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Lateral Device Techniques for Characterizing Organic Bulk Heterojunction
Photovoltaic Materials
Eric Lewis Danielson, Ph.D.
The University of Texas at Austin, 2014

Supervisor: Ananth Dodabalapur

This work is focused on developing novel techniques for characterizing organic bulk
heterojunction (BHJ) materials for organic photovoltaic (OPV) applications. Polymer:fullerene
BHJs are a promising class of photovoltaic materials, but an improved understanding of the
charge transport processes and materials science of BHJs is required for them to effectively
compete with other photovoltaic systems. Key parameters of BHJ systems that need to be
evaluated include both electron and hole mobilities, the carrier concentrations, the recombination
mechanism and the recombination coefficient. For these studies, poly(3-hexylthiophene)
(P3HT):[6,6]-phenyl C61-butyric acid methyl ester (PCBM) have been characterized due to its
wide use among researchers.
Traditional characterization techniques have focused on transient measurements in a
vertical device configuration, but we demonstrate the use of lateral BHJ devices as materials
diagnostic platforms. Lateral devices allow for direct access to the active layer for spatially
resolved and environmental effect measurements. The devices are also measured under steady
state operation, similar to a working OPV cell. Under these conditions, lateral BHJ devices
exhibit space charge limited transport behavior. A detailed charge transport model is presented to
describe the potential, electric field, and carrier concentration profiles of lateral BHJ devices, as
well as the current versus voltage characteristics of different regions of the device.
We are able to calculate the slower carrier mobility from photocurrent measurements of
lateral devices and the carrier mobility ratio from the device potential profile, even in ambipolar
v

BHJ systems. In situ potentiometry is used to construct detailed potential profiles of the device
channel and calculate both carrier mobilities. The carrier concentration and recombination
coefficient are calculated from lateral conductivity measurements, and we show that bimolecular
recombination is the dominant mechanism in bulk P3HT:PCBM. A simplified in situ
potentiometry and photocurrent measurement technique is presented to measure the time
evolution of organic BHJ performance. Due to the open geometry of the lateral BHJ device, we
are also able to monitor the change in key charge transport parameters, including the
recombination mechanism, in response to environmental degradation, analyte exposure, and
ambient temperature. We show increased geminate recombination in P3HT:PC71BM after
prolonged light exposure. Lateral BHJ device measurements offer a useful complement to
measurements on vertical photovoltaic structures and provide a more complete and detailed
picture of OPV materials.
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Chapter 1: Organic Bulk Heterojunction Materials
1.1 Introduction
As the human population continues to grow into the 21st Century, demand for fossil fuel
energy resources such as coal, oil, and natural gas will increase dramatically. The extraction and
use of these non-renewable energy resources will cause many negative environmental effects, in
particular the increased emission of greenhouse gases contributing to global warming. A variety
of renewable sources of energy such as solar photovoltaic (PV) cells, solar thermal, wind,
hydroelectric, tidal, and geothermal power will all need to be developed in concert to create a
new clean energy generation and distribution system. Solar PV cells will be a key technology in
this revolution due to the availability and magnitude of received solar energy, and the ease at
which solar PV installations can be scaled from individual to utility scale power generation. PV
cells currently account for approximately 136 GW of electrical power generated worldwide
today and are the third largest renewable energy source behind hydroelectric and wind power,
but are not yet cost-competitive with fossil fuel technologies.
Silicon (Si) PV cells constitute the majority of this installed solar capacity today, but
have difficulty being cost-competitive with cheap fossil fuel technologies, particularly due to the
high cost of the absorber material. As a result, there has been a tremendous amount of research
devoted to develop a variety of thin film PV cell technologies within the last few decades. In
particular, organic photovoltaics (OPV) have advanced rapidly and recently achieved device
power conversion efficiencies (PCE) of more than 11% in recent years [1]. Si PV cells require a
large volume (100-300 µm device thickness) of high grade semiconducting silicon as an absorber
material, while organic semiconductors have strong absorption coefficients (typically ≥ 105 cm1

), giving high absorption even in thin (≤ 100 nm) devices [2, 3]. OPV cells also have the

potential to be fabricated using a variety of processes including spray coating, spin coating,
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doctor blading, screen printing, and inkjet printing for high volume, low cost manufacturing [2,
4].
To understand the operation of a solar cell, consider the following series of energy band
diagrams:

Figure 1.1: Metal-insulator-metal (MIM) energy level diagram of a diode under a) short circuit
condition, b) open circuit condition, c) reversed bias, and d) forward bias larger than Voc. [2]
In this diagram, the metal contacts are represented by their Fermi levels, and the
semiconductor by its valence and conduction bands. In Figure 1.1a, at short circuit conditions,
there is no applied voltage and therefore no net current flow under dark conditions. The
difference in the two metal contact’s work functions gives rise to a built in electric field
distributed evenly throughout the device. Under illumination, photogenerated charges move in
response to this built in electric field: the electrons drift the lower work function metal and the
holes to the higher. This creates a short circuit current, Isc, that flows out into the external circuit.
In Figure 1.2b, at open circuit conditions, the voltage across terminals, Voc corresponds to the
difference the work functions of the metal and balances the internal electric field, resulting in no
net current flow. Under reverse bias, the photogenerated charges drift under stronger electric
fields to their contacts, resulting in higher reverse currents, and under forward biases higher than
2

Voc the contacts efficiently inject charges into the semiconductor. Normal solar cell operation
corresponds to forward bias conditions in which the terminal voltage is less than Voc. The
current-voltage characteristics for these different regimes are shown in Figure 1.2:

Figure 1.2: Current-voltage (I-V) curves of a solar cell under dark (dashed) and light (solid)
conditions. The different points are labeled with their corresponding diagrams (a-d) from Figure
1.1. [2]
The operating regime of a solar cell is over the voltage range from 0 V to Voc, in which
the illuminated cell delivers power to the external circuit. Power reaches a maximum at some
point along the curve. The efficiency of a solar cell is defined as the power density at this point
as a fraction of the incident photon energy and can be expressed in terms of the Voc and Isc:
(1.1)
in which FF, the fill factor, is defined as

. These three parameters, the fill factor, open

circuit voltage and short circuit current, are the primary performance characteristics for solar
cells and are greatly influenced by the material parameters of the cell’s semiconductor,
particularly the carrier mobility and recombination rate.
The ability of semiconducting organic materials to transport electric current and absorb
light is due to the sp2 + pz orbital hybridization of their carbon atoms. The electron in the pz
3

orbital of one carbon atom will form π bonds with neighboring pz electrons of adjacent atoms,
leading to an alternating single and double bond structure [2, 5, 6]. These π electrons are
delocalized, allowing for charge transport in these organic materials. Incident light can excite an
electron to the lowest unoccupied molecular orbital (LUMO), leaving a hole in the highest
occupied molecular orbital (HOMO). These orbitals are analogous to the conduction and valence
bands in inorganic semiconductors. After the photogeneration of charges, the electron and hole
remain Coulombically bound as an exciton in organic materials, unlike in many inorganic
semiconductors such as Si. These excitons possess binding energies much greater (0.1 – 1 eV)
than the thermal energy kT and cannot be dissociated by the electric field created by two
asymmetric electrodes [7, 8]. Therefore, researchers began to use two different materials with
different HOMO and LUMO energy levels to create an interface where the photogenerated
exciton could dissociate into separate charge carriers and travel to their contacts [9]. In most
OPV systems, the electron donating material is a π-conjugated polymer and the accepting
material is a chemically modified fullerence, although other small molecule and polymer
electron accepting materials have been reported [10-12]. The most common pair of electron
donating and accepting materials is the polymer poly(3-hexylthiophene) (P3HT) and the
modified fullerene [6,6]-phenyl C61-butryic acid methyl ester (PCBM) or [6,6]-phenyl C71butryic acid methyl ester. Their chemical structures are shown in Figure 1.3. The P3HT
employed is usually regioregular, which results in a much more ordered phase of the polymer
with higher charge carrier mobilities compared to regiorandom P3HT, which typically results in
amorphous films or domains [13, 14].
O

O

O

a)

S
n

O

c)

b)

Figure 1.3: The chemical structure of a) P3HT, b) PCBM, and c) PC71BM
4

1.2 OPV Device Operation
Due to their large binding energy, photogenerated excitons within organic materials must
diffuse to the electron donor / acceptor interface in order to dissociate into separate charge
carriers. However, the exciton diffusion length in organic materials is small when compared to
their absorption length. Typically, the diffusion length is 10-50 nm in polycrystalline and
amorphous organic films and only 5-8 nm in conjugated polymer systems[15, 16]. The
morphology at these length scales must therefore be finely controlled in order to fabricate high
efficiency devices.
Researchers initially used a bilayer device configuration, in which the donor and acceptor
materials are placed in sequential layers and the exciton dissociation occurs at the planar
interface between the two. The schematic energy level diagram of this system is shown in Figure
1.4.

Figure 1.4: Schematic of a bilayer heterojunction device. Photogenerated excitons can only be
separated in a thin layer adjacent to the interface.[2]

5

The bilayer device is sandwiched between two electrodes with work functions closely
matching the donor HOMO and acceptor LUMO for efficient charge extraction. One advantage
of the bilayer structure is the monomolecular charge transport. After the excitons are dissociated,
the electrons travel in the n type acceptor material, and the holes within the p type donor
material, under influence from the electric field generated by the two asymmetric electrodes. The
two charge carriers are effectively separated as they travel to the electrodes, limiting
recombination within the device. However, only photons absorbed within one exciton diffusion
length of the donor/acceptor interface have the potential to be dissociated. These structures could
therefore never operate at efficiencies much greater than 1% due to the large number of
photogenerated excitons that recombine away from the interface [17].
In order to increase the efficiency of OPV cells made with these materials, it is necessary
to increase the fraction of excitons which reach the donor/acceptor interface. This can be most
easily achieved by increasing the interfacial surface area. For example, diffuse bilayer devices
allow the two layers to slightly interpenetrate through controlled annealing, lamination, or using
a solvent that partially dissolves the previously deposited layer [2, 18]. The logical extension to
this need to maximize the interfacial area was first reported by Yu et al. in 1995 and termed a
bulk heterojunction (BHJ) [19]. A BHJ is an interpenetrating blend of electron donating and
accepting semiconducting materials within the same matrix. Ideally, the two materials are mixed
well enough so that each donor/acceptor interface is less than one exciton diffusion length away
from any other. The schematic energy level diagram of this system is shown in Figure 1.5.

6

Figure 1.5: Schematic of a bulk heterojunction device. Photogenerated excitons can be
dissociated into charges at any point within the film.[2]

The dissociated charges must then diffuse to their respective contacts via continuous
paths of pure domains of electron donor or acceptor materials to their respective contacts.
Typically, however, the BHJ network is not completely bicontinous or interpenetrating, and
numerous ‘islands’ of one material domain exist in which one carrier type can be isolated,
eventually recombining without exiting the device. In addition, the electron accepting (donating)
material may contact the anode (cathode) where holes (electrons) are collected, leading to high
recombination of carriers at the contacts. Often, carrier transport layers, which block the
transport of one carrier type while facilitating the other, are placed as buffer layers between the
BHJ and the contacts when fabricating an OPV device.
1.3 Recombination Mechanisms
Using a detailed balance approach, Shockley and Quiesser showed that the open circuit
voltage of a solar cell is highest when charges recombine only radiatively [20]. However, in
organic BHJ cells, most recombination mechanisms are nonradiative [21]. Therefore, there is a
strong incentive to limit non-radiative recombination mechanisms in OPV cells to increase their
device efficiency. These mechanisms can be broadly divided into monomolecular and
bimolecular recombination, which are defined here as any first or second order process
7

determined by the light intensity dependence. Monomolecular recombination typically refers to
either geminate recombination or Shockley-Read-Hall (SRH) recombination. Geminate
recombination, which involves a single electron-hole pair which originated from a single
incident photon, has been shown to be non-dominant in P3HT:PCBM solar cells [22]. SRH
recombination is a first order process in which one electron and one hole recombination through
a trap state [23]. Trap states can be introduced into polymer:fullerene BHJ through impurities in
the fullerene or interfacial defects between the two materials that function as traps. One carrier
type is preferentially trapped quickly, creating a reservoir of stationary trapped charges in which
the other, more mobile carrier can recombine. The SRH recombination rate is therefore a first
( ), where I is the incident light intensity.

order process described as:

Monomolecular recombination can also originate if significant charge carrier concentration
gradients exist within the BHJ solar cell [22]. Near the electrodes, one carrier type will be at a
much greater concentration, therefore only the minority carrier concentration will drive the
recombination rate.
Bimolecular recombination is the recombination of a free hole with a free electron as they
travel from their separation point to the contact, and is therefore dependent on both carrier
( )

populations. The bimolecular recombination rate can be descried as:

( ),

where β is the bimolecular recombination coefficient. There exists a special case of bimolecular
recombination known as Langevin-type, in which the recombination rate is dependent on the
mobilities of the charge carriers. In a disordered semiconductor, the bimolecular recombination
rate is limited by the rate at which oppositely charged carriers find each other. The faster the
carriers move, the faster they find each other, therefore the bimolecular recombination rate
should be proportional to the charge carrier mobilities [24]. In Langevin-type recombination, the
recombination coefficient is given by:
(

)

(1.2)
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where μ is the carrier mobility, q is the elementary charge, and ε is the dielectric constant of the
semiconductor [25]. Although the presence of Langevin recombination has been observed in a
variety of OPV systems, the strength of this mechanism is often suppressed, particularly in
P3HT:PCBM [26-29].
However, the recombination behavior in organic BHJ systems has not been completely
explained. Even in P3HT:PCBM OPV cells, mutually contradictory explanations for their
current-voltage characteristics based on monomolecular [23, 30-32] and bimolecular [27, 33-35]
recombination behavior have been proposed. Additionally, recombination within OPV devices
may operate as some combination of these different mechanisms, or the dominant mechanism
may change with respect to applied bias and incident light intensity. In order to answer these
questions, researchers have developed a variety of techniques to probe charge transport material
properties in organic BHJ materials.
1.4 Organic BHJ Materials Characterization Techniques
In order for OPV cells to effectively compete with other solar technologies, an
improvement in their PCEs to more than 15% and a significant extension of their operating
lifetime are necessary [8, 36, 37]. An improved understanding of the materials science,
particularly the charge transport and recombination behavior, of OPV materials is required for
addressing both of these issues.
Carrier mobility is one of the key parameters of interest towards improving device
performance. Mobility within a BHJ system strongly depends on the purity and nanomorphology
of the material network and can vary significantly between electrons and holes. The large
mobilities ( 1 cm2/Vs) of inorganic semiconductors is determined by Hall effect measurements,
however this technique is not applicable to low mobility (≤ 10-3 cm2/Vs) polymer:fullerene BHJ
materials [38]. The most common methods for measuring mobilities in BHJ systems are transient
techniques such as the time-of-flight method and photoinduced charge extraction by a linearly
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increasing voltage (photo-CELIV) on vertical solar cell structures, and mobility calculations
from organic field effect transistor (OFET) measurements.
Time-of-flight (TOF) is based on the measurement of the carrier transit time (τ) of a
population of photogenerated carriers. A sample is sandwiched between two electrodes, one of
which is transparent. The electrodes are held at a constant voltage and the sample is excited via
pulsed laser shone through the transparent electrode [39, 40]. Charge carriers are generated
adjacent to the transparent electrode and drift as a sheet towards the other electrode. The transit
time (τ) is defined as the time the band of charge carriers needs to travel through the sample and
is measured from the transient photocurrent from the device. Mobility is calculated from τ, the
thickness of the film, and the applied voltage [38]. Electron and hole mobilities can be measured
separately by changing the bias configuration of the two electrodes [28, 40]. The transient
photocurrent can also indicate the presence of deep trap states within the material. However,
TOF measurements become difficult at high mobilities, as the short drift time overlaps with the
noise of the initial excitation. In highly dispersive or disordered media, the photoinduced carriers
do not travel uniformly to the electrode and the transient photocurrent is a simple exponential
decay, making it very difficult to determine τ. High charge carrier concentrations within the
sample also affect the drift velocity of the photogenerated charges and make accurate mobility
measurements difficult. Finally, in TOF experiments, relatively thick samples of 5-20 μm are
favorable in order to constrain the absorption depth so that it is much smaller than the total film
thickness. These sample thicknesses are much larger than the typical thickness (≤ 100 nm) of the
active material in an OPV cell.
Charge extraction by linearly increasing voltge (CELIV) is a very popular technique for
both organic and inorganic semiconductors [25, 41-44] and has important advantages over the
TOF technique. In the CELIV technique, a linearly increasing voltage is applied one electrode
and the resulting current transient from the extracted equilibrium charge carriers is used to
calculate the mobility [38]. The carrier mobility is calculated from the time to the peak transient
10

photocurrent, the device thickness, and the voltage rise speed. Unlike in TOF experiments, there
is no need to have a very optically thick sample, so CELIV measurements can be performed on
very thin film OPV cells. Material systems with highly dispersive transport and high
conductivities can also be studied. The main limitation of CELIV is that there is no way to
distinguish electron and hole mobilities in ambipolar materials. A light pulse can also be applied
before the carrier extraction (photo-CELIV) to increase the carrier concentration and measure the
relaxation process of the photogenerated carriers [43]. By varying the time between the light
pulse and carrier extraction, it is possible to estimate the carrier lifetime and calculate a
recombination constant of the material [24, 29, 45]. An example CELIV transient with
differentiated electron and hole mobilities is shown in Figure 1.6, with the applied voltage in the
inset.

Figure 1.6: Transient current measurements from a CELIV experiment in which one carrier
mobility is 10 times larger than the other. j(0) is the displacement current, while Δj is the current
due to transported equilibrium charge carriers. The two peak times for the transient hole and
electron photocurrents (tmax,1 and tmax,2). [38]
Although the difference in the two mobilities can be seen, there is no obvious way of
determining which carrier is faster without other measurement techniques.
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Organic semiconductors have been employed in a variety of electron applications besides
solar cells, including field effect transistors (FET). The methods for determining field effect
mobility from Id-Vg measurements are well understood and applicable to organic materials
(OFETs) [46, 47]. An organic BHJ can therefore be fabricated in a FET configuration and
operated in the linear and saturation regimes to calculate the field effect mobility from the
following equations. In the linear regime:
)

((

)

(1.3)

And saturation regime:
(

(1.4)

)

For ambipolar materials, the BHJ OFET can be operated in both n-FET and p-FET modes
to calculate the mobilities of both charge carriers. In OFETs, the charges move within a narrow
channel at the interface between the organic semiconductor and the gate dielectric. Charge
transport is therefore highly sensitive to structural defects of the organic layer and dielectric at
their interface, as well as the presence of traps at the interface. Calculated linear and saturation
mobilities are not consistent due to the different electric field distributions in each mode. The
mobility can also vary by gate voltage due to the presence of traps or from the mobility’s
dependence on the carrier concentration, which is modulated by VG. FETs also typically operate
with much microscopic higher carrier densities (> 1018 cm-3) compared to solar cells, for which
the carrier density is < 1017 cm-3 for 1-sun illumination levels.
Measurement techniques used to probe nongeminate recombination losses in BHJ OPV
devices are equally varied; including charge extraction [48, 49], transient photoconductivity [50],
impedance spectroscopy [51, 52], and intensity dependent measurements of cells operated close
to Voc and Jsc [24, 34, 35]. The simplest and most common method used to distinguish
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bimolecular from trap-assisted recombination is measuring the Voc dependence on incident light
intensity. Koster et al. showed that the dependence is described by the relation:
(

)

(1.5)

where Eg is the difference between the HOMO of the donor and LUMO of the acceptor, NCV is
the effective density of states in the donor and acceptor, and ne and nh are the dissociated carrier
densities which vary with the incident light intensity [24, 53]. The Voc of OPV cells in which the
BHJ material is dominated by trap-free bimolecular recombination will therefore have a simple
dependence on the light intensity. When trap-assisted recombination is present, a higher
slope will be observed, as shown in the case of P3HT in Figure 1.7.

Figure 1.7: Normalized Voc vs. light intensity for four polymer:fullerene systems. Three
polymer:fullerene systems are dominated by bimolecular recombination, while the higher slope
of the P3HT:PCBM device dependence indicates the presence of both trap-assisted and
bimolecular recombination. [24]
Bimolecular recombination coefficients are calculated from the charge carrier
concentrations measured using CELIV or charge extraction techniques close to Voc. Away from

13

the open circuit condition, the nature of the recombination is usually determined from the
relationship between Jsc and the incident light intensity,

. If α is much less than 1, this is

indicative of strong bimolecular recombination [34]. A simple linear dependence is less clear but
can be indicative of monomolecular recombination if the photogenerated carrier density is much
larger than the dark carrier density [35, 54].
Although the above described techniques have generated a significant amountof
information on transport and recombination within BHJ solar cells, more work is necessary to
accurate characterize transport phenomena. We have developed a variety of novel experimental
techniques utilizing lateral devices in order to characterize these materials and address these
questions.
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Chapter 2: Lateral Device Physics
2.1: Introduction
Due to the disordered and complex nature of organic bulk heterojunction (BHJ) materials,
their photovoltaic performance is highly dependent on their nanoscale morphology, which can be
affected by a variety of factors including the chemical structure of the organic semiconductors,
the solvent and solvent additives, fabrication methodology, and environmental exposure. New
measurement techniques and tools are needed to clarify the interaction between these factors
affecting the morphology and the materials’ electronic properties; such as the carrier mobilities,
charge concentrations, and recombination rate constants. To study these properties, researchers
have typically utilized vertical BHJ structures similar or equivalent to an OPV cell. A variety of
techniques based on these vertical structures, including time-of-flight and photo-CELIV
described in Chapter 1, as well as impedance spectroscopy [55, 56], time resolved terahertz
spectroscopy [57], time resolved microwave conductivity [58], and dark-injection space charge
limited current (DI-SCLC) [59], have been successfully employed by many research groups. To
complement these studies, we have developed techniques that measure the transport and
recombination properties of organic BHJs along the in-plane axis, or lateral direction. Schematic
diagrams of a vertical and lateral structure are shown in Figure 2.1:

Figure 2.1: a) Structure of a conventional, bottom illuminated vertical OPV cell. b) Structure of a
lateral BHJ device illuminated from the top. Device width (W), length (L), and semiconductor
thickness (T) are labeled.
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The conventional vertical cell is bottom illuminated through a transparent substrate and
electrode. The transparent electrode is usually a high work function oxide such as indium tin
oxide (ITO) and operated as the anode. To prevent recombination at the anode, an optically
transparent hole transport layer (typically made of the polymer PEDOT:PSS) is deposited via a
solution coating technique to a thickness of 10-100 nm. The BHJ active layer is also deposited
from solution (via spin coating, inkjet printing, doctor blading, etc.) to a thickness of 50-200 nm.
Lastly, a low work function metal such as aluminum is deposited on top as the cathode. These
devices can be operated as OPV cells or used in the materials characterization techniques listed
previously.
In a lateral BHJ device, the two electrodes are defined on the same plane and the BHJ
material is deposited from above. One electrode is made of a high work function metal such as
gold, and the other a low work function metal such as aluminum. The photoactive region,
defined by the channel between the two electrodes, is illuminated from above to achieve uniform
charge generation throughout the device. This configuration is a poor geometry for OPV
efficiency but is a useful platform for materials diagnostics. Key charge transport and
recombination parameters in organic BHJ systems can be anisotropic. This is particularly true for
some of the materials that are in use in high efficiency solar cell devices. While values of these
parameters along the direction of charge transport in solar cells are especially important, it is also
very useful to study the values of these parameters in a perpendicular direction. We note that
while carrier densities and recombination coefficients are scalar quantities, their experimentally
determined values depend on the direction of charge flow during a measurement. It is therefore
important to measure such parameters along multiple directions. Lateral devices can also be
measured under steady state, rather than transient, light conditions; more similar to OPV cell
operation. In addition, lateral BHJ devices allow for these types of measurements over a wide
range of length scales (from 10s of nm to 100s of µm), are more amenable to device modeling
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due to their uniform photogeneration profile, and permit direct access to the active layer for
spatially resolved measurements.
2.2 Unipolar Lateral Device Modeling
The device physics of lateral BHJ devices are a combination of photovoltaic and
photoconductor physics as a result of the device geometry and mode of electrical operation.
Under illumination, lateral BHJ devices are analyzed under high reverse bias in order to simulate
the direction and magnitude of the electric field within an OPV cell under operation. The
efficiency of photocurrent generation depends on the processes of charge generation,
recombination, and transport. Assuming non-injecting contacts, the photocurrent becomes
saturated when all photogenerated carriers are extracted from the semiconductor [60]. This
implies that the electron and hole drift lengths are greater than or equal to the device thickness L.
With no recombination, the saturated photocurrent density is simply given by:
(2.1)
where G is the generation rate and q is the fundamental charge [60]. However, if the carrier drift
lengths are smaller than L, space charge will form and recombination becomes significant.
Suppose that we have a strongly imbalanced material system, in which the drift length for holes,
λh, is much shorter than L and the drift length for electrons, λe. Holes accumulate in the device
near the anode and are not neutralized by an equal density of electrons, which results in a buildup
of space charge and distorting the applied electric field. Under steady state conditions, the
electric field increases in this region, enhancing the extraction of holes so that the external hole
current equals the external electron current. This is shown schematically in Figure 2.2 below in
the region L1.
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Figure 2.2: Schematic energy level diagram of a photovoltaic device under illumination, in
which μh << μe. [61]
The length of region L1 is given by the mean hole drift length and limits the saturated
photocurrent to

. Goodman and Rose determined that there is a fundamental limit for

the buildup of space charge, reached when this saturation photocurrent is equal to the spacecharge limited current:
(2.2)
therefore
(

) (

(2.3)

)

where ε is the dielectric constant of the BHJ layer and V1 is the voltage across the region L1,
which can be very close to the total applied voltage [60, 61]. Space charge limited (SCL)
photocurrent is distinguished by the dependence on the square root of the applied voltage and the
slowest charge carrier mobility. SCL behavior is also expected in lateral BHJ devices due to their
long channel lengths and uniform illumination across the channel, as well as the unbalanced
transport, high charge carrier generation, and low mobilities in organic BHJ materials. SCL
photocurrents have been previously observed in organic BHJ materials from vertical OPV
measurements [61], but we need to derive the equivalent of Equation 2.3 for the lateral geometry.
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To this end, we numerically simulated a 5 μm channel length lateral BHJ device with
mobilities typically found in P3HT:PCBM blends: hole and electron mobility values of 10 -4 and
10-5 cm2/Vs, respectively [62]. The device was simulated under an applied reverse bias field of 100 V and under AM1.5 illumination. Modeling treated the BHJ as a composite semiconductor
with fixed mobilities and homogeneous carrier photogeneration throughout the device
independent of the electric field strength. Charge carrier and electric field profiles of lateral
devices are developed from a system of equations consisting of the drift-diffusion equation for
electrons and holes, the steady state continuity equation, and Poisson’s equation for
electrostatics:
( )

( ) ( )

( )

( ) ( )
( )
( )

(2.4)
(2.5)
(2.6)
(2.7)

( )

where Jph,n,p are the photogenerated electron and hole current densities, n(x) and p(x) are the
photogenerated electron and hole concentrations, μn,p are the electron and hole mobilities, ϕ is the
electric potential, E is the electric field, G is the generation rate, and R(x) is the recombination
rate, which is modeled as bimolecular with a fixed coefficient of β = 10-12 cm3/s [62]. A
generation value of G = 1021 m-3s-1 was assumed to represent typical light intensities under
AM1.5 illumination. Electrical contacts in this device model are considered to be non-injecting
and with no barrier for charge extraction. Carrier traps and trap-assisted recombination
mechanisms are also not included in the model.
This system of equations was solved in 1-dimension and used to generate carrier
concentration, electric field, potential, and recombination profiles across the simulated 5 μm
lateral BHJ device. These profiles are shown Figure 2.3.
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Figure 2.3: Plots of (a) photogenerated hole and electron concentrations, (b) electric field and
potential profiles, and (c) recombination and generation rate profiles from a numerically
simulated illuminated lateral BHJ device with imbalanced mobilities. [62]
The device can be divided into two distinct zones: (1) a space charge region (SCR), with
excess hole concentrations due to lower hole mobility, and (2) a recombination zone, where both
carrier concentrations are high but equal such that recombination exactly negates
photogeneration. The electric field decreases linearly within the SCR and the majority of the
applied bias is dropped across this region. There is negligible recombination within the SCR due
to the imbalanced carrier concentrations. The recombination zone has a constant small, but nonzero, electric field. From integrating the electric field over the device length and using the
continuity and Poisson’s equation, we can solve for the length L1 of the space charge region:
(

) (

) (

)
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(2.8)

where Er is the recombination zone electric field and d is the total channel length of the device
[62]. The SCL photocurrent is therefore:

) (

(

) (

)

(2.9)

If the recombination zone field is small and the channel length is short, then Equation 2.9
reduces to:

(

) (

(2.10)

)

which is the equivalent expression as Equation 2.3 for the lateral geometry case. Using Equation
2.10, it is possible to calculate the slower carrier mobility from the SCL photocurrent behavior of
small lateral BHJ devices.
2.3 Ambipolar Lateral Device Modeling
Unlike in vertical OPV devices, lateral BHJ devices also exhibit SCL photocurrent behavior
in systems with equal electron and hole mobilities. If the channel length of the device is longer
than both carrier drift lengths, there will be a buildup of positive space charge near the anode due
to accumulating holes and a buildup of negative space charge close to the cathode. Holes
generated near the cathode and electron generated near the anode will migrate to the center of the
device, where carrier concentrations are high and under equilibrium. Under steady state
operation, the device will therefore be divided into three distinct regions: (1) a space charge
region (SCR) adjacent to the anode with excess hole concentration, (2) a central recombination
zone, in which all photogenerated carriers recombine, and (3) a SCR adjacent to the dcathode
with excess electron concentration [63]. When the applied electric field is increased, a larger
amount of space-charge can accumulate, increasing the size of the SCRs and causing the
recombination zone to contract [63]. This three zone model is supported by simulations of a 10
μm lateral BHJ device with equal electron and hole mobilities of 10-3 cm2/Vs. These simulations
were generated using the same procedure described above from solving the system of Equation
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2.4-2.7 and assumed the same generation and recombination rates. The resulting carrier
concentration, electric field, potential, and recombination profiles are shown in Figure 2.4.

Figure 2.4: Plots of (a) photogenerated hole and electron concentrations, (b) recombination and
generation rate profiles, and (c) electric field and potential profiles from a numerically simulated
illuminated lateral BHJ device with equal mobilities. [63]
This three zone model has been confirmed using spatially resolved measurements of the
photocurrent density [64, 65] and electric field strength [66, 67]. The electric field within both
SCRs increases linearly and majority of the applied voltage is dropped across the two SCRs, with
a small but nonzero recombination zone field. The voltages across both SCRs and the sizes of the
two SCRs are equal due to the equal carrier mobilities. While the actual size of the SCRs is
dependent on the generation rate, mobility, and applied electric field, their relative sizes are
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related to the mobility through a simple relation derived from the continuity equations. Within
the recombination zone, the hole current is given by:
(2.11)
where pequil is the hole concentration in the recombination zone. The hole current extracted from
the anode SCR is given by:
(2.12)
where LA is the length of the hole dominated SCR adjacent to the anode. Equivalent equations
can be written for the electron dominated SCR with length LC adjacent to the cathode and
recombination zone electron concentration nequil. From the charge continuity equation:
(2.13)
since electron and hole concentrations are equal in the recombination zone. As expected, the
slower carrier builds up more space charge and occupies a larger SCR within a material system
with imbalanced mobilities. By measuring the lengths of the SCRs, one can therefore distinguish
the slower carrier and measure the mobility ratio even in an organic BHJ system with very
similar carrier mobilities. We will discuss the relationship between the voltage across each SCR
and the mobility ratio in the next chapter.
To calculate the carrier mobilities of an ambipolar lateral BHJ device, we derive the
expression for the SCL photocurrent using the same method as for the unipolar case:

(

) (

) (

)

(2.14)

where L=LA=LC and μ=μn=μp. If Erd is a negligible voltage drop compared to the total applied
voltage, then the expression reduces to:

(

) (

(2.15)

) ( )
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which is the equivalent expression as Equation 2.10 but for the ambipolar case [63]. These two
equations for different mobility ratio conditions differ only by their constant coefficients. We
therefore use the general equation:

√ (

) (

) (

)

(2.16)

where χ is an ambipolarity factor that falls between 1 and √2, depending on the mobility ratio
[63]. To determine the dependence of χ on the mobility ratio, simulations of lateral BHJ device
behavior were run over a broad range of conditions selected to comprehensively cover typical
properties of organic BHJ films. The photogeneration rates, recombination rates, and relative
dielectric permittivities were varied for a range of mobility ratios between 1 and 1/10. χ was
calculated from the photocurrent-voltage relationship and plotted versus the mobility ratio in
Figure 2.5.

Figure 2.5: Plot of ambipolarity factor vs. mobility ratio based on 198 different simulations with
different values of generation rate, recombination rate, and relative dielectric (inset). [63]
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As expected, values of χ fall between 1 for the unipolar case and 1.4 for the ambipolar
case. The solid line in Figure 2.5 represents an average value that can be used to estimate χ for
Equation 2.16 based on knowledge of the mobility ratio.
2.4 Lateral Device Photocurrent Behavior
The SCL behavior of lateral BHJ devices has been confirmed through photocurrent
measurement. Lateral BHJ devices were fabricated on a p-type silicon substrate with 2000 Å of
thermally grown silicon dioxide. Asymmetric interdigitated electrodes of gold (Au) and
aluminum (Al) were defined through sets of photolithography. These metals were chosen to
suppress reverse bias carrier injection [68]. Each metal layer was deposited to a thickness of 500
Å. The device channel lengths ranged from 3 μm to 20 μm with a constant W/L = 1000. Before
spin coating the organic BHJ layer, the substrate was dipped in a phosphoric acid solution to
dissolve any aluminum oxide present on the electrodes and degreased with a solvent clean of
acetone, methanol, and isopropyl alcohol. The BHJ absorber layer was deposited from a 20
mg/mL solution of P3HT:PCBM (1:1 by weight) dissolved in chloroform that had been heated
and stirred at 50 °C for more than 12 h. This material is known to be close to ambipolar with a
slightly slower hole mobility [68, 69]. The BHJ was spun cast on the prepared substrate at 1200
rpm for 60 s and annealed at 140 °C in a nitrogen atmosphere. The film was 220 nm thick as
measured by profilometry. P3HT investigated in this work was purchased from Rieke Metals and
was 90-94% regioregular (4002E). PCBM and PC71BM investigated in this work was purchased
from American Dye Source, Inc. and had a purity >99.0%. Electrical measurements were
performed in a Desert Cryogenics cryogenic probe station under vacuum better than 10-3 torr at
300 K. Electrical measurements were performed using an Agilent 4155C Semiconductor
Parameter Analyzer and sample illumination was achieved using an Oriel model 66912 150 W
xenon lamp. The optical spectrum was modified using an AM1.5 spectral filter and the light
intensity was 100 mW/cm2. The resulting photocurrent vs. voltage measurements are shown in
Figure 2.6a.
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Figure 2.6: (a) Lateral photocurrent density vs. reverse bias voltage and (b) voltage exponent (m)
vs. reverse bias voltage for lateral BHJ devices with channel lengths ranging from 3 μm to 20 μm
under AM1.5 illumination. The orange lines in Figure 2.6a indicate the voltage range in which
SCL transport is prevalent and the carrier mobility was calculated. [70, 71]
Lateral photocurrent density is defined as the difference between the dark and light
currents divided by the device width and thickness. To analyze the current vs. voltage
relationships, the functional form of the lateral current density was determined by finding the
slope of the lateral current density vs. voltage curve on a log-log plot. This slope (m) is the
functional dependence where

[70, 71]. As the bias voltage increases, the voltage

exponent decreases from large values of m to around 0.5. At low applied biases, this higher
dependence on the voltage is due to contact resistance effects causing resistance to charge
extraction [71]. Once the voltage exponent stabilizes to near 0.5, this indicates a regime where
SCL photocurrent is present and Equation 2.15 is valid. With increasing bias, however, the
exponent begins to increase due to the injection of charge carriers. In the non-ideal experimental
situation with injection from the electrodes, carriers begins to be injected after sufficient energy
barriers are overcome at high reverse biases [72]. This effect is more pronounced in smaller
channel length devices where the applied electric fields are much higher. Using this voltage
exponent analysis, we can fit the photocurrent vs. voltage plots to Equation 2.15 over the correct
voltage range in order to calculate the SCL hole mobility. These calculated mobilities are listed
in Table 2.1.
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Table 2.1: Hole mobilities extracted from SCL current measurements using Equation 2.15 for
various lateral BHJ device lengths. [71]
Device Length (μm)

Avg. applied bias (V)

Mobility (cm2/Vs)

3

-65

7.0 × 10-5

5

-110

8.2 × 10-5

10

-100

2.7 × 10-5

20

-105

1.9 × 10-5

The hole mobilities calculated in Table 2.1 are in the expected range for these materials
and are comparable to previous reports using SCL current and photo-CELIV methods to
characterize the mobility within P3HT:PCBM OPV cells [28, 73-75]. However, there is
significant variation between the calculated SCL mobilities with respect to the channel length of
the lateral BHJ device. In lateral devices with longer channel lengths, Erd becomes a significant
factor as the potential drop across the recombination zone becomes more significant. The total
applied voltage is not equal to the voltage across the SCR and the calculated mobility is
underestimated. Unfortunately, there is no way to determine Erd from only photocurrent vs.
voltage measurements.
To ensure that lateral SCL measurements are consistent across different lateral BHJ
devices, these photocurrent experiments were repeated using devices with much smaller channel
lengths and with more imbalanced BHJ materials. Devices with channel lengths much smaller
than 3 μm will be dominated by one SCR that spans the entire channel under SCL operation
mode. Using electron beam lithography, interdigitated asymmetric electrodes of gold and
aluminum were defined on p-type silicon substrate with 2000 Å of thermally grown silicon
dioxide. The channel lengths of these devices ranged from 1 μm to 300 nm with a constant W/L
= 1000. The BHJ absorber layer was deposited from a 20 mg/mL solution of P3HT:PCBM (0.5:1
by weight) dissolved in 1,2-dichlorobenzene that had been heated and stirred at 50 °C for more
than 12 h. The sample was prepared and measured as described above, except at a variety of
incident light intensities from 11 to 100 mW/cm2 modulated using neutral density filters. The
photocurrent and voltage exponent (m) behavior with respect to light intensity and applied
voltage per unit length are shown in Figure 2.7.
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Figure 2.7: (a) Lateral photocurrent density and (b) voltage exponent (m) vs. applied voltage per
unit length for a 300 nm lateral BHJ device illuminated by varying AM1.5 light intensities
ranging from 11 to 100 mW/cm2. The orange lines in Figure 2.7a indicate the range in which
SCL transport is prevalent and the carrier mobility was calculated.
As the internal electric field of lateral devices can vary, we define a normalized voltage
as the applied bias divided by the device length (V/L). SCL photocurrents are observed over all
light intensities over a particular applied voltage per unit length range from approximately 1 ×
105 to 3 × 105 V/cm. This was consistent with photocurrent measurements of larger devices with
channel lengths of 1 μm and 500 nm. At lower light intensities, the SCL range shifts to lower
applied biases and is over a shorter voltage range. Injection occurs at lower applied biases due to
the reduced number of photogenerated carriers present within the device [71]. SCL mobilities
were calculated from the photocurrent data of three devices over the intensity range, using
Equation 2.10. The unipolar condition was assumed due to the relative lack of P3HT within the
BHJ material, which would selectively inhibit hole transport. The mobilities are plotted versus
incident light intensity in Figure 2.8.
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Figure 2.8: Hole mobilities calculated from lateral SCL photocurrents of three lateral BHJ
devices illuminated by varying AM1.5 light intensities ranging from 11 to 100 mW/cm2.
The calculated hole mobilities are relatively stable at high intensities and consistent
between calculations from different device photocurrents. Low photogenerated carrier
concentrations lead to a decrease in the mobility at the lowest light intensities. Hole mobilities
are slower than those observed in the ambipolar P3HT:PCBM, which is expected given the effect
of the low amount of P3HT on the nanomorphology of the BHJ material. Without an accurate
measurement of Erd, it is best to use small channel length devices to calculate mobilities from
SCL photocurrents.
However, measuring the photocurrent from devices with a range of channel lengths can
provide valuable insights into the drift lengths of BHJ materials. An important feature of lateral
BHJ devices is the ease at which their channel length can be modified, which enables us to
examine charge transport over a wide range of length scales. The reverse bias photocurrent vs.
device length from P3HT:PCBM (from a 1:1 by weight solution) lateral BHJ devices with
channel lengths ranging from 100 nm to 20 μm is shown on a log-log scale in Figure 2.9.
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Figure 2.9: Lateral photocurrent density vs. device length (log-log scale) for P3HT:PCBM lateral BHJ
devices. (Inset) Lateral photocurrent density vs. device length (linear) for the same devices. [64]

The photocurrent increases as a function of reverse bias and device length until
approximately 5 μm. Previous scanning photocurrent and modeling studies have shown that SCR
lengths in these materials under the experimental conditions range from 2-5 μm [62, 63, 65]. The
majority of carriers that are photogenerated in the SCRs will be efficiently extracted and
contribute to the measured photocurrent. Therefore increases in the device channel length up to
this point will have a significant effect on the photocurrent. In larger channel length devices, the
size of the SCRs remains the same and only the recombination zone significantly increases in
size, which does not contribute to the photocurrent. This is shown in the inset to Figure 2.9,
where the photocurrent and device length are plotted on a linear scale. Beyond a device length of
5 μm, the photocurrent saturates as the additional photogenerated carriers are formed in the
recombination zone of the larger devices. At higher field strengths the photocurrent saturation is
less pronounced due to additional contribution to the photocurrent from injection. These trends
support the existence of long carrier drift lengths in organic BHJ materials as well as SCRs and a
recombination zone within lateral BHJ devices and their behavior as described in Sections 2.2
and 2.3
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Chapter 3: In Situ Potentiometry
3.1 Introduction
In a lateral bulk heterojunction (BHJ) device under illumination, the internal electric
field is enhanced within the space charge regions (SCRs) close to the electrodes in order to
enhance carrier extraction. The increase in the electric field can also be interpreted as an increase
in the voltage dropped across the SCRs, which is much larger for their small size compared to
the rest of the lateral device channel. This can be clearly seen in the theoretical device models
shown in Figures 2.3 and 2.4, in which the majority of the applied voltage across the lateral BHJ
device is dropped across the device SCRs. For the case of unipolar carrier mobilities, this is
across only one SCR dominated by the slower carrier, while in the ambipolar case, the voltage is
divided equally across both SCRs. In both device model cases, the voltage across the central
recombination zone is relatively small. The proportion of the total applied bias dropped across
each SCR is dependent on the carrier mobility ratio. As the slower carrier will build up more
space charge within its SCR, a larger field enhancement will occur within that SCR, and
therefore a larger proportion of the total applied voltage will be dropped across that SCR.
Although there is a consistent relationship between these SCR voltages and the mobility ratio, it
is not as simple as the simple inverse relationship between the mobility ratio and the length of
the SCRs, as expressed in Equation 2.13. Figure 3.1 shows the simulated potential profile of a 10
µm lateral BHJ device under a reverse bias of 50 V, assuming carrier mobilities of µp = 5×10-4
cm2/Vs and µn = 10-3 cm2/Vs. The simulation procedure was the same as described in Chapter 2,
but assuming a larger bimolecular recombination coefficient of β = 10-11 cm3/s.
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Figure 3.1: The simulated voltage profile of a 10 µm lateral BHJ device under a reverse bias of
50 V. [63]
Under these simulation conditions with a larger recombination coefficient, the central
recombination zone has a non-negligible electric field Er. Therefore the sum of the voltage across
the two SCRs is not the total applied bias, and we must extrapolate Er to the contacts to obtain
the anode and cathode SCR voltage drops. ΔVA and ΔVC correspond to the voltages across the
anode and cathode, from the SCRs dominated by holes and electrons, respectively. As expected,
a larger amount of the applied voltage is dropped across the slower hole dominated SCR at the
anode.
Potential profile simulations such as this were run for a broad range of photogeneration
rates, recombination coefficients, and relative dielectric permittivities, selected to cover the
variation in the properties of organic BHJ materials. Under each permutation of these material
parameters, 11 pairs of ΔVA and ΔVA values were calculated from 11 pairs of electron and hole
mobility ratios, ranging from the unipolar to ambipolar conditions described in Chapter 2 [63].
The ratio ΔVA/ΔVC was then plotted versus the mobility ratio µn/µp, shown in Figure 3.2.
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Figure 3.2: A plot of SCR voltage drop ratio vs. carrier mobility ratio based on 198 different
simulations with varying generation, recombination, and permittivity conditions. [63]
Despite the broad range of simulation parameters, the carrier mobility ratio and the
voltage drop ratio roughly follow an empirical power law. From the on Figure 3.2, the
relationship is best described by the following equation, although there is a narrow spread in the
power values:
(

)

(3.1)

Both the size and voltage across the SCRs in a lateral BHJ device can therefore be used
to calculate the carrier mobility ratio, even in ambipolar material systems.
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3.2 In Situ Potentiometry Methods
The open geometry of lateral BHJ devices allows for a variety of spatially resolved
measurements across the channel. These include scanning photocurrent microscopy (SCPM) [64,
65] and electric field induced second harmonic generation (EFISH) microscopy [66, 67]
techniques, which have been previously used to map the photocurrent and electric field profiles
of lateral BHJ devices. These methods have supported the 3-zone model space charge limited
(SCL) behavior in lateral devices and can be used to calculate the mobility ratio from the SCR
lengths, which can be measured from changes in the photocurrent or electric field strength. The
slower carrier mobility can then be calculated from Equation 2.16, reproduced here for
convenience:
√ (

) (

) (

)

(3.2)

However, these techniques (SCPM and EFISH) require complex experimental setups and
rely on laser excitation of the BHJ material. By constructing multiple in situ voltage probes in
the lateral BHJ device channel, we gain a direct method to construct its potential profile

Figure 3.3: A schematic illustration of a lateral BHJ device with in situ voltage probes.
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The changes in the slope of the potential profile can be used to distinguish the two SCRs
from the central recombination zone, allowing us to investigate charge transport within different
regions of a lateral BHJ device. The magnitude of the SCR voltage drops and the recombination
zone field, Er, can also be easily calculated from the potential profile.
Lateral BHJ devices with in situ voltage probes were fabricated on a p-type silicon
substrate with 2600 Å of thermally grown silicon dioxide, as shown in Figure 3.3. Interdigitated
electrodes and voltage probes were defined using a JEOL JBX-6000 electron beam lithography
tool in three separate steps. Aluminum (Al) was used for the cathodes, gold (Au) for the anodes,
and nickel (Ni) for the voltage probes and device pads, due to its mechanical robustness. The
device channel lengths were 10 or 20 µm with a W/L of 1000. For the 20 µm devices, 24 Ni
voltage probes extended 60 µm into the channel and were 200 nm wide with an average spacing
of 600 nm. 12 Ni voltage probes 30 µm long were used for the 10 µm devices. All metal layers
were deposited under thermal evaporation to a thickness of 500 Å. An SEM image of a 20 µm in
situ potentiometry device is shown in Figure 3.4.

Figure 3.4: SEM image of the corner of a 20 μm lateral device with 24 voltage probes extending
into the channel for in situ potentiometry. The thickness of the volage probes is 200 nm and their
average spacing is 600 nm.
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Before the deposition of the BHJ layer, the substrate was dipped into a phosphoric acid
solution for 10 seconds to remove any oxide on the surface of the Al electrodes. This was
followed by a solvent rinse procedure to degrease the substrate, which consisted of acetone,
methanol, and isopropyl alcohol. The BHJ absorber layer was deposited from a 20 mg/mL
solution of P3HT:PCBM (1:1 by weight) in chloroform that had been heated to 50 ºC and stirred
for over 16 h. The BHJ was spun cast at 1200 rpm for 60 s, followed by annealing at 140 ºC for
15 min in a nitrogen atmosphere. The film was 165 nm thick as measured by profilometry.
Electrical measurements were performed in a Desert Cryogenics cryogenic probe station
under vacuum better than 5 × 10-3 torr at 300 K. Four-terminal measurements were made in the
dark and under illumination using an Agilent 4155C Semiconductor Parameter Analyzer. These
measurements were repeated sequentially for the different voltage probes across the channel. The
electric field generated due to the work function difference between the electrodes and the Ni
probes were negligible compared to the overall field. Sample illumination was achieved using an
Oriel model 66912 150 W ozone-free xenon lamp, modified with an AM1.5 spectral filter.
3.3 Lateral Device Potential Profiles
The voltage probe measurements yield linear voltage sweeps throughout the entire
applied bias range, as shown in Figure 3.5. Only data from reverse bias conditions was analyzed,
in order to reduce carrier injection effects and simulate the average internal electric field
magnitudes found in OPV devices. In Figure 3.6, the probe voltages measured at a particular
applied bias are plotted spatially, constructing the channel voltage profiles. The slope of the
potential profile is the magnitude of the electric field in the channel.

In the central

recombination zone, the slope is lower than in the SCRs, indicating increased electric field
strength in the SCRs. This is expected from our three zone lateral device model. The measured
overall photocurrent was consistent between individual voltage probe measurements.
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Figure 3.5: Voltage sweeps for a 20 µm P3HT:PCBM lateral BHJ device under 100 mW cm -2
AM1.5 illumination.

Figure 3.6: Potential profiles constructed from voltage measurements shown in Figure 3.5 at
particular total applied biases. Demarcation of the different zones is based on voltage exponent
analysis. The projected line from the recombination zone at an applied reverse bias of 90 V
shows the increased electric field in the SCRs adjacent to the electrodes. [76]
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The spatial extent of the two SCRs and the recombination zone was determined by
calculating the slope of the lateral current density vs. voltage curve on a log-log plot for different
regions of the device. This slope (m) is the functional dependence in Jlat  Vm and is plotted as a
function of the applied voltage for different regions of the device in Figure 3.7.

Figure 3.7: Voltage exponent (m) vs. applied bias for the same 20 µm P3HT:PCBM lateral BHJ
device under 100 mW cm-2 AM1.5 illumination.
At low applied biases, contact resistance causes a high dependence of the photocurrent on
the voltage. As the voltage increases, the exponent begins to stabilize at different values for
different regions of the device. From data from probes close to the electrodes, m stabilizes close
to 0.5, indicative of SCL photocurrent behavior and a regime where Equation 3.2 is valid. This
behavior is observed in the channel from 0-3 μm and 14.1-20 μm, defining the extent of the
SCRs. From data from probes in the center of the device, m stabilizes closer to 1, as the
recombination zone exhibits ohmic behavior. This behavior is observed from 4.6-12.6 μm
within the device channel. Although spatial resolution of the different regions is limited due to
the size and spacing of the voltage probes, in situ potentiometry is capable of determining the
approximate extent of these regions within the device and examining their different charge
transport properties.
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Once the extent of the different regions is known, data from probes within the
recombination zone can be used to calculate Er at different applied voltages. In Figure 3.6, the
projected line indicates Er at -90 V. The voltage drops over the cathode and anode SCRs at this
applied bias are -4.54 V and -11.3 V, respectively, as shown by the intersection of the projected
line at 0 μm and 20 μm. The larger anode SCR voltage drop indicates that holes are the slower
mobility carrier. The larger size of the anode SCR is also a sign of carrier mobility asymmetry
[64, 65]. From Equation 3.1, the carrier mobility ratio µn/µp is approximately 1.50.

This

calculation was repeated for the different applied biases in which SCL transport is dominant and
the mobility ratio is consistent over this range. From Figure 2.5, we estimate a χ value of
approximately 1.27 for the calculated mobility ratio.
As the recombination field in this device is large, Equation 3.2 is used to calculate the
slower hole mobility from the slope of the fitted line in Figure 3.8. On this plot, (V+Erd)1/2 can
be defined as the square root of the voltage dropped only across the SCRs. The non-negligible
contribution from the recombination zone is subtracted out. The SCL photocurrent equation is a
good fit to the data, though there is some divergence at low voltages. This divergence is likely
due to the contact resistance effects dominant at these low voltages, as shown in Figure 3.7.
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Figure 3.8: Lateral photocurrent density vs. the square root of the sum of the voltage drops
measured in both SCRs of the same lateral BHJ device under 100 mW cm-2 AM1.5 illumination.
[76]
The electron mobility can now be found from the previously calculated mobility ratio.
The resulting mobility values of μh = 3.65  10-4 cm2/Vs and μe = 5.49  10-4 cm2/Vs are
comparable with literature values for vertical P3HT:PCBM solar cells.
From the two carrier mobilities, we can also calculate the carrier concentration and
bimolecular recombination coefficient for the BHJ material. As the electron and hole carrier
concentrations are equal in the recombination zone, the conductivity within this region can be
defined as:

(

)

√ (

)

(3.3)

where Δn is the electron (or hole) concentration in the recombination zone and β is the
bimolecular recombination coefficient. These parameters are listed in Table 3.1 below and are
consistent with previous P3HT:PCBM measurements using photo-CELIV and SCL methods [28,
74, 75]. Recombination is assumed to be bimolecular from conductivity vs. light intensity
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measurements which will be described in the next chapter [76]. Similar to earlier reports on
vertical P3HT:PCBM solar cells [29, 77], the bimolecular recombination coefficient is orders of
magnitude smaller than the Langevin recombination coefficient; in this case, B/BL is
approximately 0.0068. This indicates that non-Langevin recombination is dominant in this
organic BHJ material.
Table 3.1. Charge transport parameters of the lateral P3HT:PCBM BHJ device from Figure 3.6
under 100 mW cm-2 AM1.5 illumination. [76]

μh (cm2/Vs)

μe (cm2/Vs)

Δn (cm-3)

βr (cm3 s-1)

3.65  10-4

5.49  10-4

2.34  1016

1.13  10-11

In most disordered organic semiconductors there is also an electric field dependence of
carrier mobility; in situ potentiometry is also capable of evaluating this relationship. Figure 3.9
plots the measured photocurrent vs. the combined SCR voltage drop from a 10 μm P3HT:PCBM
lateral device.

Figure 3.9: Measured photocurrent vs. (V+Erd)1/2 of a 10 μm P3HT:PCBM lateral device under
100 mW cm-2 AM1.5 illumination. The solid line is a linear fit according to Equation 3.2. The
inset shows the same data and fit in a double-logarithm plot. [63]
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This lateral BHJ device was prepared using the same procedure described above on a
separate substrate and with a new P3HT:PCBM solution. The analysis technique described above
was used to calculate an electron mobility of 3.8  10-4 cm2/Vs and a hole mobility of 4.6  10-4
cm2/Vs. These values were extracted from a fit to Equation 3.2, shown as a solid line in Figure
3.9 over the range in which SCL transport was observed. In Figure 3.9, the low voltage data
below ~20 V diverges from the SCL photocurrent fit due to carrier extraction barriers at the
contacts. At voltages above 60 V, the photocurrent increases dramatically due to carrier
injection. However, the experimental photocurrent curve over the voltage range where SCL
behavior is dominant has a steeper gradient that what is predicted by the theoretical straight line.
This may be caused by a small increase in carrier mobilities with increasing electric field. We
calculate a series of best fit lines from Equation 3.2 with different, increasing slopes, over the
entire voltage range from 20 to 60 V to obtain the change in carrier mobilities. From these
slopes, the series of recalculated electron and hole mobilities over the voltage range from 20 to
60 V are plotted with the square root of the recombination zone field in Figure 3.10.

Figure 3.10: Plot of electron (•) and hole (×) mobilities versus recombination zone electric field
for the same 10 μm P3HT:PCBM lateral device under 100 mW cm-2 AM1.5 illumination. [63]
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If we consider that the recombination zone occupies the majority of the device length,
most charge carriers within the device experience an electric field similar to the recombination
zone electric field. In disordered organic semiconductor systems, charge transport mainly occurs
by hopping between localized states. These states are separated by Coulombic potential barriers.
The Poole-Frenkel model describes how the applied electric field reduces this potential barrier to
hopping transport [78]. The hopping probability, and therefore the charge carrier mobility, will
be dependent on the electric field via the following equation:
( √|

(3.4)

|)

where μ0 is the zero field mobility and Γ is a temperature-dependent activation factor [78-80].
Previous measurements on vertical structures have shown Poole-Frenkel behavior in
P3HT:PCBM [39]. The close fit to the data in the SCL range in Figure 3.10 suggests that PooleFrenkel like transport behavior also occurs in the lateral direction for P3HT:PCBM. We extract
zero field mobilities of 7.8  10-5 cm2/Vs and 7.5  10-5 cm2/Vs for holes and electrons,
respectively [63]. In summary, in situ potentiometry measurements on lateral devices can be
used to find several important charge transport parameters of BHJ materials based on simple four
terminal measurements and compare them to values obtained from vertical OPV cell techniques.
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Chapter 4: Use of Lateral Devices for Materials Characterization
4.1 Introduction
Although using in situ potentiometry to measure key charge transport parameters of
organic bulk heterojunction (BHJ) materials is a promising technique, constructing a detailed
potential profile from four terminal measurements is difficult and time consuming. A single
potential profile such as in Figure 3.6, with 24 points of measurement across a 20 μm channel,
can take up to 1 hour to measure. This makes monitoring the changes in BHJ material parameters
with time or environmental conditions using in situ potentiometry very difficult, due to the long
time scales of the measurements. Lateral BHJ devices with large numbers of thin voltage probes
are also difficult to fabricate using electron beam lithography, and these complicated structures
can be easily damaged. This procedure can be simplified by only probing a few points in the
center of the device to measure the recombination zone field. While constructing a detailed
profile does allow us to visualize the different charge transport regions of the lateral BHJ device,
the size of the voltage probes limits the resolution of these measurement, especially when
compared to scanning photocurrent (SCPM) [64, 65] or electric field induced second harmonic
generation (EFISH) microscopy [66, 67]. In these techniques, high precision measurements of
the sizes of the space charge regions (SCRs) allow us to determine the carrier mobility ratio of
the organic BHJ material. With in situ potentiometry, only the measurement of the
recombination zone field is necessary for this calculation. Extrapolation of this field out to the
device contacts defines the voltage drops over the cathode and anode SCRs, ΔVA and ΔVC.
Equation 3.1, reproduced here for convenience, is then used to calculate the mobility ratio:
(

)

(4.1)

To measure this field, we used large lateral BHJ devices fabricated on glass substrates
using a JEOL JBX-6000 electron beam lithography tool. In our studies, lateral BHJ devices
were originally fabricated on Si:SiO2 substrates to compare traditional field effect transistor
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(FET) mobility measurements with our SCL based techniques, but this was found to be
unnecessary as our lateral measurement techniques matured. Glass substrates were used in later
fabrication steps to remove the influence of FET behavior. These new lateral devices had
channel lengths of 50 μm with a W/L = 500 and 5 voltage probes extending 150 μm into the
channel. Aluminum (Al) was used as the cathode, gold (Au) as the anode, and nickel (Ni) for the
voltage probes and device pads, due to its mechanical robustness. All metal layers were
deposited via thermal evaporation to a thickness of 500 Å. The voltage probes were placed at
least 5 μm away from either electrode to ensure that they were inside the recombination zone
during device operation. As shown previously from photocurrent measurements of lateral
devices with different channel lengths [64], SCPM [65], and EFISH microscopy [66], the lengths
of the SCRs in organic BHJ materials are of order 1-5 μm due to the high voltage biases
employed and the large carrier drift lengths. An SEM image of a 50 µm in situ potentiometry
device is shown in Figure 4.1:

Figure 4.1: SEM image of the corner of a 50 μm lateral device with 5 voltage probes extending
into the channel for simplified in situ potentiometry. The thickness of the volage probes is 200
nm and their average spacing is 10 μm.
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Before the deposition of the BHJ layer, the substrate was dipped into a phosphoric acid
solution for 10 seconds to remove any oxide on the surface of the Al electrodes. This was
followed by a solvent rinse procedure to degrease the substrate, which consisted of acetone,
methanol, and isopropyl alcohol. Unless otherwise stated, the preparation and measurement of
the BHJ material was performed in the following manner: The BHJ absorber layer was deposited
from a 20 mg/mL solution of P3HT:PCBM (1:1 by weight) in chloroform that had been heated to
50ºC and stirred for over 16 h. The BHJ was spun cast at 1200 rpm for 60 s, followed by
annealing at 140ºC for 15 min in a nitrogen atmosphere. Film thicknesses were between 100-200
nm and measured using profilometry. Electrical measurements were performed in a Desert
Cryogenics cryogenic probe station under vacuum better than 5 × 10 -3 torr at 300 K. Fourterminal measurements were made in the dark and under illumination using an Agilent 4155C
Semiconductor Parameter Analyzer. These measurements were repeated sequentially for the
different voltage probes across the channel. The electric field generated due to the work function
difference between the electrodes and the Ni probes were negligible compared to the overall
field. Sample illumination was achieved using an Oriel model 66912 150 W ozone-free xenon
lamp, modified with an AM1.5 spectral filter. The intensity was 100 mW/cm2 and modified
using neutral density filters.
The voltage probe measurements yield linear voltage sweeps throughout the entire
applied bias range. As before, voltage exponent analysis was used to calculate the functional
dependence in Jlat  Vm from the slope of the lateral current density vs. voltage curve on a loglog plot for different regions of the device. The current vs. voltage relationship was examined
for the region between the Al electrode and the closest Ni voltage probe, the region between the
two Ni voltage probes furthest from each other, and the region between the Au electrode and the
closest Ni voltage probe. Although the SCRs did not always make up the entirety of these
regions between the closest voltage probes and the electrodes, this exponent analysis was needed
to determine at what applied reverse biases space charge limited (SCL) photocurrent behavior
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was dominant. The behavior of the exponent (m) with applied voltage per unit length for a 50 μm
lateral P3HT:PCBM device is shown in Figure 3.2:

Voltage Exponent (m)

1.25
1.00
0.75
0.50

Cathode SCR
Recombination
Anode SCR

0.25
0.00

0

4

-1x10

4

-2x10

4

-3x10

4

-4x10

Applied Voltage per Unit Length (V/cm)
Figure 4.2: Voltage exponent (m) vs. applied voltage per unit length for a 50 µm P3HT:PCBM
lateral BHJ device under 100 mW cm-2 AM1.5 illumination.
Due to the larger separation between the voltage probes, the differences in the charge
transport behavior of the different regions can be more clearly seen. The exponent in the SCRs
stabilizes close to 0.5, indicative of SCL behavior. The exponent m does not entirely reach 0.5
because the 5 μm regions between the electrodes and their closest probe are divided between the
SCR and some small part of the recombination zone. This is also because of the Poole-Frenkel
dependence of the mobility on the electric field, which can enhance the value of the voltage
exponent. In the center of the device, the recombination zone exhibits ohmic behavior, as shown
by the stable exponent close to 1.0. This is in agreement with our three zone model for lateral
BHJ devices. As the applied electric increases, the distinction in the charge transport behavior
between the different regions disappears as the SCL photocurrent is overcome by the injection of
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charge carriers. If a stronger electric field was applied, the exponents for the different regions
would uniformly increase past 1.0 due to this carrier injection from the contacts. However, in
these larger devices we are usually unable to apply an electric field large enough to cause this.
From the exponent analysis, we know over what applied bias range SCL photocurrents
are dominant and our three zone model of lateral BHJ devices is applicable. We construct a
simplified potential profile from the four terminal measurements, shown in Figure 4.3:

Figure 4.3: Potential profiles for a 50 µm P3HT:PCBM lateral BHJ device under 100 mW cm-2
AM1.5 illumination. All voltage probes lie within the recombination zone of these devices,
therefore the fitted lines indicate the recombination zone field, Er. ΔVA and ΔVC for an applied
bias of -75 V are indicated on the Figure.
The intercepts of the fitted recombination zone field are then used to measure ΔVA and
ΔVC. For this measurement, the larger voltage drop over the cathode SCR indicates a slower
electron mobility; from Equation 3.1, we calculate a mobility ratio, µn/µp, of approximately 0.63.
From this simplified technique, we can quickly measure the mobility ratio of organic BHJ
materials, even if they are close in magnitude, and monitor the change in the ratio in response to
various environmental conditions. This is especially important for BHJ materials, as the electron
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donating and electron accepting organic materials may react differently to environmental effects
such as water, oxygen, ultraviolet light, and increased temperature. Monitoring the change in
mobility ratio with respect to these conditions can inform the design of better material systems
for organic photovoltaic (OPV) applications.
In order to calculate the actual carrier mobilities, we measure the photocurrent from these
lateral BHJ devices and fit it to our modified SCL photocurrent equation:
√ (

) (

) (

)

(4.2)

where χ is the ambipolarity factor that is estimated from the mobility ratio and Figure 2.5, and μ
is the slower carrier mobility. Although μ can be calculated from the measured photocurrent of
the large 50 μm device, more accurate measurements can be obtained from measuring the
photocurrent of small lateral BHJ devices. These devices are fabricated on the same substrate as
the larger devices with voltage probes using the same electron beam lithography techniques.

Figure 4.4: SEM image of part of a 500 nm channel length lateral BHJ device.
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In devices with channel lengths smaller than a few microns, the channel is primarily
composed of one SCR dominated by the slower carrier. This simplified behavior allows for
better fits of the photocurrent behavior of small lateral devices to the SCL equation and gain
more accurate measurements of the slower carrier mobility. Multiple I-V measurements on many
small devices can also be performed quickly in order to obtain multiple slow carrier mobility
estimates, providing a rough estimate of the error in the SCL mobility calculation from the
scatter in measurements. For these small devices, there is a negligible voltage drop over the
recombination zone, therefore the following SCL equation applies:
√ (

) (

(4.3)

) ( )

where V is the total applied voltage. From this combination of measurements, we calculate both
carrier mobilities. From the two carrier mobilities and the conductivity in the recombination zone
of the large devices, we can also calculate the carrier concentration and bimolecular
recombination coefficient for the BHJ material. Assuming bimolecular recombination:

(

)

√ (

)

(4.4)

where Δn is the electron (or hole) concentration in the recombination zone and β is the
bimolecular recombination coefficient.
4.2 Recombination Mechanisms
The relationship between conductivity and the incident light intensity is indicative of the
dominant nongeminate recombination type in the central region [76]. Since there is no net
photogeneration within the recombination zone, the recombination rate and generation rate are
approximately equal:
(4.5)
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where R is the recombination rate, G is the generation rate, and P is the incident light intensity.
The conductivity in the recombination zone (σR) is given by:
(

(4.6)

)

where Δn and Δp are the electron and hole concentrations, and μn and μp are their mobilities. As
stated previously, the photogenerated carrier concentrations in the recombination zone are equal.
Bimolecular recombination is a process in which the recombination rate is linearly proportional
to the square of the carrier concentration:

[76]. Conductivity is proportional to

the carrier concentration (Equation 4.6), therefore, for the case of bimolecular recombination in
the central recombination zone the square of the conductivity must be proportional to the
incident light intensity:
(4.8)
In materials in which trap-assisted or other monomolecular recombination mechanisms
are dominant, we predict that the recombination zone conductivity will be proportional to the
light intensity [76]. This assumes that the carrier mobilities are roughly constant with light
intensity, which is a limitation of this model. In addition, when the bimolecular recombination
coefficient β is not a constant and depends on the carrier concentration, then

, where x

is a small positive number close to 0.6 in P3HT:PCBM at 300 K [49].
The conductivity (Figure 4.5a) and the square of the conductivity (Figure 4.5b) were
calculated from potentiometry measurements made within the recombination zone of a lateral
P3HT:PCBM device under AM1.5 illumination with light intensities ranging from 6 mW/cm2 to
100 mW/cm2. In the recombination zone, the square of the condutivity is linear with respect to
the light intensity, indicating that bimolecular recombination is present. Bimolecular
recombination is therefore a bulk material property of P3HT:PCBM.
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Figure 4.5: Conductivity (a) and conductivity2 (b) vs. incident light intensity in the
recombination zone of a P3HT:PCBM lateral BHJ device under AM1.5 illumination. Linear fits
are indicated by the solid lines. Conductivity (c) vs. incident light intensity in the SCRs.
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However, the square of the conductivity stabilizes at the highest intensities (Figure 4.5b),
showing sub-linear behavior. This is due to the effect of the high carrier concentrations at these
intensities on the bimolecular recombination coefficient. This method does not allow us to
identify the recombination type prevalent in the SCRs, as the generation rate is not equal to the
recombination rate in these regions. The conductivity vs. intensity relationship is more linear in
the SCRs than in the recombination zone, as shown in Figure 4.5c. This valuable insight cannot
be easily obtained from conventional vertical devices. It is likely that the recombination in the
SCRs is of a more unimolecular nature, due to the imbalanced carrier densities in these regions.
Bimolecular recombination from the central recombination zone, and not from the SCRs, is the
dominant mechanism for nongeminate recombination loss in this lateral P3HT:PCBM device.
The dominant recombination mechanism, however, can vary between organic BHJ
material systems and change due to environmental conditions. In addition, multiple mechanisms
may be significant during device operation [24, 35]. Lateral devices offer a unique
characterization method that enables us to alter the recombination mechanism in the device and
measure the resulting change in charge transport parameters of the BHJ material. When an
organic semiconductor is exposed to a polar molecule such as ethanol, there is enhanced selftrapping of charges, which cause a reduction the current [81]. The polar molecule is absorbed on
to the surface of the semiconductor, where its dipole induces a local field through polarization of
the semiconductor. The dipole in the polar molecule may also shift in response to charge carriers
at material interfaces in the BHJ material. This effect has been previously utilized in sensing
applications for organic FETs [81, 82], and we use a similar procedure to measure the effect of
the increased charge trapping on lateral BHJ devices.
The BHJ absorber layer was deposited from a 20 mg/mL solution of P3HT:PC71BM (1:1
by weight) in chloroform that had been heated to 50ºC and stirred for over 24 h. The BHJ was
spun cast at 1200 rpm for 60 s, followed by annealing at 145ºC for 15 min in a nitrogen
atmosphere. Electrical measurements were performed in a Desert Cryogenics cryogenic probe
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station initially under vacuum better than 5 × 10-5 torr at 300 K. The probe station was then filled
with nitrogen containing 2000 ppm of ethanol vapor (dipole moment = 1.69 D) to approximately
100 torr and the lateral BHJ devices were measured again. Finally, the cryo station was pumped
back down to vacuum better than 5 × 10-5 torr and the devices measured again. The sample was
kept at 300 K for the entire procedure. Figure 4.6 illustrates the change in recombination zone
conductivity behavior with respect to incident light intensity, for these three conditions.

Figure 4.6: Conductivity2 vs. incident light intensity in the recombination zone of a 50 µm
P3HT:PC71BM lateral BHJ device under AM1.5 illumination, before, during, and after exposure
to ethanol vapor. Fits are indicated by the solid lines.
The conductivity2 data within the recombination zone is fitted to a function of the form:
, where P is the incident light intensity. Initially, the fitted exponent b is at a value of
1.71, indicating the presence of both unimolecular and bimolecular recombination mechanisms.
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A purely unimolecular recombination process would show a quadratic dependence of the
recombination zone conductivity on the light intensity, as the electron and hole concentrations in
the recombination zone are equal. After the sample is exposed to the ethanol vapor, the exponent
increases, indicating a shift to more unimolecular dominated recombination as traps are
introduced into the BHJ system. This shift is not reversible by pumping to low vacuum, and the
increase in unimolecular recombination increases even after the removal of the ethanol vapor. It
is likely that the introduced trap states remain in the system without additional treatment, such as
annealing, to remove them. The effect of the introduced dipole can also been seen in the
measured SCL mobility of the BHJ material, shown in Figure 4.7:
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Figure 4.7: SCL electron (square) and hole (circle) mobilities vs. incident light intensity
measured from small P3HT:PC71BM lateral devices under AM1.5 illumination, before, during,
and after exposure to ethanol vapor.
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Initially, the measured SCL mobilities are consistently high (~3.5 × 10-3 cm2/Vs) for all
measured incident light intensities. The mobility ratio µn/µp is close to 1.0, determined from
potentiometry measurements on large devices. Upon introduction of the ethanol vapor, the SCL
mobilities at low intensities begin to decrease, and the mobility ratio diverges from 1.0 at these
low intensities as well, with electrons as the slower carrier. At higher intensities there is little
change. The increased number of traps would have the most noticeable effect on the SCL
mobilities at low intensities, where the low photogenerated carrier concentrations fill a smaller
proportion of the trap states. After the ethanol vapor is removed and the cryo station has been
pumped back down to low pressures, the material has deteriorated further. Much of the absorbed
ethanol remains in the film and increases the self-trapping of charges. The SCL mobility at high
intensities decreases, and there is a more significant drop in mobility and the mobility ratio at
low intensities. The larger effect on the electron mobility may indicate the higher number of
electron trap states introduced upon exposure to ethanol vapor.

4.3 Degradation Monitoring
A major advantage of using the combined measurement strategy described in Section 4.1
is a drastic reduction in the measurement time, in contrast to the work described in Chapter 3,
utilizing devices with up to 24 in situ voltage probes. This technique can therefore be used to
actively monitor the degradation of BHJ materials, and determine the effect of degradation on
parameters such as the carrier mobilities and recombination coefficient. The primary degradation
mechanisms of P3HT:PCBM are known to be photo-oxidation processes that lead to a breaking
of the macromolecular backbone [83-85]. To investigate processes that operate over shorter time
scales, we prepared P3HT:PCBM lateral BHJ devices and measured them under high
background pressure conditions (≥ 5  10-3 torr) in our cryogenic probe station at 300 K. The
change in the potential profiles of large 50 μm devices over an hour under these conditions is
shown in Figure 4.8:
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Figure 4.8: Potential profiles of a lateral P3HT:PCBM device under 100 mW/cm2 AM1.5
illumination at a reverse bias of 75 V, measured at various times after insertion into a high
background pressure environment.
The change in slope of the potential profile indicates a change in the mobility ratio of the
BHJ film. Over the course of the measurement, a proportionally smaller amount of voltage is
dropped across the hole dominated SCR at the anode. The electron mobility therefore decreases
relative to the hole mobility over the measurement time. The higher slope can also imply a
higher recombination rate, due to the increase in voltage across the recombination zone. The
actual mobility and recombination values are calculated from the photocurrent measurements:

Table 4.1: Charge transport parameters of a lateral P3HT:PCBM device under 100 mW/cm2
AM1.5 illumination.
P3HT:PCBM
μn/μp μn (cm2/Vs) μp (cm2/Vs) Δn (cm-3) βr (cm3 s-1)
0 min

0.76

8.39  10-4

1.10  10-3

8.34  1016

8.90  10-13

30 min

0.69

5.42  10-4

7.87  10-4

9.41  1016

6.98  10-13

60 min

0.63

2.57  10-4

4.08  10-4

7.72  1016

1.04  10-12
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Although a decrease in the recombination zone conductivity was observed over time, we
attribute this to a significant decrease in mobility rather than a change in the recombination
characteristics. The carrier concentration and recombination coefficient remain relatively
constant over the course of the experiment, while both carrier mobilities decrease significantly.
The mobilities also become more imbalanced over time, with the electron mobility more severely
affected. This observed imbalance is consistent with EFISH measurements of P3HT:PCBM
made on similar time scales [66]. A rapid increase in the voltage across the electron dominated
SCR was noted and attributed to photo-oxidation introducing negatively charge electron traps,
resulting from moisture within the device [66, 86].
This time dependent measurement was repeated with the same P3HT:PCBM solution, but
with 5% by volume of the solvent additive DIO (1,8-diiodooctane). DIO is known to produce
better phase separation and structural order within the BHJ film, resulting in higher performance
of OPV cells [87, 88]. We repeated this experiment with the solvent additive in an attempt to
mitigate the mobility imbalance in the material. Table 4.2 lists the charge transport parameters
with respect to time of this modified P3HT:PCBM solution.

Table 4.2: Charge transport parameters of the same lateral P3HT:PCBM device with 5% of DIO
under 100 mW/cm2 AM1.5 illumination.
P3HT:PCBM
μn/μp μn (cm2/Vs) μp (cm2/Vs) Δn (cm-3) βr (cm3 s-1)
w/DIO
0 min

0.67

3.54  10-4

5.29  10-4

1.46  1017

2.90  10-13

120 min

0.48

2.74  10-4

5.65  10-4

8.69  1016

8.21  10-13

240 min

0.44

1.72  10-4

3.93  10-4

1.10  1017

5.16  10-13

Addition of DIO does not eliminate the mobility imbalance in favor of the hole mobility
or the decreasing trend of the mobility ratio. The initial measured mobilities are lower but more
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stable over time. The mobility ratio gradually reaches a stable point of approximately 0.4 over
several hours. Although it does not correct the mobility asymmetry, the addition of DIO does
improve the other charge transport parameters of the P3HT:PCBM film. The carrier
concentration within the bulk P3HT:PCBM increases and the bimolecular recombination
coefficient decreases with respect to the normal film. This technique offers a novel method to
monitor degradation within BHJ films and relate degradation to changes in the charge transport
parameters of the film.

4.4 Effect of Solvents and Annealing
Due to the different steps in the photovoltaic process in organic BHJ solar cells, there are
several morphological parameters that need to be adjusted for an optimum solar cell. These
include maximizing the surface area between the donor and acceptor material, as well as
maintaining continuous material pathways for the separated charges to reach the electrodes. In
cases of materials with unbalanced mobilities, for ideal performance it is necessary for the
slower carrier to have a larger volume available for charge conduction. Greater control over the
nanomorphology during device fabrication is therefore essential in manufacturing high
performance organic solar cells.
The most common technique for controlling the phase separation and organization of the
nanomorphology in P3HT:PCBM, or any other organic bulk heterojunction, is to anneal the bulk
heterojunction layer after deposition. A pristine P3HT:PCBM coating is too intimately mixed to
form efficient percolation paths and minimize bulk recombination [89]. Thermal annealing
enables the P3HT and PCBM domains to increase in size up to optimal values corresponding
with the exciton diffusion lengths in each material. The precise treatment necessary varies
depending on the solvent used, ratio of electron donating and accepting material in the blend, and
the environmental conditions [89, 90]. The most commonly used solvents in P3HT:PCBM OPV
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fabrication are halogenated solvents such as chlorobenzne (CB), 1,2-dichlorobenzene (DCB),
and chloroform. However, due to their toxicity, these solvents are unlikely to be used in mass
manufacturing of organic BHJ solar cells. This has motivated researchers to experiment with
novel solvent systems and utilize a variety of solvent additives to control the nanomorphology of
organic BHJs for higher performance [87, 91-95].
Lateral devices can be used as material diagnostic platforms to efficiently characterize
this wide variety of materials. Here we present a small sample of possible fabrication procedures,
varying the solvent system used and annealing time to determine the effect on the measured
charge transport parameters. The BHJ films were deposited from 20 mg/mL solutions of
P3HT:PC71BM (1:1 by weight) in chloroform, 1,2-dichlorobenzene, or o-xylene that had been
heated to 50 ºC and stirred for over 16 h. The BHJ was spun cast at 1200 rpm for 60 s, followed
by annealing in a nitrogen atmosphere. The solutions prepared in DCB were either annealed at
120°C (DCB1) or 145°C (DCB2) for 15 min; the solution prepared in o-xylene was annealed at
200°C for 2 min; and the solution prepared in chloroform was annealed at 145°C for 15 min.
These solvents and annealing procedures were chosen based on a literature survey of
P3HT:PCBM solar cells[84, 89]. Table 4.3 lists the charge transport parameters for this group of
BHJ solutions.

Table 4.3: Charge transport parameters of lateral P3HT:PC71BM devices under 100 mW/cm2
AM1.5 illumination, prepared using different solvents and annealing procedures.
Solvent System
μn/μp μn (cm2/Vs) μp (cm2/Vs) Δn (cm-3) βr (cm3 s-1)
DCB1

0.53

2.66  10-4

5.01  10-4

6.35  1016

2.66  10-12

DCB2

0.45

8.53  10-4

1.89  10-3

2.68  1016

8.59  10-12

o-xylene

1.35

2.00  10-4

1.48  10-4

2.10  1017

1.41  10-13

Chloroform

1.01

2.91  10-3

2.89  10-3

1.14  1017

4.68  10-13
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The DCB solutions exhibit the most severe mobility imbalance, with consistently lower
electron mobilities. Using a higher annealing temperature does improve the measured SCL
mobilities, but the conductivity within the film does not change significantly, as shown by the
decrease in carrier concentration and the increase in recombination coefficient. DCB has a
boiling point of ~180°C, and small quantities of the solvent may remain within the film after
annealing at these temperatures. When heat is applied to the film in a stable atmosphere, DCB
slowly evaporates from the film until an equilibrium is reached with the vapor phase of DCB in
the glove box environment [93, 94]. Some solvent remains within the film and can allow
PC71BM to diffuse and form aggregates, preventing good electron transport by disrupting the
formation of the continuous BHJ network. Higher temperatures or lower boiling solvents are
needed to effectively drive out the excess solvent within the film after spin coating [93].
Solutions prepared using o-xylene, which has a lower boiling point of ~140°C, were annealed at
higher temperatures in order to drive out the solvent rapidly, but for a shorter period of time so
that the BHJ network would not be damaged. The o-xylene devices exhibited more balanced
carrier mobilities and higher recombination zone conductivities, but the individual carrier
mobilities were lower by an order of magnitude in comparison to the DCB films. The hole
mobility was lower when using o-xylene, which is consistent with previous OFET measurements
[96]. The best charge transport parameters were found in P3HT:PC71BM films prepared using
chloroform (BP = 61°C) and annealed at 145°C. Although the fabrication procedure is identical
to previous results shown using P3HT:PCBM, the lower band gap of PC71BM results in higher
absorption for improved OPV device performance. These films show good ambipolar transport
of both electrons and holes at mobilities higher than those measured for P3HT:PCBM. The
carrier concentration and recombination coefficient within the bulk BHJ are comparable to
values from P3HT:PCBM films, as well as those prepared with o-xylene.

61

4.5 Temperature Dependent Measurements
Disordered semiconductor systems such as organic BHJ do not exhibit extended band
transport, and the exact charge transport mechanism is still controversial. However, the process
can be simplified by using the multiple trap and release (MTR) model, which was originally
developed to describe charge transport in amorphous Si. MTR assumes quasi band transport and
the existence of a mobility edge, which separates the extended from localized states. Charge
carriers above the mobility edge can move freely within the semiconductor, while states below
the mobility edge are treated as trap states for the charges. Transport among the trap states is
forbidden; therefore trapped carriers must be thermally activated above the mobility edge to
contribute to charge transport. An individual charge carrier, therefore, can be trapped and
released due to thermal effects multiple times as it moves through the semiconductor. In
polymer:fullerene materials, this model works well for describing transport in the polymer donor,
but for the fullerene acceptors, the mobility will also depend on the percolation pathways
between domains of fullerene in the film. Previously we have discussed induced trap states from
exposure to ethanol, but the trap states inherent in organic BHJs from structural defects or
chemical impurities can also have a large effect on the mobility and recombination rate in these
materials. When used for power generation, OPV cells will experience a range of temperatures,
and it is important to characterize the performance of these materials under these conditions.
We prepared lateral BHJ devices using a 20 mg/mL solution of P3HT:PC71BM (1:1 by
weight) in chloroform that had been heated to 50ºC and stirred for over 16 h. The BHJ was spun
cast at 1200 rpm for 60 s, followed by annealing at 145ºC for 15 min in a nitrogen atmosphere.
The film thickness was 205 nm and measured using profilometry. Electrical measurements were
performed in a Desert Cryogenics cryogenic probe station under vacuum better than 5 × 10-5 torr
and at multiple temperatures (300, 315, 330, and 345 K). The substrate was then cooled using
liquid nitrogen (LN2) over a period of several hours back down to 300 K, and the measurements
were repeated at that temperature. The measured mobility ratio (μn/μp) from the potential profiles
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of large devices was 1.05 and very stable over the measured temperature range. The measured
SCL mobilities from several small devices are plotted with respect to 1/T in Figure 4.9a:

Figure 4.9: Measured SCL hole mobility (a) and its natural logarithm (b) with respect to inverse
temperature for P3HT:PC71BM lateral devices under 100 mW/cm2 AM1.5 illumination.
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The calculated hole mobilities are consistent between measurements from different small
lateral BHJ devices on the same substrate. The mobilities increase steadily with respect to
temperature and there is no divergence between the 300 K measurements at the beginning and
end of the experiment. By plotting the natural log of the mobility with respect to 1/T in Figure
4.10b, we can extract the activation energy of the dominant trap population in the BHJ material.
The temperature dependence of the mobility is described by the Arrhenius relationship:
(

)

(4.9)

where Ea is the activation energy, k is the Boltzmann constant, and T is the temperature. The
black line in Figure 4.9b is a fit to this equation, and we extract an activation energy of 107 meV
from the slope.

This is consistent with previous studies on P3HT:PCBM using transient

photocurrent (TPC) and transient photovoltage (TPV) techniques [97, 98]. These studies show
a clear peak in the trap population of P3HT:PCBM at activation energies of approximately 100
meV. With respect to temperature, the carrier concentration and recombination rate coefficient
are relatively stable and the values are consistent with previous measurements based on transient
techniques [49, 99]. As these values are calculated from the SCL mobilities measured from
multiple small devices, there is a larger scatter in values at each measured temperature, but some
trends are noticeable. Over the course of the measurement, the recombination zone conductivity
steadily decreased; the second value at 300 K was approximately half the initial value. As the
mobility ratio did not change, this is attributable to a steady increase in the recombination
coefficient and decrease in the carrier concentration in the bulk P3HT:PC71BM. These trends,
along with the divergence in values from the 300 K measurements, are shown in Figure 4.10.
The ratio between the non-Langevin and Langevin recombination coefficients increased slightly
but remained on the order of 10-3.
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Figure 4.10: Carrier concentration (a) and bimolecular recombination coefficient (b) with respect
to inverse temperature. Calculated from SCL mobility and conductivity measurements of
ambipolar P3HT:PC71BM lateral devices under 100 mW/cm2 AM1.5 illumination.
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As this BHJ system had ambipolar transport, the difference between the hole and electron
activation energies could not be distinguished. To test if activation energies of carriers in
P3HT:PC71BM differed in systems with unequal mobilities, we prepared lateral BHJ devices
using a 20 mg/mL solution of P3HT:PC71BM (1:1 by weight) in DCB that had been heated to
70ºC and stirred for over 16 h. The BHJ was spun cast at 1200 rpm for 60 s, followed by
annealing at 145ºC for 15 min in a nitrogen atmosphere. The film thickness was 75 nm and
measured using profilometry. Electrical measurements were performed in a Desert Cryogenics
cryogenic probe station under vacuum better than 5 × 10-5 torr and at multiple temperatures (300,
315, 330, and 345 K). The substrate was then cooled using liquid nitrogen (LN2) over a period of
several hours back down to 300 K, and the measurements were repeated. During these initial
measurements, the devices were measured over a range of intensities of AM1.5 spectrum ranging
from 6 to 100 mW/cm2. The sample was then heated again to 315, 330, and 345 K, cooled over
several hours to 300 K, but measurements were performed at these temperatures only under 100
mW/cm2 light intensity.
The measured mobility ratio (μn/μp) from the potential profiles of large devices was 0.42
at 100 mW/cm2 and very stable over the measured temperature range. The mobility ratio did
decrease with respect to light intensity to approximately 0.28 at 6 mW/cm 2. This behavior has
been described in Section 4.2 and can be attributed to a larger population of trap states for
electrons in the film. At low light intensities, the photogenerated charge carriers fill a smaller
proportion of the trap states and electron mobility is more affected. The SCL mobility extracted
from one small lateral BHJ device vs. incident light intensity at different temperatures is shown
in Figure 4.11.
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Figure 4.11: SCL electron (square) and hole (circle) mobilities vs. incident light intensity
measured from a 500 nm channel length P3HT:PC71BM lateral device under AM1.5 illumination
at different temperatures.
The natural logs of measured SCL mobilities from several small devices are plotted with
respect to 1/T in Figure 4.13. As before, the calculated mobilities are consistent between
measurements from different small lateral BHJ devices and the mobilities increase steadily with
respect to temperature, with no divergence between measurements made at different times. Due
to the stability of the mobility ratio with temperature, we expect similar hole and electron
activation energies. These were calculated using Equation 4.9 and are shown on Figure 4.12.
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Figure 4.12: Natural logarithms of measured electron and hole mobilities with respect to inverse
temperature for P3HT:PC71BM lateral devices under 100 mW/cm2 AM1.5 illumination.
The thermal activation energies are very similar and close to the peak population of trap
energies at 100 meV in P3HT:PCBM films [97, 98]. By modifying the solvent system used in the
preparation of the P3HT:PC71BM film, we have increased the population of electron traps, rather
than modifying the electron trap depths, to reduce the mobility ratio. In this modified BHJ
system, the carrier concentration and bimolecular recombination coefficient under full 100
mW/cm2 AM1.5 illumination are more stable with temperature (Figure 4.13). However, as in the
previous P3HT:PC71BM temperature dependent measurement, the recombination zone
conductivity at high light intensities decreased. As the mobility ratio did not change, this is
attributable to an increase in the recombination coefficient and decrease in the carrier
concentration in the bulk P3HT:PC71BM. This can be seen in the intensity and temperature
dependent data in Figure 4.14. The ratio between the non-Langevin and Langevin recombination
coefficients increased slightly but remained on the order of 10-3.
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Figure 4.13: Carrier concentration (a) and bimolecular recombination coefficient (b) with respect
to inverse temperature. Calculated from SCL mobility and conductivity measurements of
P3HT:PC71BM lateral devices with different electron and hole mobilities under 100 mW/cm2
AM1.5 illumination.
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Figure 4.14: Carrier concentration (a) and bimolecular recombination coefficient (b) with respect
to incident AM1.5 light intensity at different temperatures. Calculated from the SCL mobilities
in Figure 4.12 and recombination zone conductivity measurements of large P3HT:PC71BM
lateral devices.
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Chapter 5: Geminate Recombination
5.1 Introduction
In organic photovoltaic (OPV) cells, after the photogeneration of charges, the electron
and hole remain Coulombically bound as an exciton. These excitons have a high binding energy
and cannot be dissociated by the electric fields present in OPV cells under operation or by the
ambient thermal energy. In organic bulk heterojunction (BHJ) materials, the exciton diffuses to
an interface between the electron donor and acceptor (D/A interface), where it can separate due
to the difference in energy levels between the donor and acceptor. At the interface, the electron
and hole form a charge transfer (CT) state with the electron on the acceptor and the hole on the
donor [100, 101]. If the binding energy of the CT state is overcome, the carriers are separated
and can exit the device through percolation pathways in the BHJ.
At several points during this process, the exciton may recombine and the energy from the
incident photon lost. Recombinaton involving a single electron-hole pair which originated from a
single photon is known as geminate recombination. Geminate recombination is considered to be
a monomolecular process independent of the total geminate pair density and can occur through
multiple pathways. The exciton may not reach a D/A interface in its lifetime and relax back to its
ground state, or the exciton may recombine through a CT state. At the D/A interface, multiple
CT states exist which vary in energy and width depending on their delocalization and the
material characteristics of the donor and acceptor. Hot CT states are more delocalized and allow
electron-hole pairs to be separated easily by decreasing their Coulombic attraction [100-103].
These hot CT states can also be at higher energies than the LUMO of the electron acceptor,
making charge separation more energetically favorable. Excitons occupying cooler CT states
may need additional energy to dissociate and can recombine through the CT state. An energy
level diagram of the photogeneration and separation process illustrating these two main geminate
recombination pathways is shown in Figure 5.1.
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Figure 5.1: Jablonski diagram illustrating the different mechanisms of charge separation at a BHJ
interface and geminate recombination. The red arrow labeled (a) indicates the decay of an
exciton before it can make to the interface while the red arrow labeled (b) indicates geminate
recombination at the D/A interface through the CT state. The arrows labeled (1) and (2) indicate
charge separation through hot and “cool” CT states at the interface. The red dashed arrow
indicates recombination into the triplet state. [24]
Geminate recombination can become a significant loss mechanism in BHJ systems with
enlarged material domains, where photogenerated excitons cannot reach the D/A interface within
their lifetime. A high trap density in the BHJ may also increase geminate recombination by
reducing delocalization at the D/A interface and making recombination through a CT state more
probable [104]. Although geminate recombination has been shown to be non-dominant in
P3HT:PCBM solar cells [22], there are many other BHJ systems in which geminate
recombination losses can significantly affect the photocurrent of OPV cells [105-107]. Geminate
recombination and CT state dynamics in organic BHJ systems have been investigated using
photoluminescence (PL) spectroscopy [108, 109], and a variety of two-photon spectroscopy
techniques [24, 101, 102]. However, these time-resolved transient measurements are usually
performed on pristine films, and the effect of geminate recombination is not often considered in
reliability and lifetime studies of OPV cells.
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Lateral devices offer a unique way to separate out the effects of geminate and
nongeminate recombination in degradation studies. Previous sections have discussed how
conductivity measurements in the central recombination zone of large lateral devices can be used
to calculation the bimolecular recombination rate and distinguish between nongeminate
recombination mechanisms. Under conditions similar to OPV device operation, the channel of
small lateral devices (with channel lengths ≤ 1 μm) are dominated by one space charge region
(SCR) with high concentrations of the slower mobility carrier. The faster carriers exit the device
quickly, while the slower carriers accumulate in the device. This buildup of space charge distorts
the applied electric field and the device exhibits space charge limited (SCL) photocurrent. The
presence of SCL photocurrent behavior is dependent on the high carrier density within the BHJ
material. Therefore if the photogeneration rate is reduced by increased geminate recombination,
the SCL behavior in these small lateral devices will be affected. By monitoring the SCL behavior
of small lateral BHJ devices with respect to time, and comparing these results with initial
measurements made at low light intensities, we are able to track the decrease in photogeneration
with time due to increased geminate recombination in BHJ materials.

5.2 Effect of Extended Light Exposure
Changes in the recombination characteristics, as well as film degradation, have been
observed in organic BHJ materials upon exposure to light for extended periods of time [84, 85,
110]. We initially investigated the effect of long term light exposure on lateral BHJ devices in
order to correct for this process during other long term experiments, such as the introduction of
ethanol vapor or temperature dependent studies.
The BHJ absorber layer was deposited from a 20 mg/mL solution of P3HT:PC71BM (1:1
by weight) in 1,2-dichlorobenzene that had been heated to 50ºC and stirred for over 16 h. The
BHJ was spun cast at 1200 rpm for 60 s, followed by annealing at 145ºC for 15 min in a nitrogen

73

atmosphere. Electrical measurements were performed in a Desert Cryogenics cryogenic probe
station under vacuum better than 5 × 10-5 torr at 300 K. The sample was kept under vacuum and
measured over a period of 4 days. Sample illumination was achieved using an Oriel model 66912
150 W xenon lamp, modified using an AM1.5 spectral filter. The incident light intensity was
varied from 6 to 100 mW/cm2 using neutral density filters. The sample was kept continuously
illuminated under the AM1.5 light source at an intensity of 100 mW/cm2 between measurements.
Initial SCL carrier mobility measurements from the small lateral devices were successful
and found to be approximately 1.85 and 3.63  10-4 cm2/Vs, with electrons as the slower carrier.
These measurements were repeated after 6 hours of light exposure, with similar but slightly
reduced SCL carrier mobilities. The mobility ratio measurements from the larger 50 μm device
were consistent between these two initial measurements. After 24 hours of light exposure,
however, SCL behavior was no longer observed in the photocurrent characteristics of the lateral
BHJ devices, as shown in Figure 5.2 below:
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Figure 5.2: Lateral photocurrent density (a,b) and voltage exponent (c,d) vs. applied voltage per
unit length for a 500 nm lateral P3HT:PC71BM device illuminated by varying AM1.5 light
intensities after 6 (a,c) and 24 (b,d) hours of 100 mW/cm2 light exposure. The orange lines in
Figure 4.8a indicate the voltage range in which SCL transport is prevalent and the carrier
mobility was calculated.

Initially, SCL behavior is observed in the photocurrent behavior of the small lateral BHJ
device, especially at high light intensities. The value of the voltage exponent (m) in the range ≤ 1
 105 V/cm is equal to 0.5, allowing us to fit Equation 4.3 over this range and calculate the
slower carrier mobility. At low light intensities, this behavior is not observed; the exponent
begins at approximately 0.6 and immediately rises due to increasing injection from the contacts.
Due to low photogeneration of charge carriers at these intensities, space charge cannot be built
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up in the lateral BHJ device adjacent to the contacts, and the contacts inject carriers more
efficiently into the device. After 24 hours of light exposure, the device no longer exhibits SCL
behavior even at high illumination intensities. Photocurrent measurements at all intensities are
injection dominated. This change in voltage exponent behavior over time can be clearly seen in
Figure 5.3:
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Figure 5.3: Voltage exponent vs. applied voltage per unit length for the same 500 nm lateral
P3HT:PC71BM device under 100 mW/cm2 AM1.5 illumination after continual light exposure.
All high light intensity measurements made after 24 hours show no SCL behavior. The
voltage exponent begins at a value larger than 0.5 and increases steadily. This behavior is
consistent with the original voltage exponent behavior measured at low light intensities. The
initial value of the voltage exponent and the slope increases with light exposure time, stabilizing
after 48 hrs.
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Due to the absence of SCL behavior at later times, we cannot extract the carrier
mobilities using our lateral device model. However, we can infer from this disappearance of SCL
behavior that the recombination mechanism of the system must have changed over the course of
the experiment. In order to observe SCL photocurrents, the number of photogenerated charge
carriers must be large and the material system should have a low mobility [61]. From our initial
measurements, we know that the sample exhibited a low mobility with unbalanced charge
transport. The magnitude of the photocurrent also did not change significantly after 24 hrs of
light exposure, which suggests that the mobility and nongeminate recombination rates of carriers
within the material remained relatively constant. SCL measurements after 6 hours do show a
slight decrease in the carrier mobilities, but we have previously measured SCL photocurrent
behavior in BHJ systems with significantly lower mobilities. In addition, this apparent decrease
in the SCL mobility may also be due to the decrease in the photogeneration rate, which is
included in the lateral SCL Equation 4.3, reproduced here:
√ (

) (

) (

)

(5.1)

The reduction in Jph after 6 hours of light exposure could therefore be caused by a
decrease in the electron mobility from 1.85 to 1.14  10-4 cm2/Vs, or by a decrease in G to 90%
of its initial value.
To remove the observed SCL behavior entirely, there must have been a large increase in
the geminate recombination rate. If the number of photogenerated charge carriers decreased, not
enough space charge would be built up in the device to cause the SCL photocurrent behavior
described by Equation 5.1. The absorbance of the P3HT:PC71BM film is not known to be
affected by light exposure in an inert atmosphere for less than 1000 hours [84, 85], therefore an
increase in the geminate recombination rate is a more likely cause.
From this change in voltage exponent behavior, we can estimate the change in the
photogeneration rate due to increased geminate recombination. The voltage exponent curves
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from later photocurrent measurements in Figure 5.4 were compared and matched with the
voltage exponent curves from initial low intensity measurements. From this comparison, we
estimate the decrease in the photogeneration rate over time, compared to the initial value:

1.0

Generation Rate
2
at 100 mW/cm

0.8

G
GI

0.6
0.4
0.2
0.0

0

10

20

30

40

Time (hrs)
Figure 5.4: Change in generation rate (G) relative to the initial value (G I) over time after
continued light exposure. G is estimated at later times relative to GI using the initial low intensity
voltage exponent behavior.
The error bars in Figure 5.4 are estimated from the range of voltage exponent curves at
different low light intensities which match the voltage exponent behavior after a certain light
exposure time. At later times, the voltage exponent curves could not be easily compared with the
low intensity exponent behavior and are not included in the plot. The voltage exponent curves
after 48 hours begin at very high values and do not easily match low intensity exponent behavior
over the applied field range where SCL behavior is expected. This could be indicative of a
change in the contacts of the device, limiting the extraction of photogenerated carriers. The upper
limits of the error bars can also be inferred from the reduction in lateral photocurrent density.
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The initial decrease in G after 6 hours is estimated from the change in Jph, but could also be
caused by a slight decrease in the electron mobility, as explained above. The larger change in
photocurrent density and voltage exponent behavior at later times cannot be explained by a
change in the carrier mobilities. It is clear from this plot that a significant reduction in the
photogeneration rate due to increased geminate recombination must occur in order to eliminate
the SCL behavior in these small lateral BHJ devices. This increase in geminate recombination of
the BHJ film will have significant effects on the long-term performance of OPV cells. The
effective generation rate at an incident light intensity of 100 mW/cm2 drops by over a factor of
two for this P3HT:PC71BM film over 24 hours of continuous light exposure. This is supported by

2

Lateral Photocurrent Density (A/cm )

the lateral photocurrent measurements, shown in Figure 5.5:
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Figure 5.5: Lateral photocurrent density vs. applied voltage per unit length for the same 500 nm
lateral P3HT:PC71BM device under 100 mW/cm2 AM1.5 illumination after continual light
exposure. The range over which SCL behavior was initially observed is indicated on the plot.
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As expected from the estimated drop in geminate recombination and voltage exponent
curves, there is a small initial decrease in the photocurrent after 6 hours, and then a more
significant decrease after 24 hours where the SCL behavior is significantly diminished. The
lateral device photocurrents decrease by approximately a factor of two over the entire light
exposure period, in the applied field range where SCL behavior was originally dominant. This
gives us an upper limit on the change in the geminate recombination rate, although the current
could be enhanced slightly over this applied field range due to enhanced injection from the
contacts.
Geminate recombination in organic BHJ materials is not often considered in reliability
and lifetime studies, but it is an important component of light exposure degradation in these
materials. Using small lateral device measurements, we are able to isolate the effects of geminate
and nongeminate recombination and investigate them separately in degradation studies.
Although the change in contact extraction behavior limits the use of this technique over long
time periods (>24 hrs), we are able to estimate the change in the geminate recombination rate in
the BHJ film and track its effect on the photocurrent of small lateral devices. The exact
mechanism for this change cannot be determined from these current vs. voltage measurements
alone, but we hypothesize that the increased geminate recombination rate emerges from a large
population of electron traps which increase with light exposure time. The observed decrease in
electron mobility is consistent with this explanation, but the larger trap density would also have
significant effects on the generation rate. Electron traps close to the D/A interface would result in
reduced delocalization of the exciton at the D/A interface and increases the probability of
recombination through the CT state [24, 104].
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