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Detection of trap charge in small molecular organic bulk heterojunction solar cells
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We detect and measure the trap charges in a small molecular bulk heterojunction solar cell under operating
conditions. The trap-charge density is estimated from capacitance measurements with light incident on the
sample. At high intensities (~1 sun, 100 mW/cm?), the trapped charge concentration leads to a spatial
distortion of the electric field in the device. The lower limit of the trap-charge density is estimated to be 6
X 10'® cm™3. The frequency dependence of the capacitance suggests that the charges are trapped in a manifold
of deep states present in the energy gap of the semiconductors. The distortion of the electric field by this trap

charge affects the charge-carrier collection efficiency.
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I. INTRODUCTION

The power conversion efficiency of organic bulk hetero-
junction (BHJ) solar cells depends on the percentage of light
absorbed in the active layer, photocarrier generation effi-
ciency, carrier collection efficiency, and energy at which the
charges are extracted.! Of these, the carrier collection effi-
ciency is determined by the carrier mobility, carrier trapping
times, and electric field in the sample.%~'? The photocarrier
generation, unlike in many inorganic semiconductors, is not
spontaneous in these systems due to the tight binding of the
electrons and holes in the form of excitons. Usually a het-
erojunction is required to achieve efficient exciton
dissociation.? Nevertheless, the free carrier generation rate
has been found to be dependent on the electric field.!>~!> The
electric field, thus, plays an important role in determining the
major solar-cell parameters in an organic solar cell. The elec-
tric field has been observed to be spatially constant for rela-
tively low intensity illumination in single-layer organic
devices.”” The linear dependence of the carrier collection
efficiency on electric field leads to such a conclusion. The
total photocurrent (PC) may, however, vary superlinearly
with the applied bias since the carrier generation efficiency
may have an electric field dependence.”®

The effect of the electric field on the carrier collection and
the carrier generation efficiency can be found from electric
field induced  photoluminescence  quenching  and
photocurrent-voltage measurements. In BHJ solar cells, the
photocarrier generation takes place dominantly in the bulk of
the sample. For low intensity illumination, the space-charge
density is not large enough so as to influence the electric
field.”° Hence the total electric field, F, in the device can be
written as (V—Vy;)/L. Here V is the applied bias voltage, Vy;
is the built-in voltage, and L is the thickness of the device.
The charge-carrier collection length (assuming a drift model)
can be written as w7F, where w is the carrier mobility and 7
is the carrier trapping time.”!!® Apart from simulations
which involve solving analytically the Poisson and the con-
tinuity equations simultaneously, analytical models also sup-
port the experimental observations of the charge-carrier col-
lection efficiency as a function of electric field.!"!%!7 This
picture is, however, modified once the carrier concentrations
are increased, for example, in a solar cell under typical op-
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erating conditions. Although the basic framework of the
models remains the same, one has to now take into account
the effect of the trapped and space charges on the electric
field in the sample. This has a direct bearing on the carrier
collection efficiency and, hence, the power conversion effi-
ciency of the solar cell.

The formation of trapped and space charge has been for-
mulated in the analytical model of Goodman and Rose which
has been successfully used in describing the photocurrent
behavior in organic materials.®*!7 Later models have tried to
spatially map the electric field in the device.”” The presence
of a space charge has been experimentally verified, albeit
indirectly, by analyzing the photocurrent behavior as a func-
tion of applied voltage bias in organic solar cells.® The model
of Goodman and Rose was used to understand the photocur-
rent behavior.%!” Although this model does not take into ac-
count the Poisson equation, the model predicts the
photocurrent-voltage relation in the case of trapped or space
charges.

In this work, we observe directly the presence of trap
charge in ZnPc:C60 bulk heterojunction organic solar cells
using capacitance measurements. The lower limit of the trap-
charge density is estimated from capacitance-voltage mea-
surements. From the frequency dependence of the capaci-
tance, we observe that these states lie deep in the energy gap
between the electron- and hole-transport levels.

II. EXPERIMENT

Single-layer bulk heterojunction devices are fabricated by
codepositing zinc phthalocyanine (ZnPc, TCI Europe) and
C60 (BuckyUSA) under high vacuum conditions (base pres-
sure <107® mbar) on indium tin oxide (ITO) coated glass
substrates. In the devices either a thin layer of Au (10 nm,
semitransparent) or p-dopant NDP9 (Novaled AG, Dresden,
Germany) (2 nm) was deposited on ITO to change the
built-in potential of the device. The introduction of a dopant
or metal with a different Fermi level compared to ITO does
not change the electronic properties of the active material
and was done so as to demonstrate that capacitance measure-
ment of trap-charge density is possible in devices with dif-
ferent architectures and built-in voltages. The proprietary
p-dopant NDP9, which was used for better processability,
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can also be replaced by the well-known molecule tetrafluoro-
tetracyano-quinodimethane (F4-TCNQ) or by WO3 for simi-
lar results.'®!° The ZnPc and C60 were purified at least twice
using train sublimation. A typical device geometry is ITO/Au
(10 nm)/ZnPc:C60 (1:2 volume ratio) (100 nm)/Al(100 nm).
The donor/acceptor (D/A) ratio was so chosen since this lead
to devices with high efficiencies.?’ The devices investigated
here do not have doped hole-transport layers or doped
electron-transport layers, used in the best cells, in order to
keep the device as simple as possible.’*?! In this way, the
capacitance measures the response of the active layer. All
devices have an active layer thickness of 100 nm and an area
of 6.5 mm?. The devices were encapsulated after deposition
and were measured in a glove box with humidity and oxygen
content less than 1 ppm. The capacitance was measured in
dark as well as when the devices were illuminated using a
solar simulator (Steuernagel) operating at Air Mass 1.5 Glo-
bal (AM 1.5G). The maximum light intensity was 1 sun
(100 mW/cm?). Lower intensities were achieved by using
neutral density filters. The device was illuminated through
the ITO electrode. The capacitance was measured as a func-
tion of applied bias and frequency using a HP4284A LCR
meter. In this paper, forward bias is defined as positive volt-
age applied to the ITO electrode. The current-voltage char-
acteristics were measured using a Keithley-236 sourcemeter.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the capacitance (C) as a function of
frequency (f) for a ITO/Au (10 nm)/ZnPc:C60 (1:2 volume
ratio) (100 nm)/A1(100 nm) device for different illumination
intensities. The measurement was carried out at 0 V bias
voltage. Figure 1(b) shows the phase of the current during
the measurement. The phase is 90° for a pure capacitor and
0° for a pure resistor. Analysis of capacitance data was re-
stricted to that with phase more than 10° to minimize errors
associated with the measurement. The device is dominantly
resistive when the phase is smaller than 10°. The capacitance
in Fig. 1(a) increases with the decrease in modulation fre-
quency for 1 sun and 23.6% sun incident intensities. For
intensities smaller or equal to 6.9% of 1 sun, the change is
negligibly low. The capacitance increases from 2.8 nF (geo-
metrical capacitance) to 3.5 nF at 10 kHz frequency for 1 sun
illumination intensity. The capacitance below 10 kHz cannot
be measured with high accuracy since the phase falls off to
10° at 10 kHz. The dark capacitance is equal to the geomet-
ric capacitance proving that the sample is depleted in the
dark. This is expected since the BHJ layer is intrinsic and
undoped. The applied electric field in such a case is spatially
uniform over the length of the sample. For zero applied bias,
the electric field is equal to the built-in field.?? In this case,
the built-in voltage results from the Fermi-level difference of
the contact electrodes.?>2* The capacitance is dependent on
the intensity of light incident on the device and increases
with the increase in illumination intensity. The capacitance is
a measure of the electric field alignment in a device. For
example, the capacitance of a p-n junction is a measure of
the depletion width since the modulation of charge takes
place at the depletion edge.! The increase in capacitance is
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FIG. 1. (Color online) The capacitance (at 0 V bias voltage) as a
function of modulation frequency is shown in (a) while the phase of
the measured current as a function of frequency is shown in (b). The
device geometry is ITO/Au(10 nm)/ZnPc:C60(1:2)/Al. The mea-
surement is made at different incident light intensities. The connect-
ing lines are used as a guide for the eyes.

evidence of the formation of space charge or trapped charge
in the sample which leads to the distortion of the uniform
electric field in the sample. Figure 2(a) shows the capaci-
tance as a function of voltage (V) measured in the same
device at 10 kHz frequency. 10 kHz was chosen as the opti-
mum frequency since at lower frequencies, the capacitance
cannot be measured with high accuracy for 1 sun intensities.
Moreover, at higher frequencies lesser number of states re-
spond which leads to smaller change in capacitance. The
frequency dependence of the capacitance is discussed in de-
tail later. Figure 2(b) shows the corresponding phase of the
measurement. The capacitance depends on the intensity of
light and decreases with the increase in reverse bias voltage.
At 0 V bias and for 1 sun intensity, the phase is around 12°
and is well within measurement limits. The current-voltage
characteristics of the device are shown in Fig. 3 for various
illumination intensities. The open circuit voltage of the de-
vice is around 0.12 V for this device. The reverse current
increases with voltage implying that the not all carriers are
collected.

The behavior of the capacitance as a function of fre-
quency and voltage can be understood as follows. The pho-
tocurrent of the device depends on a number of factors. This
includes the carrier collection efficiency. The carrier collec-
tion efficiency dictates the electric field at which total carrier
collection will occur. The larger the carrier collection effi-
ciency, the better the fill factor of a solar cell.'2 The carrier
collection length “schubweg” is given by the product of the
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FIG. 2. (Color online) The capacitance (at 10 kHz modulation
frequency) as a function of applied bias is shown in (a) while the
corresponding phase of the measured current is shown in (b). The
device geometry is ITO/Au(10 nm)/ZnPc:C60(1:2)/Al. The mea-
surement is made at different light intensities. The connecting lines
are used as a guide for the eyes.

carrier mobility (w), carrier trapping time (7), and the elec-
tric field (F). There have been many postulations regarding
the electric field and its spatial structure in such devices.
Goodman and Rose have analytically solved for the photo-
current in insulators by assuming carrier trapping in deep
states.!” These carriers lead to distortion of the electric field.
The field distortion is proportional to the ratio of the majority
and minority carrier u7 product.'” The majority carrier in an
insulator is defined by the carrier with the larger w7 product.
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FIG. 3. (Color online) A plot of the current as a function of
voltage for a ITO/Au(10 nm)/ZnPc:C60(1:2)/Al device under dark
and illuminated conditions. The measurement is made at different
light intensities. The connecting lines are used as a guide for the
eyes.
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FIG. 4. The figure shows the spatial variation in the hole and the
electron photocurrent (J,, and J;,, respectively) in a device working
under reverse bias conditions (maximum gain of 1). The device can
be broken up roughly into three regions. Regions 1 and 3 are cur-
rent generating regions whose lengths (X, and X,,. respectively) are
determined by the w7F product of holes and electrons (Refs. 7 and
17). F is the electric field. Region 2 is a stationary region and does
not contribute to the total photocurrent. With increasing reverse
bias, region 2 (with length X,,) decreases and vanishes at voltages
where all photogenerated carriers are collected. The photocurrent
saturates when all carriers are collected.

The electrons get collected at the positively biased contact
while the holes are collected at the negatively biased contact.
According to their theory, the electric field near the interface
where the minority carriers are collected gets modified in
steady state. This analysis can be used to understand the
photocurrent in many devices including bulk heterojunction
organic cells. Mihailetchi et al. have used this theory to de-
tect space-charge-limited photocurrent where they deduce
the formation of the space charge from the functional form of
the photocurrent [PC o (V—-V,;)"/?].% In later works, the pho-
tocurrent has been simulated numerically by simultaneously
solving the Poisson and the continuity equations. It has been
found that the electric field distortion is negligible for small
incident intensities (<1 sun).”” The total photocurrent is,
however, still given by the total carrier collection length as-
suming uniform field under small intensities. This means that
the space-charge or trap-charge formation is not large
enough to affect the electric field significantly. This is not
reflected in the model of Goodman and Rose since it does
not take into account the Poisson equation.17 It is, hence,
expected that the effect of the space charge or trap charges
on the electric field and therefore on the capacitive response
will depend on the incident illumination intensity. Larger in-
tensities should have a more enhanced effect on the
capacitance.

The capacitance in Fig. 2(a) is at maximum at 0 V and
decreases approaching the geometric capacitance with the
increase in reverse bias. The capacitance depends on the in-
tensity of light being incident on the sample. This result can
be understood as follows. The device can be broken up into
three sections when illuminated.”!'” This is shown in Fig. 4.
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FIG. 5. A plot of 1/C? vs voltage for two illumination intensi-
ties: 1 sun and 54.3% sun. The trap carrier concentration is esti-
mated to be around 6 X 106 ¢cm™ by fitting these plots to the pro-
filer formula (Ref. 28).

Regions 1 and 3 are photocurrent generating regions. Region
2 in the center is a stationary region and does not contribute
to the photocurrent. This is because the carrier generation
rate is equal to the carrier recombination rate in region 2.
Therefore, the individual hole and electron photocurrent in
region 2 is constant. The lengths of the regions 1 (X;) and 3
(X,) are given by the carrier collection length of the majority
and the minority carriers, respectively. In this case, the hole
is shown to have a larger carrier collection length. With in-
creasing electric field, the length of region 2 (X,) decreases
and tends to zero when all the carriers are collected. For the
case where the stationary region 2 is nonzero, the photocur-
rent will increase with increasing applied bias. The photocur-
rent is proportional to the total carrier collection length of the
holes and the electrons. In reverse bias, i.e., when the con-
tacts are noninjecting and hence the maximum photocurrent
gain is 1, the photocurrent saturates with voltage when all
carriers are collected. For small incident intensities, there is
no observable electric field distortion. At large intensities,
space charge or trap charge can lead to changes in the elec-
tric field and this is what that is detected by capacitance. The
decrease in capacitance with reverse voltage is due to the
increasing carrier collection at higher fields. The electric
field distortion is due to carriers filling up trap states present
in the active layer.>=2” At higher fields, the trapping prob-
ability decreases with the increase in carrier collection effi-
ciency. The trap-charge concentration can be modeled by the
profiler formula,?®

Ny = i[@}_l (1)
- eqA®| dV |

The Ny in such a case is the concentration of the occupied
trapping centers or the trap-charge concentration. In Eq. (1),
A is the area of the device, ¢ the electronic charge, and & the
dielectric constant. Figure 5 shows the 1/C? vs V plot for 1
sun and 0.5 sun intensities. Ny is found to be around 6
X 10'® ¢cm™ from the slope. The carrier collection length is
where the electric field is maximum assuming an unequal
electron and hole w7 product.'” The capacitance measures
this region and hence the capacitance will have a functional
form similar to that of the profiler formula with homogenous
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charge distribution. At —0.5 V, most of the carriers are col-
lected and the capacitance approaches the geometric capaci-
tance. The slight deviation from the geometric capacitance
for higher illumination intensities is probably due to trapped
charges in deep states which cannot escape under these elec-
tric field and temperature conditions. The role of gap states
to the observed capacitance is analyzed below.

The increase in illuminated capacitance with the decrease
in frequency, as shown in Fig. 1(a) is evidence that the trap-
ping sites are spread out in energy with respect to the trans-
port levels.?®30 When the traps form a manifold of states
distributed in the energy gap of the semiconductor, only
those that has a response time faster than the modulation
signal will be able to change their charged states.?® These are
the states which will contribute to the capacitance. The re-
sponse time is proportional to exp(AE/kT), where AE is the
energy difference between the trap state and the transport
level.”® With the decrease in frequency, deeper states will
start to respond thereby increasing the measured capacitance.
The capacitance should be independent of frequency at suf-
ficiently low frequencies where all states respond.”® How-
ever, the device becomes increasingly resistive at lower fre-
quency and hence it is not possible to measure the
capacitance at low frequencies under illumination. The Ny
that is determined from the C-V plot is, therefore, a lower
limit to the concentration of the trap-charge density. It must
be noted that the N measured at 1 and 0.5 sun are similar
which indicates that the charge density is due to trapping
sites and the capacitance measures the concentration of these
states. At low intensities, the number of photogenerated car-
riers is low and hence the distortion in the electric field is
small as very few of these trapping sites are filled. At large
reverse bias, the field is relatively uniform across the semi-
conductor since all carriers are collected. We note that the
intensity dependence of the photocurrent is linear (not
shown). According to the model of Goodman and Rose, this
observation suggests that trap charges are responsible for the
distortion of the electric field.!”

Figure 6(a) shows the capacitance as a function of voltage
for a ITO/p-dopant NDP9(2 nm)/ZnPc:C60 (1:2) (100
nm)/Al device. Figure 6(b) shows the phase as a function of
voltage for the different illuminating intensities. A thin layer
of p-dopant NDP9 was used to increase the open circuit volt-
age of the device. The p-dopant leads to an effective Fermi
level which is deeper in energy compared to Au. This en-
hances the built-in voltage.?>?? With the increase in the open
circuit voltage, the partial carrier collection regime in voltage
shifts from the third quadrant of the current-voltage plot (as
observed in the previous case with Au contact) to the fourth
quadrant. This is shown in Fig. 7 which shows the photocur-
rent as a function of voltage for different illumination inten-
sities. This effect also gets reflected in the capacitance volt-
age plot where we observe that the capacitance maximum is
at 0.35 V. This is consistent with the explanation of the ca-
pacitance given above. In this case, the increase in the open
circuit voltage, which is a direct consequence of the larger
built-in voltage, means that the electric field is larger for a
given bias (below the open circuit voltage) compared to the
device without a p dopant on the ITO. Thus, the carrier col-
lection efficiency is higher for the same voltage. The capaci-
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FIG. 6. (Color online) The capacitance as a function of applied
bias is shown in (a) while the corresponding phase of the measured
current is shown in (b). The device geometry is ITO/p-dopant
NDP9(2 nm)/ZnPc:C60(1:2)/Al. The measurement is made at dif-
ferent light intensities. The connecting lines are used as a guide for
the eyes.

tance decreases and approaches the geometric capacitance at
around —0.15 V. The photocurrent also approaches satura-
tion at this voltage. This is expected since at total carrier
collection, the electric field is relatively uniform across the
length of the device. Thus, we observe that for devices with
the same materials constituting the active region, the effect
of the trap charge shifts from the third to the fourth quadrant
with the shift in the open circuit voltage. It must be noted
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FIG. 7. (Color online) A plot of the current as a function of
voltage for a ITO/p-dopant NDP9(2 nm)/ZnPc:C60(1:2)/Al device
under dark and illuminated conditions. The measurement is made at
different light intensities. The connecting lines are used as a guide
for the eyes.
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that the dark capacitance is slightly larger (3.1 nF) than the
geometric capacitance (3.0 nF) at 0.35 V bias. There could
be two possible reasons for this behavior. One reason is that
at 0.35 V forward bias, there is carrier injection from the
contacts in dark (Fig. 7) which can influence the capacitance.
The other possible reason is that there may be dopant diffu-
sion from the ITO/p-dopant (2 nm) contact which can p-dope
ZnPc near this contact. In this case, it is possible to observe
a capacitance slightly larger than the geometric capacitance
because of a lightly doped Schottky-type junction. However,
this effect is observed to be rather weak and has very little
influence on the illuminated capacitance.

The effect of this nonuniform electric field plays a very
important role in solar-cell efficiencies since the device op-
erates in the fourth quadrant of the current-voltage regime.
The carrier collection efficiency is directly proportional to
the electric field.">!" Formation of trap charge can lead to a
decrease in the carrier collection efficiency. It is, hence, nec-
essary to have devices where the trap-charge density is mini-
mized. From frequency-dependent measurements, we con-
clude that the charge density is formed by carriers trapped at
trapping centers. These trapping centers are spread out in
energy in the energy gap which is observed from the increase
in capacitive response with decreasing frequency.”® The
depth of the traps can be calculated only if the attempt-to-
escape frequency is known.?® Assuming an attempt-to-escape
frequency generally observed in inorganic semiconductors
(10" Hz), we estimate that the trap levels extend deeper
than 0.4 eV (calculated at response frequency of 10 kHz)
from the transport level. The donors and the acceptors which
forms the percolating paths for carrier collection is randomly
spread out in a bulk heterojunction.>3!32 The ensuing small
overlap in wave functions of nearest-neighbor molecules can
lead to such states where the charges may be trapped. The
D/A interface may also act as a trapping site. These states
being deep in energy will determine the carrier trapping
times of the material. The dominant carrier recombination
mechanism in organic bulk heterojunction solar cells is being
debated where bimolecular recombination could be one of
the possibilities.”333* The presence of deep traps suggests
that trap-induced recombination may also play a major
role.**37 The presence of deep traps has also been observed
in doped organic materials.”>>* It has been suggested that
these states may be intrinsic to the material or may form via
impurities or polarization corrections with the introduction of
another material or dopant.?> At large carrier (photocarrier or
electrode injected) concentrations, these charged states will
affect the electric field. The dark current has been reported to
be affected by the presence of traps.’®3° From illuminated
capacitance measurements, we have been able to estimate the
lower limit of their concentration. In order to measure the
total trap state concentration, it is necessary to make low-
frequency capacitance measurements. This is not possible in
our cases since the samples become dominantly resistive at
low frequencies when illuminated with intensities on the or-
der of 1 sun. The capacitance will be independent of the
modulated frequency at low frequencies when all trap states
respond. There can be a number of factors which may give
rise to such states. If they are due to impurity then this prob-
lem may be overcome by purification. On the other hand, if
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they are formed at the D/A interface or if they are intrinsic to
the material then it is necessary to look for new materials
with lower trap states. The morphology or crystalline struc-
ture can also give rise to traps. Now that the active layer is
desired to have crystalline order in order to facilitate charge
extraction, it becomes important to study the trap state for-
mation as a function of the morphology of the film.

IV. CONCLUSIONS

We have used capacitance measurements to directly ob-
serve the presence of trapped charges in an operating organic
bulk heterojunction solar-cell active layer. The charge den-
sity is formed by carriers trapped in states located deep in the
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energy gap of the molecules. The trap charge influences the
electric field in the sample which in turn influences the car-
rier collection efficiency. The lower limit of the density of
these trap states is estimated to be around 63X 10'® cm™.
The trap states may be formed at the D/A acceptor interface
or in the constituent material. To enhance device efficiency, it
is necessary to minimize the number of such states.
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