples. 

2.3.7 Atomic Force Microscopy 

The atomic force microscopy (AFM) is always used to characterize the morphology of the 

thin polymer film by analyzing the topography, friction and phase separation under the 

tapping mode. With the AFM, we can get the image of the surface morphology of our 

samples to make sure the inner structure of our thin polymer film. 
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Chapter 3 Result and Discussion of the Morphology Analysis 

3.1 Etching rate for pure PMMA and P3HT thin film 

 

Figure 3.1 Sputtering rates of PMMA and P3HT as a function of the duration time 

 

Figure 3.1 is showing the sputtering rates of PMMA and P3HT as the function of the duration 

time. In this figure, it is easy to find out that the sputtered thickness of the polymer raise up with 

the time increasing. For PMMA, the sputtered thickness is around 40 nm at 30 seconds, so we 

can get the etching rate for PMMA, 1.5 nm per sec. For P3HT, the sputtered thickness is around 

13 nm at 30 seconds, so we can get the etching rate for P3HT, 0.4 nm per sec. So we can 

conclude that the etching rate between PMMA and P3HT is obviously different, which could 

help us demonstrate the composition and structure in the polymer blend. 

3.2 Morphology analysis of the polymer blends 

3.2.1 Surface morphology with the different components 
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     (a)                                            (b)                                              (c) 

Figure 3.2 AFM topographic images of polymer blends with different components. Image (a), 

P3HT: PCBM 1:1; Image (b), PMMA: P3HT: PCBM 1:1:1; Image (c), PMMA: P3HT: PCBM 

14:1:1 

 

Figure 3.2 shows the surface morphology of polymer blends with different components. The 

three images are the origin surface of the polymer blend film without sputtered. In Figure 3.2 (a), 

we can find out that the surface is smooth and there is no obvious phase separation. In contrast, 

from Figure 3.2(b) and (c), we can easily see the phase separation on the polymer blend surface. 

That means the appearance of the PMMA in the polymer blends lead to the phase separation in 

the surface. 

3.2.2 Surface morphology with the same components 

3.2.2.1The same ratio of polymer blend under different sputtering time 

(1) The blend of polymer with the ratio of 1:1:1 

In Figure 3.3, first, we can easily know there are phase separations in the polymer blend from 

image (a), (b) and (c). With the analysis of Image 3.2 (b), we can conclude that from the top 

surface to the internal structure, we can find the phenomenon of phase separation due to the 

different surface energy of different kinds of polymer.  

At the same time, we can see many circle domains formed by the phase separation on the 

polymer surface under the size around 2 µm. As the domain size in three images in almost the 

same, we can assume that from the top to the inner, there is almost no change for the domain size. 

 

                     

 



13 
 

                      (a)                                                 (b)                         (c) 

Figure 3.3 AFM topographic images of PMMA/P3HT/PCBM blends with the same ratio 

(20μm*20μm), 1:1:1, under the different sputter time. Image (a), 10s; Image (b), 20s; Image (c), 

30s. 

(2) The blend of polymer with the ratio of 14:1:1 

                     (a)                                               (b)                                                (c) 

Figure 3.4 AFM topographic images of PMMA/P3HT/PCBM blends with the same ratio 

(20μm*20μm), 14:1:1, under the different sputter time. Image (a), 10s; Image (b), 20s; Image (c), 

30s. 

In Figure 3.4, we can also get almost the same conclusion with Figure 3.3.But there are still 

some distinctive points. First, including the image 3.2 (c), we can find some black domains on 

the film surface in the three images. Secondly, the size of the white domain is around 400nm. 

In conclusion, we can find the circle domains from the top to the inner of the polymer film in 

each ratio of the blend, which is in accordance with the modified structure what we proposed. 

From what we analysis above, we have known the etching rate of PMMA is much bigger than 

P3HT. So, in Figure 3.3 and 3.4, we could get a primary conclusion that the light domain could 

be P3HT, for the domain is higher than the dark area. But we still need to make sure the 

properties of the columnar and figure out what the black domains is in the ratio of 14:1:1 blend 

in the following part. 
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3.3 The properties of the column in the polymer film 

 

 

 

 

 

 (a) (b) 

 

 

 

 

 

       (c)     (d) 

Figure 3.5 AFM 3D topographic images of PMMA/P3HT/PCBM blends with the same ratio 

(20μm*20μm), 1:1:1, under the different sputter time. Image (a), 0s; Image (b), 10s; Image (c), 

20s; Image (d), 30s. 

 

In Figure 3.5, through the 3D images, we can easily know there are columns on the film surface 

from image (b) to image (d), and from image (a), the image of the film surface without sputter, 

we can also find the columnar structure. That means the column exist in the film from the top to 

the bottom, which is the same result with what we analysis in the surface morphology part. 

On the other hand, in image (a), we can find that without sputter, the surface is bad-arranged. 

Compared to the image (d), the columns in the film are not well-distributed in the image (b) and 

(c), which means some of the columns are much bigger than the other ones. 
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                              (a) (b) 

 

 

 

 

 

 (c) (d) 

Figure 3.6 AFM 3D topographic images of PMMA/P3HT/PCBM blends with the same ratio 

(20μm*20μm), 14:1:1, under the different sputter time. Image (a), 0s; Image (b), 10s; Image (c), 

20s; Image (d), 30s. 

 

In Figure 3.6 (a), which is the image of the origin surface of the film without sputter, we can find 

out there is no obvious column on the surface, but there are lots of holes that are the black 

domains in Figure 3.4 on the film surface. From image (a) to (d), it is easy to see the column 

structure in the polymer film, which means in polymer film with the ratio of 14:1:1, the column 

structure also exist from the top to the bottom. Furthermore, in image (a), (b) and (c), we can see 

many holes in the polymer film, which are the black domains in Figure 3.4. So, we can conclude 

that the hole structure exist in the 14:1:1 polymer film, but nothing is found in the 1:1:1 blend 

film. 
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3.4 The Interface Energy Analysis 

As we mentioned before, the inter face energy is important for the two polymer separation. Due 

to the polymer miscibility, we can take one polymer that is PMMA in my research as the surface, 

and treat the other polymer, P3HT here, as the droplet on the surface. So, we can use Young’s 

Equation to define the interface energy in the miscible polymer blend. Yong’s equation states 

that surface energy of a polymer on a substrate are related by 

γS=γS/L +γL cosθc 

Where γS is the surface energy of the substrate, γL is surface energy of the droplet on the 

substrate, and γS/L is the interfacial energy between the substrate and the droplet. For θc, it is the 

contact angle of the two phases. In the polymer blend, the Yong’s Equation could be substituted 

by 

γPMMA=γP3HT/PMMA +γP3HT cosθc 

 

 

 

 

(a) 

 

 

 

      

(b) 

Figure 3.7 the cross section analysis of the interface between the PMMA and P3HT, (a) without 

PCBM with the ratio of 1:11 on the silicon substrate, (b) the interface in the 

PMMA/P3HT/PCBM blend with the ratio of 1:1:1 on the silicon substrate 
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     We have known the surface energies for PMMA, P3HT and PCBM are γPMMA=41.1dyn/cm, 

γP3HT=36 dyn/cm and γPCBM=50.2 dyn/cm, respectively. And from the Figure 3.7 (a) and (b), we 

can get the contact angle, θc (a) = 3.0 for the blend without the PCBM and θc (b) = 0.471 for the 

blend with PCBM under the ratio of 1:1:1. According to the Young’s equation, we can calculate 

the interface energy. The surface energy without PCBM, γP3HT/PMMA (a) is 5.153 dyn/cm. On the 

contrast, the γP3HT/PMMA with PCBM is 5.102 dyn/cm, which decreases the surface energy 

between P3HT and PMMA.  That means the addition of PCBM in the active layer blend reduced 

the tension of the polymer interface. This phenomenon is likely due to the migration of the 

PCBM towards to PMMA/P3HT interface. The PCBM occupation of the interface forms 

channels of PCBM around the P3HT columns. These electron donor-acceptor channels structure 

the active layer components and allow for an ordered bulk heterojunction of P3HT electron-

donor columns surrounded by the electron-acceptor PCBM.  
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Chapter 4 Manufacture and Test of the Real Devices 

4.1 Experimental Materials 

Poly (methyl methacrylate) (PMMA),  

Poly (3-hexylthiophene) (P3HT),  

Phenyl-C61-butyric acid methyl ester (PCBM), 1-Chlorobenzene, 

 Poly (3, 4-ethylenedioxythiophene): poly (styrenesulfonate) (PEDOT: PSS),  

Glass substrate with the indium-tin oxide (ITO) layer 

4.2 Experimental Equipment 

Spin Coater - Brewer Science Cee 200CB, 

 Electron Beam Deposition System Kurt J. Lesker PVD75, 

Electrical Probe Station, with solar simulator Rucker olls  

4.3 Experimental Steps 

4.3.1 Solution Preparation 

For the polymer blend with PMMA 

We produce the solution of PMMA/P3HT/PCBM blends under different ratios, 1:1:1 and 14:1:1 

respectively, by preparing a 3.6 wt% (total polymer content) solution in 2ml 1- chlorobenzene at 

the normal room temperature. 

1) We dissolve the PMMA in 2ml 1-chlorobenzene first, by stirring the solution on the 

Southwest Science Hotplate at the speed of 500 overnight. 

2) We add the Poly (3-hexylthiophene) (P3HT) in solution (1), and then stir the solution 

overnight. 

3) We place the solution (2) in a dark and stable place overnight to make the Poly (3-

hexylthiophene) (P3HT) crystallized completely. 
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4) Finally, we add the Phenyl-C61-butyric acid methyl ester (PCBM) into the solution (3), and     

then stir it for 5 hours 

For the polymer blend without PMMA 

We make the polymer blend without PMMA for the control group with the ratio of 1:1 for P3HT 

to PCBM. We arrange two control groups: one has the same amount of P3HT and PCBM with 

1:1:1 ratio blend with PMMA, another one has the same amount of P3HT and PCBM with 

14:1:1 ratio blend with PMMA. The making process is the same with the blend with PMMA 

For the Poly (3, 4-ethylenedioxythiophene): poly (styrenesulfonate) (PEDOT: PSS) 

Before spin casting, we need stir it for 1 hour at room temperature in a dark place. 

4.3.2 Substrate preparation 

For the substrate, we use the glass substrate with the indium-tin oxide (ITO) layer, which is 

prepared by the Brookhaven National Laboratory. Before we start to spin cast, we put the 

substrate in the UV machine for 10 minutes to clean the surface of the substrate. 

4.3.3 Spin-casting thin films 

4.3.3.1 PEDOT: PSS layer 

We filter the solution prior to spin coating through a 0.45 μm syringe filter (PTFE) first. Then we 

use the spin cast machine fabricate the film on the glass substrate with the indium-tin oxide (ITO) 

layer that has been cleaned at 3000 rpm, 1000 acceleration for 45 seconds. Then we leave the 

film on the hotpot to dry and anneal it for 10 minutes. 

4.3.3.2 Active layer 

We need filter the polymer solution before spin casting through a 0.45 μm syringe filter (PTFE) 

first. Then we spin-coat the active layer film upon the PEDOT: PSS layer which has been 

annealed at 700 rpm, 1000 acceleration for 45 seconds. 

4.3.3.3 Al anode evaporation 

For the Al anode, we use the physical vapor deposition (PVD) to get the anode layer. Physical 

vapor deposition is a variety of vacuum deposition and is a general term used to describe any 

kind of methods to deposit metal thin films by the condensation of the desired material onto the 
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objective surface. Here, we use PVD75 machine from Brookhaven National Laboratory to 

deposit the Al layer. The steps are: 

1. Vent PVD75 process chamber using CWARE software, make sure the turbo pump speed 

is down to ≤ 75% of max RPM. 

2. When the ambient pressure is reached, add 4 pellets Al into the boat 3 and 3pellets Ti into 

slot 4, and then load substrates onto sample holder along with deposition mask. 

3. Evacuate the chamber, which will take several hours to reach the mid-7s to low-6s 

pressure. 

4. Turn on the sample rotation, make sure: platen motor is on; jog/cont velocity≥20 RPM 

5. Begin deposition procedure 

1) Switch on the source (3 for Al, 4 for Ti) 

2) Enable Power Supply 6 

3) Set initial rate to 0.1 and power set point to 5%  

4) Increase power in 5% intervals until we detect the a desire deposition rate( 14% for 

Al,25% for Ti) 

5) Once desired rate has been achieved, zero the thickness amount and open the 

substrate shutter to begin deposition. 

6) When desired film thickness has been achieved (100 nm for typical solar cell), close 

the shutter and decrease power supply to zero. 

7) Turn off source switch 

6. Vent PVD75 process chamber using CWARE software, make sure the turbo pump speed 

is down to ≤ 75% of max RPM. 

7. Open the chamber to get the sample out. 

4.3.3.4 Anneal Sample 

When we finish the evaporation of the Al anode on the surface of the active layer, we place the 

sample into the vacuum oven to be annealed for 1 hour at 150 °C。 

4.4 Solar cell devices performance test 

The first step for the test is the application of contacts to device. It is difficult to make point 

contacts to ITO, and the contact must generally be made over a large area. So, we use toluene to 

swipe the polymer film on one edge of the device to expose the ITO layer, and then we use 
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thermosetting silver epoxy glue to make two contact points. Figure 4.1 is the picture of the real 

device after the preparation.  

After preparation, the photovoltaic characterization is carried out directly to minimize the effect 

of degradation of P3HT. The devices are illuminated by a solar simulator from Electrical Probe 

Station, with solar simulator Rucker olls. The spectrum approximates AM 1.5 and the incident 

light intensity was set to 1000Wm
-2

. The temperature of the device during measurements was 25 

± 2◦C.  

4.5 Atomic Force Microscopy 

With the help of the atomic force microscopy (AFM), we observe the surface morphology of the 

active layer on the real solar cell device. 

 

 

 

 

Figure 4.1 the picture of the real solar cell device after PVD with silver epoxy glue 
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Chapter 5 Result and discussion of the device test 

5.1 The performance of the devices 

 

 

 

 

 

(a) 

 

 

 

 

 

 

 

(b) 

Figure 5.1 Dark and Illumination IV-curves for PMMA/P3HT/PCBM solar cells, (a) 14:1:1, (b) 

1:1:1. The illumination is under simulated sunlight (AM 1.5 at 1000 Wm
-2

). The active area is 

3.14mm
2
. 
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After the test, in Figure 5.1, we can find distinct differences between the dark and illumination 

curves. In the dark IV-curve of the 14:1:1 ratio (Figure 5.1 b), there is almost no rectification 

ratio when the voltage is under 0.46 V and a small increasing at positive bias as the voltage is 

higher than 0.46 V. For the ratio of 1:1:1, the increasing of the amount of P3HT and PCBM 

incurs a significant improvement by enhance the current at a positive bias.  

Under illumination, both of the two ratio devices get an obvious response. With the same 

manufacture process, the device with the ratio of 1:1:1 performs better, which has a higher short 

circuit current and fill factor. We can conclude that increasing of the amount of P3HT in the 

device give rise to a significant performance in short circuit current and a slight increase in the 

fill factor. (Table 5.2) 

 Voc(V) Isc (mA/cm
-2

) FF (%) PCE (%) 

1:1:1 0.465 -0.41847 33.1 6.39E-2 

14:1:1 0.465 -4.65E-02 32.8 7.81E-3 

Table 5.2 Photovoltaic properties of different ratios of PMMA/P3HT/PCBM blend devices 

prepared in the air. Voc= open circuit voltage, Isc= short circuit current, FF= fill factor, PCE= 

photoelectric conversion efficiency. The device active area is 3.14 mm
2
.The incident light 

intensity is 1000 Wm
-2

 AM 1.5. 

 

In order to know the effects of the PMMA on the PCE of the devices, we arrange to compare it 

to the control solar cell that is made by the P3HT and PCBM. In the Figure 5.3(a), under the 

illumination test, the ratio of 14:1:1 blend has an obviously higher open circuit voltage than the 

control one, but the short circuit current take a significant result than the conventional solar cell 

without PMMA. So, in total, the device with PMMA has a higher FF and PCE than the control 

one. In the Figure 5.3(b), the device with PMMA which is under a ratio of 1:1:1, has almost the 

same open circuit voltage with the control one, but it has a significant decrease on the short 

circuit current at a positive bias. After the analysis, we know the PCE of the control one is much 

higher than the device with PMMA, but the FF for the two kinds of device is close. (Table 5.4) 
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(b) 

 

Figure 5.3 Illumination IV-curves for Control and PMMA/P3HT/PCBM solar cells, (a) 1:1:1, (b) 

14:1:1. The illumination is under simulated sunlight (AM 1.5 at 1000 Wm
-2

). The active area is 

3.14mm
2
 

From the research of Wanli Ma and J. Heeger, we have known the device performance of a 

photovoltaic cell is characterized by short circuit current (Isc), open circuit voltage (Voc), and fill 

factor (FF). So, the equation for the PCE is  

ηe= IscVocFF 

 And the equation for the fill factor (FF) is  
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   (VMPP×IMPP)/ (Voc×Isc) 

 Voc(V) Isc (mA/cm
-2

) FF (%) PCE (%) 

P3HT:PCBM(a) 0.125 -0.22646 27.6 7.13E-3 

PMMA:P3HT:PCBM(a) 
0.465 -4.65E-02 32.8 7.81E-3 

P3HT:PCBM(b) 0.545 -3.6 47.3 0.928 

PMMA:P3HT:PCBM(b) 
0.465 -0.41847 33.1 6.39E-2 

Table 5.4 Photovoltaic properties of different ratios of polymer blend devices and control 

devices prepared in the air. Voc= open circuit voltage, Isc= short circuit current, FF= fill factor, 

PCE= photoelectric conversion efficiency. The device active area is 3.14 mm
2
.The incident light 

intensity is 1000 Wm
-2

 AM 1.5. For P3HT: PCBM (a), the polymer concentration is 5.2mg/ml; 

For P3HT: PCBM (b), the polymer concentration is 27.6mg/ml. For PMMA: P3HT: PCBM (a), 

the ratio is 14:1:1, PMMA: P3HT: PCBM (b) is 1:1:1. 

 

In table 5.4, for the P3HT: PCBM (a) and PMMA: P3HT: PCBM (a), with the same amount of 

P3HT and PCBM, have almost the same fill factor, 27.6% and 32.8% respectively. The device 

with PMMA under 14:1:1 ratio has a higher open circuit voltage and lower short circuit current 

than the control device, leading to a better PCE, which demonstrates our proposal that the 

modified inner structure will enhance the PCE of the device. As the same time, for the PMMA is 

a kind of isolated polymer, which is the reason why the open circuit voltage is high and the short 

circuit current is a little lower than the control one. 

On the other hand, for the PMMA: P3HT: PCBM (b) and P3HT: PCBM group, from table 5.4, 

we can know the open circuit voltages of the two devices are close, 0.545 and 0.465 respectively. 

But the short circuit current and fill factor of the device with PMMA get much lower than the 

control one, resulting in a significant decrease of the PCE, only 6.39E-2. For the PMMA are the 

isolated polymer and the device under 1:1:1 ratio take a obviously low short circuit current, so 

we suppose the reason of small fill factor and bad PCE is the PMMA isolates the P3HT and 

PCBM in the inner structure. So, we will analysis the inner structure of the real device to 

demonstrate our proposal. 
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5.2 The morphology for the active layer of the real devices 

As we discussed in chapter 3, we have known that in the blend of PMMA/P3HT/PCBM, there is 

columnar structure in the polymer film after annealed overnight and the column should be the 

phase of the P3HT, which is the main working part for the solar cell. 

  (b) 

 

 

 

 

 

 

 (a)  (b) 

Figure 5.5 AFM topographic image for the device with PMMA under 1:1:1 ratio 

     (b) 

 

 

 

 

 

 

 (a)  (b) 

Figure 5.6 AFM topographic images for the device with PMMA under 14:1:1 ratio 

 

Figure 5.5 and Figure 5.6 are the topographic images for the device active layer on the glass 

substrate with ITO layer, which are got from the AFM after we finish the device performance 

test. In Figure 5.5(a) and Figure 5.6(a), we can find the same white circle domain as what we 

find in the film on the silicon wafer. But in the Figure 5.5 (a), the domain size is only around 
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800nm. Even the biggest one is only 1µm which is much lower than the domain size for the 1:1:1 

polymer blend film on the silicon wafer under the same composition and ratio. On the other hand, 

in Figure 5.6(a), the domain size is around 1µm which is a significant increase on the domain 

size in the polymer film on the silicon wafer under the ratio of 14:1:1. 

Furthermore, according to the analysis of the 3D images for the column in the polymer film, we 

can know that: 

In the Figure 5.5(b), the column size is small which suits what we analysis from the image (a). 

Another point is that the column on the film surface is not well-distributed, for it is easy to find 

out in the middle of the image, so many columns assemble together and on the other area, the 

space between the columns is much obvious. Furthermore, the height of the column is not 

uniform, which means the columns in the middle are much higher than the other area columns.  

In the Figure 5.6(b), the column size is obviously bigger than the size in Figure 5.5 (b). 

Furthermore, the column in Figure 5.6 (b) is well-distributed, which means the column is much 

more uniform. Most of the column size and height are almost the same and the column arrange 

regularly on the surface. 

5.3 The interface energy for the active layer of the real devices 

 

Figure 5.7 The cross section analysis of the interface between the PMMA and P3HT in the 

PMMA/P3HT/PCBM blend with the ratio of 1:1:1 on the glass substrate 
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Figure 5.8 The cross section analysis of the interface between the PMMA and P3HT in the 

PMMA/P3HT/PCBM blend with the ratio of 14:1:1 on the glass substrate 

 

Figure 5.9 the cross section analysis of the interface between the PMMA and P3HT in the 

PMMA/P3HT/PCBM blend with the ratio of 14:1:1 on the silicon substrate 

 

In Chapter 3.4, we analysis the interface energy between the PMMA and P3HT phase in the 

polymer blend and figure out  what the effect of the PCBM on the energy, due to the location 

where the PCBM immigrate. Here, we are planning to discuss the interface energy in the active 

layer for the real device. 

In Figure 5.7, from the section analysis, the real devices with PMMA/P3HT/PCBM polymer 

blend under ratio of 1:1:1 has a contact angle θc (1:1:1 device) =2.16. Due to the Young’s equation, 

the interface energy γ (1:1:1 device) =5.125 dyn/cm. Figure 5.8 is the section analysis for another 

device on the glass substrate with the 14:1:1 polymer blend on the active layer. So θc (14:1:1device) 

=0.470, the interface energy γ (14:1:1 device) =5.101 dyn/cm. 
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 1:1:1 device 1:1:1 14:1:1 device 14:1:1 

Contact angle θc     2.16      0.471    0.470      1.577 

Interface energy γ 5.125 dyn/cm 5.102 dyn/cm 5.101 dyn/cm 5.114 dyn/cm 

 

Table 5.10 contact angles and interface energies for the PMMA/P3HT/PCBM blend on the 

silicon substrate and glass substrate for the real device 

From Figure 5.9 and Table 5.10, we can also know the contact angle and interface energy for the 

PMMA/P3HT/PCBM under 14:1:1 on the silicon substrate are 1.577 and 5.114 dyn/cm, 

respectively. From 5 Table 5.10, we could know for the 1:1:1 group and 14:1:1 device group 

which have a well-distributed column structure, they have a better performance on the interface 

energy that means the PCBM particle immigrate well on the boundary between the P3HT and 

PMMA.  

So, depending on what we analysis above, we can conclude that the bad-distribution of the 

column in the 1:1:1 polymer film, which is totally different from the pattern on the silicon wafer, 

leading to the bad performance of the device. On the contrast, with a well-distribution column 

structure, the device with the ratio of 14:1:1 polymer blend has a much better performance, 

which demonstrates our proposal about the effect of the modified structure on the PCE of the 

solar cell. 
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Chapter 6 Conclusion 

We successfully produce ordered self-assembly columnar structure within polymer solar cell by 

introducing PMMA into the active layer. The properties of the column structure are depending 

on the ratio of the polymer blend, when the manufacture process is the same. The bulk 

heterojunction solar cell device with the PMMA under different ratios all get obvious PCEs in 

the IV-curves test. Even under the same ratio, the morphology of the polymer film for the active 

layer would not be the same, depending on what kind of substrate the film is on. The well-

distribution and perfect size of the column in the active layer film could lead to a significant 

improvement on the PCE.This structure shorts the transport path of electrons and enhances the 

conductivity, thus increasing the performance of solar cell device. 
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Chapter 7 Further work 

We should figure out the influence of the other process parameters except the ratio of the 

polymer blend, like annealing time, spin-cast speed, on the morphology of the 

PMMA/P3HT/PCBM blend film. We should get more evidence to demonstrate the column in the 

film is P3HT.We should take more experiments to make sure the PCBM exist on the boundary of 

the PMMA and P3HT.We have to figure out the morphology of the active layer film on the glass 

substrate with ITO layer. We have to do more tests to entirely prove that the modified inner 

structure of the active layer could short the transport path of electrons and enhances the 

conductivity, finally increasing the performance of solar cell device. 
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