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Abstract 
 

The Organic photovoltaic cell (OPV) is a promising technology because of its 

potential for low-cost high-throughput roll-to-roll manufacturing. Significant 

improvements have been achieved in power conversion efficiency (PCE) of OPV cells 

during last two decades. While recent progress in raising the PCE has been 

encouraging, the PCE of organic solar cells is still limited and needs to be improved to 

meet the requirement for commercial applications. Further improvements in both 

material properties and device architectures are necessary. Photocurrent generation in 

an OPV cell is fundamentally different from the process that takes place in their 

inorganic counterparts. A detailed understanding of the operation mechanisms of OPV 

cells and optimization of the fundamental electronic properties of the system (or 

material) are critical. In this work, I will first discuss major factors that limit the 

efficiency of bilayer OPV cells, such as exciton binding energy, exciton diffusion 

length, charge separation and open-circuit voltage. The exciton binding energy is one 

of the key parameters that govern the operation of OPV cells, and determines the 

required energy band offset between donor and acceptor, and thus the achievable 

open-circuit voltage of the donor-acceptor combination. Exciton diffusion is a main 

bottleneck limiting photocurrent of a bi-layer OPV cell, which depends on material 

properties and film morphology. The energy loss between optical excitation and 

extracted electrical power is mainly due to the energy band offset between donor and 
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acceptor in OPV cells. The PCE limit for single junction OPV cell can be estimated 

based on the findings.  

In the second part of this work, I will focus on transparent conductors, which are 

essential components of thin-film optoelectronic devices. Sputtered Indium-Tin-Oxide 

(ITO) is currently the most commonly used transparent electrode material, but it has a 

number of shortcomings. There is a clear need for alternative transparent electrodes 

whose optical and electrical performance is similar to that of ITO but without its 

drawbacks. The next generation transparent conductor should also be lightweight, 

flexible, cheap, environmental attractive, and compatible with large-scale 

manufacturing methods. I will discuss the possibility of using graphene thin films as a 

replacement for ITO. Theoretical estimates indicate that graphene thin films are 

promising transparent electrodes for thin-film optoelectronic devices, with an 

unmatched combination of sheet resistance and transparency. For the first time, we 

demonstrated that solution-processed graphene thin films can serve as transparent 

conductive anodes for both OPV cells and organic light-emitting diodes (OLEDs). The 

graphene electrodes were deposited on quartz substrates by spin-coating of an aqueous 

dispersion of functionalized graphene, followed by a vacuum anneal step to reduce the 

sheet resistance. Small molecular weight organic materials and a metal cathode were 

directly deposited on the graphene anodes, resulting in devices with a performance 

comparable to control devices on ITO transparent anodes. Device modeling has been 

explored to compare the performance between graphene-based device and ITO-based 

control device. Transfer of graphene films to a foreign flexible substrate was also 
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demonstrated which opens up new opportunities for low-cost flexible organic opto-

electronics. 
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Chapter 1  Introduction 
 

This chapter is a brief introduction of organic electronic materials and organic opto-

electronic devices. The purpose is to provide some most relevant information and 

explain the motivation of my work. I will start with some basics of organic electronic 

materials, and then explain a brief development history of organic opto-electronic 

devices, mainly organic photovoltaic (OPV) cells and organic light-emitting diodes 

(OLEDs). The need for transparent conductors in organic opto-electronic devices is 

then highlighted. Finally, the chapter is ended by the thesis overview. 

 

1.1  Organic electronic materials 
 

Most organic materials consist of carbon. Organic electronic materials are generally 

categorized into two groups: small molecular weight organic materials and polymer. 

Small molecular weight compounds consist of several to a few hundred atoms, while 

polymers are characterized by a long molecular chain with repeated monomers. Fig. 

1.1 shows chemical structures of popular organic electronic materials.  
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C60

PTCBI

SubPc

Pentacene

C60C60

PTCBI
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Fig. 1.1 Chemical structures of popular organic electronic materials. 

CuPc: copper phthalocyanine; PTCBI: 3,4,9,10-perylene tetracarboxylic 

bisbenzimidazole; BCP: bathocuproine; SubPc: boron subphthalocyanine 

chloride; C60: fullerene; Alq3: tris(8-hydroxyquinoline) aluminum; 

Pentacene; NPD: N,N′-diphenyl-N,N′-bis (1-naphthyl)-1,1′-biphenyl-4,4″-

diamine; PCBM: [6,6]-phenyl-C61-butyric acid methyl ester; ThCBM: 

thienyl analogue; MDMO-PPV: poly{[2-methoxy-5- (3,7-dimethyloctyloxy)-

p-phenylene]vinylene}; P3HT: poly(3-hexylthiophene)  
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The common feature of organic electronic materials is the conjugation, that is, 

alternation of single and double bonds. The structure represents the sp2 hybridization, 

and allows delocalized the electrons among the ring, which forms the foundation of 

electrical and optical properties of organic materials. The work in this thesis will 

mainly focus on small molecular weight organic materials except for special 

clarification. 

One big advantage for organic electronic materials is that the electrical and optical 

properties, such as conductivity and optical band gap, can be tailored by molecular 

design, which will offer significant design freedom. In addition, organic molecule is 

self-passivated, so the properties of the materials do not depend on lattice matching or 

dangling bonds. Therefore, process cost could potentially be very low, such as spin 

coating, spray, roll-to-roll process, and so on. Some potential concerns about organic 

electronic materials are low conductivity, stability, high sensitivity and low purity. 

The application development of organic electronic materials has been mainly focusing 

on organic photovoltaic (OPV) cells, organic light-emitting diodes (OLEDs), organic 

photo-detectors, organic laser, organic transistor, organic non-volatile memory, and so 

on. OPV cells and transparent conductors for OPV cells and OLEDs will be the focus 

of the thesis. 

1.2  Organic opto-electronic devices 
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Fig. 1.2 shows some examples of OLED display, OLED lighting and OPV cells. 

OLEDs and OPV cells are the most active areas in organic electronics.  

Due to its superb image quality, low power consumption and ultra-thin device 

structure, OLED has been developed for more than 20 years,1-8 and recently finds its 

application in ultra-thin televisions and other display screens such as those on digital 

cameras and mobile phones. On the other hand, OPV cell is still under development, 

and very few products are available on the market for some niche application. Major 

concerns of OPV cells are power conversion efficiency and reliability. 

The first efficient bi-layer OPV cell was made by C.W. Tang.9 The cell is made on a 

glass substrate coated with transparent conductor, indium tin oxide (ITO). As shown 

in Fig. 1.3, copper phthalocynine (CuPc) and perylene tetracarboxylic derivative were 

deposited on ITO/glass, and Ag was used as top electrode. 

Light is absorbed in both organic layers and excitons formed upon light absorption 

diffuse to the heterojunction interface and then dissociate. Holes and electrons travel 

through CuPc and perylene tetracarboxylic derivative respectively, and get collected 

by ITO and Ag respectively. The current-voltage curve of the device is shown in Fig. 

1.3, where JSC is short circuit current density, VOC is the open circuit voltage, and PM is 

maximum power point. Fill factor FF is defined via Eq. (1.1), and power conversion 

efficiency   is defined via Eq. (1.2), 

OCSC

M

VJ

P
FF

*
                           (1.1) 
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Fig. 1.2 Examples of Organic Light-emitting Diodes and Organic 

Photovoltaic Cells  
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Fig. 1.3 Schematic band diagram and I-V cure of Tang’ device  
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where PIN is incident power. Tang introduced heterojunction in his device, which 

helps dissociate exciton efficiently, and yield significant improvement of efficiency. 

Significant progress has been made after Tang’s device, and achieved efficiency is 

above 8% very recently.10 Main improvement comes from better OPV materials,11 
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bulk heterojunction donor/acceptor interface,12-14 light trapping technique,15, 16 and 

multi-junction cells.10, 17 

 

1.3  Transparent conductors 
 

Organic optoelectronic devices have been attracting extensive interest because of their 

potential to be deposited on flexible, light-weight substrates using low-cost fabrication 

methods. An important aspect of optoelectronic thin-film devices is the transparent, 

conductive electrode through which light couples in or out of the devices. 

 

 

Fig. 1.4 Transparent conductor is the common component in OLEDs and 

OPV cells  
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As shown in Fig. 1.4, transparent conductor (TCO) is the common component in both 

OLEDs and OPV cells. Traditionally, indium tin oxide (ITO) is used in this type of 

devices. However, indium is rare, expensive and difficult to recycle. Also metal oxides 

such as ITO are brittle and therefore of limited use on flexible substrates.18 Moreover, 

Indium is known to diffuse into the active layers of OLEDs, which leads to a 

degradation of performance over time.19 There is a clear need for alternative 

transparent electrodes whose optical and electrical performance is similar to that of 

ITO but without its drawbacks. The next generation of optoelectronic devices requires 

transparent conductive electrodes to be lightweight, flexible, cheap, environmental 

attractive, and compatible with large-scale manufacturing methods.  

Several alternative candidates have been demonstrated, including other transparent 

conductive oxides,20, 21 very thin metal films,22 carbon nanotube (CNT) random 

meshes,23, 24 metal nanowire random meshes25 and metal gratings.26 While substantial 

progress has been made, many issues remain to be addressed, such as performance, 

cost, lifetime, roughness, manufacturability, etc. In the second part of the thesis 

Graphene, I will demonstrate solution-processed graphene is a promising candidate 

due to its unique electrical and optical properties. 
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1.4  Thesis overview 
 

The Organic photovoltaic cell (OPV) is a promising technology because of its 

potential for low-cost high-throughput roll-to-roll manufacturing. To further improve 

OPV cell performance, a detailed understanding of the operation mechanisms of OPV 

cells and optimization of the fundamental electronic properties of the system (or 

material) are critical. In this thesis, I will first investigate major factors that limit the 

efficiency of bilayer OPV cells, and in the second part, I will focus on graphene 

transparent conductors 

In chapter 2, I start with cost analysis of OPV module, and then attempt to address 

some of the important problems of the fundamental physical processes underlying the 

operation of small molecular weight OPV cells, such as exciton binding energy, 

exciton diffusion length, charge separation, voltage losses, and open circuit voltage. In 

the end, achievable PCE of single junction OPV cells is estimated by using the 

parameters concluded from the study. 

In chapter 3, we demonstrate that solution-processed graphene thin films can serve as 

transparent conductive anodes for organic photovoltaic cells. The graphene electrodes 

were deposited on quartz substrates by spin-coating of an aqueous dispersion of 

functionalized graphene, followed by a reduction process to reduce the sheet 

resistance. Small molecular weight organic solar cells can be directly deposited on 

such graphene anodes. The short-circuit current and fill factor of these devices on 

graphene are lower than that of control device on indium tin oxide due to the higher 
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sheet resistance of the graphene films. We anticipate that further optimization of the 

reduction conditions will improve the performance of these graphene anodes. 

In chapter 4, our theoretical estimates indicate that graphene thin films can be used as 

transparent electrodes for thin-film devices such as solar cells and organic light-

emitting diodes, with an unmatched combination of sheet resistance and transparency. 

We demonstrate organic light-emitting diodes with solution-processed graphene thin 

film transparent conductive anodes. The graphene electrodes were deposited on quartz 

substrates by spin-coating of an aqueous dispersion of functionalized graphene, 

followed by a vacuum anneal step to reduce the sheet resistance. Small molecular 

weight organic materials and a metal cathode were directly deposited on the graphene 

anodes, resulting in devices with a performance comparable to control devices on 

indium-tin-oxide transparent anodes. The outcoupling efficiency of devices on 

graphene and indium-tin-oxide is nearly identical, in agreement with model 

predictions. 

In chapter 5, a random walk model is proposed to simulate the interface morphology 

when depositing metal atoms on the organic film. The paper mainly discusses the 

influences of substrate temperature, deposition rate, diffusion coefficient and drive-in 

potential. In comparison with experimental data, this simple model gives reasonable 

interface morphology and metal distribution profile. 
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Chapter 2  Organic Photovoltaic Cells 
 

Organic photovoltaic (OPV) cells are a promising technology because of their 

flexibility, light-weight, and potential low-cost high-throughput roll-to-roll production. 

However, higher power conversion efficiency (PCE) needs to be realized in order for 

OPV cells to be commercially attractive. In this chapter, I start with cost analysis of 

OPV module, and then attempt to address some of the important problems of the 

fundamental physical processes underlying the operation of small molecular weight 

OPV cells, such as exciton binding energy, exciton diffusion length, charge separation, 

voltage losses, and open circuit voltage. In the end, achievable PCE of single junction 

OPV cells is estimated by using the parameters concluded from the study.  

 

2.1  Cost analysis of OPV system 
 

Photovoltaic (PV) cells are one of major renewable energy resources, and are expected 

to supply a great portion of total power for all the human beings. While conventional 

PV technologies, such as crystalline silicon solar cells, amorphous silicon solar cells, 

CdTe thin film solar cells, CuInGaSe2 (CIGS) solar cells, and III-VI concentration 

solar cells, have been making tremendous growth in production and installation in last 

decade, the cost of electricity produced by PV technology is still significantly higher 
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than that of traditional electricity. In order to reach grid parity, substantial reduction in 

PV system cost needs to be achieved. The cost of an installed PV system consists of 

the cost of PV modules, and the other items so called balance of system (BOS), such 

as module support frame, inverter, wiring, labor, and so on. A large fraction of BOS 

cost of a PV system is proportion to installation area. Therefore, higher PCE of PV 

module will yield lower BOS of the system per kilo Walt hour (kWh). All the current 

PV manufactures are trying to further reduce PV module production cost, and improve 

PCE at the same time.  

OPV cells are one of the most emerging PV technologies, and are considered to 

be third generation PV technology with the potential of significantly low cost. In fact, 

the module cost of OPV cells could potentially be much lower than that of 

conventional PV technologies, which is true for both solution-processed polymer OPV 

cells,1 and vacuum-deposited small molecule OPV cells.2 Therefore, it is very 

interesting to discuss the electricity cost produced by OPV system. As shown in Fig. 

2.1, levelized energy cost (LEC) of a PV system is plotted as a function of module 

efficiency for different system lifetime, assuming that the PV system is installed in 

Los Angeles with 1 GW peak capacity (1GWp). 

Levelized energy cost (LEC), C, is expressed as3 

  OMiP
P

A CCfBOS
I

BOSM
C 











 0

0

1


          (2.1) 

where I0 (=1000W/m2) is the peak intensity of Sun, fi is the fraction of indirect cost 

such as marketing and management overhead, and COM is the cost per kWh for 
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operation and maintenance (O&M). COM and fi are assumed to be 0.05¢/kWh and 10% 

for the 1GWp system. BOSP is the BOS cost that scales linearly with total installed 

Wp, and BOSA is the BOS cost that scales linearly with total installed module, which 

are assumed to be $0.27/Wp and 40/m2 for a 1GWp system respectively.3. C0 is LEC 

of a $1/Wp system without O&M and is obtained by  
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                  (2.2) 

where qins is insolation, ηDA is conversion efficiency from DC to AC, r is interest rate 

and n is lifetime of the system. In this simulation, ηDA=0.8, r=7% and n=10 years are 

assumed.  

Based on the optimistic estimation for the cost of pure organic solar cells,4 the OPV 

module cost M is assumed to be $48.8/m2, among which the material costs $23.4/m2 

and ITO costs $7.9/m2 by itself. As seen in Fig. 2.1, levelized energy cost keeps 

decreasing with module efficiency. To estimate the system requirement for matching 

grid parity, the current retail price of electricity in Los Angeles, 11.5¢/kWh, is plotted 

in Fig. 1.1 as dashed line.5 For a 5-year lifetime of OPV system, PCE of OPV module 

needs to be 20% to meet grid parity. However, if the lifetime of OPV module could 

reach 10 years or even 25 years, the requirement for OPV module efficiency is 9.5% 

and 5%, respectively. Therefore, both PCE and reliability of OPV module are very 

important in economical point of view. 
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Fig. 2.1 Dependence of levelized energy cost on module efficiency for 

organic photovoltaic cells. The calculation assumes 1GWp installation in Los 

Angeles with average insolation of 5.62kWh/m2/d. The electricity retail price 

is plotted as black dashed line. The module cost of OPV cells is assumed be 

to $48.8/m2 and $30/m2 respectively, for now and potentially in the neat 

future. The circles indicate required module efficiency for OPV system with 

different lifetime and module cost, in order to meet grid parity. LEC of 

crystalline silicon system with module cost of $1.74/Wp and PCE of 14%, 

and LEC of thin film system with module cost of $0.98/Wp and PCE of 9% 

are plotted as plus (‘+’) and cross (‘x’) by assuming 25-year lifetime, 

respectively.  
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The cost of $48.8/m2 for pure organic solar cells is estimated based on the current 

status of materials and fabrication. Significant reduction of OPV module is anticipated 

with increasing maturity of the technology and effort of exploring low-cost materials 

and processes. If the cost of OPV module could be reduced to $30/m2, which is not 

aggressive at all, the module efficiency needs only to be 7.5% in order to meet grid 

parity by assuming system lifetime is 10 years. As a reference, the highest efficiency 

of single-junction OPV cells has been improved to be over 8% very recently.6, 7  

According to solarbuzz.com, lowest module price is $1.74/Wp for crystalline silicon 

solar cells with module PCE of 14%, and $0.98/Wp for thin film solar cells with 

module PCE of 9%, respectively. Also in Fig 2.1, levelized energy cost is indicated as 

plus (‘+’) for the crystalline cells and cross (‘x’) for the thin film cells, by assuming 

the system warrant is 25-year lifetime. We can see that both types of PV technologies 

need improve further in order to meet grid parity even for Los Angeles, where 

insolation is high and electricity is relatively expensive. For many other locations with 

less insolation and electricity cost, more improvement needs to be realized in order for 

PV system to match local grid parity. 

Based on this analysis, three major parts of OPV cells need to be addresses, which are 

high efficiency, low fabrication cost and long lifetime. Therefore, the rest of the 

chapter will focus on understanding fundamental physics problem during OPV 

operation, which is ultimately essential for improving PCE of OPV cells. In next two 
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chapters, I will discuss the possibility to use low-cost graphene film to replace ITO, 

which is a big portion of material cost in OPV cells as mentioned previously. 

 

2.2  How OPV cells work 
 

Organic photovoltaic cells (OPV) have been attracting many interests because of their 

flexibility, light weight, easy fabrication and potential low-cost production. Great 

progress toward high efficiency has been made since the first donor/acceptor (D/A) 

heterojunction cell was reported by C. W. Tang.8 Power conversion efficiency has 

been increasing from 0.95% to more than 8% progressively,6, 9-11 however, it is still 

less than current conventional PV technologies, and needs to be improved further.12 A 

detailed understanding and optimization of fundamental electronic properties of the 

system (or material) is indeed very critical. In this section, I will first describe the 

fundamental operation mechanism of OPV cells, and then discuss the problems in 

each physics step. 

 

2.2.1  OPV cell operation 
 

Photocurrent generation in OPV cells is fundamentally different from the counterpart 

process in inorganic PV devices. The basic operation of a single junction OPV cell is 

illustrated by using energy band diagram in Fig. 2.2. A basic single junction OPV cell 



21 
 

consists of two active organic layers, so called donor material and acceptor material, 

both of which are responsible for generating photocurrent. Five steps are employed to 

characterize this process as shown in the Fig. 2.2. 
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Fig. 2.2 Schematic of energy band diagram for an organic DA solar cell 

at flat band condition. The five steps of photocurrent generation is indicated: 

(1) Light Absorption; (2) Exicton Diffusion; (3) Exciton Dissociation; (4) 

Charge Separation; and (5) Charge Collection. LA is typical optical 

absorption length in OPV cells, and LED is typical exciton diffusion length 

near D/A interface.  
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1. Light absorption. Upon the absorption of incident light, organic molecule will 

transform itself from ground state to excited state, when electron-hole pair is 

created. Right after its formation, the electron-hole pair will relax into a bound 

state, which is called exciton. The binding energy of exciton prevents itself from 

separation in absence of energy favorable condition, such as D/A (donor/acceptor) 

interface and strong electrical field within the layer. Exciton usually sits on one 

single molecule, and could either recombine or randomly diffuse to the nearby 

molecule. This will lead to the next step, exciton diffusion. 

2. Exciton diffusion. Exciton in organic layer could diffuse around via hopping 

among adjacent molecules. The exciton diffusion process is random in terms of 

direction. Presence of electrical filed will not help orient the diffusion direction, 

because each exciton consists of one electron and one hole and appears neutral. 

Average distance of exciton diffusion before its recombination is defined as 

exciton diffusion length, LED. Exciton diffusion length is relatively short, about 5-

10nm for most of organic materials. If an exciton could meet D/A interface or 

strong electrical field within its diffusion length, it will separate into electron and 

hole. 

3. Exciton dissociation. In a typical bi-layer OPV cell, electrical field within each 

layer, donor or acceptor, is usually not strong enough to separate exciton. 

Therefore, D/A interface is very essential to dissociate an exciton in OPV cells. 

When an exciton in donor material diffuse to the D/A interface, the exciton will 

transfer an electron to adjacent acceptor molecule, and leave the hole behind, as 

shown in step 3 in Fig. 2.1. Similar process will happen when an exciton in 
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acceptor material diffuse to D/A interface. However, the energy band offset needs 

to be larger than exciton binding energy in order to for exciton dissociation to 

happen efficiently. Exciton dissociation will generate a electron polaron in the 

lowest unoccupied molecular orbital (LUMO) of an acceptor molecule and a hole 

polaron in the highest occupied molecular orbital (HOMO) of a donor molecule. 

The electron and the hole generated via exciton dissociation is called geminate 

electron-hole pair (GEHP), and they are still weakly bounded depending on the 

initial separation distance.  

4. Charge separation. It is still possible for GEHP to recombine due to Coulomb 

attraction, although the diffusion process will help electron and hole further 

separate because of D/A interface constrain. The direction and magnitude of 

electrical field at D/A interface is very critical. If strong electrical field, e.g., 

106V/cm2, is present at D/A interface and also its direction helps electron and hole 

diffuse away from the interface, charge separation will be very efficient.13, 14 

Otherwise, the chance of GEHP recombination will be higher.  

5. Charge collection. After electron and hole are completely separated from D/A 

interface, they could travel through the organic layer and get collected by 

corresponding electrodes. The process is usually very efficient for typical 

operation condition. The electron and hole could still be recombined potentially 

during its travel in organic layer, but the chance is generally very small.  

Photocurrent generation in OPV cells can be described in five critical steps as 

discussed above, and each step has a yield or quantum efficiency (QE) associated with 

it. QE is generally defined as the ration of number out to number in. Internal quantum 
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efficiency of an OPV cell, ηIQE, is the ratio of the number of electrons that contribute 

to photocurrent to the number of incident photons that are absorbed by active organic 

layers. Similarly, external quantum efficiency of an OPV cell, ηEQE, is the ratio of the 

number of electrons that contribute to photocurrent to the number of incident photons. 

ηIQE measures the ability of OPV cell to convert absorbed photons into photocurrent 

without considering absorption loss. The relationship is defined as follows. 

CCCSCTEDAIQEAEQE           (2.3) 

Where ηA is optical absorption efficiency, ηED is the exciton diffusion efficiency, ηCT 

is the exciton dissociation efficiency (also called charge transfer efficiency), ηCS is the 

GEHP separation efficiency, and ηCC is the carrier collection efficiency. 

The photocurrent under short-circuit conditions can be expressed, 

  dSqJ EQESC )(                   (2.4) 

where S(λ) is the AM1.5 solar spectrum expressed in number of photons per unit area 

per unit time per unit wavelength. Open circuit voltage (VOC) is determined together 

by photocurrent and dark current of the cell.  

 

2.2.2  Fundamental problems in OPV operation 
 

As described in last section, photocurrent generation process in OPV cell is quite 

different from conventional inorganic P-N junction. Till now, many fundamental 

problems in OPV cell remains unclear. I will raise some of critical problems in this 

sub-section, and try to address them in the following sections.  
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1. How to resolve trade-off between absorption and exciton diffusion? 

2. How to determine the exciton binding energy? 

3. What affects the exciton diffusion length? 

4. Are the organic materials electrically doped? 

5. What the voltage loss in an OPV cell? 

6. What is the best possible single junction OPV cell efficiency? 

 

2.3  Light absorption 
 

Typical light absorption coefficient (α) of OPV materials is ~105/cm, with 

absorption spectra width of ~200nm. To absorb incident light efficiently, organic 

active layer needs to be thicker than optical absorption length, LA, which is calculated 

from absorption coefficient, /1AL . Therefore, an ideal thickness of organic layer 

is >100nm in order to absorb the majority of incident light. However, exciton created 

by light absorption has to diffuse to D/A interface to dissociate. As I discussed in last 

section, typical exciton diffusion length is only 5-10nm, which is much less than 

optical absorption length. Therefore, the majority of exciton generated upon light 

absorption will recombine within one organic layer for thick OPV cell, and thus will 

not contribute to photocurrent. How to balance the conflict requirement of light 

absorption and exciton diffusion? 
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2.3.1  Light trapping structure 
 

One solution is to use light trapping technique on a very thin OPV device. Thin 

device could increase the probability of exciton diffusing to D/A interface upon 

absorption, and light trapping structure will allow un-absorbed light to bounce within 

the device structure and gain multiple chances to be absorbed eventually.  

Fig. 2.3a shows V-shape light trapping geometry.15 The active layer and 

reflective metal electrode are deposited on a V-shaped transparent substrate coated 

with a transparent electrode such as indium tin oxide (ITO). Incident optical rays 

bounce off the solar cell structure multiple times as illustrated in the figure. The 

scheme does not require modification of device structure itself, but fabricates the solar 

cell on a V-shaped substrate with much larger scale than device thickness. A 52% 

increase in power conversion efficiency was demonstrated experimentally. The 

structure is applicable to a broad class of low-cost thin film solar cells. 

Fig. 2.3b shows another light trapping scheme to enhance optical absorption of 

thin OPV cell, by inserting a two-component aperiodic dielectric stack into the OPV 

device structure.16 The stack is a generalized anti-reflection coating used in PV 

technology. Specific designs for thin-film OPV cells increase the photocurrent under 

AM1.5 illumination, averaged over all incident angles and polarizations, by up to 40%. 
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With low-cost techniques to manufacture such thin-film dielectric coatings, this 

approach may be of practical use to enhance the efficiency of thin-film solar cells.   

Some other light trapping techniques have been explored as well, such as metal 

grating, buried nanoelectrodes, and scattered elements.15  However, the typical 

required feature size is comparable to organic layer thickness, which makes it 

challenging for low cost fabrication. 

 

      

(b)(b)

 

Fig. 2.3 Light trapping structure: (a) V-shape light trapping structure;15 

and (b) resonant cavity-enhanced configuration by using high-reflectivity 

mirror16  

 

2.3.2  Bulk heterojunction 
 

In a bi-layer planar structure, only the exciton within the distance of exciton 

diffusion length from D/A interface could diffuse to interface, dissociate, separate, and 

thus contribute to photocurrent, as shown in the left of Fig. 2.4. On the other hand, 
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active organic layer needs to be thick enough to absorb the majority of incoming light. 

One effective solution is to use bulk heterojunction structure as shown in the right of 

Fig. 2.4. Bulk heterojunction structure is characterized by a 3-dimention interdigitate 

D/A network, providing a large interface area for exciton to dissociate. As indicated 

by dashed box, excitons are always generated within a diffusion length of a D/A 

interface, which potentially leads to a higher cell efficiency than a planar 

heterojunction. All the polymer OPV cells have bulk heterojunction structure by 

nature. For small molecule OPV cell, special deposition techniques can be used to 

produce bulk heterojunction structure, and significant improvements have been 

achieved over their counterpart of planar structure.11, 13, 17, 17  
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Fig. 2.4 Schematic diagram of bi-layer planar heterojunction OPV cell 

(left) and bulk heterojucntion OPV cell (right). Dashed yellow boxes indicate 

the volume whitin exciton diffusion length from D/A interface.  
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Most commonly-used small molecule materials can only absorb photons with energy 

larger than 1.7eV. However, about half of sunlight occurs with photon energy smaller 

than 1.7eV. Investigation of low-bandgap OPV cells is very active in recent years, 

which could potentially be employed as a sub-cell for multi-junction OPV cell to 

improve overall power conversion efficiency. Tin(II) phthalocyanine (SnPc),18 

Chloroaluminum phthalocyanine (ClAlPc),19 and lead phthalocyanine (PbPc)20 were 

demonstrated very promising as low-bandgap donor material.  

 

2.4  Exciton binding energy 
 

The exciton binding energy (EB) is one of the key parameters that govern the 

operation of OPV cells. Exciton is a bound electron-hole pair, and EB is the energy 

needed to separate an exciton into free electron and hole. Reported EB ranges from 0.4 

to 1.4 for organic materials,21, 22 which is much larger than thermal energy at room 

temperature, so exciton dissociation probability is pretty low in a homogeneous 

organic material unless a strong electrical field is applied.13 In a typical efficient OPV 

cells, donor-acceptor (DA) heterojunction interface is required in order to separate 

excitons generated upon light absorption.  

As shown in Fig. 2.5, exciton in donor (acceptor) material will dissociate at D/A 

interface efficiently if the energy offset of LUMO, LUMOE  ( HOMOE ), is larger than 

the binding energy DBE ,  ( ABE , ). Otherwise, exciton dissociation is much less efficient. 
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Therefore, by varying the energy offset between donor and acceptor, one could 

measure exciton binding energy of a particular material roughly.  

3,4,9,10-perylene tetracarboxylic bisbenzimidazole (PTCBI) is one of the most 

important acceptor materials in small molecule OPV cells, and significant 

improvement has been achieved for copper phthalocyanine (CuPc)/PTCBI 

heterojunction structure.8, 11, 23 In this section, we use external quantum efficiency 

(EQE) and photoluminescence to estimate the EB of PTCBI. The importance of energy 

offset at DA interface of OPV cells is discussed. 

 

△EHOMO> EB, A ?

LUMO

HOMO

△ELUMO> EB, D ?

Donor Exciton

LUMO

HOMO

△ELUMO> EB, D ?

Donor Exciton Acceptor Exciton

 

Fig. 2.5 Schematic of energy band diagram of donor-acceptor 

heterojunction. LUMOE  and HOMOE  are the energy offsets of LUMO and 

HOMO between donor and acceptor respectively. DBE ,  and ABE ,  the binding 

energy of exciton in donor and acceptor materials respectively.  
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2.4.1  Theoretical estimation of EB 
 

Exciton is created upon photon absorption by organic molecule, and then 

followed by molecule adaptation from both surrounding molecules and excited 

molecule itself. Therefore, EB consists of two parts: electrostatic potential due to 

charge attraction between electron and hole, and relaxation energy due to molecule 

adaptation. The size of many popular small molecules, such as PTCBI, C60, CuPc, 

and boron subphthalocyanine (SubPc), is on the order of 1 nm. For a Frenkel exciton, 

where exciton exists on one single molecule, electron and hole are separated by 1nm 

or so. Electrostatic potential of exciton is estimated to be 0.4±0.1eV by 

using reE 0
2 4/  , given dielectric constant of organic materials is 0 = 3-4. 

Lattice relaxation energy can be estimated from the energy shift between 

absorption peak and photoluminescence peak, so-called Franck-Condon principle as 

shown in Fig. 2.6a. Under illumination, organic molecule could be excited to different 

energy levels of exciton state, which is corresponding to the multiple absorption peaks, 

and then it would relax back to the lowest energy level of the exciton state by thermal 

vibration. As next step, the molecule could further relax due to molecule adaptation to 

exciton state, which creates Franck-Condon shift, the difference between the lowest 

absorption peak and the highest luminescence peak. Fig. 2.6b shows the absorbance 

and photoluminescence of PTCBI thin film deposited on glass subtract. The lowest 

absorption peak of PTCBI is located at 1.85eV ( = 672nm), while the 

photoluminescence peak is at 1.58eV ( = 785nm). The Franck-Condon shift, 1.85-
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1.58 = 0.27eV, represents lattice relaxation energy. Therefore, EB of PTCBI is 

estimated to be 0.7±0.1eV by including both electrostatic potential and molecule 

relaxation energy.  
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Fig. 2.6 (a) Schematic of Franck-Condon principle. (b) Absorbance and 

photoluminescence as a function of photon energy for PTCBI. Lowest 

absorption peak and photoluminescence peak were indicated at 1.85eV and 

1.58eV, respectively.  

 

2.4.2  Measurement from EQE of OPV cell  
 

Bi-layer small molecule OPV cells were made as a detector to probe EB of 

PTCBI. CuPc and SubPc were used as donor material. ΔEHOMO of CuPc/PTCBI is 

(a)  (b)
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0.9eV given HOMOCuPc = 5.2eV and HOMOPTCBI = 6.1eV,24 while ΔEHOMO of 

SubPc/PTCBI is 0.5eV given HOMOSubPc = 5.6eV25 and HOMOPTCBI = 6.1eV. OPV 

cells were fabricated on commercially obtained 130nm-thick ITO on glass (sheet 

resistance <20/sq). All organic materials were obtained commercially and then 

purified using thermal gradient sublimation. The organic thin films and metal cathode 

were deposited at room temperature by thermal evaporation in high vacuum (~10-

7Torr). The layer structure of the devices is ITO/donor/PTCBI/bathocuproine 

(BCP)/Ag. The Ag cathode was deposited through a shadow mask with circular 

openings of 0.81 mm2. EQE was measured experimentally, and then fitted by transfer 

matrix method developed for organic multilayer structure.26, 27 

Fig. 2.7 shows measured EQE of SubPc/PTCBI cell, and fitting curves using 

different surface recombination velocity from PTCBI, where surface recombination 

velocity, S, indicates that how fast (or efficient) exciton would dissociate at the 

interface and contribute to photocurrent. As seen in Fig. 2.7, the best fitting was 

achieved when S = 0 is applied, which means the exciton from PTCBI would not 

dissociate at SubPc/PTCBI interface. This is because the condition for exciton 

dissociation is not satisfied since ΔEHOMO (0.5eV) of SubPc/PTCBI is smaller than EB 

(0.7eV) of PTCBI. Fig. 2.8 shows the normalized optical field intensity and 

normalized exciton concentration within the OPV structure of 

ITO/SubPc/PTCBI/BCP/Ag under illumination at =585nm. Normalized exciton 

concentration was plotted at different S. Exciton concentration at DA interface within 
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PTCBI layer goes to zero when S is infinite, while it is proportional to normalized 

field within PTCBI layer when S = 0.  
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Fig. 2.7 Measured external quantum efficiency (EQE) (open square) as a 

function of wavelength for the device of ITO/11nm SubPc/20nm 

PTCBI/13nm BCP/Ag. Fitted EQE curves with different surface 

recombination velocity, S, for the exciton from PTCBI. S=0 yields the best fit 

to the measured EQE. S was assumed infinite for the exciton from SubPc. 

Exciton diffusion length is 50Å for SubPc and 30 Å for PTCBI, respectively. 

Absorption coefficients of SubPc and PTCBI were plotted for reference.  
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Our EQE measurement and fitting of ITO/CuPc/PTCBI/BCP/Ag (not shown) 

indicates that S is infinite for CuPc/PTCBI interface, which is constant with others.26 

This is naturally explained because ΔEHOMO (0.9eV) of CuPc/PTCBI is larger than EB 

(0.7eV) of PTCBI. From the comparison between CuPc/PTCBI and SubPc/PTCBI, 

energy offset of DA heterojunction of OPV cells is very important. On one hand, 

energy offset can not be too small to dissociate exciton at DA interface, which 

decreases photocurrent otherwise. On the other hand, smaller energy offset is expected 

in order to have high VOC. Energy offset needs to be carefully optimized to maximize 

PCE of OPV cells based on the knowledge of EB of organic molecules.  
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Fig. 2.8 Normalized optical field intensity and normalized exciton 

concentration within the device of ITO/11nm SubPc/20nm PTCBI/13nm 

BCP/Ag at wavelength =585nm. Normalized exciton concentration was 

plotted by assuming different surface recombination velocity, S, for the 

exciton from PTCBI.  
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2.4.3  Measurement from photoluminescence 
 

Photoluminescence was employed to further verify the EB of PTCBI. Fig. 2.9 

shows photoluminescence as a function of wavelength for 10nm PTCBI film, 20nm 

1:1 SubPc:PTCBI co-deposition film, and 20nm 1:1 CuPc:PTCBI co-deposition film. 

As shown in Fig. 2.10, the films were deposited on glass substrates as described above, 

and glass/organic interface is generally assumed to be non-quenching interface. The 

films were excited by a laser at wavelength  = 550nm and then photoluminescence 

was recorded. As expected, 10nm PTCBI film has a photoluminescence peak at  = 

785nm. In a co-deposition film, two materials are mixed in molecular level, and the 

feature size is significantly less than exciton diffusion length. Therefore, each exciton 

generated upon illumination would have a chance to reach DA heterojunction interface 

before it recombines. Exciton would dissociate efficiently into electron in the acceptor 

and hole in the donor, if the condition for exciton dissociation is met, as shown in the 

inset of Fig. 2.9. 

As seen from Fig. 2.9, there is no measurable photoluminescence signal for 

CuPc:PTCBI co-deposition film, where ΔEHOMO (0.9eV) of CuPc/PTCBI is larger than 

EB (0.7eV) of PTCBI. This indicates that all the excitons from PTCBI generated upon 

excitation were dissociated, which is consistent with the conclusion from EQE fitting. 

However, for SubPc:PTCBI co-deposition film, significant PTCBI photoluminescence 

was observed, where ΔEHOMO (0.5eV) of SubPc/PTCBI is smaller than EB (0.7eV) of 
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PTCBI.. Therefore, most exciton from PTCBI could not dissociate at SubPc/PTCBI 

interface. This is also consistent with our EQE measurement and fitting. 

 

 

Fig. 2.9 Photoluminescence as a function of wavelength for 10nm 

PTCBI film, 20nm 1:1 SubPc:PTCBI co-deposition film, and 20nm 1:1 

CuPc:PTCBI co-deposition film. Inset: schematic of exciton dissociation at 

donor-acceptor interface.  
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Fig. 2.10 Schematic of film structure for photoluminescence 

measurement  

 

2.4.4  Summary 
 

In this section, we have theoretically estimated that EB of PTCBI is 0.7±0.1eV by 

including both electrostatic potential and molecule relaxation energy. Experimental 

evidence from both EQE and photoluminescence of donor/PTCBI confirmed that EB 

of PTCBI is larger than 0.5eV and smaller than 0.9eV. EB of 0.7eV for PTCBI is 

similar to previously reported values measured by UPS/IPES technique, for other 

organic small molecules, such as 0.6eV for CuPc, 0.6eV for PTCDA (perylene-

3,4,9,10-tetracarboxylic -3,4,9,10-dianhydride), and 1.0eV for -NPD (N,N’-

diphenyl-N,N’-bis(l-naphthyl)-1,1’ biphenyl-4,4’ diamine).21 Generally, polymer has 

smaller exciton binding energy than small molecule due to its longer conjugated 

chain.22 At DA interface in an OPV cell, the initial separation between the electron in 
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acceptor and the hole in donor after exciton dissociation is 4-5nm,12 and electrostatic 

potential between them is about 0.1eV. Therefore, energy offset at DA interface could 

potentially be 0.1eV smaller than EB without hurting exciton dissociation within OPV 

cells significantly. Better understanding of exciton binding energy would facilitate 

OPV design and thus help improve PCE of OPV cells significantly. 

 

2.5  Exciton diffusion length 
 

Exciton diffusion is a very critical step to generate photocurrent in an OPV cell. 

Exponentially-measured exciton diffusion length (LD) is usually very short, 3-10nm to 

be typical.26 Therefore, quantum efficiency of exciton diffusion is a major bottleneck 

in planar bi-layer OPV cells. An improved understanding of exciton diffusion and the 

development of organic materials and film structure with longer LD are anticipated. 

Boron Subphthalocyanine Chloride (SubPc) is an interesting replacement for 

CuPc because of its favorable energy level alignment.28, 29 SubPc also exhibits strong 

absorption in the visible region and is suitable for use in tandem structures due to its 

relatively narrow absorption spectrum. Optimized SubPc/C60 cell have efficiencies 

that are nearly double that of comparable CuPc/C60 reference cells, mainly due to an 

enhancement in VOC from 0.45V to ~1V. In this section, we measured LD of  SubPc by 

using EQE and photoluminescence (PL) quenching. It is found that LD of SubPc 

depends on thin film structure strongly, varying from 1.5nm to 5nm. 
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2.5.1  Measure LD by EQE 
 

EQE is the ratio of the number of charge carriers collected by of the solar cell to 

the number of photons of a given energy shining on the cell. EQE reflects the response 

of a solar cell to the various wavelengths in the spectrum of light shining on the cell. 

EQE at certain wavelength is generally measured by shining a mono-wavelength light 

on both target cell and reference diode simultaneously. EQE of target cell can then be 

calculated based the ratio of electrical signal between target cell and reference diode 

and known EQE of reference diode. 

Fig. 2.11 shows measured EQE in open square for two different devices: (a) 

ITO/SubPc/PTCBI/BCP/Ag and (b) ITO/SubPc/C60/BCP/Ag. As seen in Fig. 211b, 

EQE curve is closely related to the absorption curves for both donor and acceptor 

materials. Experimentally-measured EQE curve can be fitted by using transfer matrix 

method and exciton diffusion equation,26, 27 where exciton diffusion lengths of both 

donor and acceptor are free parameters. Since the absorption spectrums of donor and 

acceptor materials are often not overlapped, exciton diffusion lengths of donor and 

acceptor are easy to decouple in the fitting.  
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Fig. 2.11 Measured EQE curve (open square) and theoretical fitting 

(solid line) for (a) ITO/SubPc/PTCBI/BCP/Ag and (b) 

ITO/SubPc/C60/BCP/Ag. Independent contributions from SubPc and C60 are 

plotted as dashed lines in (b).  
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Exciton diffusion length is measured to be 45A~50A by fitting both EQE of 

SubPc/PTCBI and SubPc/C60 solar cells. The value is typical and comparable to 

many small molecule OPV materials, such as 30A for PTCBI and 10nm for CuPc.  

 

2.5.2  Measure LD by PL quenching 
 

We have measured the exciton diffusion length, LD, of SubPc by using acceptor 

material C60 to provide exticon quenching at the SubPc/C60 interface, and three 

schematic film structures are shown in the left of Fig. 2.12. Glass/organic interface is 

assumed to be non-quenching interface. The energy level diagram is shown in the 

inset of Fig. 2.12. The two different structures were used to measure LD of SubPc, (a) 

ITO/C60/SubPc and (b) ITO/SubPc/C60. The thickness of the quenching material is 

thin enough so that the optical interference effect can be ignored. The exciton 

concentration profile upon excitation within SubPc is illustrated within the film in the 

left of Fig. 2.12. 

Photoluminescence (PL) is measured upon excitation for each film stack as a 

function of SubPc thickness. Excitation wavelength is chosen to minimize the 

absorption of C60 and maximize the absorption of SubPc. PL1 is the PL signal of 

SubPc/Substrate without quenching surface, and PL2 is the PL signal of either 

SubPc/C60/Substarte or C60/SubPc/Substrate with quenching surface. No 
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photoluminescence was detected from C60 films under the experimental conditions. 

The ratio PL2/PL1 is plotted in the right of figure 2.12.  
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Fig. 2.12 The PL intensity ratio PL1/PL2 of SubPc as function of 

thickness of SubPc film (symbol). Fitted curves by using eq. (2.5) yields 

LD=15A for solid line and LD=45A for dot-dashed line. Inset: schematic 

energy level diagram of SubPc/C60 heterojunction.   

 

Assume SubPc/C60 is the only sufficient quenching surface and the film is thin 

enough so that uniform exciton generation throughout the thin film is applied. By 

solving exciton diffusion equation, one can obtain  
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where, ED is the fraction of excitons reaching the quenching interface. d is the film 

thickness, and LD is the exciton diffusion length of the film. Assuming negligible self 

absorption, the PL signal is proportional to the average exciton density. Hence, by 

measuring the PL signal both in the presence (PL2) and absence (PL1) of a quenching 

interface as a function of the film thickness, one could obtain LD by fitting PL2/PL1 to 

eq. (2.5). 

The fitted curves in the right of Fig. 2.12 yields LD = 45A for film structure of 

ITO/SubPc/C60, which is the same deposition sequence as used in solar cell. 

Therefore, the LD measurement result by PL is consistent with the result from EQE 

fitting. However, the fitted LD is 15A for structure of ITO/C60/SubPc, which is three 

times smaller.  

In comparison with growing on ITO glass, SubPc tends to form different 

morphology and crystalline structure when growing on glass with organic layers (e.g., 

C60 or PTCBI), which causes the discrepancy in PL measurement for two structures. 

Dependence of exciton diffusion length on film crystalline structure and molecule 

stacking has been reported as well.30 X-ray diffraction studies suggest that structural 

disorder plays an important role30 In general, it is believed that exciton transport is 

affected by molecular packing, disorder, presence of impurities and film morphologies. 

Also, optical interference effect needs to be considered when measuring exciton 

diffusion length experimentally.31, 32 
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By using measured exciton diffusion length of SubPc, the contour of short current 

density of SubPc/C60 cells was simulated as function of SubPc thickness and C60 

thickness, as shown in Fig. 2.13. Also the short current density of the best SubPc/C60 

OPV cell is plotted in the figure also.33 We can see that experimental result matches 

simulation very well, which further confirm the exciton diffusion length is 45A-50A 

for SubPc. 

 

Fig. 2.13 Contour of short current density of SubPc/C60 cells as function 

of SubPc thickness and C60 thickness.  
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2.6  Exciton dissociation 
 

D/A interface is essential location for exciton to dissociate and contribute to 

photocurrent because of strong exciton binding energy in OPV cells. As I have 

discussed in the section of exciton binding energy, the energy offset (ΔEHOMO or 

ΔELUMO) of D/A interface needs to be larger than exciton binding energy in order for 

exciton to dissociate efficiently. Therefore, larger energy offset is preferred for exciton 

dissociation. However, energy offset will increase the voltage loss, and thus decrease 

the efficiency of the cell. An optimal energy offset should be similar to the exciton 

binding energy of the OPV materials, which will guarantee efficiency exciton 

dissociation and minimize the voltage loss at the same time. 

 

2.7  Charge separation 
 

Immediately after exciton dissociation at D/A interface in OPV cells, the initial 

separation between the electron in acceptor and the hole in donor for a GEHP is 4-

5nm,13 and Coulomb electrostatic potential between them is about 0.1eV. The primary 

driving force to further separate the GEHP is the electrical field at the interface. 

According to transitional metal-insulator-metal (MIM) model of OPV cells, doping 

concentration of organic layer is negligible, and therefore, a uniform electrical field 

throughout the device is expected. An electrical field of less than 105V/cm is obtained 
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for a typical OPV cell.14 However, previous analysis indicates that such an electrical 

field is not efficiency for GEHP separation, and majority of the GEHPs will 

recombine at the interface.13 

In fact, GEHP dissociation is very efficient for most efficient bi-layer OPV cells. 

In these cases, both the donor and acceptor materials are usually unintentionally doped, 

which will lead to a strong electrical field at D/A interface and assist GEHP 

dissociation. Capacitance-voltage measurements were employed at a frequency of 10 

kHz to determine the electrical doping concentrations in organic active layers. In the 

inset of Fig. 2.14a, the C-V characteristics are shown for multiple devices with device 

structure of ITO/PEDOT/SubPc/C60/BCP/Ag. The strong voltage dependence of the 

capacitance indicates the presence of a depletion layer. The spatial profile of the 

doping concentration was extracted as a function of depletion layer thickness by using 

AoS
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dVCdAq

N
/)/1(
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22

                      (2.6) 

where s is the dielectric constant, o is the permittivity of free space, A is the 

area of the capacitor, and VA is applied voltage. Effective doping concentration NB, is 

related to the p-type doping concentration in the donor material NA and the n-type 

doping concentration in the acceptor material ND via Eq. (2.7). Therefore, NB is 

determined by the layer with the lower doping concentration. Depletion layer 

thickness, W, can be calculated from measured capacitance by using Eq. (2.8). 
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CAW os /                                  (2.8) 

Fig. 2.14 shows effective doping concentration of SubPc/C60 as a function of 

depletion layer thickness for the structure of ITO/PEDOT/SubPc/C60/BCP/Ag. The 

device has a minimum depletion layer thickness of 37 nm, and effective doping 

concentration is evaluated as 3.5*1017cm-3. The schematics of energy band diagram 

are shown in Fig. 2.14b and Fig. 2.14c for partially-depleted scenario at low bias and 

totally-depleted scenario at high bias, respectively. Measured doping concentration 

can be used to explain the different current-voltage behavior for the same device 

structure.14 It turns out that significant doping in organic materials is essential for the 

efficient operation of OPV cells. Table 2.1 summarizes measured effective doping 

concentration for different donor/acceptor organic material systems. As rule of thumb, 

doping concentration is 1017cm-3-1018cm-3 for many efficient OPV materials.  
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Fig. 2.14 (a) Effective doping concentration as a function of depletion 

layer thickness. Inset: measured capacitance with applied voltage. (b) 

Schematic energy band diagram when depletion happens within organic 

layers at low bias. (c) Schematic energy band diagram after organic layers are 

totally depleted at high bias.  
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Table 2.1 Measured effective doping concentration 

Donor/Acceptor Effective doping concentration (cm-3) 

CuPc/PTCBI 8*1017 

CuPc/C60 2*1017 

SubPc/PTCBI 8*1017 

SubPc/C60 3.5*1017 

 

Many of the well-studied and efficient small molecule OPV cells have 

unintentional doping occurred during either material synthesis or device fabrication. 

Doping mechanism is not clear for most materials. However, for certain materials, one 

could indeed add or remove doping intentionally and as a result the electrical 

performance can be modified.14, 34 

 

2.8  Charge collection 
 

After exciton dissociation and GEHP separation, charges travel through either 

donor or acceptor layer, and then get collected to contribute photocurrent by 

corresponding electrodes. In a small molecule planar cell, efficiency of charge 

collection is very high, ~100%. However, charges could be trapped or recombined 

during collection for bulk heterojunction OPV cell, and efficiency depends on the 
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morphologies of D/A interfaces. The morphologies should be optimized by overall 

consideration of exciton dissociation, charge separation and charge collection. 

   

2.9  Voltage loss 
 

In previous sections, I have discussed the process and main aspect of photocurrent 

generation. For OPV cell, another important issue is the open-circuit voltage of the 

cell. The VOC of most small molecular weight OPV cells is <0.6V, so more than 1eV is 

lost when compared with material optical gap which usually exceeds >1.6eV. 

Improving VOC is a major issue in high efficiency OPV cells. Active research has been 

conducting to understand the physical origin of open-circuit voltage in organic 

heterojunction solar cells. Rather than due to the work function differences between 

the metal electrodes, Voc is believed to originate from the difference between the 

highest occupied molecular orbital (HOMO) of the donor material and lowest 

unoccupied molecular orbital (LUMO) of the acceptor. 

Recent studies in small molecule multilayer heterojunction devices and in polymeric 

bulk heterojunction have confirmed that the magnitude of the open-circuit voltage 

correlates with the energy difference between the HOMO of the donor and LUMO of 

the acceptor, provided that good electrical contacts are formed between the electrodes 

and the organic layers.35 

Fig. 2.16 summaries band gap and Voc for the most popular inorganic solar cells and 

organic solar cells. Voltage loss, which is defined as the difference between the optical 
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band gap of active material and open-circuit voltage (Voc), ranges from 0.4-0.8V for 

typical inorganic solar cells. It is noticed that high quality inorganic solar cells give 

smaller voltage loss, while disordered inorganic solar cells cause larger voltage loss, 

i.e., 0.8eV for amorphous silicon solar cells. However, voltage loss in organic 

heterojunction solar cells, which consists of energy band offset between donor and 

acceptor ( LUMOE  and HOMOE  in Fig. 2.15) and energy differences between quasi 

Fermi levels and energy band edges( DFDHOMO EE ,,   and AFALUMO EE ,,   in Fig. 2.15), 

is generally larger than 0.8V.  
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Fig. 2.15 Schematic energy band diagram of donor/acceptor 

heterojunction  
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As seen from Fig. 2.16, energy band offset, which is necessary for efficient exciton 

dissociation, contributes the major part of the voltage loss. This is a big disadvantage 

for OPV cells in comparison with inorganic solar cells. However, energy band offsets 

in most current DA system are about or even larger than 1eV, which is more than 

necessary according to our discussion in previous section. Voc and therefore power 

conversion efficiency could gain significant enhancement if energy band offsets could 

be decreased further down, e.g., 0.5eV, without harming exciton dissociation for most 

systems.  

 

 

Fig. 2.16 Voltage loss for different solar cell material systems  
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Several approaches have been proposed to explain the origin of Voc in organic solar 

cells.35, 36 Nevertheless, a fast growing body of evidence is showing that VOC does not 

depend on the work functions of the anode and the cathode, but stems from ΔEDA, the 

difference between EHOMO,D and ELUMO,A.36-38 The establishment of an analytical 

relationship between VOC and ΔEDA is complicated by several factors. The dark current, 

photoconductivity, temperature, short circuits, carrier recombination, resistance related 

to thickness and geometry all affect the experimental VOC values in a convoluted way. 

Generally, linear relationship between VOC and ΔEDA holds. The higher ΔEDA is, the 

higher the VOC is.  
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Fig. 2.17 Open circuit voltage as function of interface gap for various 

small molecule OPV cells. Dashed line indicates Voc = ΔEDA/e - 0.35.  
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Fig. 2.17 shows the dependence of VOC on ΔEDA at RT under ~1sun illumination for 

various DA heterojunction cells. The linear relationship can be explained by classic 

semiconductor physics. As discussed earlier, heavy doping is present in most efficient 

small molecule solar cells. Therefore, Fermi level can be calculated by classic 

semiconductor physics formula for both donor and acceptor, and the built-in voltage, 

Vbi, the difference between the Fermi Levels, will reflect VOC of the heterojunction. 

))ln(())ln(()()( ,,
CV

DAALUMOFAFDDHOMODA N
nkTN

pkTEEEEEEqVoc   

(2.9) 

where, EF,D and EF,A are the Fermi levels of donor and acceptor, and NV and NC are the 

carrier density of state of EHOMO,D and ELUMO,A, respectively. The size of small 

molecules is about 1 nm cube, and each molecule can sustain one free carrier. 

Therefore, NV = NC = 1021cm-3 is reasonable assumption. p and n are the free carrier 

concentration of donor and acceptor, respectively, which is found to be around 

1018cm-3 for many efficient small molecule bi-layer solar cells.13, 14  

Using these values, the dependence of VOC on ΔEDA can be estimated by an empirical 

relationship. As shown in the Fig. 2.17, the dash line stands for 35.0 DAEqVoc  

with p = n = 1018cm-3. Most systems fall around the line, which indicates good match 

between estimation and experimental value.  

Having understood the origin of VOC, materials with high EG and DA pair with small 

ΔELUMO or ΔEHOMO are desired for larger VOC. Although high ΔEDA=EG,D-ΔELUMO 

contribute to high VOC, ΔELUMO need to be large enough to dissociate excitons as we 

discussed in the earlier section. High EG is beneficial for high VOC while photons with 
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low energy could not be absorbed by high EG materials. Cells with high EG and/or 

small ΔELUMO could give high VOC, but JSC could be low39 and thus EG and energy 

offset ΔE are carefully optimized for high efficiency.  

 

2.10  Efficiency estimation 
 

As we explained in the previous section, EG is closely related to JSC and VOC, and thus 

PCE in an OPV cell. Low EG materials can lead to high JSC due to absorption in broad 

spectrum but VOC could be low. On the other hand, high EG materials could lead to low 

JSC and high VOC. In this section, I will estimate the PCE as a function of optical band 

gap, EG. This model assumes the same band gap EG for both donor and acceptor, and 

perfect absorption above EG. The photocurrent under short-circuit conditions can be 

expressed, 

  dSqJ EQESC )(                             (2.10) 

where S(λ) is the AM1.5 solar spectrum expressed in number of photons per unit area 

per unit time per unit wavelength. %85 IQEEQE   is assumed based on perfect 

absorption, and IQE is a cumulative parameter to reflect overall intrinsic process to 

photocurrent generation after absorption. 

Then VOC is defined by the empirical relationship Eq. (2.11) we concluded from 

experimental data based on various organic donor/acceptor pairs. 

35.0 DAEqVoc                           (2.11) 

where DAE  is the interface gap, and is evaluated by using Eq. (2.12).  
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LUMOGDA EEE                      (2.12) 

Based on our estimation of exciton binding energy and reported value for OPV 

materials, eVEE HOMOLUMO 5.0  is further assumed for efficient exciton 

dissociation at D/A interface. The relationship is illustrated in Fig. 2.18. 

PCE of a single junction OPV cell can then be obtained using 

in

OCSC
P P

FFVJ
                          (2.13) 

where Pin is incident power of light, which is 100mW/cm2 for AM1.5G, and 

65.0FF  is assumed.8  
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Fig. 2.18 Assumption of efficiency simulation  
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Fig. 2.19 Simulated efficiency as a function of optical band gap. Best 

efficiency of 11.6% is predicted at band gap equals 1.65 eV. Significant 

development work is shown on the plot for both small molecule and polymer 

OPV cells.  
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Table 2.2 Significant development work of OPV cells 

Label Material and Cell Structure Year 

S1 CuPc/PTCBI planer cell 1986 

S2 CuPc/PTCBI planer w/ light trapping cell 2000 

S3 CuPc/PTCBI bulk heterojunction cell 2004 

S4 CuPc/C60 planer cell 2001 

S5 CuPc/C60 bulk heterojunction cell 2007 

S6 Small molecule tandem cell by Heliatek 2010 

P1 PPV/PCBM polymer cell  1995 

P2 MDMO-PPV/PCBM polymer cell 2001 

P3 P3HT/PCBM polymer cell  2005 

P4 PCDTBT/PCBM polymer cell  2009 

P5 PBDTTT-CF/PCBM polymer cell  2009 

P6 polymer cell by Solarmer  2009 

 

As shown in Fig. 2.19, the optimized single junction OPV cell has a peak at ηP=11.6% 

when EG=1.65eV, JSC=22.3mA/cm2 and VOC=0.80V. When EG is high, photocurrent 

will decrease and limit the PCE. If EG is low, VOC will limit the PCE. Some significant 

development work in both small molecule and polymer OPV cells has been labeled in 

Fig. 2.19, and material/cell structure and year are summarized in Table 2.2. 

In comparison with theoretical maximum efficiency of inorganic single junction cell, 

the requirement of D/A interface energy offset in OPV cells limits the maximum 

efficiency significantly. Peak efficiency happens at EG=1.65eV, which means the 
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photon with energy less 1.65eV could not be absorbed. About half of the sunlight 

energy is wasted. Multi-junction OPV cell is a promising approach to address the issue. 

 

2.11 Conclusion 
 

The chapter discusses cost analysis of OPV module, operation mechanism of OPV cell, 

and some fundamental physics problem underlying the operation. In the end, 

achievable PCE of single junction OPV cells is estimated by using the parameters 

concluded from the study. 
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Chapter 3  Organic Solar Cells with 
Solution-Processed Graphene 
Transparent Electrodes 
 

We demonstrate that solution-processed graphene thin films can serve as transparent 

conductive anodes for organic photovoltaic cells. The graphene electrodes were 

deposited on quartz substrates by spin-coating of an aqueous dispersion of 

functionalized graphene, followed by a reduction process to reduce the sheet 

resistance. Small molecular weight organic solar cells can be directly deposited on 

such graphene anodes. The short-circuit current and fill factor of these devices on 

graphene are lower than that of control device on indium tin oxide due to the higher 

sheet resistance of the graphene films. We anticipate that further optimization of the 

reduction conditions will improve the performance of these graphene anodes.  

 

3.1  Introduction 
 

Organic optoelectronic devices such as organic photovoltaic (OPV) cells,1, 2 organic 

light-emitting diodes (OLEDs),3, 4 and organic photodetectors5, 6 have attracted interest 

because they can be deposited on flexible, light-weight substrates using low-cost 
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fabrication methods. An important aspect of optoelectronic thin-film devices is the 

transparent, conductive electrode through which light couples in or out of the devices. 

Indium tin oxide (ITO) is widely used but may be too expensive7 for an application 

such as solar cells. Moreover, metal oxides such as ITO are brittle and therefore of 

limited use on flexible substrates.8 A substitute for ITO with a similar performance but 

lower cost is clearly needed. Recent work on solution-processed random meshes of 

carbon nanotubes9-11 and metal nanowires12, 13 has resulted in solution-processed, 

conductive, transparent electrodes with transparencies and sheet resistances that 

approach or exceed that of ITO. However, the electrodes realized using the above 

approaches have a roughness that is comparable or larger than a typical device 

thickness, leading to frequent shorts. 

 

3.2  Unique properties of gaphene 
 

As shown in Fig. 3.1, graphene is a monolayer of carbon atoms densely packed into a 

benzene-ring structure, which is the basic building block of graphite crystal, carbon 

nano-tubes, fullerenes, and so on. For example, carbon nano-tubes are usually thought 

of as graphene sheets rolled up into nanometer-sized cylinders. The two-dimensional 

conductor graphene is a promising transparent conductor because of its optical and 

electrical properties.14-16 However, Planar graphene itself has been presumed not to 

exist in the free states in the past, being unstable with respect to the formation of 

curved structures such as fullerenes and nano-tubes. In principle, electrons in 
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individual graphene sheets delocalize over the complete sheet, providing ballistic 

charge transport in an one-atom-thick material with very little optical absorption. In 

practice, however, large-area graphene films produced via solution processing of 

functionalized graphene contain multiple grain boundaries and incorporate lattice 

defects and oxidative traps that increase the electrical resistance of the material. As a 

result, the films must be made thicker than one atomic layer to obtain practical sheet 

resistances. Recently, such graphene thin films were used as an anode in dye-

sensitized solar cells.17 In this work, we demonstrate that very thin films of graphene 

can be used as anode in solid-state thin-film OPV cells with a performance that 

approaches that of ITO while not exhibiting the roughness problems of carbon nano-

tube or metal nanowire meshes. The trade-off between transparency and sheet 

resistance is also investigated. 

 

 

Fig. 3.1 Graphite crystal and monolayer graphene  
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3.3  Fabrication of large area graphene thin film 

3.3.1  Fabrication method survey 
 

Given the unique properties of graphene film, researchers have been trying to develop 

various methods to make thin-films of graphene, such as the scotch tape-method14, 

transfer-printing18, epitaxial growth19, 20, and so on.  

3.3.1.1  Scotch tape method 

The scotch tape method is first developed by Andre Geim and Konstantin 

Novoselov,14 who won the Nobel Prize in Physics 2010 because of their 

groundbreaking experiments regarding the graphene. Basically, one could start with a 

piece of high quality graphite flake, and then repeatedly peel the flake off by using 

scotch tape. As a result, few-layer graphene or single-layer graphene is created, which 

could be used to study its electronic and optical properties. Fig. 3.2 shows graphene 

film prepared by scotch tape method and corresponding device by using the film. 
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Fig. 3.2 Graphene film and device made by scotch tape method  

 

3.3.1.2  Transfer-printing 

The method18, so called graphene-on-demand by cut-and-choose transfer-printing 

(DCT), can be used to transfer a piece of high-quality graphene in a device active-area 

on substrate, which is often a size of tenths of micrometers. As shown in Figure 3.3, 

DCT uses pillars (protrusions) of a stamp to cut and exfoliate a high-quality graphene 

piece (one piece per pillar) from graphite, and then inspects them. If an inspected 

graphene is good, it will be printed on the device active-area of a wafer with high 

placement precision. By using the method, working field-effect-transistors have been 

achieved with good transport properties. Such an approach has the potential to build 

graphene integrated circuits on large wafers. 
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Fig. 3.3 Schematic of graphene-on-demand by cut-and-choose transfer-

printing (DCT)18  

 

It is also known that Graphene can grow epitaxially on single crystal silicon 

carbide substrates both in theory and in experiment 19, 20. However, all these methods 

are not suitable for making low-cost, large-area graphene thin film. Solution process 

was used to make transparent conductive graphene film in this work. 

 

3.3.2 Solution-processed graphene film 
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The graphene electrodes used in this work were deposited on quartz slides by 

spin-coating dispersions of functionalized graphene in water, as shown in Fig. 3.4. The 

functionalized graphene material was prepared through a modified Hummers method21, 

22 as described elsewhere.23 Briefly, a graphite crystal was chemically oxidized by 

treatment with various solutions of NaNO3, KMnO4, concentrated H2SO4 and 30 wt% 

H2O2, washed with HCl and purified water, and ultrasonicated to exfoliate individual 

graphene oxide sheets. This procedure produces a loose brown powder which can be 

dispersed in water at loadings of up to ~15mg/mL. The spin-coating rate was 

increased every 30s from an initial value of 500rpm to 800rpm to gradually spread the 

water dispersion on the quartz, and finally to 1600rpm dry the film. Residual water 

was removed by heating these films to 100C in a vacuum oven for several hours. 

The resulting functionalized graphene films are not conductive and the material 

must be reduced to obtain acceptable sheet resistances. The reduction process removes 

oxidized functionalities from the film and partially restores electron delocalization, 

increasing both the light absorption and electrical conductivity of the film. The 

effectiveness of the reduction of functionalized graphene films by chemical and 

thermal methods has been characterized17, 23 with chemical treatments being less 

effective than thermal procedures. The dependence of optical and electrical properties 

of reduced graphene film on the reduction process will be discussed elsewhere.23 In 

this work, the graphene films were reduced either by vacuum annealing at 1100oC or 

by a combination of a hydrazine treatment and Ar annealing at 400oC.  
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Fig. 3.4 Schematic of preparing large area graphene thin film by solution 

process  

 

3.4  Properties of Solution-processed graphene 
film 

3.4.1  Graphene film morphology 
 

Figure 3.5a shows a typical atomic force microscopy (AFM) image of a 

graphene film after reduction using a hydrazine treatment and Ar annealing with a 

thickness <10nm. The surface of the film presents some corrugations that possibly 
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arise from partial roll-up of the edges of individual graphene sheets. The root mean 

surface roughness is Rq~3nm. Figure 3.5b shows the morphology of a thicker 

graphene film (>10nm) exhibiting extended wrinkles leading to Rq~9 nm. In both 

cases, the film surfaces are free from spikes which would lead to shorts in thin-film 

optoelectronic devices. The thick, spin-coated conductive polymer buffer layer that is 

used in devices with carbon nanotube or metal nanowire mesh transparent electrodes 

is therefore not necessary to prevent shorts when using these graphene electrodes. 

Since the film thicknesses exceed the thickness of a single layer of graphene, the films 

used here consist mostly of multiple layers of graphene. 

 

 

Fig. 3.5 AFM images for a reduced thin (<10nm) (a) and thick (>10nm) 

(b) graphene film. The scan size is 3m in (a) and 8m in (b).  

 

(a) (b) 
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3.4.2  Electrical and optical properties of reduced 
graphene film 

 

Figure 3.6 shows the optical transmittance (triangles, measured at =550nm) and 

sheet resistance (circles) vs. thickness for graphene films reduced by both vacuum 

annealing (open symbols) and a combination of a hydrazine treatment and Ar 

annealing (closed symbols). The film thickness was measured using atomic force 

microscopy across edges and steps in the films. The sheet resistance was measured in 

a 2-electrode configuration and includes the contact resistance between the graphene 

film and vapor-deposited gold electrodes used to probe the films. Both transmittance 

and sheet resistance decrease with increasing film thickness. Reduction by vacuum 

annealing produces graphene films with slightly better transparency and conductivity 

compared to the films reduced using the hydrazine treatment and Ar annealing. For the 

film thicknesses <15nm, the optical transmittance is >80%, while the sheet resistance 

varies from 5k/sq to 1M/sq.  
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Fig. 3.6 Transmittance at =550nm (triangles) and sheet resistance 

(circles) as a function of the graphene film thickness for both reduction 

methods: vacuum annealing at 1100oC (open symbols), and hydrazine 

treatment and argon annealing at 400oC (filled symbols).  

 



78 
 

102 103 104 105 106 107

20

40

60

80

100

 

 

T
ra

ns
m

itt
an

ce
 (

%
)

Sheet Resistance (ohm/sq.)

 

Fig. 3.7 Relationship between transmission and sheet resistance of 

reduced graphene films  

 

High resolution XPS analysis indicates that the majority of oxygen content is 

decreased during the reduction of functionalized graphene film. Reduction process 

increases the film absorption while recovering the conductivity of the film. Therefore, 

optimal combination of transmission and electrical conductivity needs to be explored 

for transparent conductor applications. As shown in Fig. 3.7, high transmission film 

has the issue of high sheet resistance, while low resistance film suffers the problem of 
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low transmission. To serve as a transparent electrode, the film is preferred to have 

more than 80% of transmission. 

The dependence of transmittance on wavelength is shown in Fig. 3.8 for three 

graphene films with different thicknesses, reduced by the hydrazine treatment and 

argon annealing. The optical transparency decreases monotonically for decreasing 

wavelengths over the spectral range =400-1800nm. 
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Fig. 3.8 Transmittance as a function of wavelength for graphene films of 

various thicknesses. The graphene films were reduced by the hydrazine 

treatment and argon annealing at 400oC.  
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The sheet resistance of the graphene films shown here is much higher than that of 

ITO films for the same transparency. This may be because the functionalized graphene 

is not completely reduced. Furthermore, since he average size of the sheets was 

(364120)nm measured along the longest axis, charge carriers have to hop between 

individual flakes. Finally, the films are not uniform and thinner regions of the film 

may act as bottlenecks that limit the overall in-plane conductivity. Further work is 

required to optimize the process conditions for improved optical and electrical 

properties. 

 

3.5  OPV cells on graphene transparent 
electrode 

3.5.1  Device fabrication 
 

Bilayer small molecule organic photovoltaic cells were fabricated on graphene 

films on quartz and on commercially obtained 130nm-thick ITO on glass (sheet 

resistance <20/sq) as transparent anode. All organic materials were obtained 

commercially and then purified using thermal gradient sublimation.24  

The organic thin films and metal cathode were deposited at room temperature by 

thermal evaporation in high vacuum (~10-7Torr). The layer structure of the devices is 

anode/copper phthalocyanine (CuPc)/fullerene (C60)/bathocuproine (BCP)/100nm Ag, 
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as shown in Fig. 3.9. The Ag cathode was deposited through a shadow mask with 

circular openings of 0.81 mm2. 

 

     

 

 

Fig. 3.9 Molecule structure of organic materials and device structure of 

organic photovoltaic cell  

 

3.5.2  OPV cell performance 
 

The current density-voltage (J-V) curves were measured at room temperature 

under 85mW/cm2 AM1.5G simulated solar illumination from a filtered 500W Xe arc 
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lamp. The illumination intensity was measured using a calibrated silicon photodiode. 

No corrections were made for the spectral mismatch. 

The thickness of graphene films used to fabricate OPV cells is between 4nm and 

7nm, and the corresponding values of the transmittance and sheet resistance are 85% 

to 95%, and 100k/sq to 500k/sq, respectively. The J-V curves of a typical cell with 

layer structure 35nm CuPc/50nm C60/10nm BCP on graphene and ITO are shown in 

Fig. 3.10, where the graphene film was reduced by vacuum annealing. The short 

circuit current density, JSC, open circuit voltage, VOC, fill factor, FF, and power 

conversion efficiency, , are 2.1mA/cm2, 0.48V, 0.34, and 0.4%, respectively, for the 

cell on graphene, and 2.8mA/cm2, 0.47V, 0.54, and 0.84%, respectively, for the cell on 

ITO. The efficiency of the ITO control device is well below the best published data25, 

26 for the materials system used, because the device structure and deposition 

conditions were not optimized. In spite of different work functions of graphene (4.4-

4.65eV)27, 28 and ITO (4.5-5.1eV),29  the difference in VOC is <100mV. This indicates 

that VOC is determined by the difference between Fermi levels of the unintentionally 

doped donor (CuPc) and acceptor (C60) materials.30  

The lower efficiency of the cell on graphene is mainly due to a reduced JSC and 

FF compared to the cell on ITO, both of which are due to the high sheet resistance of 

the graphene film. Furthermore, a smaller shunt resistance is seen for devices on 

graphene electrodes, leading to an increase in current in reverse bias, in the dark and 

under illumination. Using experimental data for cells on ITO, J-V curves for the cells 
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on graphene can be reproduced by including an extra voltage drop due to a series 

resistor to the voltage axis.  
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Fig. 3.10 Current density vs. voltage (J-V) curves for an OPV cell with 

layer structure 35nm CuPc/50nm C60/10nm BCP/100 nm Ag on graphene 

(circles) and ITO (squares) in the dark (filled symbols) and under 85mW/cm2 

AM1.5G simulated solar illumination (open symbols). The sheet resistance 

and transmittance of the graphene film are ~100k/sq and 95%, respectively. 

Inset: Schematic of the cells.  
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Fig. 3.11 J-V curves for OPV cells on ITO (squares) and three different 

graphene films (circles, triangles, and inverted triangles) under AM1.5G 

simulated solar illumination. Using the data for the cell on ITO, the J-V 

curves of the cells on graphene are reproduced by adding a resistive voltage 

drop to the voltage axis (solid line, dashed line, and short dashed line). The 

series resistances used to obtain these fits, R1,fit=110k, R2,fit=180k and 

R3,fit=420k, are very close to the measured sheet resistances of the 

graphene films used: R1=75k-150k, R2=200k and R3=200k-3M, 

respectively.  
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As shown in Fig. 3.11, the modeled J-V curves match the experimental data of cells 

on graphene. The series resistances used to obtain these fits, R1,fit=110k, R2,fit=180k 

and R3,fit=420k, are very close to the measured sheet resistances of the graphene 

films used: R1=75k-150k, R2=200k and R3=200k-3M, respectively. 

 

3.6  Conclusion 
 

In conclusion, we demonstrated that graphene thin films can be used as a 

transparent conductive electrode for OPV cells. The graphene thin films were prepared 

by solution processing of functionalized graphene followed by a reduction step to 

improve the conductivity. For film thicknesses <15nm, the optical transmittance 

is >80%, while the sheet resistance varies from 5k/sq to 1M/sq. Bilayer small 

molecular weight OPV cells were demonstrated on 4nm to 7nm-thick graphene thin 

films. Compared to control devices on ITO, it was shown that the lower JSC and VOC 

are mainly caused by the high sheet resistance of the graphene thin films. Improved 

graphene film treatments will be required to improve the sheet resistance without 

compromising transmittance. In addition, processes need to be developed that are 

compatible with low-cost flexible substrates. 
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Chapter 4  Organic Light-Emitting 
Diodes on Solution-Processed Graphene 
Transparent Electrodes 
 

 

Theoretical estimates indicate that graphene thin films can be used as transparent 

electrodes for thin-film devices such as solar cells and organic light-emitting diodes, 

with an unmatched combination of sheet resistance and transparency. We demonstrate 

organic light-emitting diodes with solution-processed graphene thin film transparent 

conductive anodes. The graphene electrodes were deposited on quartz substrates by 

spin-coating of an aqueous dispersion of functionalized graphene, followed by a 

vacuum anneal step to reduce the sheet resistance. Small molecular weight organic 

materials and a metal cathode were directly deposited on the graphene anodes, 

resulting in devices with a performance comparable to control devices on indium-tin-

oxide transparent anodes. The outcoupling efficiency of devices on graphene and 

indium-tin-oxide is nearly identical, in agreement with model predictions. 
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4.1  Introduction 
 

Organic light-emitting diodes (OLEDs) are a promising electronic display and solid-

state lighting technology because of their combination of high luminous efficiency and 

compatibility with a wide variety of substrates. Extensive research efforts1-7 over the 

last two decades have resulted in improvements in the luminous efficiency, lifetime, 

and color gamut of both small molecular weight and polymer OLEDs since the 

introduction of the bilayer organic electroluminescent heterostructure diode by C. W. 

Tang.8 

An important component of OLEDs is the transparent conductive electrode 

through which light couples out of the devices. Indium-tin-oxide (ITO) is traditionally 

used as transparent conductor, but has a number of disadvantages. First, ITO may be 

too expensive9 for use in OLEDs for lighting because of the cost of Indium and the 

low-throughput deposition process used. Second, metal oxides such as ITO (about 

150nm thick to ensure electrical performance) are brittle and therefore of limited use 

on flexible substrates.10 Third, Indium is known to diffuse into the active layers of 

OLEDs, which leads to a degradation of performance over time.11 There is a clear 

need for alternative transparent electrodes whose optical and electrical performance is 

similar to that of ITO but without its drawbacks. Several alternative transparent 

electrodes have been demonstrated, including other transparent conductive oxides,12, 13 

very thin metal films,14 carbon nanotube (CNT) random meshes,7, 15 metal nanowire 

random meshes16 and metal gratings.17 While substantial progress has been made, 
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many issues remain to be addressed, such as performance, cost, lifetime, roughness, 

manufacturability, etc. In this work, we demonstrate OLEDs on transparent graphene 

electrodes, with a device performance that is competitive with that of control devices 

on ITO.  

 

4.2  Comparison of different transparent 
candidates 

 

Graphene has promise as a transparent conductor because of its unique electronic 

structure.18-20 In principle, charge carriers in an individual graphene sheet delocalize 

over the entire sheet, and can travel thousands of inter-atomic distances without 

scattering. Since graphene is a zero-gap semiconductor with a very high Fermi 

velocity vF = 106m/s, individual graphene sheets have very high in-plane 

conductivities.21 Graphene can be chemically doped at doping levels of Ni = 1012 cm-2 

while maintaining charge carrier mobilities of μ = 105cm2/Vs or higher.20, 22, 23 Based 

on these values, the sheet resistance of graphene is: 

NNNe
R

i
sh




4.621


   (4.1) 

where N is the number of monolayers of graphene. The sheet resistance of a graphene 

film is plotted as a function of film thickness (assuming that each graphene layer is 

0.34nm thick) in Figure 4.1, and compared to experimental data for ITO thin films24 
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and other recently-developed alternative transparent electrodes such as CNT random 

meshes,7, 25, 26 thin metal films,27, 28 metal gratings17 and Ag nanowire networks.29  
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Fig. 4.1 Film thickness dependence of sheet resistance for different 

transparent conductors. Two limiting values were calculated for graphene 

using  = 2x105 cm2/Vs at Ni = 1012 cm-2 and  = 104 cm2/Vs at Ni = 3x1012 

cm-2. The thicknesses of the Ag nanowire film and metal grating are mean 

thicknesses obtained by spreading the mass of the metal over the entire 

substrate area.  

 

A range of resistivities was calculated for graphene films by using the limiting values 

for mobility and carrier density of  = 2x105cm2/Vs and Ni = 1012cm-2, and  = 
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104cm2/Vs and Ni = 3x1012cm-2.22, 30 To achieve a sheet resistance of 10Ω/□, >100 nm 

thick films of CNTs and ITO are needed. In contrast, <10 nm of graphene is in theory 

sufficient to achieve a sheet resistance <10Ω/□. Only metal thin films and gratings 

approach the sheet resistance of graphene for a thickness between 10 and 20 nm. 

Figure 4.2 summarizes the optical transmission averaged over the 400-800 nm 

spectral range weighted by the AM1.5G solar spectrum, as a function of sheet 

resistance for different candidate transparent conductors for the structure 

air/glass/transparent conductor/air or air/polyethylene terephthalate (PET)/transparent 

conductor/air.7, 17, 25, 26, 29, 31 The sheet resistance of graphene was calculated as 

described above assuming  = 2x105cm2/Vs and Ni = 1012cm-2. The transmission of 

graphene was calculated using the transfer matrix method32 and spectrally averaged as 

described above. The literature reports a range of values for the optical properties of 

graphene, varying from n = 2.0+1.1i 33 to n = 2.6+1.3i 34, 35 with the latter value being 

that of graphite. A range of transmissivities was calculated for graphene using these 

extreme values. This analysis shows that graphene has the potential to achieve a 

superior combination of sheet resistance and solar averaged optical transmission. 
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 Fig. 4.2 Solar photon flux-weighted transmission vs. sheet resistance for 

different transparent conductors. Two limiting lines of graphene film were 

calculated by using two different refractive indexes n = 2.0+1.1i and n = 

2.6+1.3i for graphene, assuming  = 2x105 cm2/Vs and Ni = 1012 cm-2. Two 

horizontal lines represent the transmission through bare glass (dashed line, n 

= 1.463) and PET (Polyethylene terephthalate) (dotted line, n = 1.575) by 

including Fresnel reflections at both the air/(glass or PET) and (glass or 

PET)/air interfaces. Solar transmission is calculated by integrating the 

product of the spectrally resolved transmittance with the spectrally resolved 

AM1.5 photon flux over the spectral range of 400-800nm.  
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As mentioned in chapter 3, various methods to make thin-films of graphene have 

been developed such as the scotch tape-method18 and epitaxial growth,36 but these 

methods are not suitable for low-cost, large-area applications. The graphene electrodes 

used in this work were deposited on quartz slides by spin-coating water-based 

dispersions of functionalized graphene (see Methods). The functionalized graphene 

material was prepared through a modified Hummers method as described elsewhere.37, 

38 The resulting functionalized graphene films must be reduced, increasing both the 

light absorption and electrical conductivity of the film. High-temperature vacuum 

annealing was used here, which was shown to be more effective than chemical 

reduction methods.38, 39 The sheet resistance and solar transmittance of the resulting 

films are plotted in Fig. 4.1 and Fig. 4.2 (crosses). The thickness of the graphene films 

used is ~7nm, and the corresponding sheet resistance and transmission are ~800Ω/□ 

and 82% at 550nm, respectively. The sheet resistance is >2 orders of magnitude higher 

than our theoretical estimates because large-area graphene films produced via solution 

processing of functionalized graphene contain multiple grain boundaries and 

incorporate lattice defects and oxidative traps that limit charge carrier transport.40, 41 

Graphene thin films have been used as an anode in dye-sensitized solar cells42 and 

organic solar cells.39,43, 44 Electroluminescent thin-film devices have different 

requirements for the transparent electrode because both carrier injection and light 

outcoupling must be considered. OLEDs on ITO benefit from optical interference 

effects in the ITO layer to control the outcoupling efficiency and radiation pattern.45-47 

Here, we demonstrated OLEDs on graphene thin films with electrical and optical 

performance comparable to that of control devices on ITO. 
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4.3  Organic light-emitting diodes on graphene 
transparent electrode 

 

4.3.1  OLEDs device fabrication 
 

Small molecule organic light-emitting diodes were fabricated on graphene films 

on quartz and on commercially obtained 130nm-thick ITO on glass (sheet resistance 

<20/sq) as transparent anode, as shown in Fig. 4.3. The ITO substrates were cleaned 

in acetone, and isopropyl alcohol followed by UV-ozone treatment for 15 minutes. 

Poly(3,4-ethylenedioxythio- phene)poly(styrenesulfonate) (PEDOT:PSS) was spin-

coated on both graphene and ITO substrates followed by annealing in N2 glove-box 

for 20 minutes. All organic materials were obtained commercially and then purified 

using thermal gradient sublimation as least twice. The organic thin films and metal 

cathode were deposited at room temperature by thermal evaporation in high vacuum 

(~10-7 Torr). The deposition rate is 1-2 Å/s for organic materials, and 4-5 Å/s for metal 

cathode. The layer structure of the devices is anode/Poly(3,4-ethylenedioxythiophene) 

poly(styrenesulfonate) (PEDOT:PSS)/ N,N′-di-1-naphthyl-N,N′-diphenyl-1,1′-

biphenyl- 4,4′diamine (NPD)/ tris(8-hydroxyquinoline) aluminum (Alq3)/ lithium 

fluoride (LiF)/Al. The Al cathode was deposited through a shadow mask with 1mm 

diameter circular openings.  
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Fig. 4.3 Molecule structure of organic materials and device structure of 

organic light-emitting diodes  

 

4.3.2  Device measurement 
 

Current-voltage characteristics were measured using an HP 4145B semiconductor 

parameter analyzer. Luminance was measured by a flat calibrated silicon photodiode 

that captures light emitted within a cone of 55, and then adjusted to include un-

captured emissive power. For a Lambertian emission source, the power emitted within 

a cone is: 
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The fraction of optical power emitted by the OLED that is captured by our photodiode 

is: 
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The luminous power reported is the value measured by the photodiode (corrected for 

the spectral response of the photodiode), divided by the fraction captured (67%). 

 

4.3.3  Device performance 
 

Figure 4.4 shows the current density and luminance as a function of applied 

forward bias for typical devices. OLEDs on graphene have a current drive and light 

emission intensity comparable to control devices on ITO for current densities 

<10mA/cm2. At current densities >10mA/cm2, the sheet resistance of graphene leads 

to a voltage drop in the electrode. Luminance was measured by a flat calibrated silicon 

photo detector that captures 67% of the emitted light (see Methods). The OLED turn-

on voltage (defined at 0.02cd/m2) at 4.5V and 3.8V, and reach a luminance of 

300cd/m2 at 11.7V and 9.9V, for graphene and ITO anodes, respectively. 
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Fig. 4.4 Current density (filled symbols) and luminance (open symbols) 

vs. applied forward bias for an OLED on graphene (squares) and ITO 

(circles), with OLED device structure 

anode/PEDOT:PSS/NPD(50nm)/Alq3(50nm)/LiF/Al.  

 

In Figure 4.5, the external quantum efficiency (EQE) and luminous power 

efficiency (LPE) of both graphene-based and ITO-based OLEDs are shown. The 

graphene-based OLED performance nearly matches that of the ITO control device 

despite the higher sheet resistance and different workfunction39 of the graphene anode. 

The conductive PEDOT:PSS layer further removes the effects of small differences in 

workfunction that may exist between ITO and graphene. 
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Fig. 4.5 External quantum efficiency (EQE) (filled symbols) and 

luminous power efficiency (LPE) (open symbols) for an OLED on graphene 

film (squares) and ITO glass (circles). The luminance, EQE, and LPE were 

adjusted to reflect total front emission power according to the method 

described in the Methods.  

 

4.3.4  Device simulation 
 

The nearly identical EQE is surprising because the fraction of optical power that 

couples out of an OLED structure depends strongly on the thickness of the various 
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layers.48, 49 As shown in Fig. 4.6, light generated in organic layer within OLEDs can 

be distributed into air modes, substrate modes, wave-guided modes, surface plasmon 

polariton modes, anode absorption and metal absorption, where only air modes are the 

light coupling out of the device and available to measure by photo-detector. 

 

Fig. 4.6 Schematic of light distribution of OLEDs. The light can be 

distributed into air modes, substrate modes, wave-guide modes, surface 

plasma modes, anode absorption and metal absorption.  

 

The angular and spectral distribution of light emitted from the organic active layer 

was modeled as described elsewhere.50 Based on measured light spectrum of 

NPD/Alq3 OLED in Fig. 4.7, Fig. 4.8 shows the simulated optical power emitted into 
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unbound (UB) air modes, substrate trapped (ST) modes, waveguided (WG) modes, 

and surface plasmon polariton (SPP) modes at the metal cathode/organic interface. 

The fraction of photons emitted into UB modes is the outcoupling efficiency. When 

spectrally integrated, we find that 17% of the optical power couples out for this OLED 

structure on both graphene and ITO, despite the differences in layer structure.47 The 

detailed power distribution among different modes is summarized in Table 1. 
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Fig. 4.7 Measured light spectrum of OLED with the structure as shown 

in the plot  
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Table 4.1 Simulated fraction of emitted optical power into the various modes 

supported by the OLED structures 

Air 
Modes

ST 
Modes

WG 
Modes

SPP 
Modes

Anode 
Absorption

Metal 
Absorption

Graphene 16.54% 22.86% 15.15% 40.54% 4.01% 0.90%

ITO 17.05% 23.51% 14.59% 40.77% 3.19% 0.88%

Air 
Modes

ST 
Modes

WG 
Modes

SPP 
Modes

Anode 
Absorption

Metal 
Absorption

Graphene 16.54% 22.86% 15.15% 40.54% 4.01% 0.90%

ITO 17.05% 23.51% 14.59% 40.77% 3.19% 0.88%  
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Fig. 4.8 Simulated angularly-integrated spectral density of emitted power 

into unbound (UB) air modes, substrate trapped (ST) modes, wave-guided 

(WG) modes, and surface plasmon polariton (SPP) modes.  
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Figure 4.9 shows the calculated spectrally-integrated power density of emitted 

radiation per unit solid angle into UB optical modes at different azimuthal angles from 

the surface normal. The emission pattern is nearly Lambertian for both graphene and 

ITO-based OLEDs. 
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Fig. 4.9 Simulated spectrally-integrated emitted power per unit solid 

angle for OLEDs on graphene film (blue dash-dotted line) and control ITO 

(red solid line) glass. A Lambertian response (black dashed line) is plotted 

for reference.  

Figure 4.10 shows the simulated fraction of power emitted as a function of 

wavelength and normalized in-plane wave-vector kxy for the OLED structure on 

graphene and ITO (assuming a glass substrate). While the fraction of power emitted 

into the various modes is nearly identical for devices on graphene and ITO (Fig. 4.8), 

the power distribution patterns within each layer are quite different because of the 

differences in layer structure. Specifically, the OLED structure on graphene does not 

support a WG mode due to the thin overall dielectric structure. 
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Fig. 4.10 The fraction of power emitted as a function of normalized in-

plane wave-vector kxy for all wavelengths between 400nm and 800nm for an 

OLED on ITO (a) and graphene (b), with device structure 

anode/PEDOT:PSS/NPD(50nm)/Alq3(50nm)/LiF/Al as shown in Fig. 4.3. 

The fraction of power coupled to air modes, substrate modes, wave-guided 

modes and surface plasmon polariton modes is evaluated by integrating the 

power distribution over the appropriate ranges of the in-plane wave-vector 

kxy.  
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4.4 Status of graphene film by CVD 
 

Based on the comparison of different transparent electrodes in section 4.2, 

graphene thin film is one of the most promising candidates. Also, both organic 

photovoltaic cells and organic light-emitting diodes have been demonstrated on 

solution-processed graphene transparent electrodes with very comparable performance 

as ITO control device. However, one of drawbacks of solution-processed graphene 

film is high sheet resistance, as shown in Fig. 4.11 (blue crosses). 

Very recently, Sukang Bae et. al. reported roll-to-roll production of very large area 

graphene film (30in).51 Graphene is first grown on flexible copper substrate, and then 

transferred to target substrate by using polymer support and etching of copper layer. 

Graphene-based touch screen panel was demonstrated. 

Transmittance of 97.4% and sheet resistance of 125 ohm/sq. was achieved for 

monolayer graphene. Sheet resistance and transmittance for different number of 

graphene layer was summarized in Table 4.2 and plotted in Fig. 4.11 (red circles). As 

shown in the plot, graphene performance is approaching to theoretical estimation, very 

comparable to ITO. This is very encouraging study for graphene transparent conductor. 
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Table 4.2 Sheet resistance and transmittance for different number of graphene layer 

Number of Graphene Layer Sheet Resistance (Ω/sq.) Transmittance (%) 

1 125 97.4 

2 67 95.1 

3 42.8 92.9 

4 30 90 
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Fig. 4.11 The relationship of solar transmission vs. sheet resistance for 

ITO and graphene films. Texture-filled area for theoretically-estimated 

graphene, blue crosses for solution-processed graphene, and red circle for 

CVD-growed graphene.  
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4.5 Conclusion 
 

In conclusion, we demonstrated that graphene thin films can be used as transparent 

conductive anode in OLEDs. The graphene thin films were prepared by solution 

processing of functionalized graphene followed by a reduction step to improve the 

conductivity. The electrical and optical performance of a small molecule OLED on 

graphene is similar to that of control devices on ITO despite marked differences in the 

total thickness of the optical stack. The graphene film used in this work is ~7nm thick 

and consists mostly of multiple layers of graphene. The film roughness is < 3nm, 

which is adequate for use as an anode in OLEDs and organic solar cells. Both 

transmittance and sheet resistance decrease with increasing film thickness. Thicker 

graphene film would help reduce the sheet resistance but the increased optical 

absorption due to the thicker film would decrease the photon outcoupling efficiency. 

Further optimization of the graphene film quality and thickness may lead to improved 

device performance. For graphene to become a viable alternative to ITO, further work 

is needed to develop methods to deposit high-quality, thin layers of graphene on low-

cost plastic substrates in a cost-effective manner.52, 53 
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Chapter 5  Modeling of Interface 
Morphology at Organic/Metal Interface 
 

5.1  Introduction 
 

Due to their exciting electronic, optical, and optoelectronic properties, organic 

semiconductors have experienced a tremendous increase in research activity over the 

last few years. Some organic electronic devices have been demonstrated, such as 

organic light-emitting diode display (OLED), organic solar cell, organic thin film 

transistor, and so on 1, 2. And some new structures, such as organic bistable device 

(OBD), have been reported recently3, 4. Most these devices operate with one or several 

functional organic layers with desired physical properties and metal-organic contacts 

to inject/extract charge carriers. In some of these device geometries, metal is needed to 

deposit on the top of the organic film. The proper function of the contact is critical for 

the performance of the device, and it depends on the interfacial morphology of the 

metal-organic interface. Until now, many experimental data has been reported. So it is 

quite interesting and useful to simulate the interface morphology at organic/metal 

interfaces.  

In this chapter, a simple model is proposed to simulate the interface morphology when 

metal atoms are deposited on the surface of organic thin film. We mainly discuss how 
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the interface morphology depends on the conditions employed during deposition of the 

metal layer, such as deposition rate, substrate temperature and drive-in potential, and 

the properties of involved materials (e.g., diffusion coefficient). 

 

5.2  Simulation method 

5.2.1  Basic idea 
 

Basically, when a metal atom is deposited on the organic surface, it has three 

probabilities.5-8 First, metal atom has a chance to stick to organic molecule and does 

not move any more, referring to stick probability. Second, metal atom can randomly 

hop around on the surface, which results in diffusion coefficient on the surface, D//. 

Third, metal atom can also hop down to penetrate the organic surface with diffusion 

coefficient D┴, which happens along the boundary between organic molecules 

generally. Therefore, random walk model (Monte Carlo) is employed to simulate the 

diffusion processing of metal atoms. To start, let’s set up the workspace at first.  

 

5.2.2  Simulation workspace 
 

Assume that organic molecule is cubic and its size is 1nm*1nm*1nm. The molecules 

are closely packed in simple cubic lattice, and dimension is 10*10*10, as shown in Fig. 
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5.1 (a). And there are boundaries between organic molecules, along which metal atom 

can diffuse with diffusion coefficient D┴. To simplify, I assume the surface of organic 

film is flat.  

 

(a)                                                                         (b) 

Fig. 5.1 Cubic array of organic molecules  

Metal atom is much smaller than organic molecule, and I assume the dimension of 

metal atom is 1Å*1Å*1Å. Metal atom can randomly arrive at the surface with 

negligible initial velocity. Upon its arrival on the surface, it can either stick there or 

hop around. Like atom 1 in Fig. 5.1 (b), it can hop to four nearest neighborhood sites 

on the surface with certain diffusion coefficient (diffusion_on _surface), and each 

hopping step is 1Å. When metal atom appears on the boundary region, like atom 2, 

besides hopping on the surface, it can also hop down to penetrate the surface with 

another diffusion coefficient (diffusion_ along_boundary). Once medal atom 

penetrates the surface, it can still diffuse along the boundary in this model. If a metal 

atom meets other atom(s), like atom 3, they will form a cluster, and diffusion 

coefficient is expected to decrease significantly so that even small cluster may be 

considered as immobile. So I assume they are immobile in my model when two metal 
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atoms meet. By doing so, the disadvantage is that the shape of the cluster can not be 

optimized to minimize the surface energy. 

 

 

(a) 

 

(b) 

Fig. 5.2 (a) Schematic of metal atom diffusion direction; (b) Probability 

distribution of each event on 1D axis  
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5.2.3  Monte Carlo method 
 

Generally, each metal atom can hop to the nearest neighborhood site along six 

possible directions, as shown in Fig. 5.2 (a). The probability to each direction depends 

on the hopping rate. By using equation (1) to normalize as follows,  

 

 N

i i

j
j

R

R
P

1

                                 (5.1) 

I get have the probability of each event. As shown in Fig. 5.2 (b), these probabilities 

are put on the axis between 0 and 1, and hopping direction can be determined by 

matching a random number to the axis. 

 

5.3  Results and discussion 
 

This section will mainly discuss how the interface morphology depends on the 

conditions employed during deposition. Except for specification, only the metal atoms 

below the surface are shown for all morphology figures, and the metal atoms above 

the surface are not. The influence of stick probability is not considered in this 

simulation, which is assumed to be zero. 
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5.3.1  Substrate temperature / Deposition rate 
dependence 
 

Substrate temperature and deposition rate are most important parameters controllable 

during deposition. Higher temperature as well as lower deposition rate leads to larger 

hopping rate, so atoms are expected to diffuse more before they meet other metal 

atom(s) to form a cluster. And more atoms are expected to penetrate the surface under 

higher substrate temperature and lower deposition rate.5     

In this model, steps_of_walk represents metal diffusion steps on the surface during 

unit time gap. And it will decrease by the ratio of diffusion coefficient on the surface 

to that along the boundary while metal penetrates the surface and diffuses in the film. 

Basically, high substrate temperature and/or low deposition rate can be achieved by 

increasing steps_of_walk. As shown in Fig. 5.3 (a), the number and percent of atoms 

penetrating the surface are calculated with increasing steps_of_walk, and the result is 

the average over 100 simulations at each condition. As expected, the number of atoms 

below the surface increases with increasing steps_of_walk when steps_of_walk is 

relatively small. However, it does not change much when steps_of_walk is above 

some number (10 in this simulation), and even decreases a little when steps_of_walk is 

large. 
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(a) 

       

(b) steps_of_walk = 10                         (c) steps_of_walk = 1000 

Fig. 5.3 Substrate temperature / deposition rate dependence. Region 1: 

above surface; Region 2: organic film; Region 3: bottom electrode  

①                  ②                ③ ①              ②                ③



125 
 

(a)  Tsub = -120oC, R = 23Å/min (b)  steps_of_walk = 1 

 

(c)  Tsub = +70oC, R = 0.35Å/min (d)  steps_of_walk = 10000 

Fig. 5.4 Comparison with experimental data  

 

The metal distribution profiles with different steps_of_walks are compared in Fig. 5.3 

(b) and (c). The vertical axis is the number of metal atoms in log scale, and horizontal 

axis is perpendicular to the film surface. The region 1, 2 and 3 are the region above 

surface, within organic film and within bottom electrode, respectively. It is clear that 

the metal atoms diffuse deeper in Fig. 5.3 (c), which is under higher substrate 
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temperature and lower deposition rate. Appearance of periodic peaks in region 2 is due 

to boundary planes at the corresponding locations, which are parallel to the surface.    

Fig. 5.4 shows the comparisons between my simulations and experimental data.5 

Deposition conditions for Fig. 5.4 (a) is Tsub = -120oC and R = 23Å/min, while 

deposition conditions for Fig. 5.4 (c) is Tsub = +70oC and R = 0.35Å/min. Obviously, 

organic film is quite clear with little metal clusters for Fig. 5.4 (a). However, a lot of 

metal clusters appear in the organic film for Fig. 5.4 (c), which is due to higher 

substrate temperature and lower deposition rate. As shown in Fig. 5.4 (b) and (d), my 

simulation indicates very similar morphology by changing steps_of_walk. How to 

relate simulation parameter to real deposition conditions (e.g., substrate temperature 

and deposition rate) need to consider further. 

 

5.3.2  Diffusion coefficient dependence 
 

Hopping rate or diffusion coefficient is strongly influenced by the interaction between 

the metal and the organic molecules. Metal atoms that interact more strongly on the 

organic film may exhibit less inter-diffusion into the organic film (i.e., boundary 

diffusion). 

By increasing the boundary diffusion, more metal atoms diffuse into organic film, and 

they diffuse deeper as shown in Fig. 5.5. It is reasonable because larger boundary 

diffusion gives metal atom more chance to diffusion down to penetrate the surface. 
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Fig. 5.5 Diffusion coefficient dependence. Keeping surface diffusion = 

100, boundary diffusion is increased from 20 to 50.  

 

5.3.3  Effect of drive-in potential 
 

Sometimes, potential drive-in force may influence the interface morphology, such as 

electrical field, magnetic field, and so on. It can be intended or occasional. It is 

interesting to simulate its influence. 
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(a) morphology without drive-in (b) morphology with drive-in 

  

 (c) metal distribution profile without 

drive-in 

(d) metal distribution profile with drive-in 

Steps_of_walk = 100 

Total deposition layer = 5 

Atom below surface = 380.51 ± 28.71 

Percent = 0.0076 ± 0.0006 

Steps_of_walk = 100 

Total deposition layer = 5 

Atoms below surface = 2169.60 ± 97.31 

Percent = 0.0434 ± 0.0019 

Fig. 5.6 Influence of drive-in potential  
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Fig. 5.6 shows the influence of drive-in potential on metal clusters morphology below 

the surface and metal atom profile. Compared to Fig. 5.6 (a) and (c), some kind of 

drive-in force is employed in Fig. 5.6 (b) and (d) to double the downward diffusion 

coefficient while keeping other parameters the same. Clearly, the drive-in potential 

can make a big difference. As shown in Fig. 5.6 (b), much more metal atoms will 

penetrate the surface, diffuse down, and eventually stick to the bottom electrode under 

drive-in potential. The number of atoms below the surface increases by more than 5 

times from Fig. 5.6 (a) to Fig. 5.6 (b). This phenomenon can be utilized or avoided 

depending on applications. 

By tracking the diffusion path of metal atom, one can come up some idea about how 

the drive-in potential influences morphology. Fig. 5.7 shows all metal atoms 

depositing on the surface. Upon arrival on the surface in Fig. 5.7 (a), the metal atom 

will hop around and spend much time on the surface, and eventually stick to other 

atom(s) to form cluster, as shown in red. However, in Fig. 5.7 (b) with drive-in 

potential, the metal atom is quite easy to penetrate the surface, diffuse down and stick 

to bottom electrode. 
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(a) without drive-in potential  (b) with downward drive-in potential 

 

Fig. 5.7 Track of diffusion. Diffusion path start from black dot and stop 

at green dot.  

 

5.3.4  Saturated metal atom within film 
 

When more and more metal atoms are deposited, most atoms will stick to other atom(s) 

to form a cluster upon their arrival on the surface and have no chance to diffuse further 

into organic film. Therefore, atoms below the surface will almost keep constant when 

deposited atoms are more than one nominal metal layer, as shown in Fig. 5.8.  
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Fig. 5.8 Number and percent of atoms below surface with increasing 

deposition layer  

 

5.3.5  Cluster size on surface 
 

Now assuming that metal atoms only hop around on the surface and do not hop down 

to penetrate the surface. When depositing the same number of metal atoms, high 

deposition rate will result in many small clusters as shown in Fig. 5.9 (a), however, 

low deposition rate will lead a few big clusters as shown in Fig. 5.9 (b). At low 

deposition rate, metal atom has more time to hop around and finally stick to an existed 

cluster. At high deposition rate, metal atom has a big chance to meet a newcomer to 
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form an additional cluster, which is account for larger cluster number and small cluster 

size.   

 

  

(a) high deposition rate (b) low deposition rate 

Fig. 5.9 Deposition rate dependence of surface morphology  

5.4 Conclusion 
 

In this chapter, a random walk model is proposed to simulate the interface morphology 

when depositing metal atoms on the organic film. The paper mainly discusses the 

influences of substrate temperature, deposition rate, diffusion coefficient and drive-in 

potential. In comparison with experimental data, this simple model gives reasonable 

interface morphology and metal distribution profile. Here are some main conclusions. 
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1. Decreasing deposition rate or increasing substrate temperature will drive metal 

atoms into the organic film deeper, but the number of  metal atoms below the 

surface will not monotonously increase with decreasing deposition rate; 

2. Drive-in potential can make a big difference for interface morphology and 

metal atoms distribution profile; 

3. The larger the diffusion coefficient along the boundary is, the more metal 

atoms are driven below the surface and the deeper; 

4. After depositing one nominal metal layer, the atom number below the surface 

is almost the constant and will not monotonously increase as before; 

5. Considering metal atoms morphology on the surface, fast deposition rate will 

give many small metal clusters, while low deposition rate will result in less big 

metal clusters. 

In the end, some ideas are proposed as below and further work can be done based on 

this model. 

1. How to relate the simulation parameters to the real properties of employed 

materials, such as atom hopping rate, diffusion active energy, and so on.  

2. More simulations can be done by optimizing the shape of metal cluster to 

account for surface energy and changing the shape and array of organic 

molecules to approach the reality. 

3. In present model, substrate temperature and deposition rate are controlled by 

one parameter. However, the interaction between metal and organic may 
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change with temperature, and higher temperature may enhance the diffusion 

coefficient to penetrate the surface. So substrate temperature and deposition 

rate should be varied separately to account for this.     

4. The influences of surface roughness and stick probability need consider.  
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