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The fabrication and simulation of hybrid bulk heterojunction photovoltaic cells was studied 

to develop an understanding of these devices and facilitate improvements in device fabrication 

techniques.  The device simulation software package Medici was applied to this type of device 

for the first time, and novel device fabrication techniques were developed to improve device 

performance. 

Medici was adapted for a hybrid system consisting of an ordered array of inorganic 

nanorods interspersed with an absorbing, semiconducting polymer.  A cell taken from the 

literature was simulated using a two-stage simulation technique which independently calculated 

the light absorption profiles and the cell performance.  This technique applied a line source of 

carriers directly at the interface between the inorganic and organic regions of the cell, 

realistically imitating the exciton dissociation physics of real hybrid cells.  The simulations 

showed low current densities as compared to the real cell, due to strong recombination at the 

material interface. 

Nitrogen plasma treatment of the transparent anode in bi-layer and hybrid photovoltaic 

cells was found to reduce surface roughness, increase the hydrophilic nature of the film, and 

improve cell performance.  A range of solvents were tested for hybrid bulk heterojunction film 
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deposition, with chloroform, chlorobenzene, and o-dichlorobenzene found to provide films with 

low surface roughness and strong uniformity.  Hybrid bulk heterojunction solar cells were 

fabricated, and these cells showed low performance of less than 1% efficiency.  The active layers 

degraded upon exposure to air, resulting in a drop in short-circuit current density that was more 

pronounced for hybrid films than for pure polymer single-layer cells.  These findings highlight 

the environmental sensitivity of these devices and the need for an inert environment for cell 

fabrication and testing. 

 



 

CHAPTER 1 
INTRODUCTION 

Introduction 

Since the discovery of the photovoltaic effect and the design of the first functional solar 

cell, photovoltaic technology has consistently developed to become an increasingly viable energy 

source.  Photovoltaics has developed into many classes of devices and materials systems.  

Photovoltaic technology can provide clean, efficient, and portable energy. 

Motivation 

There is currently a strong push toward alternative energy sources as the price of oil 

increases and nations worldwide work to slow the emission of greenhouse gases such as COx and 

NOx.  Many countries have established conservation and alternative energy programs in attempts 

to control the output of these gases.  Recent increases in oil and gas prices and controversy 

surrounding global warming have driven public recognition of the need for alternative renewable 

energy sources.  While small-scale steps such as hybrid cars stand to relieve a small amount of 

the world’s fossil fuel consumption, new technologies such as photovoltaic energy must be 

developed to fulfill the world’s large-scale energy needs. 

Of the available candidates for alternative large-scale energy production, photovoltaic 

energy conversion has many qualities that make it a leading technology, including: 

• Photovoltaic technology has been studied intensely for many years, initially driven by its 
use in the space program to provide energy for satellites and space vehicles, to prepare it 
for commercialization.   

• Energy generated from solar cells can be generated locally, resulting in reduced energy 
distribution costs and a more reactive system. 

• Because of its local power generation, photovoltaics are optimal for power generation in 
remote locations where it is difficult or impossible to connect to a local grid. 
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• Solar energy is plentiful.  America’s energy needs could be supplied by a single solar 
array covering an area of 100 x 100 miles in the uninhabited deserts of the western 
United States. 

• Photovoltaic sources provide peak energy during peak consumption times.  Energy 
consumption is at its maximum during the middle of the day, requiring power plants to 
work harder to provide the necessary energy to their consumers.  Because the sun’s rays 
on earth are also at a maximum during that time, solar energy provides maximum energy 
at the most critical portion of the day. 

Worldwide photovoltaic installations have begun to grow rapidly, as shown in Figure 1-1 

[1].  The U.S., who at one time was the world leader in photovoltaics, has fallen behind countries 

such as Japan and Germany who have made strong efforts to boost their solar energy programs.  

However, recent initiatives such as the Million Solar Roofs Initiative and Solar America 

Initiative, along with federal and state sponsored cost-sharing programs for residential and 

commercial solar installations, have created a new boom in American solar installations [2]. 

Photovoltaic Technologies 

Many photovoltaic technologies are currently in the developmental or production stages, 

including crystalline and polycrystalline silicon, thin film, concentrator arrays, space 

photovoltaics, and organic cells.  Polycrystalline silicon is currently the dominant technology in 

the photovoltaics market, drawing on years of silicon processing technologies to provide a low 

production cost.  Polycrystalline silicon modules area commercially available for as low as 

$4.29/Watt in April 2008, approximately $0.50/Watt cheaper than the U.S. average cost of 

$4.81/Watt [3].  These panels are easily identified by their deep blue color and are currently in 

production worldwide.  The next wave of photovoltaic production appears to be thin-film 

photovoltaics.  These cells employ direct-bandgap materials with strong absorption coefficients 

such as amorphous silicon (a-Si), cadmium telluride (CdTe), and copper indium-gallium 

diselenide (CuInxGa1-xSe2).  Many of these cells have demonstrated extremely promising 
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laboratory efficiencies, and the thin layers reduce material costs and provide the ability to create 

flexible cells for a wider range of applications.   

Concentrator photovoltaic arrays generate a large amount of power from a single cell by 

using an array of mirrors to focus the sun’s energy on the cell.  This technology has been used to 

reduce large-scale production costs because the cost of a mirror is lower than the cost of a 

photovoltaic panel.  Space solar cells are the most advanced cells, using expensive growth 

methods to produce high quality photovoltaic material.  These cells provide extremely high 

performance and durability through their multi-junction stack technology, but this comes at a 

high cost that makes the cells too expensive for standard terrestrial applications.  Under 

concentration, however, their high efficiency (approaching 40%) mitigates their higher cost.  

Organic and hybrid solar cells provide extremely lightweight devices and low-cost 

manufacturing, but currently their low performance and life time limits their applications. 

Organic Photovoltaics 

 Compared to their inorganic counterparts, the development of organic PV is in its 

infancy.  Drawing on advances in organic light emitting diodes, however, considerable progress 

has been achieved that encourages continued exploration of organic solar cells.  Organic 

photovoltaic technology uses organic molecules or polymers to absorb sunlight and generate 

photocurrent.  Many of these materials have extremely high absorption coefficients with maxima 

in the visible region of the spectrum (α ≈ 105 cm-1), so an extremely thin layer (hundreds of 

nanometers) is sufficient for absorbing incident light.  Because the films are extremely thin and 

flexibile as compared to inorganic crystals, organic photovoltaics show promise for flexible and 

lightweight portable devices.  Many organic materials can be rapidly deposited through 

inexpensive techniques such as thermal evaporation at moderate vacuum, or by spin-coating, dip-

coating, screen printing, ink jet printing, and spray coating at room temperature and pressure.   
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The approaches to using organics for light conversion can be categorized into three general 

classes of cell structures: bi-layer, dye-sensitized, and bulk heterojunction.  Similar to inorganic 

designs, bi-layer cells use a flat junction created by stacking p- and n-type organic layers, with 

additional layers incorporated for charge transport enhancement [4-6].  Dye-sensitized solar cells 

use an organic dye adsorbed on inorganic transport materials, typically TiO2, so that the dye 

absorbs photons and the inorganic phase allows for efficient charge transport [7-10].  Bulk 

heterojunction cells consist of donor and acceptor materials mixed together to form a blended 

junction throughout the device active layer.   

Organic cells are distinguished from their inorganic counterparts by exciton creation upon 

photon absorption.  Due to their extremely low exciton binding energy, inorganic p-n junction 

cells generate free carriers upon photon absorption, and the carriers are primarily collected by the 

field across the depleted junction.  Organic materials, on the other hand, primarily generate 

excitons that have significant binding energy and transport by diffusion until they recombine or 

dissociate at an energetic interface to produce free carriers for eventual collection. 

Excitons are efficiently dissociated at a p-n junction in organic devices, although exciton 

dissociation occurs to a lesser extent at interfaces with electrodes, polymer chain defects, 

absorbed oxygen sites, or active-layer impurities [11].  Because of this dissociation requirement, 

only excitons generated within a diffusion length of the junction will contribute to the collected 

current.  Exciton diffusion lengths are typically on the order of 5 to 20 nm for organic 

semiconductors, placing a limit on the thickness of active layers and therefore the photon 

absorption extent [12-16].  The blended junction of a bulk heterojunction cell attempts to provide 

an interface within an exciton diffusion length throughout the entire active layer, thus allowing 

for thicker active layers with better adsorption and more efficient exciton dissociation.  Once the 
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free carriers are generated they must be collected at their respective electrodes before they 

recombine, which occurs to some extent in the bulk or more prevalently at interfaces.   

Bulk heterojunction devices have been fabricated by blending several classes of materials, 

including multiple organic small molecules, polymer and organic molecules, polymer and carbon 

nanotubes, polymer and inorganic nanoparticles, and polymers deposited in a prefabricated 

inorganic nanostructure.  Heterojunctions based on small organic molecules such as copper 

phthalocyanine (CuPc) receive little attention compared to polymer-based heterojunctions, but 

have demonstrated reasonable efficiency using a variety of deposition techniques [17-19].  

Carbon nanotubes have very recently received consideration as a solar cell material, both as an n-

type conductor in a heterojunction [20] and as a structured electrode [21]. 

Bulk heterojunctions fabricated from conjugated polymers and C60 represent the most 

widely-studied class of bulk heterojunction solar cell.  Since the discovery of ultra-fast 

photoinduced charge transfer from conducting polymers to C60 [22], polymer-C60 bi-layer and 

bulk heterojunctions have been studied extensively.  The first cells using semiconducting 

polymers and C60 were fabricated by the same group [23].  Early bulk heterojunction cells using 

C60 employed poly (pheneylene vinylene) (PPV) derivatives as the polymer material, and issues 

centered on co-dispersion of the two materials to create a well-blended structure [24].  This issue 

was solved with the synthesis and application of [6, 6]-phenyl C61 butyric acid methyl ester 

(PCBM), a highly-soluble C60 derivative, [25, 26], and led to a record efficiency of 2.5% in 2000 

[27].  Since this development, other fullerene derivatives have been synthesized and evaluated, 

but PCBM remains the most widely used [28, 29].  The most popular PPV-based polymers are 

poly [2-methoxy,5-( 2’-ethylhexyloxy) -1,4-phenylene-vinylene] (MEH-PPV) and poly [2-

methyl,5-(3*,7** dimethyloctyloxy)]-p-phenylene vinylene (MDMO-PPV), although other 
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derivatives have been demonstrated [30].  These cells frequently feature a hole transporting layer 

of poly (3, 4-ethylenedioxythiophene):poly (styrenesulfonate) (PEDOT:PSS) to improve hole 

collection.  The structures of PCBM and some polymers commonly used for bulk heterojunction 

solar cells are shown in Figure 1-2.   

In particular, polythiophene derivatives are now popular alternatives to PPV, with poly (3-

hexylthiophene) (P3HT) being the most commonly used [29, 31].  P3HT is synthesized with a 

regio-regular configuration where the polymer side chains alternate on opposite sides of the 

backbone chain.  This arrangement aids in aligning the polymer chains for efficient charge 

transfer along the backbone, with additional chain straightening attributed to steric hindrance 

from the fullerene molecules [32].  Bulk heterojunction cells fabricated from P3HT and PCBM 

have reached efficiencies of 3.5% in 2003 [33] and 4.4% in 2005 [34]. 

The use of inorganic nanocrystals as a replacement for C60 is a relatively recent trend.  In 

addition to their high electron mobilities, semiconductor nanocrystals can contribute to 

absorption and photocurrent generation in the heterojunction active layer.  These nanocrystals 

offer the possibility of bandgap engineering by material selection and tightly controlling the size 

distribution, as well as the growth of different crystal shapes such as rods and tetrapods [35-37] 

to create more efficient charge transport pathways.  As with early work involving C60, dispersion 

of the nanocrystals remains an issue in process development.  One approach to enhance 

nanocrystal dispersion is the use of sol-gel processing to grow nanocrystals in the polymer film 

[18, 38-40].  The nanocrystals are typically grown in solution, and are formed with a surfactant 

capping layer to relieve the high surface energy [41, 42].  Exchange of this surfactant has been 

demonstrated to obtain improved solubility and electrical properties [43-45].   
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Ordered heterojunctions have been fabricated from a variety of materials including 

mesoporous TiO2 [46, 47], but ZnO nanostructures have been the most popular.  Regular arrays 

of well-aligned ZnO nanowires have been grown using a variety of techniques including 

MOCVD [48, 49], evaporation [50, 51], and solution-based thermal growth [52].  Tak et al. 

demonstrated selective MOCVD growth of ZnO nanoneedles on a patterned buffer layer [53], 

allowing for substrate patterning with nanomaterial coverage.  Low-temperature growth has been 

achieved using a sol-gel precursor method [54].  Device performance of these ordered 

heterojunction devices has been limited by rod spacings several times larger than the exciton 

diffusion length of the active polymer. 

Simulation of Hybrid Photovoltaic Devices 

The incorporation of excitons in device physics models has been done both inside and 

outside the organic photovoltaics world.  Models of silicon solar cells show that the inclusion of 

excitons causes a decrease in dark current but an increase in photocurrent [55], while further 

studies showed that this effect is only substantial when the exciton diffusion length is 

significantly greater than the electron diffusion length [56].  This work was further expanded by 

Burgelman and Minnaert to include exciton dissociation at surfaces, showing that even purely 

excitonic devices such as organic solar cells can be effective as long as the rate of exciton 

dissociation is high [57]. 

Simulations of polymer-inorganic hybrid cells have been performed with various 

assumptions.  Studies have proven that effective charge transport only takes place in these 

devices when the dimensions of the polymer region are less than or equal to the exciton diffusion 

length [58].  Additional models have validated this effect in polymer-C60 bulk heterojunction 

cells [59], highlighting the importance of excitons in these types of cells.  The traditional circuit 
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model of a solar cell has been modified to include an additional rectification diode to include the 

effect of exciton recombination [60]. 

While work exists in development of models to describe organic photovoltaics, little work 

has been done in applying existing semiconductor modeling programs to simulate these cells.  

Recently, Takshi et. al. applied Medici to simulate an organic transistor using P3HT as the 

semiconductor [61].  Medici is a 2-dimensional device simulation program developed by Avant! 

Corporation.  It is designed for the simulation of MOS and bipolar transistors, and models 

potential and carrier concentrations in a device by solving Poisson’s equation and the electron 

and hole continuity equations.   

Targeted Research 

The work presented in this dissertation provides a study of hybrid photovoltaic devices 

from an experimental and theoretical perspective.  The device simulation program Medici is used 

for the first time to provide simulations of an ordered bulk heterojunction photovoltaic device 

with an array of inorganic nanorods interspersed with a semiconducting organic polymer.  This 

design was chosen due to its semi-regular structure that allows the device to be broken into a 

representative unit cell, providing greater detail in the simulations.  By modeling the cell in this 

way, effective values of key parameters such as the carrier mobility, exciton diffusion length, 

and energy gap of the interface can be estimated for the device during operation.   

This simulation supplements experimental work focusing on process development for a 

polymer-nanocrystal bulk heterojunction solar cell.  The issues of charge transport and exciton 

dissociation are targeted.  Charge transport is improved through surface treatment of the ITO 

electrode prior to active layer deposition.  This generates a smoother surface and promotes 

adhesion of subsequent layers.  Exciton dissociation is addressed through control of the 

morphology of the bulk heterojunction active layer.  This is achieved through surface exchange 
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of the nanocrystal surfactant, selection of an appropriate solvent for film deposition, and the 

introduction of a novel layer-by-layer deposition process. 
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Figure 1-1.  Worldwide cumulative installed PV Power in Megawatts from 1992 to 2006 [1]. 

 
Figure 1-2.  Common organic materials used in solar cell development – regioregular P3HT (a), 

PCBM (b), MDMO-PPV (c), MEH-PPV (d), and PEDOT:PSS (e). 
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CHAPTER 2 
MEDICI SIMULATIONS OF HYBRID SOLAR CELLS 

Introduction 

Device modeling has lagged behind cell fabrication for organic and hybrid photovoltaics.  

Cell performance has been characterized using equivalent circuit theories [60, 62], and some 

work has been performed to model certain parameters such as cell lifetimes [63], charge 

recombination [64], and short-circuit current [59].  The use of existing simulation programs to 

provide a fully-encompassed view of the device performance has not been attempted to this 

point. 

Organic photoabsorbing materials differ fundamentally from most inorganic crystals in 

that the absorption of a photon generates an exciton, or bound electron-hole pair, with high 

binding energy.  Excitons can be generated in inorganic materials as well, but this occurs only 

over a very limited wavelength and temperature range, and the resulting excitons exist with a low 

binding energy on the order of kT at room temperature [57].  This low binding energy causes the 

exciton to be highly unstable in the presence of elevated temperatures or strong fields, such as in 

the space-charge region of a p-n junction.  In organic materials, excitons are generated nearly 

exclusively and exist with a binding energy or approximately 10x that of the inorganic excitons, 

or ~ 300 meV.  These highly stable excitons dissociate at an interface with another material, 

where one of the carriers is transferred into the neighboring material.  In organic photovoltaic 

cells, the electron is typically transferred into an n-type material due to the relatively low 

electron mobility in most organic materials. 

Because the organic exciton exists as an essentially uncharged particle unaffected by 

fields, it travels through the solar cell through diffusion, with the exciton diffusion length (LD) 

representing the maximum distance it can travel before self-annihilation.  For many organic 
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photoabsorbers, including P3HT, LD has been measured to be on the order of 10 nm [15].  This 

restricts the current in organic photovoltaics because only excitons generated within LD of an 

electron acceptor can generate free carriers, and any photons absorbed by the organic absorber 

outside of this distance are lost to recombination.  This inherent limitation is the motivation 

behind the bulk heterojunction cell design, in which the organic absorber and electron acceptor 

are blended on a scale that approximates LD. 

The hybrid bulk heterojunction design considered for simulations in this dissertation is an 

ordered array of inorganic nanorods with an organic absorbing polymer interspersed between and 

on top of the rods.  This inorganic array is assumed to be uniform in terms of rod length, rod 

width, and rod spacing, and the polymer is assumed to fully occupy vacant areas between the 

rods.  The simulation program chosen for this effort was Medici [65]. 

Medici is a device modeling software package from Synopsis designed to simulate diodes, 

MOS transistors, and bipolar transistors, as well as emissive devices.  The program is provides a 

two-dimensional simulation area and solves Poisson’s equation and the electron and hole 

continuity equations to generate two-dimensional distributions of potential and carrier 

concentrations [65].  Medici is designed for the simulation of crystalline inorganic materials, but 

has been used in certain rare instances for the modeling of organic semiconductors.  Recently, 

Takshi et al. used Medici to simulate a dual gate organic transistor using P3HT as the organic 

semiconductor [61].  The simulation applied literature values for P3HT properties and measured 

the performance of single- and dual-gate OFET designs with varying film thickness.  No effort 

was made by the authors to account for exciton dynamics in the device because the polymer was 

functioning as a transistor rather than a solar absorber, so the influence of excitons would be 

minimal.   
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The semiconductor properties that are necessary for a proper simulation using Medici 

include the electron and hole mobility, band gap energy, permittivity, electron affinity, density of 

states in the conduction and valence band, and doping density.  These properties are well-known 

for most common semiconductor materials, but are less well-characterized for many organic 

materials.  Despite this, measurements and assumptions regarding the necessary properties for 

P3HT can be found in the literature, and these values were used as starting points for device 

simulation.   

Initial Modeling Efforts 

A dispersion of P3HT in an ordered array of CdSe nanorods was chosen as a first attempt at 

hybrid solar cell modeling using Medici.  The choice of materials and dimensions were 

somewhat arbitrary, but represent a pseudo-realistic scenario with which to expore the 

capabilities of Medici for hybrid cell modeling.  This initial modeling effort serves as a precursor 

to attempts to simulate a real cell from literature. 

Preliminary Model Description 

Hybrid solar cells consisting of an ordered array of CdSe nanorods dispersed in a P3HT 

matrix were simulated using the device modeling software package Medici.  The nanorods were 

assumed to be vertically aligned, be in contact with the aluminum back electrode, have uniform 

dimensions, and have uniform spacing.  An illustration of this design is shown in Figure 2-1.  

Due to the symmetry imposed in this structure, the cell can be divided into a basic repeating unit 

cell, as illustrated in the figure.  The active layer is fixed at 100 nm thick, while the CdSe 

nanorod has dimensions of 90 nm x 10 nm.  The rod spacing is fixed at 20 nm.  These 

dimensions define a P3HT “capping” layer of 10 nm over the tip of each of the CdSe nanorods.  

Additionally, the unit cell has a polymer thickness of 10 nm to the side of the nanorod, due to the 

20 nm rod spacing imposed in the model.  This is chosen because it is equal to the approximate 
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exciton diffusion length in P3HT [15].  The unit cell used for simulation has dimensions of 100 

nm thick (the thickness of the device, not including electrodes) by 15 nm wide (half of the 10 nm 

rod width plus half of the 20 nm rod spacing).  The top contact is indium tin oxide (ITO), and the 

bottom contact is aluminum.   

The unit cell occupies 0.1 μm in the y direction and 0.015 μm in the x direction.  The CdSe 

nanorod occupies an area from 0.01 ≤ y ≤ 0.1 μm and 0 ≤ x ≤ 0.005 μm.  P3HT occupies the 

other regions, for y < 0.01 μm and x > 0.005 μm. 

The materials properties assigned for the simulation were taken from the literature and are 

displayed in Tables 2-1 – 2-3.  Material properties for CdSe were taken from previous 

simulations from Dr. Woo Kyoung Kim [66].  Figure 2-2 shows the absorption coefficient data 

used for several different materials in simulations, with the sources of the data noted in the 

caption.  Note that the electrical band gap and optical band gap can be individually specified in 

MEDICI, but they are assumed to be equal in all simulations unless otherwise noted.  The doping 

density was calculated to depend on the amount of time that P3HT is exposed to air, but falls in 

the narrow range of 1 x 1016 to 2 x 1016 cm-2 for air exposure times on the order of 100 hr [67].  

This value was further extended to 5 x 1016 cm-2 by Takshi et al. by assuming extended exposure 

times [61], and this value was used as a starting point for simulations.  The P3HT hole mobility 

of 0.1 cm2/V-s is the highest reported mobility for this material [68].   

Definition of model in Medici 

This section gives a brief description of the steps required to perform a simulation in 

Medici.  Medici runs based on user-defined input files that are easily edited in text format with 

any text editing program, typically Notepad or Wordpad on Windows computers.  For 

photovoltaic simulations, these input files contain the following information, typically in this 

order: 
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1) Mesh definition 
2) Region definitions 
3) Electrode definitions 
4) Material property definitions 
5) Illumination definition 
6) J-V calculation 
7) Output definition. 

•  
The simulation mesh is the collection of points where calculations are performed 

throughout the simulation area.  The spacing of the mesh points can be specified by the user and 

is somewhat arbitrary, with the exception that mesh points should exist at boundaries between 

regions to facilitate convergence of the calculations.  Medici allows a maximum of 3,200 mesh 

points, with more points providing a more well-defined calculation at the expense of 

computational time. 

Regions of the mesh can be defined to correspond to different materials in the simulation.  

These are specified through ranges of (x, y) coordinates in units of μm, with y = 0 corresponding 

to the top of the simulation area.  The electrodes are specified in terms of their optical properties 

and are not defined by (x, y) coordinates.  Calculations are performed by Medici at the interface 

points with the electrodes, but not within the actual electrode. 

Material properties are specified to correspond to the material ranges given in the region 

definition.  An example would be  

MATERIAL REGION=P3HT PERMITTI=3 NC300=2E18 NV300=2E19 EG300=1.7  

+  EGO300=1.7 AFFINITY=3.15 ABS.FILE="abs-p3ht.txt" PR.TAB 

where the properties for the area defined as “P3HT” are specified.  Carrier mobilities and 

impurity profiles are defined in separate statements.  Further details on impurity profile 

definitions are given in the following section.  The absorption coefficient is defined through an 

external text file, where the value can be specified by the user for a range of wavelengths. 
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The illumination source can be defined in multiple ways.  For absorption models such as 

photovoltaic cells, radiation can be defined to follow any specified profile and generated from a 

point source or line source at any location outside of the simulation area.  Further details are 

given in a later section describing the effect of altering the origin of the illumination source.  In 

addition to general illumination, sources of photogenerated carriers can be specified along any 

line within the simulation area.   

With the defined illumination source, Medici calculates the photogenerated carrier 

distribution throughout the simulation area based on the absorption coefficient data given for 

each material region.  The program then begins iterating over a range of applied biases specified 

by the user until the current and potential has been mapped and converged throughout the 

simulation area.  Once a solution has been achieved, Medici provides a vast array of output 

mechanisms for the user to extract data from the simulation, including plot generation and 

numerical data extraction. 

Impurity profile 

The way in which Medici assigns impurity profiles in simulations is a bit of a mystery.  A 

few simulations were performed to determine the proper way to call this function.  The profile 

can be defined in terms of (x, y) coordinates or by the “REGION” statement which applies 

values to an area defined by a specific name.  The impurity profile input statements used are 

listed in Table 2-4. 

The file “impurity_1” specifies the doping areas by the “REGION” statement, which 

generates doping in an area which has previously been defined in coordinate space and assigned 

a label (P3HT or CdSe).  The file “impurity_2” first applies p-type doping at a concentration of 5 

x 1016 cm-2 to the entire cell area and then applies an n-type doping of 6 x 1016 cm-2 to the area 

occupied by CdSe.  This depends on Medici overwriting the impurity values when multiple 
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definitions are made in the same region, in this case the CdSe region.  In “impurity_3” the cell is 

sectioned into three rectangles, two which encompass the P3HT region and one which defines the 

CdSe region.  The P3HT region consists of the regions y ≤ 0.01 μm and (0.01 ≤ y ≤ 0.1 μm, 

0.005 ≤ x ≤ 0.015 μm).  The CdSe region is defined of the area from (0.01 ≤ y ≤ 0.1 μm, 0 ≤ x ≤ 

0.005 μm).  The file “impurity_4” considers the possibility that MEDICI sums doping 

specifications rather than overwriting them.  It takes the same format as “impurity_3” but assigns 

the n-type doping concentration as 1 x 1016 cm-2 to account for the possibility that 5 x 1016 cm-2 

is cancelled out by the p-type impurities when the statements are superimposed.  In “impurity_5” 

this concept is again tested by breaking the cell into the same three sections as in “impurity_3”, 

but assigning each section a p-type doping of 5 x 1016 cm-2.  Then, the CdSe section is re-

specified as n-type with a concentration of 6 x 1016 cm-2.   

The files impurity_4 and impurity_5 failed to converge.  It is interesting to note that 

“impurity_5” failed, but “impurity_2” did not.  Both appear to perform the same actions of 

filling the entire cell with p-type doping at a concentration of 5 x 1016 cm-2, and then applying an 

n-type doping of 6 x 1016 cm-2 to the CdSe region.  The file “impurity_4” directly applied an 

impurity profile of 1 x 1016 cm-2 in the CdSe region.   

J-V curves from the three successful simulations are shown in Figure 2-3.  From the graph, 

it is obvious that “impurity_2” was significantly different than “impurity_1” or “impurity_3”.  

Both “impurity_1” and “impurity_3” show nearly identical J-V curves, suggesting that the 

calculation is very similar.  It is interesting, however, that the results were not identical.  

The curve for file “impurity_2” shows an open circuit voltage of 0.185 V, approximately 

30% lower than the values of 0.246 and 0.253 V for the other curves.  This would seem to be 
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indicative of a lower effective doping density.  The purpose of input files “impurity_4” and 

“impurity_5” was to determine this difference, but these simulations failed to converge. 

Further simulations demonstrated the effect of doping density in the CdSe nanorods, with 

the results shown in Figure 2-4.  The CdSe doping density was varied from 3 x 1016 cm-2 – 7 x 

1016 cm-2.  The graph shows a linear dependence of VOC on the CdSe doping density.  This 

dependence is further illustrated in Figure 2-5, along with the linear trendline fit through the 

data.   

The fit in Figure 2-5 predicts a VOC of 0.181 V for an undoped semiconductor nanorod and 

a value of 0.193 V for a doping level of 1 x 1016 cm-2.  The curve generated from the input file 

“impurity_2” displayed an open-circuit voltage of 0.185 V, which corresponds to a doping 

density of 3.3 x 1015 cm-2 according to the trendline in Figure 2-5.  However, this linear trend 

should not hold for doping levels approaching zero, because zero doping in the CdSe region 

should coincide with a VOC of zero, due to the lack of a p-n junction in the device.  Any error 

from this value could arise from a space-charge region forming between P3HT and one of the 

contacts. 

From these simulations, the optimal method for defining impurity profiles was determined 

to be the use of the “REGION” statement.  This is simpler than defining the impurities for 

multiple regions as in the “impurity_3” simulation.  The “REGION” statement ensures that each 

region is properly assigned the appropriate doping density. 

Cell dimension adjustments 

After definition of the basic model parameters, simulations were performed to determine 

the effect of varying cell dimensions.  The first parameter adjusted was the cell thickness, which 

was accomplished by adjusting the length of the nanorod while maintaining a 10 nm polymer 

capping layer.  These simulations were performed with the CdSe nanorod width set to 4 nm 
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rather than 10 nm.  This sets the nanorod half-width in the unit cell simulation area as 2 nm.  The 

resulting simulated J-V curves are shown in Figure 2-6.  The length listed in the legend is the 

unit cell thickness, not including electrodes, so the CdSe rod length is 10 nm shorter than that 

distance due to the constant 10 nm capping layer. 

The cells showed an increase in VOC, JSC, FF, and efficiency as the cell thickness increased 

due to increased absorption in the devices.  However, due to increasing series resistance, there 

was a diminishing return as the film thickness increased.  Interestingly, the short-circuit current 

density continued increasing as the film thickness was increased to 1 μm, despite P3HT’s low 

hole mobility of 0.01 cm2/V-s.   

Figure 2-7 displays solar cell performance measures for the simulated J-V curves shown in 

Figure 2-6, with additional data points that were not displayed in Figure 2-6 for clarity.  The 

short-circuit current density of the unit cells continues to increase with cell thickness, although it 

begins to level off.  The fill factor and VOC of the cells reach a maximum in this simulation, with 

the value of the 1 μm cell showing slightly lower values than the 500 nm cell.  The peak values 

are approximately VOC = 60 mV and FF = 0.36.  The efficiency continues increasing up to the 1 

μm cell thickness, but as with the short-circuit current, the rate of increase slows dramatically.  A 

summary of the results from these simulations is shown in Table 2-5. 

With the effects of varying cell thickness characterized, simulations were then performed 

to determine the impact of nanorod width on cell performance.  Similar to the thickness 

variations displayed previously, these simulations maintain a constant P3HT thickness of 10 nm 

on the top and side of the CdSe nanorod.  The resulting J-V curves are shown in Figure 2-8.  The 

values displayed in the legend represent the nanorod half-width rather than the unit cell width.  

The unit cell width is 10 nm higher than the listed value due to the constant 10 nm of P3HT on 
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the side of the nanorod.  The results show that performance increases with increasing nanorod 

width, which is counterintuitive.  The absorption coefficient for CdSe is significantly lower than 

that of P3HT over most wavelengths, so the photocurrent generation increase with the wider cell 

is expected to be minimal.  Additionally, the current density calculation involves dividing the 

total current by the cross-sectional area of the cell, which increases as the unit cell width 

increases.   

One interesting feature of the simulation is that nearly all the cell widths showed a short-

circuit current density of approximately 9 mA/cm2, with the exception of two.  The curves for 15 

nm and 20 nm CdSe nanorod half-widths showed a short-circuit current density of approximately 

6 mA/cm2.  To further explore this strange behavior at 15 and 20 nm nanorod half-widths, a full 

range of half-widths was explored between 10 and 25 nm, with the resulting J-V curves shown in 

Figure 2-9.  The results show that the drop in short-circuit current density is a collection of 

seemingly arbitrary thickness values that result in a reduced current density rather than a trend in 

the range from 15 – 20 nm of CdSe half-thickness..   

The cells with half-thicknesses of 15, 20, and 23 nm showed a short-circuit current density 

in the range 5.4 to 6.4 mA/cm2, the cell with a half-thickness of 10 nm resulted in a short-circuit 

current density of 8.5 mA/cm2 while all other cells were slightly above 9.0 mA/cm2.   

Figure 2-10 shows the collection of cell performance data generated through the 

simulations involving variations in the width of the CdSe nanowires, and this data is tabulated in 

Table 2-6.  The odd behavior of the short-circuit current density is a prominent feature in the 

graph, with the cells at 15, 20, and 23 nm half-thickness showing a significant drop in JSC.  This 

results in a drop in cell efficiency at these points, from over 3% to approximately 2%.  With the 

exception of these outlying data points, the short-circuit current density shows a minor but steady 
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decrease as the CdSe width grows from 5 to 30 nm.  This is to be expected as series resistance 

and the voltage across the junction increase and the cell current is being divided by increasing 

cell areas to calculate current density.  The cells’ fill factors remain steady for CdSe half-widths 

between 10 and 25 nm.  At 30 nm, the VOC become very large (> 0.9 V), which causes a 

significant drop in the fill factor (< 0.5).  These values were unable to calculated directly, so they 

are not included in Table 2-6. 

Illumination source 

Simulations were performed to determine the effect of altering the illumination source.  

Medici generates photons from an illumination source at a specified location that illuminates the 

sample at a specified angle and beam width.  The illumination used for the cell dimension study 

used the form  

PHOTOGEN RAYTRACE BB.RADI BB.TEMP=5800 WAVE.START=0.2 
+ WAVE.END=1.0 WAVE.NUM=@WL X.ORG=0.006 Y.ORG=-2.5 ANGLE=90 
+ INT.RATIO=1E-2 N.INTEG=10 RAY.N=1 RAY.W=1.0 

This code generates radiation from a blackbody source at 5800K, which simulates the 

AM0 radiation spectrum.  The statements X.ORG= and Y.ORG= define the origin of the light 

source.  In the example above, the source is 6 nm to the right of the origin (centered on a 12 nm 

unit cell) and 2.5 microns off the surface of the cell.  The Y.ORG value is negative because the 

surface of the device is at y = 0, so the area above the top of the device is in the negative y range.  

The light is incident at 90° on the surface, with a ray width (RAY.W) of 1 μm.   

The results of varying the coordinates of the light origin are shown in Figure 2-11.  Three 

of the four data sets are identical, with only one showing a difference.  The perfect match 

between the two simulations with a centered light source shows that the distance away from the 

surface is not a factor.  Additionally, placing the source at the left edge of the cell shows no 

change.  However, placing the light source at the right edge of the cell results in a total loss of 
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photocurrent in the cell.  The J-V curve shows the same exponential growth as the other 

simulations and matches the other curves at large voltages where the current is primarily driven 

by applied voltage rather than photogenerated carriers.   

The lack of photocurrent generation when the sample is illuminated from over the right 

edge is puzzling.  According to the MEDICI manual, the ray will generate on each side of the 

specified origin [65].  In this simulation, that should mean that the beam will generate from a 

range of 0.5 μm on each side of the origin.  Because the cell is 12 nm wide, this should easily 

illuminate the entire cell.  This is illustrated in Figure 2-12.  Because the angle of incidence 

specified is 90°, generated rays will be perpendicular to the top surface of the cell.  As shown in 

the illustration, the beam width of 1 μm would be more than sufficient to illuminate the 12 nm 

cell width.   

The simulations shown in Figure 2-11 were performed a second time with the input file 

modified to remove the RAY.W statement.  This allows MEDICI to set the beam width, which 

by default is 2x the greatest dimension of the substrate [65].  The results of this simulation are 

not shown because they were identical to the curves shown in Figure 2-11.  There was no 

photogeneration when the illumination source was placed at the right edge of the unit cell.  The 

cause of this phenomenon is unclear, but it is obvious that placing the beam origin at the right 

edge of the simulation area results in a total lack of photocurrent.  

Summary 

These preliminary simulations serve as a guide for how to appropriately define commands 

in Medici, as well as to create a basic understanding of the effect of certain model properties on 

the cell performance.  It was found that impurity profiles should be defined using the REGION 

command to ensure the desired doping density is applied in each region.  It was also found that 

the illumination source should be placed in the center of the cell, but that the distance from the 
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surface of the cell and the definition of the ray width are unimportant, provided that the ray width 

is high enough to illuminate the entire cell.  Further studies will focus on the simulation of a real-

world hybrid solar cell from literature. 

Simulation of a Real Cell 

Model Parameters 

The cell chosen for Medici simulation was reported in 2006 by Olson et al. [75].  The cell 

was a hybrid cell fabricated from an array of ZnO nanofibers and P3HT, and has a cell structure 

of ITO/ZnO/ZnO:P3HT/Ag.  The ZnO layer was spin-coated onto the ITO substrate and the 

nanofibers were grown through hydrothermal growth.  P3HT was then spin-coated at a reported 

thickness of 200 nm.  SEM images of the ZnO nanofiber array before and after P3HT spin-

coating are shown in Figure 2-13.  The performance measures reported for the device were as 

follows: VOC = 440 mV, JSC = 2.2 mA/cm2, FF = 0.56, and η = 0.53%.  The J-V curve for this 

device is shown by the solid line in Figure 2-14. 

From the SEM images shown in Figure 2-13 (a), the average height of the ZnO nanofiber 

array is approximately 260 nm.  From Figure 2-13 (b), the thickness of the full ZnO:P3HT layer 

is approximately 430 nm.  These values leave a P3HT capping layer of approximately 170 nm on 

top of the nanofiber array.  The image in Figure 2-13 (a) shows an average rod diameter of 

approximately 30 nm.  The authors note the rod spacing is approximately 100 nm.  It is 

extremely difficult to accurately estimate the spacing from the cross-section SEM image shown 

in Figure 2-13 (a), but this figure appears to be reasonable and was likely verified with other 

unpublished data, so it will be assumed to be accurate.  From the SEM image, a thin base coat of 

ZnO is visible on the ITO film.  This film was estimated to be 25 nm thick from the SEM 

images, and this height was included in the 260 nm rod length. 
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The authors note that the thickness of their P3HT film was 200 nm, but are somewhat 

unclear whether this 200 nm thickness is measured from the top of the nanofiber structure or if it 

represents the full film thickness.  If the scale bars for the SEM images are reliable, it appears 

that the 200 nm figure refers to the excess P3HT film on top of the fiber array.  This seems to be 

an excessive amount of capping considering that the exciton diffusion length of P3HT is on the 

order of 10 nm in P3HT [15], a fact which is referenced by the authors.  However, light is 

incident from the ITO/ZnO side of the cell in the reported device, so photons must pass through 

more than 200 nm of ZnO:P3HT film before reaching this capping layer.  Additionally, the 

inconsistent length of the ZnO nanofibers must be considered, as the relatively high mobility of 

both electrons and holes in ZnO compared to P3HT would create a short-circuit in the device if 

the wire tips were exposed.  With this consideration, the additional buffer layer thickness may be 

important experimentally to ensure that the device will function as a diode. 

The J-V curve shown in Figure 2-14 was converted to numerical data using a graph 

digitizer program [76] so it could be compared to simulated curves.  The converted J-V and P-V 

curves are shown in Figure 2-15.  To verify the effectiveness of this conversion, the published 

cell performance measures were compared to the performance measures calculated from the 

digitized curve.  The results are shown in Table 2-7.  The results were VOC = 0.44 V, JSC = 2.2 

mA/cm2, FF = 0.57, and η = 0.55%.  This shows exact matches for VOC and JSC and values for 

FF and η that are 0.01 and 0.02 higher than the published results.  This is less than a 5% error in 

both cases, and demonstrates that the curve was re-produced with a high accuracy.  This new 

curve can now be plotted with the results of simulated cells to find a best fit. 

From previous work performed by Dr. Woo Kyoung Kim, the material properties for ZnO 

were defined as shown in Table 2-8 [66].   
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The unit cell used for these simulation efforts is shown in Figure 2-16, consisting of half 

the width of a nanorod and half of the space between the nanorod in the x direction and the full 

cell thickness in the y direction.  The unit cell dimensions were set based on the published cell 

dimensions observed in Figure 2-13.  In the unit cell, the transparent conducting oxide of ITO is 

shown as the top contact.  There is a thin 25 nm layer of ZnO coating the ITO electrode, and the 

nanorods extend out from this structure.  The P3HT region exists beside and above the nanorod.  

The back electrode of Ag completes the structure.  From the SEM images in Figure 2-13, the 

nanorod width was approximated as 30 nm and the average rod spacing was approximated as 

100 nm.  Because the unit cell consists of half of a nanorod and half of a rod spacing distance, 

the rod width shown in the unit cell is 15 nm and the P3HT width is 50 nm, resulting in a unit cell 

width of 65 nm. 

The model contains two regions of P3HT, a photocurrent generating region and a non-

generating region.  For convenience, the region shown in Figure 2-16 c) will be listed as P3HT1, 

and the region is Figure 2-16 d) will be listed as P3HT2.  The P3HT1 region is the region within 

one exciton diffusion length (LD) that generates photocurrent.  Any references to the P3HT1 

region, the LD region, or the P3HT absorbing region refer to this area.  The P3HT2 region is 

outside of the diffusion length region, and conducts holes to the Ag elecrode but does not 

contribute to photocurrent in the cell.  This division is included to account for the effects of the 

exciton diffusion length in the polymer.  The P3HT2 region is interchangeably referred to as the 

P3HT bulk region.  The effective diffusion length (LD) is a parameter that can be adjusted in the 

simulations, but has been shown experimentally to be on the order of 10 nm [15].   

Materials properties will be adjusted in the non-generating region to prevent photocurrent 

from originating in this region.  Several potential adjustments will be considered, including 
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reduction of the electron mobility to zero, setting the electron free carrier lifetime to zero, or 

setting the absorption coefficient in the region to zero for all wavelengths.  For simulation 

purposes, it is assumed that the ITO electrode is perfectly transparent and that the Ag electrode 

has a reflectance of 90%. 

The unit cell structure as seen in Medici is shown in Figure 2-17.  In this image, the blue 

region is ZnO, the red region is the P3HT1 region and encompasses all areas within 10 nm of the 

ZnO, and the green region is the P3HT2 region which includes all areas outside of 10 nm from 

the ZnO.  Note the difference in scale between the x- and y- axes. 

Initial Simulations 

Simulations were performed using the materials properties found in Table 2-1 for P3HT 

and Table 2-8 for ZnO.  The J-V curves for these initial simulations are shown in Figure 2-18, 

along with the curve for the literature cell.  These simulations demonstrate the effect of some 

variation in the properties for the P3HT2 region.  In simulation tsf496_1, the absorption 

coefficient for the P3HT2 region is set to zero for all wavelengths.  In simulation tsf496_2, no 

changes are made to the film properties, so all parts of the P3HT region are allowed to generate 

and transport free carriers.  In simulation tsf496_4, the electron mobility is set to 0.0001 cm2/V·s 

in the P3HT2 region, representing a reduction by one order of magnitude from the original value. 

The simulation tsf496_2 is a case where the entire P3HT region is treated as a photocurrent 

generating layer.  This represents a case where the exciton diffusion length is infinite.  This 

should represent the maximum possible performance of a cell constricted by the materials 

properties shown in Table 2-1 for P3HT.  The efficiency of that simulated cell was 5.55% with a 

short-circuit current of 11.66 mA/cm2.  The simulation data range was stopped at 0.9 V to limit 

the size of output files and the simulation time, so a direct measurement of VOC was unable to be 

obtained.  From the shape of the curve, it appears that the VOC would be approximately 1.0 V.  
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Those numbers give an estimated fill factor of approximately 0.5, which is relatively low 

considering that this represents a best case scenario. 

In simulation tsf496_4, the electron mobility is reduced by an order of magnitude in the 

P3HT2 region.  This was an attempt to allow realistic absorption in the region but strictly limit 

the ability of the electrons generated in this area to reach the ZnO and contribute to the overall 

photocurrent.  The resulting J-V curve showed a strange double-curve behavior, with the 

maximum power point occurring in the second elbow at approximately 0.75 V.  The double-

curve behavior is not physically realistic, but it is interesting to note that the performance of this 

simulation was higher than the performance of tsf496_1, showing that even with the low electron 

mobility, current generated in the P3HT2 region was able to make a contribution to cell 

performance.   

Simulation tsf496_1 shows the case where the absorption coefficient is set to zero in the 

non-generating P3HT2 region.  Of the three curves shown in Figure 2-18, this is the most similar 

to the real curve.  Although the VOC and JSC were significantly higher than that of the real cell, 

the shape of the curve seems to be very similar.  The current density increases very slowly over 

the low-voltage regime until approximately 0.6 V, where there is a distinctive elbow in the curve 

and the current begins increasing more rapidly.  The slope of the curve as it approaches VOC 

appears to approximate that of the real curve. 

Reflectance of Ag electrode 

Because the incident light angle is set at 90° in simulation tsf496_1 and the boundaries 

between layers are set at right angles, one physical inconsistency in this model is the amount of 

reflected light that returns to the P3HT1 and ZnO regions.  On the left-hand side of the cell where 

the nanorod resides, reflected light in the real cell would need to pass through 320 nm of the non-

absorbing P3HT2 region between its first and second passes through the absorbing P3HT1 region.  
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On the right-side of the cell, light would have to pass through 790 nm of the non-absorbing 

P3HT2 region before returning to the thin absorbing layer of polymer and ZnO at the surface of 

the cell.  Based on this, it is obvious that this simulation allows more light to be absorbed in the 

generating regions of the model than would exist in reality.  This was corrected by studying the 

effect of reducing, reflection at the back electrode.   

The absorption coefficient of P3HT ranges from ~ 2 x 104 cm-1 at λ < 350 nm and λ > 680 

nm to a maximum value of ~ 2 x 105 for λ = 540 nm.  At the low-end absorption value, 

approximately 20% of incident light is absorbed over the 10 nm LD region, according to 

Equation 2-1. 

  xe
I
I α−=

0

1          (2-1) 

I1 represents the amount of light transmitted through the film, where I0 is the intensity of incident 

light, α is the absorption coefficient, and x is the film thickness.  Nearly 99.8% of the remaining 

photons would be absorbed over the 320 nm path length consisting of the forward and backward 

pass through the non-absorbing region in the simulation.  Even in this case, with a low 

absorption coefficient and the shortest considered path length, virtually no photons would remain 

in a real cell to be absorbed after reflection from the back electrode.  

With this consideration, the next line of simulations was performed with reflectance at the 

Ag electrode either reduced or completely removed.  The resulting J-V curves are shown in 

Figure 20.  Despite the removal of all reflectance from the Ag electrode, simulated cell 

performance was still substantially higher than that of the real cell for all simulations.  All of 

these simulations prevent absorption in the P3HT2 region.   

By comparing simulations with varying electrode reflectance and constant mobility and 

absorption properties (mobilities as defined in Table 2-1, absorption set to zero in the P3HT2 
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region) we can see the effect of reflectance at the Ag electrode with no absorption in the P3HT2 

region.  These curves are shown in Figure 2-19.  As expected, the short-circuit current density 

decreases as the Ag reflectance is decreased.  The simulation with the Ag reflectance set to zero 

results in a JSC = 3.6 mA/cm2, which is still approximately 1.5x higher than the real cell value of 

JSC = 2.2 mA/cm2. 

Mobility 

In addition to the removal of reflectance from the back electrode, the charge mobilities in 

P3HT were reduced to restrict current flow in the device.  The physical justification for this is 

that the initial value of hole mobility was taken from the literature [71], and was the highest 

reported value for hole mobility in P3HT.  Additionally, this value is a field-effect mobility 

which relies on a strong applied bias to drive current flow.  In photovoltaic devices, biases are 

significantly lower, and this field-effect mobility may be a serious over-estimation of the true 

film properties.  Also, charge mobility has been shown to be anisotropic in P3HT [77], so values 

of mobility can vary depending on the alignment of the polymer chains in the film.   

Based on these reasons, simulations were performed to evaluate the effect of reducing 

mobility values in the polymer regions of the model, with the resulting J-V curves shown in 

Figure 2-20.  As predicted, simulated cells with higher mobilities resulted in stronger device 

performance.  The black and green curves, corresponding to no change in mobility values and a 

50% reduction of mobility values in the P3HT2 region only, are nearly identical.  A change from 

the initial mobility values to a 50% reduction in both P3HT regions, shown by the black and red 

curves, results in an efficiency drop from η = 2.12% to η = 2.00%, or approximately 6%.  

Reducing the P3HT mobility b 90% in both regions results in an efficiency drop of 

approximately 23%, from η = 2.12% to η = 1.64%.  Attempts to reduce the P3HT2 mobility 
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values by 90% while holding the P3HT1 values at their original values failed to converge in 

Medici.   

Although the J-V curves generated on this graph stop at a value of 0.9 V before reaching 

the open-circuit voltage, extrapolations estimate that the VOC is virtually unchanged in these 

simulations, with a value of approximately 1.04 V.  Using this estimation, cell performance 

measures were calculated and are displayed in Table 2-9.  The short-circuit current density 

decreases with each drop in the mobility.  For the original mobility values, JSC = 3.61 mA/cm2.  

For 50% and 90% reductions in mobility, the JSC drops to 3.58 mA/cm2 and 3.44 mA/cm2, 

respectively.  Using the extrapolated value of VOC = 1.04 V, fill factors for each cell can be 

calculated as 0.57, 0.54, and 0.46 for mobility values of 100%, 50%, and 10%, respectively.  

This reduced fill factor is obvious from Figure 2-19, as the curve corresponding to a 90% 

reduction in mobility shows an obvious reduction in the sharpness of the “elbow” shape of the 

curve.  Based on these values, a 50% decrease in mobility resulted in a 6% drop in efficiency, a < 

1% drop in JSC, and an estimated 5% drop in fill factor.  The 90% decrease in mobility resulted in 

a 23% drop in efficiency, a 5% drop in JSC, and an estimated 19% drop in fill factor. 

Exciton diffusion length 

Even with a reduction in charge mobilities by 90% in the P3HT regions, complete removal 

of absorption in P3HT outside of a diffusion length, and elimination of all reflection from the 

silver electrode, simulated cell performance greatly exceeds that of the real cell.  The simulation 

with the lowest performance showed a JSC of 3.44 mA/cm2 and η of 1.64%, along with estimated 

values for a VOC of 1.04 V and a fill factor of 0.49.  To match the published experimental data, 

the JSC must be reduced by another 1.2 mA/cm2, the VOC by 0.6 V, and the efficiency by 1.1%.   

The exciton diffusion length was adjusted downward from the literature value of 10 nm 

[15] to compensate for this inconsistency.  As noted previously, the exciton does not exist in 
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Medici, so the definition of an exciton diffusion length in this study is taken to be the width of 

the P3HT1 region.  Since this is the only P3HT region generating photocurrent in the model, it is 

taken to be an accurate approximation of the exciton diffusion length in a real cell.  For this 

study, with results shown in Figure 2-21, the absorption coefficient was again set to zero in the 

P3HT2 region and the carrier mobilities in both P3HT regions were set to their original values of 

µn = 0.001 cm2/V·s and µp = 0.01 cm2/V·s.  As predicted, the simulated cell performance 

decreased as the exciton diffusion length decreased.  This was a result of decreasing short-circuit 

current density, which decreased linearly with exciton diffusion length, as shown in Figure 2-20.  

Estimates for open-circuit voltage actually increased slightly as the diffusion length decreased, as 

shown in Figure 2-22.  This trend was very slight, however, so it showed virtually no impact on 

cell performance.  Based on these simulations, an exciton diffusion length of 6 nm was chosen 

for future simulations. 

Doping density 

From previous simulations of CdSe:P3HT hybrid cells, changing the doping level of CdSe 

showed a strong impact on the VOC of the cells.  Based on these results, the doping density of 

P3HT was varied from the initial value of 5 x 1016 cm-3 to 1 x 1014 cm-3 in an attempt to reduce 

the VOC of the simulated cells.  The simulated J-V curves are shown in Figure 2-24.  Contrary to 

expectations, the VOC of the cells did not appear to change with the reduction in P3HT doping.   

A key difference between this study and the simulations performed on the test cell of CdSe 

and P3HT is that CdSe and P3HT showed very similar doping densities: 6x1016 cm-3 for CdSe 

and 5x1016 cm-3 for P3HT.  The doping density of ZnO is 5x1017 cm-3, so it is possible that the 

VOC is dominated by this wide discrepancy. 

To test this hypothesis, simulations were performed with reduced ZnO doping density.  

These tests fixed the P3HT doping density at 1x1016 cm-3, based on the results shown in Figure 2-
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24.  The results from this test are shown in Figure 2-25.  Oddly, this variation fails to show a 

decrease in VOC.  The VOC of a cell should depend on factors such as doping density and 

minority carrier lifetime [78], but the doping density variations here doesn’t show any impact. 

Density of states 

Simulations were performed to determine the effect of the density of states in the 

conduction and valence band of P3HT, and the resulting J-V curves are shown in Figure 2-26.  

The curves show a decrease in performance as the density of valence band states increases, 

although extrapolated values for open-circuit voltage remain relatively constant.  The curves are 

independent of the density of conduction band states, as shown by the overlap of the black and 

red data points and the green and yellow data points. 

Open-circuit voltage examination 

Simulations focused on the effect of carrier mobility were again performed, but with an 

expanded voltage range so that the open-circuit voltage could be observed rather than estimated.  

These resulting J-V curves from these simulations are shown in Figure 2-27.  As predicted 

through previous extrapolations, the open-circuit voltage is independent of the carrier mobility 

and the short-circuit current density is strongly impacted by it.  Extrapolated values for VOC in 

previous simulations predicted values near 1.04 V, but these simulations show that VOC = 1.27 V 

for these cells.  As noted earlier, the cells show a double-elbow effect that was unable to be 

explained. 

The effect of P3HT doping density was also reexamined with the expanded voltage range, 

as shown in Figure 2-28.  As predicted through previous extrapolations, the VOC is independent 

of the doping density of P3HT.  Again, the VOC = 1.27 V for these simulations, and the short-

circuit current density decreases as the P3HT doping density decreases.  This mimics the 

behavior seen in previous studies on this material system. 
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Although the short-circuit current density and fill factor can be altered by variations in 

carrier mobility, doping density, and valence band density of states in P3HT, these tools offer no 

control over the open circuit voltage of the simulated cells.  From a theoretical perspective, the 

open circuit voltage of organic and hybrid cells is controlled by the energy difference between 

the HOMO level of the electron donor and the LUMO level of the electron acceptor, or the 

conduction band level if the acceptor is an inorganic [79].  In the case of a hybrid cell, the 

LUMO level of the organic electron acceptor is replaced by the conduction band energy of the 

inorganic material.  In other words, carriers do not exist with energy equal to the band gap of the 

material where they are generated; instead they exist with energy equal to the spacing between 

the bands of the junction materials.  The energy band diagram for the P3HT – ZnO system 

displayed in Figure 2-29 shows this band offset to be 0.85 eV.  Based on this, free carriers 

resulting from photoabsorption in P3HT should exist at an energy of 0.85 eV rather than 1.7 eV. 

Medici allows independent specification of the energy band gap and optical band gap in 

each material.  The optical band gap should remain fixed at the appropriate level to dictate the 

location of the absorption cutoff for each material.  The energy band gap, however, presents an 

additional tuning control to describe the energy of photogenerated carriers in the device.   

Figure 2-30 shows the results of simulations with variations in the energy band gap of 

P3HT.  In the curve tsf496_45, the energy band gap is set to 0.85 eV in the P3HT regions of the 

cell.  In curve tsf496_53, both the energy band gap of both the P3HT and ZnO regions is fixed at 

0.85 eV.  From these curves, fixing the energy band gap of P3HT accurately simulates the VOC of 

the literature cell.  Altering the ZnO band gap in addition drops the VOC to below 0.4 V, beyond 

the published cell performance data. 
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Absorption coefficient adjustment 

Under close inspection of a Medici output file, it was noticed that the program 

automatically assigns absorption coefficient values for wavelengths outside of the range 

specified in the input file if this range is smaller than the full spectrum used for calculation.  

These values are not set to zero, but assigned a default value based dependent on the wavelength.  

Figure 2-31 shows the absorption coefficient curves as assigned by Medici for three absorption 

input files.  The first two files, abs_none and abs_p3ht, have an input range specified from 0.3 to 

0.7 µm and correspond to zero absorption and the absorption profile of P3HT, respectively.  The 

range of 0.3 to 0.7 µm was chosen because this is the range of data shown in the absorption 

curve from literature [74].  The file abs_i_zno was borrowed from Dr. Woo Kyoung Kim in his 

simulations of CIS solar cells [65].  This input file ranges from approximately 0.2 to 1.0 µm.   

From Figure 2-31, it is obvious that Medici assigns identical values to all absorption files 

in the range from 0.12 to 0.2 µm.  Similarly, it assigns an identical data point to all files at 1.24 

µm.  Although absorption in the high wavelength region is set to zero by the program, absorption 

in the short wavelength region is set to a very high value in the range of 106 cm-1.  Although the 

photon flux is low in this region, as shown in the AM1.5 spectrum in Figure 2-32, this extremely 

high absorption coefficient leads to a significant amount of carrier generation in the cell.  This 

leads to an over-estimation of the number of free carriers in the cell and artificially enhances cell 

performance in the simulations.  This effect has no impact on the ZnO absorption, because in the 

simulation photons are generated from 0.2 to 1.0 μm.  Figure 2-33 shows the number of 

photogenerated carriers as a function of wavelength. 

Figure 2-33 shows the carriers generated by this absorption region between 0.2 and 0.4 

µm, but does not show the exact effect on the J-V curves.  In Figure 2-34, J-V curves are 

compared for cells simulated with the P3HT absorption profiles shown in Figure 2-31 and an 
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absorption profile with all absorption between 0.2 and 0.3 µm set to 2.24x104 cm-1.  The curve 

with the corrected absorption coefficient, shown in blue, shows a drop of 0.14 mA/cm2 in the 

short-circuit current when compared to the curve with Medici-assigned values for the absorption 

coefficient, shown in purple.  This difference is minimal, but should be included in simulations 

for improved accuracy in the simulations. 

Multi-stage absorption 

The technique used for simulations up to this point involved a 2-layer P3HT region with a 

thin absorbing region near the ZnO region and a large non-absorbing region.  The width of the 

absorbing region was set equal to the assumed diffusion length of an exciton.  Because the 

diffusion length of an exciton is not explicitly included in the program, Medici assumes that all 

photogenerated carriers within this absorbing region are free carriers, which are driven across the 

space-charge region by the built-in electric field.  This is only a first-order approximation of the 

true device physics of a hybrid solar cell.  The exciton diffusion length is an average distance 

that an exciton can travel before it recombines, not a firm line beyond which all excitons are 

doomed to recombination.  The excitons do not selectively move toward the inorganic – organic 

interface, they simply travel by diffusion until they recombine or dissociate at the interface.  To 

approximate this distinction, the model was modified to include multi-stage absorption in the 

P3HT region where the probability of excitons reaching the interface is included. 

A framework for a simulation involving multiple layers in the absorbing region was 

developed with a multi-layer region extending to 20 nm from the ZnO region.  J-V curves shown 

in Figure 2-35 correspond to simulations in which the first 10 nm of this region is set as an 

absorbing region using the P3HT absorption profile.  The second 10 nm is set as a non-absorbing 

region, identical to the “P3HT2” region.  These cells all have identical structures, with the only 

difference being the number of stages within this 20 nm region.  For example, the simulation 
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with 10 stages has 10 layers that are each 2 nm thick.  The first 5 stages are set to absorb based 

on the P3HT absorption profile, and the final 5 stages are set as non-absorbing.  Similarly, the 

simulation with 4 stages contains 4 layers with 5 nm thickness in each layer, with the first two 

set to absorb and the final two set as non-absorbing.  In the case of the single stage cell, the 

absorption region was set from 0 to 10 nm away from the ZnO interface, and the “P3HT2” 

region began at 10 nm.   

Because the cell structures are identical in terms of exciton diffusion length, simulations 

were expected to produce identical J-V curves.  Although the curves are all similar in shape and 

performance data, they are not identical, due to slight differences in the iterative calculation in 

Medici.  In all the simulations shown in Figure 2-35, absorption was set to 100% of the P3HT 

value in all stages between 0 and 10 nm into the P3HT region, and it was set to 0 in all stages 

between 10 and 20 nm.   

This result is interesting, but is not the goal for this multi-stage model design.  The purpose 

is to create a graded carrier generation profile that will average to the specified LD, but allow for 

some carriers inside of LD to fail to reach the interface and allow some carriers outside of LD to 

succeed in reaching the interface.  The structures used to generate the J-V curves in Figure 2-35 

can be thought of as normal curves with standard deviations of zero.  Absorption is 100% of the 

P3HT value up to the specified diffusion length of 10 nm, and then drops as a step function to 0% 

of the P3HT value for the next 10 nm.  Using this multi-stage framework, distribution curves 

with nonzero values for standard deviation can be imposed on the simulation.  In this case the 

property being distributed is the absorption coefficient, as this is the property chosen to simulate 

the exciton diffusion length.  It should be noted that these curves are not exactly equal to 

cumulative distribution functions for a true normal distribution because in this case the area 
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considered was only between 0 and 20 nm.  In a true normal distribution with a mean of 10 nm 

and a standard deviation of 4 nm or greater, an appreciable area exists under the curve beyond 0 

and 20 nm.  To remove this area from consideration, normalization was performed by dividing 

by the sum of the area between 0 and 20 to establish these boundaries.  The distribution was 

calculated as shown in Equation 2-2. 

( ) ( )
⎥
⎦

⎤
⎢
⎣

⎡ −
−= 2

2

2
exp

2
1

σπσ
xxxF         (2-2) 

In Equation 2-2, x is the distance into the P3HT region and x  is the mean of the distribution, set 

to 10 nm in this case.  By dividing this by the sum of all distribution values between x = 0 and x 

= 20 nm, the normalized distribution was obtained.  The cumulative distribution was calculated 

using Equation 2-3. 
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Again, this cumulative distribution is normalized by the area under the distribution function 

between 0 and 20 nm rather than between negative and positive infinity.  This cumulative 

distribution function is shown in Figure 2-36 for a range of standard deviations and a mean of 10 

nm.  By coupling these distribution functions with the multi-stage cell design demonstrated in 

Figure 2-35, graded absorption can be generated in the simulation by applying a fractional 

absorption coefficient in each stage of the absorption region. 

Simulations were performed to consider the effect of this absorption distribution in the 

cells.  These simulations used a 10-stage absorption region with a graded absorption coefficient 

in an attempt to more accurately define the absorption in the cell.  Absorption profiles 

corresponding to standard deviations of 0 to 10 nm were generated by using a fractional value for 
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the absorption coefficient in each region, rounded to the nearest 10% value.  The input data used 

for the simulations are shown in Table 2-11, as well as the resulting short-circuit current density 

for that simulation.  The J-V curves for these simulations are shown in Figure 2-37.   

Table 2-11 shows that absorption in the cell is distributed over a wider range as the 

standard deviation increases.  The average multiplier to the absorption coefficient is calculated 

for each situation and as targeted it is equal to 50% or 51% for all cases, with any error coming 

from rounding to the nearest 10% in each region.  The J-V curves in Figure 2-36 show that this 

grading has virtually no effect on the final performance of the cells.  The short-circuit current 

density shows extremely minor variations in the curves, and this value is tabulated in Table 2-11.  

The short-circuit current density increases slightly as the absorption distributions become wider.  

This shows that extending the generated carrier distribution toward the back electrode improves 

device performance, while limiting the carrier distribution to a narrower region, even with the 

same number of carriers being generated, hinders performance.   

P3HT replacement with CIS 

The J-V curves generated in previous simulations shows a double-elbow shape that is not 

characteristic of photovoltaic cells. To determine the root cause of this phenomenon, P3HT was 

replaced with copper indium diselenide (CIS), a popular p-type thin-film photovoltaic material.  

The same cell structure is used, with ZnO nanorods as the n-type material.  Within this 

framework, material properties of the CIS layer were adjusted to values corresponding to P3HT.  

Preliminary simulations in this form were performed, and the resulting J-V curves are shown in 

Figure 2-38.  This set of simulations compares ZnO:P3HT cells with 10 nm and full cell 

absorption regions to ZnO:CIS cells with full cell absorption, a 10 nm absorption range, and a 10 

nm absorption range with an energy band gap set at 0.85 eV. 
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Figure 2-38 shows that a limited absorption range in the simulations does not cause the 

double-elbow shape of the J-V curve, as the ZnO:CIS cell with a 10 nm absorption region shows 

a similar shape to the one with absorption in the full CIS region.  The same holds true for 

comparisons of the two ZnO:P3HT cells, which both show the double-elbow shape.  The 

ZnO:CIS cells produce J-V curves with the anticipated shape and high fill factor as compared to 

the ZnO:P3HT cells.  This also held true for the cell in which the CIS electrical bandgap was 

reduced to 0.85 eV, although this cell resulted in a low VOC of 0.25 V.   

Parameters used for P3HT and CIS in the simulations are displayed in Table 2-12.  Data for 

CIS was obtained from previous simulations from Woo Kyoung Kim [66].  The doping density is 

the only parameter that is the same in both materials.  By individually adjusting parameters 

between the values for CIS and P3HT, an attempt will be made to determine the origin of the 

double-elbow J-V curve shape. Although not shown in the table, the absorption profile for each 

material was also adjusted. 

Using the same 10 nm absorption region as the ZnO:CIS cell shown in red in Figure 2-38, 

the properties shown in Table 2-12 were individually changed from the CIS values to the P3HT 

values.  The resulting J-V curves are shown in Figure 2-39.  Performance measures for these 

cells are displayed in Table 2-13.  These results show that the permittivity and density of states 

have virtually no impact on the cell performance.  The three parameters that strongly impacted 

the J-V curves are electron affinity, carrier mobility, and absorption profiles.   

The change in electron affinity causes a shift in VOC from 0.44 V to 0.49 V due to the 

higher conduction band level for P3HT.  The short circuit current is minimally affected by this 

change, but there is a notable drop in the fill factor of this curve, down nearly 30% from the 

values of the original ZnO:CIS cell.  The variation in carrier mobilities showed a 1.5 mA/cm2 
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reduction in short circuit current paired with a 1 V increase in open-circuit voltage.  The reduced 

mobility results in fewer carriers escaping the cell, causing a lower short-circuit current density.  

The strong increase in VOC is more difficult to explain, as adjustments to carrier mobility in 

previous simulations did not show this type of response.  There is also a slight decrease in the fill 

factor for the cell with P3HT mobility values, but this effect was minor.  When the absorption 

profile is changed from CIS values to P3HT values, the short-circuit current density of the 

simulated cell drops by nearly 50%, down to 4.1 mA/cm2.  The VOC of that cell is slightly 

reduced, but the fill factor remains nearly unchanged. 

Based on the J-V curves shown in Figure 2-38 and detailed in Table 2-13, simulation 72 

was chosen as a basis for further efforts.  In this simulation, the absorption coefficient values 

were assigned values corresponding to P3HT rather than CIS, while maintaining a 10 nm 

absorption range in the simulation.  Variations around this base case were performed by 

individually varying the other material properties from their CIS value to their P3HT value.  The 

results are shown in Figure 2-40, with performance measure data shown in Table 2-14.  As in the 

previous set of simulations, the addition of P3HT values for permittivity or density of states 

showed virtually no change from the control cell.  The values for open-circuit voltage, short-

circuit current density, and fill factor of these cells were within 2% of the values for the control 

cell.  As seen in the previous set of simulations, when the P3HT value for electron affinity is 

applied the J-V curve shifts to a higher VOC with a 30% drop in fill factor and a virtually 

unnoticeable drop in JSC.  The application of P3HT values for charge mobility results in a 0.8 

mA/cm2 decrease in JSC and a 0.1 V increase in VOC with an approximately 10% drop in fill 

factor.  Despite reductions in fill factor for simulated cells with P3HT values for electron affinity 

and mobility, none of the J-V curves in Figure 2-40 displayed the double-elbow shape. 
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The electron affinity was fixed at its P3HT value of 3.15 eV, setting the conduction band 

level in the simulations to the appropriate value for P3HT.  The electronic band gap of the 

simulations is still set at the CIS value of 1.04 eV rather than the P3HT value of 1.7 eV or the 

effective band gap of 0.85 eV at the ZnO-P3HT junction.  Again, the absorption coefficient is set 

at the P3HT value and absorption is allowed over a 10 nm range near the material interface.  

Variations in the other materials properties resulted in the J-V curves shown in Figure 2-41 and 

detailed in Table 2-15.  As seen in previous simulations, there is virtually no change in the J-V 

curve or device properties with the application of the P3HT values for permittivity and density of 

states.  The application of P3HT values for carrier mobility, however, resulted in a drastic shift in 

the nature of the curve.  This change resulted in a 0.5 mA/cm2 reduction in the short-circuit 

current density and an increase of ~0.6 V in the open-circuit voltage.  Additionally, the J-V curve 

takes on the double-curve shape, which drops the fill factor to approximately 0.20.  This shape 

will be discussed in more detail after the next set of data. 

As discussed previously, the J-V curves shown in Figure 2-41 resulted from simulations 

where the electron affinity was set at the P3HT value of 3.15 eV, but the electronic band gap 

remained at the CIS value of 1.04 eV.  Although fixing the electron affinity sets the LUMO level 

of P3HT, the band gap value sets an inappropriate HOMO level and results in the generation of 

carriers with higher energy than appropriate.  The simulations of Figure 2-41 were modified to 

include the appropriate ZnO-P3HT interfacial band gap of 0.85 eV, corresponding to the energy 

gap between the conduction band of ZnO and the HOMO level of P3HT.  The results, shown in 

Figure 2-42, mimic those in Figure 2-41.   

The curves resulting from adjustments in the permittivity and density of states show the 

expected shape for a solar cell J-V curve despite having a significantly lower VOC than their 
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counterparts in Figure 2-41.  This variation is expected, due to the shift in energy band levels 

causing the generated carriers to exist with more energy.  The JSC of the cells remains virtually 

unchanged as compared to their counterparts in Figure 2-41, but the shift in VOC results in a 

slight reduction of the fill factor as the curves cross the voltage axis at a slightly lower slope.  

Curve 82, corresponding to a change in carrier mobility, also shows a reduction in VOC when 

compared the curve shown in Figure 2-41.  This curve shows a very small fill factor of 

approximately 0.15 due to the double-elbow shape which eliminates most of the active area of 

the curve. 

The origin of the change in shape accompanying lower mobility values is unclear, but it 

obviously occurs only when the absorption, electrical energy levels, and mobilities take on their 

P3HT values.  This shape was observed for all ZnO:P3HT cells simulated up to this point, but it 

was not seen in other simulations using a ZnO:CIS cell as a basis.  From the graphs in Figures 2-

39 – 2-41, it can be concluded can state that the permittivity and density of states have no effect 

in causing this shape.  Additionally, the application of P3HT levels of absorption and energy 

levels to a ZnO:CIS cell did not cause this shape without the addition of P3HT levels for carrier 

mobility.  In the simulations, the carrier mobilities were set as µn = 0.001 cm2/V·s, µp = 0.01 

cm2/V·s for P3HT, and µn = 30 cm2/V·s, µp = 300 cm2/V·s for CIS.  Changing from CIS values to 

P3HT values represents a severe drop of 4 orders of magnitude with no further details for 

intermediate values. 

Using simulations of a ZnO:P3HT cell, a wide range of mobility values were examined, 

with the resulting J-V curves shown in Figure 2-43.  Note that in all cases, µp = 10*µn.  

Additionally, these simulations allow absorption throughout the full P3HT region of the cell to 

boost the level of current flow and more clearly show the effect of the mobility variations. 
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These simulations demonstrate that at higher mobility values, the J-V curve shows the 

expected shape for a solar cell.  At lower mobility values, the curve inverts to the double-elbow 

shape.  An ideal solar cell J-V curve should have a positive second derivative over the entire 

active range, from V = 0 to V = VOC.  It is difficult to calculate a second derivative for these 

curves because they are not easily fit to empirical equations.  However, the sign and approximate 

magnitude of the second derivative over a short range of the data can be determined by using 

Equation 2-4. 

J”est = (y3 - y1) / 2 – y2        (2-4) 

A visual representation of this calculation is shown in Figure 2-44.  The values y1, y2, and 

y3 represent current density values for equally spaced applied voltages.  For these J-V curves, y 

is current density and x is voltage.  The first term of Equation 2-4 is noted in Figure 2-44 as y2
0, 

and is the midpoint of a line drawn through the points (x1, y1) and (x3, y3).  If this value is greater 

than the actual value of y2, J”est calculated from Equation 2-4 will be positive and will 

correspond to a curve that is concave up, as shown in the figures.  Although this is not an exact 

measure of the second derivative, it will result in a positive value (the value for y2
0 is greater 

than the value y2) for curves that are concave up and a negative value for curves that are concave 

down.  Additionally, the magnitude of J”est will give a relative idea of how close to linear the 

curve is over the range from x1 to x3.   

This calculation is applied to the simulated J-V curves for ZnO:P3HT cells shown in Figure 

2-43, and the calculated J”est values are plotted in Figure 2-45.  Note that these calculations 

correspond to cells with absorption in the full P3HT region.  Of all the curves shown, only those 

corresponding to μp = 5,000 and μp = 10,000 cm2/V-s showed second derivative values over the 

entire active region.   
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When these same simulations are performed on ZnO:P3HT cells featuring carrier 

generation only within a 10 nm exciton diffusion length, the curves shift significantly, as shown 

in Figure 2-46.  The most obvious and expected feature is that the current density drops 

significantly due to the lower number of carriers being generated in the limited diffusion length 

region.  There is also a slight drop in the open-circuit voltage for these cells, but an increase in 

the fill factor as the curves show less of an inverted shape.  This is shown more clearly in Figure 

2-47, which displays the J”est values for these simulated cells.  Cells with mobility values as low 

as µp = 500 cm2/V·s show positive J”est values for the entire active region in this case, a full order 

of magnitude smaller than the threshold mobility in the full cell absorption simulations.   

Lower values of carrier mobility generate J-V curves with consistently positive second 

derivatives in the 10 nm absorption region simulations as compared to the full cell absorption 

region simulations.  This refutes the theory that a second p-n junction region arises at the 

interface of the absorbing and non-absorbing P3HT regions.  Instead, the charges generated at a 

greater distance from the ZnO-P3HT interface drive this inversion of the J-V curves.  This is due 

to the low mobility of electrons in P3HT and their difficulty in traveling through large regions of 

the polymer to reach the ZnO regions.   

The comparisons of ZnO:CIS cells demonstrated that three parameters are key to 

controlling the shape of the J-V curve in these simulations.  Carrier mobility dictates the shape of 

the curve, as demonstrated in Figures 2-43 and 2-46.  Altering absorption in the cell, such as by 

changing the exciton diffusion length or the absorption coefficient, has a direct impact on the 

number of charge carriers and therefore on the current density of the cell.  This is demonstrated 

in Figure 2-48 for cells with the P3HT hole mobility set to 500 cm2/V-s and a 10 nm absorption 

60 



 

region.    The energy band gap of the P3HT region in the cell alters the open-circuit voltage of the 

cell.  This is shown in Figure 2-49 for cells with μp = 500 cm2/V-s and LD = 10 nm.   

The curves shown in the two figures above demonstrate the level of independent control of 

Jsc and Voc that is available from variations in absorption and energy band gap, respectively.  To 

accurately simulate the experimental data, however, an array of combinations must be examined.  

Figure 2-50 shows a set of curves spanning four values for each of these parameters.  In the 

graph, colors are constant for constant band gap, while line style is constant for constant 

absorption coefficient values.   

The experimental data falls somewhere in the range between 20% and 50% absorption 

with a band gap of 1.0 eV.  This set of curves was expanded to show a wider range of absorption, 

all with the band gap held constant at 1.0 eV and the hole mobility set at 500 cm2/V·s.  The 

results are shown in Figure 2-51.   Although the curve for 30% absorption produces a near-

perfect match for JSC and a close match for VOC, the simulation produces a curve with a lower fill 

factor than the real data.  Based on this, the search must be re-expanded to three parameters: 

carrier mobility to control fill factor, band gap to control VOC, and absorption coefficients to 

control JSC.  However, it must be considered that each of these controls impacts all three target 

parameters, not just the intended one. 

Shortcomings of the initial model 

This simulation strategy was abandoned as the physics of the model were more closely 

analyzed.  All simulations up to this point suffered from one distinct inconsistency – the 

existence of electrons in the P3HT region.  This is demonstrated in the strong impact of electron 

mobility on the shape of the J-V curve for ZnO:P3HT cells.  The polymer absorbs photons to 

generate excitons rather than free carriers, but the model is not aware of this distinction.  As a 

result, the electron mobility of P3HT is an important factor in these simulations, but it is of minor 
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importance in real cells.  Because of this distinction, a new strategy has been employed to more 

accurately represent exciton physics in Medici. 

Two-Step Simulation Technique 

The important feature of excitonic solar cells, as has been discussed, is the generation of 

excitons rather than electron-hole pairs.  One important consideration, addressed in simulation 

efforts described previously, is the limited carrier generation due to the exciton diffusion length.  

However, another important effect, not directly considered in previous simulations, is that the 

exciton dissociates at the material interface.  This means electrons should not be generated in the 

P3HT region; instead, free carriers should be generated directly at the material interface.  A new 

modeling strategy is needed to incorporate this effect into the simulations. 

This new strategy involves a two-stage simulation.  In the first stage, the photogenerated 

carrier distribution is measured over the entire device area under simulated solar illumination.  In 

the second stage, this distribution is compressed to a line source of carriers generated directly at 

the organic-inorganic material interface by mapping the carriers generated at all points to their 

nearest interfacial point. 

Specifying a line source of carriers in Medici requires specifying the origin and endpoints 

of the line with X and Y coordinates, as well as parameters to describe the carrier distribution 

along that line, as shown in Equations 2-5 – 2-8. 

       (2-5) 

       (2-6) 

        (2-7) 

          (2-8) 
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Gn and Gp are generated electrons and holes, respectively.  This electron-hole pair generation 

equation consists of three components: lateral, radial, and time-dependent.  The physical 

dimensions l and r represent lateral distance along the line and radial distance from the line, 

respectively.   

The lateral dependence can be specified as an exponential-linear function that requires the 

definition of parameters A1, A2, A3, and A4.  These parameters are determined through 

regression for each scenario studied, and are discussed in further detail in the following sections. 

The radial dependence follows an exponential decay using the decay constant R.CHAR, 

which is set to 0.0001 μm for these simulations.  This decays the radial component of the 

generation by 44 orders of magnitude within 1 nm of the line, so that the generation occurs only 

at the material interface and not in the individual materials. 

Carrier generation is assumed to be uniform in time.  The time dependence is set to the 

default value of T(t) = 1.   

Photogenerated Carrier Distribution 

The distribution of photogenerated carriers in the unit cell was determined through Medici.  

The unit cell was exposed to simulated solar illumination as described in previous sections.  

Medici calculates photoabsorption and carrier generation at each point in the simulation mesh, 

and this data can be displayed as a contour plot.  Unfortunately, it seems to be impossible to 

extract the numerical source data from contour plots in the program.  This is possible, however, 

for line plots, as this is the technique used in to extract J-V data from the simulations. 

Line plots were generated at each mesh point along the x-axis of the unit cell, and these 

lines extended through the thickness of the device so that the carrier generation data for every 

mesh point in the unit cell was collected.  Using this (x, y, z) data set, contour plots were created 

in Sigmaplot to show the distribution across the device area. 
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A contour plot of the photogenerated carrier distribution in the full cell and a surface plot 

focused on the area within LD from the side of the nanorod are shown in Figure 2-52.  The 

exciton diffusion length for the cells depicted is 10 nm.  Note that in the plots, y = 0 represents 

the top surface of the cell, bordering on the ITO electrode.  There is a 0.025 μm surface layer of 

ZnO, with the ZnO nanorod extending to y = 0.26 μm and being 0.015 nm wide.  This region 

appears as dark blue to purple in Figure 2-52A, as ZnO is nearly transparent to most 

wavelengths.  The 10 nm absorbing region of P3HT appears as the brightly-colored region in 

Figure 2-52A, and is the focus of Figure 2-52B.  Although absorption is strong in the strips 

above the nanorod tip and just beyond the ZnO base layer, a large portion of the carrier 

generation in the unit cell occurs in the area on the side of the nanorod.  It is interesting to note 

from Figure 2-52B that the strong absorption from the region above the nanorod tip extends 

slightly into the area to the side of the nanorod.  It is unclear from simulations if this occurs due 

to refraction at the interface or if it simply a numerical anomaly to facility convergence.  The 

P3HT bulk region is seen in blue in Figure 2-52A.  Although the absorption coefficient is set to 

zero in this region, a low level of carriers still exist. 

Line Source Generation 

Line sources of carriers were imposed along the ZnO-P3HT interface, consisting of three 

lines due to the shape of the interface.  The first line is at the tip of the ZnO nanorod.  For 

simplicity, this is noted as Line 1.  The line extending along the edge of the nanorod is referred 

to as Line 2, and the line running along the top of the ZnO base layer is Line 3. 

To determine the density of photogenerated carriers to be imposed along these line sources, 

all carriers generated by the simulated solar radiation are mapped to their nearest ZnO-P3HT 

interface point.  This mapping scheme is illustrated in Figure 2-53.  Gray areas represent ZnO, 

while blue areas represent P3HT.  Carriers in a particular region are directed to the nearest line as 
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illustrated with the orange arrows.  Dotted white lines show the edges of regions that map to a 

specific line.  As one of these lines is crossed, the carriers begin mapping to a different line.  

There are two blocks, in the top-left and bottom-right corners, that map to a single point at the 

intersection of two lines. 

Once the carrier densities from each mesh point in the unit cell are mapped to their 

corresponding point along one of the three lines, these carrier distributions are fit to exponential-

linear curves to determine the carrier vs. line distance profile along each line.   

The mapping process is identical for all simulations using the same unit cell.  In other 

words, the exciton diffusion length does not impact the mapping process.  Because carriers are 

mapped to the nearest line, the (x, y) coordinates of the point are the only factor – not how many 

carriers are generated there.  However, changes in the exciton diffusion length do impact the 

number of carriers mapped to each point on the lines, and therefore impact the shape of the 

carrier distribution along those lines. 

To clarify the mapping process, Figure 2-54 displays the photogenerated carrier 

distribution for a simulated cell with an exciton diffusion length of 20 nm.  The dotted lines 

shown in the illustration of Figure 2-53 are overlayed on this contour plot, seen as dashed white 

lines.  Line 1, Line 2, and Line 3 are shown as solid white lines and represent the borders 

between the ZnO and P3HT regions.  Note that the x- and y-axes are not on the same scale.  The 

diagonal dashed lines on the plot are at 45° angles through the unit cell, although scaling makes 

them appear to be less sloped. 

The behavior of the three carrier generation lines depends on the exciton diffusion length 

of the simulated cell and the lateral distance along the line.  For Line 1 (x ≤ 0.015 μm, y = 0.26 

μm), the carrier distribution is nearly constant.  As seen in Figure 2-54, this line collects carriers 
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from the P3HT region beyond the tip of the nanorod, as well as a small area within nanorod.  

This area inside the nanorod decreases as the x-coordinate increases because portions of this 

region begin mapping to Line 2.  This decrease results in a negligible decrease in the number of 

carriers, however, because the ZnO absorbs poorly in comparison to the active P3HT region 

included in the calculation.  This effect holds true for any exciton diffusion length that is 

considered in this study, because the P3HT region will always absorb much more strongly than 

the ZnO region.  Due to this, the carrier distribution for Line 1 is approximated as a constant for 

all simulations.  

Along Line 2 (x = 0.015 μm, 0.025 μm ≤ y ≤ 0.26 μm), photogeneration increases steadily 

at low values of y because a larger section of the absorbing region is included at each point.  

Seen in Figure 2-54, this occurs for approximately one LD, from 0.025 ≤ y ≤ 0.045 μm.  Beyond 

that point, the new regions being added are not absorbing regions, so even though the size of the 

area being summed is larger, this larger area is not contributing a significant number of carriers.  

This is compounded by the fact that the LD region at this greater depth produces a lower number 

of carriers due to a drop in the number of photons remaining in the cell.  This exponential decay 

of absorption becomes the dominant contribution to the number of carriers along the line, and 

continues to the tip of the nanorod.  The point where the distribution along Line 2 turns from 

linear growth to exponential decay depends on the exciton diffusion length of the simulated cell. 

For Line 3 (x ≥ 0.015 μ, y = 0.025 μm), the number of photogenerated carriers initially 

shows a linear increase with x for the same reasons as Line 2.  As the line is traversed, additional 

area is being mapped to this line, which increases the number of carriers contributed.  After a 

distance of LD along the line, the distribution becomes nearly constant.  This occurs because the 
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new area being included in each summation contains relatively few carriers due to lack of 

absorption in these regions.   

The total amount of photogeneration in the simulated cell is dependent on the exciton 

diffusion length specified in the simulation.  This parameter defines the size of the strongly-

absorbing area in the P3HT polymer.  Figure 2-55 displays the total count of photogenerated 

carriers for simulated cells with varying exciton diffusion lengths defined from 10 nm up to the 

full polymer region of the cell. 

In addition to dictating the total number of carriers in the cell, variations in the exciton 

diffusion length also change the distribution of these carriers.  Figure 2-56 displays the line 

sources used in Medici to simulate photoabsorption based on the model described previously.  

Note that the curves seen in Figure 2-56 are not the actual summations of carriers calculated 

from the contour plots, they are the fit lines applied to Medici with the form shown in Equation 

2-6.  As evidence of the quality of the fit, Figure 2-56C displays the true carrier summations for 

Line 2 of a cell with LD = 20 nm, along with the fit curve applied in Medici.   

As desccribed previously, photogeneration in Line 1, for 0 ≤ x < 0.015 μm, is set as 

constant in all cases.  In Line 2, shown in Figue 2-56B, carrier generation increases nearly 

linearly until a certain point where the exponential decay becomes the dominant effect.  For Line 

3, carrier generation again increases nearly linearly for x ≥ 0.015 μm before reaching a point 

where it becomes approximately constant.  Unlike Line 1, the nearly-constant region for Line 3 

was not assumed to be exactly constant, and all parameters for the exponential-linear equation 

were calculated.  For the 10 nm and 20 nm cases, this region shows a lower slope than in the 40 

nm and full cell cases. 
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 Interestingly, the curves in Figure 2-56 show regions where the carrier generation is 

higher for the 40 nm scenario than for the full cell scenario.  This effect is observed to a very 

small degree near x = 0.035 μm in Figure 2-56A and more noticeably near y = 0.06 μm in Figure 

2-56B.  This is not simply an inconsistency due to curve fitting, this shift occurs in the 

absorption profiles that were summed in the cells.   

To clearly see the regions where the 40 nm and full cell simulations produced inconsistent 

carrier generation, the generation profile for the 40 nm absorption case was subtracted from the 

profile for the full cell case, and contour plots of this difference are shown in Figure 2-57.  In the 

figure, positive values represent areas where the full absorption simulation produced more 

carriers than the 40 nm simulation.  Figure 2-57A shows that the positive-valued regions have 

extremely large values compared to the negative-valued regions, accounting for the increase in 

total absorption in the cell.  Figure 2-57B is shown with a smaller scale so that positive and 

negative-valued areas are clearly displayed.  The green areas show no equal carrier generation 

for the two simulations, reds and yellows show areas where the full absorption case produced 

more carriers, and blues and purples show areas where the 40 nm simulation produced more 

carriers.   

In general, the ZnO phase shows no difference between the two simulations, the P3HT 

region beyond the 40 nm LD shows greater carrier generation in the full absorption simulation, 

and portions of the diffusion length region show greater generation in the 40 nm case.  In the 

region beyond the tip of the nanorod, the plot shows a zero value for 4 nm, then a negative area 

with a value of approximately -2 x 1020 pairs/cm3 stretches for 16 nm before jumping to a 

positive value of nearly 6 x 1021 pairs/cm3.  To the side of the nanorod, the contour plot shows a 

zero value for nearly 10 nm into the P3HT, but then turns negative for 26 nm.  In the P3HT bulk 
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region, there is no difference between the simulations up to x = 0.022 μm.  Beyond the interface 

for approximately 10 nm, values are all negative, indicating the 40 nm simulation generated 

more carriers.  Above the interface in the ZnO phase, there is a thin strip of 2 - 4 nm where there 

is an inconsistency.  From x = 0.05 to 0.06 μm, this strip shows a negative value.  For x = 0.06 to 

0.065 μm, the strip shows a positive value.   

The full cell absorption simulation showed stronger carrier generation in the P3HT region 

beyond 40 nm from the ZnO interface.  This is to be expected, as the full cell simulation allows 

this region to absorb any remaining carriers, while the 40 nm simulation does not.  However, the 

increased carrier generation for the 40 nm simulation within the LD region is puzzling.  Photons 

entering this region have the exact same absorption history in both simulations.  They have 

passed through a weakly-absorbing ZnO layer and entered a strongly-absorbing P3HT region.  

For both simulations, this P3HT region has identical absorption properties for a path length of at 

least 40 nm.  In the area within 40 nm of the side of the nanorod, the two simulations have 

identical absorption properties for 300 nm into the P3HT region.  There is never a point in the 

simulation area where the 40 nm simulation displays a stronger absorption coefficient than the 

full cell simulation.  With that in mind, this inconsistency is considered to be a numerical 

anomaly in Medici during the convergence process.  It is a strange occurance, but due to the 

difference in value between the negative regions and positive regions, as seen in Figure 2-57A, 

the total number of carriers in the cells is still increasing as the absorption area increases. 

There are two data points ignored in the graphs in Figure 2-56 – the points at the base and 

tip corners of the nanorod.  The carrier concentration at these points is plotted against the exciton 

diffusion length in Figure 2-58.  The point designated as the nanorod tip has coordinates of 

(0.015, 0.260) and shows a growth as the exciton diffusion length increases.  This point collects 
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all generated carriers in the P3HT region for x ≥ 0.015 μm and y ≥ 0.260 μm.  As the exciton 

diffusion length increases, this region produces a larger number of carriers because a larger 

portion of the region contains a strong absorption coefficient.  The point designated as the 

nanorod base is the point at (0.015, 0.025) where the edge of the nanorod meets the base ZnO 

layer.  This point collects all photogenerated carriers for the region of x ≤ 0.015 μm and y ≤ 

0.025 μm, which is composed entirely of ZnO.  Because the absorption coefficient of ZnO is 

held constant in all simulations, the number of carriers collected at this point remains constant 

regardless of the exciton diffusion length.   

With this procedure established for measuring carrier generation across the simulated unit 

cell and compressing this distribution to line sources in Medici, the J-V response of cells can be 

determined. 

J-V Curves 

The carrier generation line sources shown in Figure 2-56 and 2-58 were input to Medici to 

generate J-V curves for the simulated cells.  As described previously, these line sources of 

carriers restrict the existence of free electrons and holes to the interface between ZnO and P3HT, 

which matches the physics of excitonic solar cells.  The resulting J-V curves were compared with 

the published data and are shown in Figure 2-59.  As anticipated, the short-circuit current density 

increases with increases in the exciton diffusion length.  Interestingly, this trend does not 

continue to the fully absorbing unit cell, where the short-circuit current density drops by 0.2 

mA/cm2 from the level of the LD = 40 nm cell.   

All simulations failed to achieve the short-circuit current density of 2.2 mA/cm2 reported 

for the published cell.  This is interesting considering that the simulated cell was allowed to 

generate photocurrent for specified diffusion lengths ranging to the full cell area.  The open-

circuit voltage of the real cell was well approximated by the experiments due to the 0.85 eV 
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energy band gap specified in P3HT.  Fill factors for the simulated cells were higher than for the 

real cell.  Table 2-17 displays a summary of the performance characteristics of the real and 

simulated cells shown in Figure 2-59. 

The simulated cell using a 40 nm exciton diffusion length showed the best match to the 

real cell from literature.  The VOC was nearly a perfect match, and the efficiency was 

approximately 5% higher than the literature value.  However, the fill factor and JSC for the two 

cells did not match.  The simulated cell showed a fill factor that was 50% higher and a JSC that 

was 33% lower than the real cell.   

Further simulations were performed using the 40 nm LD simulation as a basis.  The effect 

of changing the carrier mobilities by up to two orders of magnitude is shown in Figure 2-60, and 

the resulting performance measures are shown in Table 2-18.  While four of the curves appeared 

as nearly identical, the curve corresponding to a 100x reduction in mobility began to show a 

noticeable drop in fill factor.  Attempts to reduce the mobility by an extra order of magnitude 

failed due to an inability of Medici to converge around such small values.  Because Medici is 

designed for the simulation of inorganic semiconductors, mobility values of μp = 1 x 10-5 and μn 

= 1 x 10-6 cm2/V-s are more than 6 orders of magnitude lower than the program was designed to 

handle.  This leads to convergence difficulties due to the low current values in the cell. 

The simulation using a 100x reduction in mobility values shows a better match to the real 

cell than any other simulation.  The VOC and efficiency differ by only about 2% between the two 

cells.  The JSC is again off by 33% from the real cell, as that value did not change with the 

variation in mobility.  With the lower mobility, however, the fill factor dropped to within 40% of 

the published value.   
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Because these simulations fail to produce a short-circuit current on par with the real cell, 

the P3HT absorption coefficient was adjusted to a higher value.  This generates more carriers in 

the cell, which is expected to generate more photocurrent at all applied biases.  The absorption 

coefficient is a parameter that is easily measured experimentally, but there is some physical of 

justification for this adjustment.   

The unit cell in Medici is defined by perfectly vertical nanowires with flat tips and perfect 

spacing between them.  From the image in Figure 2-14, this is far from reality.  Although care 

was taken to properly estimate the nanowire length, width, and inter-wire spacing, these values 

are purely averages taken from the visible portion of the cross-sectional view.  The real wire 

array contains overlapping non-vertical wires that create non-uniform spaces between them 

where P3HT exists.  In addition, these randomly angled structures would create light reflection 

and refraction patterns that are not considered in Medici.  It is not unreasonable to expect that 

this disordered array of nanowires could create light-trapping effects in the film, where incident 

rays are refracted in such a way to increase their residence time in the film and increase the 

degree to which they are absorbed.  From this, it is not unreasonable to expect that this increased 

absorption occurs to some degree in the polymer regions within an exciton diffusion length from 

the material interfaces. 

For these reasons, the absorption coefficient of P3HT was increased by 50% in a 

simulation.  The photogenerated carrier distribution for this simulation is compared to the 

previous 40 nm LD simulation, with an absorption coefficient of 100%, with the resulting 

surface plots shown in Figure 2-61.  As expected, this resulted in a larger number of 

photogenerated carriers in the film.   
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Although the total number of photogenerated carriers increased, there was not a uniform 

increase at all points in the film.  Specifically, in the column of polymer within one exciton 

diffusion length of the side of the nanorod, the number of carriers decreases quickly for the 

simulation with an increased absorption coefficient.  This is because the number of photons 

penetrating deeper into the film is reduced due to the stronger absorption.  This is clearly seen in 

Figure 2-62, which shows a comparison of carrier generation for the increased absorption case 

and the standard absorption case.  The carrier distributions were subtracted, and green regions 

show no change in absorption between the two simulations.  Red, orange, and yellow regions 

show areas where the 150% absorption coefficient resulted in stronger absorption, and this is 

primarily contained within a range of 40 nm (LD) from the upper surface of the ZnO-P3HT 

interface.  Blue regions represent areas where the 150% absorption coefficient resulted in less 

absorption, and this is limited to the exciton diffusion length region along the nanorod edge.  

This is due to strong absorption near the surface of the P3HT region, leaving fewer photons 

available for absorption in the deeper region. 

Although there are regions of increased and decreased carrier generation in the cell, the 

overall number of generated carriers increased by approximately 3 x 1024 pairs/cm3 over the unit 

cell.  This additional charge generation did not translate into additional photocurrent as expected, 

however.  Figure 2-63 shows J-V curves for the two cells, calculated with μp = 1 x 10-4 cm2/V-s. 

Despite the increased carriers density for the 150% absorption coefficient simulation, the 

short-circuit current density decreased by 0.23 mA/cm2.  This is very similar to the effect seen 

when the full P3HT area was allowed to contribute to absorption.  In fact, a comparison of those 

cells shows extremely similar properties.  Note that the full cell simulation was performed with 

the standard values for mobility in the P3HT regions, while the two 40 nm simulations were 
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performed with a these mobility values reduced by two orders of magnitude.  This explains the 

difference in fill factor shown in Table 2-19, but Figure 2-60 demonstrated that this mobility 

reduction does not impact the short-circuit current density in these simulations. 

It is believed that the reason for the reduced performance associated with this increase in 

carrier generation is an effect of increased annihilation near the material interface.  This large 

number of carriers is being produced along a very narrow region directly at the material 

interface.  This results in many free electrons and holes in a small area, which could cause 

attractive forces between them to promote annihilation immediately following their generation.   

There seems to be a breaking point between 3.14 x 1025 and 3.23 x 1025 pairs/cm3 of total 

carrier density, as this is the limit where the reduced charge transport seems to take hold.  The 

short-circuit current density drops by about 15%, the VOC remains constant, and the fill factor 

drops by less than 10%.   

Summary of Results 

The device modeling program Medici was used for simulation of hybrid solar cells.  

Several nuances of the program were probed with a test model before attempts were made to 

simulate an existing cell from the literature.   

After probing the effect of various parameters, a two-step simulation strategy was adopted 

that separated photon absorption and charge transport.  This model more accurately 

approximates exciton dynamics by eliminating free electrons in the polymer regions of the cell 

and applying free carrier generation directly at the material interface lines.   

Simulations of this type initially showed low performance, but increases in the exciton 

diffusion length up to 40 nm provided increased charge generation and current flow.  Further 

increases in the number of carriers generated reduced the current in the simulation, presumably 

due to increased charge attraction and annihilation.  It was found that decreasing the carrier 
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mobilities in P3HT from the field effect mobility values found in literature resulted in a decrease 

in the fill factor to levels similar to the real cell. 
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A 

 

B 

Figure 2-1.  Hybrid solar cell (A) and corresponding unit cell (B) used for device simulation. 

Table 2-1.  P3HT Properties for Device Simulations. 
Property Value Reference 
Doping Density p-type 5x1016 cm-2 [67] 
Permittivity 3 [61] 
NC 2x1018 [69] 
NV 2x1019 [69] 
Eg 1.7 eV [70] 
Electron Affinity 3.15 eV [71] 
μe 0.01 cm2/V·s 10% of μh 
μh 0.1 cm2/V·s [68] 

 

Table 2-2.  CdSe Properties for Device Simulations. 
Property Value 
Doping Density  n-type 6x1016 cm-2 
Permittivity 10.2 
NC 2x1018 
NV 2x1019 
Eg 1.74 eV 
Electron Affinity 3.75 eV 
μe 650 cm2/V·s 
μh 30 cm2/V·s 

 

Table 2-3.  Electrode Properties for Device Simulations. 
Electrode Optical Properties Reference 
ITO Transparent [72] 
Al 90% Reflectance [73] 
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Figure 2-2.  Wavelength-dependent absorption coefficient data used in simulations [66, 74]. 

 

Figure 2-3.  J-V curves for simulated hybrid solar cells with different methods of specifying 
doping density.  See Table 2-4 for a description of the differences. 
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Figure 2-4.  Simulated J-V curves showing the effect of doping density in the CdSe nanorods.  
The legend shows the n-type doping density measured in cm-2. 
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Table 2-4.  Impurity profile inputs for simulations. 
Filename Impurity Profile Input Statement 
impurity_1 PROFILE P-TYPE REGION=P3HT UNIFORM N.PEAK=5E16 

PROFILE N-TYPE REGION=CdSe UNIFORM N.PEAK=6E16 
impurity_2 PROFILE P-TYPE Y.MIN=0 Y.MAX=0.100  UNIFORM N.PEAK=5E16 

PROFILE N-TYPE Y.MIN=0.01 Y.MAX=0.100 X.MIN=0 X.MAX=0.005  
+ UNIFORM N.PEAK=6E16 

impurity_3 PROFILE P-TYPE Y.MIN=0  Y.MAX=0.01 UNIFORM N.PEAK=5E16 
PROFILE P-TYPE Y.MIN=0.01 Y.MAX=0.100 X.MIN=0.005 X.MAX=0.015  
+ UNIFORM N.PEAK=5E16 
PROFILE N-TYPE Y.MIN=0.01 Y.MAX=0.100 X.MIN=0 X.MAX=0.005  
+ UNIFORM N.PEAK=6E16 

impurity_4 PROFILE P-TYPE Y.MIN=0    Y.MAX=0.01 UNIFORM N.PEAK=5E16 
PROFILE P-TYPE Y.MIN=0.01 Y.MAX=0.100 X.MIN=0.005 X.MAX=0.015  
+ UNIFORM N.PEAK=5E16 
PROFILE N-TYPE Y.MIN=0.01 Y.MAX=0.100 X.MIN=0 X.MAX=0.005 
+ UNIFORM N.PEAK=1E16 

impurity_5 PROFILE P-TYPE Y.MIN=0    Y.MAX=0.01 UNIFORM N.PEAK=5E16 
PROFILE P-TYPE Y.MIN=0.01 Y.MAX=0.100 X.MIN=0.005 X.MAX=0.015  
+ UNIFORM N.PEAK=5E16 
PROFILE P-TYPE Y.MIN=0.01 Y.MAX=0.100 X.MIN=0     X.MAX=0.005  
+ UNIFORM N.PEAK=5E16 
PROFILE N-TYPE Y.MIN=0.01 Y.MAX=0.100 X.MIN=0     X.MAX=0.005  
+ UNIFORM N.PEAK=6E16 

 

 

Figure 2-5.  Variation of open circuit voltage with doping density of CdSe nanorods. 
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Figure 2-6.  Simulated J-V curves with varying unit cell thickness. 

 

Figure 2-7.  Solar cell parameters for unit 12 nm wide unit cells with varying cell thickness. 
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Table 2-5.  Solar cell performance measures for unit cells of 12 nm width and varying thickness.   
Thickness (nm) η (%) VOC (V) JSC (mA/cm2) FF 

11 0.0000 0.0000 1.251 0.0003 
20 0.0000 0.0009 2.257 0.0000 
30 0.0052 0.0067 3.106 0.2533 
40 0.0172 0.0163 3.899 0.2699 
50 0.0335 0.0252 4.627 0.2873 
60 0.0507 0.0317 5.297 0.3019 
70 0.0669 0.0361 5.916 0.3131 
80 0.0817 0.0393 6.491 0.3203 
90 0.0954 0.0418 7.023 0.3250 
100 0.1082 0.0437 7.513 0.3295 
120 0.1310 0.0466 8.368 0.3360 
150 0.1598 0.0497 9.394 0.3422 
200 0.1966 0.0531 10.625 0.3484 
300 0.2456 0.0568 12.150 0.3559 
500 0.2975 0.0597 13.791 0.3614 
1000 0.3275 0.0588 15.594 0.3572 
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Figure 2-8.  J-V curves for hybrid cells with varying nanorod width. 
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Figure 2-9.  J-V curves for simulated hybrid cells with CdSe nanorod half-thickness between 10 

and 25 nm. 

 

Figure 2-10.  Solar cell performance measures for simulated hybrid cells with varying CdSe half-
width. 
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Table 2-6. Performance measures for simulated hybrid cells with varying CdSe half-width. 
CdSe Width (nm) Voc (V) Jsc (mA/cm2) FF η (%) 

2 0.044 7.513 0.330 0.11 
5 0.253 9.658 0.623 1.52 
10 0.410 8.575 0.661 2.32 
11 0.435 9.488 0.670 2.77 
12 0.454 9.453 0.669 2.87 
13 0.470 9.421 0.668 2.96 
14 0.485 9.391 0.666 3.03 
15 0.487 6.461 0.675 2.12 
16 0.512 9.338 0.662 3.16 
17 0.523 9.315 0.659 3.21 
18 0.533 9.295 0.658 3.26 
19 0.542 9.276 0.656 3.30 
20 0.535 5.745 0.677 2.08 
21 0.558 9.243 0.654 3.37 
22 0.564 9.229 0.653 3.40 
23 0.553 5.414 0.679 2.03 
24 0.576 9.204 0.652 3.45 
25 0.580 9.194 0.652 3.48 
30 - 9.071 - 4.93 
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Figure 2-11.  J-V curves for hybrid solar cells with different light source specifications. 
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Figure 2-12.  Illustration of the PHOTOGEN command in Medici. 

Figure 2-13.  SEM images of (a) ZnO nanofibers and (b) nanofiber and P3HT composite films.  
Reprinted with permission from D.C. Olson, J. Piris, R.T. Collins, S.E. Shaheen, D.S. 
Ginley, Thin Solid Films 496 (2006) 26 Figure 2  (a), (b) p. 28. 
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Figure 2-14.  J-V curve for a real ZnO:P3HT solar cell (solid line) to be used for verification of 
Medici simulations.  Reprinted with permission from D.C. Olson, J. Piris, R.T. 
Collins, S.E. Shaheen, D.S. Ginley, Thin Solid Films 496 (2006) 26 Figure 3 p. 28. 
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Figure 2-15.  J-V and P-V curves for the real solar cell fabricated by Olson et al. [75] 

Table 2-7.  Cell performance measures from published and digitally converted J-V curves. 
Curve VOC (V) JSC (mA/cm2) FF η (%) 

Published 0.44 2.2 0.56 0.53 
Converted 0.44 2.2 0.57 0.55 
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Table 2-8.  ZnO properties used for hybrid solar cell simulation. 
Property Value 
Doping Density n-type 5 x 1017 cm-2

Permittivity 9.0 
Nc 2 x 1018 
Nv 2 x 1019 
Eg 3.3 eV 
Affinity 4.0 eV 
μe 50 cm2/V-s 
μh 5 cm2/V-s 

 

 

Figure 2-16.  Unit cell used for simulations of ZnO/P3HT hybrid cells.  Device areas area a) ITO 
electrode, b) ZnO, c) P3HT photocurrent generating region, d) P3HT non-generating 
region, and e) Ag electrode.   
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Figure 2-17.  Medici unit cell used for device simulation.  The blue area is ZnO, the red area is 

the photogenerating region of P3HT, and the green area is the non-generating region 
of P3HT. 
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Figure 2-18.  Simulated J-V curves for ZnO:P3HT solar cell using two P3HT regions.  The first 
region is the exciton diffusion length region, where all properties are set as shown in 
Table 2-1.  The second region is the non-generating region outside of the diffusion 
length, with varying properties.  In tsf496_1, the absorption coefficient is set to zero.  
In tsf496_2, the properties remain the same as the exciton diffusion length region.  In 
tsf496_4 the electron mobility is reduced by an order of magnitude (0.0001 cm2/V·s). 
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Figure 2-19.  J-V curves for simulated cells with zero absorption in the P3HT2 region and 
varying reflectance from the Ag electrode. 
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Figure 2-20.  Simulation results showing the effect of changing charge mobilities in the P3HT 
regions. 

Table 2-9.  Performance measures for simulated cells with varying carrier mobility. 
Mobility (cm2/V-s) JSC (mA/cm2) VOC (V) FF η (%) 

μn = 0.01 
μp = 0.001 3.61 1.04 0.57 2.12 

μn = 0.005 
μp = 0.0005 3.58 1.04 0.54 2.00 

μn = 0.01 
μp = 0.0005 3.58 1.04 0.57 2.13 

μn = 0.001 
μp = 0.0001 3.44 1.04 0.46 1.64 
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Figure 2-21.  J-V curves for simulated cells with varying exciton diffusion length. 

 

Figure 2-22.  Extrapolations to estimate VOC for simulated cells with varying exciton diffusion 
length. 
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Figure 2-23.  Solar cell performance measures for simulated cells with varying exciton diffusion 
lengths. 

Table 2-10.  Performance measures for simulated cells with varying exciton diffusion lengths. 
LD (nm) Voc (V) Jsc (ma/cm2) FF η (%) 

10 1.04 3.44 0.459 1.64 
9 1.04 3.17 0.468 1.54 
8 1.05 2.90 0.473 1.44 
7 1.05 2.61 0.482 1.32 
6 1.06 2.32 0.487 1.20 
5 1.07 2.02 0.492 1.06 
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Figure 2-24.  Real and simulated J-V curves for cells with varying P3HT doping density. 
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Figure 2-25.  Real and simulated J-V curves for hybrid cells with varying ZnO doping density. 
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Figure 2-26.  Real and simulated J-V curves for hybrid solar cells with varying P3HT density of 
states. 
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Figure 2-27.  Simulated J-V curves for hybrid solar cells with varying P3HT mobility. 
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Figure 2-28.  Simulated J-V curves for hybrid cells with varying P3HT doping concentrations. 

 

Figure 2-29.  Energy band diagram for P3HT – ZnO hybrid solar cells. 
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Figure 2-30.  J-V curves for simulated cells with varying energy band gap in the active layers. 
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Figure 2-31.  Absorption coefficient vs. wavelength as tabulated in Medici for input files 

corresponding to zero absorption (red), P3HT (green), and ZnO (teal). 
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Figure 2-32.  AM1.5 solar spectrum. 
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Figure 2-33.  Carrier generation (left axis) in simulated solar cells plotted with absorption 

coefficients for P3HT and ZnO (right axis). 
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Figure 2-34.  J-V curves for simulated cells showing the original P3HT absorption profile and an 

edited absorption profile limiting absorption between 0.2 and 0.3 µm. 
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Figure 2-35.  J-V curves for simulated cells with exciton diffusion length of 10 nm and multi-

stage absorption regions. 
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Figure 2-36.  Examples of cumulative distribution function with mean of 10 nm and a range of 
standard deviation. 

Table 2-11.  Absorption data and short-circuit current for graded absorption simulations. 
σ 0 nm 1 nm 2 nm 3 nm 4 nm 5 nm 6 nm 10 nm 
α, 0-2 nm 100% 100% 100% 100% 100% 100% 100% 100% 
α, 2-4nm 100% 100% 100% 100% 100% 90% 90% 90% 
α, 4-6 nm 100% 100% 100% 100% 90% 90% 80% 90% 
α, 6-8 nm 100% 100% 90% 80% 80% 70% 70% 70% 
α, 8-10 nm 100% 80% 70% 60% 60% 60% 60% 60% 
α, 10-12 nm 0% 20% 30% 40% 40% 40% 40% 40% 
α, 12-14nm 0% 0% 10% 20% 20% 30% 30% 30% 
α, 14-16 nm 0% 0% 0% 10% 10% 10% 20% 20% 
α, 16-18 nm 0% 0% 0% 0% 0% 10% 10% 10% 
α, 18-20 nm 0% 0% 0% 0% 0% 0% 0% 0% 
Average α 50% 50% 50% 51% 50% 50% 50% 51% 
JSC (mA/cm2) 1.62 1.62 1.66 1.67 1.68 1.69 1.69 1.71 
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Figure 2-37.  Simulated J-V curves for cells with graded absorption profiles. 
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Figure 2-38.  Simulated J-V curves with CIS replacing P3HT. 
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Table 2-12.  Materials properties for P3HT and CIS used in cell simulations. 
Property P3HT CIS 
Doping Density p-type 5x1016 cm-2 p-type 5x1016 cm-2 
Permittivity 3 13.6 
NC 2x1018 3x1018 
NV 2x1019 1.5x1019 
Eg 1.7 eV 1.04 eV 
Electron Affinity 3.15 eV 3.93 eV 
μe 0.1 cm2/V·s 300 cm2/V·s 
μh 0.01 cm2/V·s 30 cm2/V·s 

Voltage (V)

-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6

C
ur

re
nt

 D
en

si
ty

 (m
A/

cm
2 )

-10

-5

0

5

10

tsf496_64 ZnO:CIS
tsf496_68 P3HT Permittivity
tsf496_69 P3HT Density of States
tsf496_70 P3HT Affinity
tsf496_71 P3HT Mobilities
tsf496_72 P3HT Absorption

 

Figure 2-39.  Simulated J-V curves for ZnO:CIS solar cells with an individual material property 
changed to the P3HT value. 

Table 2-13.  Performance measures for ZnO:CIS cells with an individual material property set at 
the P3HT value. 

Simulation Parameter Adjusted Voc (V) JSC (mA/cm2) FF η (%) 
64 None 0.439 7.774 0.772 2.633 
68 Permittivity 0.443 7.747 0.778 2.669 
69 Density of States 0.441 7.773 0.774 2.655 
70 Affinity 0.487 7.654 0.485 1.808 
71 Mobility 0.545 6.309 0.662 2.277 
72 Absorption 0.421 4.105 0.762 1.317 
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Figure 2-40.  Simulated J-V curves for ZnO:CIS solar cells with the P3HT absorption spectrum 
applied. 

Table 2-14.  Performance measures for simulated ZnO:CIS solar cells with the P3HT absorption 
spectrum. 

Simulation Properties Varied VOC (V) JSC (mA/cm2) FF η (%) 
72 Absorption 0.421 4.105 0.762 1.317 

73 Absorption 
Permittivity 0.427 4.065 0.765 1.328 

74 Absorption 
Density of States 0.423 4.105 0.765 1.328 

75 Absorption 
Affinity 0.467 3.980 0.493 0.916 

76 Absorption 
Mobility 0.517 3.293 0.657 1.118 
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Figure 2-41.  Simulated ZnO:CIS solar cells with P3HT values for absorption coefficient and 
electron affinity. 

Table 2-15.  Performance measures for simulated ZnO:CIS solar cells with P3HT values for 
absorption coefficient and electron affinity. 

Simulation Properties Varied VOC (V) JSC (mA/cm2) FF η (%) 

75 Absorption 
Affinity 0.467 3.980 0.493 0.916 

77 
Absorption 

Affinity 
Permittivity 

0.455 3.979 0.502 0.909 

78 
Absorption 

Affinity 
Density of States 

0.471 3.975 0.479 0.896 

79 
Absorption 

Affinity 
Mobility 

0.613 3.439 0.199 0.419 
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Figure 2-42.  Simulated ZnO:CIS solar cells with P3HT values for absorption coefficient, 
electron affinity, and energy band gap. 

Table 2-16.  Performance measures for simulated ZnO:CIS solar cells with P3HT values for 
absorption coefficient, electron affinity, and energy band gap. 

Simulation Properties Varied VOC (V) JSC (mA/cm2) FF η (%) 

80 
Absorption 
Affinity, Eg 
Permittivity 

0.265 3.633 0.418 0.402 

81 
Absorption 
Affinity, Eg 

Density of States 
0.281 3.608 0.395 0.401 

82 
Absorption 
Affinity, Eg 

Mobility 
0.423 2.164 0.159 0.145 
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Figure 2-43.  Simulated J-V curves for ZnO:P3HT solar cells with varying carrier mobility.  In all 
cases, carrier generation is allowed in the full P3HT region and the electron mobility 
is set to 10% of the hole mobility. 

 

Figure 2-44.  Calculation method for estimated second derivatives of J-V curves. 
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Figure 2-45.  Estimated second derivative J”est for simulated ZnO:P3HT solar cells with varying 

carrier mobilities and carrier generation in the full P3HT region.  In all cases, the 
electron mobility is set to 10% of the hole mobility. 
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Figure 2-46.  Simulated J-V curves for ZnO:P3HT solar cells with varying carrier mobilities and 
carrier generation in the 10-nm exciton diffusion length region.  In all cases, the 
electron mobility is set to 10% of the hole mobility. 
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Figure 2-47.  Estimated second derivative J”est for simulated ZnO:P3HT solar cells with varying 

carrier mobilities and carrier generation in the 10-nm exciton diffusion length region.  
In all cases, the electron mobility is set to 10% of the hole mobility. 
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Figure 2-48.  Simulated J-V curves for ZnO:P3HT solar cells with varying absorption 

coefficients in P3HT. 
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Figure 2-49.  Simulated J-V curves for ZnO:P3HT solar cells with varying energy band gap. 
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Figure 2-50.  Simulated J-V curves for ZnO:P3HT solar cells with varying band gap and 

absorption in the P3HT region. 
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Figure 2-51.  Simulated J-V curves for ZnO:P3HT solar cells with P3HT energy band gap of 1.0 

eV and hole mobility of 500 cm2/V·s. 
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Figure 2-52.  Photogenerated carrier distribution in pairs/cm3 for A) the full unit cell and B) the 

region of 13 nm ≤ x ≤ 27 nm along the edge of the ZnO nanorod.  Note that the x and 
y axes do not follow the same scale. 
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Figure 2-53.  Carrier mapping scheme for two-stage simulations.  Gray regions are ZnO and blue 

regions are P3HT.  Orange arrows represent the nearest interface points for 
photogenerated carriers in the region defined by the dotted white lines.   
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Figure 2-54.  Photogenerated carrier distribution for a simulated cell with LD = 20 nm. 
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Figure 2-55.  Cumulative number of photogenerated carriers in simulated cells with varying 
exciton diffusion length. 
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Figure 2-56.  Photogenerated carrier distribution along x- and y- coordinates for models with 

varying exciton diffusion lengths. 
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Figure 2-57.  Contour plots of the photogenerated carrier difference between the full absorption 
simulation and the 40 nm LD simulation. 
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Figure 2-58.  Photogenerated carriers at the tip (left axis) and base (right axis) corner points of 
the nanorod in simulated hybrid cells. 
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Figure 2-59.  J-V curves for simulated solar cells using line-source carrier generation. 
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Table 2-17.  Cell performance measures for real and simulated solar cells. 
Cell JSC (mA/cm2) VOC (V) FF η (%) 
Real 2.20 0.44 0.56 0.53 
10 nm LD 0.59 0.44 0.84 0.22 
20 nm LD 1.01 0.45 0.84 0.38 
40 nm LD 1.47 0.45 0.84 0.56 
Full Cell 1.27 0.45 0.85 0.48 
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Figure 2-60.  J-V curves for simulated cells with a 40 nm LD and varying carrier mobility. 

Table 2-18.  Performance measures for simulated cells with 40 nm LD and varying mobility 
values. 

Mobility JSC (mA/cm2) VOC (V) FF η (%) 
0.01 x 1.47 0.45 0.78 0.52 
0.1 x 1.47 0.45 0.84 0.56 
1 x 1.47 0.45 0.84 0.56 
10 x 1.47 0.45 0.84 0.56 

100 x 1.47 0.45 0.84 0.56 
Real Cell 2.20 0.44 0.56 0.53 
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Figure 2-61.  Photogenerated carrier distribution for a simulated unit cell with (A) LD = 40 nm 

and (B) LD = 40 and the P3HT absorption coefficient increased by 50%. 
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Figure 2-62.  Difference in photogenerated carriers (in pairs/cm3) between 150% and 100% 
P3HT absorption coefficients in simulated cells with 40 nm LD.   
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Figure 2-63.  J-V curves for simulated cells with varying absorption coefficient in P3HT. 

Table 2-19.  Generated carriers and performance measures for simulated solar cells. 

Cell Total Carriers 
(pairs/cm3) 

JSC 
(mA/cm2) VOC (V) FF η (%) 

40 nm 3.14 x 1025 1.47 0.45 0.78 0.52 
Full Cell 3.23 x 1025 1.27 0.45 0.85 0.48 

40 nm, 150% α 3.42 x 1025 1.24 0.45 0.79 0.44 
 

 

 



 

CHAPTER 3 
ORGANIC AND HYBRID SOLAR CELL PROCESS DEVELOPMENT 

Introduction 

The experimental details for process development of organic and hybrid solar cells are 

presented in this chapter.  In the first section, pretreatment of the indium tin oxide anode is 

studied.  This work was done in collaboration with the research group of Dr. Chinho Park at 

Yeungnam University in South Korea, particularly Jiyoun Seol.  This work was previously 

presented at the 2006 World Conference on Photovoltaic Energy Conversion sponsored by IEEE 

and was published in their Conference Record [80].  The second section focuses on the 

development of bilayer photovoltaic cells using absorbing polymers.  The next section describes 

efforts to characterize solvents appropriate for use in hybrid bulk heterojunction films.  The 

fourth section details work characterizing hybrid films and the fabrication of photovoltaic cells 

from these films.  The final section introduces Particle Induced Nanostructuring, a process for 

hybrid film deposition intended to control the distribution of nanocrystals in the polymer matrix. 

ITO Anode Treatment 

Organic solar cells incorporate transparent conducting substrates as an anode, with indium-

tin-oxide (ITO) coated glass most often used.  ITO films offer several positive characteristics as 

substrates for optical devices, including a high luminous transparency, good electrical 

conductivity, and good infrared reflectivity.  For these reasons, ITO is widely adopted as 

transparent anodes in light-emitting diodes, liquid crystal displays, and solar cells [4, 81-82].  

ITO coated glass substrates are commercially produced by sputter deposition followed by 

processes to improve surface roughness and microstructure.  As-received substrate surfaces, 

however, have to be further processed prior to application to current flowing devices such as 

OLEDs and solar cells because a sputter-deposited surface microstructure and chemical 
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composition can be degraded during extended device operation.  Surface treatment of an ITO 

surface by several techniques can alter the chemical and physical properties of the surface such 

as work function, surface roughness, and oxidation property, and thus it could affect the device 

performance. 

In this study, nitrogen and oxygen plasma treatment along with electron bombardment of 

commercially available ITO-coated glass substrates were revisited as approaches to improving 

the efficiency and stability of organic solar cells.  The effect of these surface treatments on the 

surface morphology and chemical composition was characterized, and organic solar cells with 

the structure ITO/PEDOT:PSS(50 nm)/CuPc(25 nm)/C60(15 nm)/Al(100 nm) were fabricated 

and the device performance measured. 

The substrate used in this study was commercially available ITO-coated glass with an ITO 

film thickness of ~ 1800 Å and sheet resistance of ~7 Ω/sq.  The as-received substrate was 

chemically cleaned by sequential ultrasonification in trichloroethylene (TCE), acetone, and 

methanol, followed by nitrogen blow-drying.  The cleaned substrate was then exposed to either a 

nitrogen or oxygen plasma or an electron beam.  Plasma treatment was carried out in a barrel-

type plasma chamber for 10 min at a power input in the range 50 to 300 W and pressure in the 

range 50 mTorr to 1 Torr with N2 gas flow.  Electron beam irradiation was performed for 15 sec 

in a nitrogen environment with beam power varied from 0.5 to 2 kGy (kJ/kg).  After treatment a 

PEDOT:PSS layer was spin-coated and dried in a vacuum oven.  Organic films (CuPc and C60) 

and aluminum were deposited at room temperature in a thermal evaporator with a base pressure 

of 2.0x10-6 Torr.  The chemical composition and surface morphology of the ITO surface were 

measured using XPS, AFM, and a video contact angle system (VCAS).  Power conversion 
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efficiencies were measured under illumination from a solar simulator set to produce an AM 1.5 

100 mW/cm2 spectrum. 

 The measured contact angle of a water droplet on an ITO substrate changed significantly 

after surface treatment.  The contact angle for untreated ITO substrates was ~ 65º, while films 

subjected to electron beam treatment showed a reduced contact angle of ~ 50º.  After exposure to 

the N2 plasma, the contact angle decreased dramatically to a value < 10º.  In both cases, the 

reduction is due to two effects.  First, the exposure to reactive radicals removes contamination 

from the film surface that may have remained after wet chemical cleaning.  Secondly, these 

treatments increase the activity of the film surface by incorporating nitrogen radicals into the 

film.  This effect is significantly stronger in the case of N2 plasma than in the case of electron 

beam treatment because the plasma treatment supplied a greater flux of highly reactive nitrogen 

radicals to the film surface.  The change in surface polarity in the case of electron beam 

treatment was not as significant as that in the case of plasma treatment, and as electron beam 

energy is significantly increased (larger than 2 kGy), the ITO film started to change its color to 

light gray, which degraded the luminous transparency of the substrate. 

 AFM measurements were performed to quantify the surface roughness of the ITO films.  

As-received ITO films showed a RMS surface roughness of 1.1 nm.  This value was reduced to 

0.8 nm by electron beam treatment and < 0.6 nm by N2 plasma treatment at optimized 

conditions.  Sputtered ITO film generally contains irregular surface features, even though the 

subsequent polishing and annealing of the film improves its roughness.  The surface treatment 

procedures used in this study are expected to attack the higher surface features first, resulting in a 

decrease in surface roughness [83, 84].  The effect, however, was not very significant, because 

the surface roughness of the as-received substrate was already low enough. 
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 XPS spectra from treated films showed a change in the chemical composition of the film 

surface.  Films treated with N2 plasma and electron beam bombardment showed an increase in 

nitrogen content accompanied by a decrease in oxygen composition, confirming that near-surface 

oxygen is replaced by nitrogen in films subjected to these treatments as shown in Table 3-1.  In 

the case of N2 plasma exposure, there was a decrease in the In/Sn ratio of the films as well, 

which can cause a slight decrease in the work function of the films [85].  It is believed this 

change is a result of indium reacting with nitrogen radicals to form InN, which is subsequently 

removed from the film.  The chemical shift of In-Sn-O bonding was also investigated by XPS, 

but no noticeable change in chemical shift was observed under the treatment conditions 

investigated in this study. 

The incorporation of nitrogen into the near surface region of films treated in N2 plasma was 

confirmed by glow discharge spectroscopy (GDS).  Films exposed to the plasma at a constant 

power but increasing pressure showed an increase in nitrogen levels in the film up to 700 mTorr.  

At higher pressures the nitrogen level decreased slightly, due to a decrease in nitrogen radical 

activity in the plasma. 

Organic solar cell devices were fabricated from the surface-treated ITO films to determine 

the impact on device performance as shown in Figure 3-1 and Table 3-2.  Electron beam 

treatment produced no change in device efficiency; however, there was a decrease in VOC and an 

increase in JSC in these devices. O2 plasma treatment gave a slight increase in JSC, but a 

significant drop in VOC led to a reduction in overall device efficiency.  N2 plasma treatment 

resulted in cells with efficiency nearly double that of the untreated ITO cells.  All treated ITO 

devices showed an improvement in the shape of the I-V curve compared to that of untreated ITO 

devices. The changes in performance can be attributed to several effects due to the treatment, 
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including surface roughness, chemical stability, and reduced work function.  Electron beam and 

N2 plasma treatment replace oxygen with nitrogen, reducing the electron affinity of the ITO film 

and resulting in a lowering of the work function that improves the charge collection efficiency. 

The effect of several ITO surface treatments on the performance of organic solar cells was 

determined.  It was shown that exposure to a N2 plasma was more beneficial than either the 

oxygen plasma or e-beam treatment.  The N2 plasma was most successful in improving the 

surface characteristics, as evidenced by the extent of lowering the contact angle and decreasing 

the surface roughness (AFM).  This treatment incorporates nitrogen into the near surface region 

and produces a slight change in the In/Sn ratio, which reduces the ITO work function.  These 

changes optimize the energy band diagram and improve charge collection at the ITO anode. 

Bi-layer Organic Solar Cell Fabrication 

A process for fabricating bi-layer organic solar cells with the cell structure 

ITO/PEDOT:PSS/P3HT/C60/Al was developed.  Figure 3-2 shows the energy band diagram for a 

cell with this structure [45, 86].  This material system has received much attention for 

applications in bulk heterojunction solar cells due after the discovery of ultrafast charge transfer 

at interfaces between conjugated polymers and C60 molecules. 

In these bi-layer organic cells, P3HT serves as the primary absorber layer in the cells, with 

a bandgap of approximately 1.7 eV and a very strong absorption coefficient.  Excitons generated 

in the polymer are separated at the C60 interface, with electrons dropping to the lower energy 

level of the C60 and holes returning to the P3HT.  Electrons are transported to the backside 

aluminum contact, while holes are transported through the P3HT layer and the hole transport 

layer (HTL) of PEDOT:PSS to the transparent ITO frontside contact.   
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Cell Fabrication Procedure 

Bi-layer organic solar cells were fabricated on ITO-coated glass substrates.  The substrates 

were patterned, cleaned, and treated in-house under N2 plasma.  A hole transport layer of 

PEDOT:PSS and the absorber layer of P3HT were spin-coated onto the substrate and dried under 

vacuum.  The electron transport layer of C60 and the aluminum back contact were deposited by 

evaporation.  For cells to be transported, glass encapsulation was performed to extend the cell 

lifetime.  The encapsulation process is described in greater detail below.  A graphic synopsis of 

the fabrication process is shown in Figure 3-3. 

Substrate Preparation 

The cells were fabricated on ITO-coated glass substrates obtained from Samsung-Corning.  

The ITO films had a resistance of < 7 Ω/sq. and a thickness of approximately 0.18 µm.  As-

received ITO substrates were cut into 2.5 x 2.5 cm squares and patterned by HCl vapor etching.  

A 2 mm wide strip of electrical tape was fixed to the ITO substrate to cover a strip that would 

become the ITO anode.  The substrates were suspended from the inside lid of a glass dish with a 

small amount of HCl in the bottom of the dish to generate vapor.  Vapor etching occurred over 

25 min, after which the substrates were thoroughly rinsed with de-ionized water and blown dry 

with nitrogen.  They were then chemically cleaned by successive 10 min sonication steps in 

trichloroethylene, acetone, and methanol, followed by blow-drying under nitrogen.  Cleaned 

substrates were subjected to N2 plasma for 10-min in a barrel-type plasma chamber wrapped in 

induction coils.  The chamber offered a continuous flow of nitrogen at a constant flow rate 

during the treatment, and the conditions used for treatment were optimized to a supplied power 

of 50 W and a chamber pressure of 200 mTorr. 
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Spin-Coating 

A solution of PEDOT:PSS in water obtained from Bayer was filtered with a 0.45 µm 

syringe filter and spin-coated onto the treated substrate for 30 sec.  The film was then dried in a 

vacuum oven at 90 °C for 30 min.  A calibration curve was generated for dried film thickness vs. 

spin-coating speed and is shown in Figure 3-4.  The curve was fit to power law as has been noted 

in the literature (87), with the curve fitting Equation 3-1. 

t = (e14.7)*ω -0.99        (3-1) 

The absorber layer of P3HT was then spin-coated from a solution of 5 mg/ml in 

chlorobenzene.  The films were spin-coated for 30 sec and then dried under vacuum.  The film 

thickness versus spin-coating speed was fit to Equation 3-2, and the results are shown in Figure 

3-5. 

t = (e12.5)*ω –0.93        (3-2) 

Both spin-coating steps occurred in a clean room environment.  Film thicknesses for these 

measurements were performed with a profilometer.  After the active layer was dried, selected 

areas of the substrates were wiped clean of the polymer films to provide clean surfaces for 

external contacts. 

Evaporation 

The cells were placed in a glove box under nitrogen and loaded into a thermal evaporator.  

C60 was evaporated through a shadow mask at a rate of approximately 2 Å/s under a pressure of 

10-6 Torr.  Finally, a thick layer of aluminum was rapidly evaporated through a second shadow 

mask to form the back contact of the cells.   

Encapsulation 

Encapsulation was performed to extend the lifetime of the fabricated cells by shielding 

them from moisture in the atmosphere.  The two components of the encapsulation procedure are 
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the encapsulant and the dessicant.  The encapsulant consisted of a small glass slab to serve as the 

backing and a rubber spacer to prevent contact between the substrate and encapsulant glass.  The 

assembly of substrate / spacer / encapsulant was sealed with epoxy.   

Prior to fixing the encapsulant onto the substrate, a dessicant was added to protect the cells 

from moisture exposure.  The dessicant used was barium oxide.  A small pouch was created from 

part of a piece of weighing paper.  Inside the nitrogen glove box, the pouch was filled with BaO 

powder and sealed with double-sided tape.  It was then affixed to the inside of the encapsulant 

glass.  Several tiny holes were punctured in the pouch to allow moisture to reach the dessicant, 

and the final assembly was sealed to the substrate with epoxy. 

Film Drying 

Due to the potential impact of residual solvent in these films, care must be taken to ensure 

drying is complete after each film deposition step.  Residual organic solvent from the active layer 

film serves as an insulator to cripple electrical performance, while excess water remaining from 

the HTL film can oxidize and degrade the active layer polymer.  To confirm the effectiveness of 

the drying step, FTIR spectra were compared between the dry films, the solutions used for spin-

coating, and spectra obtained from Sigma-Aldrich for the pure solvent.  Figure 3-6 shows the 

spectra for a P3HT film spin-coated from chlorobenzene, as well as spectra for the solution and 

pure solvent.  The large peak at approximately 3050 cm-1 in the chlorobenzene spectra is clearly 

visible in the solution spectra, but is noticeably missing in the P3HT film spectra.  Also, several 

sharp, narrow peaks between 1600 and 500 cm-1 match in the solution and solvent spectra, but 

are missing from the film spectra.  In Figure 3-7, the broad O-H stretching peak from 

approximately 3700 to 3000 cm-1 is an obvious feature in the FTIR spectrum for pure water.  

This wide peak is also obvious in the solution spectrum but is missing from the PEDOT:PSS film 

spectrum.  Similarly, the strong peak at approximately 1640 cm-1 in the water spectrum is present 
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in the solution spectrum but missing from the film spectra.  These FTIR spectra provide 

confirmation that film drying is complete under the conditions specified, and in that respect, 

these films are suitable for use in organic solar cells.  Both solvents analyzed, chlorobenzene and 

water, produce strong peaks that are easily distinguished from the polymer spectrum, making this 

an effective technique for identifying residual solvent in the films after deposition. 

PEDOT:PSS 

The PEDOT:PSS layer in bi-layer solar cells was deposited with a thickness in the range of 

80 to 100 nm.  One potential issue in this charge transport layer is that it is susceptible to 

pinholes, which can lead to shorting of the devices.  Pinholes can be generated during the drying 

process as the solvent evaporates and rises through the drying polymer.  To see the if pinholes 

were problematic in this deposition process, cells were fabricated using a single-layer and 

double-layers of PEDOT:PSS.  The double-layer devices should eliminate the presence of layer-

spanning pinholes by providing two separate films so that any pinholes would only span half of 

the final film.   

Experiments were performed by fabricating bi-layer solar cells using single- or double-

layers of PEDOT:PSS.  A consistent final film thickness of 80 nm was used for the PEDOT:PSS 

layer: one 80 nm layer for the single-layer devices, and two 40 nm layers for the double-layer 

devices.  All other cleaning, preparation, deposition, and encapsulation steps were held constant.  

After fabrication, the cell performance was characterized under 100 mW/cm2 light from a solar 

simulator.  The resulting J-V curves are shown for single-layer devices in Figure 3-8 and for 

double-layer devices in Figure 3-9. 

From the results, it is clear that the performance of cells using the double-layer 

PEDOT:PSS film suffer dramatically.  Of the four cells using the double-layer structure, two fail 

to show any diode characteristics, while the other two show only a minimal photovoltaic effect.  
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While the performance of the cells using the single-layer PEDOT:PSS were not phenomenal, 

they all showed a significant photocurrent and diode characteristics.   

Cells fabricated with a single 80 nm layer of PEDOT:PSS showed efficiencies as high as 

0.168% (cell 8-2), with all cells showing efficiencies of at least 0.047%.  In contrast, cells 

fabricated with the double-layer structure failed to show a measurable efficiency, although 

estimates put them in the range of 0.015% for the best cell (cell 9-1).  Open circuit voltage values 

for the single-layer cells were in the range of 0.15 V, while values for the double-layer cells are 

less than 0.05 V.  Short circuit current density values ranged from 1.5 to 2.5 mA/cm2 for the 

single-layer cells and from 0.7 to 1.4 mA/cm2 for the double-layer cells.   

The data show that pinholes are not a concern for the PEDOT:PSS films under these 

deposition and drying conditions.  In fact, there is a different effect causing the double-layer 

films to perform more poorly than the single-layer films.  The total thickness of the layers was 

held constant to keep series resistance constant.  However, the series resistance is impacted by 

the film resistivity in addition to the path length.  It seems that the double-layer films showed a 

higher resistance to current flow due to the lower cell performance.  For positive biases, the 

single-layer films showed current densities 7 - 10 % higher than the double-layer films.  This can 

be attributed to two possible causes – interfacial resistance and film resistance.  Because of the 

double-layer structure, there is an extra film interface which could cause an increase in the 

overall resistance.  Additionally, the inherent film resistivity could be increased due to the 

deposition conditions.  The films were deposited via spin-coating, with the 40 nm films 

deposited at a much higher rpm than the 80 nm films.  This causes faster solvent evaporation and 

can inhibit the ability of the polymers to self-align in a configuration that could minimize 
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resistance.  This effect has been observed in the past, particularly in active layer films where 

extremely slow solvent evaporation has resulted in strong increases in the film’s conductivity. 

Another effect observed in PEDOT:PSS deposition is that of different particle filtering 

speeds that produce different solution properties.  In polymer electronics processing, 

PEDOT:PSS is typically filtered prior to deposition to remove particles in the solution and 

provide a smoother film upon spin-coating.  In our labs, the PEDOT:PSS solution was filtered by 

hand using a 0.45 μm disc filter attached to a 100 ml syringe.  It was found that there were two 

different methods of filtering depending on the person doing the work, but because the work was 

done by hand rather than with a mechanical system.  In one method, the solution was filtered 

very slowly, with the worker applying just enough pressure to force the solution through the 

membrane in a dropwise fashion.  The filter was periodically replaced as the filtration became 

more difficult due to clogging.  This slow filtration method resulted in a relatively low viscosity 

solution.  In the other method, the solution was forced through the filter in one steady motion.  

This process was much faster, with several ml of the solution passed through in a matter of 

seconds, and resulted in a more viscous solution.  The difference was noticed while developing 

calibration curves for film thickness depending on spin-coating speed.  The slow filtration results 

in a much thinner film than the fast filtration step because a lower percentage of the polymer is 

forced across the membrane at the lower pressure difference.  Calibration curves using the two 

solutions are shown in Figure 3-10.  The data set labeled “051116” represents the slow filtration 

method, while the other three data sets show the faster filtration method.  For cell fabrication, the 

fast filtration method was used to provide the ability to deposit approximately 100 nm thick films 

while still using a reasonably fast spin-coating speed to produce smooth, uniform films.   
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P3HT 

Prior to cell fabrication, P3HT films were analyzed under AFM to determine the surface 

quality of the films.  Measurements were made under different solution concentrations and spin-

coating speeds.  The results, shown in Figure 3-11, show high-quality films with low surface 

roughness, indicating their suitability for bi-layer cell construction.  All films spin-cast from the 

5 mg/ml solution showed an RMS surface roughness of around 1 nm.  For the films cast from the 

10 mg/ml solution, the RMS surface roughness was between 2.5 nm and 3.6 nm, with the higher 

roughness occurring at the slowest spin speed.  The data from the images shown in Figure 3-11 is 

tabulated in Table 3-3. 

Bi-layer Cell Fabrication 

Following these film and process characterization investigations, bi-layer organic solar 

cells were fabricated with the device structure ITO/PEDOT:PSS/P3HT/C60/Al.  The bi-layer 

device structure is commonly used in OLED devices [88] and has been explored in molecular 

organic photovoltaics [89], but less work has been performed regarding bi-layer devices using 

polymer active layers [90].  The devices were fabricated on ITO-coated glass substrates prepared 

as described previously.  A PEDOT:PSS film was deposited by spin-coating for 30 sec at 2500 

rpm and drying for 30 min.  The active layer of P3HT was deposited by spin-coating from a 5 

mg/ml solution in 1,2-dichlorobenzene for 30 sec at 3500 rpm and dried under vacuum.  The 

samples were loaded into an evaporator where a 150 Å film of C60 was deposited, followed by a 

800 Å Al electrode.   

Bi-layer cell J-V measurements were performed at Busan National University in Busan, 

South Korea using a Keithley I-V measurement system under illumination from a solar 

simulator.  Current measurements were converted to current density by dividing by the active 

cell area (0.04 cm2).  Illuminated measurements were performed under 100 mW/cm2 
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illumination.  Power conversion efficiency (η) was calculated using Equation 3-3, with Vmax, 

Imax, and Jmax representing the voltage, current, and current density at the maximum power point.  

The fill factor (FF) is calculated using Equation 3-4 with VOC and JSC being the open circuit 

voltage and short circuit current density.   

%100
/100

%100 2
maxmaxmaxmax ×=×=
cmmW

JV
P

IV

in

η      (3-3) 

SCOC JV
JV

FF maxmax=          (3-4) 

The rectification ratio (RR) of a diode is the ratio of forward to reverse current at some 

applied bias.  Higher rectification ratios show stronger diode characteristics in the I-V curve for 

devices.  Rectification ratios displayed in this section were calculated from dark current 

measurements at 0.5 V of forward and reverse bias unless otherwise noted. 

Bi-layer solar cells were fabricated using the procedure detailed previously, but with no 

treatment performed on the ITO electrode.  J-V curves for these cells are shown in Figure 3-12. 

The cells fabricated in this set all showed a measurable photocurrent, demonstrating 

functioning solar cell behavior.  The best-performing cell in the set, Set I - 3, showed a power 

conversion efficiency of 0.04%.  Despite having the lowest VOC of all cells in the set, this 

champion cell showed a short-circuit current density of 1.55 mA/cm2, which was significantly 

higher than any other cell in the set.  Performance was low, but measurable, in all cells.  With the 

exception of cell I - 3 with a VOC of 0.11 V, all cells showed a VOC of almost exactly 0.15 V.  

The fill factor for the cells ranged from 0.15 for cell I - 4 to 0.24 for cell I-1.  Cells I-1 and I-4 

showed a JSC of approximately 0.5 mA/cm2.  The JSC for cell I-2 was 1.03 mA/cm2.   

Another set of bi-layer cells were fabricated with the same cell structure, but applying 

plasma treatment to the ITO substrate.  The performance of these cells was poor, with the lack of 
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performance attributed to possible poor encapsulation resulting in cell decay before 

measurement, or non-optimized plasma treatment inhibiting the cell performance.  These cells 

showed a minimal photovoltaic effect, with open-circuit voltages below 0.1 V and short circuit 

current densities no higher than 1.10 mA/cm2.  Although fill factors were in the range of 0.20-

0.25, efficiencies were no higher than 0.02% due to the low photovoltage and current in the cells.  

J-V curves for the cells are shown in Figure 3-13 and the cell performance is detailed in Table 3-

4. 

Solvent Comparisons 

Various solvents were compared to determine their applicability for hybrid bulk 

heterojunction films.  The solvents were all commonly available chemicals, so no high-cost 

specialty materials were used that would add substantial cost to the fabrication process.   

The goal was to identify a solvent or a family of solvents that would provide the highest-

quality hybrid films for cell fabrication.  The solvents used for the tests are shown in Table 24.  

Only those which showed an appropriate level of solubility were used in further testing.  Polymer 

solubility was qualitatively assessed by mixing a small amount of the polymer with a few 

milliliters of the chosen solvent into a small vial and subjecting the mixture to ultrasonication for 

at least one hour.  Solvents with solubility labeled as “No” showed solid flakes of the polymer in 

the clear solvent after the mixing.  Those labeled as “Poor” resulted in a color change of the 

liquid to indicate some degree of dissolution, but still contained significant solid particles of 

polymer.  The label of “Yes” indicates that the polymer was fully dissolved to give a red colored 

solution that is characteristic of P3HT.  The solvent’s normal boiling temperature and polarity 

values are listed in Table 3-5 as these parameters strongly impact the film-forming properties of 

a solution.  The values of polarity in the chart were taken from a solvent miscibility and polarity 

chart from Phenomenex [91] where higher values correspond to more polar solvents, with water 
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having a value of 9.0.  In the table, DMF is dimethyl formamide, MED is methyl ethyl ketone, 

THF is tetrahydrofuran, and TCE is trichloroethylene. 

Hybrid films deposited from the solvents that showed solubility for P3HT were analyzed 

with profilometry, AFM, and imaged with optical microscopy and SEM.  Film roughness 

measurements taken from profilometry are shown in Figure 3-14.  The results are plotted against 

both boiling temperature and polarity, although no trend is evident in either case.  These 

measurements were taken over 5 line scans of 1.0 to 1.5 mm on the surface of two separate 

substrates.   

AFM surface scans were taken for films deposited using 6 of the selected solvents, and rms 

surface roughness was measured for 5 x 5 μm and 1 x 1 μm surface areas.  The results for each 

test are shown in Figures 3-15 and 3-16, with separate graphs shown to plot rms surface 

roughness vs. solvent boiling temperature and solvent polarity. 

On the large-scale profilometer measurements, chlorobenzene was the best performing 

solvent, showing a mean surface roughness of 64.9 nm on a line scan.  The worst performers 

were THF and o-xylene, with mean rms values of 136 and 198 nm, respectively.  For the 5 x 5 

μm AFM measurements, chloroform showed the lowest roughness, with the rms roughness being 

measured at 16.2 nm.  THF displayed the highest roughness, with a value of 36.8 nm.  For the 

small-area 1 x 1 μm AFM measurement, Toluene was the superior solvent with an average rms 

value of 2.93 nm.  Again, THF showed the highest value, at 15.0 nm.  The results are 

summarized in Table 3-6. 

SEM and optical microscope images of film surfaces were taken to visually assess the film 

quality in conjunction with the surface roughness data.  Figure 3-17 shows optical images of 
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selected films that were representative of the samples taken for each solvent.  Figure 3-18 shows 

SEM images from films, also representative of the data taken for each film solvent. 

In the optical microscope images, dark spots on the image represent surface features on the 

films.  Some of the larger dark spots on the image, such as in the top left corner and near the 

right hand side of the 100x THF image, appear fuzzy because they are beyond the depth of field 

of the image, and different areas of this spot could be visualized by re-focusing the lens.  In the 

10x magnification images, it is noted that all solvents produce at least a few of these large black 

features.  Chlorobenzene, o-dichlorobenzene, and toluene show these spots in smaller sizes and 

regularities than the other materials.  Benzene shows large wispy collections of the dark spots 

that were not seen from other solvents, which seem to suggest precipitation or clustering 

occurring on a much larger scale than the other solvents show.  These features are also visible in 

the 100x image for benzene, and again, it does not appear for other solvents.  The 100x image for 

THF shows a high frequency of very large features.  Dichlorobenzene, on the other hand, shows 

a very low frequency and size of features in both the 10x and 100x images.  Chlorobenzene 

shows a few large features, but the image overall shows a high-quality film with a low frequency 

of features. 

The SEM images shown in Figure 3-18 display surface images of the hybrid films at 

5,000x and 15,000x magnification.  These magnification levels are relatively low for SEM 

images, but attempts to focus the electron beam to produce images in the 30,000x to 50,000x 

range resulted in beam damage of the sample.  In fact, an example of this is visible in the 

15,000x image for o-dichlorobenzene.  The dark box near the center of the image, just to the left 

of the bright surface feature, represents an area where a tighter focus was attempted and the 

sample was burned.  In these images, surface features of the films are clearly visible as bright 
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spots in the secondary electron image.  Images for chlorobenzene and o-dichlorobenzene show 

high-quality films with relatively few surface features.  The images for TCE also shows a 

minimal amount of surface features, particularly in the 15,000x image.  Chloroform displays a 

moderate amount of features, but less so than THF, which similarly to the optical images shows 

the poorest film quality. 

Attempts to identify the composition of these surface features failed to yield results.  

Backscattered electron images of the films showed images of the features similar to the 

secondary electron images, but with no additional bright spots to demonstrate possible clustering 

of the higher density nanocrystals.  Compositional scans were performed using energy-dispersive 

x-ray analysis (EDX), and these scans detected cadmium and selenium at a constant 

concentration in both the features and in smooth areas of the film surface. 

From this study, it was determined that chloroform, chlorobenzene, and o-dichlorobenzene 

are good candidates for hybrid bulk heterojunction film deposition.  These solvents all produce 

films that were among the lowest in surface roughness for all of the measurement techniques 

used.  Additionally, the film quality could be visually confirmed from optical microscopy and 

SEM surface images. 

Hybrid Bulk Heterojunction Cell Fabrication 

Bulk heterojunction photovoltaic cells were fabricated using P3HT as the absorbing 

semiconductor and nano-CdSe as the electron transporter.  The cell design was the modeled after 

the bi-layer organic cell design described previously.  The bulk heterojunction cell structure was 

ITO/PEDOT:PSS/P3HT:CdSe/Al, which is very similar to the bi-layer structure with the 

exception of CdSe replacing C60 as the electron acceptor, and that acceptor is now blended into 

the active layer film rather than deposited on top.  Performance measurements for these cells 

were performed in-house rather than remotely, so the encapsulation process was not performed.  
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Measurements were performed with a Keithley I-V-L measurement system under illumination 

from a JEOL solar simulator. 

Nanocrystal Synthesis and Surfactant 

CdSe nanocrystals were synthesized using the solution-phase growth mechanism 

demonstrated by Peng et al. [92].  In this method cadmium oxide is added to a flask containing 

tri-n-octylphosphine oxide (TOPO) and hexyl-phosphonic acid.  The solution is then heated 

before the addition of selenium powder dissolved in liquid tri-n-octylphosphine.  The reaction 

progresses and is halted by removal from the heating source.  The nanocrystals, coated in a 

surfactant layer of TOPO, are precipitated from the solution by the addition of methanol and 

centrifugation.  The TOPO-coated nanocrystals can further be modified by dissolution in 

pyridine, precipitation using hexane, and centrifugation to isolate the crystals.  This ligand 

exchange process replaces the TOPO molecules with pyridine molecules on the surface.  After 

~5 steps of this process, the TOPO coating is fully replaced and the pyridine-coated nanocrystals 

can be used for processing.  CdSe nanocrystals used in this dissertation were synthesized by Md. 

Azizul Hasnain and Trong Nguyen Tam Nguyen at Yeungnam University unless otherwise 

noted. 

Solutions were generated using CdSe nanocrystals with both types of surfactant coatings, 

and films deposited from these solutions were tested to determine the appropriate deposition 

parameters.  The solutions consisted of a 60:40 mixture of CdSe nanocrystals and P3HT polymer 

dissolved in chloroform with a variable volume fraction of pyridine added to enhance the CdSe 

solubility.  The surface roughness of spin-coated films is shown in Figure 3-19, plotted against 

the pyridine content of the solution.  Note the scale difference in the two graphs.  These 

measurements were performed by Md. Azizul Hasnain at Yeungnam University and are 

displayed to clearly represent the effect of nanocrystal surfactant on film quality for hybrid films.  
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For TOPO-coated nanocrystals, the surface roughness of the films decreased as the pyridine 

content increased, up to 50%.  This is due to the low solubility of TOPO-coated nanocrystals in 

chloroform.  Pyridine concentrations of 45-50% were required to generate films with less than 10 

nm rms roughness.  After surface exchange with pyridine is performed, the pyridine-terminated 

nanocrystals become significantly more soluble in chloroform.  In this case, pyridine 

concentrations of less than 10% yield rms surface roughness values of less than 10 nm.   

Hybrid Films 

To fabricate bulk heterojunction solar cells with organic polymers and inorganic 

nanocrystals, great care must be taken to ensure proper mixing between the two phases.  The 

exciton diffusion length of most semiconducting polymers is in the range 5 to 20 nm.  Because of 

this limitation, the organic and inorganic phases in the hybrid active layer must be well-mixed so 

that excitons generated in the organic phase can reach an inorganic phase that is within one 

diffusion length.   

In this investigation, the properties of hybrid films is studied through optical microscopy, 

electron microscopy, atomic force microscopy, and surface profilometry.  Solutions are 

generated by dissolving blends of P3HT polymer and CdSe nanopowder into solvent mixtures of 

chloroform and pyridine.  Hybrid films are spin-cast from these solutions onto ITO-coated glass 

substrates that were subjected to N2 plasma treatment as described previously, and the films were 

dried under vacuum. 

TOPO-coated CdSe 

Initially, hybrid solutions were created with P3HT and TOPO-coated CdSe nanocrystals 

with a radius of approximately 5 nm.  The solvent used in these solutions was a 50-50 mixture of 

chloroform and pyridine, based on the results shown in Figure 3-19.  Three hybrid solutions were 

prepared with composition shown in Table 3-7. 
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Films were spin-cast from these solutions, and their visual quality was studied using 

optical microscopy.  The resulting images are shown in Figure 3-20.  The images were taken at 

100x magnification, and the films imaged were spin-coated at 3000 rpm from the solutions 

described in Table 3-7.  In these images, darker regions correspond to features on the surface of 

the films.  From the images, it is observed that films from the higher-concentrated solutions 

show significantly more numerous and larger features than the film from the weakly-

concentrated solution.  The weakly-concentrated Solution 3 shows only small and well-dispersed 

dark regions.  Solutions 1 and 2 show a darker overall image, as is to be expected as these 

higher-concentrated solutions produce thicker films.  However, they also show large surface 

features, some of which appear out of focus due to the depth of field of the microscope.  These 

observed differences are due to the low solubility of both the polymer and nanocrystals in these 

composite solutions when TOPO-coated nanocrystals are used.  The polymer is poorly soluble in 

pyridine, and the TOPO-coated CdSe nanocrystals are poorly soluble in chloroform, so the only 

way to control the film morphology in this solvent system is to reduce the total solute load in the 

solution.   

The 20.4 mg/ml and 19 mg/ml solutions produced a significantly rougher surface than that 

of the 5 mg/ml solution, seen in the images in Figure 3-20.  In an attempt to decrease the 

roughness of these films, a second spin-coating step was performed using pure chloroform.  The 

hypothesis was that the solvent would selectively attack the more pronounced surface features, 

similar to the effect of nitrogen plasma smoothing the surface of ITO.  The resulting film did 

show a decrease in roughness, similar to that of the 5 mg/ml solution.  An optical microscope 

image of the film is shown in Figure 3-21.  The surface roughness decreased, but the film was 

nearly completely etched during this process.  Even under spin speeds up to 8000 rpm, designed 
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to significantly reduce the contact time between the chloroform and the film, the original film 

was nearly completely removed.   

P3HT solubility in chloroform and pyridine 

To further investigate the effect of the solvent composition on film qualities, studies were 

performed to compare the quality of pure P3HT films cast from pure chloroform, a 1:1 

chloroform:pyridine mixture, and pure pyridine.  Films were deposited from 5 mg/ml solutions 

of P3HT in each of the three solvent types and then examined under optical and secondary 

electron microscopes and the roughness measured with a surface profilometer.   

Under an optical microscope at 100x magnification, clear differences are observed in film 

quality depending on the type of solvent used, as shown in Figure 3-22.  The chloroform solution 

produces a film that appears smooth with a number of small surface features.  The film deposited 

from the mixed solvent shows a rougher base film with larger and more numerous surface 

features.  The pyridine solution results in a smooth base film, but with several very large surface 

features. 

SEM analysis of the chloroform and mixed solvent films show results similar to those 

obtained under optical microscopy.  Figure 3-23 displays a comparison of these films at 2,000 

and 10,000 x magnification.  For the films deposited from chloroform solvent, there is a 

significant reduction in the number of surface features of the films.  In the 2,000x image, there is 

one large area feature that is visible at the bottom of the image, but this was not observed to be 

common in the film.  On the other hand, the films deposited from the mixed solvent show a 

distribution of surface features with varying shape and sizes ranging from a few microns to tens 

of microns.  This offers further evidence of phase separation occurring in the films deposited 

from the mixed solvent.  Because these films are pure P3HT rather than hybrid films, the 

observed features must be regions of P3HT that formed a non-uniform surface.  This could occur 
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through non-uniform precipitation of the polymer during deposition.  In the chloroform solvent, 

due to the high polymer solubility, the smooth film is a result of a uniform deposition and film 

drying process.  In the mixed solvent, however, the solubility is poorer and the P3HT will 

precipitate more quickly as solvent evaporates during the spin-coating and drying processes, 

resulting in the polymer freezing in its current state rather than being allowed to relax to a 

preferred alignment that results in a smoother film. 

Surface profiles of the films measured through profilometry revealed films with significant 

increases in surface roughness as the amount of pyridine in the solvent mixture increased, as 

shown in Figure 3-24.  When the film thickness was measured using this technique, it was found 

that the film thickness decreased as the pyridine content of the solvent increased, due to 

decreasing solubility of the P3HT polymer.  The profiles shown in Figure 3-24 are the result of a 

line scan across the surface of a sample that had the film stripped away on the left-hand side.  

The tall, wide peak at approximately 1 mm is the edge where the film was wiped clean and the 

film surface was distorted.  The polymer film is shown on the right-hand side, which is where the 

mean and median film thickness was measured.  On the profiles, the solid teal line represents the 

median film thickness, the red dash-dot line represents the mean film thickness, and the blue 

dashed lines represent ± one standard deviation from the mean.  Note that not all lines appear in 

all graphs due to the scaling. 

These scans show an increase in the mean film thickness as the pyridine content of the 

solvent increases, resulting from an increase in surface roughess.  They show, however, a 

decrease in median film thickness, due to the base film thickness being smaller as the polymer is 

poorly dispersed by the pyridine solvent.  These properties are summarized in Table 3-8, and 

represent averages for measurements across different regions of each sample.  It is interesting to 
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note that for the pyridine solvent, the error range for the mean film thickness and the standard 

deviation of film thickness is larger than the actual measurement.  This is due to the extremely 

nonuniform film which shows extremely large features over a very thin base film. 

Cell Fabrication 

Replacing TOPO-coated nanocrystals with pyridine-coated nanocrystals is the key to 

reducing the amount of pyridine needed in the solvent mixture.  Because of this, pyridine-coated 

nanocrystals were used for attempts at hybrid bulk heterojunction cell fabrication.  The 

processing steps for these cells were similar to those used for the organic bi-layer solar cells 

described earlier.  ITO-coated glass substrates were etched with HCl, then cleaned under 

ultrasonication in TCE, acetone, and methanol.  The clean surface was exposed to a N2 plasma 

under specific conditions, followed by deposition of PEDOT:PSS, then the hybrid solution, 

followed by evaporation of the Al electrode.  Cell performance was tested in the dark and under 

simulated solar illumination. 

Cells deposited from chloroform solutions 

Bulk heterojunction cells were fabricated from pure chloroform solution and a 2% pyridine 

in chloroform solution.  Nitrogen plasma treatment was performed at 50 W and 200 mTorr for 10 

minutes after etching and cleaning of the substrates.  A thin film of PEDOT:PSS was deposited 

via spin-coating and dried under vacuum.  The hybrid solution concentration was 5 mg/ml, 

consisting of 60% CdSe by weight.  The aluminum electrode was between 125 and 150 nm in 

thickness.  The resulting dark and light J-V curves for these cells are shown in Figure 3-25.   

The active cell performance is low for both cells, particularly the cell deposited from pure 

chloroform solvent.  The first cell, deposited from the chloroform-pyridine mixed solvent, shows 

JSC = 8.99 x 10-3 mA/cm2 with a maximum efficiency = 7 x 10-4 %.  The second cell, in pure 

chloroform solution, shows JSC = 2.62 x 10-5 mA/cm2 and maximum efficiency = 1.3 x 10-6 %.  
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Although these films show some photovoltaic effect, it is extremely low, presumably due to the 

very thin nature of the films.  From visual inspection, the films are faint pink in color and highly 

transparent.  These thin films fail to absorb a significant number of photons to yield high-

performance solar cells. 

To enhance film thickness, a new hybrid solution was created with the total solute 

concentration doubled to 10 mg/ml while maintaining the nanocrystal weight percentage at 60%.  

The solvent was 2% pyridine in chloroform.  The resulting J-V curves are shown in Figure 3-26.  

This cell showed higher values of JSC than the cell deposited from the 5 mg/ml solution.  The 

measured cell performance characteristics were JSC = 3.39 x 10-2 mA/cm2, VOC = 0.256 V, FF = 

0.275, and efficiency = 2.4 x 10-3 %.  This is a 2.5x increase in efficiency compared to the 5 

mg/ml hybrid solution.  Although performance is still low, the film produces photocurrent that is 

half an order of magnitude higher. 

Thicker-film cells in chloroform solution 

By further increasing the concentration of the active layer solution, light absorption in the 

cells can be further enhanced.  In these cells the weight ratio of the hybrid film was altered from 

60% CdSe to 50% CdSe.  Because the CdSe serves primarily as an electron transporter while 

P3HT is the absorber, the cell performance can be improved by decreasing the CdSe volume in 

the hybrid films as long as electron transport pathways exist to allow current flow to the 

electrode.  A 25 mg/ml hybrid solution with equal weights of P3HT and pyridine-coated CdSe 

was dissolved in a solvent of chloroform with 2% pyridine.  To determine the effects of the 

nanocrystals in the solution, a solution consisting of 12 mg/ml P3HT in the 2% pyridine mixed 

solvent was also generated.  This solution has essentially the same P3HT concentration in 

solution (12.5 mg/ml in the hybrid solution, 12 mg/ml in the pure polymer solution), so the 

presence of nanocrystals in the hybrid solution differentiates the two. 
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Surface profiles of the films generated with a profilometer are shown in Figure 3-27.  For 

these scans, the film was wiped clean at the left-hand side of the image to allow measurement of 

the film thickness.  Note that the scale for both profiles is the same.  The P3HT film shows a 

thickness of 95.7 ± 17.8 nm with an rms roughness of 15 nm.  The hybrid solution produces a 

slightly thicker film at 130 ± 16.8 nm, but with an rms roughness of 239 nm.  The inclusion of 

nanocrystals increases the surface roughness of the film by more than an order of magnitude.  

However, the nanocrystals have only a minimal effect on the film thickness.  Although the 

hybrid solution had a total solute concentration that was twice as high as the P3HT solution, the 

final film thickness only increased by 35%.  This demonstrates that the polymer is a much 

stronger factor in film thickness than the nanocrystals.   

Dark and illuminated J-V curves for cells fabricated from the 25 mg/ml hybrid solution 

and the 12 mg/ml P3HT solution are shown in Figure 3-28.  The hybrid cell showed performance 

characteristics of JSC = 4.99 x 10-2 mA/cm2, VOC = 0.701 V, FF = 0.232, and efficiency = 

0.0175%.  These measurements show a short-circuit current density 150% higher than that of the 

10 mg/ml hybrid cell shown in Figure 3-26.  As expected, J-V curves for the pure P3HT cell 

showed poorer performance than that of the hybrid cell.  Performance characteristics for the 

P3HT cell showed JSC = 2.03 x 10-2 mA/cm2, VOC = 0.523 V, FF = 0.310, and efficiency = 1.25 x 

10-3 %, which are similar to that of the 10 mg/ml hybrid cell.  Despite the poor measurements for 

the P3HT cell, the dark J-V curve shows a strong rectification ratio, signifying a strong diode. 

J-V measurements in the dark for each of these cells showed a strong rectification ratio, 

something that was not observed previously for thinner cells.  This shows that the thicker films 

limit reverse leakage current that was easily driven through the thin active films in the previous 

cells. 
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Cell lifetime measurements were also performed for these two cells.  The cells were periodically 

measured under dark and illuminated conditions under exposure to room air.  The cell 

performance decreased quickly with exposure time, as seen in Figure 3-29.  The first 

measurements for each cell occurred after approximately 40 minutes after removal from a 

nitrogen glove box.  The short-circuit current density for the hybrid cell decays approximately 

70% in 12 min between the first and second measurements and by more than 95% in the 30 min 

between the first and third sets of measurements.  The short-circuit current density for the P3HT 

cell decays more slowly – by approximately 40% in 11 min between the first and second sets of 

measurements, 50% in 26 min between the first and third sets, and 80% in approximately 3.5 hr 

between the first and final measurements.  The data was fit to an exponential decay function of 

the form shown in Equation 3-5 with J in units of mA/cm2 and t in units of min.  This fit was 

performed using Sigmaplot, and the resulting equations are displayed over the graph in Figure 3-

29.  Rsq values for the curves were 0.939 for the hybrid cell and 0.950 for the P3HT cell, showing 

a good fit for the data range. 

)exp(0 tbaJJ ∗−∗+=         (3-5) 

The hybrid cell shows a half-life of 7.42 min, while the P3HT cell shows a half-life of 

16.05 min.  This short half-life was confirmed for other hybrid cells fabricated in the same data 

set.  It is interesting to note the difference in the initial and final values extrapolated from the 

exponential decay curves.  The hybrid cell curve is extrapolated to an initial value of JSC = 1.53 

mA/cm2, while the P3HT cell curve shows an initial value of 8.09 x 10-2 mA/cm2.  The P3HT 

cell, however, shows a JSC approximately twice as high as that of the hybrid cell as time 

approaches infinity: 5.80 x 10-3 mA/cm2 vs. 2.89 x 10-3 mA/cm2.  These extrapolated values 

cannot be taken as absolute truths due to the uncertain nature of curve-fitting, but the 
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experimental data in Figure 3-29 confirm that the short-circuit current density for the hybrid cell 

is initially higher than that of the P3HT cell and drops to a lower value after approximately 60 

min of exposure time.  The cause of the accelerated decay for the hybrid cells as compared to the 

pure P3HT cells is unknown.   

The exposure times shown in Figure 3-29 were measured from the time the cells were 

removed from a glove box after the back contact deposition, but this may not be an appropriate 

measurement of the exposure time, as exposure occurred throughout the fabrication process.  

After weighing out appropriate amounts of the polymer and nanocrystals, both of which were 

stored in a glove box under nitrogen, these materials were removed from the glove box in a vial 

where the solvent mixture was added under exposure to room air.  Solvents were not stored in 

the glove box to prevent contamination of that environment.  The solutions were sealed in their 

vials to limit further exposure during mixing, but the vial contained room air rather than nitrogen 

at this point.  Spin-coating occurred in a cleanroom environment to limit particle contamination, 

so the air was filtered and humidity-controlled to some degree, but not inert.  After the films 

were dried under vacuum, they were again opened to the cleanroom atmosphere where the films 

were wiped clean in the electrode contact areas.  At this point, the cells entered the glove box for 

electrode deposition.  From the time that the solid P3HT was removed from the nitrogen 

environment to the time that the J-V curves of finished cells were measured, the total amount of 

air exposure could vary from 75 min to over 2 hr during the fabrication process.  A large part of 

this exposure occurs while the P3HT is in solution, as the mixing time was typically at least 1 hr.   

A second set of cells fabricated from these solutions yielded improved performance for the 

hybrid cell.  For these cells, care was taken to minimize the amount of environmental exposure 

of the cells and films prior to testing.  Approximately 15 min elapsed from when the finished 
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cells were removed from the glove box and when J-V testing was performed.  The best hybrid 

cell in this set showed performance measures of JSC = 0.205 mA/cm2, VOC = 0.705 V, FF = 

0.288, and efficiency = 0.0416 %.  The top performing P3HT cell resulted in JSC = 5.26 x 10-2 

mA/cm2, VOC = 0.237 V, FF = 0.242, and efficiency = 3 x 10-3 %.  The J-V curves for these cells 

are shown in Figure 3-30.   

The hybrid cell shown in Figure 3-30 displays a 300% improvement in short-circuit current 

density and a 24% improvement in fill factor when compared to the hybrid cell from Figure 91.  

The open-circuit voltage remained nearly constant, resulting in a nearly 140% improvement in 

power conversion efficiency.  The P3HT cell shown in Figure 3-30 shows a diode with a lower 

rectification ratio as compared to the one shown in Figure 3-28.  This cell showed a nearly 160% 

increase in short-circuit current density, but a 55% reduction in the open-circuit voltage resulted 

in an approximately 20% reduction in fill factor.  Despite these changes, the maximum efficiency 

improved by 140%.   

These cells saw approximately 15 min of air exposure between removal from the glove box 

and J-V measurement.  Using the short-circuit current density vs. exposure time curves shown in 

Figure 3-29, the predicted exposure times for these cells would have been 21 min for the hybrid 

and 10 min for the polymer.  This is within about 5 min of the actual exposure time, which is a 

reasonable prediction considering this curve does not take into account exposure time accrued 

during the fabrication process. 

Chlorobenzene solvent   

Based on comparisons of hybrid films deposited from various solvents, chlorobenzene was 

found to be a solvent that granted good morphology with low surface roughness.  To test the 

performance of hybrid bulk heterojunction cells deposited from chlorobenzne, a 30 mg/ml 

solution was generated with a 1:1 mixture of P3HT and pyridine-coated CdSe dissolved in a 
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mixture of 98% chlorobenzene with 2% pyridine.  The best cell generated from this solution 

showed maximum performance of JSC = 0.138 mA/cm2, VOC = 0.391 V, FF = 0.292, and 

efficiency = 0.0158%.  Dark and illuminated J-V curves for this cell are shown in Figure 3-31.  

This cell showed a lower short-circuit current current and open-circuit voltage than the similar 

cell deposited from a 25 mg/ml hybrid solution in a chloroform:pyridine solution.   

Commercial CdSe nanocrystals 

To test the quality of the synthesized CdSe nanocrystals used for cell fabrication, 

commercial CdSe nanopowder was acquired from Meliorum Technologies, Inc. [93] and used 

for the fabrication of solar cells.  The particles were 5 nm in diameter, just as the particles 

synthesized in-house.  The hybrid solution using these particles was 25 mg/ml using a 1:1 by 

weight mixture of the commercial CdSe and P3HT in a solvent of chloroform with 2% pyridine 

by volume.  The best cell fabricated from this solution showed the following performance 

characteristics: JSC = 9.44 x 10-2 mA/cm2, VOC = 0.329 V, FF = 0.247, and efficiency = 7.65 x 10-

3 %.  Dark and illuminated J-V curves for this cell are shown in Figure 3-32.  These curves are 

inferior to those fabricated using in-house CdSe nanocrystals.  The dark J-V curve shows a 

rectification ratio of only 0.98 at ± 1 V.  Although the short-circuit current is lags only the best-

performing hybrid cell, the open-circuit voltage was less than 0.4 V and led to the low efficiency.  

The terminating group on these nanocrystals is unknown, as the company refused to give up this 

information.  No attempts were made to alter the crystals; all cells were fabricated with these 

particles as they were received.   

Hybrid cell performance summary 

Selected J-V curves for hybrid bulk heterojunction solar cells are shown in Figure 3-33.  

These curves are all shown in previous figures, but are presented here on one graph for 

comparison.  A compilation of the J-V data for hybrid cells shown in this section is shown in 
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Table 3-9.  The cell fabricated from a 25 mg/ml solution of equal weights P3HT and CdSe 

dissolved in 2% pyridine in chloroform with minimal air exposure showed the highest 

performance by simultaneously demonstrating the highest short-circuit current density and open-

circuit voltage of all cells measured. 

The top-performing bi-layer and hybrid cell J-V curves are plotted together in Figure 3-34.  

The current flow through the bi-layer cell is an order of magnitude higher than that of the hybrid 

cell, demonstrating the need for improved morphology control in the hybrid active layers.  The 

bi-layer cell shows a low VOC compared to that of the hybrid cell.   

The series and shunt resistances of these cells were estimated from the J-V curves using 

Equation 3-6 and Equation 3-7, respectively [62].  This calculation is good for shunt resistance, 

but series resistance is more accurately calculated as the applied voltage approaches infinity.  For 

the bi-layer cell, J-V data was not sufficiently collected to make this calculation.  From these 

equations, resistances for the bi-layer cell were calculated as Rs = 1.59 x 103 Ω and Rsh = 2.25 x 

103 Ω.  For the hybrid cell, resistances were calculated as Rs = 4.5 x 104 Ω and Rsh = 8.33 x 104 

Ω.  The series resistance for the hybrid cell calculated at the maximum measured voltage point 

was 1.5 x 10-2 Ω.  For another bi-layer cell with a more extensive set of J-V data, the series 

resistance is calculated as 1.8 x 10-2 Ω. 
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These resistance calculations show shunt resistances approximately 5 orders of magnitude 

higher than the series resistance, which should result in high-quality solar cells.  Further 

improvements in cell design to maximize absorption and charge separation in the hybrid cells 
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should result in further reduction of the series resistance and drastic improvements in current 

flow.   

Particle Induced Nanostructuring 

A key challenge in hybrid bulk heterojunction solar cells is control of the nanocrystal 

distribution throughout the active layer.  The film must be well-mixed to allow efficient exciton 

dissociation, but also provide percolation pathways to provide charge collection pathways.  A 

new concept developed to resolve this issue is particle induced nanostructuring (PIN).  The PIN 

concept involves depositing multiple ultra-thin layers to control nanocrystal distribution 

throughout the thickness of the film. 

In this study, ITO-coated glass substrates were chemically cleaned and treated with 

nitrogen plasma before film deposition.  Multiple layers were deposited from a weakly 

concentrated 5 mg/ml solution of 60 wt. % CdSe and 40 wt. % P3HT in chloroform with 2% 

pyridine by volume.  Deposition occurred at a spin-coating speed of 5000 rpm to produce very 

thin films.  The thicknesses of the films were measured with a profilometer after removing a 

portion of the film to create a step.   

Film thickness measurements on samples with 1 to 6 film layers showed an interesting 

phenomenon.  As expected, the film thickness grew with the addition of multiple layers.  The 

film thickness increased, however, only after two deposition steps were performed, as shown in 

Figure 3-35.  On the first deposition, a film of approximately 10 nm was deposited on the 

substrate.  After the second, the film thickness remained constant.  On the third, another film of 

approximately 10 nm was deposited, followed by another spin-coating resulting in no film 

growth.  After the next deposition step, the film grows by another 10 nm, with the 6th resulting in 

a minimal amount of growth.   
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The dotted line drawn through the data in Figure 3-35 is the best fit line for film thickness 

vs. number of layers, which follows Equation 3-8.  With this trend, to reach a hybrid film 

thickness of 100 nm, 21 layers would be required.  In the fabrication setup used for these 

experiments where film deposition equipment is open to atmosphere, this would result in a 

prohibitive amount of atmospheric exposure time for the P3HT.  For deposition in a nitrogen or 

argon environment like a glove box, however, this process is feasible. 

)(#*903.4 LayersessFilmThickn =        (3-8) 

The film surface roughness was measured with AFM, and the surface was visualized with 

SEM and optical microscopes.  Figure 3-36 displays images of the results of these measurements 

at 1, 3, 5, and 7 layers.  The films analyzed by SEM and AFM were different from the films 

analyzed with profilometry due to a difference in the sample size required for these techniques.  

All SEM images are shown at the same scale (at 30,000x magnification), and all AFM images 

show a 3 x 3 μm scan area with a 100 nm scale on the z-axis. 

Optical microscope images of the films are shown in Figure 3-37.  These images are taken 

at 100x magnification and are representative of the multiple images taken of these surfaces. 

The rms surface roughness was measured from the AFM images for 3 x 3 μm and 1 x 1 μm 

areas on the surface.  The results are shown in Figure 3-38.  Additionally, lines are fit to 

determine the trends for roughness as more layers are deposited. 

The trendlines follow Equation 3-9 for the large area measurement and Equation 3-10 for the 

small area measurement.  If these trendlines are extrapolated to the required 21 layers for a 100 

nm active layer film, the rms surface roughness is predicted to be 39.9 nm for a 5 x 5 μm area 

and 15.0 nm for a 1 x 1 μm area.  From previous measurements of surface roughness by 

profilometry and AFM, it was found that profilometer roughness measurements were 
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approximately 3.4x higher than 5 x 5 μm AFM measurements and approximately 14x higher than 

1 x 1 μm AFM measurements.  By this extrapolation, the rms surface roughness of a 21 layer 

PIN film will be in the range 136 - 210 nm.  The hybrid film surface profile shown in Figure 3-

27 displayed an rms roughness of 239 nm when measured by profilometry.  This comparison 

relies on a large amount of extrapolation, but implies that this technique is capable of producing 

films with surface roughness as low or lower than similarly thick films deposited from 

concentrated solutions in a single deposition step. 

        (3-9) 65.14)(#20.1 +∗= LayersRRMS

        (3-10) 60.9)(#26.0 +∗= LayersRRMS

Cells were not fabricated using this technique, as lifetime measurements on other cells 

indicated that the required air exposure time would cripple the cells before their performance 

could be evaluated.  Once the cell fabrication process line is housed under an inert environment, 

this limitation no longer applies and cells consisting of multiple PIN layers can be compared to 

single-layer cells to quantitatively determine the applicability of this technique. 
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Table 3-1.  Chemical composition of ITO films 

Condition Atomic Percent Atomic Ratio 
O Sn In N O/In In/Sn 

No Treatment 56.75 2.65 40.6 - 1.397 15.32 
N2 Plasmaa 55.49 2.67 40.49 1.35 1.37 15.16 
e-beamb 56.67 2.38 38.76 2.19 1.462 16.28 
a After N2 plasma treatment at 50 W, 1 Torr, 10 min  
b After e-beam treatment at 2kGy 

Voltage (V)

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

C
ur

re
nt

 D
en

si
ty

 (m
A/

cm
2 )

-4

-2

0

2

4

6

8

10

12

No treatment
O2 Treatment 
Electron Beam 
N2 Treatment 

 

Figure 3-1.  J-V curves for organic solar cells on treated ITO substrates 

Table 3-2.  Performance of organic solar cells on treated ITO substrates 
Treatment VOC (V) JSC (mA/cm2) η (%) 

None 0.52 1.61 0.36 
N2 Plasma 0.46 2.73 0.62 
E-Beam 0.38 2.08 0.36 

O2 Plasma 0.32 1.82 0.27 
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Figure 3-2.  Energy band diagram for bi-layer organic solar cells.  All energy levels are listed in 
units of eV. 

 

Figure 3-3. Steps for bi-layer solar cell fabrication.  A) ITO-coated glass substrate. B) Patterned 
ITO anode. C) After PEDOT:PSS spin-coating. D) After P3HT spin-coating. E) After 
polishing. F) After C60 evaporation. G) After Al evaporation. H) Encapsulated solar 
cell. 
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Figure 3-4. PEDOT:PSS film thickness vs. spin-coater speed. 
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Figure 3-5. P3HT film thickness vs. spin-coating speed. 
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Chlorobenzene 

P3HT 

P3HT in Chlorobenzene 

Figure 3-6.  Upper Spectrum: FTIR spectrum for chlorobenzene from Sigma Aldrich.  Lower 
Spectrum: P3HT film (purple) spin-coated from P3HT in chlorobenzene solution 
(red). 
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Water 

PEDOT:PSS 

PEDOT:PSS in Water

Figure 3-7.  Upper spectrum: FTIR spectrum of water from Sigma Aldrich.  Lower spectrum: 
PEDOT:PSS film (gray) spin-coated from solution of PEDOT:PSS in water (blue). 
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Figure 3-8.  Linear (A) and base 10 log-scale (B) J-V curves for bi-layer organic solar cells 
fabricated with a single 80 nm thick layer of PEDOT:PSS. 
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Figure 3-9.  Linear (a) and base 10 log-scale (b) J-V curves for bi-layer organic solar cells 
fabricated with two 40 nm thick layers of PEDOT:PSS. 
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Figure 3-10.  Calibration curves for slow- and fast-filtered PEDOT:PSS.  Slow-filtered 
PEDOT:PSS is shown in the “051116” data set.  Fast-filtered PEDOT:PSS is shown 
in data sets “051122”, “051123”, and “051130”. 
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Figure 3-11.  AFM images of P3HT films.  Images A – C were spin-cast from 5 mg/ml P3HT in 
chlorobenzene solutions, while images D – F were spin-cast from 10 mg/ml P3HT in 
chlorobenzene solutions.  Images A and D were spin-cast at 2000 rpm, images B and 
E at 3000 rpm, and images C and F at 4000 rpm.  For all images, the scale bar for the 
film height axis is 50 nm, and the scan area is 1 μm x 1 μm. 

162 



 

Table 3-3.  RMS surface roughness of P3HT films shown in Figure 3-11. 
Label Solution Spin Speed RMS Roughness 

A 5 mg/ml 2000 rpm 0.89 nm 
B 5 mg/ml 3000 rpm 1.27 nm 
C 5 mg/ml 4000 rpm 0.94 nm 
D 10 mg/ml 2000 rpm 3.66 nm 
E 10 mg/ml 3000 rpm 2.59 nm 
F 10 mg/ml 4000 rpm 2.54 nm 
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Figure 3-12.  J-V curves for bi-layer solar cells fabricated on untreated ITO substrates.   
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Figure 3-13.  J-V curves in the dark (A and B) and under 100 mW/cm2 illumination (C and D).   
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Figure 3-13 continued.  J-V curves under 100 mW/cm2 illumination (C and D).   
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Table 3-4.  J-V data for bi-layer solar cells. 
Sample RR JSC (mA/cm2) VOC (V) FF η (%) 

I-1 2.4 0.55 0.16 0.23 0.02 
I-2 - 1.03 0.15 0.19 0.03 
I-3 - 1.55 0.11 0.23 0.04 
I-4 - 0.41 0.16 0.15 0.01 
II-1 8.53 1.10 0.08 0.24 0.02 
II-2 3.96 0.68 0.07 0.22 0.01 
II-3 1.81 0.70 0.06 0.19 0.01 
II-4 - 0.88 0.07 0.21 0.01 

 

Table 3-5.  Solvents considered for hybrid bulk heterojunction film deposition. 
Solvent B.T. (ºC) Polarity P3HT Solubility 
Acetone 56.2 5.1 No 
2-butanol 79.6 4.0 No 
DMF 153 6.4 No 
Methanol 64.6 5.1 No 
2-propanol 82.4 3.9 No 
MEK 80.0 4.7 Poor 
Pyridine 115.3 5.3 Poor 
Benzene 80.1 2.7 Yes 
Chlorobenzene  131.7 2.7 Yes 
Chloroform 61.2 4.1 Yes 
o-dichlorobenzene 180 2.7 Yes 
THF 66.0 4.0 Yes 
Toluene 110.6 2.4 Yes 
TCE 87.2 1.0 Yes 
o-xylene 144.4 2.5 Yes 
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Figure 3-14.  Surface roughness measurements by profilometry for hybrid films deposited from 
various solvents.   
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Figure 3-15.  RMS surface roughness for 5 x 5 μm surface area samples measured with AFM.   
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Figure 3-16.  RMS surface roughness for 1 x 1 μm surface area samples measured with AFM.   
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Table 3-6.  Mean rms surface roughness in nm for hybrid films deposited from selected solvents 
Solvent Profilometer AFM (5 x 5 μm) AFM (1 x 1 μm) 
THF 136 36.8 15.0 
Chlorobenzene 64.9 25.0 8.42 
o-DCB 81.2 21.1 9.58 
Chloroform 71.8 16.2 3.22 
Toluene 66.2 27.4 2.93 
Xylene 198 16.8 7.76 
TCE 72.0 Not measured Not measured 
Benzene 73.9 Not measured Not measured 
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Figure 3-17.  Optical microscope images of selected films.  The first column displays images 
taken at 10x magnification, while the second column displays images taken at 100x 
magnification. 
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Figure 3-17 continued.  Optical microscope images of selected films. 
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Figure 3-17 continued.  Optical microscope images of selected films. 
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Figure 3-18.  SEM images of selected hybrid films.  The first column image was taken at 5,000x 
magnification and the second column image was taken at 15,000 x magnification. 
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Figure 3-18 continued.  SEM images of selected hybrid films. 
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A) 

B) 

Figure 3-19.  Film surface roughness vs. pyridine concentration in the chloroform solvent for 
TOPO-coated CdSe nanocrystals (A) and pyridine-coated CdSe nanocrystals (B). 
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Table 3-7.  Hybrid solutions of P3HT and TOPO-coated CdSe nanocrystals in a mixed solvent of 
chloroform and pyridine. 

Solution P3HT Wt. CdSe Wt. Chloroform Vol. Pyridine Vol. Solution Concentration 
1 26.8 mg 35.5 mg 1.5 ml 1.5 ml 20.4 mg/ml 
2 24.8 mg 23.2 mg 1.5 ml 1.5 ml 19 mg/ml 
3 15.0 mg 25.0 mg 1.5 ml 1.5 ml 5 mg/ml 

 

A)  B)   

C)  
Figure 3-20.  Optical microscope images of hybrid films deposited from 20.4 mg/ml (A), 19 

mg/ml (B) and 5 mg/ml (C) solutions.  Images were taken at 100x magnification and 
the films were deposited at 3000 rpm and dried under vacuum at 120 °C. 

176 



 

 
Figure 3-21.  Optical microscope image of 19 mg/ml hybrid film deposited at 3000 rpm and 

subjected to a pure solvent spin-coating step at 8000 rpm.  The image was taken at 
100x magnification. 

A)  B)   

C)  
Figure 3-22.  Optical microscope images of P3HT films deposited from 5 mg/ml solutions in 

chloroform (A), 1:1 chloroform:pyridine (B), and pyridine (C).  All images are taken 
at 100x magnification. 
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Figure 3-23 continued.  SEM images of P3HT films deposited from pure chloroform and an equal 
mixture of chloroform and pyridine solvents.  Images are shown at 2,000x and 10,000x 
for each film. 
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Figure 3-24.  Surface profiles of P3HT films deposited from chloroform (A), 1:1 

chloroform:pyridine (B), and pyridine (C) solvents.  In the graphs, the bare substrate 
appears on the left hand side with the film on the right hand side beyond the wide 
peak.  The solid teal line represents the median film thickness, the red dash-dot line 
represents the mean film thickness, and the blue dashed lines represent ± one standard 
deviation from the mean. 
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Figure 3-24 continued.  Surface profiles of P3HT films deposited from chloroform (A), 1:1 

chloroform:pyridine (B), and pyridine (C) solvents.   
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Table 3-8.  Film properties for P3HT films deposited from various solvents. 
Solvent Mean Thickness (nm) Median Thickness (nm) Standard Deviation (nm) 

Chloroform 21.2 ± 8.18 23.1 ± 7.95 9.58 ± 5.41 
Mixed 56.2 ± 34.3 16.2 ± 4.42 227 ±157 

Pyridine 78.5 ± 85.4 10.9 ± 8.61 338 ±457 
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Figure 3-25.  Dark and illuminated J-V curves for cells generated from 5 mg/ml composite 
solutions in (A) chloroform mixed with 2% pyridine and (B) pure chloroform.  Note 
the scale difference of the graphs.   
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Figure 3-25 continued.  Dark and illuminated J-V curves for cells generated from 5 mg/ml 
composite solution in pure chloroform.   
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Figure 3-26.  Dark and illuminated J-V curves for 10 mg/ml hybrid solution deposited with low-

speed spin-coating. 
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Figure 3-27.  Surface profiles of film deposited from (A) 12 mg/ml P3HT and (B) 25 mg/ml 
hybrid solutions in 2% pyridine in chloroform. 
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Figure 3-28.  Dark and illuminated J-V curves for hybrid bulk heterojunction solar cell deposited 

from 25 mg/ml solution and P3HT polymer cell deposited from 12 mg/ml solution.  
The insert shows a zoom-in on the active area of the cells.   
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Figure 3-29.  Short-circuit current decay for hybrid (gold circles) and P3HT (green squares). 
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Figure 3-30.  Dark and illuminated J-V curves for hybrid bulk heterojunction and pure P3HT 

solar cells with limited air exposure during processing. 
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Figure 3-31.  Dark and illuminated J-V curves for hybrid solar cell fabricated from 

chlorobenzene with 2% pyridine solution.  Red curves represent illuminated J-V and 
black curves represent dark J-V. 
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Figure 3-32.  Dark and illuminated J-V curves for a hybrid solar cell fabricated with commercial 
CdSe nanopowder.  Green curves represent illuminated J-V and black curves 
represent dark J-V. 
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Figure 3-33.  Illuminated J-V curves for hybrid bulk heterojunction solar cells with various 

fabrication conditions. 
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Figure 3-34.  J-V curves for the best bi-layer and hybrid cells shown in this dissertation. 



 

Table 3-9.  Hybrid solar cell fabrication information and performance data. 

Figure Solution 
Concentration 

CdSe wt. % 
in P3HT 

% Pyridine in 
Chloroform JSC (1) VOC (V) FF η (2) Notes 

3-25 5 mg/ml 60% 2% 8.99 0.338 0.230 0.7  
3-25 5 mg/ml 60% 0% 0.026 0.194 0.252 0.001 Pure Chloroform Solvent 
3-26 10 mg/ml 60% 2% 33.9 0.256 0.275 2.4  
3-28 25 mg/ml 50% 2% 49.9 0.701 0.232 17.5  
3-28 12 mg/ml 0% 2% 20.3 0.523 0.310 12.5 Pure P3HT film 
3-30 25 mg/ml 50% 2% 205 0.705 0.288 41.6 Minimized air exposure 

3-30 12 mg/ml 0% 2% 52.6 0.237 0.242 3.0 Pure P3HT film 
Minimized air exposure 

3-31 30 mg/ml 50% 2% (3) 138 0.391 0.292 15.8 Pyridine in Chlorobenzene Solvent 
3-32 25 mg/ml 50% 2% 94.4 0.329 0.247 7.65 Commercial CdSe 

(1) JSC displayed in units of μA/cm2 (mA/cm2 x 10-3) 
(2) Efficiency displayed in units of % x 10-3 
(3) This solvent is 2% pyridine in chlorobenzene 
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Figure 3-35.  Film thickness for multi-layer hybrid films. 
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Figure 3-36.  SEM and AFM surface images of multi-layer hybrid films. 
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Figure 3-36 continued.  SEM and AFM surface images of multi-layer hybrid films. 
 

 

192 



 

a)  b) c)

d)  e)  f)  
 

Figure 3-37.  Optical microscope images for multi-layer hybrid films.  The number of film layers 
were a) 1, b) 2, c) 3, d) 4, e) 5, and f) 6. 
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Figure 3-38.  RMS surface roughness for multi-layer hybrid films.  Red squares represent 
measurements over a 3 x 3 μm area and blue circles represent measurements on a 1 x 
1 μm area. 

 

 



 

CHAPTER 4 
CONCLUSIONS AND FUTURE WORK 

Conclusions 

This dissertation presented the results of exploratory research on the processing and 

performance of hybrid PV.  It provided encouragement for a more complete study of hybrid 

photovoltaic devices.  With collaboration and assistance from several teams and individuals, the 

groundwork was laid for future studies to continue this project and achieve high-performance 

hybrid photovoltaic devices. 

The innovations of this study include the first simulations of hybrid photovoltaics using 

existing semiconductor modeling software, development of anode surface treatment processes, 

solvent selection for hybrid films, and hybrid bulk heterojunction photovoltaic process 

development, including an interesting multiple spjn coating process sequence to better disperse 

the inorganic phase. 

Hybrid Photovoltaic Simulation 

Simulations of an ordered heterojunction photovoltaic cell provided interesting results.  It 

was found that reported values of certain parameters reported in the literature from organic field-

effect transistor fabrication were poor estimates for organic photovoltaic simulation.   

The hole mobility values given in the literature [71] proved to be higher than the 

simulations estimated.  This value of 0.01 cm2/V-s for the hole mobility produced J-V curves 

with fill factors around 0.85, which is considerably larger than published values which typically 

range from 0.4 to 0.6 [27, 33-34, 44, 75].  By reducing the mobility to 1 x 10-4 cm2/V-s the fill 

factor was reduced to 0.78, which is closer to the published range. 

The short-circuit current density of the real cell could not be matched by the simulations.  

All attempts using the two-step model gave values lower than the observed ones, including 
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simulations that allowed the full P3HT region to generate photocurrent and a 50% increase in the 

absorption coefficient over a 40 nm exciton diffusion length.  The highest short-circuit current 

density achieved with this simulation technique was 1.47 mA/cm2 from a cell featuring a 40 nm 

LD region, but this value is approximately 0.8 mA/cm2 lower than the real cell.  It is believed 

that the two-step simulation process creates a strong attractive force between charges when very 

high levels of charges are generated along a narrow line, resulting in increased annihilation 

between the free carriers.   

Anode Surface Treatment 

Treatment of the ITO substrate with a N2 plasma was optimized to grant a smooth, stable 

surface, which served as the basis of cell fabrication.  This work was done in close collaboration 

with Jiyoun Seol at Yeungnam University.  The chemically cleaned substrate was subjected to 

nitrogen plasma at 50 W and 200 mTorr for 30 min.  This process resulted in a smoother, more 

hydrophilic surface which aided deposition of further layers, and an increase in nitrogen content 

which lowered the film work function and eased the pathway for hole current.  This treatment 

procedure was used for all hybrid film and hybrid photovoltaic studies that followed to ensure a 

stable surface and allow direct comparison of the results. 

Solvent Selection 

The solvents TCE, THF, benzene, toluene, o-xylene, chlorobenzene, o-dichlorobenzene, 

and chloroform were compared for their applicability to hybrid film deposition.  Although no 

correlations were found between film properties and solvent polarity or solvent boiling 

temperature, certain solvents were identified as strong candidates for these films.  These included 

chloroform, and chlorobenzene, which were each used in further studies.  These solvents 

produced films with low surface roughness at all measurement scales, from microns to 

196 



 

millimeters.  These solvents provided simultaneous dissolution both the organic and inorganic 

phases which limited early precipitation of the solutes, resulting in a more uniform film surface. 

Hybrid Bulk Heterojunction Photovoltaic Development 

Hybrid photovoltaic cells were fabricated with varying film properties.  It was found that 

the best cells featured thick absorber films spin-coated from solutions of at least 25 mg/ml with a 

50:50 weight ratio between P3HT and the nano-CdSe.  Cells consisting of pure P3HT sandwiched 

between the PEDOT:PSS and Al layers showed maximum performance approximately an order 

of magnitude lower than the best hybrid cells.   

Cells fabricated from commercial CdSe nanopowder performed at less than 20% of the 

best cells using in-house CdSe nanopowder coated with pyridine, although a direct comparison 

between the two is difficult because the surface passivation material remains unknown for the 

commercial nanopowder. 

Hybrid cells fabricated with chlorobenzene solution rather than chloroform saw a 60% 

reduction is efficiency despite an increase in solution concentration from 25 to 30 mg/ml.  

Despite JSC and fill factor values that were nearly the same as that of the chloroform cell, the 

chlorobenzene cell showed a VOC of 0.3 V lower than the chloroform cell. 

The best cell was fabricated from a 25 mg/ml solution of 50% CdSe in P3HT dissolved in 

2% pyridine in chloroform.  The process was tailored to minimize the amount of time the cell 

was exposed to atmosphere during fabrication and between fabrication and testing.  It showed a 

maximum efficiency of 4.16 x 10-2 %, JSC of 0.205 mA/cm2, VOC of 0.705 V, and a fill factor of 

0.288. 

 

197 



 

Future Work 

Although the field of organic photovoltaics is rapidly growing and advancing, several 

research directions are suggested by this work for its continuation.  This section describes some 

potential research directions stemming from the work presented in this dissertation. 

Organic Photovoltaic Simulations 

The models presented in this dissertation used the powerful modeling software package 

Medici.  Although the software has powerful optical and electrical simulation abilities, this 

research seems to have pushed its limits by demanding nano-scale material specifications and 

low levels of free carriers, carrier mobilities, and current flow in the devices.  Simulation 

attempts were frequently cut short due to convergence issues in the software under the specified 

conditions.  Additionally, a key component of the modeling work focused on the correct way to 

simulate the effect of excitons in Medici, which are not explicit in the package. 

In light of these difficulties, a new software package designed to simulate organic 

electronic materials would be a great boost to this work.  A product such as Fluxim [94] would 

be able to more accurately simulate the effect of excitons in these hybrid devices. 

Another direction that should be pursued is the variation of the geometry and materials of 

the simulated cells.  While ZnO is a well-researched material for the growth of aligned and 

ordered nanowires, these structures are now being grown for other materials with stronger 

absorption spectra such as CdSe and InP [66, 95].  These materials could see more use in 

nanowire hybrid cells in the future, driving the need for effective simulations to study device 

properties.   

The most common organic cell design is currently the bulk heterojunction cell using 

semiconductor nanoparticles or soluble C60 derivatives.  This design presents a challenge for 

simulations because little work has been done to characterize the particle distributions in these 
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films.  Because the physical dimensions of the model are vital for accurate simulation, this 

provides both a limitation and an opportunity.  On the one hand, this lack of information limits 

the results that can be generated through simulations.  On the other hand, if an accurate, robust 

model can be developed for a hybrid material system, it could be used to back-calculate 

unknown physical dimensions of the system. 

Development of Hybrid Photovoltaic Cells 

A central theme of this dissertation is the morphology control of hybrid films for 

photovoltaic applications.  This study only focused on nearly spherical nanocrystals, but future 

studies should expand the field to include nanoparticles with dimensionality.  Shaped 

nanoparticles, nanowires, tetrapods, and more exotic branched structures are being grown using 

techniques similar to the one used for spherical nanocrystals in this study [35-37].  These 

dimensional crystals offer the promise of directed charge transport without the multiple electron 

“jumping” processes required for small spherical nanocrystals.   

Alternative semiconductor nanoparticles should be considered as well.  Although CdSe is 

one of the easiest particles to be synthesized, other compound semiconductors such as CdS, 

CdTe, PbSe, and CIS can be grown on the nano scale.  Some semiconductors such as PbSe have 

demonstrated multi-carrier generation on short timescales that offer the possibility of 

constructing photovoltaic devices with quantum efficiencies greater than 1 if these charges can 

be harvested [96-97].   

Regioregular P3HT, as used in this study, is currently the most promising candidate for 

polymer in electronic devices such as organic thin-film transistors and solar cells [33-34].  

However, this polymer shows some limitations for solar applications.  The absorption spectrum 

shows a cut-off above 650 nm, limiting absorption of near-IR photons which are plentiful in the 

solar spectrum.  Although the hole mobility of P3HT is high compared to many conductive 
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polymers, it is several orders of magnitude lower than most inorganic semiconductors and limits 

charge collection in devices.  Additionally, it degrades quickly under water and oxygen 

atmospheres, particularly in the presence of radiation.  As new polymers are developed with a 

broader absorption spectrum, improved carrier mobility, improved environmental resistance, and 

the ability to deposit high-quality films with strong adhesion and low surface roughness they will 

quickly find relevance in organic photovoltaics research. 

Regardless of the targeted future research direction, some processing equipment changes 

should be considered.  The recent installation of a photolithographic patterning system will allow 

for the fabrication of multiple cells on single substrates, and this will greatly improve the speed 

of research and also the quality of the devices fabricated.  As long as P3HT is used for the active 

layer film, all processing equipment should be set up under an inert atmosphere of argon or 

nitrogen in a glove box.  Because of the sensitivity of this polymer to water and oxygen, high-

quality device fabrication at this scale requires that it be protected from exposure at all phases of 

the process.  This is not true for the HTL layer of PEDOT:PSS, which is in fact deposited from a 

water solution and shows no negative effects of short-term atmospheric exposure.   

All processing steps beyond the deposition of the HTL should be contained in this glove 

box, including mixing for the hybrid solution, deposition and drying of the hybrid films, possible 

inclusion of exciton blocking layers, back electrode deposition, and cell characterization.  This is 

a difficult challenge due to the size of some processing equipment, but this is the design used by 

groups fabricating world-record organic photovoltaic cells.  The processing equipment line 

currently in use already involves an evaporation chamber opening directly into the glove box, 

which is the largest piece of equipment used in the process.  In order to improve these cells to the 

highest performance level, this environmental protection is a step that absolutely must be taken. 
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