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ABSTRACT
JOHN R. TUMBLESTON: Photonics and Transport in Bulk Heterojunction Organic Solar Cells.

(Under the direction of Rene Lopez.)

In this thesis, the groundwork is established for a new type of bulk heterojunction (BHJ) organic solar cell

geometry that has photonic crystal (PC) photoactive layers. This design is motivated by the need to improve

light absorption without increasing active layer thickness, which for many BHJ systems, degrades electrical

performance. It is demonstrated that with the right choice of materials and cell dimensions, quasiguided or

resonant modes are excited near the band edge of a variety of BHJ blends to enhance absorption. Resonant

modes are predicted by first developing a scattering matrix optical model and then observed in wavelength-,

polarization-, and angular-dependent reflection and photocurrent measurements. PC cells are fabricated using

a facile nanopatterning technique, where highly ordered arrays of submicron features are constructed over large

areas in a single step. Optical and electrical function of this new cell architecture is fully explored in this thesis.

Through optical measurements and modeling, PC devices show clear enhancements in light absorption. On

the other hand, the impact of the nonplanar geometry on electrical performance is not as easily deduced due to

the multitude of electrical processes that lead to photocurrent generation. First, the electrical properties of the

electron transporting layer that interfaces with the BHJ nanopattern and provides optical contrast in the PC

greatly affect parasitic resistances in the solar cell. By including resistance losses in a drift/diffusion numerical

model that describes electrical performance, it is shown that these losses greatly influence fundamental steps

leading to photocurrent generation. This is confirmed with experiment by comparing two BHJ material systems

that have different affinities for exciton separation. Second, significant levels of free carrier recombination are

predicted by the electro-optical model due to the relatively long transport paths in the nanopattern features. To

test this prediction, an experimental technique is developed to measure the transport lengths of photogenerated

electrons and holes in BHJ solar cells. It is found that transport lengths of positive and negative carriers are

mismatched and helps explain both PC electrical performance and recent conflicting results of planar BHJ solar

cells in the literature.
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Chapter 1

Introduction

1.1 Meeting the World’s Energy Needs

The search for alternative energy sources in the 21st century is a growing academic and industrial pursuit.

Rising costs of carbon-based fuels coupled with increased emissions and environmental concerns has placed a

greater demand on the clean energy sector. In 2005, the world average energy consumption rate per capita was

2.3 kW [1]. From 1990 to 2005 the average use rate nearly doubled in developing countries like China. Given the

increasing demand due to rising populations and improved standards of living, it is imperative that new, clean

methods of energy conversion be developed to meet the growing needs of humanity.

Compared to other renewable energy sources, the sun is by far the most abundant. This has long motivated

research in photovoltaics, also known as solar cells, that convert sunlight into electrical energy. Since the 1950s,

the power conversion efficiency (PCE) of these devices has steadily improved. Currently, crystalline silicon and

gallium arsenide solar cells have proven efficiencies at or above the 25% level [2]. Furthermore, in a multi-junction

configuration, where two or more semiconductors are paired to absorb different regions of the solar spectrum, PCE

> 40% have been achieved [2]. However, a primary limitation of photovoltaics is their relative cost compared to

fossil fuels. This led to the development of thin film technologies that use less material, such as amorphous silicon,

cadmium telluride, and dye sensitized solar cells, which have PCE > 10%. These and other thin film technologies

are also desirable to make solar cells on lightweight substrates that could be used in diverse applications.

Another avenue to thin film photovoltaics was envisioned with the development of conducting polymers in the

1970s [3]. These types of polymers can be doped to demonstrate electrical properties that range from insulating to

metallic, all while retaining the desirable mechanical properties of plastic materials, such as flexibility. C.W. Tang

is credited with developing the first modern organic photovoltaic (OPV) device in 1986 that consisted of a bilayer



of hole conducting copper phthalocyanine and an electron transporting perylene tetracarboxylic derivative [4].

The PCE of the reported devices were around 1%. Approximately ten years later, the concept of the bulk

heterojunction (BHJ) was introduced, where donor and acceptor were mixed in solution prior to deposition. This

allowed for distributed donor/acceptor interfaces throughout the BHJ photoactive layer for free carrier creation

and therefore circumvented the short exciton diffusion lengths of organic semiconductors [5,6]. Even though the

PCE for this new breed of OPV still remained around 1%, the active layer of these devices could be prepared

by spincoating from solution instead of through thermal evaporation under vacuum. These results jumpstarted

expansive research and inspired the possibility of making solar cells using simple processing techniques from

plastic, lightweight, and flexible materials.

With the development of new polymer materials and processing techniques, the PCE had risen to 4.4% by 2005

using an electron donor polymer, poly-3-hexylthiophene (P3HT), and electron acceptor molecule, phenyl-C61-

butyric acid methyl ester (PCBM) [7]. Today, this material system remains the most studied and well-understood

BHJ solar cell system. Device performance did not stop there as PCE increased to 5.5% in 2007 [8], 6.1% and

6.8% in 2009 [9,10], and finally to 7.4% in 2010 [11]. Not only has progress been hade in academia, but companies

such as Solarmer and Konarka claimed 8.1% [12] and 8.3%, respectively, for new polymer systems at the end of

2010. Currently, the race in on to reach the benchmark PCE of 10%. Surpassing this barrier should be possible

as indicated by extending different models of BHJ device performance to their limit [13–15].

The explosion of research in this area is exemplified in the numerous review articles on the subject [16–18].

With the passing of time, the field has been categorized into specific areas where comprehensive reviews exist on

device physics [19], processing techniques and morphology [20], light trapping cell designs [21,22], charge photogen-

eration [23], and electrode/interface materials [24].

1.2 Bulk Heterojunction Organic Solar Cells: A Primer

1.2.1 Device Configuration and Basic Measurement

The most basic device architecture is shown in Fig. 1.1(a) where a BHJ photoactive layer is sandwiched

between two electrodes, the top electrode (typically a low work function metal cathode) and bottom electrode

(typically a high work function semi-transparent anode). When illuminated with light and placed under short-

circuit (i.e. applied voltage (Vapp) = 0 V), photocurrent is produced in the external circuit. This point is labeled

as the short-circuit current (Jsc) on the standard current density vs. voltage (J-V) measurement (Fig. 1.1(b)).
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An internal electric field points from cathode to anode under short-circuit conditions due to the energy level

difference of the electrodes, which drives photocurrent extraction. Typically, the current density can be further

increased by applying negative bias across the device that raises the internal electric field strength. If the current

under illumination (Jlight) is subtracted from the current in the dark (Jdark), then this amount, the photocurrent

(Jphoto), will saturate to a level proportional to the amount of light absorbed in the BHJ layer.

As the applied voltage (Vapp) is increased to positive bias, then the extraction of carriers decreases in part

due to a decrease in the internal field, but also due to increased injection of holes from the anode and electrons

from the cathode (i.e. Jdark). Under open-circuit conditions, the internal field is very weak and Jlight = 0. With

even more application of bias, the current increases rapidly until it becomes linear with a slope controlled by the

series resistance (Rsr) of the device.

Figure 1.1: (a) Device schematic of BHJ solar cell with top metal electrode (typically cathode) and bottom
transparent electrode (typically anode). (b) Standard current-voltage (J-V) curve under illumination. The power
conversion efficiency (PCE) is proportional to the product of short-circuit current (Jsc), fill factor (FF), and
open-circuit voltage (Voc). With high reverse bias application, the current will saturate to a level proportional to
the amount of light absorbed in the active layer (Jsat). Under positive bias, the current will become linear and
act as a resistor with serial resistance, Rsr.

1.2.2 Light Absorption

Under illumination, many processes occur in order to generate Jphoto. The first is light absorption. Semi-

conducting polymers, including those used in OPV, are characterized by a bandgap, Eg, which is the difference

between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). The

HOMO and LUMO are analogous to the valence and conduction bands, respectively, used to describe inorganic

semiconductors. Conjugated bonds along the backbone of the polymer give rise to one unpaired electron per car-

bon atom. This delocalizes the electron and gives rise to electrical conduction. In the visible spectrum, photons

3



with energy above Eg can be absorbed, thereby promoting electrons from the HOMO to the LUMO. Excited

states will eventually relax back to the HOMO either non-radiatively or by emitting a photon with energy equal

to Eg. However, if there is a mechanism, such as an electric field or gradient in carrier concentration, then current

can be extracted to the external circuit.

The semiconducting polymers used in OPV are characterized by a wavelength-dependent complex index of

refraction (ñ(λ) = n+ ik) that describes how light interacts with the material. The imaginary part is related to

the absorption coefficient via the relation, αabs =
4πk
λ

. For light with energy above Eg that impinges normal to a

thick film with non-zero αabs, the generation rate of excited states as a function of depth in the film (z) is given

by:

G(z) = (1−R)αabsφ0e
−αabsz (1.1)

where R is the reflection from the film and φ0 is the incident number of photons per area. While this expression

works well for single layers where the thickness is larger than the optical depth, it is not appropriate for thinner

films, especially if they are part of a thin film stack adjacent to other layers.

In the case of OPV devices, most have photoactive BHJ layers thinner than the optical depth of the material.

Furthermore, the active layers are sandwiched between multi-layer electrodes on both sides, so thin film inter-

ference plays a significant role in light absorption. Reflection and transmission occur at each material interface

where a device may include four to six layers with a total stack thickness less than 1 µm. This results in a

compound effect of constructive and destructive interference that is wavelength-dependent. When combined with

the wavelength-dependence of ñ for each material in the stack, deviations from the exponential dependence of

Eqn. 1.1 result.

Figure 1.2(a) shows normalized G for a BHJ solar cell with P3HT:PCBM as the photoactive layer for different

incident wavelengths. Light is incident normal to a glass substrate where the anode, indium tin oxide (ITO)

and poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) are the first two thin films on the

substrate and serve as typical anode materials for OPV. They have thicknesses of 150 and 40 nm, respectively.

Next is the P3HT:PCBM layer with active layer thickness (t) of 225 nm. Finally, aluminum is used as the cathode

and has thickness of 100 nm. This thickness is enough to stop any light from being transmitted through the

device. It is observed in Fig. 1.2(a) that the distribution of absorbed photons depends on the wavelength and is

far from exponential due to optical interference.

Light from the sun is a spectrum of wavelenghts and is approximated by a blackbody radiator with temperature
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of 5630 K. For each wavelength, a certain fraction of the incident photons will be absorbed in the photoactive BHJ.

When integrated across the spectrum and assuming each absorbed photon leads to an electron in the external

circuit, the maximum possible Jsc can be computed. This is shown in Fig. 1.2(b) for the device structure

mentioned above for varying P3HT:PCBM layer thickness, t. Due to variations in optical interference, there are

oscillations with a maximum around t = 90 nm followed by subsequent valleys and peaks.

Figure 1.2: (a) Normalized generation rate of excited states, G, for different incident wavelengths for a BHJ device
with the following structure: glass substrate/ITO (150 nm)/PEDOT:PSS (40 nm)/P3HT:PCBM (225 nm)/Al
(100 nm). (b) Maximum Jsc as function of active layer thickness, t. Here, it is assumed that each absorbed
photon in P3HT:PCBM leads to an electron in the external circuit.

The results of Fig. 1.2 are determined via the scattering or transfer matrix method that will be used throughout

this thesis. This method takes into account ñ for all device materials along with optical interference. This model

was first applied to organic solar cells in the early 2000s [25,26] and has gained widespread use in the OPV

community [27–31]. Input parameters are the layer thicknesses and ñ of each material layer, which are measured

via spectroscopic ellipsometry. The optical properties of both electrode [31–33] and polymer blends [34,35] have been

presented in the literature and will be discussed in this thesis.

1.2.3 Diffusion of Excitons to Donor/Acceptor Interfaces

Following light absorption, an excited state is created in either the donor or acceptor material. For most

material systems, the polymer donor absorbs a majority of the photons, because the common electron acceptor

molecule, PCBM, has a higher bandgap and is weakly absorbing. The excited state, or exciton, must diffuse to

a donor/acceptor interface where it can then dissociate into free carriers. Because the exciton is charge neutral,

it is not influenced by the internal electric field set-up by the device electrodes. Using different variations of

photoluminescence quenching, the diffusion length of excitons has been measured in many OPV donor polymers,

including P3HT, to be around ∼10 nm and occur on a time scale between 1 ps and 1 ns [19,36,37].
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Given this very short diffusion length, it is understood why the first type of OPV devices, those with bilayer

architectures, did not yield high photocurrents [16,38]. For these solar cells, the short-lived excitons were not able

to reach the interface between the donor and acceptor films. Upon the development of the BHJ concept where

donor and acceptor materials were mixed in solution prior to deposition [5,6], the level of photocurrent extraction

increased dramatically. This was due to a higher percentage of excitons diffusing to donor/acceptor interfaces

that were distributed throughout the film instead of only at the boundaries between pure donor and acceptor

layers.

Not only did the development of interpenetrating networks for BHJ devices raise efficiencies, but it also

ushered in an explosion of work involving characterization of the nanoscale morphology of BHJ solar cells. It

was immediately apparent that device processing during fabrication has a significant impact on morphology

and overall performance. For example, if the domain sizes of donor and acceptor are much larger than the

diffusion length, then few excitons will be able to reach the donor/acceptor interface to dissociate into free

carriers. Processing procedures including choice of solvent, solution concentration, film deposition technique (e.g.

spin-coating, drop casting, etc.), and weight ratio of donor and acceptor can each influence morphology [39,40].

A multitude of imaging techniques have been applied to characterize the interpenetrating network of donor and

acceptor materials including photoconductive atomic force microscopy [41,42], transmission electron microscopy [43],

and near-edge X-ray microscopy [44].

1.2.4 Generation of Free Charge Carriers

For excitons that reach the donor/acceptor interface, the end goal is to dissociate into free charges that can

be extracted in the external circuit. The process of free carrier generation in BHJ solar cells has been hotly

debated and has led to a rich physical picture of photogeneration (see Fig. 1.3) [23]. In the simplest of terms,

photogeneration consists of two steps: (1) charge transfer of the electron from the donor to acceptor and (2)

dissociation of the charge transfer (CT) state into free carriers.

Via spectroscopic measurements, charge transfer has been shown to be an extremely fast (∼50 fs) [45] and

near lossless. This occurs, so long as there is sufficient energy available (∼0.3 eV offset between LUMO of donor

and acceptor) [15] for charge transfer. In the case of P3HT:PCBM, the difference in LUMO levels is around 1 eV,

providing more than enough energy for charge separation. Unfortunately, this energetic loss also reduces Voc.

After charge transfer, the electron and hole are still bound by coulombic attraction. The strength of this

attraction varies depending on the donor polymer. Because the electron and hole are physically separated, the
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Figure 1.3: The charge transfer (CT) state (green) is bounded by a signlet exciton created by light absorption
(blue) and a free charge separated state (red). Thermal relaxation can occur for all three states (dashed lines)
where recombination channels exist across all states. Spin mixing is also possible between singlet and triplet CT
states. Adaped from review by Clarke and Durrant [23].

dissociation process can be facilitated by an electric field. A field is already built-in due to the work function

difference between the two electrodes and can be modulated by applying a voltage across the device. The field-

dependence of CT state dissociation, PCT , has been described using a model for ion-pair dissociation first proposed

by Onsager and later modified by Braun [46], which has been shown to work reasonably well when describing BHJ

CT state dissociation of BHJ devices [47].

Not only is the CT state critical to photocurrent generation in BHJ devices, it is also useful to describe the

photovoltage. For devices with ohmic contacts, it is understood that the Voc is related to the energy levels of the

donor and acceptor through the relation: Voc = 1/q(EHOMO
donor − ELUMO

acceptor) − 0.3 V. This picture has since been

improved, where it has been shown that Voc is facilitated through the energetics CT states [48]. Furthermore,

the empirical offset of 0.3 V has been linked to temperature-dependent recombination processes within the BHJ

layer [49].

1.2.5 Transport and Extraction of Free Carriers

As a final step, free charge carriers must be extracted from the device to provide photocurrent that can be used

in the external circuit. After dissociation into free carriers, electrons are transported on the acceptor and holes on

the donor. Compared to inorganic semiconductors, the carrier mobilities of electrons and holes in BHJ solar cells

are low on the order of 10−4 cm2/Vs. Furthermore, the concept of a bicontinuous network of donor and acceptor

materials implies that bottlenecks will exist and restrict carrier transport. Therefore, as with exciton diffusion to
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the donor/acceptor interface, morphology is believed to be critical in establishing continuous pathways for carrier

transport to the electrodes. This has prompted work in so-called ordered bulk heterojunction devices where donor

and acceptor materials exist as pure phases but still in close enough proximity to satisfy the requirements for

exciton diffusion [16,50].

Because the carriers are free, it is widely believed that any recombination in transit to the electrodes will be

bimolecular in nature (i.e. resulting from different excitons). Compared to most of the recombination pathways

in Fig. 1.3 that are for individual excitons and would be monomolecular, bimolecular recombination is a second

order process and thus depends on the square of the free carrier concentration. Therefore, this loss process

can be probed with light intensity measurements, as will be described throughout this thesis. Significant levels

of bimolecular recombination for devices with substantial differences in electron and hole mobilities have been

previously observed in BHJ solar cells [51].

As carriers leave the photoactive layer, they still have one final obstacle in the form of carrier transporting

layers and electrodes. In ideal situations, these contacts are ohmic and will yield no energetic barriers to carrier

extraction that would reduce Voc
[24,52]. Furthermore, parasitic resistance losses in the form of serial resistance

can also play a critical role [53] along with poor interfaces that can lead to fill factors below 25% [54].

1.3 Active Layer Thickness: A Trade-off

1.3.1 Light Absorption Improves for Thick Active Layers

The primary goal in OPV research is to improve device performance. Therefore, reductions in the losses of

any of the physical processes outlined above would boost PCE. From Fig. 1.2, it is observed that increasing

the active layer thickness will improve the absorption of light in the photoactive layer. Specifically, increasing t

from 50 to 500 nm increases light absorption by 63%. Figure 1.4(a) further supports this where t (L in figure)

is increased from 50 to 400 nm [31] for BHJ devices with poly(2-methoxy-5-(3’,7’-dimethyloctyloxy)-p-phenylene

vinylene) (MDMO-PPV) as the donor polymer. Except for oscillations due to interference, absorption consistently

increases as indicated by measurement of Jsat. This has been seen by others for the same material system [55] and

for P3HT:PCBM solar cells as shown in Fig. 1.4(b) [56]. A maximum in Jsc occurs for thickness values above 200

nm. Oscillations in absorption are also apparent due to thin film interference, which is a common observation for

BHJ devices [30,57–59].

The donor polymers in Fig. 1.4, MDMO-PPV and P3HT, are so-called high bandgap polymers with Eg =
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Figure 1.4: (a) Saturated photocurrent (Jsat) for MDMO-PPV:PCBM devices [31] and (b) short-circuit current
(Jsc) for P3HT:PCBM devices [56] as a function of active layer thickness. The current improves as the thickness
is increased. The oscillations are due to interference.

∼2 eV. Therefore, photons with wavelengths longer that 650 nm are not absorbed by these materials. Because

the sun’s maximum photon flux is located around λ = 700 nm, energy-level engineering via custom synthesis

has produced many polymers with broader absorption tails that extend to longer wavelengths [8]. While this has

helped polymers absorb extra photons, these materials can also absorb more light if they are made into thicker

active layers.

1.3.2 Electrical Performance is Better for Thin Active Layers

In spite of this seemingly simple approach to improve device performance, it has been shown that the efficiency

of electrical processes will degrade as t is increased. Both electrical mechanisms known to be dependent on the

internal field, exciton dissociation and carrier transport, are more efficient for thinner active layers. Figure 1.5(a)

shows a prediction of the internal quantum efficiency of MDMO-PPV:PCBM solar cells as a function of t. The

IQE is a measure of efficiency of all electrical processes in the device and is typically quoted for Vapp = 0 V. The

dependence of IQE on active layer thickness is due to the field dependence of exciton dissociation that becomes

less efficient as the active layer increases. The internal electric field, E, can be approximated as,

E =
Voc − Vapp

t
, (1.2)

so an increase in thicknesses reduces the field, which therefore diminishes the efficiency of exciton dissociation

and photocurrent generation. Figure 1.5(b) shows the FF for devices with poly(2-methoxy-5-(2’-ethyl-hexyloxy)-

1,4-phenylene vinylene) MEH-PPV as the donor polymer as a function of active layer thickness. As with MDMO-

PPV:PCBM, the electrical performance degrades as t increases. For this material system, it is also believed that
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exciton dissociation plays a significant role in the electrical performance and is more efficient for thinner active

layers where the electric field is stronger.

Figure 1.5: (a) Exciton dissociation probability (PCT ) and internal quantum efficiency (IQE) for MDMO-
PPV:PCBM solar cells [31] and (b) FF for MEH-PPV:PCBM solar cells [55] as functions of active layer thickness.
For both cases, electrical performance decreases as t is increased.

In terms of free carrier charge transport, increasing the active layer thickness is also believed be detrimental

to device performance. The transport length (Ln,p) of electrons and holes is given by the following,

Ln,p = µn,pτn,pE, (1.3)

where µn,p are the electron/hole mobilities and τn,p are the electron/hole lifetimes. When t is increased, not only

is the electric field weakened, but it also forces carriers to travel further in order to be extracted. When this is

coupled with the mixed phases of the BHJ internal structure, it would seem that free carrier recombination would

be a significant loss process in BHJ solar cells.

1.4 Photonic Crystals and Transport in OPV

The proposed trade-off in device performance with active layer thickness is a central argument for the de-

velopment of novel device architectures that could increase light absorption without compromising electrical

performance. A majority of this thesis is dedicated to developing OPV devices with photonic crystal (PC) ge-

ometries. PC structures (materials with optical properties that are periodic in one, two, or three dimensions on

the order of the wavelength of light) have had widespread success in many areas of optics in controlling how light

interacts with materials [60]. In this thesis, this concept will be integrated into BHJ solar cells for the first time.

The PC approach is fundamentally different from other light trapping schemes in OPV due to the possibility
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of exciting resonant modes in the photoactive layer. These modes are confined to a limited spectral range and

should be targeted where the BHJ blend absorbs weakly near the material band edge. Even though optical models

of other light trapping approaches have predicted absorption enhancements in specific spectral ranges [61,62], there

has been no observation that the photocurrent is actually boosted where absorption is predicted to be enhanced.

Development of this type of solar cell will require new fabrication methods and characterization techniques.

Highly ordered arrays of nanopatterns are desired to make PC solar cells. Nanoimprint lithography typically

uses Si master molds to construct nanopatterns for OPV [63,64]. However, this process requires great care as Si

molds can easily break and are expensive to replace. In order to make light trapping techniques consistent with

roll-to-roll fabrication methods, nanopatterning must be done over large areas using simple approaches. Along

with fabrication, electro-optical models currently exist for OPV devices with planar active layers [25,26,31,65].

These models must be extended to incorporate the non-planar photoactive layers of PC cells. In extending these

models, it may be necessary to include additional materials of the cell that could influence electrical performance.

Specifically, interfacial layers in OPV devices can affect parasitic resistance losses and may have an impact on

PC performance. These fabrication and characterization objectives will be accomplished in this thesis and set

the foundation for future work in light trapping approaches.

Light management techniques, such as the PC method, are justified based on the trade-off in optical and

electrical performance. However, the extent to which different donor/acceptor blends suffer from this trade-off

remains unclear. As stated above, Fig. 1.5 is for two BHJ blends, MDMO-PPV:PCBM and MEH-PPV:PCBM,

where a reduction in electrical performance occurs as t increases. Even though absorption is maximized for

t > 250 nm, the optimal active layer thickness for these devices is around 100 nm due to electrical restrictions.

However, there have been recent accounts of high-performing devices with active layers thicker than ∼100 nm.

The trademark of good electrical performance is the FF, where values between 55% and 70% indicate efficient

electrical function in terms of free carrier generation and transport. For P3HT:PCBM, devices with t = 425, 300,

and 370 nm have achieved FF values of 62% [56], 55% [66], and 57% [56], respectively. Furthermore, the seminal

work on P3HT:PCBM solar cells with PCE = 4.4% had FF values as high as 67% [7]. Surprisingly, these devices

also had t = 220 nm. Nevertheless, it is commonly argued that the active layer of P3HT:PCBM should be kept

around 100 nm in order to reduce electrical losses [29,67]. Furthermore, one of the highest performing BHJ blends

to date, PCDTBT:PC70BM (PCE > 6%), has optimal performance for t < 100 nm [9].

Given these results, debate continues regarding the optimal active layer thickness for BHJ devices. It appears

that the influence of t on PCE is dependent on the material system. All blends, except P3HT:PCBM, have
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better electrical performance for thinner active layers where t = 100 nm is optimal. One step towards reconciling

this debate is realizing that BHJ blends have different affinities for dissociating excitons at the donor/acceptor

interface [68]. Figure 1.6 shows PCT for both P3HT:PCBM and MDMO-PPV:PCBM as a function of internal

electric field. Squares indicate PCT and the corresponding field at short-circuit for devices with t = 100 nm. It

is evident that PCT has a much stronger field-dependence for MDMO-PPV:PCBM compared to P3HT:PCBM.

At short-circuit, only 2/3 of excitons dissociate at the donor/acceptor interface compared to nearly 90% for

P3HT:PCBM [68]. As the electric field is increased under reverse bias, excitons can be more effectively separated,

and the photocurrent continues to increase until a saturated level is reached (Jsat). For P3HT:PCBM, reducing t

does enhance the electric field strength, but little gain is achieved in PCT due to its weak field dependence. This

offers one explanation why high Jsc and FF values have been observed for P3HT:PCBM devices with thicker

active layers. Besides P3HT:PCBM, other high performing polymer/fullerene blends, such as PCDTBT:PC70BM,

have also been shown to have very little loss due to exciton dissociation [9,11] leading to the conclusion that this

is a minimal loss process in these solar cells [69].

Figure 1.6: Electric field dependence of the probability of exciton dissociation (PCT ) at the donor/acceptor
interface. MDMO-PPV:PCBM has a strong field dependence, while P3HT:PCBM has a weak field dependence.
Squares indicate short-circuit conditions.

While this partially reconciles the active layer thickness debate based on differences in exciton dissociation,

it does not address this issue with regard to free carrier transport. It has long been argued that increasing t also

increases transport losses in the active layer, which reduce electrical performance. Characterizing the ability of

free carriers to traverse the active layer is typically done by measuring mobilities using field effect transistor [70]

or space charge limited current diodes [71]. While these methods work well to measure mobilities, they rely on
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injecting charge from the contacts instead of extracting carriers that were generated by light absorption. In this

thesis, a new method that links the local exciton generation profile (G) to bimolecular recombination losses (the

dominate loss process of free carriers) will be presented. While local absorption profiles have been shown to

influence photocurrent extraction [31], they have not been used to measure transport lengths of free electrons and

holes. By merging this new understanding of transport lengths of electrons and holes, the debate over the optimal

active layer thickness will be clarified. Furthermore, this work will help clarify the impact of charge transport in

PC solar cells and guide future light trapping designs.
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Chapter 2

Optical Properties of Photonic Crystal OPV

2.1 Introduction

In general, the disordered nanoscale morphology of organic BHJ solar cells has presented challenges for these

devices to reach their full potential. First, BHJ blends have low electron and hole mobilities that have been

believed to result in low fill factors [67]. Second, they suffer from a limited probability of exciton dissociation

into free charge carriers at the BHJ donor/acceptor interface. For some blends, this is 60% at short-circuit [47].

Both the fill factor [55] and exciton dissociation probability [31] can be increased by reducing the thickness of

the photoactive layer, which is beneficial to the electrical performance. However, thinner photoactive layers are

antithetical to the absorption of photons, so the result is a fundamental trade-off in photovoltaic design. This is a

familiar concept to the design of all solar cells, inorganic included, that has sparked research in light management

techniques since it was shown that absorption in a randomly textured sheet could be improved by a factor of

4n2 [72].

In terms of OPV, many light trapping methods have been recently presented accompanied by optical model-

ing. Methods utilizing ray optics have been explored in the form of folded substrates [73]. In terms of wave optics,

various techniques including anti-reflective multilayer stacks [74], complex scattering structures [75], metallic grat-

ings [62], and optical spacers [27,76] have been theoretically studied. Many of these techniques have predicted an

improvement in light absorption, but greater control has been shown theoretically [77,78] and experimentally [79,80]

with photonic crystal (PC) architectures in Si solar cells. PC structures have optical properties that are periodic

on the order of the wavelength of light. Due to the periodicity, electromagnetic waves are affected in an analogous

manner as electron wavefunctions in the periodic potentials of atomic crystals. Many exciting optical phenomena

have been predicted for these structures [60], one of which is enhanced coupling of the electromagnetic field to



the structure. Due to the sensitivity of coupling to the PC materials and geometry, the physical parameters

of the crystal can be adjusted to produce optical enhancements in a desired wavelength range. For solar cells,

wavelengths near the band edge of the photoactive material absorb weakly and are targeted. Until now, PC

designs for organic solar cells have had limited visibility, most notably in the form of a bilayer OPV system with

a mild index of refraction contrast [81]. There have been no presentations of BHJ systems with PC architectures.

In this chapter, investigations are conducted of the physical dimensions and optical properties of PC solar cells

that incorporate the prototypical BHJ blend, P3HT:PCBM, that lead to maximized absorption enhancements.

Specifically, both the nanostructure thickness and index of refraction of the low index of refraction conducting

material (LICM) that surrounds 1-D and 2-D nanostructured P3HT:PCBM are varied. It is determined that an

optimal nanostructure thickness between 200 nm and 300 nm, while the LICM must have an index of refraction

∼0.3 lower than the BHJ blend. Second, the optical properties of resonant or quasiguided modes are presented

where it is observed that both broad (short lifetime) and sharp (long lifetime) modes exist in nanostructured

devices by comparing spectral absorption to photonic band diagrams. This in-depth analysis is critical, because

it is the first prediction of quasiguided modes in organic solar cells, which are not excited in conventional planar

cells. These modes have been observed experimentally [82,83] and described theoretically [84] for simple optical

systems, but have not been predicted in OPV. Furthermore, profiles of exciton creation for a nanostructured

device are presented, which indicate that exciton formation is concentrated in the P3HT:PCBM blend flash layer

above the nanostructured layer for quasiguided modes. Finally, simulations of a specific LICM, nanocrystalline

ZnO, are presented that represent a near-optimal photonic structure that could be fabricated.

Most of the results and figures of this chapter have been modified from the following publications:

[34]J.R. Tumbleston, D.-H. Ko, E.T. Samulski, and R. Lopez, Electrophotonic enhancement of bulk heterojunc-

tion organic solar cells through photonic crystal photoactive layer, Appl. Phys. Lett. 94, 043305 (2009).

[85]J.R. Tumbleston, D.-H. Ko, E.T. Samulski, and R. Lopez, Absorption and quasiguided mode analysis of

organic solar cells with photonic crystal photoactive layers, Opt. Express 17, 7670 (2009).

2.2 Theoretical Approach

2.2.1 PC Design

P3HT:PCBM has shown efficiencies approaching 4.5% [7] and is one of the highest performing materials to

date in the BHJ class of OPV. Even though ∼100 nm of this blend has very good electrical performance [68], it is

still believed to suffer from poorer electrical performance as the thickness is increased [67]. Therefore, any further
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improvement in absorption for devices with 100 nm active layers could boost the efficiency beyond 5%. Also, the

optical properties of other BHJ blends are very similar to P3HT:PCBM, so many of the results presented here

could be applied to these material systems.

The complex dielectric function of P3HT:PCBM and all other device materials are required as input in the

optical models presented here. They are measured via spectroscopic ellipsometry as described in Chapter 3. Due

to the small phase separation of P3HT and PCBM as a BHJ, it is measured as a homogeneous layer because the

phase separation is near two orders of magnitude smaller than the incident light. Figure 2.1 shows the device

designs where P3HT:PCBM comprises one of the materials in the nanostructured layer for 1-dimensional (1-D) and

2-dimensional (2-D) periodic PC solar cells. The other nanostructured material is a LICM, which is a transparent

electron transport layer with low refractive index compared to P3HT:PCBM (nLICM ≈ 1.4 for all studies unless

otherwise stated). Titanium oxide (TiO2)
[29] and nanocrystalline zinc oxide (nc-ZnO) [86] are possible candidates

for this material. The glass substrate, ITO, PEDOT:PSS, and LICM have negligible absorption for the spectral

range of interest (400 ≤ λ ≤ 685 nm) and are taken to be fully transparent. On the other hand, the Al cathode is

modeled with its true complex dielectric function, so optical losses do occur in this material. All absorption plots

presented describe the fraction of incident light that is absorbed in the P3HT:PCBM only, where an absorption

value less than 1 signifies loss from absorption in the Al or reflection/scattering. P- and s-polarized light are

incident normal to the relatively thick (1 mm) glass substrate where reflection from the air-glass interface is

disregarded. This loss is 4% and approximately constant for all wavelengths.

Figure 2.1: Illustration of three photovoltaic devices studied: (a) Conventional planar control stack, (b) 2-D
periodic posts with 395 nm square periodicity, and (c) 1-D periodic channels with 400 nm periodicity. S- and
p-polarized light have electric fields oriented in y- and x-directions, respectively. The LICM planar film thickness,
d1, LICM flash thickness, d3, P3HT:PCBM flash thickness, d4, and nanostructure thickness, d5, will be changed
for optimization while all labeled values remain constant. The sum of d3 and d5 is represented as d2, which is
not used in this chapter but is cited extensively in Chapter 3. In that chapter, d2 may be less than the sum of
d3 and d5 resulting in a wavy top electrode. This effect is ignored in this chapter.
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2.2.2 Calculation Method

The photonic properties of the PC BHJ devices discussed in this paper are studied using transfer and scat-

tering matrix methods with plane wave expansions [84,87]. Codes in Mathematica have been developed as part

of this thesis, where the accuracy is demonstrated in the Appendix. The scattering matrix method is a fast

algorithm that calculates the optical properties and quasiguided eigenmodes in periodic PC slabs of finite thick-

ness. Maxwell’s equations are solved as an eigenvalue problem via plane-wave decomposition in two-dimensional

Cartesian coordinates, and the solution is propagated across the different layers by means of scattering matri-

ces, which define the continuity conditions for electromagnetic field components at each interface. The periodic

symmetry of the proposed photonic structures makes them especially suitable for this approach. The in-plane

periodicity of the structure is represented by the Fourier transform of the piecewise dielectric permittivity. From

this formulation, the reflection, transmission, absorption, and scattering coefficients are calculated for the entire

stack for both s- and p-polarized light.

Along with these coefficients, the electromagnetic field profile inside the device is required to determine the

location and density of exciton creation that follows the energy dissipation profile, Q (x, y, z). In conventional

planar devices, the field and energy dissipation profiles are only functions of depth in the device, z, and time [25,26].

For nanostructured designs, 〈Q〉 is a function of all spatial dimensions and is derived from Poynting’s time-

averaged continuity equation,

〈Q〉+∇ ·
〈

~S
〉

= 0 (2.1)

where
〈

~S
〉

denotes the time-averaged Poynting vector. This equation leads to the time-averaged monochromatic

pointwise energy dissipation per unit time per unit area,

〈Q〉 =
πcǫ0ǫ2

∣

∣

∣

~E
∣

∣

∣

2

λ
(2.2)

where ǫ2 is the imaginary part of the dielectric function, ǫ0 is the permittivity of vacuum, c is the speed of light

in vacuum, λ is the free space wavelength, and
∣

∣

∣

~E
∣

∣

∣ is the magnitude of the complex optical electric field. To

calculate 〈Q〉, the fields are needed over a high resolution mesh in the unit cell. Using the transfer method [84],

this can be done by first solving for the plane-wave amplitudes for the entire structure,
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where the column vectors are the amplitudes in the substrate and incident semi-infinite spaces connected via

the system transfer matrix, Ttot, and plus (minus) refers to propagation toward (away from) the stack. The

amplitudes can be calculated to a given depth in the z-direction in Fig. 2.1 in the structure, z0, by using F±

inc

from Eqn. 2.3 and the transfer matrix calculated to the point of interest, Tz0 ,
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Energy dissipation is proportional to the exciton generation rate, G, so 〈Q〉 may be thought of as the exciton

creation profile in the photoactive region in this chapter. In the case of P3HT:PCBM, a large fraction of excitons

will create free electrons and holes [68]. Therefore, the exciton creation profile gives the proximity and density of

exciton formation within P3HT:PCBM along with an approximate profile of free carrier generation. An exciton

generation profile is generated at each depth in the P3HT:PCBM flash layer and nanostructured layer, so this

profile may be integrated to compare absorption at various depths for different wavelengths and polarizations.

In later chapters of this thesis, G will be input in an electrical transport model of BHJ solar cells [65]. For

planar devices, this model is one-dimensional, but it will be extended to higher dimensions to appropriately

describe the PC geometry. This will provide a means to simulate performance factors such as Jsc, FF, Voc, and

PCE with regard to an altered static internal electric field for the PC structure.

As a final note, numerical issues can arise for certain systems when using the transfer method. Mathemati-

cally, it has been shown that the transfer and scattering methods are equivalent [84], but exponentially growing

transfer matrix entries can occur that lead to numerical instability. This must be checked for a given system

before using the transfer method to determine the electromagnetic fields and thus exciton creation profiles in the

nanostructured photoactive region.

2.3 Absorption Analysis

The physical dimensions and optical properties of the nanostructured layer for the devices in Fig. 2.1 greatly

affect absorption in the BHJ blend. The parameters presented here will be directly applicable to nanostructured
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devices with P3HT:PCBM as the photoactive material even though some general trends can be applied to other

photoactive materials. First, there are considerations regarding the volume of P3HT:PCBM in the nanostruc-

tured and planar control devices. In order to compare a nanostructured device to control cell, the volume of

P3HT:PCBM available for the nanostructured cell must equal the planar control blend volume. This volume

restricts the possible periodicities and thicknesses of the nanostructured region along with the thickness of the

P3HT:PCBM flash layer. Typically, a P3HT:PCBM thickness for a flat conventional device with an optical

spacer layer is ∼100 nm [29,58] due to balanced optical and electrical performance for this thickness. The goal is

to enhance the absorption of a planar device with this approximate thickness using a PC photoactive layer.

Figure 2.2: Integrated absorption for varying thicknesses of LICM flash layer, d3, for the 2-D periodic device and
LICM optical spacer film, d1 for planar control. Comparisons between PC and planar control devices are made
for LICM thicknesses that result in maximum integrated absorption (squares).

Interference also plays a major role in absorption for thin film stacks where the total stack thickness is

comparable to the wavelength of light. Varying thicknesses of any non-absorbing layer (ITO, PEDOT:PSS, or

LICM) will cause the P3HT:PCBM absorption to fluctuate, so it is necessary to vary one of these thicknesses to

maximize integrated absorption for both the nanostructured and planar control cells. Here, ITO (178 nm) and

PEDOT:PSS (50 nm) thicknesses are kept constant for all studies in order to compare devices more closely with

literature. Instead, the LICM flash thickness, d3, for the nanostructured device and the LICM film thickness

for the control cell, d1 are varied from zero to 500 nm. For each thickness of LICM, the spectral absorption is

integrated between 400 ≤ λ ≤ 685 nm resulting in Fig. 2.2 for the 2-D periodic device with P3HT:PCBM flash

thickness, d4 = 40 nm, and nanostructured layer thickness, d5 = 300 nm. The oscillation in integrated absorption

occurs primarily due to interference where the electromagnetic field has varying strengths in the photoactive

region. A correct optical comparison is made between nanostructured and planar control devices when both
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curves are maximized (as indicated by squares in Fig. 2.2). Integrated absorption is always greater for the

nanostructured device, but using the lowest integrated absorption value for the planar device would result in

incorrect and exaggerated absorption enhancements.

The first parameter to optimize is the ratio of P3HT:PCBM flash thickness, d4, to nanostructure thickness,

d5. Keeping in mind that the goal is to enhance absorption for planar control devices with ∼100 nm thick

P3HT:PCBM layers, both d4 and d5 are simultaneously varied for the 1-D periodic device while keeping all other

parameters equal to those in Fig. 2.1(c). Here, the volume of P3HT:PCBM remains constant for each step in the

optimization and equal to a control device with a P3HT:PCBM thickness of 115 nm. As previously discussed,

the integrated absorption fluctuations due to interference are maximized for both nanostructured and planar

control cells before calculating absorption enhancements. Fig. 2.3(a) shows absorption enhancements for s-, p-,

and average polarization as a function of d4 and d5. Due to the 1-D periodicity, s-polarization is more enhanced

by the nanostructure than p-polarization. It can also be seen that a thin P3HT:PCBM flash layer with a thick

nanostructure gives larger enhancements in absorption where the maximum for average polarization occurs for

d4 = 15 nm (d5 = 400 nm). This would be the optimal value, but the fill factor has been shown to drop for

very thin planar P3HT:PCBM cells with a photoactive thickness below ∼40 nm possibly due to decreased shunt

resistance [57]. Even though the absorption enhancement drops around d4 = 60 nm and increases to another

maximum for d4 = 80 nm, the flash layer value of d4 = 40 nm is taken as optimized as it has the highest

integrated absorption excluding the thin regime.

The thickness of the nanostructured region is another important parameter to optimize. Figure 2.3(b) shows

absorption enhancements for nanostructure thicknesses, d5, from 100 to 500 nm for the 1-D periodic device

with the optimized P3HT:PCBM flash thickness, d4 = 40 nm. Varying the nanostructure thickness changes the

volume of P3HT:PCBM, so each device is compared to a planar control cell with equivalent volume. This shows

that there exists a wide range of nanostructured layer thicknesses where absorption enhancements are observed.

The p-polarized enhancement is maximized for d5 = 220 nm while s-polarization is maximized for d5 = 290

nm. Averaging the two polarizations produces an enhancement of 13% for d5 = 210 nm. There is also reduced

integrated absorption for thin (d5 < 130 nm) and thick (d5 > 420 nm) devices. Thicker nanostructures have

reduced enhancement factors, because they are compared to planar control devices with thicker P3HT:PCBM film

layers. For example, the nanostructured device with d5 = 500 nm is compared to a planar control cell with 165

nm P3HT:PCBM film thickness, which is able to absorb a higher number of solar photons in the spectral range.

In the case of thinner nanostructures, they do not produce the optical effects that lead to photonic enhancement.
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It is not shown here, but the 2-D periodic device is optimized for d5 = 300 nm.

Figure 2.3: Integrated absorption enhancements for variable (a) P3HT:PCBM flash thickness, d4, and nanostruc-
ture thickness, d5, (b) nanostructure thickness, d5, and (c) LICM index of refraction of the nanostructured layer.
The 1-D periodic device design is used in each optimization.

The final physical parameters to discuss are unit cell periodicity and P3HT:PCBM nanostructure width.

Choices are motivated by the desire to produce strong absorption enhancements near the band edge of P3HT:PCBM

due to its weak extinction coefficient in this spectral range. A primary way to produce these enhancements is

through quasiguided or resonant mode excitation. These modes provide ∼20-fold enhancements for certain energy

photons and will be discussed later in detail. Furthermore, as with nanostructure thickness, unit cell periodicity

and nanostructure width also affect the thickness of P3HT:PCBM in the planar control cell. Values that give

thick planar P3HT:PCBM layers are not desired, because these result in minimal absorption enhancements. The

periodicity and index of refraction contrast (discussed below) provide the most control of the enhancement factors

and spectral placement of quasiguided modes.

In terms of optical properties, the contrast in the dielectric functions of the two PC materials in the nanostruc-

tured layer (P3HT:PCBM and LICM) has the greatest effect on overall absorption. A high contrast in the real

part of the refractive index between these materials is desired to make a true PC and to excite quasiguided modes.

This is also a desirable trait for producing photonic band gaps in other systems [60]. To illustrate this concept,

the LICM index is varied from n = 1.05 to 3.05 for the 1-D periodic device with d4 = 40 nm and d5 = 300 nm.
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Figure 2.3(c) shows that the greatest enhancements occur when the LICM index of refraction is closest to unity

and steadily decreases for increasing index. The average index of refraction of P3HT:PCBM for 400 ≤ λ ≤ 685

nm is 1.94, so a minimum difference of ∼0.3 is needed between the two materials to produce enhanced integrated

absorption. As with the above optimizations, there are larger absorption enhancements for s-polarization than

for p-polarization. Furthermore, the LICM index must be lower than that of P3HT:PCBM. Even though the

difference in index also exceeds 0.3 for LICM index values above 2.25, there is reduced absorption when compared

to the planar control devices. Increasing the index to values greater than that of P3HT:PCBM causes greater

reflection from the device due to sharper changes in the index from layer to layer. Quasiguided modes can still be

coupled for large indices of refraction, but these enhancements are overshadowed by losses from greater reflection.

2.4 Quasiguided Modes and Band Structure Analysis

Figure 2.4: Normal incidence absorption spectrum for (a) 1-D and (b) 2-D periodic nanostructured devices and
comparable planar cells for both polarizations. P- and s-polarization for the 2-D periodic device are equivalent
due to square symmetry. Quasiguided modes are labeled 1a, 2a, and 3a for the 1-D periodic cell, while modes
for the 2-D periodic device are referenced 1b and 2b. Convergence of the solution method is also shown in (b)
for one, nine, and twenty-five diffraction orders. The solution using one order corresponds to the main zeroth
order. The AM 1.5 absorbed flux of solar photons ( 1

m3s
) is presented for the (c) 1-D and (d) 2-D periodic cells

to demonstrate the interplay between device absorption and the solar spectrum.

With the above noted set of physical parameters and optical constants, quasiguided modes are excited in

the nanostructured solar cells. These modes are externally excited by incident light [84] and lead to sharp en-
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hancements in absorption. Three quasiguided modes are shown in Fig. 2.4(a) in the normal incidence absorption

spectrum for the 1-D periodic device that is near-optimal for s-polarized absorption (d3 = 70 nm, d4 = 40 nm,

d5 = 300 nm). The modes are labeled 1a, 2a, and 3a for reference. Furthermore, the optimal 2-D periodic device

(d3 = 75 nm, d4 = 40 nm, d5 = 300 nm) exhibits two modes at normal incidence as shown in Fig. 2.4(b). The

quasiguided mode located at λ = 652 nm (mode 2b) is very sharp and offers an 18-fold absorption enhancement.

Another mode exists further from the band edge at λ = 595 nm (mode 1b) that has a broader absorption spike.

Mode excitation can also be observed when absorption is multiplied by the AM 1.5 solar photon flux [88] as shown

for the (c) 1-D and (d) 2-D periodic devices. The solar photon flux reaches a maximum around λ = 700 nm, so

the quasiguided mode excitations provide strong absorption near the highest flux region of the solar spectrum

even though the extinction coefficient of P3HT:PCBM is small close to the band edge.

Figure 2.5 shows the photonic band structure for the (a) 1-D and (b) 2-D periodic nanostructured devices.

The observed modes in the absorption spectra of Fig. 2.4 for the Γ-point where kx = ky = 0 (normal incidence)

are noted. The band diagrams are calculated by locating where the determinate of the scattering matrix for the

system diverges [84]. This occurs for certain complex wavelengths. The imaginary part is related to the mode

lifetime where modes with broader spectral width have shorter lifetimes. An absorption spike with no width would

indicate an infinitely trapped waveguided mode. In the case of the 2-D periodic device, mode 1b is confirmed to

have a larger imaginary part (shorter lifetime) than mode 2b by an order of magnitude, which is indicated by its

broader spike in absorption.

Figure 2.5: Photonic band diagram for the (a) 1-D and (b) 2-D periodic nanostructured devices. Bands corre-
sponding to optically active modes that result in quasiguided mode spectral absorption spikes for the Γ-point are
referenced.
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Figure 2.5(b) also indicates that there is two-fold and three-fold degeneracy at the Γ-point for the 2-D periodic

device for the 1b and 2b modes, respectively. This degeneracy can be broken with non-normal incidence (kx 6= 0)

giving rise to two s-polarized modes and one p-polarized mode for the case of mode 2b. Further comparison

of the spectral absorption (Fig. 2.4) with the band diagrams (Fig. 2.5) also reveals that there are more bands

than quasiguided modes that lead to absorption spikes. The bands resulting in absorption peaks are known as

optically active modes, while those that do not are inactive [84].

Figure 2.4(b) also shows the convergence of the method, which helps characterize both quasiguided mode

excitation and absorption enhancements. As previously mentioned, the simulation method used for solving

Maxwell’s equations is an approximation scheme that must be truncated after a certain number of terms in the

Fourier series solution. These also correspond to a certain number of diffraction orders in Fourier space. After

some number of orders, the solution converges. Taking only the zeroth order means that the nanostructured layer

is treated as a homogeneous layer where the optical properties of the two materials (P3HT:PCBM and LICM in

this case) are averaged by a weight proportional to their volume. It is clear that some of the overall absorption

enhancement occurs for this order near the band edge. The physical process of scattering is not included for the

zeroth order, so the enhancement only involves interference over a longer depth than for the planar case. It is

also observed that the quasiguided modes are not excited, because they require the incident beam to exchange

k-vectors with contributions in the lateral directions of the reciprocal lattice.

2.5 Exciton Creation Profiles

Along with studying the absorption and photonic band properties of these devices, the optical model can

be further extended to determine the electromagnetic fields inside the photoactive region. This results in the

profile of exciton creation, 〈Q〉, for the nanostructured and planar devices. The profiles are calculated at a given

depth, z, where each slice varies over the two lateral dimensions, x and y. Fig. 2.6(a) shows the profile for one

unit cell of the 2-D periodic device (d3 = 75 nm, d4 = 40 nm, d5 = 300 nm) at a depth of z = 150 nm into

the nanostructured layer for λ = 550 nm. There is no energy dissipation around the post, because the LICM is

transparent.

Major differences in absorption profiles occur for wavelengths in and out of quasiguided mode resonances. Inte-

grating the exciton creation profiles (Fig. 2.6(a)) over the lateral dimensions for each depth in the P3HT:PCBM

flash and nanostructure layers yields Fig. 2.6(b) for both λ = 652 nm (quasiguided) and λ = 550 nm (non-
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Figure 2.6: (a) Exciton creation profile of one unit cell for the 2-D periodic device at a depth, z = 150 nm, into the
nanostructured layer for λ = 550 nm. (b) Integrated exciton creation profile as a function of depth, (z-direction),
for the 2-D periodic device for λ = 550 nm (general absorption) and λ = 652 nm (quasiguided mode 2b). The
integrated exciton creation profile for the comparable planar device is also shown for λ = 550 nm.

quasiguided). Discontinuity occurs at the flash/nanostructure interface, because the complex dielectric function

changes at the boundary due to the inclusion of both P3HT:PCBM and LICM in the nanostructure layer. From

Fig. 2.4(b), both wavelengths yield comparable absorption (∼90%) even though the former is due to quasiguided

mode excitation and the latter results from the high extinction coefficient of P3HT:PCBM. Fig. 2.6(b) shows

that absorption as a function of depth is oscillatory in the nanostructured layer for λ = 550 nm, while it decays

with depth for the quasiguided mode. The most striking feature is that greater absorption takes place for the

quasiguided mode in the flash layer than for λ = 550 nm. Quantitatively, 79% of excitons are created in the

P3HT:PCBM flash layer for λ = 652 nm, while only 39% are created there for λ = 550 nm. This may cause

improved electrical performance for quasiguided modes due to high absorption in the thin d4 = 40 nm flash layer

where free carrier transport paths are relatively short.

Figure 2.6(b) also shows the integrated exciton creation profile for λ = 550 nm for the planar control device.

For this wavelength, there is a greater concentration of excitons created toward the PEDOT:PSS side than the

LICM layer. The depth where this concentration occurs will vary for different wavelengths, but the general shape

of the curve is similar as has been shown in previous studies [26,58].

2.6 Case Study: Nanocrystalline ZnO as LICM Material

2.6.1 Motivation for Using Nanocrystalline ZnO

Thus far, the low index conductive material (LICM) has remained general and has not been cited as a specific

material. In this section, nanocrystalline zinc oxide (nc-ZnO) is used as the LICM due to its low refractive
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index compared to P3HT:PCBM (n ∼ 1.5 as will be shown in Chapter 3) and proven electrical properties. In

other studies, nc-ZnO has been used in photovoltaic cells as an optical spacer [58], an electron transport layer [89],

a high electron mobility film [90], and an improved electrical contact for metal cathodes [91]. In terms of device

preparation, nc-ZnO would be formed by spin-coating a dispersion of freshly synthesized [86] nanoparticles (∼5 nm

diameter particles) in methanol on both the PC and planar photoactive strata. Although an IR-VIS-transparent

material, the nc-ZnO layer can affect the absorption characteristics of the cell via interference effects as shown

above, so it is critical to simulate planar cells with varying spacer thickness and PC cells with a range of nc-ZnO

flash thicknesses, d1 and d3 from Fig. 2.1, respectively. In this section, comparisons are only made between

absorption spectra that show maximum integrated absorption for both PC and planar cells.

2.6.2 Absorption Enhancements

Figure 2.7 shows the geometry and dimensions of PC and planar designs that are similar to those in Fig. 2.1.

The given dimensions are optimal as determined in the section above. In terms of absorption, Fig. 2.8 shows

the sharp enhancements in P3HT:PCBM absorption near the band edge of this material that are characteristic

of resonant modes discussed previously. Excitation of these modes is solely a consequence of the PC topography

of the PV layer with high index of refraction contrast. Furthermore, there are enhancements across the whole

spectrum (λ = 400 to 685 nm) for both the 1-D and 2-D periodic device designs that result in integrated 20%

(s-polarization) and 14% (both polarizations) enhancements, respectively. Multiplying the absorption by the

AM 1.5 solar spectrum as in Fig. 2.4 in this spectral range and integrating causes essentially no change in the

enhancement factors.

Exploiting the light management offered by a PC, the height and periodicity are chosen to provide enhance-

ments near the band edge of P3HT:PCBM as described in the optimization sections above. The polarization also

has a strong dependence as shown in Fig. 2.8(a) for the 1-D periodic device where there is only a 2% integrated

spectral increase for incident light that is p-polarized (electric field perpendicular to the periodicity in x-direction)

compared to 20% enhancement for s-polarization. Furthermore, the incident angle plays a role in quasiguided

mode excitation as shown in Fig. 2.8(b) where s-polarized absorption is calculated at 2 degree incidence. It is

clear that mode excitation is dependent on the incident parameters and device optical and physical properties.

In terms of simulation details, it should be noted that the glass substrate, ITO, PEDOT:PSS, and nc-ZnO are

taken to be transparent over the entire spectral range. Also, the 1-D and 2-D periodic designs are tailored to

improve performance over control devices with blend thicknesses of ∼100 nm, as was the goal stated previously.
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Figure 2.7: Illustration of three organic photovoltaic device designs with nc-ZnO as the LICM: (a) Conventional
planar PV stack (control device), (b) square posts with 395 nm 2-D square periodicity, and (c) channels with 400
nm 1-D periodicity.

Figure 2.8: (a) Theoretical spectral absorption at normal incidence for 400 nm 1-D periodic PC device compared
to planar control cell for both s- and p-polarized light. (b) Spectral absorption for 395 nm 2-D periodic posts at
both normal incidence (both polarizations) and 2 degree incidence (s-polarization only).
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2.6.3 Exciton Creation Profile

Along with the absorption enhancements shown above, it is found that excitons in PC cells are created closer

to nanostructured P3HT:PCBM exit interfaces (with either the PEDOT:PSS or nc-ZnO) than in planar cells.

Calculating the proximity of exciton creation to exit interfaces provides a rough estimate of potential electronic

transport enhancements in the PC device even though no electronic processes are considered. Here, only one

creation distance is considered, while in Chapter 5 separate creation distances for electrons and holes are shown

to be a more valuable figure of merit. In general, the exciton creation profile is given by the time-averaged

monochromatic pointwise energy dissipation per unit time per unit area, 〈Q〉, from Eqn. 2.2.

The exciton creation profile for one unit cell for the 1-D periodic PC device for λ = 550 nm at a depth of

z = 150 nm into the 300 nm nanostructured layer is given in Fig. 2.9(a) to show how local absorption varies

over the lateral directions, x and y. There is no absorption around each channel, because they are surrounded

by transparent nc-ZnO. By weighting the profile against the shortest distance, l, to a P3HT:PCBM blend exit

interface with either the PEDOT:PSS or nc-ZnO, the exciton creation distance (ECD) for a given incident

wavelength, angle, and polarization can be determined:

ECD =

∫

V
〈Q〉 · l · dτ

∫

V
〈Q〉 · dτ

(2.5)

where the integrals are taken over one unit cell of the entire photoactive P3HT:PCBM volume (flash and nanos-

tructure).

ECD values are shown over the entire spectrum for the 1-D periodic structure at normal incidence in Fig.

2.9(b). It is noticed that the greatest reductions occur toward the blue spectral end where absorption is essentially

equal between PC and control devices (Fig. 2.8). The comparable ECDs become closer near the band edge where

absorption is stronger for the PC device. Ultimately, this could indicate an overall improved PV performance for

the entire spectrum either due to shortened ECDs (blue end) or stronger absorption (red end). The presence of

the quasiguided modes is again realized with this calculation where sharp reductions are visible. These modes

have the effect of concentrating absorption in the thin P3HT:PCBM flash layer which results in reduced ECD

values (Fig. 2.6).

By averaging over the full spectral range, the channel structure yields average ECD reductions of 30% (p-

polarization) and 22% (s-polarization) when compared to the planar device. Likewise, the 2-D periodic spectral

ECD reduction is 11%. These improvements are promising, and full 2-D and 3-D solutions of the transport equa-
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Figure 2.9: (a) Exciton creation profile of one unit cell for the 1-D periodic device at a depth of 150 nm with an
incident p-polarized wavelength of 550 nm at normal incidence. (b) Spectral exciton creation distance (ECD) for
the 1-D periodic device and planar control at normal incidence.

tions [65] should be conducted to determine how this geometry affects recombination and the exciton dissociation

probability which also dictate the overall electronic performance. This will be discussed in full detail in Chapters

4 and 5.

2.7 Conclusion

In this chapter, simulation results are presented for a new class of organic BHJ solar cells, those that have a PC

geometry. The physical dimensions and optical properties that maximize integrated absorption for P3HT:PCBM

solar cells are provided. An optimal nanostructure thickness (d5) is determined to be 200-300 nm, while a

minimal index of refraction contrast of ∼0.3 is required between the two nanostructured materials where the

LICM index must be lower than that of P3HT:PCBM. Secondly, the optical activity of excited quasiguided

modes is characterized by identifying these modes in spectral absorption and photonic band diagrams. Both

broad (short lifetime) and sharp (long lifetime) modes exist for the nanostructured devices. Exciton creation

profiles for band edge quasiguided modes also indicate that these modes exhibit highly concentrated absorption

in the P3HT:PCBM flash layer. As a final case study, it is demonstrated that a PC cell comprised of a photoactive

layer of P3HT:PCBM bulk heterojunction blend and nc-ZnO can simultaneously enhance optical absorption and

produce excitons closer to exit interfaces in P3HT:PCBM. Overall spectral absorption enhancements for the 1-D

and 2-D periodic structures are 20% (one polarization) and 14%, respectively, with larger improvements observed

near the band edge. These results will help guide the next chapter where PC solar cells are fabricated and tested.
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Chapter 3

Realization of Photonic Crystal OPV

3.1 Introduction

As reviewed in Chapter 2, there have been extensive modeling efforts to enhance the absorption of light in the

photoactive layer of organic solar cells [27,73–76]. Along with these modeling efforts, there has been tremendous

progress in fabrication and measurement of light trapping devices and structures. In particular, schemes based on

ray optics have provided enhancement in optical absorption, e.g. collector mirrors [92], microprism substrates [93],

and V-folded configurations [94–96] but in these schemes absorption enhancement is not tailored to a desired

spectral range. Methods based on wave optics have shown greater promise for light control where optical spacer

designs [29,58] showcase the simplest technique in this class of methods. More complex diffraction grating [61,97,98]

and surface plasmon [99] designs have also been investigated that offer the possibility to enhance absorption in

a particular spectral range. Furthermore, the theoretical considerations of Chapter 2 for PC geometries suggest

that absorption enhancements are anticipated for P3HT:PCBM solar cells with 100 nm active layers. In spite

of this theoretical promise, there has been little progress in experimentally demonstrating PC effects in organic

solar cells. While there has been success in nanopatterning the photoactive layer, the primary intention has been

to provide an undulating surface for evaporating a metal diffraction grating [97,98,100] or to make an ordered BHJ

device [63]. In the case of the ordered BHJ device, the currently accessible length scale of the PC (hundreds of

nanometers) is not commensurate with the length scale for exciton migration to the donor/acceptor interface

(tens of nanometers).

In this chapter, two-dimensional periodic PC organic solar cells made from highly ordered arrays of colum-

nar features are presented. The PC is readily fabricated via Pattern Replication In Non-wetting Templates

(P.R.I.N.T.) [101], a materials-agnostic process that lends itself to large area replication of nanoscale features. As



proofs of concept, two BHJ donors, poly(3-(2-methyl-2-hexylcarboxylate) thiophene-co-thiophene) (TDPTD) and

P3HT, each paired with PCBM, are used to show that the fabrication method could be applied to any photoac-

tive polymer processed from solution. For TDPTD:PCBM a 3-fold absorption enhancements is demonstrated

near the band edge of this material system due to the PC geometry. Efficiency improvements of ∼70% result

not only from improved absorption, but also from intriguing electrical improvements where both the FF and Voc

are enhanced ∼10%. The PC structure is formed in a single P.R.I.N.T. step by nanopatterning the photoactive

BHJ blend, a relatively high refractive index material, into a hexagonal array of posts with 400 nm periodicity.

The BHJ then interfaces with a transparent, low refractive index form of nanocrystalline zinc oxide (nc-ZnO),

which provides enough optical contrast to enable PC behavior. For P3HT:PCBM, the role of optical interference

is presented and shown to be critical to optical absorption and lead to variations by as much as 90%. When

absorption is maximized for both PC and planar cells a 13% enhancement is possible, which is similar to the

theoretical investigations of Chapter 2. The success of PC and other light trapping techniques compared to planar

solar cells are also reviewed.

Most of the results and figures of this chapter have been modified from the following publications:

[102]J.R. Tumbleston, D.-H. Ko, R. Lopez, and E.T. Samulski, Characterizing enhanced performance of nanopat-

terned bulk heterojunction organic photovoltaics, Proc. SPIE 7047, 70470S (2008).

[103]D.-H. Ko, J.R. Tumbleston, L. Zhang, S. Williams, J.M. DeSimone, R. Lopez, and E.T. Samulski, Photonic
crystal geometry for organic solar cells, Nano Lett. 9, 2742 (2009).

[104]D.-H. Ko, J.R. Tumbleston, W. Schenck, R. Lopez, and E.T. Samulski, Photonic crystal geometry for

organic polymer:fullerene standard and inverted solar cells, J. Phys. Chem. C 115, 4247 (2011).

3.2 Photonic Crystal OPV Fabrication

3.2.1 Making Nanopatterns Using P.R.I.N.T.

The Patterning (or Particles) Replication in Nonwetting Templates (P.R.I.N.T.) method [101] has been used

to facilitate many applications in nanoscience including surface enhanced Raman spectroscopy [105], biomimicry

of red blood cells [106], and fabrication of periodic gratings of various materials [107]. This technique has been

proven to be effective in making structures on the order of microns [108] to smaller features on the order of tens

of nanometers [109]. Seeing as the wavelength of visible light falls within this regime, P.R.I.N.T. serves as an

exceptional technique to produce PC OPV devices.

Figure 3.1 shows nanopatterns of P3HT:PCBM with a variety of feature shapes including triangular, square,
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Figure 3.1: Scanning electron microscope (SEM) pictures for P3HT:PCBM replicas of PC nanopatterns using
P.R.I.N.T. to fabricate features having a range of geometries: (a) hexagonal, (b) square, (c) rectangular, (d) linear
grating, and (e) rows of columns. All patterns (a-e) are embossed into PEDOT:PSS on an ITO substrate (on
glass). SEM pictures show respectively cross section views (top) and oblique views (bottom) with corresponding
normal views (insets). All scale bars are 500 nm.
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rectangular, grating and columnar. Due to the scalability of P.R.I.N.T., these patterns can be readily made over

large areas (2.50 cm x 1.25 cm). Figure 3.2(a-e) demonstrates how these patterns are formed. A liquid 1 kDa

PFPE-DMA (α, ω-functionalized dimethacrylate) precursor solution containing 1 wt% 2,2-diethoxyacetophenone

(DEAP) is first poured over a nanopatterned silicon master template. The liquid precursor is then cross-linked

using UV light for 3 min under a nitrogen purge. This provides an elastomeric mold of the master template after

release from the nanostructured substrate. The mold is then placed on a spin-coated film of BHJ photoactive

blend where pressure and heat are applied for typically 30 min. A torque of 1.69 Nm on the embossing set-up

consistently yields a ∼40 nm flash layer that connects the array of features and was determined to be the optimal

thickness in Chapter 2.

Figure 3.2: (a) A dimethacrylated-funtionalized PFPE is prepared and poured over a nanopatterned silicon
master template. (b) The nanopatterned PFPE replica mold is generated by photochemically curing the PFPE.
(c) A P3HT:PCBM solution is spincoated on an ITO/PEDOT:PSS-coated glass substrate (d) This layer is then
patterned with the PFPE mold under pressure at 145 C for 30 min. (e) The PFPE replica is peeled off the
substrate to give highly ordered and regular nanopatterns over the specified substrate area. (f)Next, nc-ZnO
solution in methanol is spincoated on the nanopatterns, and (g) aluminum is thermally deposited as a cathode
to complete the device.

3.2.2 Making a Complete Device

Figure 3.2 shows the complete process of device fabrication. The nanopatterning process described above

is done on a glass substrate with ITO/PEDOT:PSS sequential layers. ITO-coated glass substrates are first

sonicated with acetone, isopropyl alcohol, and distilled water for 10 min each, and then dried overnight in an

oven (150 ◦C). The cleaned substrates are next treated with UV ozone for 20 min to make them more hydrophilic

(UVO Cleaner 42, Jelight Company Inc.). Then, PEDOT:PSS (Baytron PH 500) is filtered with a 0.45 µm

PVDF filter prior to spincoating on the ITO substrates with a target thickness of 40 nm. They are then dried

for 10 min at 140 ◦C on a hotplate. The sample is next moved into an inert gas (purified nitrogen) glove

box. Here, a solution of P3HT:PCBM is spincoated on the PEDOT:PSS prior to the P.R.I.N.T. procedure. For

TDPTD:PCBM devices, the flash and nanopatterned layers are formed separately: a solution containing TDPTD

(10 mg/mL) and PCBM (8 mg/mL) in chlorobenzene is filtered with a 0.45 µm PTFE filter and spincoated onto
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the PEDOT:PSS-coated substrate to form a 40 nm flash layer and thermally cured (200 ◦C for 15 min). The

thermal curing step deprotects the alternating poly(3-(2-methyl-2-hexylcarboxylate)thiophene-co-thiophene) to

yield alternating poly(3-carboxylatethiophene-co-thiophene) making the film insoluble in chlorobenzene. Next,

a more concentrated solution containing TDPTD (15 mg/mL) and PCBM (12 mg/mL) in chlorobenzene is

spincoated on the cured flash layer. The new layer is patterned by the P.R.I.N.T. method. A planar cell is

simultaneously fabricated by embossing the active layer with a flat PFPE mold. The patterning step is followed

by spincoating various concentrations of nc-ZnO in methanol to obtain a desired thickness of nc-ZnO film. Finally

the device is transferred into a vacuum chamber (2 x 10−6 mbar) and 110 nm of Al is deposited on defined cell

areas (12 mm2).

Figure 3.3: PC and planar solar cells using (a-d) TDPTD:PCBM and (e-g) P3HT:PCBM as the photoac-
tive material. (a,e) Schematic of planar control (top) and PC (bottom) cells. (b,f) Photograph of planar
cells (top) and iridescent PC cells (bottom) on the same device substrate. (c) SEM of hexagonal array of
TDPTD:PCBM columns prior to back-filling with nc-ZnO. (d) SEM of PC cell showing the hierarchical ar-
rangement of components (left without Al overcoat), right (from the top): Al/nc-ZnO/patterned and flash
TDPTD:PCBM/PEDOT:PSS/ITO/glass substrate. (g) SEM showing the cross sections of planar (top) and PC
cells (bottom) with P3HT:PCBM as the photoactive material.

Figure 3.3 shows a schematic, photograph, and SEM cross section of PC and planar control solar cells with

TDPTD:PCBM as the photoactive material, while Fig. 3.3(e-g) shows similar images with P3HT:PCBM. In both

cases, PC and planar cells are fabricated on the same device substrate, where PC cells can be easily distinguished

due to the bright iridescence from the nanopatterned layer. Simultaneously fabricating PC and planar cells on the
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Table 3.1: Thicknesses of nc-ZnO for PC and planar cells fabricated on five different device substrates using both
TDPTD:PCBM and P3HT:PCBM. Values of d2 that are less that the nanopattern height of 180 nm result in a
wavy aluminum electrode as shown in the lower panel of Fig. 3.3(g).
Device Number Planar (d1) PC (d2) PC (d3)

1 50 30 10
2 90 100 40
3 130 150 60
4 200 220 70
5 280 300 120

same substrate ensures that each contains an equivalent volume of photoactive material and undergoes identical

fabrication steps and thermal history. For the PC cells, the photoactive material constitutes both the planar

flash layer (40 nm) and the hexagonal array of columnar features that are 180 nm in height. Further discussion

regarding the choice of these dimensions will be discussed below.

Included in this thesis are results for a range of nc-ZnO thicknesses in order to optimize cell absorption for

both PC and planar cells. These are included in Table 3.1.

3.3 Electro-optical Performance

3.3.1 Optical Properties

As was shown in Chapter 2, there must be a significant refractive index contrast in order for the nanopat-

terned cells to exhibit enhanced optical performance. Figure 3.4 shows the refractive index contrast between

both photoactive materials, TDPTD:PCBM and P3HT:PCBM, and nc-ZnO. When combined with the 400 nm

hexagonal periodicity of the PC, optimal conditions are met for band edge absorption enhancements in these

photoactive materials.

Figure 3.4: Index of refraction (n) and extinction coefficient (k) for TDPTD:PCBM, P3HT:PCBM, and nc-ZnO
as measured via variable angle spectroscopic ellipsometry
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Optical properties are measured using variable angle spectroscopic ellipsometry with a J.A. Woollam Co,

Inc. V-VASE system. The complex refractive index of each material is measured individually on cleaned glass

substrates. The optical properties of other cell materials are given in Fig. 3.5. For transparent materials, such

as nc-ZnO and glass, a Cauchy model is used to obtain the index of refraction, while the general oscillator

model with either Gaussians or Lorentz oscillators is used for absorbing materials. It is important to note that

ITO, PEDOT:PSS, and Al have nonzero extinction coefficients and thus contribute to parasitic absorption losses.

Only Al was considered to be optically lossy in Chapter 2 due to the low extinction coefficients of ITO and

PEDOT:PSS. In this chapter, the loss for all three materials is considered. The extinction coefficient of glass is

not shown because it is zero in this wavelength range. All materials are assumed to be isotropic, and there is close

agreement with literature values [31]. It should be noted that anisotropy has been detected in device materials

like PEDOT:PSS [32] and P3HT:PCBM [110], but under normal incidence, the electromagnetic fields only interact

with measured in-plane optical properties.

Figure 3.5: (a) Index of refraction (n) and (b) extinction coefficient (k) for glass substrate, ITO, PEDOT:PSS,
and Al. The extinction coefficient of the glass substrate is zero in this wavelength range.

3.3.2 Enhanced Absorption and IPCE for TDPTD:PCBM Devices

Figure 3.6 shows the s-polarized zeroth order reflection measured at normal incidence for the PC and planar

cells with TDPTD:PCBM as the photoactive material. P-polarization is nearly identical at normal incidence and

is not shown. Due to negligible transmission and scattering, (the iridescence effects are only appreciable at large

incidence angles), the reflection (R) is an approximation to the absorption (A) given by A = 100−R. Due to the

90 nm active layer thickness of the planar cell, there is strong absorption in the visible range where the extinction

coefficient of TDPTD:PCBM is high. This corresponds to essentially equivalent absorption in this wavelength
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range for PC and planar cells. However, for wavelengths longer than 600 nm, there is much stronger absorption

in the PC cell as evidenced by the reduced reflection. For example, for device No. 2, the absorption is enhanced

3.5 times for the PC cell over the planar one for λ = 660 nm. However, the broad drop in reflection observed for

the PC cell for device No. 1 near λ = 800 nm is credited to absorption in the Al electrode that partially fills the

area between the TDPTD:PCBM posts during evaporation due to a thin nc-ZnO layer. This broad feature has

been reproduced in simulations and does not occur for the other devices where thicker nc-ZnO layers are used

that prevent significant filling of Al between the TDPTD:PCBM posts.

Figure 3.6: Normal incident device reflection and incident photon to current conversion efficiency (IPCE) for
TDPTD:PCBM device (a) No. 1, (b) No. 2, (c) No 4, and (d) No. 5.

Also shown in Fig. 3.6 is the incident photon to current efficiency (IPCE) for the PC and planar cells. IPCE

is measured in conjunction with device reflection in air using a 75W HS-190 monochromater by J.A. Woollam

Co., Inc and an optical chopper with lock-in amplifier. This is a custom set-up made for this thesis where

the measurement accuracy is described in the Appendix. Data are taken in both p- and s-polarizations with

p-polarization oriented along the 400 nm periodicity of the hexagonal photonic crystal (s-polarization rotated

90◦). No device degradation occurs over the maximum measurement time of 3 hrs. Interestingly, there is

an enhancement in IPCE for wavelengths where the PC cell is absorbing more strongly, but there is also an
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enhancement where they appear to have similar absorption in the visible range. A first step towards reconciling

this effect is with a more precise determination of the absorption. The above mentioned approximation of A =

100 - R is a measure of the total absorption where losses in all internal layers are included. Even though PC

and planar cells are fabricated on the same substrate and have equivalent volumes of all internal materials, the

PC structure alters the optical profile in each internal layer due to its modulated thickness relative to the planar

photoactive layer. This will cause changes in the optical field in layers that also absorb light but do not produce

photocurrent, such as ITO and PEDOT:PSS. Thus, simply comparing the measured reflection only offers a first

approximation to the photoactive absorption.

3.3.3 IQE Enhancement for TDPTD:PCBM Devices

The redistribution of optical losses may be individually quantified by fitting a solution to Maxwell’s equations

to the measured reflection data. Once this is achieved, absorption in each layer is determined by calculating the

change in the Poynting vector from interface to interface as is frequently done for planar devices [58,111]. Using

the scattering matrix optical model described in Chapter 2 along with the optical properties of the cell materials

from Figs. 3.4 and 3.5, the physical dimensions of the device are varied over a range close to measured SEM

values until an appropriate fit with the experimental data is obtained.

An important point to note is that optical coherence is lost in the relatively thick (1 mm) glass substrate,

so it cannot be included directly in the simulation method. Reflection from the thin film stack where light is

incident from a semi-infinite glass substrate is first calculated via the simulation method. The actual reflection

that is compared to measurement is then calculated from an equation that is a function of the thin film stack

reflection and the reflection coefficient from an air/glass interface. This procedure and subsequent equations are

frequently used for optically modeling planar organic photovoltaic cells and is described elsewhere [26].

These results are given in Fig. 3.7 for the PC and planar cells for device No. 3. Good agreement is obtained

between the theory and experiment for both polarizations at normal incidence. The model is then used to

calculate absorption in the TDPTD:PCBM blend that will yield photocurrent in the external circuit. Blend

absorption is plotted for both PC and planar cells for device No. 3 for s-polarization. This is a different device

with different nc-ZnO thicknesses from those presented in Fig. 3.6, but the tendency of enhanced absorption and

IPCE is qualitatively identical. There is still essentially equivalent photoactive absorption in the visible range

with an enhancement towards the band edge. Specifically, a 4.8-fold absorption enhancement is achieved at λ =

630 nm for the PC cell relative to the planar one. This contributes to an average tripling of absorption near the
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band edge (580 ≤ λ ≤ 750 nm).

Figure 3.7: (a) Experimental and simulated zeroth order reflection for PC and planar cells for TDPTD:PCBM
device No. 3 at normal incidence in both p- and s-polarization. The planar cell is equivalent in both polarizations.
(b) Calculated TDPTD:PCBM absorption, IQE, and IPCE under s-polarized illumination.

Applying the simulation method to the devices did yield an accurate measure of photoactive absorption, but

it did not explain the enhanced IPCE in the visible range where absorption is essentially equivalent between

PC and planar cells. By calculating absorption in TDPTD:PCBM (ABHJ ) and measuring IPCE, the internal

quantum efficiency (IQE) can be calculated by,

IPCE(λ) = IQE(λ)ABHJ (λ). (3.1)

The IQE is a measure of the electrical processes in the cells at short circuit and is given for PC and planar

device No. 3 in Fig. 3.7(b). Electrical processes include exciton dissociation at the BHJ donor/acceptor interface,

drift and diffusion of free charge carriers through the blend, and carrier collection at the electrodes. As shown in

Fig. 3.7, the IQE is enhanced in the visible spectral range, which indicates an electrical enhancement for the PC

cell. The root cause of this enhancement will be discussed in Chapter 4.

3.3.4 Observation of Resonant Modes

Up to now, PC performance enhancements have been described under normal light incidence. For non-

normal illumination, resonant mode splitting occurs and generates absorption enhancements that exhibit a rich
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photonic behavior. This is demonstrated in Fig. 3.8 for PC cells for TDPTD:PCBM device No. 3 where the

differences between p- and s-polarization can now be resolved in both reflection and IPCE measurements from

12◦ to 40◦. Under normal incidence, resonant mode degeneracy masks the actual number of modes excited in

the PC geometry as indicated in the reflection data of Fig. 3.6 and 3.7. On the other hand, under non-normal

conditions, three modes can be resolved in p-polarization with at least two modes in s-polarization near the band

edge of TDPTD:PCBM. Enhancements in both polarizations are possible, because the PC geometry is periodic

in both lateral dimensions. Arrows track the dispersion of the stronger modes along with the resulting IPCE

enhancement. The spectral location of the band edge of TDPTD:PCBM is also apparent near λ = 750 nm,

because the resonant modes as shown in reflection retain their shape even after they have red-shifted past the

wavelength where TDPTD:PCBM becomes transparent and produces no photocurrent. These long wavelength

excitations are possible because other strata in the cell such as PEDOT:PSS and ITO have non-zero extinction

coefficients and absorb in the near-IR. Optical simulations confirm that ITO and PEDOT:PSS absorb a significant

fraction of resonant mode energy for these incident angles even at wavelengths where photocurrent is produced.

This limits the observed photocurrent enhancement.

Figure 3.8: Angular dependent zeroth-order reflection and IPCE for PC cells for device No. 3; (a) p-polarized
reflection, (b) s-polarized reflection, (c) p-polarized IPCE, and (d) s-polarized IPCE. The arrows denote sharp
drops in reflection and corresponding increases in IPCE associated with resonant mode excitation.

This can be quantified with a complete picture of optical redistribution, including absorption in each layer

along with zeroth order reflection and non-zero diffractive order scattering. This is given in Fig. 3.9 for device

No. 3. The limited IPCE spikes associated with resonant modes under non-normal illumination is explained by
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the interception of a significant fraction of optical energy by ITO and PEDOT:PSS as can be seen in Fig. 3.9(b)

for the resonant mode centered at λ = 685 nm.

Figure 3.9: Optical redistribution for s-polarization at normal incidence for TDPTD:PCBM device No. 3. PC
cell at (a) normal incidence and (b) 15◦. (c) Planar device at normal incidence.

3.3.5 Efficiency Enhancement for TDPTD:PCBM PC Cells

In order to further investigate the electrical properties, device performance was evaluated in an inert atmo-

sphere (purified nitrogen) under standard AM 1.5 testing conditions. The mean values of the Jsc, Voc, FF, and

efficiency are summarized in Fig. 3.10 where comparisons are made between PC and planar cells fabricated on

the same substrate according to Table 3.1. An average enhancement of 10% is observed for Voc and 9% for FF for

the PC cells. On the other hand, the Jsc shows more variable enhancements due to changes in optical absorption

that result from optical interference. Overall, there is an average 68% efficiency enhancement for PC cells. The

improvement of the IQE, Voc, and FF for PC cells will be addressed in Chapter 4. It is possible that the PC gen-

erates a more favorable carrier creation profile in the device that results in shorter transport paths for electrons

and holes out of the BHJ blend (from Chapter 2). This may be facilitated by a 45% larger interface between
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TDPTD:PCBM and nc-ZnO for the PC cells. The PC structure may also alter the static internal electric field in

the photoactive region that could change the field-dependent dissociation of excitons at the TDPTD donor and

PCBM acceptor interfaces.

Figure 3.10: (a) Short circuit current (Jsc) and efficiency for PC and planar cells where comparisons are made
between cells fabricated on the same device substrate. (b) The corresponding values of open circuit voltage (Voc)
and fill factor (FF).

3.3.6 Resonant Modes and Efficiency of P3HT:PCBM PC Cells

Like TDPTD:PCBM solar cells, resonant modes are detected for PC cells with P3HT:PCBM as the photoactive

material. Figure 3.11 shows device reflection for s-polarized light under 15◦ incidence. The loss of reflection at

certain wavelengths is even apparent to the naked eye when comparing planar and PC cells fabricated on the

same substrate (insets of Fig. 3.11(a)). Furthermore, the presence of resonant modes is clear in Fig. 3.11(b) by

the blue- and red-shifts as the incident angle changes from 12◦ to 30◦. Even though the reduction in reflection

is significant, P3HT:PCBM becomes transparent around λ = 650 nm. Thus, any additional absorption due to

resonant mode excitation can only occur if they exist for wavelengths lower than the band-edge. Seeing as both

ITO and PEDOT:PSS are used in these devices, it is probable that a portion of resonant mode excitations are

absorbed in these materials.

In terms of optical redistribution at normal incidence, for the PC cell (Fig. 3.12(a)), absorption in P3HT:PCBM

is approximately equal between the thin 40 nm flash layer (42%) and 180 nm tall columns (58%), while Al and

ITO also contribute to absorption above 650 nm where P3HT:PCBM is transparent. Absorption in the pho-
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Figure 3.11: (a) Zeroth order reflection for PC and planar cells for s-polarized light at 15◦ incidence for PC and
planar cells with P3HT:PCBM as the photoactive material. The insets show camera image differences between
PC and planar cells, a coarse indicator of the differences in reflection. (b) Angular dependent reflection, which
shows the excitation of resonant modes in the device structure.

toactive layer is the only optical loss that leads to the creation of excitons; this is quantified by calculating the

total exciton generation rate. The latter is obtained by multiplying the fraction of absorption in P3HT:PCBM

from the optical redistribution by the AM 1.5 solar spectrum [88] and integrating over the wavelengths where

P3HT:PCBM is absorptive. This is then multiplied by the thickness of the photoactive layer, or in the case of

PC cells, a P3HT:PCBM film thickness with an equivalent volume of the flash and nanopatterned layers. This

calculation indicates that P3HT:PCBM absorption in the PC cell is about 50% higher relative to the planar cell

(PC cell: 6.38 x 1020 s−1m−2, planar cell: 4.15 x 1020 s−1m−2). A similar difference is noted in the current-

voltage measurement. Under 85 mW/cm2 illumination, the Jsc for PC cells (8.93 mA/cm2) is 40% higher than

the planar cell (6.36 mA/cm2), as shown in Figure 3.12(b). It should be noted that the observed efficiency for

the PC cell is 2.91% with Voc = of 0.61 V and FF = 46%.

Even though the PC cells have higher absorption and Jsc relative to the planar cell fabricated on the same

substrate, optical interference plays a major role in determining the absorption and the resulting Jsc for both PC

and planar cells. For instance, the thickness of the transparent, PC backfill material, nc-ZnO, affects absorption

making it important to explore a range of backfill thicknesses to ascertain the maximum absorption. Figure

3.12(d) shows the total exciton generation rate calculated with the optical model as a function of nc-ZnO flash

thickness (d3) and film thickness (d1) for PC and planar cells, respectively. For the PC cell, the nc-ZnO thickness

between the columns (d2) is fixed to the column height of 180 nm. The experimental data points (symbols in Fig.

3.12(d)) mark fabricated devices where simulated reflection spectra have been fitted to the measured reflection
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by varying physical dimensions. Using the best fit optical model, the total exciton generation rate is determined.

The calculations (curved lines) are performed using an ITO thickness of 150 nm and PEDOT:PSS thickness of

42 nm, which are derived from the average layer thicknesses for all devices. Absorption for both PC and planar

cells oscillates with nc-ZnO thickness where a 90% variation from maximum to minimum is noted for planar cells.

This is a critical point and supports the methodology of making devices with a range of nc-ZnO thicknesses,

because simply making one device could lead to simultaneous fabrication of maximum absorbing PC cells and

minimum absorbing planar cells (or vise versa) on the same device substrate. This is the case for the device

presented in Fig. 3.12(a-c). However, comparing the peak values of the total exciton generation rate for each cell

type suggests there is a 13% absorption enhancement for PC cells. This is consistent with the models of Chapter

2.

Figure 3.12: Optical redistributions at normal incidence for (a) planar and (c) PC cells under normal incidence
with P3HT:PCBM as the photoactive material. (b) Current density vs. voltage (J-V) behavior for PC and planar
cells where the PC cell shows higher absorption compared to the planar cell, which follows the prediction by the
optical model. (d) Total exciton generation rate as a function of nc-ZnO overlayer thickness (d3) and planar film
thickness (d1) for PC and planar cells, respectively. Symbols correspond to fabricated devices that lie along the
calculated curve for all nc-ZnO thicknesses between 0 and 300 nm.
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3.3.7 Patterning Lessens Impact of Optical Interference

Figure 3.13 shows the total exciton generation rate of PC cells for various flash layer thicknesses. The volume

of P3HT:PCBM is conserved for each case meaning that PC cells with thick flash layers have correspondingly

short nanopattern columnar features. While there is only slight variation in the maximum for each case, there

is a significant reduction in the amplitude of oscillation of the total exciton generation rate with varying nc-

ZnO thickness. This is an important point, because for the thinnest flash layer (10 nm), which has the tallest

nanopatterned columns, there is the smallest oscillation with nc-ZnO thickness. This occurs, because this cell has

the largest total thickness, where the optical field remains concentrated in P3HT:PCBM as the nc-ZnO thickness

is varied. The opposite is true for the planar cell that has the thinnest total thickness (90 nm) and correspondingly

largest oscillation in total exciton generation rate. The characteristic that the PC cell is able to stifle variations

in absorption due to optical interference is a positive trait to this type of device architecture.

Figure 3.13: Total exciton generation rates for variable flash layer thickness for PC cells. The cell with the
thinnest flash layer (i.e. thickest nanostructure layer) suffers the least from absorption fluctuations, while the cell
with the thickest flash layer (the planar control cell) has the greatest variation.

3.4 Patterning Efficiency: The Bottom Line

Thus far, absorption enhancements have been shown for PC cells relative to fabricated planar control cells.

In this section, the broader impact of patterning will be addressed in relation to literature device performance.

First, all comparable flat cells are contacted with a flat PFPE mold in order to ensure that flat and patterned

cells undergo the same processing conditions. When compared to planar cells that are not contacted with PFPE,
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Table 3.2: Comparison of performance parameters for PC and literature planar cells. The first set of P3HT:PCBM
devices with nc-ZnO are under 85 mW/cm2 illumination. Other notable light trapping and planar devices with
P3HT:PCBM as the active layer are shown at the bottom of the table.

Cell Configuration Jsc (mA/cm2) Voc (V) FF (%) PCE (%)
PC P3HT:PCBM pattern w/ nc-ZnO 8.93 0.61 46 2.91
Lit [29]: Planar P3HT:PCBM w/ TiOx 11.1 0.61 66 5.0
PC TDPTD:PCBM pattern w/ nc-ZnO 4.25 0.76 29 0.99
Lit [63]: Bilayer TDPTD:PCBM pattern 1.19 0.78 48 0.80

PC P3HT:PCBM pattern w/ nc-ZnO and CuPc 6.22 0.52 45 1.44
Lit [112]: Planar P3HT:PCBM w/ CuPc only 12.54 0.64 51 4.13
PC MDMO-PPV:PCBM pattern w/ nc-ZnO 1.6 0.83 43 0.57

Lit [113]: Planar MDMO-PPV:PCBM 5.25 0.82 61 2.5
PC TiO2 pattern w/ P3HT:PCBM and WO3 2.85 0.51 25 0.36

Lit [114]: Planar P3HT:PCBM w/ TiO2 and WO3 7.20 0.60 60 2.58

Lit [97]: Grating P3HT:PCBM using PDMS stamp 10.9 0.62 64 4.3
Lit [115]: Grating ITO filled with P3HT:PCBM 10.5 0.52 60 3.4

Lit [7]: Planar P3HT:PCBM 10.6 0.61 67 4.4

planar cells that are contacted have reduced performance. This was a general trend observed over the course of

this thesis and varied depending on the preparation conditions of PFPE and device materials. This was least

critical for TDPTD:PCBM devices. The reduction mainly occurred in the FF and could be due to contamination,

morphology changes while under contact, or induced nonuniformity while under pressure.

Solving this problem was attempted by patterning an oxide, such as TiO2, that could be thoroughly cleaned

prior to spincoating a BHJ blend on top of the nanopattern. Even so, poor overall device performance still

remained due to the thick TiO2 layer used for the nanopattern that resulted in very high serial resistance (see

Table 3.2).

Representatives of the highest performing PC cells with various device configurations fabricated during this

thesis are given in Table 3.2. Both device types discussed in detail above (P3HT:PCBM and TDPTD:PCBM

interfaced with nc-ZnO) are shown with the nc-ZnO thickness that gives the best performance (averaged over 4

PC cells). Other device configurations are also given that include different active and patterned materials. When

compared to planar device configurations in the literature that have similar device materials, only TDTPD:PCBM

has improved performance. In many ways it is not appropriate to compare PC cells with planar cells from other

groups, due to variations in measurement conditions, polymer polydispersity, preparation conditions (including

PFPE contact), and materials supplier. However, at the end of the day, the efficiency alone is critical and will

drive future research. Most notably, the highest performing P3HT:PCBM PC cells in this thesis have PCE ∼3%.

This is also the case for devices with gratings of P3HT:PCBM made by stamping with PDMS [97] and gratings

of ITO filled with P3HT:PCBM [115] explored by other groups. In both cases, the device efficiency is on par
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or worse than planar P3HT:PCBM devices that underwent solvent annealing and demonstrated PCE = 4.4%

back in 2005 [7]. During the course of this thesis, other device configurations not listed in Table 3.2 were also

made including patterned PEDOT:PSS (surfactant added that gave highly ordered patterns but also reduced Voc)

and patterned P3HT:PCBM filled with thick layers of WO3. Even in these cases PCE > 3% was not achieved.

However, relative to planar cells with PFPE contact, enhanced absorption was commonly noted along with the

excitation of resonant modes. In all cases, excellent, highly ordered nanopatterns of either active material or

sol-gel oxide were observed in SEM. In some cases enhancements in PCE followed. In the conclusion of these

thesis, future directions for light trapping and nanostructures will be addressed based on these results.

3.5 Conclusion

In summary, this chapter has reviewed the fabrication of BHJ organic solar cells with PC geometries. This

has been achieved using the materials-agnostic P.R.I.N.T. process where ordered arrays of submicron features can

be made in a single step. The PC structure boosts optical absorption relative to planar cells with PFPE contact.

Furthermore, it provides a method to target specifically desired regions of the solar spectrum for absorption

enhancements via a photonic structure that exhibits multiple resonances. This is demonstrated for two active

materials, TDPTD:PCBM and P3HT:PCBM. Most importantly, the optical model used in Chapter 2 to predict

absorption enhancements is confirmed in this Chapter and serves as a valuable tool for the design of future light

trapping structures.
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Chapter 4

Space Charge and Parasitic Resistances

4.1 Introduction

In Chapters 2 and 3 of this thesis, optical simulations, fabrication, and measurements are described for a new

type of organic solar cell architecture that involves a PC geometry. For these cells it is possible to enhance the

absorption of light without increasing the active layer thickness and thereby circumvent the thickness tradeoff

described in Chapter 1.

Up to now, the focus of this thesis has been on optical performance. However, for the active material

TDPTD:PCBM, enhanced IQE, FF, and Voc were observed for PC cells. Optical performance alone is not

adequate to explain these results, so a more thorough description of the electrical properties of BHJ solar cells is

required.

The underlying intricacy of device operation as described in Chapter 1 has lead to the use of multiple models

to predict the current density vs. voltage (J-V) behavior under different operation conditions. For example,

drift/diffusion formalisms have been proposed [65] and used extensively [19,55,59] to describe charge transfer (CT)

state dissociation and free carrier transport, two of the electrical processes outlined in Chapter 1. On the other

hand, the equivalent circuit model [116], is commonly applied in part due to its relative ease of implementa-

tion [53,67,117].

In this chapter, the drift/diffusion model is introduced and applied to device operation of PC cells. When

combined with the optical model, a complete electro-optical description of BHJ solar cells is achieved. A 1-D

periodic PC cell with MDMO-PPV:PCBM as the active material is modeled as a case study. Even though

absorption enhancements are predicted, the final Jsc is lower for the PC cell when compared to a comparable

planar cell. This is due to bimolecular recombination in the nanopatterned posts due to the weak electric field.



Given this result, the effect of the boundary conditions on predicted device performance are thoroughly explored.

Ultimately, it is found that the PC geometry is not predicted to enhance efficiency due to space-charge build-up.

As predicted from the electro-optical model, space-charge build-up leading to high levels of bimolecular recom-

bination can be tested by measuring the light intensity dependence of the photocurrent as described in Chapter

1. In the process of conducting these experiments, it is found that high levels of series resistance (Rsr) can

affect light intensity measurements in the same way as significant bimolecular recombination. This leads to a

complete study of parasitic resistances, both series (Rsr) and shunt (Rsh), and how these resistances influence

light intensity measurements. This is done for two donor materials, P3HT and MDMO-PPV, both combined

with PCBM, where results are compared with the equivalent circuit model. Finally, the chapter is ended with an

example system where Rsr is dominate, inverted BHJ devices with TiOx as an electron transport layer.

Most of the results and figures of this chapter have been modified from the following publications:

[33]D.-H. Ko, J.R. Tumbleston, M.-R. Ok, H. Chun, R. Lopez, and E.T. Samulski, Suppression of bimolecular

recombination by UV-sensitive electron transport layers in organic solar cells, J. Appl. Phys. 108, 083101 (2010).

[118]J.R. Tumbleston, D.-H. Ko, E.T. Samulski, and R. Lopez, Nonideal parasitic resistance effects in bulk

heterojunction organic solar cells, J. Appl. Phys. 108, 084514 (2010).

[119]J.R. Tumbleston, D.-H. Ko, R. Lopez, and E.T. Samulski, Electro-optical model of photonic crystal bulk

heterojunction organic solar cells, AIP Conf. Proc. 1280, 121 (2010).

4.2 Drift/Diffusion Model

The drift/diffusion model includes a solution to Poisson’s and the current continuity equations whereby

negatively-charge electrons (n) and positively-charge holes (p) move via drift and diffusion towards their respec-

tive electrodes. Before carrier collection, photogenerated carriers have some probability of dissociation in the

internal electric field (PCT ) as dictated by Onsager-Braun theory [46] and must escape Langevin-type bimolecular

recombination (Bphoto) during transit [120].

The continutiy equations for electrons and holes are as follows,

−
1

q
~∇ · ~Jn = PCTG− (1− PCT )Bphoto (4.1)

1

q
~∇ · ~Jp = PCTG− (1− PCT )Bphoto (4.2)

where the right hand side is the net generation rate, U , of free carriers. Next, the current equations include drift
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and diffusion of these charges,

~Jn = −qnµn
~∇V + µnkT ~∇n (4.3)

~Jp = −qpµp
~∇V − µpkT ~∇p (4.4)

Finally, Poisson’s equation accouts for the modification of the potential due to space charge,

ǫ ~∇2V = q (p− n) (4.5)

These equations are solved in COMSOL Multiphysics using ohmic boundary conditions [65]. For planar BHJ

active layers the system is solved in one dimension along the height or z-direction of the active layer. This is

a reasonable approximation given that lateral dimensions (x- and y-directions) are on the order of millimeters,

while the thickness is roughly 100 nm. Another approximation of this model is that all photoexcited excitons

reach the donor/acceptor interface and dissociate into bound CT states, which assumes an ideal morphology. In

the Appendix, it is shown that the simulation in COMSOL Multiphysics gives the same result as is found in

literature and is an accurate method to solve this system of equations.

After its proposal in 2005 by Koster et al. [65], there has been widespread use of this model to describe the light

intensity dependence of Jsc
[121] and Voc

[122], the effect of cathode work function [52], the influence of annealing

on P3HT:PCBM device performance [68], and the affect of weight percentage of PCBM in MDMO-PPV:PCBM

solar cells [71]. Along with polymer/fullerene BHJ devices, the model has also been applied to polymer/polymer

blends [123] and polymer/oxide blends [124]. These results are summarized in the review by Blom et al. [19] where

the model has been used to predict the maximum efficiency of BHJ devices [13]. In spite of this widespread use,

the accuracy of both PCT
[125,126] and Bphoto

[127,128] in an effective medium formalism are still under intense

debate [59,129]. This will be discussed in the conclusion of this thesis, and is in part due to the assumption of a

perfect morphology and the observed reduced strength of Langevin bimolecular recombination for P3HT:PCBM

solar cells.

4.3 Electro-optical Model of PC Solar Cells

While the model is well-cited for BHJ solar cells with planar photoactive layers, there is a need to model

the electrical performance of devices with nonplanar geometries. Along with the PC solar cells presented in
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Chapters 2 and 3, there are other organic device designs where the sub-micron periodicity of the photoactive

layer along the lateral directions could affect electrical performance [97,130]. This requires two- or three-dimensional

solutions to the drift/diffusion model with appropriate boundary conditions. When combined with the optical

model of Chapter 2, a complete electro-optical model of device performance would be obtained for PC and other

nanopatterned solar cells.

Here, two-dimensional (2-D) electro-optical simulations of the operation of BHJ organic solar cells with PC

photoactive layers are presented. The model is applied to the test case of a one-dimensional (1-D) periodic

PC device and a conventional planar control cell with MDMO-PPV:PCBM as the photoactive BHJ material.

Enhancements of 16% in the optical performance for the PC device relative to the planar cell are observed.

On the other hand, the electrical model predicts that the PC geometry alters the internal electric field in the

photoactive region to decrease the electrical performance.

4.3.1 Test Case: 1-D Periodic MDMO-PPV:PCBM PC Solar Cells

Figure 4.1 shows a schematic of the model PC and planar solar cells. Both are constructed on glass substrates

followed by anode contacts of 178 nm of ITO and 50 nm of PEDOT:PSS. The photoactive material, MDMO-

PPV:PCBM, forms a nanostructured matrix for nc-ZnO in the PC device. The contrast of the index of refraction

between MDMO-PPV:PCBM and nc-ZnO forms a PC photoactive layer. For the planar device, nc-ZnO acts as

an optical spacer as shown in Chapters 2 and 3. Finally, aluminum is used as the cathode.

Figure 4.1: Schematic of (a) conventional planar and (b) PC solar cells. Device (b) is classified as a PC device due
to the index of refraction contrast between MDMO-PPV:PCBM and nc-ZnO along with the 400 nm periodicity
of the nanopattern in the x-direction.

As for the choice of physical dimensions, it was shown in Chapter 2 for P3HT:PCBM that a nanopatterned
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PC layer thickness of ∼210 nm with 400 nm periodicity is optimal for maximized absorption enhancements for a

1-D periodic PC device. Even though a different BHJ is used here, these dimensions are incorporated due to the

similarity between the optical properties of P3HT:PCBM and MDMO-PPV:PCBM. Furthermore, a thin flash

layer of 40 nm is used as it is the common thickness obtained from the P.R.I.N.T. process. The film thickness of

nc-ZnO for the planar device and nc-ZnO flash thickness for the PC cell is determined by varying both thicknesses

to maximize MDMO-PPV:PCBM absorption as previously described in Chapter 2. Coincidentally, both values

are 10 nm. For the planar device, the photoactive layer thickness is set to have an equivalent volume as the PC cell.

This equates to 92.5 nm. As usual, the optical properties of all cell materials are measured using spectroscopic

ellipsometry and closely match those from Chapter 3 and literature [31]. In terms of electrical properties, all

standard parameters for MDMO-PPV:PCBM (e.g. electron and hole mobilities, dielectric constant, etc.) are

used [65].

Figure 4.2: Cross sections of (a) PC and (b) planar devices used in the 2-D electrical model. Boundary conditions
are labeled where the mesh of ∼23,000 finite elements is shown. Periodic boundary conditions are applied on the
left and right vertical boundaries of each device at x = 0 and x = 400 nm.

Finally, the boundary conditions play an important role in the electrical performance. As with aluminum,

the conduction band of nc-ZnO aligns closely with the LUMO level of PCBM, so ohmic contacts are assumed.

Figure 4.2 shows the 2-D domain of the PC and planar cells where the anode and cathode boundary conditions

are labeled, BCanode and BCcathode, respectively. Both domains represent device cross sections of MDMO-

PPV:PCBM where periodic boundary conditions are applied at x = 0 and x = 400 nm to simulate one period

of the PC geometry. For the planar device, the boundary conditions are applied as for the 1-D planar solution

except over a line boundary instead of a point. For the PC device, the anode boundary condition is applied as

in the 2-D planar case, but the cathode boundary condition is applied for all five MDMO-PPV:PCBM/nc-ZnO

interfaces. An alternative method would be to include the nc-ZnO in the simulation and have parallel boundary
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conditions. This impact of this will be discussed in a later section. As shown in Fig. 4.2, a high resolution finite

element mesh is used for both PC and planar devices where a finer mesh is incorporated at the cathode and

anode boundaries where the solutions change rapidly. Overall, ∼23,000 elements are used for the PC and planar

devices resulting in a problem with ∼150,000 degrees of freedom when the equation set is solved simultaneously.

4.3.2 Improved Absorption but Reduced Performance

First, the redistribution of incident light in both cells are calculated using the optical model. The fraction

of light absorbed by MDMO-PPV:PCBM is then weighted against the AM 1.5 solar spectrum [88] to calculate

G and input into Eqns. 4.1 and 4.2 to link the optical and electrical models. An average value for G is used

where Gflash represents the flash layer and GNS represents the nanostructured PC layer with 210 nm thickness.

For the planar cell, Gplanar is a constant in the photoactive layer. A comparison between using the average or

spatially-dependent G will be discussed in Chapter 5.

Applying the optical model to the PC and planar devices described above results in absorption enhancements

in MDMO-PPV:PCBM for the PC cell relative to the planar device. The optical redistribution of incident light

is shown in Fig. 4.3 for s- and p-polarizations at normal incidence. When weighted against the AM 1.5 solar

spectrum the exciton generation rate for the planar cell is Gplanar = 2.85 × 1027 1/m3s. The rate for the PC

device is computed separately for the flash and nanostructured layers where Gflash = 3.00 × 1027 1/m3s and

GNS = 3.53×1027 1/m3s. These result in 5% and 24% enhancements for the flash and PC layers when compared

to the planar cell, respectively. When averaged by a weight proportional to their volume, an overall 16% absorption

enhancement is achieved. This is similar to enhancements noted for P3HT:PCBM and TDPTD:PCBM solar cells

from Chapters 2 and 3.

Figure 4.3 also demonstrates the striking difference in optical redistribution for the PC cell for s- and p-

polarization. S-polarization has an electric field oriented in the x-direction, while p-polarization is oriented in the

y-direction. The exciton generation rates given above are an average of both polarizations. Quantitatively, GNS

for s-polarization is 49% larger than for p-polarization, while Gflash is essentially equal. Part of the improved

absorption comes in the form of resonant mode excitation that occurs for s-polarization. One mode located near

λ = 590 nm, provides absorption enhancement in MDMO-PPV:PCBM, while one located near λ = 665 nm is

more highly concentrated in the ITO layer.

It is also evident from Fig. 4.3 that the primary limiting factor in optical performance is not absorption from

non-photoactive layers like ITO and PEDOT:PSS, but from reflection. Especially for the planar device, a large
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Figure 4.3: Optical redistribution of incident light for PC cell in (a) s-polarization and (b) p-polarization at
normal incidence. (c) Optical redistribution for the planar cell at normal incidence in both polarizations.
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fraction of incident light is reflected even in the visible range where MDMO-PPV:PCBM strongly absorbs. This is

partially due to the 92.5 nm thickness of the photoactive layer. The extinction coefficient of MDMO-PPV:PCBM

is also lower than that of other polymer:fullerene BHJ blends like P3HT:PCBM.

Figure 4.4: Logarithm of internal electric field at short-circuit for (a) PC and (b) planar cells. The electric field
is enhanced for the PC geometry in the flash layer but reduced in the nanostructured layer.

Even though the reduced volume of MDMO-PPV:PCBM limits the optical performance for both PC and

planar cells studied here, a reduced photoactive thickness for planar cells has been shown to be beneficial to the

electrical performance [31]. The thickness dictates the strength of the internal electric field, which drives both PCT

and carrier collection. Due to intrinsic physical properties of MDMO-PPV:PCBM, PCT = 61% at short-circuit

for a photoactive thickness of 120 nm and steadily increases for thinner layers [31]. In terms of carrier collection,

for planar cells with thicknesses around 100 nm, almost all carriers reach the contacts to produce photocurrent

at short-circuit.

Figure 4.4 shows the logarithm of the internal electric field at short-circuit for the PC and planar cells. For the

planar cell, the field is essentially constant throughout the photoactive layer except near the anode and cathode

boundaries. Here it is stronger due to the build-up of space charge in the form of holes near the anode and

electrons near the cathode. For the PC cell, the field varies significantly throughout the photoactive region. On

average, it is observed to be over two times stronger in the flash layer compared to the planar device but less

than half as strong in the nanostructured layer. Furthermore, the field reaches it lowest value in the middle of

the nanostructure. Due to the dependence of the internal field on PCT and carrier collection, the PC geometry

is predicted to have a significant influence on the extracted photocurrent.

The exciton dissociation probability is shown for both PC and planar cells at short-circuit in Fig. 4.5. The

planar cell behaves as expected where an average value of P = 64% is obtained [31]. As with the internal field,

PCT increases near the anode and cathode boundaries and is essentially constant throughout the bulk. For the
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Figure 4.5: Exciton dissociation probability, PCT , for (a) PC and (b) planar cells. PCT is enhanced in the flash
layer but reduced in the nanostructured layer relative to the planar cell.

PC cell, the variation in the field for the flash and nanostructured layers yields average values of Pflash = 76%

and PNS = 50%. An average value of P = 61% for the PC cell signifies a slight reduction compared to the planar

cell. Furthermore, the nanostructured layer of the PC cell has a larger G than the flash layer, which happens to

be the region with weaker PCT .

Figure 4.6 shows the other electrical process dependent on the internal field, the bimolecular recombination

rate (Bphoto in Eqns. 4.1 and 4.2). This rate describes the loss of free charge carriers due to recombination. For

the planar cell, there is minimal recombination throughout the photoactive layer. Near the cathode boundary,

there is a slight increase due to the order of magnitude difference in electron and hole mobility for MDMO-

PPV:PCBM, but this does not lead to significant recombination. On average, only 5% of free charge carriers

undergo bimolecular recombination for the planar device. On the other hand, for the PC cell, there are large

differences in the recombination rates for the two layers. In the flash layer, only 2% of free carriers recombine,

while a massive 71% recombine in the nanostructured layer. On average, this equates to an 8.4-fold increase in

recombination compared to the planar cell.

The culminating calculation from the electro-optical model is Jsc. This is a measure of the combined electrical

and optical performance. Even with the enhanced absorption of the PC cell, Jsc = 17.9 A/m2 while for the planar

cell Jsc = 25.2 A/m2. Due to near equal levels of PCT for the PC and planar cells, the reduction in Jsc can be

attributed to the signification bimolecular recombination rate for the PC device that occurs in the nanostructured

layer.
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Figure 4.6: Bimolecular recombination rate, Bphoto in units of
(

1/m3s
)

, for (a) PC and (b) planar cells. Very
low bimolecular recombination occurs in the flash layer of the PC cell and the entire planar cell. Due to the weak
internal electric field in the nanostructured layer of the PC cell, strong recombination occurs.

4.3.3 Bondary Conditions Play a Big Role in Device Performance

Given the improvement in light absorption, it is interesting that there is reduced performance for the PC cell

from above in terms of Jsc. In the example above, this is due to the reduce electric field inside the post that

significantly strengthens bimolecular recombination losses. However, this model does not explicitly include the

electron transport layer (nc-ZnO) in the drift/diffusion model. This can be done by simply interfacing the ETL

next to the BHJ nanopattern and choosing reasonable values for the dielectric constant and electron mobility

of the ETL. Also, no free carriers are created in this material, so G is assumed to be zero. The same ohmic

boundary conditions can be applied to the flat anode side of the BHJ and flat cathode side of the ETL. This

is shown in Fig. 4.7 along with the boundary conditions where the ETL is disregarded as used in the previous

section.

Figure 4.7 demonstrates the influence of the boundary conditions on the internal field for a P3HT:PCBM

BHJ with an equivalent volume of P3HT:PCBM as a 100 nm thick planar cell. The relative dielectric constant

of the ETL is taken to be 10.2, G is taken as constant throughout the BHJ where all cases have equal values,

and µn,p match those for P3HT:PCBM. It is not shown here, but the critical parameter that influences device

performance for a model that includes the ETL is µn. The value used here (µn = 2.0 x 10−7 m2/Vs) is suitable to

have minimal influence on the J-V curve for a planar cell when the ETL is included in the model. Likewise, this

value is close to that measured for another ETL, TiOx
[29], where the ETL does not reduce electrical performance

compared to a planar cell without an ETL [58,104].

Figure 4.7 shows that depending on the mobility of electrons and holes and whether or not the ETL is included

has a significant influence on the internal field and build-up of space charge. For example, Fig. 4.7(c) shows the
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Figure 4.7: Schematics of (a) PC cell without ETL and (b) PC cell with ETL where the finite element mesh is
shown. Parameters for P3HT:PCBM are used. Please note the different boundary conditions for each. (c-f) Log
of electric field at short-circuit for each structure using (c,d) µn = 20µp and (e,f) µn = 1

20µp. Depending on the
mobility, space charge is apparent for the slower carrier, especially for (c). Arrows in (c-f) indicate the negative
direction of the electric field, or the direction of electron transport. Depending on the boundary conditions
applied, the field lines are either curved for (c,e) or almost vertical for (d,f).

58



model without an ETL where µn = 20µh. Because the holes need to travel a longer distance than the electrons

to escape the BHJ and they have a much lower mobility, there is a build-up of space charge and weakening in

the internal field. Figure 4.8 shows that this has a profound influence on device performance where the efficiency

is reduced for this case. On the other hand, if µn = 1
20µh, the holes are swifter than the electrons and are able

to cover their longer transport path set-up by the geometry of the nanopattern. In terms of device performance,

this case performs as well as that of the planar cell. When the ETL is included, the same effects occur, just on a

smaller scale. When using an ETL, it is better to have µn < µp. For a hole transporting layer, the opposite would

be true. Furthermore, the field lines are essentially vertical when the ETL is included (Fig. 4.7(d,e)) whereas

they have tremendous curvature when the ETL is not included.

Figure 4.8: Simulated device performance of P3HT:PCBM devices (a) with and (b) without an electron trans-
porting layer as shown in Fig. 4.7. In all cases, PC cell performance is comparable to or worse that planar
cell performance. Light absorption is equal for all cases showing only the effect of the geometry on electrical
performance.

It is observed that the application of boundary conditions in the model has a strong influence on device

performance. Whichever is the correct application, it should be noted from Fig. 4.8 that the PC cell, regardless

of mobility values or decision to include the ETL, does not outperform the planar cell. For the case of µn < µp, the

PC cells are comparable to the planar cells. However, BHJ systems like P3HT:PCBM and MDMO-PPV:PCBM

have µn > µp, which indicates that a hole instead of electron transporting layer would be better for device

performance. None of the fabrication attempts presented in this thesis match this requirement. Likewise, the

improved electrical performance for TDPTD:PCBM solar cells remains puzzling. Based on these results, exciton

dissociation and charge transport do not appear as likely candidates to explain the observed improvements.
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4.4 Affect of Parasitic Resistances

In order to determine if the levels of space-charge predicted in the PC models above are accurate, light intensity

measurements of PC cells need to be done. As described in Chapter 1, a linear scaling of the photocurrent

with light intensity would signify low levels of recombination and challenge the models presented above. Along

with space charge build-up that leads to bimolecular recombination [68,131], light intensity measurements are also

commonly related to other physical mechanisms like CT state dissociation [122] and charge trapping effects [123].

Therefore, it is a powerful technique to study the efficiency of underlying physical processes in BHJ solar cells.

However, it is not widely recognized that non-ideal parasitic resistances can also affect the scaling of the

photocurrent with light intensity. In this section, the influence of parasitic resistances is fully explored. Handling

Rsr and Rsh is also compared between both drift/diffusion and equivalent circuit models, which is significantly

different. While Rsr and Rsh are clearly defined parameters in the equivalent circuit model, they are assumed

to be ideal in drift/diffusion approaches. In other words, Rsr is near zero, while Rsh approaches infinity. Since

drift/diffusion models capture more of the fundamental physics of BHJ solar cells, it is imperative to systematically

explore the impact of relaxing these conditions. Given that different photoactive materials have different intrinsic

properties, it is important to determine the influence of non-ideal parasitic resistances for different BHJ solar

cells.

Furthermore, even though there is widespread use of each type of model to explain OPV operation, there has

been little work to determine relationships between the way each describes the same physical process. For example,

it is widely believed that CT state dissociation is a critical process in photocurrent generation for BHJ solar cells,

regardless of donor and acceptor material. [131] The signature of this process in the standard J-V measurement is

a photocurrent that increases under reverse bias and eventually saturates. [47] In the equivalent circuit model, a

non-ideal Rsh fits this trend around short-circuit, [14,132] while an electric field dependent probability of CT state

dissociation (PCT ) from Onsager-Braun theory [46] is utilized in the drift/diffusion approach. [65] Up to now, no

relationship has been posited between these two descriptions. A turn is taken away from studying PC cells for the

remainder of this chapter in order to fully understand the interplay between light intensity, parasitic resistances,

and fundamental recombination processes.
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4.4.1 Comparing Equivalent Circuit and Drift/Diffusion Models

Frequently, explanations for device Jsc, Voc, and FF are linked to altered Rsr and Rsh. For example, inserting

electron and/or hole transporting layers between the photoactive layer and electrodes can increase power conver-

sion efficiency (PCE) where a reduction in Rsr is commonly cited. [114,133,134] Likewise, a low Rsh has been used

to explain pinhole shorting through the photoactive layer. [7,132] These explanations are conveniently tied to the

equivalent circuit model where Rsr and Rsh are included in a simple mathematical framework. Even though more

complicated multiple diode [135] and mobility-dependent models [136] have been utilized, the most basic equivalent

circuit model for BHJ solar cells [53] was developed for inorganic devices: [116]

J = J0

[

exp

(

q (Vapp − JRsr)

ndkBT

)

− 1

]

+
Vapp − JRsr

Rsh

− Jphoto (4.6)

where J is the measured current density, J0 is the reverse saturation current density, q is the elementary charge,

nd is the diode ideality factor, kB is Boltzmann’s constant, T is the temperature, Vapp is the applied voltage, and

Jphoto is the voltage-independent photogenerated current density.

While this model simply incorporates devices resistances, it does not elucidate the underlying physics of

photocurrent generation, e.g., CT state dissociation and free carrier transport. As described above, these processes

are explicit terms in the drift/diffusion model.

In order to demonstrate the impact of non-ideal resistances for different BHJ systems, Rsr is first addressed.

As opposed to non-ideal Rsh, Rsr has a greater influence on device performance under light intensities approaching

1 Sun as will be discussed below. For this reason, Rsr is more commonly employed as an explanation for poor

device performance. In the equivalent circuit model, an increase in Rsr essentially reduces the potential difference

across the device. This reduction can be incorporated into the drift/diffusion framework by adding a term to the

voltage boundary conditions applied at the anode and cathode ends of the photoactive layer:

Vanode − Vcathode = Vgap − (Vapp − JRsr) (4.7)

where Vgap is the built-in voltage set by the energy levels of the donor/acceptor system, Vapp is the applied

voltage, and J is the extracted current density dependent on Vapp. This modification to the boundary conditions

insures that Voc will be independent of Rsr as is the case for the equivalent circuit model. [53] At open-circuit,

J = 0, so there is no modification to the boundary condition at this voltage.
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4.4.2 Experimental Details

In order to control Rsr, a variable external resistance load, RsrE , was connected in series with the BHJ

devices and adjusted from 0 Ω to 1x104 Ω as shown in Fig. 4.9(a). Current measurements were then performed

under variable applied bias and light intensity. The two BHJ active materials chosen herein, MDMO-PPV:PCBM

and P3HT:PCBM, were selected based on their different field dependencies of PCT .
[68] In the Braun-Onsager

approach, PCT is dependent on the internal electric field as shown in Fig. 4.9(b). Two parameters that control

the field dependence of PCT , both the electron/hole pair separation distance (a) and decay rate (kf ) were fit to

match the measured current under illumination (Jlight). The field dependence of PCT qualitatively matches that

reported for P3HT:PCBM (weak field dependence) [68] and MDMO-PPV:PCBM (strong field dependence) [65]. All

model parameters are listed in Table 4.1 including the method of determination (i.e. independently measured,

fit to Jlight, or taken from literature). It should be noted that the exciton generation rate (G) and active layer

thickness (t) were measured independently by applying an optical model to the measured device reflection using

optical properties determined from spectroscopic ellipsometry (see Chapter 3). Finally, in the comparison between

the equivalent circuit and drift/diffusion models, parameters for the equivalent circuit model were required for

MDMO-PPV:PCBM devices and are given at the bottom of Table 4.1.

Figure 4.9: (a) Schematic of experimental setup where a variable external resistor (RsrE) is connected in series
with BHJ devices. (b) Dissociation probability of CT state (PCT ) for both P3HT:PCBM and MDMO-PPV:PCBM
from Onsager-Braun theory. Squares represent PCT under short-circuit conditions for Rsr → 0 Ω cm2.

Devices were prepared by first sonicating ITO-coated (140 nm) glass substrates in acetone, isopropyl alcohol,

and distilled water for 10 min each and then dried in an oven overnight (150 ◦C). Next, the cleaned substrates

were treated with UV ozone for 20 min (UVO Cleaner 42, Jelight Company Inc.). A solution of PEDOT:PSS

(Baytron PH500) was then spincoated (40 nm) and annealed in air at 140 ◦C for 10 min. The samples where then
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Table 4.1: Parameters used for drift/diffusion (top section) and equivalent circuit (bottom section) modeling of
devices with P3HT:PCBM and MDMO-PPV:PCBM as the photoactive layer.

Parameter Symbol [unit] P3HT:PCBM MDMO-PPV:PCBM Method

electron mobility µn [m2V−1s−1] 2.0x10−7 2.5x10−7 Lit. [13,65]

hole mobility µp [m2V−1s−1] 1.5x10−8 3.0x10−8 Lit. [13,65]

exciton generation rate G [m−3s−1] 7.3x1027 3.9x1027 measured
built-in voltage Vgap [V] 0.90 1.24 fit

active layer thickness t [m] 1.0x10−7 9.0x10−8 measured
e/h pair separation distance a [m] 1.8x10−9 3.2x10−9 fit

e/h pair decay rate kf [s−1] 2.0x104 1.3x108 fit
dielectric constant ǫ [C2N−1m−2] 3.0x10−11 3.0x10−11 Lit. [13,65]

temperature T [K] 300 300 measured
density of states N0 [m3] 2.5x1025 2.5x1025 Lit. [65]

diode ideality factor nd [unitless] n/a 2.0 Lit. [137]

reverse saturation current J0 [Am−2] n/a 1.0x10−5 fit

moved to an inert gas (purified nitrogen) glovebox where a solution of either P3HT (15 mg mL−1) and PCBM

(12 mg mL−1) or MDMO-PPV (4 mg mL−1) and PCBM (16 mg mL−1) in chlorobenzene was spincoated on the

ITO/PEDOT:PSS coated substrates. Finally, the devices were transferred to a vacuum chamber (2 x 10−6 torr)

where 90 nm Al was deposited on defined cell areas (12 mm2). P3HT:PCBM devices were annealed at 150 ◦C

for 30 min in the glovebox prior to characterization.

4.4.3 Influence of Non-ideal Rsr

Figure 4.10 shows the modeled and experimental J-V characteristics under AM 1.5 illumination for devices

with P3HT:PCBM and MDMO-PPV:PCBM as the photoactive layer with varying Rsr. Here, Rsr is determined

by taking the inverse slope of the experimental data roughly 0.2 V higher in bias than open-circuit. These values

are then used in the modified boundary condition of the drift/diffusion model to simulate the J-V curves. While

there is slight overestimation in taking the slope at these voltages compared to higher ones near 2 V [7], it is

more accurate than the common approach of taking the slope at open-circuit, [114] and protects against device

breakdown during repeated measurements. From this figure, it is clear that the modification to the voltage

boundary condition is an appropriate way to model Rsr in the drift/diffusion formalism. Not only does Voc

remain constant, but changes in Rsr closely match those of the known external resistor, RsrE .

Figure 4.11 shows Jsc, FF, and PCE as functions of Rsr for both P3HT:PCBM and MDMO-PPV:PCBM

devices. As Rsr increases, there are cross-over points for all three measures of performance where MDMO-

PPV:PCBM devices outperform P3HT:PCBM solar cells. Furthermore, the Jsc is less affected than the FF

under increasing Rsr for both device types. While this is a well known result for the equivalent circuit model, [53]

it is not expected that there would be such striking differences between BHJ solar cells with different photoactive
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Figure 4.10: Experimental and modeled J-V curves for (a) P3HT:PCBM and (b) MDMO-PPV:PCBM as the
photoactive layer with different Rsr. Arrows indicate increasing Rsr. Models are derived from the drift/diffusion
approach using the electric field dependent probability of CT state dissociation (PCT ) of Fig. 4.9(b).

layers. In particular, the FF of MDMO-PPV:PCBM devices is less sensitive to Rsr: it exhibits a more gradual

decline with increasing Rsr. Likewise, the FF for P3HT:PCBM devices begins to drop almost immediately

compared to behavior with MDMO-PPV:PCBM and reaches the minimum of 25% at a much lower Rsr value.

These observations are attributed to the combination of differing field dependencies of PCT (see Fig. 4.9(b))

and light absorption. First, for ideal Rsr, a weak PCT field dependence is desired, so that the photocurrent,

which is proportional to PCT , will remain high at the maximum power point and yield a high FF. However, as

Rsr increases away from ideality, a strong field dependence, as is the case for MDMO-PPV:PCBM, causes the

photocurrent to drop at both short-circuit and maximum power point. This results in a FF that is less sensitive

to Rsr. Further insight is gained by simulating a fictitious MDMO-PPV:PCBM solar cell where PCT is replaced

with that for P3HT:PCBM. Compared to actual MDMO-PPV:PCBM devices, the weaker PCT field dependence

causes the FF to increase from 45% to 77% for Rsr → 0 Ω cm2. However, the FF also undergoes a sharper decline

for increasing Rsr, which closely resembles the dependence for P3HT:PCBM devices. Finally, light absorption,

as quantified by the G · t product (see Table 4.1), can also limit the FF for ideal Rsr as evidenced by comparing

P3HT:PCBM devices with the fictitious MDMO-PPV:PCBM solar cell model. The FF dependence essentially

shifts up and to the right for lower light absorption. In conclusion, both light absorption and the field dependence

of PCT affect solar cell response to Rsr.
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Figure 4.11: (a) Jsc, (b) FF, and (c) PCE of devices with P3HT:PCBM and MDMO-PPV:PCBM as the pho-
toactive layer under 1 Sun conditions as functions of Rsr. A fictitious MDMO-PPV:PCBM device where PCT is
replaced with that of P3HT:PCBM is also given for FF in (b).

65



4.4.4 Non-ideal Resistances and Light Intensity Measurements

In this section, the relationship between non-ideal resistances and light absorption is more systematically

explored by analyzing the light intensity dependence of the photocurrent. Frequently, light intensity is related to

photocurrent output, usually at short-circuit, through a power law relationship. [56,131,138,139] Non-linearities can

indicate significant bimolecular recombination that can even induce space-charge limited behavior [51].

Figure 4.12: Light intensity dependence of Jsc for devices with (a) P3HT:PCBM and (b) MDMO-PPV:PCBM
as the photoactive material where arrows indicate increasing Rsr. Model predictions are also given where Bphoto

= 0 along with simulations of ideal devices where PCT = 1 for all electric fields and Bphoto = 0.

Figure 4.12 shows the light intensity dependence and drift/diffusion model predictions of Jsc for both P3HT:PCBM

and MDMO-PPV:PCBM devices under variable λ = 532 nm laser illumination. The response is linear over the

entire range for the lowest Rsr and becomes sub-linear for high light intensity as Rsr increases. Usually, the sub-

linearities would be due to significant bimolecular recombination as is often the case when this type of behavior

is observed. However, when the non-linear regions are fit to a power law, the exponent is below that for a space

charge limited device (i.e. 0.75) [51] and approaches logarithmic behavior.

The physical explanation for the non-linearity can be probed by turning off bimolecular recombination in the

model (i.e. setting Bphoto in Eqns. 4.1 and 4.2 to zero) for the most non-linear case of Rsr = 1.2 x 103 Ω cm2. If

there is significant loss due to Bphoto, then the current should increase in the non-linear region and again become

linear when Bphoto is eliminated. However, near 100 mW cm−2 the model prediction only increases by about

10% for both P3HT:PCBM and MDMO-PPV:PCBM devices. Going a step further, PCT may also be equated

to unity for all electric fields, which, when combined with Bphoto = 0, eliminates all photogenerated current

loss processes in the model. Interestingly, the Jsc only increases slightly and still retains non-linear behavior for
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this ideal case. Even though these measurements are carried out at short-circuit, when they are analyzed with

regard to the effective applied voltage (i.e. Vapp - JRsr in Eqns. 4.6 and 4.7), it becomes clear that for high Rsr,

the short-circuit measurement actually approaches open-circuit conditions. Thus, the dark or injected current

dictated by the exponential term in Eqn. 4.6 works to reduce Jphoto even at short-circuit. The near logarithmic

LI scaling is not surprising as the light intensity dependence of Jsc for high Rsr is actually identical to that at

open-circuit.

From these results, the assumption of ideal Rsr when scaling to light intensity is justified if Rsr is below

1.0x102 Ω cm2. For some reported devices, interface and contact resistances reach this level. [67,117] Furthermore,

the photocurrent near open-circuit is also frequently scaled to light intensity [68,131] where smaller Rsr losses will

have a greater impact.

Figure 4.13: (a) J-V curve under 30 mW cm−2 λ = 532 nm laser illumination with varying levels of Rsh as
determined from the inverse slope of the Jdark curves at short-circuit. Arrows indicate decreasing Rsh. (b) Light
intensity dependence of Voc where high Rsh results in the usual logarithmic behavior, while reduced Rsh causes
the dependence to be linear for low light intensity.

Like non-ideal Rsr under high light intensity, Rsh under low light intensity can skew determination of the

scaling of Voc. Usually, this dependence is logarithmic [122] even though trapping and other effects can cause

modifications. [123] The effect of non-ideal Rsh is demonstrated by placing a known resistor in parallel with the

device instead of in series. Figure 4.13(a) shows the effect of the J-V curve for P3HT:PCBM solar cells for an

incident intensity of 20 mW cm2 under λ = 532 nm laser illumination. Here, Rsh is calculated from the inverse

slope of the dark J-V curve. [7] Even though changes are hardly noticeable until values fall below Rsh = 1.0x104

Ω cm2, there are obvious modifications for the light intensity dependence of Voc. Likewise, the drift/diffusion
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model is determined to assume an ideal Rsh of at least 1.0x1010 Ω cm2. This assumption makes little difference

in the J-V curve under illumination, but does impact the scaling of Voc.

Interestingly, the Voc light intensity dependence shows greater deviation for non-ideal Rsh in the low intensity

regime, whereas the scaling of Jsc for non-ideal Rsr is modified under higher light intensities (see Fig. 4.12).

Furthermore, non-ideal Rsr does not impact Voc, while non-ideal Rsh does not affect Jsc. It is thus important to

consider these scaling modifications when attempting to link the light intensity dependence of Voc to fundamental

physical processes, especially under low illumination levels [131,138].

4.4.5 Description of CT State Dissociation in Competing Models

Now that we have considered the light intensity scaling of both Jsc and Voc, it is important to compare both the

equivalent circuit and drift/diffusion model’s treatment of CT state dissociation. The experimental signature of

this process in the standard J-V measurement is a photocurrent that increases under reverse bias and eventually

saturates. As previously explained in the drift/diffusion model, CT state dissociation is handled by the field

dependence of PCT as given by the Onsager-Braun formalism (Fig. 4.9(b)). However, in the equivalent circuit

approach, CT state dissociation can be modeled by splitting the shunt resistance under illumination, RshL, into

two parts, one that describes the shunt resistance in the dark, attributed to device pinholes and current leakage,

Rsh, and another that handles CT state dissociation, RshCT :

R−1
shL = R−1

sh +R−1
shCT (4.8)

Herein, RshL is measured under illumination to be the inverse slope of the J-V curve at short-circuit. Likewise,

Rsh is taken as the inverse slope in the dark, which allows RshCT to be be calculated. As shown in the previous

section, Rsh is determined to take values above 1.0x1010 Ω cm2 in the drift/diffusion model. Furthermore, RshCT

has previously been related to device photoshunts [132] and was only recently linked to CT state dissociation

processes in the equivalent circuit approach [14]. For BHJ blends like MDMO-PPV:PCBM with strong PCT field

dependence, the slope at short-circuit is higher than for weakly dependent PCT materials like P3HT:PCBM (see

Fig. 4.10). In the equivalent circuit model, this leads to lower values of RshCT .

Figure 4.14(b) gives the experimental light intensity dependence of RshCT for MDMO-PPV:PCBM devices

under various levels of λ = 532 nm laser illumination. This result agrees with RshCT calculations of the predicted

J-V curves from the drift/diffusion model. However, under variation of light intensity, the drift/diffusion model
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does not require a light intensity dependent PCT . On the contrary, a single field dependent function for PCT is

adequate. This is indicated in Fig. 4.14(a) by the constant PCT determined at short-circuit. This comparison

demonstrates the relationship between the drift/diffusion approach that uses a light intensity independent PCT

and the equivalent circuit model that incorporates a shunt resistance that varies with light intensity. For MDMO-

PPV:PCBM devices, RshCT = 340 Ω cm2 under 100 mW cm−2 illumination corresponds to PCT = 70% at

short-circuit.

Figure 4.14: (a) Experimental and modeled RshCT that describes CT state dissociation in the equivalent circuit
model (Eqn. 4.6) for devices with MDMO-PPV:PCBM as the active layer. In the drift/diffusion model, this
corresponds to a PCT that is independent of light intensity. (b) Experimental photocurrent (|Jlight − Jdark|) of
MDMO-PPV:PCBM devices with both equivalent circuit and drift/diffusion model predictions. At high reverse
bias, the equivalent circuit prediction is larger than the saturated photocurrent (Jsat) that is dictated solely by
light absorption.

While this straightforward relationship between each model’s treatment of CT state dissociation bridges

a gap between the two formalisms, the equivalent circuit model does make a prediction of the photocurrent

(|Jlight − Jdark|) that is unphysical. As shown in Figure 4.14(b), the experimental photocurrent for MDMO-

PPV:PCBM under 1 Sun conditions approaches a maximum value at high reverse bias, known as the saturated

photocurrent (Jsat)
[47]. Here, the photocurrent is completely controlled by light absorption as high internal fields

prohibit both mono- and bimolecular recombination losses. While the drift/diffusion model approaches Jsat under

high reverse bias, the equivalent circuit model (parameters from Table 4.1) predicts the photocurrent to exceed

Jsat under high reverse bias. This occurs due to the light intensity dependence of RshCT , which causes RshL

to be lower under illumination than in the dark. This result offers an argument against treatment of CT state

dissociation as a modified shunt resistance [14,132].

Even though reverse bias application is outside the range of power generation, this result is important when

modeling BHJ devices with a strong field dependence of PCT and equivalently low RshCT , such as polymer-
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polymer and low-bandgap systems. On the other hand, blends not limited by monomolecular recombination with

a weak PCT field dependence and high RshCT , such as P3HT:PCBM [53] and other high performing systems [9,10],

will cause the photocurrent to surpass Jsat only at reverse biases approaching device breakdown.

4.5 Rsr Case Study: TiO2 as Electron Transporting Layer in BHJ

Solar Cells

In order to demonstrate the usefulness of the observations of the previous section, a model system with signif-

icant Rsr is presented to show the influence of Rsr on device performance. Herein, inverted organic photovoltaic

(iOPV) solar cells with amorphous titanium dioxide (TiOx) and anatase TiO2 as an electron transporting layer

(ETL) are shown to have significant changes in Rsr when illuminated with ultraviolet (UV) radiation. Use of

ETLs is widespread in the literature [24] where TiOx
[28,140,141], TiO2

[114,142], ZnO [143], V2O5
[144], and Cs2CO3

[144]

have been used. In particular, the UV sensitivity of TiOx has been studied and is known to affect iOPV device

performance [24] but not in detail. Devices for this experiment were prepared using the standard methods pre-

sented in this thesis. TiO2 sol-gel was synthesized by a previously reported method [29] and spincasted on ITO

substrates and annealed at 150 ◦C for 1 hr in air to form amorphous TiOx films. For TiO2 electron transporting

layers, the spincasted film were annealed at 450 ◦C for 30 min in air.

4.5.1 Device Performance and UV Mechanism

Figure 4.15(a,b) shows that the dark (Jdark) and light (Jlight) current densities in TiOx devices undergo

considerable changes after 30 min time intervals of UV illumination. Clearly, the dark rectification, Jsc, and

the FF are extremely poor prior to UV exposure leading to efficiencies well below 0.01%. Following consecutive

UV illumination periods, performance steadily increases by more than two orders of magnitude and approaches

saturation values. The UV response is somewhat sensitive to the TiOx thickness as shown in Fig. 4.15(c) where

Jsc, Voc, FF, and Rsr are shown after each successive 30 min exposure to UV light. Longer exposure periods

are needed to achieve saturation for thicker ETLs: Jsc is saturated after 60 min and 120 min for devices with

25 nm and 50 nm of TiOx, respectively. The change is most dramatic in Jsc, which increases from 0.07 to 8.3

mA/cm2 after a 120 min UV exposure (25 nm TiOx device). The FF also improves from 15% to 51% yielding

an efficiency of 2.8%. However, devices with TiO2 as the ETL are relatively insensitive to even prolonged UV

illumination where the efficiency is near its saturation value prior to UV exposure. In spite of the dramatic
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changes observed in Jsc and FF, Fig. 4.15(c) also indicates that Voc remains constant after each cycle of UV

illumination. Furthermore, Rsr undergoes a dramatic reduction of three orders of magnitude for devices with

TiOx as the ETL.

Figure 4.15: Dark current and light current (inset) densities for iOPV devices with (a) 50 nm and (b) 25 nm of
TiOx as the ETL under solar simulated light (with a UV cut-off filter) after successive 30 min UV (λ = 365 nm)
exposure times. (c) Short-circuit current (Jsc), fill factor (FF), open-circuit voltage (Voc), and series resistance
(Rseries) of devices with TiOx as the ETL after successive 30 min intervals of UV exposure.

Given that UV exposure does not have a significant influence on performance for devices with TiO2 as the

ETL, the change must reside in the TiOx layer itself. The electrical properties are characterized by measuring

the dark resistivity after varying the UV illumination time for isolated layers in sandwich devices of ITO/TiOx or

TiO2/Al with the same dimensions as the iOPV devices. It is not shown here [33], but TiOx resistivity decreases

by an order of magnitude (from 1.0 x 107 to 1.2 x 106 Ωcm), and approaches the resistivity of TiO2 (which

is almost unaffected by UV illumination). For simple metal-oxide diodes, changes in resistivity under both UV

illumination and positive bias application have been attributed to an electrochemical mechanism that involves the

filling of negatively charged oxygen traps in the metal-oxide [145]. The injection of free electrons and holes under
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forward bias and the creation of electron/hole pairs during UV illumination separately result in a free electron

left behind in the conduction band of the ETL causing an increase in the conductivity. Indeed, it was observed

here that holding the device under positive bias for specified time intervals in the dark has the same effect on

device performance as UV illumination [33].

4.5.2 Rsr Model and Light Intensity

In order to understand how a resistivity change confined to the ETL influences the physical processes in the

photoactive layer, the drift/diffusion model is applied using the modified Rsr boundary condition (Eqn. 4.7).

The measured changes in TiOx layer resistivity, in conjunction with the photoactive material’s UV-independence,

imply that UV exposure only affects the electrical transport properties of the ETL. Furthermore, the device Voc

remains constant under UV illumination indicating that the ETL energy levels are unaffected [146]. Thus, the

UV effect is modeled as a change in the effective potential difference across the photoactive layer leading to a

weakening of the internal electric field. In this way, a UV-dependent serial resistance is incorporated into the

model and used as a fitting parameter to approximate the current-voltage data in the first and forth quadrants.

Series resistance values fall within 20% of the measured values in Fig. 4.15(c). Other model parameters describing

P3HT:PCBM are taken as constant including the exciton generation rate determined from optical modeling (not

shown) (G = 6.75 x 1027), carrier mobilities, dielectric constant, and built-in voltage from above. The model

simulations are shown in Fig. 4.16(a) where the trends of Fig. 4.15(c) for Voc, Jsc, and FF are reproduced.

Figure 4.16: (a) Experimental and simulated light current density (Jlight) for each cycle of UV illumination. (b)
Jsc as a function of λ = 532 nm laser light intensity for a device with TiOx as the ETL prior to UV exposure
and after 30 and 120 min exposure. With successive UV illumination and corresponding reductions in Rsr, the
scaling of Jsr with light intensity becomes more linear.
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The significance of Bphoto in limiting Jphoto can be probed by measuring Jsc over a range of light intensities

where a non-linear dependence signals the prevalence of this process as described above. When measuring a device

with high Rsr, this tendency is also expected. Due to the UV-controlled Rsr observed here, the relationship

between Jsc and light intensity should become increasingly linear for prolonged UV illumination. This prediction

is observed as shown in Fig. 4.16(b) where Jsc is given as a function of light intensity under λ = 532 nm laser

illumination. Sub-linear behavior is observed beginning below 1 mW/cm2 for the 30 min UV illuminated device,

and at higher intensity (above 1 mW/cm2) for the device where the performance becomes UV saturated (120

min). Furthermore, it is found by fitting a power law relationship between 10 and 100 mW/cm2, that the scaling

exponent takes respective values of 0.38 and 0.73 for 30 min and 120 min of UV illumination. Regardless of UV

exposure, Jsc is increasingly affected by diode losses as the light intensity is increased as shown in the previous

section.

As a final comment, it should be noted that the Rsr model is not able to reproduce the s-shaped part of the

J-V curves (negative bias) in Fig. 4.15(a,b). It is not shown here, but drift/diffusion models of a planar ETL with

a high level of fix charge in Poisson’s equation (Eqn. 4.5) (i.e. trap cites) is able to reproduce this part of the

curve. However, the J-V curves above open-circuit do not match as well. Therefore, a combination model of trap

cites and Rsr is most likely the correct model to reproduce all the features of the experimental data. S-shaped

J-V curves have been discussed elsewhere in the literature [54].

4.6 Conclusion

In conclusion, an electro-optical model for the operation of PC BHJ organic solar cells has been described.

The model is applied to the test case of a 1-D periodic PC device and a conventional planar control cell with

MDMO-PPV:PCBM as the photoactive BHJ material. The strong bimolecular recombination rates predicted for

the PC cell limits performance compared to the planar cell even with enhanced optical absorption. In terms of

the device model, this effect is due to the choice of boundary conditions and whether or not the electron transport

layer is included. For all cases, electrical performance of PC cells is comparable to or worst than planar cells.

Measurement of the light intensity dependence of the photocurrent should be undertaken to determine if the

levels of space charge predicted by the model are correct. Finally, it is found that light intensity measurements

of devices with non-ideal Rsr and Rsh obscure the scaling of Jsc and Voc with light intensity, which is commonly

tied to fundamental device physics like bimolecular recombination. This is shown to be the case for devices with
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variable Rsr where TiOx is used as an electron transporting layer.

74



Chapter 5

Free Carrier Transport

5.1 Introduction

In the electrical models of PC device performance shown in the previous chapter, significant bimolecular

recombination was predicted due to the weakening of the electric field inside the nanostructures and relatively

long transport paths out of the BHJ. The levels of recombination were dependent on both the device geometry and

mobilities of electrons and holes. However, the maximum transport lengths of free carriers in BHJ devices should

be confirmed. Due to the strong internal electric fields in BHJ devices, transport lengths have been traditionally

characterized in terms of electron (n) and hole (p) drift lengths:

Ln,p = µn,pτn,pE (5.1)

where µn,p is the carrier mobility, τn,p is the carrier lifetime, and E is the internal electric field. Usually, µn,p

is the desired quantity and can be measured under steady state with space charge limited current (SCLC) [71]

and field effect transistor (FET) [70,147] techniques. The low mobility values determined from these methods

compared to inorganic semiconductors has lead to the belief that active layer thicknesses of planar solar cells

must be kept around 100 nm in order to reduce transport losses [9,29]. Given the different device geometries and

measurement conditions for these methods, µn,p can span orders of magnitude depending on the technique due to

its dependence on carrier density [148], polymer chain orientation [149], and whether or not the donor and acceptor

are mixed or in pure phases [68,147]. In particular, for the standard BHJ material system, P3HT:PCBM, both

µn > µp
[68] and µn < µp

[28,147] have been observed. Because these results depend on the technique and are

conducted without illumination, it is difficult to guarantee that the derived transport lengths will appropriately

describe the charge transport of photogenerated carriers in a working device. Contact barriers also play a critical



role for methods like SCLC where carriers are injected [150], which could be more effectively avoided by measuring

photogenerated current that is extracted from the device [52]. While various transient techniques also exist that

monitor the dynamics of charge transport [151], they can be more complex and intricate to implement than steady

state measurements. Therefore, a simple steady state method would be advantageous to determine Ln,p for

photogenerated carriers in a working device under standard operating conditions.

In this chapter, Ln,p are measured for solar cells under illumination. A novel method is demonstrated for

P3HT:PCBM in order to compare these results with other transport measurements for this donor/acceptor system.

By measuring the scaling of the photocurrent with light intensity over a range of applied voltages for different

local exciton generation profiles (G (z)), Lp = 90 nm in P3HT, while Ln > 340 nm in PCBM under standard

annealing and preparation conditions. Electron and hole transport are probed independently by measuring both

standard and inverted devices. Furthermore, a scaling exponent below that for the traditional space charge

limited photocurrent (i.e. 0.75) is observed due to the dependence of charge transport on G (z). The analysis is

supported with an electro-optical model, which elucidates regions in the photoactive layer where free carrier loss

occurs. Finally, the results clarify the reasons why thick active layers of P3HT:PCBM have lead to high device

performance in the literature. They also help explain the predictions of space-charge in the PC electro-optical

models in Chapter 4.

Most of the results and figures of this chapter have been modified from the publication below. Copyright 2010

by The American Physical Society.

[152]J.R. Tumbleston, D.-H. Ko, E.T. Samulski, and R. Lopez Analyzing local exciton generation profiles as a

means to extract transport lengths in organic solar cells, Phys. Rev. B 82, 205325 (2010).

5.2 Experiment

In order to compare transport of electrons and holes, both standard and inverted solar cells were fabricated.

Schematics of these devices are shown in Fig. 5.1(a-b). Cleaned ITO-coated (150 nm; ρ = 5E-4 Ω cm) glass

substrates were coated with either PEDOT:PSS (55 nm; Baytron PH500) or sol-gel TiOx
[29] for standard and

inverted devices, respectively. Standard device substrates were annealed in air at 140 ◦C for 10 min, while inverted

substrates were heated in an oven at 450 ◦C for 60 min to convert TiOx to anatase TiO2 (20 nm). Next, solutions

of either P3HT (15 or 30 mg/mL) and PCBM (12 or 24 mg/mL) in a 1:0.8 ratio in chlorobenzene were spincoated

at speeds ranging from 500 to 1300 RPM to achieve desired active layer thicknesses (t) between 80 and 390 nm.

Finally, either Al (90 nm) or WO3/Ag (10 nm/90 nm) were thermally evaporated as the back contact (12 mm2
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active area) for standard and inverted devices, respectively. Standard devices were annealed at 145 ◦C for 10 min

after evaporation, while inverted devices received the same thermal treatment prior to electrode deposition.

Measurement under 1 Sun conditions was conducted in the glovebox, while the photocurrent under high

incident angle (65◦) was measured in air using a blue laser (λ = 473 nm). The photocurrent from the laser along

with the incident light intensity (Plight) were measured simultaneously via a beam splitter on the optical set-up.

No degradation occurred during device measurement time (< 3 hrs/device). Furthermore, significant reflection

losses from the air/glass substrate interface were avoided by placing the glass substrate (side opposite active

layer) in contact with a half-cylinder and index matching oil. This configuration prevented the incident beam

from bending toward normal due to refraction in the glass substrate.

In spite of the differing electrodes, electron/hole transporting layer materials, and thermal treatment of ITO,

both inverted and standard devices have similar performance under 1 Sun conditions for devices with t = 130 nm

(thicker active layers will be discussed below). Short-circuit currents (Jsc) of 10.4 and 9.2 mA/cm2, open-circuit

voltages (Voc) of 0.57 and 0.60 V, fill factors (FF) of 53 and 51%, efficiencies of 3.1 and 2.8%, series resistances

(inverse slope at 0.75 V) of 8.8 and 9.3 Ω cm2, and shunt resistances (inverse slope of dark current at 0.0 V) of

0.4 and 0.5 MΩ cm2 were achieved for inverted and standard devices, respectively. Furthermore, atomic force

microscopy (Fig. 5.1(c-f)) of the top surface of P3HT:PCBM spincast on both TiO2 and PEDOT:PSS showed

insignificant differences in film morphology. Based on these results, it is argued that changes in carrier transport

in P3HT:PCBM related to morphology differences due to choice of electron/hole transporting layers are minimal

compared to modification of the transport based on G (z).

In this chapter, G (z) (z dependence dropped and implied for remainder of this work) is determined in the

photoactive layer using the transfer matrix model introduced in Chapter 2, which has been used for both stan-

dard [31,66] and inverted devices [28,76,153]. Optical properties of each material layer are determined via spectro-

scopic ellipsometry, which closely match reported values in Chapter 3 and literature [31,33]. Layer thicknesses are

measured with cross-section scanning electron microscopy and verified with profilometry and by fitting simulations

of the spectral reflection to the measured reflection by varying layer thicknesses [111].

To model electrical performance, G is used as input in the drift/diffusion effective medium model presented

in the previous chapter. This metal/insulator/metal picture is a simplification of the studied devices where

the transporting layers are disregarded along with any Schottky barriers. However, the similar Voc and series

resistance for each device type indicates contacts that are comparable in function. Furthermore, the inclusion

of slight barriers should not significantly affect carrier extraction especially for voltages below maximum power
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Figure 5.1: Schematics of (a) inverted and (b) standard BHJ devices. The active material is P3HT:PCBM.
Atomic force microscopy topology (c,d) and phase (e,f) of top surface of P3HT:PCBM spincast on ITO/TiO2 for
the inverted device (c,e) and ITO/PEDOT:PSS for the standard device (d,f) with active layer thickness of 130
nm. Minimal differences are noted between inverted and standard devices, which support that they have similar
active layer morphologies even though different transporting layers are used.
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point where the conclusions from this work are drawn [154]. Besides G, other parameters in the electrical model

are taken from literature for P3HT:PCBM [68] including µn (2.0 x 10−7 m2/Vs), µp (1.0 x 10−8 m2/Vs), relative

dielectric constant (3.4), electron/hole pair separation distance (1.8 nm), exciton decay rate (2.0 x 104 s−1), and

effective density of states (2.5 x 1025 m−3). The parameter that dictates Voc in the model, the effective band gap

(0.95 eV), is fit to the experimental data. Finally, the modified form of Langevin bimolecular recombination [120]

is used to explicitly relate loss of carriers during transit to the slowest carrier species.

5.3 Comparing Standard and Inverted Devices

5.3.1 Exciton Generation Profile Sets Required Transport Distances

Even though multiple steps occur between exciton generation and carrier transport, it is assumed that the

profile of free carrier generation essentially matches that of exciton generation due to the short (<20 nm) [37,155]

diffusion length of photoexcited excitons to the donor/acceptor interface. Figure 5.2 shows G for both inverted

and standard solar cells with t = 390 nm and Plight = 10.0 and 10.9 mW/cm2, respectively. Due to the high angle

(65◦) and relatively short excitation wavelength (λ = 473 nm), an exponentially decreasing G profile is set-up in

the photoactive layer. Under these conditions, G drops by three orders of magnitude from one side of the active

layer to the other for both devices. This type of profile is very different from those under normal incidence for

thinner active layers that vary by an order of magnitude where the maximum is centered in the middle of the

active layer [58,66,76]. In this study, monotonically decreasing profiles are guaranteed even for thinner active layers

due to the chosen incident angle and wavelength.

As shown in Fig. 5.2, the average hole has a much longer distance to travel than the average electron for

the inverted device. The opposite is true for the standard solar cell. In this way, the average required transport

distance for electrons and holes (Dn,p) are set simply by choosing inverted or standard devices with a specific t.

For example, Dn is defined for inverted devices by weighting G by the distance (z) to the cathode:

Dn =

∫ t

0
(G) (z) dz
∫ t

0
(G) dz

. (5.2)

Dp is then given by t − Dn where similar expressions are used to determine Dn,p for standard devices. The

incident wavelength essentially sets Dn,p where Dp = 310 and 230 nm for λ = 473 and 600 nm, respectively,

under normal incidence for the inverted device with t = 390 nm. By increasing the incident angle to 65◦, Dp is
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Figure 5.2: Local exciton generation profile (G) for (a) inverted and (b) standard device architectures with active
layer thicknesses of 390 nm under 10.0 and 10.9 mW/cm2 λ = 473 nm (p-polarized) incident light intensity,
respectively, at 65◦ incidence. G represents the generation rate of excitons in the active layer, while it signifies
parasitic absorption losses in all other materials. It is determined from an optical model and sets the average
required transport distance for electrons and holes in the active layer depending on the device type. Arrows
indicate the direction of electron and hole transport where the average hole is required to travel much further
than the average electron for the inverted device. The opposite is true for the standard device.

lengthened to 340 and 250 nm for these wavelengths, respectively. Herein, a high angle (65◦) and relatively short

excitation wavelength (λ = 473 nm) are used to set-up the longest possible values of Dn,p for each t. In this

chapter, Dp is varied from 340 nm for inverted solar cells with t = 390 nm down to 40 nm for standard devices

with t = 130 nm. A similar range is obtained for Dn. It should be noted that the incident light polarization

also affects G under non-normal incidence but has a negligible effect on Dn,p values compared to the differences

obtained by varying t. All work presented here is for p-polarized illumination as nearly identical results were

obtained under s-polarization.

5.3.2 Photocurrent Scaling With Light Intensity

Determining if Dn,p set by G are too far for electrons or holes to travel is done by measuring the photocurrent

(Jphoto = |Jlight − Jdark|) over a range of light intensities (Plight) and fitting to a power law relationship. Because

Jphoto describes the current output solely due to photogeneration, the effects of series and shunt resistance that

modify electrical performance under illumination are removed [131]. However, high series resistance can affect the

power law scaling of Jphoto as shown in the previous chapter, but values measured herein range between 5 and

35 Ω cm2, which are not high enough to have a significant impact.

Figure 5.3 shows Jphoto under various Plight for both device types with t = 390 nm. Jphoto is given over a

range of reverse and forward applied voltages (Vapp) up to Voc where the conclusions of this work are drawn from
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voltages below maximum power point and into the reverse bias regime. It is clear that the shapes of the curves

are very different for inverted and standard solar cells. For example, the inverted device requires high reverse

bias application (Vapp = -5 V) in order to reach the saturated photocurrent (Jsat) under the highest Plight, while

the standard device nearly saturates at short-circuit.

Figure 5.3: Photocurrent (Jphoto = |Jlight − Jdark|) over a range of applied voltages (Vapp) for (a) inverted and
(b) standard device architectures with active layer thicknesses of 390 nm under a range of λ = 473 nm laser light
intensities (Plight) and 65◦ incidence. The inverted device requires high reverse bias in order for Jphoto to reach
the saturated photocurrent for the highest Plight. Conversely, Jphoto for the standard device nearly saturates at
short-circuit.

The cause of the different behaviors for inverted and standard devices can be further understood by deter-

mining the power law scaling of the photocurrent with light intensity (Plight):

Jphoto = β (Plight)
α

(5.3)

where β is a constant. By varying Plight, bimolecular recombination can be triggered due to its dependence on

the product of electron and hole concentration [139]. Because this is the loss process of free carriers, linearity of α

indicates the unrestricted, lossless transport of carriers to the electrodes. In this way, bimolecular recombination

can be separated from other loss processes that reduce Jphoto below Jsat and also depend on Vapp, such as the

electric field dependence of exciton dissociation [47]. Even though exciton dissociation also depends on Vapp, it

is monomolecular in nature and is accompanied by a linear scaling of Jphoto with Plight. It should be noted

that bimolecular and other higher order recombination processes [156] are not distinguished here. Simply put, a

nonlinear scaling of Jphoto with Plight is interpreted as an indicator of loss of free carriers during transit that is

labeled as bimolecular recombination. Also, the dependence of α on carrier density indicates that the number

of free carriers must be similar for all devices in order to make accurate comparisons between the various device
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configurations. This is confirmed from similar Jsat values (Fig. 5.3) and from the optical model that indicates

that the photoactive layer absorbs between 77% and 90% of the incident light for both standard and inverted

devices regardless of t. Furthermore, Jsat under the maximum Plight from the laser is between 1/4 and 1/3 of

the measured Jsat under 1 Sun conditions. This sets the effective maximum sun-equivalent intensity of the laser

to be between 1/4 and 1/3 Sun.

While α is usually only cited at short-circuit [56,131], it is determined here at each Vapp to show clear non-linear

and linear regimes. Values are given in Fig. 5.4 for both inverted and standard devices with different active layer

thicknesses (80 ≤ t ≤ 390 nm). It is observed for inverted devices that increasing t causes α to deviate from

unity for greater reverse bias application (i.e. higher internal electric fields). On the other hand, for standard

devices with t = 130 and 390 nm, α remains close to unity over the entire voltage range. Under these illumination

conditions with monotonically decreasing G, inverted devices suffer from recombination due to limited free carrier

transport, while standard devices do not.

Figure 5.4: Scaling factors (α) when the photocurrent is fit to a power law, Jphoto = β (Plight)
α
for (a) inverted

and (b) standard device architectures with various active layer thicknesses (t) under λ = 473 nm illumination and
65◦ incidence. Non-linearities are observed at higher reverse bias as t is increased for inverted devices, while both
thicknesses of standard devices show linear scaling. The case of space charge limited photocurrent for constant
G (α = 0.75) is also shown for reference.

The contrasting transport between standard and inverted devices indicates that hole transport is limited for

P3HT:PCBM under the prescribed preparation conditions for thicker values of t. For the thickest inverted solar

cell (t = 390 nm), Dp = 340 nm, while Dn = 50 nm. A large negative Vapp (i.e. high electric field) is required

to achieve α = 1.0 where all the carriers are forced out of the active layer without recombining. However, as t

is reduced, the Vapp where α = 1.0 moves toward the forward bias regime. For the t = 130 nm device, slight

non-linearity is only observed near maximum power point, which means that Lp > Dp even for the low electric
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fields that approach open-circuit conditions. Dp = 90 nm for the t = 130 nm device, so it is determined that

Lp = 90 nm for P3HT. Conversely, Dn is probed for the standard devices, where transport is not limited for even

the largest t as α remains close to unity even up to maximum power point. For the t = 390 nm device Dn = 340

nm, which is not long enough overcome Ln. Therefore, a lower limit of Ln > 340 nm is determined in PCBM for

the annealed P3HT:PCBM system.

Another equally important observation from Fig. 5.4 is α values below 0.75 for the inverted devices with

t = 245 and 390 nm. It has been shown for solar cells where µn and µp differ by two orders of magnitude,

space charge limited photocurrent occurs with α = 0.75 [51]. However, this lower limit of α is achieved if G can

be approximated as constant in the active layer. For the t = 390 nm inverted device, G varies by three orders

of magnitude (Fig. 5.2(a)). This imposes the average hole to travel much further (Dp = 340 nm) than under

a constant generation profile (Dp = t/2 = 195 nm). Thus, there appears to be a significant impact of G on

α reaching values at or below 0.75. This signifies that severely unbalanced transport and space charge limited

photocurrent can be strongly influenced by G along with µn,p values. In terms of the scaling of Jphoto with Vapp

a power dependence of 0.45 for -2.0 ≤ Vapp ≤ 0 is determined for the inverted device under highest Plight. This

type of voltage scaling is also indicative of space charge limiting behavior, especially when observed under reverse

bias away from open circuit. No such behavior is observed for the standard devices.

Finally, the effect of bimolecular recombination on inverted device performance is also observed in device fill

factor (FF). Figure 5.5 shows the FF for light intensities used to determine α from Fig. 5.4. It is evident that

as t increases, the FF drops accordingly. For standard devices (not shown), the FF values are similar to those

for the t = 80 nm inverted device. Because Rsr is similar for all devices and monomolecular recombination only

plays a minor role as observed above, the reduction in FF attributed to thicker t is related to enhancement in

bimolecular recombination due to the increase in Dp imposed by G.

5.3.3 Interplay Between Local Exciton Generation and Recombination

While the macroscopic description of charge transport is given by measurement of Ln,p, further insight can

be gained with a model that describes the local profile of recombination in P3HT:PCBM. While various models

have been proposed that assume identical carrier transport between electrons and holes [136,157], the drift/diffusion

model allows for unbalanced charge transport and non-constant G [65]. In this model, transport is described using

µn,p, where µn = 20µp
[68] given the result that Ln > Lp. It should also be noted that µn,p are taken to be

constant throughout the active layer to reflect bulk measurements of Ln,p even though charge transport can vary
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Figure 5.5: Fill factor (FF) for inverted devices with varying active layer thickness (t) as measured from the data
for Fig. 5.4(a). The FF for standard devices (not shown) is similar to that of the t = 80 nm inverted device
indicating that the longer transport distance set by the exciton generation profile for thicker photoactive layers
can greatly reduce the FF.

on the microscale for BHJ solar cells [41].

Figure 5.6: Experimental and modeled current density under illumination (Jlight) vs. applied voltage (Vapp) for
(a) inverted and (b) standard devices with active layer thicknesses of 390 nm under the illumination conditions
for Fig. 5.2. Simulations are generated by inputting G from Fig. 5.2 in the drift/diffusion model of the active
layer with an electron and hole mobility (µn,p) mismatch (µn = 20µp) to represent the shorter hole than electron
transport length (Ln > Lp).

Figure 5.6 shows the measured current density under illumination (Jlight) for the inverted and standard

devices with t = 390 nm under laser illumination with Plight = 10.0 and 10.9 mW/cm2, respectively. When

the generation profiles of Fig. 5.2 are input in the model keeping all other parameters constant, very different

behavior is predicted for standard and inverted devices. Compared to the standard device, the inverted solar cell

has a much lower Jsc and FF, which matches the trends of the experimental data. Saturation of Jlight is also
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observed to occur under high reverse bias conditions, while it saturates near short-circuit for the standard solar

cell. The saturation voltages of Jlight also qualitatively match those for both Jphoto and α of Fig. 5.3 and Fig.

5.4, respectively.

The utility of the model can now be realized by calculating the net generation rate (U) [65] of free carriers for

both inverted and standard devices at short-circuit (t = 390 nm). Figure 5.7(a) shows that for the inverted device

U is reduced near the cathode by orders of magnitude due to bimolecular recombination. This ultimately leads

to a reduction in photocurrent extraction (Fig. 5.6), because the majority of the slower carrier species (i.e. holes)

need to transport much further than Lp resulting in a build-up of space charge and reduction in the internal

field near the cathode. On the other hand, for the standard device, U essentially matches G of Fig. 5.2 which

indicates minimal recombination. Even though the active layer is very thick, high extracted current is achieved,

because both Dp < Lp and Dn < Ln are satisfied for the standard device.

This intuitive picture is further exemplified by calculating the fraction of carriers that undergo bimolecular

recombination Rfraction for both devices (Fig. 5.7(b)). It is noted that the strength of recombination is more

significant in areas of the active layer where holes have a further distance to travel. This is especially true for the

inverted device where most of the carriers are created far from the anode as set by G (Fig. 5.2(a)). However, even

for the standard device where few carriers are created far from the anode (Fig. 5.2(b)), there is still significant

recombination in this region of the active layer.

Figure 5.7: (a) Net generation rate (U) and (b) fraction of carriers that undergo bimolecular recombination
(Rfraction) at short-circuit for both inverted and standard devices with active layer thicknesses of 390 nm as
modeled in Fig. 5.6. Arrows indicate opposite direction of hole transport for inverted and standard solar cells.
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5.3.4 Implications for 1 Sun Operation

Even though the non-constant G profiles (Fig. 5.2) in this chapter are useful in determining Ln and Lp, they

are different from the generation profiles under 1 Sun conditions at normal incidence. In this section, device

performance using the exact 1 Sun G and average value of the 1 Sun exciton generation rate (〈G〉) are modeled

and compared for both standard and inverted solar cells as a function of t. Figure 5.8 shows the ratio of Jsc

values predicted from the model using G compared to those using 〈G〉 under 1 Sun illumination and normal

incidence. It should be noted that G is determined for 1 Sun illumination by integrating all G profiles over the

spectral range where P3HT:PCBM absorbs light (350 ≤ λ ≤ 675) using the wavelength dependent light intensities

from the AM 1.5 spectrum. It is clear that up to t = 180 nm, there is little difference in Jsc, which indicates

minimal recombination losses. However, as the active layer is increased, Jsc computed from G is larger than that

using 〈G〉 for standard devices. This occurs because 〈G〉 creates more holes further from the anode causing an

increase in recombination and drop in output current. The opposite is true for the inverted devices where use

of G results in a smaller Jsc compared to use of 〈G〉. For this case, 〈G〉 creates more holes closer to the anode

and effectively assists in charge transport. This result agrees well with the previous determination of Ln,p where

a device thickness above 2Lp begins to show significant signs of recombination losses. However, for standard

devices, t can be increased beyond 2Lp due to the non-constant G that creates more carriers closer to the anode,

which ultimately assists hole transport.

Figure 5.8: Ratio of short-circuit current (Jsc) using exact exciton generation profile under 1 Sun illumination
and normal incidence (G) compared to the average profile (〈G〉) for inverted and standard devices as a function
of active layer thickness.
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In terms of 1 Sun performance, this work supports that of others who have shown high performance for

standard P3HT:PCBM solar cells with t ≥ 350 nm as mentioned in Chapter 1 [56,158]. For active layers of this

thickness, Ln > Lp actually assists device performance and allows for thicker active layers to be used, because

carrier creation is weighted more heavily toward the anode. In this work, standard devices with t = 390 nm

achieved 1 Sun efficiencies of 3.5%, which is higher than those with t = 130 nm (2.8%). The higher efficiency

is due entirely to higher Jsc from enhanced light absorption as Voc (0.59 V) and FF (52%) are similar. On the

other hand, Ln > Lp proves detrimental to thicker inverted device performance where the efficiency for t = 390

nm devices remains near 1% due to reduced FF (43%) and Jsc (5.2 mA/cm2). However, µn < µp has also been

observed when doctor blading the active layer from ortho-xylene [28], which would then assist inverted device

performance by making Ln < Lp. Either way, Ln 6= Lp can actually allow for the use of thicker active layers

(t > 200 nm) to absorb more light without significant transport losses. This is especially true for BHJ blends like

P3HT:PCBM that do not suffer from monomolecular recombination losses that may become more significant as

t increases like MDMO-PPV:PCBM [31].

5.4 Observation of Ln > Lp in Single Device

In the section above, it was demonstrated that Ln > Lp by measuring standard and inverted device architec-

tures. In this section, the same result is obtained by measuring a single standard device with thin Al electrode.

Enough light can be transmitted through a 10 nm thick Al layer, so that the device can be illuminated from the

back side. Even with this thin layer, Rsr is low enough to escape the nonlinear dependence of Jphoto on Plight

with high Rsr as described in the previous chapter. The results below are for two devices, one with 90 nm and

another with 225 nm active layer thicknesses.

5.4.1 Optical Profiles When Illuminating From Different Sides

Figure 5.9 shows the normalized exciton generation rates in P3HT:PCBM when illuminating from the ITO

and Al sides of the device under normal incidence using λ = 473 nm. For the t = 90 nm device, Dn and Dp are

approximately equal regardless of illumination direction. This is not the case for the 225 nm active layer where

Dn = 160 nm and Dp = 160 when illuminating from the ITO and Al sides, respectively.
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Figure 5.9: Normalized exciton generation rates for (a) 90 nm and (b) 225 nm active layer thicknesses. The
profiles for the 225 nm thick device offer enough attenuation to result in long Dn (illuminated from ITO) and Dp

(illuminated from Al) values to probe carrier transport.

5.4.2 Same Trend for Single Device: Restricted Hole Transport

Figure 5.10 shows the photocurrents under different Plight for the t = 225 device. At negative bias, the

photocurrent saturates to Jsat and provides a measure of the number of carriers generated for each light intensity.

The intensity of the laser is varied by an appropriate amount in order to guarantee that the photocurrents are

equal before the scaling exponent, α, is determined. When illuminating from the Al side, a significant amount

of light is either reflected or absorbed, because ∼2.7 times higher light intensity is required to generate the same

number of carriers as when illuminated from the ITO side. The plots also indicate that a higher electric field (i.e.

higher reverse bias) is required in order for the curves to saturate.

Figure 5.10: Photocurrent under different illumination intensities a normal incidence with the λ = 473 nm laser
when illuminated from the (a) ITO and (b) Al side of the device. Even though the Al electrode absorbs or
reflects a significant fraction of the light, photocurrents near 1 Sun values are still capable of being produced. It
appears that when illuminated from the ITO side, more applied voltage is required in order for the photocurrent
to saturate.

A final step is to determine the scaling exponent, α, for both active layer thicknesses when illuminating from
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different sides. For the 90 nm thick active layer, α is close to unity regardless of the illumination direction. This

indicates that carrier transport is unrestricted for the Dn,p values for this t. On the other hand, for the t = 225

nm device, the transport is more restricted when illuminating from the Al side compared to the ITO side. This

result agrees with the previous result for the standard and inverted devices in the previous section where it was

found that Ln > Lp. The values of Dp imposed by the optical model cause holes to be generated further than

they can are capable of traveling. This leads to the recombination of charge carriers.

Figure 5.11: Scaling exponent α for a (a) 90 nm and (b) 225 nm active layer thicknesses. Greater recombination
is noted for generation profiles that require holes to transport a long distance. Ultimately, it is found that Ln >
Lp as was found in the previous section for the experiment with standard and inverted solar cells.

5.5 Conclusions

In summary, a simple method has been developed to extract Ln,p for functional solar cells by measuring the

scaling of the photocurrent with light intensity over a range of applied voltages for different exciton generation

profiles. For annealed P3HT:PCBM, it is observed that hole transport is much more restricted than electron

transport, which actually assists device performance for P3HT:PCBM standard solar cells with thicker active

layers. For inverted devices, transport is severely limited and results in a scaling exponent below that for the

traditional space charge limited photocurrent with a constant generation profile. The analysis is supported with

an electro-optical model, which indicates that the slower carrier suffers significant recombination far away from

its final destination (holes from the anode in this case). Ultimately, these results support the premise that thicker

active layers could be used to absorb more light for BHJ systems where Ln 6= Lp. As a double check of the work

on standard and inverted devices, similar results are obtained for a single standard device with thin Al electrode.

By shining light from different sides of the active layer, electron and hole transport can be separately probed

where it is also found that Ln > Lp.
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The results of this chapter indicate that holes are the slower carrier for annealed P3HT:PCBM devices and have

an average transport length of ∼100 nm. This agrees with the electrical models of PC cells presented in Chapter

4, where the build-up of space charge is evident for PC cells, depending on carrier mobilities. Furthermore, the

transport length mismatch between electrons and holes for P3HT:PCBM helps explain why standard devices

with active layers much thicker than 100 nm have high PCE, as discussed in Chapter 1. These measurements

should be done on other high-performing blends like PCDTBT:PC70BM that have low levels of monomolecular

recombination but still have optimized active layers with thicknesses below 100 nm. Most likely, free carrier

transport is a critical process that limits the possibility to make active layers thicker in these devices to absorb

more light.
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Chapter 6

Conclusions and Outlook

6.1 Why This Thesis is Important

In this thesis, the groundwork has been laid for a new type of organic solar cell geometry, those with photonic

crystal (PC) photoactive layers. This method is fundamentally different from other light management approaches

that utilize ray or wave optics. For ray optics approaches including microprism substrates [93] and V-folded

substrates [94], light sees the photoactive layer as a flat layer, because the substrates are textured on a scale much

larger than the wavelength of light. Furthermore, many wave optics approaches incorporate planar photoactive

layers, including optical spacer configurations [27,29], that control light absorption through thin film interference.

However, the photoactive layer of PC solar cells is comprised of periodic nanostructures on the order of the

wavelength of light. This is also the case for diffraction grating [61,62,97] and surface plasmon [99] approaches, but

instead of being interfaced with a metal, the nanostructures in the PC design are interfaced with a low index of

refraction material that provides optical contrast. This contrast allows for the coupling of resonant or quasiguided

modes that is a unique effect in trapping light in organic solar cells.

Development of this new cell design has offered many contributions to the field of light trapping in OPV.

Most notably is the first measurement of resonant modes in both angular-dependent device reflection and IPCE.

Calculation of the optical redistribution of light in PC cells along with photonic band diagrams offers a complete

picture of resonant mode excitation. These methods should serve as guidelines to characterize wavelength-specific

enhancements for future light trapping schemes, PC or otherwise. In terms of device fabrication, P.R.I.N.T. has

been demonstrated to be a successful method to fabricate periodic nanostructures that could be easily extended

to make nanopatterned substrates or active layers for other light trapping approaches [61,93,97,99,115].

Development of an accurate optical model for PC cells in this thesis extends previous models for planar OPV



devices [25,26]. When coupled with the extension of the standard electrical model [65] from one dimension to higher

dimensions, a complete electro-optical model for PC cells is now available. This model can now be applied to

other light trapping approaches comprised of periodic nanostructures.

While working to understand the impact of the PC geometry on electrical processes, a better description

of device performance was first required for planar cells than what was available. Foremost, knowledge of the

impact of carrier transport layers on device performance was needed. An important contribution of this thesis

is how these layers can affect parasitic device resistances. While they have been known to greatly affect device

performance [53], it was not understood how they influence fundamental physical processes in the photoactive

layer including exciton dissociation and charge transport. Having this newfound understanding allowed for the

analysis of a standard OPV system with TiOx as an electron transporting layer.

A final contribution of this thesis is a simple method to measure the transport length of electrons and holes in

BHJ devices. While field effect transistor (FET) and space charge limited current (SCLC) diode methods have

been widely used before, they each have negative aspects. FET measurements are parallel to the plane of the

film, while both involve injecting charge from the contacts in the dark. However, carriers in working solar cells

transport perpendicular to the plane of the film and are extracted due to photogeneration under illumination.

Using this method, hole transport was shown to be restricted relative to electron transport for P3HT:PCBM solar

cells. The short transport length of holes is consistent with the electro-optical model of PC cells where there is

prediction of free carrier transport losses in the relatively thick post structures. Furthermore, these measurements

helped resolve the question why the most efficient P3HT:PCBM solar cells have very thick active layers [7,56].

6.2 Looking Forward

6.2.1 Device Physics

In conjunction with a more thorough understanding of fundamental physics, device performance of OPV

solar cells will continue to progress. All models of BHJ performance indicate that the barrier of 10% can be

broken [13–15] with a combination of the right light absorption properties, layer morphology, choice of electrodes

and interface materials, and carrier extraction. The goal of high performance will be guided by a more thorough

and detailed description of electro-optical processes in these solar cells.

Recently, there has been a flourish of progress in the understanding of BHJ device function. Most notably,

there is currently an extensive debate on the voltage dependence of the photocurrent in BHJ solar cells. It is
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universally accepted that the photocurrent goes to zero near Voc and saturates at negative voltages to a value

proportional to light absorption. Recent work has shown that losses are both monomolecular and bimolecular

in nature [159], however the precise physical mechanisms are still being explored [69,160–162] along with the exact

shape of the photocurrent near open-circuit conditions [157,163].

Even though the precise mechanisms are still being resolved, the field dependence of the photocurrent is

widely accepted. Application of larger electric fields inevitably extracts more photocurrent. This has led to

exciting advances in device design to enhance the internal field to improve photocurrent extraction [164,165]. Novel

techniques to enhance the electric field may continue to be demonstrated in the future as a route to boost OPV

performance.

Finally, greater understanding of fundamental physics has also led to the introduction of new device models.

Many variations of drift/diffusion [54,59,65,129], equivalent circuit [53], Monte Carlo [126,166,167], and analytic [168]

models have been presented to predict device performance. While they have all achieved significant success, work

needs to be done to show the links and transitions from one model to the next. Monte Carlo models capture the

microscopic structure of the BHJ and are the closest to a first-principles calculation. It is still not clear what

assumptions are required to justify using drift/diffusion models that disregard the microscale structure. Likewise,

the assumptions needed to move from numerical drift/diffusion to analytic models are not completely resolved.

Because these models use different parameters, a thorough study of the link between different parameter sets that

predict identical J-V curves would be very insightful. Work should be done to unify these modes of description

into a more complete model of device performance.

6.2.2 Synthesis of the Ideal Donor/Acceptor System

Figure 6.1 shows the theoretical limit of Jsc, Voc, and PCE for a single bandgap solar cell under standard

AM 1.5 operating conditions as a function of bandgap. This is known as the Shockley-Queisser limit [169]. A

tradeoff exists between Jsc and Voc, where a maximum efficiency above 30% is possible for a bandgap of ∼1.4

eV. While this is the limit assuming no optical or electrical losses, it is helpful to understand the weakest link

of BHJ solar cells that has kept their PCE below 10%. Because a significant amount of energy is lost during

electron transfer from the donor to acceptor (1 eV for P3HT:PCBM), Voc is much lower than what is predicted

in the theoretical limit. If the exciton could be split in P3HT without the use of PCBM as an acceptor, then

Voc would have a theoretical limit of 1.7 V for P3HT’s bandgap of 2.1 eV. This is almost three times higher that

what is achieved in experiment for P3HT:PCBM (Voc = 0.6 V). Even when paired with PCBM, a loss of 1 eV
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upon electron transfer is much more than is required to separate the electron and hole (∼0.3 eV). Tailoring the

energy levels to reduce this loss has already significantly enhanced device performance and raised efficiency levels

above the level of 7% [10]. This will continue to be a significant area of research until the ideal donor/acceptor

system is found with optimal energy levels, light absorption, and carrier extraction. While silicon remains king

of inorganic solar cells, the equivalent material system in the field of BHJ devices has yet to be synthesized.

Figure 6.1: Theoretical limit for single bandgap solar cell as function of bandgap energy. A tradeoff exists between
Jsc and Voc, making a gap of 1.4 eV optimal for the AM 1.5 solar spectrum.

6.2.3 Nanostructures and Light Trapping

While synthetic chemists continue to search for the perfect donor/acceptor system, approaches to enhance

efficiency that rely on nano-engineering will further develop. Recently, light absorption enhancement factors of

100 times for extremely thin samples have been predicted [75]. Attempts to fabricate this type of nanostructure,

which has multiple length scales, using simple methods over large areas will continue so long as these types of

enhancements are possible. Thin active layers are also desirable from the standpoint of material cost, where

less material is used for thinner active layers. However, this must be weighed against the added complexity of

fabricating nanostructures.

94



Ultimately, the future of light trapping techniques in solar applications remains uncertain. These techniques

will always involve structures in the submicron regime in order for light to be manipulated. However, in order

for photovoltaics to become a significant player as an energy converter, hundreds of square kilometers of land

must be covered to absorb light from the sun. This leads to an astronomical number of total nanostructures.

Therefore, developing extremely simple fabrication methods is mandatory for light trapping techniques to become

truly relevant in the field of photovoltaics. This is especially true for OPV where the driving force behind their

development is their reduced cost compared to inorganic solar cells. Each additional step in fabrication (e.g. to

make nanostructures for light trapping) will add to the complexity of device processing and ultimately to the

cost.

The P.R.I.N.T. method used in this thesis has the potential to be a simple, large scale method to generate

nanostructures in roll-to-roll fashion. However, as reviewed at the end of Chapter 3, there are still issues when

the PFPE mold is contacted with a BHJ thin film. An immediate goal is to determine if the contact changes the

morphology or if contamination occurs either by leaving behind PFPE or unwanted particles. Recent progress has

also been made using more controlled techniques for making nanostructures. So-called solvent assisted patterning

techniques that use Si master molds [50] may be an alternative to embossing methods like P.R.I.N.T. However,

such methods come with added complications and a greater challenge to upscale to roll-to-roll fabrication.

Issues with patterning photoactive materials directly can be immediately circumvented by nanostructuring an

inorganic layer of the solar cell that is more robust to cleaning and sonication. Recent progress has been made

in patterning ITO [115], but the device efficiency is still not to the level of the best planar cells. Even with years

of attempts to enhance the absolute performance of P3HT:PCBM devices above the level of 4.4% published in

2005 for a simple planar device [7], no method involving nanostructures has shown a PCE above this level.

Therefore, a path in nanopatterning research is unlikely to involve P3HT:PCBM as an active material where

the PCE has already been maximized. There is greater hope for light trapping near the band edge of materials

that have very long band tails. This is the case for amorphous silicon (a-Si) where a high population of resonant

modes can be excited [80]. Also, the number of excitable modes scales with the flash layer thickness, which is

typically a few microns for a-Si cells but less that 100 nm for PC organic solar cells. Future research in OPV

light trapping should involve low-bandgap polymers that absorb more weakly than P3HT and are more similar

to a-Si in their absorption properties. This could result in light trapping approaches having a greater impact in

improving BHJ device performance to levels of 10%. The fabrication methods, characterization techniques, and

electro-optical modeling developed as part of this thesis should set the stage for these developments.
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Appendix A

Accuracy of Research Tools

The accuracy of a few research tools used in this thesis are given below.

A.1 Optical Modeling Program

All optical simulations in this thesis have been done using code written inMathematica following the procedure

outlined by Tikhodeev et al. [84]. In their publication, the transmission of light in a model photonic crystal slab

system (Fig. A.1(c)) is calculated. The dark grey square posts have an index of refraction of 1.99, while the light

grey substrate and medium surrounding the posts have index of 1.44. Both materials are taken to be transparent.

The periodicity, d, is 680 nm, while the post height, Lz, is 120 nm. Figure A.1(b) shows the calculation of the

zeroth order transmission from Tikhodeev et al. under normal incidence illumination. Figure A.1(a) shows that

the same result is obtained using the Mathematica program and demonstrates its accuracy compared to literature.

It is not shown here, but the same result was obtained in RSoft DiffractMOD, a commercially available optical

simulation package. Furthermore, agreement was achieved between the local absorption profiles of Chapter 5

calculated using Mathematica and RSoft DiffractMOD. Finally, many of the results of Chapter 2 have been

reproduced by Lumerical, which sells finite element solvers for optical calculations (see

http://www.lumerical.com/fdtd online help/solar organic.php for details).

A.2 Electrical Modeling Program

All electrical simulations in Chapters 4 and 5 were conducted in COMSOL Multiphysics, a finite element solver.

Figure A.2 shows agreement between COMSOL Multiphysics and the results from Koster et al. for the model

system MDMO-PPV:PCBM with active layer thickness of 120 nm [65]. The J-V curves, concentration profiles

of electrons and holes, and net generation rate of free carriers are reproduced using COMSOL Multiphysics.

Excellent agreement is achieved, which demonstrates the accuracy of the simulation method.
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Figure A.1: Simulated optical properties for photonic crystal slab using scattering matrix method (a) developed
for this thesis and (b) from Tikhodeev et al. [84]. (c) Schematic of the model structure with index of refraction
of 1.44 (light grey) and 1.99 (dark grey) [84]. The periodicity, d, is 680 nm, while the post height, Lz, is 120 nm.
Figures from Tikhodeev et al.: Copyright 2002 by The American Physical Society.

Figure A.2: (a,b) Concentration of electons, n, and holes, p, and net generation rate of free carriers, U , at short
circuit using (a) COMSOL Multiphysics and (b) from Koster et al. [65]. (c,d) Simulated J-V curves using (c)
COMSOL Multiphysics and (d) from Koster et al. [65]. The model system is MDMO-PPV:PCBM with 120 nm
active layer thickness. Figures from Koster et al.: Copyright 2005 by The American Physical Society.
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A.3 Optical Measurement Set-up

The angular dependent IPCE and reflection measurements in Chapter 3 were conducted on a custom-built

measurement set-up, which consists of LabView controlled stepper motors and data acquisition software integrated

to a Woollam ellipsometry monochromater. The sample is a 675 nm thin film of PMMA on a silicon substrate.

The optical properties and thickness of PMMA were determined using spectroscopic ellipsometry and then input

into the scattering matrix optical model described above to generate the reflection data under various angles of

incidence. Very good agreement is achieved between the simulations and measurements.

Figure A.3: Specular reflection of 675 nm PMMA film on silicon substrate at (a) 30◦, (b) 45◦, and (c) 60◦

incidence in s-polarization. The measurements are done using a custom-built angular reflection set-up, while the
simulations are done using the scattering matrix method written in Mathematica.
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