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We studied the origin of the improvement in device performance of thermally evaporated bulk het-
erojunction organic photovoltaic devices (OPVs) with low donor concentration. Samples with three
different donor—acceptor mixing ratios, 0:10 (C,,-only), 1:9 (low-doped) and 3:7 (high-doped), were
fabricated with 1,1-bis-(4-bis(4-methyl-phenyl)-amino-phenyl)-cyclohexane (TAPC):C,,. The power
conversion efficiencies (PCEs) of these samples were 1.14%, 2.74% and 0.69%, respectively.
To determine why the low-doped device showed a high PCE, we measured various properties of
the devices in terms of the effective energy band gap, activation energy, charge carrier mobility and
recombination loss. We found that the activation energy for charge carrier transport was increased
as we increased the TAPC concentration in the blends whereas the hole and electron mobilities
became more balanced as the TAPC concentration was increased. Furthermore, the recombination
loss parameter a (from the light intensity dependence) remained a ~ 0.9 in the low-doped device,
but it decreased to a ~ 0.77 in the high-doped device, indicating a large recombination loss as a
result of space charge. Therefore, the improved PCE of low-doped OPVs can be attributed to the
balance between carrier mobilities with no increase in recombination loss.

Keywords: Organic Photovoltaic Cells, Small Molecule, Bulk Heterojunction, Donor—Acceptor
Mixing Ratio.

1. INTRODUCTION by dramatically increasing the photocurrent.® By contrast,
it has been shown that the PCE of devices whose donor

Thermally evaporated small-molecule-based organic pho- .\ ceniration exceeds the proper ratio decreases sharply.

tovoltaic cells (OPVs) have received considerable attention

b ¢ their advant thei . ; Thus, it is necessary to understand how donor molecules
ccause ol their advantages over thelr potymeric counter- behave in BHJ-OPVs as a function of their concentration.
parts such as high purity, well-ordered film structure and

uniform performance without batch-to-batch variation.'-2 However, to date, donor molecules have simply been con-

In terms of device structure, bulk heterojunction (BHJ) sidered pa ths for hol'e CATTIETS a.md the influence of them
on electrical properties of devices have not been stud-

OPVs, based on a network of donor and acceptor molecules . .. .
. . . . ied. Furthermore, the origin of the decrease in the PCE
in the active layer, are widely used because of their remark- . . . . .

. ) . 3 in devices with high donor concentrations has not been
ably high power conversion efficiency (PCE).’ To increase learlv elucidated
the performance of BHJ-OPVs, many efforts have been clearly elucidated.

made, such as an alternative thermal deposition technique,
substrate heating a post-annealing process and adding co-
evaporant molecules.*”’

Recently, Tang et al. reported that BHJ-OPVs with a low
ratio of donor molecules led to an enhancement in the PCE

*Author to whom correspondence should be addressed.
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In this study, we analyzed the origin of the donor con-
centration dependence of PCE in low-donor-doped BHJ-
OPVs by measuring the electrical characteristics of the
devices at different temperatures. The results show that
improving carrier mobility without affecting recombina-
tion loss in low-donor-doped devices leads to an enhance-
ment in the PCE.
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2. EXPERIMENTAL DETAILS

The device structure employed in this study is illustrated
in Figure 1(a). Devices were fabricated on cleaned indium-
tin oxide (ITO)-coated glass substrates. For hole extraction
and to make a Schottky contact with the active layer, 5-nm
molybdenum oxide (MoO,;) and 3-nm 1,1 bis-(4-bis(4-
methyl-phenyl)-amino-phenyl)-cyclohexane (TAPC) layers
were sequentially deposited.” ! An active layer with a
thickness of 45 nm was formed by co-evaporating an
acceptor material, C,, (Electrical Materials Index Corp.),
and a donor material, TAPC (Luminescence Technology
Corp.). To verify the effect of the donor-acceptor mixing
ratio on OPVs, three samples with different TAPC con-
centrations were prepared. The active layer of the first
one was pure C,, (C,y-only). The second one contained
10% (volume ratio) TAPC relative to the C,, content (low-
doped). The donor concentration of the third device was
30% (high-doped). Before evaporating a lithium fluoride
(LiF)/aluminum (Al) cathode, a 10-nm 4,7-diphenyl-1,10-
phenanthroline (Bphen) layer was inserted to block hole
carriers.'" The evaporation rate of C,, was fixed at 1 A/s
for all samples, but that of TAPC ranged from 0.1 A/s
(low-doped) to 0.3 A/s (high-doped) using two indepen-
dently controlled heating sources. The rates of deposition
for MoO;, TAPC buffer, Bphen, LiF and Al were 1, 0.5, 1,
0.05 and 3 A/s, respectively. All samples were fabricated
in a high-vacuum system (< 5x107® Torr) and encapsu-
lated in an argon atmosphere to prevent the devices from
degradation. The size of the devices was 20 mm?.

To measure the carrier mobility single-carrier devices
were also fabricated. To eliminate the side effects from dif-
ferent injection layers, the buffer layers in the devices were
the same as those used in OPVs. In electron-only devices,
Al was used for both electrodes to match the work func-
tion with the lowest unoccupied molecular orbital (LUMO)
level of C,,.'>13 Moreover, 10-nm Bphen layers were
inserted between the 100-nm C,,:TAPC layer and both
electrodes to prevent hole injection from the electrodes. In
contrast, the electrodes typically used for hole-only devices
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Fig. 1.
different donor ratios.
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were ITO and gold, whose work functions are higher than
the work function of Al.'> Additionally, 10-nm MoO;, lay-
ers were used as hole buffers to make an ohmic contact.
The deposition rates and TAPC doping ratio for the single-
carrier devices were the same as those used in the OPVs.

The photocurrent—voltage characteristics of the cells
were measured at temperatures ranging from 100 K to
400 K in the dark and under irradiation intensities ranging
from 2 mW/cm? to 100 mW/cm? using a solar simulator
(Newport 91160A, Air mass (AM) 1.5 G with a KG 5 fil-
ter). All measurements were taken under low vacuum by
using a Keithley 237 source measurement unit.

3. RESULTS AND DISCUSSION
3.1. Effective Energy Gap

The current density—voltage curves for the three devices
with different donor-acceptor mixing ratios at room
temperature are shown in Figure 1(b). The PCEs of the
C,,-only, low-doped and high-doped samples were 1.14%,
2.74% and 0.69%, respectively. The PCE of the low-doped
device was much higher than the PCE of the other devices,
which is consistent with the results of a previous study.® To
investigate the main sources of improvement in the PCE,
we measured the OPV characteristics in terms of the open-
circuit voltage (V) short-circuit current density (Jy), fill
factor (FF) and PCE by changing the device temperature.
The temperature dependence of V. is depicted in
Figure 2(a). The V. of all devices decreased linearly with
increasing temperature, as indicated by the following equa-

tion for a p—n junction solar cell,'
E kgT

Vocz_g_c_
e e

M

where E, is the energy band gap between the LUMO of
an acceptor and the highest occupied molecular orbital
(HOMO) of a donor, C is a constant, k, is the Boltzmann
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(a) Schematic of the device structure and (b) current density—voltage characteristics under a light intensity of 100 mW/cm? for OPVs with
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Fig. 2. Photovoltaic performance parameters in terms of (a) Vye, (b) Jsc, (¢) FF and (d) PCE for C,y-only, low-doped and high-doped devices as a
function of absolute temperature under a light intensity of 100 mW/cm?. The solid line in (a) represents the fit using Eq. (1).

constant, T is the absolute temperature and e is the charge
of a single electron. However, in this case, the effective
E, can be considered the energy band gap between the
HOMO of the buffer layer and the LUMO of the active
layer because the donor doping ratio is sufficiently low.®
The effective E, values, deduced from Eq. (1), for the
C,,-only, low-doped and high-doped cells were 0.98 eV,
0.90 eV and 0.80 eV, respectively. These values indicate
that the effective E, decreased with the increasing concen-
tration of donor molecules in the composite. Because the
HOMO of the TAPC buffer layer was fixed, the decrease
in the effective E, originated from the drop in the effec-
tive LUMO level of the active layer. As a result, the V-
decreased as the donor concentration increased.'> However
the variation in Vj is not sufficiently large to explain the
drastic decrease in the PCE of the high-doped device and
contradicts the improvement in the PCE of the low-doped
device. Hence, the V. is negatively correlated with the
donor concentration due to the change in the effective E,
though the change in the V. has limited effects on the
PCE.

3.2. Activation Energy

By contrast, as shown in Figures 2(b) and (c), as the tem-
perature was increased, a substantial enhancement in Jg-
and FF was observed in the low-doped device compared
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to the high-doped device. The change in these two factors,
Jsc and FF, is mainly attributable to the variation in the
PCE (see Fig. 2(d)).

In the C;,-only and low-doped devices, the PCE showed
a negative parabolic dependence on temperature, which
was optimized at room temperature, analogous to the tem-
perature dependence of FF. In disordered organic films,
it is well known that this shape is due to the combina-
tion of two factors: an improvement in carrier transport
by hopping as the temperature increases and a decrease
in mobility due to phonon scattering at much higher
temperatures.'®!” This temperature dependence indicates
that carriers can be easily extracted by the electrodes of
these devices at room temperature. By contrast, in the
high-doped device, the PCE as well as the FF and Jy- were
continuously improved as the temperature increased up to
400 K, which indicates that high thermal energy helped
release carriers held in trap sites. Thus, the donor concen-
tration is correlated with the energy depth of trap sites.

To determine the energy level of traps, In Jy. versus
inverse temperature (1000/7) under different light intensi-
ties was measured, as shown in Figure 3. According to the
Arrhenius equation, Jy. can be expressed as a function of
temperature, light intensity and activation energy (AE, A),

A
Jse (T, PLight) = JO(PLight) X eXp(_k_T> (2
B
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Fig. 3. (a) Arrhenius equation plots of In Jy. versus the inverse abso-
lute temperature under different incident light intensities of 10 mW/cm?
(open) and 100 mW/cm? (closed). The solid fitting lines are for
100 mW/cm?® and the dotted ones for 10 mW/cm?. (b) The activation
energy and (c) the pre-exponential factor for OPVs with different donor:
acceptor ratios.

where Py, is the incident light intensity.' The term
Jo(Pyign) Teflects the amount of photocurrent associated
with carrier mobility, the number of carriers and electri-
cal field, while the exponential term represents the energy
depth of traps.'$ 1
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The AE for the high-doped (8.6-10.3 meV) device
was higher than that for the Cy-only (2.5-3.5 meV) and
low-doped (5.9-6.7 meV) devices at each light intensity,
as shown in Figure 3(b). The AE increased in proportion
to the concentration of donor molecules in the blend layer.
The AE values for the low-doped and the C,y-only devices
were not sufficiently high to allow carriers to easily move
to the electrode with small losses in energy, while the AE
for the high-doped device was quite high, preventing cap-
tured carriers from easily overcoming the energy barrier.
In other words, donor molecules act as trap sites that hin-
der the transport of carriers to electrodes; thus, the high AE
led to a decrease in the PCE of the highly doped OPVs.

3.3. Carrier Mobility

The pre-exponential factor [Jy(Pyig)] in the Arrhenius
equation also supports the enhancement in the PCE of the
low-doped device, as illustrated in Figure 3(c). As men-
tioned previously, the factor is governed by two electrical
properties: carrier mobility and the number of carriers that
are involved in recombination. Thus, we investigated the
relationship between these two factors and the donor con-
centration.

First, Figure 4 shows the hole and electron mobil-
ity as a function of the TAPC ratio in the single-carrier
devices. The mobility was obtained by considering a
space-charge-limited current model under an electric field
of 1x10° V/cm. The hole mobility of the low-doped
device (2.8 x 107% c¢cm?/V -s) was one order of magni-
tude higher than that of the pure C,, film (2.7 x 1077
cm?/V -s), while the value of the high-doped device (4.6 x
107% ¢cm?/V -s) did not significantly increase beyond that
of the low-doped one. Similar results were previously
reported for OPVs based on fullerene derivative/polymer
blends or vacuum-evaporated Cgy/donor mixtures.?*!

Meanwhile, the electron mobility of the devices
remained within the same order of magnitude, even though
the donor concentration reached up to 30%. The elec-
tron mobility for the low-doped (3.9 x 1073 cm?/V -s)
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Fig. 4. Hole and electron mobility of single-carrier devices as a func-
tion of TAPC concentration. The error bars indicate the deviation among
samples with the same doping ratio.
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Table 1. Electrical properties of OPVs with different donor
concentrations.

C,,-only Low-doped  High-doped
Effective E, (eV) 0.98 0.90 0.80
AE (meV) 2.5-3.5 5.9-6.7 8.6-10.3
Hole mobility (cm?/Vs) 27x1077 2.8x10°° 4.6x10°°
Electron mobility (cm?/Vs) 5.6 x 10° 3.9x10° 3.2x10°
a 0.90-0.91 0.90 0.77-0.84

and high-doped (3.2 x 10~ cm?/V -s) films did not vary
much compared with that of the neat C,, layer (5.6 x
1073 cm?/V -s). This result is in agreement with that of
a previous study, in which the electron mobility remained
nearly the same until donor molecules were added to
BHJ blends in concentrations of up to 30%.!%'3 More-
over, doping reduced the gap between the electron and the
hole mobility by enhancing hole transport. This balanced
mobility between electron and hole transport consequently
improved the values of the pre-exponential factor in doped
devices, resulting in the improvement of the PCE.?

3.4. Recombination Loss

To probe the recombination characteristics that also affect
the pre-exponential value, Jy- values were measured under
light intensities ranging from 2 mW/cm? to 100 mW/cm?.
Figure 5 shows the light-intensity dependence of Jy-
(Jsc = Pfig) for devices on a double-logarithmic scale.
Here, o is a power-law value that represents recombination
properties. Several authors have reported that monomolec-
ular recombination dominates the recombination properties
of a device when « is close to 1. Meanwhile, when o =
0.75, the recombination loss of a device is controlled by
space charges.”*?* The «a of the C,y-only and low-doped
devices ranges from 0.90 to 0.91 throughout the entire
range of temperatures, whereas the value of the high-doped
one increases from 0.77 (T = 100 K) to 0.84 (T =400 K).
Therefore, the C,j-only and low-doped devices are in the
monomolecular recombination region and the high-doped
device is close to the space-charge limited recombination
state.

The reduction in the photocurrent of a device in the
monomolecular recombination region is generally smaller
than that due to space charges because photo-generated
carriers are quenched only by intrinsic impurities in this
region. Thus, the recombination loss in the C,j-only and
low-doped OPVs was low, while the high-doped one
exhibited a high space-charge-limited recombination loss
due to deep-trapped charges. The temperature dependence
of a in the high-doped cell can also be understood by
considering these captured carriers, which had a higher
probability of being released from trapped states at high
temperature. Thus, not only Jg- but also FF decreased in
the high-doped cell because the free-charge extraction effi-
ciency was suppressed by the recombination loss.?® There-
fore, the small recombination loss in the low-doped device
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improved Jy. and FF, while the mobility-balanced state in
the high-doped sample was overwhelmed by recombina-
tion loss.

4. CONCLUSIONS

In summary, we investigated the effect of donor doping
on BHJ-OPVs to assess the origin of PCE enhancement

J. Nanosci. Nanotechnol. 13, 7982—-7987, 2013
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in low-doped cells. The doping of donor molecules in
the active layer influenced four electrical properties of the
devices: the effective E,, activation energy, carrier mobility
and recombination loss. Although donor doping reduced
the effective E, and produced trap sites, the photocurrent
increased owing to the facilitation of hole carrier transport
by a small activation energy and balanced electron—hole
mobility in the low-doped device. Furthermore, at small
doping ratios, the recombination loss was not increased.
Therefore, we can conclude that these factors are impor-
tant in developing highly efficient OPVs. We also believe
that the analysis and results reported in this paper will aid
in developing and further improving other small-molecule-
based BHJ-OPVs.
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