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Abstract. Alternative and renewable sources of energy have been identified as key areas of
research given our society’s projected energy demands. Photovoltaics are the most likely
candidate to meet the impending energy demands, with organic photovoltaics offering a
uniquely cheap route to achieve energy sustainability. The development of organic
photovoltaics (OPV) has been largely dictated by leaps of improvement in power conversion
efficiency (PCE) values, owing to significant advances in materials properties and device
architectures. These improvements have allowed for enhancement of PCE values from less
than 0.1% with simple organic films to a current value of 8.13% for bulk heterojunction devices.
This review will serve to examine the milestones of improvement in organic solar cells with a
particular emphasis on device architecture and the associated device physics. Accompanying
this discussion will be an overview of relevant device parameters and the current methods to
reliably extract these values from experimental data.



1. Introduction.

With worldwide energy usage expected to nearly double by the year 2050 and
worldwide oil reserves steadily depleting [1], research for alternative sources of energy has
become paramount. Even with more advanced oil extraction techniques, it is expected that
alternative, renewable sources of energy will be required by the end of the century. Given the
huge amount of solar radiation impingent on the earth, photovoltaics have been identified as
the most feasible candidate to meet the impending energy demands. Other approaches to
provide the required energy are either insufficient — such as wind, geothermal, hydroelectric
and tidal — or impractical — such as nuclear fission and fossil fuels in conjunction with carbon
sequestration [1].

Efficient photovoltaics began with single crystal silicon, which is frequently termed first
generation technology. These “p-i-n” solar cells generally achieve power conversion efficiency
values of ~15%-20% commercially, with experimental cells developed in lab environments
capable of 24-25% [2, 3]. Most recent advances are attributed to improvements in light in-
coupling by optimizing the silicon surface geometry. With further improvements, the first
generation of solar cells may reach their theoretical maximum efficiency of ~31%, defined as
the Shockley-Quessier limit [4]. This limit was calculated by taking into consideration all
insurmountable losses, especially due to energy losses from both low and high energy photons.
High energy photons produce hot carriers well above the band edges of the semiconductor,
which rapidly thermalize and thereby dissipate energy. In contrast, low energy photons below
the bandgap of silicon (~1.1eV) cannot promote an electron from the valence band to the
conduction band and are therefore lost as a source of energy.

From the above discussion, it is clear that single crystal silicon photovoltaics are
technologically limited by their fixed bandgap energy. They are further economically limited by
their high cost of production. In order to address these concerns, second and third generation
photovoltaics have been developed. Third generation photovoltaics are focused on the use of
nanocrystalline (quantum dot) materials that promise both reduced manufacturing costs and
improved efficiency beyond the Shockley-Quessier limit. In order to achieve high efficiency
values, third generation photovoltaics rely on hot carrier extraction and multiple generation
effects; however, neither phenomena have yet been successfully applied to nanocrystalline
solar cells in a practically relevant manner [5].

Second generation photovoltaics have lower efficiency values than first generation
photovoltaics and rely on decreased manufacturing costs to gain an economic advantage.
These are generally large area, thin film electronics and include vacuum-deposited amorphous
or polycrystalline semiconductors as well as solution-deposited organic semiconductors. By
removing the need for expensive physical or chemical vapour deposition, organic
semiconductors gain a significant competitive advantage. The use of thin film, amorphous



organic films also allows for the possibility of flexible substrates in combination with high
throughput reel-to-reel processing to further decrease costs. With most recent materials
allowing for 8.13% power conversion efficiencies [6], organic solar cells are becoming a strong
competitor in this particular generation of photovoltaics.

The structure of this review is as follows. Section 2 provides information on solar cell
fundamentals and notable device parameters, which will be used to describe the performance
of solar cells throughout this review. Section 3 serves to outline the history of organic
photovoltaics, with the goal of providing insight into the fundamental device physics and the
major challenges faced by this technology. Following this discussion, the device structure and
materials used in the most current organic solar cells will be examined with a focus on device
optimization and efficiency improvements. Section 4 will then focus on methods to reliably
extract relevant solar cell parameters from the basic solar cell output data. Such discussions
are especially relevant for the purpose of cross-comparisons among organic solar cells that can
vary not only in structure, but also in materials composition.

2. Background: Operation Principle and Notable Parameters.

A solar cell is fundamentally composed of one or several light-absorbing layers placed
between two electrodes, one of which must be transparent to allow for the passage of light.
The active layer(s) absorb(s) light to generate free carriers, which are then collected at the
electrodes. In an organic solar cell, the active layers are comprised of thin films of organic
semiconductors, which may be formed through either solution-based methods for polymeric
materials or through thermal evaporation for small-molecule materials.

This review article will focus on the polymeric, solution-deposited films, as these are
most relevant toward the goal of economically viable solar cells. However, it should be noted
that small molecule organic solar cells have also been successful in achieving high solar cell
efficiencies [7, 8], and have gained strong notoriety for their use in photodetectors. Since small
molecule films are vacuum deposited, multiple (>2) heterojunction devices have been shown to
be feasible, allowing for strong gains in device quantum efficiency. The reader is strongly
encouraged to examine reference [9] for a very thorough review by Forrest and coworkers on
the subject of small molecule solar cells and photodiodes. A more recent review on the current
status of small molecule organic solar cells is provided in [10].

In contrast to the conduction and valence bands with inorganic semiconductors, organic
semiconductors are generally discussed in terms of the analogous quantities known as the
lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO).
Common organic solar cells make use of either plastic or glass substrates, with a tin-doped
indium oxide (ITO) bottom electrode and a low work function metal top electrode (most



commonly calcium, magnesium or aluminum). This common configuration is shown in Figure 1
A) and B).
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Figure 1 - A) Common structure of a simple, single-layer organic solar cell with B) associated energy diagrams of separated
components. {0, $ai X, IP and E, refer to the ITO work function, aluminum work function, and semiconductor electron
affinity, ionization potential and bandgap respectively (Images adapted from ref [11]). C) Equivalent circuit model for an
organic solar cell. The solar cell is fundamentally composed of a current source and a rectifying component, modelled as a
diode. R, and Ry, refer to series and shunt resistances respectively, which occur due to non-idealities within the solar cell.

In the simple illustration in Figure 1A) and B), a photon enters the device through the
transparent electrode to generate an exciton within the organic semiconductor. The exciton is
further broken down into an electron and a hole, which are collected at the aluminum and ITO
electrodes respectively. It is important to note that these energy diagrams are only drawn for
the isolated components and do not include band bending due to Fermi level alignment. The
basis for preferential breaking of the exciton is discussed in greater detail in Section 3.

Given the above discussion, an organic solar cell under light exposure may be best
understood as a current source. Due to the nature of exciton dissociation and carrier
collection, as will be discussed in Section 3, the organic solar cell is also a rectifying device.
Additional resistances, Rseries and Rspunt may also be considered due to several non-idealities and
inefficiencies in the device structure and operation. Rseries OCcurs due to the contact resistances
between the electrodes and the organic semiconductor, in addition to the resistances of the
bulk semiconductor and the electrodes themselves. Rghunt is included due to leakage and
recombination current within the device. A final equivalent circuit model of the organic solar
cell is shown in Figure 1 C).

Simple comparisons among solar cells are usually made in terms of their power
conversion efficiencies (PCE or mpce), which refer to the amount of useful electrical energy
produced as a function of the input optical power. PCEs are typically reported in terms of a
standard one-sun (100mW/cm?), air mass 1.5 (AM1.5) exposure produced by a solar simulator.
This spectrum is analogous to light impingent to the earth after it has traveled through the
earth’s atmosphere a distance of 1.5 atmosphere thicknesses. A number of other notable solar
cell parameters include:

- lse: short circuit current — the solar cell current when the voltage across the solar cell
is zero



- Vo open circuit voltage — the voltage across the solar cell when the solar cell
current is zero

- FF: fill factor — the ratio of the ‘actual’ maximum output power to the ‘possible’
maximum power (where there are no losses due to R and Rg,). The fill factor is a
measure of the solar cell’s closeness to an ideal solar cell, defined as:

FF = Jmim. (1)

Voclsc

, where Vi, and |, are the maximum voltage and current values respectively

- Meqe: external quantum efficiency — the number of carriers collected per number of
photons impingent on the solar cell at a given wavelength of interest. This quantity
may also be referred to as the incident-photon-to-carrier efficiency, and is defined

as:

helse(A
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, where h is Planck’s constant, c is the speed of light, I, is the wavelength-dependent
short circuit current, e is the charge of an electron, A is the wavelength of light and P
is the wavelength-dependent light intensity.

- Miae: internal quantum efficiency — the number of carriers collected per number of
photons absorbed by the active organic semiconductor. This factor excludes optical
losses due to reflection and transmission as well as losses due to absorption by non-
active layers.

FFVoclsc

In terms of the above quantities, the PCE may be found as: PCE = .
Input Optical Power (W)

(3)

3. Advances in Organic Photovoltaics

The early development of organic solar cells was driven by breakthroughs in device
architecture with associated gains in device efficiencies. In a very brief period of time, organic
solar cells evolved from simple monolayer structures placed between mismatched electrodes to
more complex, phase-separated bulk heterojunctions. Later gains in device performance arrive
primarily as a result of materials development, which relies heavily on the rapid prototyping of
specially optimized polymers. Beyond these improvements in materials, gains in device
efficiency and stability have arisen as a consequence of organic-electrode and organic-organic
interface studies. The reasoning and logic behind the major organic solar cell breakthroughs
along with the associated experimental gains are described herein.

3.1. Early Work in Device Architecture
3.1.1. Before Heterojunction Organic Solar Cells



The simplest form of an organic solar cell comprises a single homogenous organic
semiconductor placed between a transparent conductive oxide (TCO) bottom electrode and a
metallic top electrode. Some of the earliest work on this device architecture can be traced back
to simple films of chlorophyll-a electrodeposited between two metal electrode in 1975 [12]. In
both this work and much later work at Xerox in 1993 [13], it was shown that organic
semiconductors have sufficient conductivity and hole carrier densities to form p-type Schottky
barrier contacts with adjacent metal layers. In the latter work, the synthesized polymer poly(p-
phenylene vinylene) (PPV) was used as the organic layer, although it is noted that polyacetylene
and polythiophenes had been previously examined for similar purposes [11].

Riess et. al., Antoniadis et. al. and Marks et. al. further showed that favourable
HOMO/LUMO bending at aluminum-PPV Schottky contacts could be used for photovoltaic
applications in 1994 [14-16]. The energy diagram for this system is provided in Figure 2 A).
Upon absorption of a photon, an exciton is formed in the PPV semiconductor. The exciton is
dissociated into its constituent electron and hole due to the electric field at the Schottky
contact. Electrons may be collected directly at the aluminum electrode, whereas holes must
diffuse along the thickness to the semiconductor to be collected at the ITO electrode.
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Figure 2 - A) Energy diagram for a simple PPV-Al Schottky solar cell. B) IV output characteristic for a representative PPV-AI
Schottky solar cell. Note that the fill factor is rather poor (~0.2) and the current density is very low for solar cells made with
this device structure. (Figures adapted from [14])

Each of these early studies identify similar open circuit voltages of ~1.2V, rather poor
short circuit current values at 1-2 pA/cm2 and power conversion efficiency values near ~0.1-1%
for low light conditions [14, 15]. A representative IV output characteristic for this system is
provided in Figure 2 B). Antoniadis et. al. note that further increasing the light source power
results in smaller gains in photocurrent, thereby reducing the device efficiency. Although it is
not directly reported, this effect is very likely due to a reduction in the device quantum
efficiency as a consequence of bimolecular recombination. In this case, photogenerated
electrons and holes interact and recombine either radiatively or non-radiatively. As such, an
increase in photogenerated carrier density results in greater levels of recombination.

This simplistic structure is clearly limited in its capacity for photovoltaics, as proven by
its underwhelming solar cell properties,. Excitons are dissociated primarily at the depletion
layer formed at the Schottky contact. Since the exciton diffusion length is typically below 20nm



for organic materials [17], only a very small number of excitons generated very close to the
Schottky contact contribute to harvestable carriers and photocurrent. The active organic layer
must be thick, however, or it will not efficiently absorb light due to significant transmittance
losses.

3.2. Planar Heterojunction Organic Solar Cells

In order to address the poor device behaviour and losses associated with single layer
organic solar cells, researchers sought device structures that encouraged exciton dissociation.
Such an approach had already been applied with thermally evaporated small molecules since
1986 by Tang from Kodak [18]. In this work, Tang used a copper pthalocyanine (CuPC)-perylene
tetracarboxylic planar junction to achieve power conversion efficiencies of 0.95% with fill
factors as high as 0.65.

In the early work by Tang, it was shown that the offset in HOMO/LUMO of the two
organic semiconductors allowed the heterojunction to act as an efficient interface for exciton
dissociation. The material with higher electron affinity is denoted as the acceptor, whereas the
material with lower electron affinity is denoted as the donor. Under exposure to light, a
photogenerated exciton formed on a donor molecule may diffuse to the heterojunction, where
its electron can rapidly transfer to an acceptor molecule. This transfer is favourable as long as
the LUMO offset between the donor and acceptor is larger than the Coulombic stabilization
energy of the exciton. More recent work has also shown probable dipole formation at the
donor-acceptor interface, which further helps to separate electron-hole pairs and also hinders
geminate recombination [19].

Upon exciton dissociation, the free carriers may then diffuse to their corresponding
electrodes where they are collected to generate photocurrent. This process is shown in Figure
3. In contrast to the single layer device, which must support bipolar transport, a heterojunction
device allows for electron transport along the high electron affinity material and hole transport
along the low ionization potential material. This scheme significantly reduces bimolecular
recombination and thereby increases photocurrent. As an additional benefit, since the
heterojunction is present in the bulk of the film, the number of excitons within diffusion length
of the junction increases substantially compared to the simple Schottky solar cell.
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Figure 3 - Energy diagram of the HOMO/LUMO offset for a planar heterojunction organic solar cell. The energy levels are
drawn for individual, separate components to show the general device behaviour. Contact between the organic layers and
the electrodes may lead to some HOMO/LUMO bending, which has not been shown here. (Figure adapted from ref [11]).

The difficulty of incorporating a planar heterojunction in polymeric solar cells arises
from solution-coating a top polymer layer without re-dissolving the underlying polymer layer.
Methods to accomplish this task generally include making use of orthogonal solvents, which
dissolve one polymer but not the other, or through the use of polymer precursors, where an
insoluble polymer film is formed directly on the substrate. Later work in 1999 and 2000
showed these approaches to be feasible [20, 21], although by then much of the research had
shifted to bulk heterojunction solar cells, which are described further in Section 3.3.

As a consequence, much of the early work in planar heterojunctions involved purely
small molecule films, as discussed in Forrest and coworkers’ review [9]. Other groups combined
polymers and small molecules into solar cells by spincoating a bottom polymeric layer and
subliming a strong acceptor layer on top, including perylene derivatives [22, 23] and fullerene
(Ceo) [24-28]. While these devices are inherently expensive, as they require a multi-step
fabrication process involving both solution- and vacuum-deposition of organic materials, they
served as an important milestone for efficiency. These devices also provided insight into
organic solar cell device behaviour and architecture and, as such, are described briefly below.

The use of Cg in organic photovoltaics arose as a consequence of their proven
guenching of organic excited states. In this early work, Sariciftci et. al. prepared thin films of
poly[2-methoxy,5-(2'-ethyl-hexyloxy)-p-phenylene vinylene] (MEH-PPV) sensitized with small
concentrations of Cgo [29]. The researchers witnessed near complete loss of
photoluminescence and a decrease in luminescence decay time in the composite compared to
a pure MEH-PPV film, indicative of fast (~ps) electron transfer from MEH-PPV to Cgo. The
absence of new absorption spectral features further showed that no such transfer occurs at the
ground state. This work was simultaneously completed by Morita et. al. for a different
polymer, showing that the significant quenching of photoluminescence intensity could be
achieved at Cgy concentrations as low as 1% [30]. Later work by Lee et. al. demonstrated this
effect for a different polymer, and also described an associated enhancement in
photoconductivity for the composite polymer:Cgo films. This gain in photoconductivity was
attributed to extended free carrier lifetime arising from decreased radiative recombination
[31].



Sariciftci et. al. were the first to examine polymer-Cgo heterojunctions in 1993 with an
ITO/MEH-PPV/Cgo/Au structure [27, 28]. This device showed some improvement in fill factor to
0.48, but it exhibited poor power conversion efficiencies of ~0.04% when exposed to light with
1mW/cm? intensity. The device also exhibited significantly lower dark current than its single-
layer predecessor and showed a linear current dependence on light intensity. These results
prove that the device structure is successful in inhibiting bipolar transport across individual
layers, thus limiting bimolecular recombination. These were results were confirmed by Morita
et. al. with a thiophene-based polymer-Cg¢y heterojunction showing good device rectification
and measurable photocurrent [25].

These simple planar heterojunctions showed very modest improvements in external
guantum efficiency with optimization of device fabrication [23, 24]. The underwhelming device
performances highlight a fundamental problem with the planar heterojunction structure: most
of the photogenerated excitons are not within their diffusion length of the heterojunction. This
fact was emphasized in a study by Roman et. al., who calculated the point of maximum optical
electric field of monochromatic light within a simple polymer-Cgo planar heterojunction [26].
This research showed that by designing the device such that the maximum electric field was
centred on the heterojunction, it was feasible to substantially increase the quantum efficiency
of the device. This improvement is due to the increase in the number of excitons generated
very near heterojunction, where free carriers may be generated.

As a point of interest, in 1998, Friend and coworkers showed some success with planar
heterojunction films composed of a polythiophene donor and a cyano-based derivative of MEH-
PPV as an acceptor [32]. In contrast to the above work, the acceptor film was doped with ~5%
of the donor species and, similarly, the donor film was doped with ~5% of the acceptor species.
This work was further unique in that the donor/acceptor films were formed on two different
substrates and a lamination method was used to couple the device together. This fabrication
approach is incredibly attractive, as the metal-coated substrates can be pre-prepared very
cheaply and the active layers only require simple solution-based processing. Using this
approach, the authors were able to achieve more reasonable PCE values of 1.9% under
77mW/cm?, AM1.5 exposure conditions. This notion of laminate-processing of solar cells was
revisited much later in 2008 by Yang and coworkers [33].

3.3. Bulk Heterojunction Organic Solar Cells

The bulk heterojunction concept was introduced as an answer to the poor efficiencies
that arise due to excitons being generated too far from the planar heterojunction. In a bulk
heterojunction, the donor and acceptor species are blended together in a common solvent and
deposited simultaneously, as shown in Figure 4 A). By blending the two species together, one
may ensure that photogenerated excitons will always be within their diffusion length of a
heterojunction. As such, one can minimize recombination of the photogenerated excitons. It is



also worth noting that, while both electrodes are in direct contact with both the donor and
acceptor materials in a bulk heterojunction, electrode work function mismatch allows for a
sufficiently large internal electric field to collect separated carriers at the proper electrodes.
This is shown in the simplified energy diagram in Figure 4 B), which illustrates a bulk
heterojunction device under short-circuit conditions.

If the blend is defined properly, both the donor and acceptor may percolate across the
electrodes, allowing for a blended film that exhibits bicontinuous phases. The interpenetrating
network allows for efficient free carrier motion across the active layer of the device, as the
holes may remain in the donor phase and the electrons may remain in the acceptor phase. This
bicontinuous distribution of materials occurs naturally with polymer/polymer and
polymer/small molecule mixtures deposited from solution due to the low entropy of mixing of
macromolecules. By evaporating the solvent during deposition in a controlled manner, it is
feasible to ‘freeze’ the device in this bicontinuous phase configuration.
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Figure 4 - A) lllustration of a bulk heterojunction placed between ITO and Al electrodes. Note that the donor (red) and
acceptor species (blue) are well dispersed throughout the active layer and show discrete phases. B) Simplified energy
diagram of the same. Interfacial band bending and associated effects have been ignored for simplicity. Also note that the
LUMO and HOMO levels are shown as continuous across the entire film, which is not necessarily true unless the film shows
ideal mixing. (Images adapted from ref [11] and ref [34]).

Following the success of C¢o when used as an electron accepting species, Yu et. al.
formed simple ITO/MEH-PPV:Cso/Ca bulk heterojunction devices in 1994 for use as
photodetectors [35]. The inclusion of ~10% Ceo by weight improved the photocurrent response
of the photodiode by nearly an order of magnitude. Unfortunately, the weight ratio of Cgg in
the film is fundamentally limited by the poor solubility of Ceo. It is therefore unrealistic to
assume proper Cgo phase distribution and separation within the organic film. In order to
enhance the solubility of Cs9, Hummelen et. al. examined fulleroid and methanofullerene
derivatives that offer enhanced solubility due to bulky side-groups which inhibit fullerene
aggregation [36]. In this work, the researchers developed phenyl-C61-butyric acid methyl ester
(PCBM), which shows high solubility in most common organic solvents.

In 1995, Yu et. al. continued their earlier work from [35], replacing C¢o with PCBM to
form bulk heterojunction devices with higher acceptor concentrations [37]. The authors
successfully increased the amount of PCBM to a weight ratio of 4:1 PCBM:MEH-PPV, such that
roughly every repeat unit on the polymer would have a corresponding fullerene acceptor.
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Devices made using an ITO/MEH-PPV:PCBM/Ca structure were capable of achieving ls, Vo,
peak EQE and PCE values of 2mA/cm?, 0.82V, 29% and 2.9% respectively when exposed to
20mW/cm? monochromatic (430nm) light. The power conversion efficiency reported in [37] is
a substantial improvement over previous single layer organic solar cells and serves as a
milestone in organic photovoltaics. These devices also showed a nearly linear dependence of
photocurrent on light intensity, further emphasizing that the bulk heterojunction structure
inhibits bimolecular recombination.

In the same year, both Yu et. al. and Halls et. al. developed bulk heterojunction solar
cells based on mixed donor/acceptor polymers [38, 39]. In both cases, the researchers made
use of MEH-PPV as the donor and CN-PPV as the acceptor since CN-PPV has a higher electron
affinity and a lower ionization potential. Fast electron transfer from MEH-PPV to CN-PPV was
first shown via steady state photoluminescence measurements, where the photoluminescence
intensity dropped considerably for mixing ratios between 1:4 and 4:1 CN-PPV:MEH:PPV by
weight. Both groups obtained similar peak EQE values of 5-6%, with Yu et. al. reporting PCE
values on the order of 0.9% when illuminated under low intensity, monochromatic light.

In both [37, 38], Yu et. al. noted that the open circuit voltage decreased from ~1.3-1.6V
for a single layer MEH-PPV device to ~1V and ~0.8V for the MEH-PPV:CN-PPV and MEH-
PPV:PCBM bulk heterojunction devices respectively. The authors note that the same reduction
in open circuit voltage occurs with pure, single layer CN-PPV devices. While the origin of this
variation has been subject to some debate, recent results and discussions from Crispin et. al.
and Braun et. al. strongly suggest this work function lowering is due to a Fermi level pinning
effect at the electrode-organic interface [40, 41].

In brief, one may describe single layer MEH-PPV solar cell devices as thin-film diodes
based on a fully depleted Schottky diode scheme [38]. This conclusion has been made from
two significant pieces of information:

-V is dictated only by the work function difference between the electrodes
- Single layer devices exhibit constant capacitance across the device for voltages
below V., implying that the polymeric layer is already fully depleted

This simple MEH-PPV-based device behaviour arises because the HOMO is lower than the Fermi
level of ITO and the LUMO is higher than the Fermi level of Ca. However, since CN-PPV and
PCBM have electron affinities greater than the work function of Ca, solar cells making use of
these materials show an altered (lowered) open circuit voltage due to Fermi level pinning.
Additional lowering of the V,. may be due to device non-idealities, relating to poor fill factors
caused by high series resistances and low shunt resistances. The topic of open circuit voltage is
discussed in greater detail in Section 3.4.2.

3.4. Enhancement and Optimization of Modern Organic Solar Cells

11



Much of the groundwork for modern organic photovoltaics was set with the
development of the bulk heterojunction and with the realization of PCBM as an acceptor
material. Following the initial successes described above, there was a huge surge of research
interest in organic photovoltaics. The remainder of this review will therefore focus on the most
prominent and successful class of organic solar cells, which were based off of the nascent
results described above: fullerene/PCBM-based bulk heterojunctions.

As a point of note, very interesting work has also been completed on the development
of block copolymers, where a single polymer chain comprises of both donor and acceptor
groups [42-45]. In such a system, the differing blocks tend to phase separate, which is ideal for
application in bulk heterojunctions. Unfortunately, these cells generally exhibit poorer
performance than simple mixed-polymer systems, with very recent work in 2009 only showing
0.49% PCE [46]. Readers interested in these developments are referred to [42], where Sun
discusses the fundamental requirements for acceptor-donor block copolymers.

3.4.1. Improvement in Device Efficiencies through Advances with the Donor Material

Bulk Heterojunction Solar Cells with PPV-Based Donor Materials

In the early work on organic photovoltaics, researchers made use of PPV and PPV-
derivative polymers as the primary absorbing and donor species in heterojunction cells [27, 28,
37]. In 2001, Shaheen et. al. developed bulk heterojunctions of poly[2-methyl,5-(3*,7**
dimethyloctyloxy)]-p-phenylene vinylene) (MDMO-PPV) with PCBM to produce solar cells with
2.5% PCE, the highest reported efficiencies for polymeric solar cells at the time [47]. Much of
the improvement witnessed in this particular experiment can be attributed to two experimental
considerations:

- The use of chlorobenzene (CB) instead of toluene as a solvent for spincoating
allowed for much smoother films, owing to better polymer mixing and polymer
phase distribution.

- The high concentration of PCBM in the composite allowed for a larger number of
PCBM percolation pathways and also granted better mobility for both electrons and
holes within the film.

The first experimental consideration highlights the importance of film morphology for
bulk heterojunctions, which remains a concern in all bulk heterojunction organic photovoltaics
regardless of the chosen donor species. In their 2007 review, Giines et. al. listed a number of
factors that may affect the characteristics of the solution-deposited film, including: the solvent,
the processing temperature, the ratio of the donor to acceptor, the concentration and the
chemical structure of the chemical species [48]. Beyond these factors, the method of
depositing the film (spincasting, dropcasting, doctor blading, etc.), the cleanliness of the
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deposition environment (typically a nitrogen glovebox) and the time between solution
preparation and deposition can all have significant effects on film quality and morphology.

The second experimental consideration further stresses the importance of film
morphology, but also notes the anomalous increase in hole mobility when MDMO-PPV is
incorporated into a blend structure with PCBM. Melzer et. al. found that the hole mobility in a
20:80% MDMO-PPV:PCBM film was only an order of magnitude lower than the electron
mobility in a pure PCBM film [49, 50]. This is in contrast to the pure MDMO-PPV film, where
the hole mobility is four orders of magnitude smaller than the pure PCBM film electron
mobility. This phenomenon is counterintuitive; increasing the PCBM concentration dilutes the
MDMO-PPV concentration and should decrease the number of conductive pathways for hole
transport. While the cause of this phenomenon has not yet been identified, it has been
suggested that the improvements arise from a change in the configuration of the PPV-based
polymers, which allows for better n—n stacking and therefore grants higher carrier mobility.

Despite the impressive initial 2.5% PCE shown by Shaheen et. al. [47], further
improvement in PPV-PCBM-based bulk heterojunctions only allowed for modest increases in
PCE values of 3 to 3.3% [51-53]. Even with the anomalous increase in hole mobility noted
above, the mobility and associated conductivity of PPV polymers are still quite low.
Furthermore, the wide bandgap of PPV polymers prohibits the absorption of low energy
photons and thereby restricts the maximum photocurrent. For this reason, researchers began
examining small bandgap polymers and polymers with higher hole mobilities. As a point of
note, hole mobility is typically inversely related to ionization potential for organic materials.
Given similar bandgap energies and film forming capabilities, a high hole mobility material
should then exhibit a larger HOMO/LUMO offset with PCBM, as shown with poly-
3(hexylthiophene) (P3HT) in Figure 5 A).
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Figure 5 - A) lllustration of the difference in HOMO/LUMO and bandgap for P3HT vs. MEH-PPV donor polymers when used in
bulk heterojunction organic solar cells with PCBM. (Figure adapted from ref [54]). B) EQE curves at two active layer
thicknesses for the preliminary P3HT:PCBM devices discussed in ref [55]. (Figure adapted from ref [55]).

Bulk Heterojunction Solar Cells with P3HT Donor Materials

For much of the past decade, P3HT:PCBM bulk heterojunctions have been the focus for
organic solar cells. The shift to P3HT as a donor species began with promising results in 2002
from Schilinsky et. al., who showed that ITO/PEDOT:PSS/P3HT:PCBM/Ca devices could achieve
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very high EQE values, as shown in Figure 5 B) [55]. In this work, they also showed an increase in
short circuit current with increasing temperature, as well as the capacity for the system to
achieve an IQE near 100% at the peak absorption wavelength of ~550nm.

Post-processing techniques later allowed for increases in P3HT:PCBM-based PCE values
to 3.5% [56]. In this work, the researchers heated the as-fabricated device (with the same
structure as [55], except with an LiF/Al top electrode) above the glass transition temperature of
P3HT while simultaneously applying an electrical bias to the device. Increasing the temperature
of the polymer beyond its glass transition temperature allowed the P3HT:PCBM polymer
mixture to reorganize itself and phase separate more effectively than in the initial casting of the
film. The authors suggest that the electrical bias applied to the film further encouraged the
polymer to orient itself in such a manner to allow for efficient charge transport.

Significant work has been dedicated to the optimization of process conditions for
P3HT:PCBM bulk heterojunctions in much the same manner as was discussed for PPV:PCBM
solar cells. The reader is encouraged to examine [57] and [58] by Brabec and coworkers for
tabulated data on this topic. In general, researchers have sought to optimize the percolation,
structure and orientation of both the donor and acceptor materials in the film through
variations in materials properties, deposition conditions and post-processing treatments [59-
74]. A detailed analysis of the major conclusions regarding optimization of P3HT within the
P3HT:PCBM active layer in bulk heterojunction devices is provided below. While these
optimizations have been made for P3HT:PCBM heterojunctions, much of these considerations
can and should be extended to future donor materials. This sum of knowledge has allowed for
reasonable levels of reproducibility in device fabrication among different groups, with reported
PCE values on the order of 4-5% [63, 65, 66, 71, 75].

The highest efficiencies for P3HT:PCBM bulk heterojunction solar cells are obtained at
active layer compositions of 0.8-1:1 P3HT:PCBM by weight [59, 61, 63, 66]. At these
concentrations, the P3HT:PCBM film exhibits balanced electron and hole transport and is less
susceptible to space-charge limited carrier transport. Furthermore, this balanced concentration
allows for percolation of both PCBM and P3HT within the bulk heterojunction and across the
length of the device. This is a much lower ‘ideal’ PCBM concentration compared to PPV:PCBM-
based solar cells. One reason for this variation is that P3HT films have higher ‘pure’ hole
mobilities and P3HT:PCBM films therefore do not benefit from the same anomalous hole
mobility improvements as described above for PPV:PCBM-based devices. As an additional
factor, at very high PCBM concentrations, thermal annealing of the P3HT:PCBM film leads to
the formation of large PCBM crystallites that cause film cracking and drastically increase the
organic-metal electrode contact resistance [59, 67].

Following the results from [56], thermal annealing of P3HT:PCBM bulk heterojunction
devices was found to result in improved EQE, short circuit current, fill factor and device PCE
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values [62-66, 69], as shown in Figure 6 A). This has been attributed to better phase separation
of the polymers and due to the formation of both PCBM nanocrystallites and larger P3HT
crystallites, allowing for high carrier mobilities [65, 67, 69, 74]. For the same reasons, slow
drying or “solvent annealing” of the P3HT:PCBM film allows for higher device efficiencies [61,
63, 72, 73], as shown in Figure 6 B). To prove this effect, Li et. al. showed that the optical
absorption of a thick, slowly dried film was the same pre- and post-anneal. In contrast, a
quickly dried film developed the characteristic crystalline P3HT peaks only after annealing,
indicating poor initial film morphology [63], as shown in Figure 6 C). Furthermore, the slowly
dried sample exhibits a strongly red-shifted absorption curve, which implies a higher degree of
molecular w-7 interaction (granting higher hole mobility) due to structural ordering. The
solvent annealing approach may be pertinent for very low temperature manufacturing
processes for highly flexible substrates or for newly developed donor polymers that are
unstable at elevated temperatures.

Figure Removed
(Copyrighted)
Please see reference
noted below

Figure 6 - A) IV output characteristics for P3HT:PCBM bulk heterojunction solar cells that have undergone thermal annealing.
Devices 1-4 correspond to devices with Omin, 10min, 20min and 30min treatment at 110°C, performed prior to top electrode
deposition. The active layer in all devices was 210nm and the film was dried slowly for 20 minutes prior to thermal
annealing. B) IV output characteristics for P3HT:PCBM bulk heterojunction solar cells with different active layer drying times.
Devices 5-8 correspond to drying times of 20 minutes, 3minutes, 40 seconds and 20 seconds respectively. C) Absorption of
P3HT:PCBM active layers with varying dry times, as cast and annealed. (Figures adapted from ref [63])

Some additional useful knowledge gleaned from the numerous P3HT:PCBM bulk
heterojunction solar cell optimization experiments include:

- Annealing the P3HT:PCBM film after top electrode deposition (on a completed
device) provides better efficiencies than annealing the sample prior to top electrode
deposition [64, 65]. This has been attributed to enhanced interfacial chemical
bonding and potential metal diffusion during the annealing process, which may
allow for decreased interfacial carrier recombination and a larger contact area to
reduce contact resistance.

- Increasing the device temperature during testing increases the short circuit current.
The authors attribute this due to reduced trap-induced carrier recombination. In
this regard, the thermal energy kgT is greater than the energy of the trap state, so
rapid de-trapping occurs and trap-induced recombination is minimized [60].

- Thicker P3HT:PCBM films minimize pinholes and cracking, thereby reducing leakage
current and increasing shunt resistance [63].
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- P3HT:PCBM films spun from dichlorobenzene (DCB) lead to devices with better as-
spun efficiencies; however, these films generally require higher temperature
annealing [62]. This variation is due to the lower volatility of DCB compared to CB,
which leads to a longer film drying time and thereby increases the as-spun
efficiencies for the same reasons discussed above and noted in [63].

- The addition of a non-solvent can be used to control P3HT aggregation in solution
and therefore control the formation of P3HT crystallites within a cast film [75]. This
method has been successfully applied to produce as-cast samples with ~4% power
conversion efficiency. Similar to solvent annealing, the absence of a heat-treatment
in this non-solvent approach may be useful for very low temperature manufacturing
processes and for future temperature-sensitive polymers.

Schilinsky et. al. also found that a large P3HT molecular weight (MW), greater than 10
kDa, is required for high efficiency P3HT:PCBM bulk heterojunction solar cells [68]. The authors
note that MW is directly related to intermolecular n-7 interactions and to the formation of
P3HT crystallites, as observed by the absence of the characteristic crystalline P3HT absorption
peaks in small MW P3HT samples. This was further evidenced by the fact that high MW P3HT
samples generally yield films with higher measured hole mobilities.

It was later found that the annealing treatment must be fine-tuned to different MW
polymers, with larger MW P3HT requiring higher anneal temperatures and longer anneal times
[70]. This variation is related to the stronger degree of aggregation for large MW P3HT polymer
chains, which hinders phase separation and slows diffusion of PCBM throughout the film.
Unfortunately, more intense annealing of the P3HT:PCBM film tends to induce the formation of
large PCBM crystallites, which, as noted above, degrade device performance and cause
reliability issues due to film cracking. In both [70] and later work in [74], an ideal composition
of P3HT was found to include a mixture of both large and small MW P3HT, where the small MW
P3HT forms an amorphous matrix around large MW P3HT crystallites. In this manner, the large
MW P3HT is used for its enhanced electrical properties and the small MW P3HT is used to
improve processability of the material. As such, high efficiency devices may most feasibly be
formed by high MW polymers with high polydispersity.

The degree of regioregularity (RR) of P3HT, which is defined as the percentage of head-
to-tail versus head-to-head or tail-to-tail monomers within the polymer, was also found to have
a significant effect on the P3HT:PCBM bulk heterojunction solar cell properties. Highly RR P3HT
is necessary for P3HT crystallite formation, and is therefore required for high hole mobility in
the P3HT phase of a P3HT:PCBM film [71]. This follows from the fact that high RR allows for
stronger polymer chain/intermolecular interactions through m-m stacking and therefore
decreases the intermolecular distances of neighbouring chains. As a consequence, the degree
of RR is closely associated with the solar cell photocurrent, fill factor and PCE. This effect was
noted by Kim et.al., with a greater than two-times increase in photocurrent, EQE and PCE for
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P3HT:PCBM bulk heterojunction solar cells made with 95.2% RR P3HT over the same cells made
with 90.7% RR P3HT [71].

Bulk Heterojunction Solar Cells with High V.. and High I Polymers

The two major factors that drive the maximum efficiency of any solar cell are the short
circuit current and the open circuit voltage, which may be tailored by altering the donor and
acceptor materials in a bulk heterojunction solar cell. The reader is encouraged to examine a
very thorough review by Bundgaard and Krebs [54] for more details on the polymer synthesis
for high performance solar cells. This area of research is critical for organic photovoltaics, but
given the scope of the current review, it is only briefly discussed here. The open circuit voltage
for P3HT:PCBM bulk heterojunction solar cells is generally on the order of ~0.5-0.6V, which is
less than one third of the thermodynamic limit imposed by the bandgap of P3HT (~1.9eV). In
order to improve upon the low open circuit voltage, researchers sought to develop materials
with deeper HOMO energy levels (equivalently, larger ionization potentials). The open circuit
voltage is effectively set by the HOMO of the donor and the LUMO of the acceptor, as discussed
in greater detail in Section 3.4.2.

To this end, researchers have studied both polyfluorenes [76-80] and
poly(2,7)carbazoles [81-83] with reasonable levels of success. Polyfluorene-PCBM bulk
heterojunction solar cells were shown to be capable of ~1V open circuit voltage, but exhibited
relatively poor photocurrents (<10mA/cm?) and low fill factors. Carbazole-based materials
benefit from the fact that they are fully aromatic and are generally more stable than
polyfluorenes [81]. These polymers have achieved bulk heterojunction open circuit voltages of
~0.9V with reasonable fill factors (>0.6), but they also exhibit low (~10 mA/cm?) photocurrents.
In a recent study, it was shown that an optimized polycarbazole-PCBM bulk heterojunction
solar cell could achieve 6.1% PCE and near-100% IQE across a large portion of the visible
spectrum [83]. The authors note that by decreasing the bandgap of the polycarbazole
derivative, it should be feasible to maintain this high level of IQE in the red to infrared
spectrum, allowing for potential PCE values of 10-15%.

The most recent gains in organic solar cell efficiencies are attributed to polymers that
address the issue of low photocurrent while maintaining a reasonably high open circuit voltage.
This restriction strongly complicates the design of the donor polymer. These polymers must
have a deep HOMO for large open circuit voltage and polymer stability, and a small bandgap for
high short circuit current. However, the HOMO must not be too deep or the hole mobility will
be hindered. The donor polymer must also have a LUMO offset to the LUMO of PCBM to allow
for efficient exciton dissociation. This offset must not be too large or the difference will be lost
as thermal energy. As a final point, these polymers must also be stable and easily processable,
which typically requires the use of bulky side-chains. However, these side chains must not
negatively impact the n-nt stacking of the polymer or the mobility will be severely compromised.
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Poly(thienothiophene-benzodithiophene) (PTB) polymers appear to address many of
these design constraints [84-87]. The PTB polymers are typically referred to as PTBx, where x is
a number referring to a particular incarnation of the polymer, as detailed in [84]. As a point of
note, when examining smaller bandgap materials, researchers usually employ PC;:BM, which
uses a 70-carbon fullerene instead of the traditional 60-carbon “buckyball.” This form of
fullerene absorbs more strongly in the ~300nm-500nm wavelengths to allow for efficient solar
cell absorption across the entire visible spectrum. PTB7 has very recently shown to allow for a
bulk heterojunction PCE of 7.4% [86], which is the highest efficiency reported in research
literature to date. This optimized PTB7 structure attained very impressive short circuit current,
open circuit voltage and fill factor values of 14.5mA/cm?, 0.74V and 0.69 respectively. The
structure of Solarmer’s record 8.13% efficiency organic solar cell is not available [6], but given
that [84-86] were published by Solarmer researchers, it is likely that this solar cell also makes
use of a donor polymer within the PTB family.

3.4.2. Origin of Open Circuit Voltage and Interfacial Optimization

While the basic operation of a bulk heterojunction device has been elucidated for some
time, the origin of the open circuit voltage has remained subject to some debate. The open
circuit voltage is a function of a large number of device and experimental parameters, including
temperature, photoconductivity/resistance across the active layers, electrode resistance, dark
current, donor/acceptor mixing and carrier recombination [88]. As noted above, early reports
in organic photovoltaics showed the open circuit voltage to be driven primarily by the work
function difference of the contact electrodes [38]; however, later work on P3HT:PCBM bulk
heterojunctions indicated a HOMO/LUMO dependence on the constituent materials [89, 90].
This discrepancy was attributed to Fermi level pinning, such that the open circuit voltage is
directly controlled by the LUMO of the acceptor [89] and the HOMO of the donor [90].

As a refinement to this definition, Cravino claims that the open circuit voltage is better
defined by the difference between the LUMO of the acceptor and the single occupied
molecular orbital (SOMO). This definition accounts for a 0.3V to 0.4V reduction from the ideal
open circuit voltage commonly observed in organic solar cells [88]. In this manner, the energy
offset due to the formation of a polaron in the organic material is taken into consideration.
Rand et. al. offered a similar justification for the reduction in open circuit voltage, noting losses
due to the dissociation of the geminate-polaron pair and subsequent losses in the relaxation of
the electron and hole into their polaronic states [91].

Crispin et. al. further examined the impact of the polaronic states at the organic-
electrode interface [40], and Braun et. al. later proposed the integer charge-transfer model to
account for the impact of these states in the calculation of the open circuit voltage [41]. This
model applies to weakly interacting interfaces, such as those formed between organic materials
and metals/conductive oxides as well as those formed between two organic materials. In these
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cases, a surface oxide or residual hydrocarbon layer prevent direct electron transfer across the
interface, but still allow for electron transfer via tunnelling, leading to the formation of
interfacial polarons and bipolarons within the organic material. The authors note that the
interfacial polarons exhibit stronger binding energies than polarons formed in the bulk of the
organic layer, which they attribute to image potential interaction between the polarons and the
conducting surface, as shown in Figure 7 C). These surface states are denoted as positive (Eicr+)
and negative (Ec1.) integer charge-transfer states.

One may then note three regimes for the organic-electrode interface formation depending
on the work function of the electrode (¢e):

® a) Oe > Eic+: Energetically-favourable tunnelling from the positive charge-transfer state
to the electrode results in the formation of a dipole between the negatively-charged
electrode surface and the positively charged organic surface polarons. This dipole
down-shifts the vacuum level until the Fermi level of the electrode is aligned or pinned
to the positive charge-transfer state, as shown in Figure 7 A) i). This is the case for P3HT
and ITO as well as P3HT and PEDOT:PSS/ITO, and results in the experimentally observed
open circuit voltage dependence on the HOMO of P3HT [90].

e b) Eicr- < del < Eict+: Neither tunnelling from the Ecr: state to the metal nor tunnelling
from the metal to the Eicr. are energetically favourable. No Fermi level pinning of the
electrode occurs, as shown in Figure 7 A) ii). This simple regime corresponds to the
early single layer MEH-PPV solar cells [38], where the open circuit voltage is determined
simply by the work function difference of the electrodes.

® ) O < Ecr+: Energetically-favourable tunnelling from the electrode to the negative
charge-transfer state results in the formation of a dipole between the positively-charged
electrode surface and the negatively charged organic surface polarons or bipolarons.
This dipole up-shifts the vacuum level until the Fermi level of the electrode is aligned or
pinned to the negative charge-transfer state, as shown in Figure 7 A) iii). This is the case
for PCBM and aluminum, and results in the experimentally observed open circuit
voltage dependence on the LUMO of PCBM [89].

The end result of the integer charge-transfer model is the so-called “Mark of Zorro” effect for a
varying electrode work function, as illustrated in Figure 7 B). Under this model, the bulk
heterojunction solar cell therefore has a maximum open circuit voltage dictated the difference
between the Eic1; state of the HOMO and the E . state of the LUMO.
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Figure 7 - A) lllustration of the integer charge-transfer model for organic-electrode interfaces. i) and iii) show Fermi level
pinning of the electrode (denoted as ‘sub’ for substrate here) to the Ecr, and E ;. states respectively. ii) shows “vacuum
level alignment,” which occurs when Ecr. < §gectrode < Eicr+ OF tunnelling is energetically unfavourable. B) Variation in the
‘observed’ electrode work function for an organic/electrode interface as a function of the isolated work function of the pure
electrode, as detailed by the integer charge-transfer model. C) Variation in the position of the integer charge-transfer states
due to the image potential at the organic-electrode interface. (Images and figures adapted from ref [41])

It is now worth briefly noting the effects of injection materials placed between active
organic materials and the electrodes. The use of LiF in between the organic layer and an
aluminum top electrode has proven to be successful in improving both device efficiencies and
increasing the solar cell open circuit voltage [53, 92]. It has been proposed that the thin LiF
layer may lead to the formation of a dipole due to the preferential alignment of Li* to the
organic surface and the F to the metal surface. This additional dipole would cause a down-shift
in the vacuum level, opposing the vacuum level up-shift due to the integer charge-transfer
model. Since the overall interfacial dipole is weaker, the aluminum Fermi level is pinned at
some point above Ecr, resulting in an improved open circuit voltage. As a point of note, this
understanding has been shown to be true for thick films of LiF; however, in monolayer films of
LiF, LiF dissociation and doping effects are the likely cause for device improvement [93].

4. Solar Cell Circuit Model and Methods for Solar Cell Parameter Extraction

In all organic solar cell research, it is assumed that researchers use similar methods to
obtain relevant solar cell parameters from the solar cell output IV characteristics. The
equivalent circuit for a generic solar cell is shown in Figure 1, and is noted to have the following
current-voltage relationship:

liotar =1 = _Iphotocurrent + laiode + Lshunt (4)
V+IRs]
I'=—Ly + Iy (exp [W] 1)+ Gon(V + IRy) (5)

, Where |y is the reverse saturation current, n is the diode ideality factor, Vi,=kgT/q is the
thermal voltage, R is the series resistance and Gy, is the shunt conductance (Gsh=1/Rqp).
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It is important to note that the diode parameters in the equation above do not have the
same explicit meanings as they do for single crystal p-n junction or Schottky junction diodes.
However, these values are inherently related to equivalent processes that produce similar
device behaviour in the organic devices. For example, since the diode ideality factor is strongly
related to recombination in silicon p-n junctions, either by space charge recombination or high
level injection, it is expected that this parameter is similarly related to recombination
mechanisms in organic solar cells. As such, comparison of these parameters across different
experimental organic solar cells can still yield important information regarding device
operation.

The most frequently reported solar cell parameters are the open-circuit voltage, short-
circuit current, fill factor and power conversion efficiency. These values are described in
Section 2 and are straightforward to calculate from solar cell output characteristics. However,
the shunt and series resistances, which are arguably the next most useful parameters for
organic solar cells, are not as simple to ascertain. In recent studies on organic solar cells,
researchers used the slope of the output curve under dark conditions at V=0V and V=2V to find
the shunt and series resistances respectively [63]. This very simple approach was described
many years earlier for CdS thin film solar cells [94], and involves the assumption that the series
resistance is small and the shunt resistance is large. This approach generally provides
reasonable values for the shunt resistance based on the logic shown below:

V+IR

®  Rshunt: lph™=0 (dark output), so I = I (exp [thh

| = 1) + Gan(V + IRy

At the current axis V=0V, | is small and if R, is small, exp [%} = exp[0] = 1.
th

Further, G, is generally small because Rg, is ideally large, so GsIRs must be very small.
We can therefore write, by means of simple logic:

I= I)(1—1) 4 GV + GerIRs = GgpV

dl dv
I = GgV or . = Gsp, - E(V =0V) =Ry,

However, as noted above, this method is only valid under the condition that the solar
cell has reasonably good properties with a high Rg, and low R;. Furthermore, the calculation for
Rs is only valid if a ‘good’ voltage point is chosen for the slope calculation. In the study of
organic solar cells, especially with new materials and varying solar cell architectures, the
assumptions of low Rs and high Rg, are not strictly valid. In order to obtain more accurate
values for both the series and shunt resistances as well as the diode parameters of the solar
cell, one must fit the solar cell parameters to the current equation shown in (5) above.

There are numerous methods described in literature to extract the relevant diode
parameters [95-99]. In this review, three of these methods are examined for their relative
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success in analyzing sample IV output data representative of an illuminated organic solar cell. A
summative comparison of the extracted parameters using several different methods is provided
in Table 1. The MATLAB code for all methods examined in this review is provided in the
Supplemental Information, attached at the end of this review.

The simplest manner to extract the solar cell parameters is through the use of a
nonlinear least squared error fit where equation (5) is used to calculate current directly.
Unfortunately, since equation (5) is a transcendental equation, it is difficult to solve for explicit
current values. In order to circumvent this problem, it is convenient to use the Lambert W
function, as described in greater detail in [99, 100]. After some algebra, equation (5) may be
rearranged into the form:

[ Rgp(V+RsIo+RsIpp) ]
I nVip(Rs+Rsp) I
14 nv RslgRghe Rsn\Ip+Ipp
| = ———— =% LambertWw | =21 | 4 Ronllo*ipn) (6)
Rs+Rgsp Rs l nVtp(Rs+Rsh) J Rs+Rsh

, Where LambertW is the Lambert W function and I, is assumed to be approximately equal to
the short circuit current [99]. The results for this method are detailed under the heading
‘Method 1’ in Table 1 and Figure 8 below. Unfortunately, this method is computationally
intensive and susceptible to divergence problems as well as local minima convergence issues.
Furthermore, the requirement of initial guesses infers that the researcher has some knowledge
regarding the device characteristics prior to analysis, which may not always be true.

As an alternative approach for efficient parameter extraction, Chegaar and coworkers
developed a very simple, robust method for solving the solar cell parameters using only the
illuminated-device IV characteristics of a solar cell [98]. This method is particularly appropriate
for organic solar cells because it makes minimal assumptions regarding the device structure.
This method also requires no prior knowledge regarding the solar cell parameters.
Furthermore, it has been shown to work reasonably well with IV characteristics that contain a
significant amount of noise.

In brief, Chegaar and coworkers modified equation (5) to collect the non-exponential
current terms and then performed a shunt current correction to obtain I.. The authors then re-
wrote the current-voltage equation with the voltage as the dependent term and the current as
the independent term, as shown below:

1C=1,,A—10[exp(§(v+1Rs))] => V=%ln%“+%ln( —I;—CA)—RSI (7)

Since the right side of (7) is of the form f(I) = Cy + C;1 + C,In (1 —II—C), it is simple to
pA

perform a simple least squares method to determine the relevant solar cell parameters. In this
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particular study, the least squares approach is accomplished through the solution of a system of
equations. This method, denoted ‘Method 2, proved to be very quick and yielded
experimentally accurate and relevant data, as shown in Table 1 and Figure 8.

The final method examined in this review is based off of recent work by Nehaoua et. al.
that was aimed to help with parameter determination for organic solar cells [96]. This method
uses a very unique approach to solve for the series resistance and diode ideality factor, which
involves linear regression on a set of data derived from subsets of the initial IV output data.
The reader is encouraged to examine references [96, 101] for a more detailed explanation of
this process. Unfortunately, this method proved to be rather unstable for the sample data
examined in this review. The extracted diode parameters were found to vary strongly
depending on the amount and range of input IV data passed to the MATLAB function.
Regardless, the results are also presented as ‘Method 3’ in Table 1 and Figure 8.

Table 1 - Summary of Extracted Diode Parameters for Different Methods of Analysis on Sample Illluminated IV Organic Solar
Cell Data

Isc (A) | Voc (V) FF Rsh (€2) Rs (€2) n lo (A)

Method 1, [99] | 0.0064 | 0.6 0.4902 | 3.64E+04 | 38.2436 1.0688 | 2.21E-12
Method 2, [98] | 0.0064 | 0.6 0.4902 | 3.63E+04 | 35.4685 1.3637 | 2.63E-10
Method 3, [96] | 0.0064 | 0.6 0.4902 | 3.62E+04 | 107.4207 | 3.0274 | 2.00E-08"

*Method 3 does not provide a reverse saturation current. This value was determined
graphically by attempting to best fit the model to the input data. It is noted that this simple
approach may be an additional cause for error with this method.
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Figure 8 - Experimental and Modelled Solar Cell IV Output for Various Methods of Parameter Extraction
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Method 3 did not converge to realistic or accurate solar cell parameters, in spite of what
appear to be reasonable values in Table 1. It is feasible that the poor behaviour of this method
is simply due to an error in its present implementation. Regardless the methods detailed by
Jain and Kapoor in 2005 [99] and by Bouzidi et. al. in 2007 [98] have shown to provide very
close fits to the illuminated IV data. From the tabulated data in Table 1, it is clear that variation
between series and shunt resistances from both methods 1 and 2 are relatively small, indicating
that cross comparisons between data using either method are valid. However, one should take
precaution when cross-comparing diode ideality factors and reverse saturation current values,
as they are shown to vary by up to ~1.3-times and 2 orders of magnitude respectively between
the two methods for the same data set.

As an additional note, Schilinsky et. al. have examined a modified single-diode model
where the photocurrent, /4, varies as a function of the applied voltage, such that the model can
account for the field dependence of the photocurrent [102]. The authors note that a similar
approach has been previously successful in the study of amorphous silicon diodes and solar
cells. In typical models, the photocurrent is generally assumed to be equal to the short circuit
current. In contrast, this model defines the photocurrent as shown below, which allows for
accurate measurements over a wider range of illumination intensities.

|| if po(=V +Vp)/L > L
o = 1 e i eV = Vy)/L > L
el uT(=V + Vi) /12 else

This variation introduces the free carrier mobility, u, the free carrier lifetime, t, and the built in
voltage of the junction as additional fitting parameters. While these fitting parameters should
only be taken as estimates of their true values, they may provide crucial information in the
study and comparison of organic solar cells among different research groups.

5. Conclusions: Achieving 10% Efficiency Solar Cells and Beyond

Organic solar cells have seen impressive gains in their device efficiencies over a very
brief period, with most significant improvements achieved only within the past decade. This
rapid progress is largely attributed to initial improvements in device architecture, followed by
strong materials optimization through tailored polymeric donor materials. By shifting from a
single layer solar cell to a planar heterojunction, researchers substantially decreased
bimolecular recombination [18, 27, 28]. This development resulted in the realization of a
donor-acceptor solar cell, which was inherently limited by exciton diffusion to the organic-
organic interface. In order to address this limit, researchers then developed the bulk
heterojunction to decrease the distance an exciton must travel before reaching an interface for
dissociation into free carriers [37-39].
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The subsequent realization of the P3HT:PCBM bulk heterojunction offered a basis for
developing a stronger understanding for all organic and polymeric photovoltaics [55]. Most
recent work has been dedicated to developing the basic chemistry to reliably fabricate high
efficiency organic solar cells and to forming the physical models to adequately describe bulk
heterojunction device behaviour. As one critical point, researchers have found that the
efficiency of organic solar cells is very strongly controlled by the phase separation and
molecular organization of the donor and acceptor materials. The intensive study of P3HT:PCBM
solar cells has also highlighted a need for researchers to maintain both standard test conditions
and standardized methodologies for solar cell parameter extraction and analysis.

With a better understanding of the organic solar cell fabrication chemistry and device
physics, researchers now have a direct route to improving organic solar cell efficiency. The
ability to custom tailor the HOMO and LUMO of polymers has allowed for the development of
solar cells with specific device output properties in a very controlled manner. This has led to
PTB7-PCBM solar cells with both high open circuit voltages and high short circuit currents,
granting 7.40% power conversion efficiencies [86]. Furthermore, the development of the
integer charge-transfer model provides strong insight into the origin of the open circuit voltage
[41], which may allow for additional gains in device efficiency through optimization of organic-
electrode interfaces.

With the groundwork for highly efficient bulk heterojunction organic solar cells
established, researchers may now begin to examine less straightforward methods to enhance
device efficiency. Such efforts include the development of solution-processable, polymeric
tandem solar cells [103], which may prove to reduce thermalization losses. Researchers have
also begun to use optical spacers to maximize the electric field of impingent light within the
bulk of the active layer [83, 104]. The combination of this work with the optimization of both
device materials and organic-electrode interfaces will ultimately lead to organic solar cells
exceeding 10% efficiency.
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Supplemental Information

The MATLAB code used in the solar cell parameter extraction, as detailed in Section 4, is copied
below. If the reader would like a copy of the “.m” function files or the data set used in this
analysis, he or she may contact Graeme Williams at g3willia@uwaterloo.ca.

Method 1

Jain2005.m

function [ ] = Jain2005(IVData)
$This function calculates all of the relevant solar cell parameters given
%an input matrix IVData containing data in the form [Voltage Current]

%$This script uses a very simple sum of squared approach to converge toward
$the ideal fitting parameters. This script requires initial guess values.

%Constants

= 1.602*10"-19;
= 1.38*10"-23;
= 298;

beta = g./(k.*T);
Vth = 1./beta;

H ~.Q

global I V Isc Rsh

%$Breaking apart input matrix
V=IVData(:,1);
I=IVData(:,2);

%Finding the Isc (foo is a dummy variable)
[foo, SCindex] = min(abs(V));
Isc = I(SCindex) ;

$Finding the Voc
[foo, OCindex] = min(abs(I));
Voc = V(0Cindex) ;

%Selecting the region of interest for the input data
V=IVData (SCindex+6:0Cindex-1,1);
I=IVData (SCindex+6:0Cindex-1,2);

%Using the slope at V=0V as Rsh (otherwise the function is under-defined and
%diverges)

Vlin=IVData (1:SCindex+1,1);

Ilin=IVData (l:SCindex+1,2);

[f,err] = polyfit(Vlin, Ilin,1);

Gsh = -f(1); %Defining the shunt resistance as the slope

Rsh = 1./Gsh;

$Initial guess values
Rs = 10;

n = 2;

I0 = 1*107-10;

a= [Rs; n; I0];

%Calculating the modelling variables by minimizing SSE (using a
$user—-defined function that takes the input data + initial guesses and
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soutputs the sum of squared error)
solved = fminsearch (@diode minerr, a);

$Fill factor and power calculations
V=IVData(:,1);

I=IVData(:,2);

Vmod = V (SCindex:0Cindex) ;

Imod = I(SCindex:0Cindex) ;

P = Vmod.*Imod;

[Pmax, Pmaxpt] = max(abs(P));
Vprime = Vmod (Pmaxpt) ;
Iprime = Imod (Pmaxpt) ;

%Outputting relevant data
Isc

Voc

FE

Rsh

Rs = solved(1l)

n = solved(2)

I0 = solved(3)

diode minerr.m

function SSE = diode minerr(a)
%$This function requires the (global) data from the IV characteristics and
%$the initial guesses for the fitting parameters. It calculates the

%error between the diode-Rs-Rsh model and the experimental IV values.

%$The rearranged, explicitly solved current equation (making use of the
%$Lambert W function) was taken from Jain & Kapoor, 2005, "A new method to
$determine the diode ideality factor of real solar cell using Lambert
sW-function"

%Variables
qg=1.602*10"-19;
k 1.38*107-23;
T = 298;

beta = g./(k.*T);
Vth = 1./beta;

global I V Isc Rsh

$Exploding the a variable
Rs = a(l);

n = al(2);

I0 = a(3);

$Prediction of the current using the Lambert W function

Ipred = -V./(Rs+Rsh) -

lambertw (((Rs.*I0.*Rsh).*exp((Rsh.* (Rs.*Isc+Rs.*I0+V))./(n.*Vth.* (Rs+Rsh))))./(Rs.*n.*
Vth+Rsh.*n.*Vth)).* (n.*Vth) ./Rs + Rsh.* (I0+Isc) ./ (Rs+Rsh);

%Calculating sum of square errors
SSE = sum( (Ipred-I)."2);
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Method 2

Chegaar2007.m

function [ ] = Chegaar2007( IVData )
%$This function calculates all of the relevant solar cell parameters given
%an input matrix IVData containing data in the form [Voltage Current]

%$The methods of this script are based on the paper 'Ouennoughi and
%Chegaar,' 1999 - "A simpler method for extracting solar cell parameters
%using the conductance method"

$Variables

g = 1.602*¥10"-19;
1.38*10"-23;
T = 298;

beta = gq./(k.*T);

-
I

)

%$Breaking apart input matrix
V=IVData(:,1);
I=IVData(:,2);

$Finding the Isc (foo is a dummy variable)
[foo, SCindex] = min (abs(V));
Isc = I(SCindex):;

$Finding the Voc
[foo, OCindex] = min(abs(I));
Voc = V(0Cindex) ;

%Selecting the region of interest for the input data
V=IVData (SCindex+6:0Cindex-1,1);
I=IVData (SCindex+6:0Cindex-1,2);

%Calculating low bias correction values
Vlin=IVData (1:SCindex+1,1);
Ilin=IVData (1:SCindex+1,2);

$Computing the linear fit

[f,err] = polyfit(Vlin, Ilin,1);

$Defining the modified shunt resistance as the slope
Ga = -f(1);

Ipa = £(2);

%Calculating the corrected current
Ic =1 - Ga.*V;

$Defining the variables of the least squares matrix
1sl = sum(I."2);

1s2 = 0;
for i = l:length(I)
1s2 = 1s2 + I(i).*log(l-Ic(i)./Ipa);
end
1s3 = sum(I);
1s4 = sum(I);
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1s5 = 0;
for i = 1l:length(I)

1s5 = 1s5 + log(l-Ic(i)./Ipa);
end

1s6 = length(I);

1s7 = 0;
for i = 1l:length(I)
1s7 = 1s7 + I(i).*log(l-Ic(i)./Ipa);
end
1s8 = 0;
for i = 1l:length(I)
1s8 = 1s8 + (log(l-Ic(i)./Ipa))."2;
end
1s9 = 0;
for i = 1l:length(I)
189 = 1s9 + log(l-Ic(i)./Ipa):;
end
lsmatrix = [1lsl 1s2 1s3; 1s4 1s5 1s6; 1ls7 1s8 1s9];
al = sum(I.*V);
a2 = sum (V) ;
a3 = 0;

for i = 1l:length(I)
a3 = a3 + V(i) .*log(l-Ic(1)./Ipa);
end

amatrix = [al; a2; a3];

$Solving for the variables of the least squares matrix
C = linsolve (lsmatrix,amatrix) ;

$Solving for various parameters
Rs = -C(1l); %series resistance
n = beta.*C(2); %$diode ideality coefficient
I0 = Ipa.*exp(-C(3)./C(2)); %I0

foo = 1 - Ga.*Rs; %dummy variable

Gsh = Ga./foo; %shunt conductance
Rsh = 1./Gsh; $%shunt resistance
Iph = Ipa./foo; $photocurrent
Is = I0./foo; $%saturation current

o

$Fill factor and power calculations
V=IVData(:,1);

I=IVData(:,2);

Vmod = V(SCindex:0Cindex) ;

Imod = I (SCindex:0Cindex) ;

P = Vmod.*Imod;

[Pmax, Pmaxpt] = max(abs(P));
Vprime = Vmod (Pmaxpt) ;
Iprime = Imod (Pmaxpt);
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%Outputting relevant data
Isc

Voc

FE

Rsh

Rs

n

I0

Method 3

Nehaoua2010.m

function [ ] = Nehaoua2010( IVData )
%$This function calculates Rs, Rsh and n given an input matrix IVData
$containing data in the form [Voltage Current]

%$The method for parameter extraction is based on Nehaoua et. al. in

%'Determination of organic solar cell parameters based on single or
gmultiple pin structures,' Vacuum, 2010.

%$Reverse saturation current is not calculated in this particular method as
%$the authors calculate I0 separately

%Variables
qg=1.602*10"-19;
k = 1.38*107-23;
T = 298;

beta = g./ (k.*T);

Breaking apart input matrix
= IVData(:,1);
-IVData(:,2);

H < oe
|

%Finding the location of Isc/Voc (foo is a dummy variable)
[foo, SCindex] min (abs(V)); %min (abs(V))=y-axis intercept
Isc = I(SCindex
[foo, OCindex]
Voc = V(0Cindex

)i
= min(abs(I)); %min(abs(I))=x-axis intercept
)i

%Calculating the shunt conductance/resistance

Vlin = IVData(l:3Cindex+6,1);

Ilin = -IVData(l:SCindex+6,2);

[f,err]=polyfit(V1lin, Ilin,1);

Gshunt=f (1); %$This sets the conductance as the slope

Rsh = 1./Gshunt;

%$Calculating shunt current

Ip = Gshunt.*V;

%Calculating the true current across the solar cell
I = I+Ip;

$Finding the new Isc & Voc taking shunt current into consideration
[foo, SCindex] = min (abs(V));
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Isc = I(SCindex)
[foo, OCindex] = min(abs(I));
Voc = V(0Cindex)

$Fill factor and power calculations
Vmod = V (SCindex:0Cindex) ;
Imod = I (SCindex:0Cindex) ;

P = Vmod.*Imod;
[Pmax, Pmaxpt] = max (abs(P));

Vprime = Vmod (Pmaxpt) ;
Iprime = Imod (Pmaxpt) ;

FF = (Iprime.*Vprime) ./ (Voc.*Isc);

%$Rshunt, Rseries and n

%Redefining the range of data - only focusing on the region of
$behaviour

V = IVData(l:0Cindex-1,1);

I = -IVDhata(l:0Cindex-1,2);

%Calculating shunt current

Ip = Gshunt.*V;

%$Calculating the current across the solar cell

I = I+Ip;

$Solving for the linear regression parameters

X = [1];

Y = [];

Iph = Isc; %Ishort circuit approximately equals photocurrent

for i = 1:(length(V)-1)
for j = (i+1l) :length (V)
if abs (Iph) > abs(I(j))
if abs(Iph) > abs(I(i)) $Same as above
X = [X; (V(J)-V(1))./(I(3)-I(1))1;
Y = [Y; (1./(I(3)-
end
end
end
end

%$Computing the linear fit
[f,err] = polyfit(X,Y,1);

$Solving for pertinent data
slope = £(1);

yint = £(2);

nval = beta./slope;

Rs = nval.*yint./beta;

%Outputting the relevant data
Isc

Voc

FF

Rsh

Rs

nval
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%$Protection from noise, which can cause

I(1))).*log((Iph-I(3))./(Iph-I(1)))]1;

[T1

>

| Isc]|



Plotting Function

Plotting.m
function [ ] = Plotting( IVData, SolvedParam )

$Variables

= 1.602*%10"-19;
= 1.38*%10"-23;
= 298;

beta = gq./(k.*T);
Vth = 1./beta;

H =~ .Q

$Breaking apart input matrix
V=IVData(:,1);
I=IVData(:,2);

%Generic Solved Data

Isc = SolvedParam(1l,1);
Voc SolvedParam(1l,2);
FF = SolvedParam(1l,3);

$Method-specific Data
$Method 1

ml Rsh = SolvedParam(1,4);
ml Rs = SolvedParam(l,5);
ml n = SolvedParam(l,6);
ml I0 = SolvedParam(1l,7);

$Method 2

m2 Rsh = SolvedParam(2,4);
m2 Rs = SolvedParam(2,5);
m2 n = SolvedParam(2,6);
m2 I0 = SolvedParam(2,7);

$Method 3

m3 Rsh = SolvedParam(3,4);
m3 Rs = SolvedParam(3,5);
m3 n = SolvedParam(3,6);
m3 I0 = SolvedParam(3,7);

%Creating a separate folder in which to save the figures
mkdir ('DataFigures'");
figsavepath = ['DataFigures\'];

$Model 1

Rsh = ml Rsh;

Rs = ml Rs;

n =ml n;

I0 = ml IO0;

%Generating the model data

Ipredl = -V./(Rs+Rsh) -

lambertw (((Rs.*I0.*Rsh).*exp((Rsh.* (Rs.*Isc+Rs.*I0+V))./(n.*Vth.* (Rs+Rsh))))./(Rs.*n.*
Vth+Rsh.*n.*Vth)).* (n.*Vth) ./Rs + Rsh.* (I0+Isc) ./ (Rs+Rsh);

%Model 2

Rsh = m2_Rsh;

Rs = m2 Rs;

n = m2_n;

I0 = m2 I0;

%$Generating the model data
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Ipred2 = -V./(Rs+Rsh) -
lambertw ( ((Rs.*I0.*Rsh).*exp((Rsh.* (Rs.*Isc+Rs.*I0+V)) ./ (n.*Vth.* (Rs+Rsh))))./(Rs.*n.*
Vth+Rsh.*n.*Vth)) .* (n.*Vth) ./Rs + Rsh.* (I0+Isc)./ (Rs+Rsh);

%$Model 3

Rsh = m3 Rsh;

Rs = m3 Rs;

n = m3 n;

I0 = m3_I0;

%Generating the model data

Ipred3 = -V./(Rs+Rsh) -

lambertw ( ((Rs.*I0.*Rsh).*exp((Rsh.* (Rs.*Isc+Rs.*I0+V)) ./ (n.*Vth.* (Rs+Rsh))))./(Rs.*n.*
Vth+Rsh.*n.*Vth)) .* (n.*Vth) ./Rs + Rsh.* (I0+Isc)./ (Rs+Rsh);

$Creating a filename
figname = [figsavepath 'PlotComparison' '.png'l];

figsave = figure;
p = plot(V,I,'o"); %Plotting experimental data
set (p, 'Color', 'red")

hold on

g = plot(V,Ipredl,'-"); %$Plotting Method 1
set (g, 'Color', 'blue', 'LineWidth', 2)

r = plot(V,Ipred2,'-"); S$Plotting Method 2
set(r, 'Color', 'black', 'LineWidth', 2)

s = plot(V,Ipred3,'-"'); S$Plotting Method 3

set (s, 'Color', 'green', 'LineWidth', 2)

xlabel ('V (V) '");

ylabel ("I (A)');

legend('Data Set', 'Method 1', 'Method 2', 'Method 3'");
print (figsave, figname, '-dpng');

end
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