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While solution-processed bulk-heterojunction organic solar cells (OSCs) continue to attract attention as
their efficiencies approach 20%, the physical origin of the non-radiative energy loss in OSCs remains
under debate. Understanding the temperature dependence of open-circuit voltage (Voc) is thus important
because it provides unique insights into the origin of energy loss. Herein, we simulate the Voc vs. T
relation of PTB7-Th:PC7:BM bulk-heterojunction OSCs within the range of 160-295 K by incorporating
experimentally measured temperature-dependent mobilities into the drift-diffusion model, assuming
bimolecular recombination as the primary recombination mechanism. Significantly, we find that the
temperature dependence of Voc can only be correctly reproduced by the model when the temperature
dependence of the carrier mobilities is taken into account. The effect of the Langevin reduction coefficient

on the temperature dependence of Voc is also investigated.
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Organic solar cells (OSCs) continue to attract interest with power conversion efficiencies approaching
20% increasing their viability for commercialization.!> While recent efficiency improvement is
encouraging, the physical origin of the open-circuit voltage (Voc) loss and the maximum achievable Voc
is still under debate. One of the areas yet to be fully understood is the temperature dependence of Voc.>™®
Temperature is a key parameter associated with many important processes in a bulk heterojunction (BHJ)
solar cell, such as charge transport and recombination. Getting an accurate description of the temperature
dependence of Voc is especially important since it is related to the physical origin of nonradiative loss. %10
This is because the non-radiative loss in OSCs, which is the energy lost through nonradiative pathways,
is closely related to thermally activated processes and is thus temperature dependent. Understanding the
temperature dependence of Voc is also of practical interest because the extrapolation of Voc vs. T curves
to 0 K is often used to estimate the maximum achievable Voc or the charge transfer state energy (Ecr)

since the bimolecular recombination is expected to vanish with the temperature approaching 0 K.

Indeed, as experimentally observed by Vandewal et al., the linear extrapolation of the Voc vs. T curve
and the Ect vs. T curve to 0 K was found to result in the same value, providing an intrinsic limit to the
maximum achievable Voc of OSCs.® However, it has also been shown that the Voc vs. T curve undergoes
a drastic turnover at low temperatures for some donor:acceptor BHJ devices, which questions the validity
of linear extrapolation of Voc to 0 K. Such a Voc drop was first attributed to entropy-driven charge
generation, which decreases at low temperatures.” Another proposed physical origin is that the Gaussian

density of states effectively alters the molecular energy levels and replaces the effective bandgap E; with

240,2 . . . .
(E g~ %),4’“ which can lead to a drastic Voc drop at low temperatures. While these two explanations

are not in favor of the linear description of the Voc vs. T relation, it is also argued that the temperature
dependence of Voc can be affected by high leakage current that competes with the photocurrent and
becomes significant enough to decrease Voc at low temperatures.®!%!13 This suggests that Voc turnover at

low temperatures does not originate from the intrinsic properties of the BHJ layer materials. Furthermore,
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the Voc vs. T relationship may also show nonlinear saturation at low temperatures subject to the energetic

barriers at the contacts, !

which also does not originate from the intrinsic properties of BHJ layers. The
coherent agreement of experimental measurement and numerical simulation is yet to be obtained for the
temperature-dependent Voc of BHJ organic solar cells. Therefore, this paper studied the physical origin

of the temperature-dependent Voc using PTB7-Th:PC7:BM as a model system, combining experimental

measurement and numerical simulations.

The influence of temperature on Voc is complicated by multiple factors, and one of the most important
factors is the temperature-dependent recombination rate,'¢ since it changes the product of electron and
hole densities (np) and thus the quasi-Fermi level splitting. For PTB7-Th:PC71BM BHJ devices processed
with the additive DIO, trap-assisted recombination is largely suppressed,'” leaving bimolecular
recombination as the main recombination mechanism. The bimolecular recombination rate in OSCs is

given by,!%1°

_ i+ 1p)q (

R
2¢&

np —n?) )
where 7 is the Langevin reduction coefficient, y,/u,, are the mobilities of holes/electrons, n/p is the charge
carrier densities of electrons and holes, n; is the intrinsic charge carrier density, q is the elementary charge,
and ¢ is the dielectric constant. Based on Equation 1, temperature-dependent mobilities will lead to a
temperature-dependent recombination rate, which may consequently impact the low-temperature Voc of
OSCs. The Langevin reduction coefficient 77 also affects the recombination rate and subsequently affects
the Voc vs. T relation, but it is not likely to be temperature dependent since it is a property related to the

20,21

BHJ morphology.

To study the influence of temperature-dependent mobilities and the Langevin reduction coefficient on
the Voc vs. T relation, we first measured the temperature-dependent mobilities using the space charge-

limited current (SCLC) method. We measured current density-voltage (JV) curves of electron- and hole-
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only devices with PTB7-Th:PC7:BM as the BHJ layer at temperatures between 200-295 K and obtained
the temperature-dependent mobilities by fitting the SCLC JV curves into the extended Mott-Gurney
square law.?>?3 The extracted temperature-dependent mobilities were fitted using an Arrhenius relation,
and then used in the drift-diffusion simulation of the Voc vs. T curve. We estimated the Langevin reduction
coefficient by fitting the room-temperature JV curve of inverted BHJ PTB7-Th:PC7:BM solar cell devices
with a drift-diffusion model, assuming bimolecular recombination to be the only recombination
mechanism. After obtaining the Langevin reduction coefficient and the temperature-dependent mobilities,
the Voc vs. T curve was simulated using a drift-diffusion model, including the temperature-dependent
mobilities implemented by a commercial software package (Setfos 5.2, Fluxim). In our simulations, we
find that although the Langevin reduction coefficient has a noticeable influence on the Voc vs. T curve,
the experimental Voc vs. T curve can only be reproduced when the temperature-dependent mobilities are
included. This highlights the critical role of temperature-dependent mobilities in determining the

temperature dependence of Voc.

We start with the fabrication of single carrier devices for measuring the electron and hole mobilities
at different temperatures. Hole-only devices and electron-only devices had a device architecture of
ITO/PEDOT:PSS/Blend/MoO3/Ag and ITO/PEDOT:PSS/Al/Blend/Ca/Al, respectively. The blend layer
was comprised of PTB7-Th:PC71BM of 1:1.5 ratio and processed using dichlorobenzene and 3 vol.% 1,8-
diiodooctane as the solvent additive. More details about the fabrication and characterization are included
in the supplementary information. The dark JV curves of the electron- and hole-only devices were
measured at temperatures ranging between 200 K to 295 K with 20 K steps, with the obtained temperature-

dependent SCLC JV curves and the fittings shown in Fig. 1.
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FIG. 1. Temperature-dependent current density-voltage characteristics of single carrier devices and fitting
to Equation 2.

To describe the temperature-dependence of mobility, the extended Mott-Gurney quadratic equation,

including a field enhancement factor y introduced by Murgatroyd and Gill (MG) was used to fit the SCLC

JV curves:?>23

9 (V = Vpi)?
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in which p, is the zero-field mobility, and y is a field-enhancement factor. €, is the dielectric constant
of the blend layer with &, assumed to be 3.5 throughout the paper. Vj; is the built-in field originating from
the electrode work function offset, and L is the thickness of the blend layer. The experimental data are all
well-fitted using Equation 2 at all temperatures within the 200 K to 295 K range, as shown in Fig.1. The
obtained temperature-dependent p, and y are plotted against 1/T in Fig.2(a) and (b). As shown in Fig.2,
both u, and y are linearly dependent on 1/T within the temperature range of interest. The following

analysis was applied to extract temperature-dependent parameters.
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FIG. 2. (a) Temperature-dependent electron (uy,) and hole mobility (u,) and fitting to Equation 3. (b)
Temperature-dependent gamma and fitting to Equation 4. The values are averaged values of more than

five independent devices, and the errors are standard deviation values of all measurements on different
devices. All fitting parameters are summarized in Table 1.

The temperature dependence of zero-field mobility is described by the following Arrhenius relation:?*
_Ea

o) = pexp (=) 3)

where E, is the activation energy, p, is the mobility at zero electric field and T— oo, £ is the Boltzmann

constant, and T is the temperature. Fitting of reasonable quality was achieved (within errors as determined

by the standard deviation obtained from measuring and fitting multiple devices) as shown in Fig.2(a). The

obtained E, values are 0.18 and 0.17 eV for electrons and holes, respectively, which is very close to the

values reported for the same donor:acceptor system.? The obtained values of p, are 2.0 + 0.5 cm? V-!'s!
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and 1.1 + 0.4 cm?V-!'s! for electrons and holes, which are lower than the universal value 10 cm? V-!'s!
observed for disordered organic semiconducting materials,* which is probably due to the fact that we
measured BHJ devices here while the universal value was measured for devices comprised of neat
materials. The field dependence y(T) is then fitted to an empirical temperature-dependent expression
firstly used by Gill:?®

1 1 ] @

Y(T):B[ﬁ_k_To

in which B and T, are two constant coefficients, with B representing the slope of y vs. 1/T and T the
temperature at which y equals zero. * Reasonable accuracy has been achieved for the single carrier devices
measured as shown in Fig.2(b), and the values obtained for B and T, are comparable to those obtained for

other donor:acceptor BHJ devices reported in the reference.?

TABLE L. Fitting parameters obtained from fitting the temperature-dependent zero-field mobility and the
field dependence factor.

Electron-only device

E, 0.18 + 0.01 eV

U 2.0+ 0.5 cm? V'l
B (38+02)x 1072¢  V cm®5 Vo5
T, 256 + 3 K

Hole-only device

E, 0.17 + 0.01 eV

U 1.1+ 0.4 cm? Vgl
B (43 +02)x 1072¢  V cm05 VoS
Ty 227 + 1 K

Although Arrhenius-type relationships are used to describe the temperature-dependent mobility and
temperature dependence of'y, it is noted that the Gaussian disorder model (GDM) and its extended variants
are also widely used, in which the mobilities follow a 1/T? temperature dependence.?’-?® Felekidis et al.
recently investigated and analyzed the mobilities of a wide range of polymer:fullerene blends using both

Arrhenius-type relations and GDM models. They found that the Arrhenius analysis leads to an accurate
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description for most of the measured materials.”> Moreover, theoretical modeling considering tens of
parameters reflecting the chemistry of the materials recently conducted by Fornari et al. found that the
steady-state charge mobilities in the low carrier density and low electric field limit depend only on the
effective structural disorder and electron-phonon coupling.?® Their results support the experimental
observation of a universal Arrhenius thermally activated charge transport in diodes consisting of
disordered organic semiconductors.?* Because of the reasons above, we used the Arrhenius-type analysis
for the temperature-dependent mobilities. A good agreement between data and fittings was achieved
within the temperature of interest, as shown in Fig. 2.

After obtaining the temperature-field-dependent mobility parameters, we investigate the temperature
dependence of the Voc of the BHJ device, which has an inverted architecture of
ITO/PEIE/BHJ/M003(12nm)/Ag(100nm).% For the illumination of OSC devices in the cryostat, a
Thorlabs MWWHL3 warm white mounted LED driven by a Thorlabs DC2100 LED driver was used for
temperature-dependent light JV measurement. Light intensities were adjusted to produce a similar Jsc and
Voc to that under AM 1.5G illumination. The Voc values were then extracted from temperature-dependent
JVs and plotted against temperature, with the obtained Voc vs. T relation shown as the solid red circles in
Fig. 3(b).

Before simulating the temperature-dependence of Voc, the Langevin reduction coefficient 1 is
estimated by fitting the room-temperature JV curve to a drift-diffusion model, considering a constant
mobility of 1.6 X 1073 cm?V-'s! for electrons and 1.3 x 1073 cm?V-!s”! for holes, with both values
obtained from the SCLC measurements at room temperature. No, somo, and No, Lumo were set as 2 X 102°
m™, same as the values used for P3HT:PCBM in the reference.’® The local value of 1 optimized by the
Levenberg-Marquardt method in the commercial software Setfos, with a value of 0.03 obtained as the
Langevin reduction coefficient. The obtained value is comparable to the values commonly used for

donor:acceptor organic photovoltaics.’! As shown in Fig.3(a), the fitted JV curve is in reasonable



agreement with the experimental data, with some discrepancy in current density observed around Voc,
leading to a higher fill factor in the simulation. Such a discrepancy is possibly due to trap-assisted
recombination which can lead to a lower fill factor (but does not effectively change Voc) that is not
accounted for in the simulation. Although trap-assisted recombination exists, it is insignificant in PTB7-
Th:PC71BM processed with solvent additive DIO,!” hence does not affect the Voc vs. T relation in this
system. The estimated value of 7, together with the fitting parameters that describe the temperature-field-
dependent mobilities used to simulate the temperature-dependent Voc, are summarized in Table II. The
probability of charge separation P is assumed to be constant at all temperatures. The assumption of
constant charge photogeneration is supported by temperature independent charge photocarrier generation
found in photophysical measurements for polymer:fullerene blends.’ Simulations including the
temperature-field-dependent mobilities, describes the Voc vs. T relation well, as shown in Fig.3(b). In
contrast, the discrepancy between the experimental data and the simulation using constant mobilities is
significant, highlighting the critical role of the temperature dependence of mobilities in determining the
Voc vs. T relationship. We did not include the effect of shunt resistance or series resistance in our
simulations since we found the simulation without the resistance can adequately reproduce the

experimental results within the measured temperature range.

TABLE II. Drift-diffusion simulation parameters used in Setfos.

Simulation Parameters

Optical generation efficiency 0.8
Langevin reduction coefficient 0.03
HOMO 5.2 eV
LUMO 3.9 eV
No, Homo 2 x 102%° m
No, Lumo 2 x 102%° m
Active layer thickness 120 nm
Uy, at room temperature 1.6 Xx 1073 cm?V-is!
Uy, at room temperature 1.3x 1073 cm?Vis!




—
(V)
-~

Current density (mA/cm?)

BHJ .
-15 PEIE . |
ITO
-20 T T T T
0.0 0.2 0.4 0.6 : 1.0 1.2
Voltage (V)
(b)
0.96 —— —— T
1 ® Data
0.94 Simulation - temperature dependent mobility
1 = = - Simulation - constant mobility 1
0.92 .
. 0.90+ .
=
© 0.88 .
:9
0.86 - .
0.84 .
0.82 N
0.80

180 200 220 240 260 280 300
Temperature (K)

FIG. 3 (a) Fitting of current-voltage characteristics measured under 1-sun conditions to the drift-diffusion
model to extract the Langevin reduction coefficient. The obtained Langevin reduction coefficient is 0.03;
(b) Measured temperature-dependent open-circuit voltage (symbols) and simulated temperature-
dependent open-circuit voltage (lines) conducted with either constant (dashed line) or temperature-
dependent (solid line) mobilities. The parameters used for the simulation with constant mobilities are
presented in Table II. For the simulation with temperature-dependent mobilities, the mobility parameters
used are extracted from experimental measurements as summarized in Table I, with the other parameters
the same as the ones used for the simulation with constant mobilities. All the simulations are conducted
using the commercial software Setfos.

While the fact that the Voc vs. T relation cannot be simulated using constant mobilities suggests the
critical role that temperature-dependent mobilities play in determining the Voc vs. T relation, the Langevin
reduction coefficient 7 may also affect the Voc vs. T relation as indicated by Equation 1. Therefore, to

further investigate the influence of Langevin reduction coefficient n, we simulated the Voc vs. T relation
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FIG. 4. Simulated temperature-dependent open-circuit voltage for different Langevin reduction
coefficients with (a) constant mobilities given in Table II; (b) temperature-dependent mobilities presented
in Table I. The experimentally measured Voc vs. T data (stars) is plotted for comparison.

using varied 1 with both constant mobilities and temperature-dependent mobilities, as presented in Fig.
4(a) and (b), respectively. Comparing Fig. 4(a) and (b) highlights the critical role of temperature-
dependent mobilities in determining the Voc vs. T relation of solar cell devices. As shown in Fig. 4(a),
although increasing 1 can lead to a steeper Voc vs. T relation, even the simulation with an ideal Langevin
recombination (1 =1) cannot reproduce the experimentally measured Voc vs. T relation. In contrast, the
simulation with temperature-dependent mobilities presented in Fig.4(b) shows that the Voc vs. T relation
is steeper than in Fig. 4(a). Also, the fact that the experimental data fall in between the simulations with
Langevin reduction coefficients of 0.1 and 0.01 supports that 0.03 is indeed a reasonable estimation. Most
importantly, Fig.4(b) suggests that although increasing n can lead to a larger Voc vs. T slope, the
contribution from the temperature-dependent mobilities is critical, and the experimental Voc vs. T relation
cannot be reproduced without considering temperature-dependent mobilities. Lower mobilities lead to a
smaller reduced Langevin recombination rate as temperature decreases. Assuming a temperature-

independent generation rate for the measured system, > a lower recombination rate consequently shifts the
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generation-recombination kinetic balance and results in a higher open-circuit voltage than the values

predicted by the constant mobility model.
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FIG.5. Validity test of the method with different device architectures within a wider temperature range.

To test the validity of this method at lower temperatures, mobilities between 120 K and 295 K were
extracted using the previously described SCLC method, and the obtained parameters that describe the
temperature-dependent mobilities were used for modeling the temperature-dependent Voc within this
range. Furthermore, conventional BHJ devices with the same active layer were fabricated and modeled
using the same method (with the same set of parameters for temperature-dependent mobilities). The
temperature-dependent mobility data and the details of fitting are shown in Fig.S3 and Table SI. Since the
Langevin reduction coefficient n is an estimated parameter and may introduce deviations, values between
0.01-0.1 were used simulated and shown as the colored regions for comparison with the experimental data
in Fig.5. Simulations with = 0.01 are used as the lower boundary and simulations with 1= 0.01 are used
as the upper boundary for the colored regions in Fig.5. The simulations for two architectures with n=0.05
are also plotted as guides of eyes for readers. As shown in Fig.5, the model describes the data reasonably

well at temperatures above 160 K for PTB7-Th:PC71BM inverted and conventional BHJ devices. Other
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physical mechanisms of charge recombination/transport mechanisms in the BHJ layer may exist at

temperatures lower than 160 K or in other donor:acceptor systems,*?

and temperature-independent
parameters assumed for this system can be temperature-dependent in other systems/at lower
temperatures.>*> However, one should carefully make sure that Voc measured at lower temperatures/for
other materials are not limited by factors other than the BHJ charge transport/recombination processes by
measuring devices of different architectures.

To conclude, we have simulated the Voc vs. T relation of PTB7-Th:PC7BM inverted BHJ solar cells
between 160 and 295 K using experimentally measured temperature-dependent mobilities. To understand
the effect of the Langevin reduction coefficient and temperature-dependent mobilities on the Voc vs. T
relation, we have additionally simulated the influence of varying the Langevin reduction coefficient with
constant and temperature-dependent mobilities. Our simulations indicate that for PTB7-Th:PC71BM solar
cells, the temperature dependence of the carrier mobilities is critical in constructing the correct Voc vs. T
relation. It is important to investigate whether the Voc vs. T relation of OSCs consisting of other state-

of-the-art donor:acceptor materials can also be described using this method in the future as it can provide

information about the dominant charge transport and recombination mechanisms in these devices.

Supplementary Material
See the supplementary material for details regarding the device fabrication, temperature-dependent

characterization and analysis, and device energy level diagram.
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