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The open-circuit voltage (Voc) of organic solar cells generally approaches its maximum obtainable
values as the temperature decreases. However, recent experiments have revealed that the Voc may suffer
from an ultrahigh loss at low temperatures. In order to verify this explanation and investigate the impacts of
energetic disorder on the temperature-dependent behaviors of the Voc in general, we calculate the Voc − T
plots with the drift-diffusion method under various device working parameters. With the disorder being
incorporated into the device model by considering the disorder-suppressed (temperature-dependent)
charge-carrier mobilities, it is found that the ultrahigh Voc losses cannot be reproduced under the Onsager-
Braun–type charge generation rate. With the charge generation rate being constant or weakly dependent on
temperature, for nonselective contacts, the Voc reduces drastically at low temperatures, while for selective
contacts, the Voc increases monotonically with decreasing temperature. With higher carrier mobilities or
smaller device thicknesses, the ultrahigh loss occurs at lower temperatures. The mechanism is that, since
the disorder-suppressed charge mobilities give rise to both low charge-extraction efficiency and small
bimolecular recombination rate, plenty of charge carriers can be extracted from the wrong electrode and
can form a large leakage current, which counteracts the majority-carrier current and reduces the Voc at
low temperatures. Our results thus highlight the essential role of charge-carrier kinetics, except for the
charge-filling effect, on dominating the disorder-induced Voc losses.
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I. INTRODUCTION

For the state-of-the-art organic bulk heterojunction solar
cells, the power conversion efficiency has exceeded 10%
through decades of efforts on the optimization of device
structures and internal morphology [1]. Nevertheless, they
are far from commercial applications due to the ubiquitously
low open-circuit voltages (Voc) of no more than 1 V, which
implies a remarkable loss when comparing the eVoc with the
effective band gap, namely, the energy offset between
the lowest unoccupied molecular orbital (LUMO) of the
acceptor and the highest unoccupied molecular orbital
(HOMO) of the donor [2]. In order to reveal the origin of
the Voc loss and find a means to minimize it, people have
investigated extensively the relationships between the Voc
and various types of electronic properties or processes, such
as the charge-transfer (CT) state energy[3–8], the charge
recombination dynamics [9,10], the charge-carrier densities
[11], the energetic disorder [12–15], the light intensity
[16,17], the internal molecular morphology [18], the metal-
organic contact properties [10,19–21], and so on. The results
suggest that the Voc is intricately correlated with all of these
factors, and an elaborate theoretical formulation of theVoc is
highly desirable [22].

There are generally two fundamental principles from
which the basic expressions of the Voc and the correspond-
ing loss can be deduced. First, electrically, the Voc is
basically determined as the minimum electron-hole quasi-
Fermi-level splitting within the active layer under the open-
circuit condition [19], namely, the nonequilibrium steady
state in which the charge generation rate G is exactly equal
to the charge recombination rate R [12]. Second, optically,
a detailed balance is established between the reversal
processes of optical absorption and electroluminescence
(radiative recombination) in a working solar cell [4,5,23].
The Voc formula based on the two principles gives rise to
the same behavior of the Voc versus the variation of
temperature; that is, the Voc merely increases linearly with
the decreasing temperature until saturating to its maximum
value at the low-temperature limit. This Voc − T relation
has been experimentally demonstrated very well [24,25],
and it is very useful for characterizing the device properties.
For instance, by measuring the slope of the Voc − T plots,
people can determine the diode ideality factors under
illuminated conditions. The only distinction between the
two formulations lies in the fact that they predict different
maximum achievable values of the Voc. Based on the first
principle, the maximum eVoc should be the effective band
gap Eg [11,24], while, following the second one, it is the
CT-state energy ECT [3,7,8,25]. When taking the energetic
disorder effect of the LUMO or HOMO levels or the dense*yaoyao2016@scut.edu.cn
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CT-state manifolds ubiquitous at the organic donor-
acceptor interface into account, the density of states
(DOS) therein is greatly broadened and extended to the
band gap, leaving a significant DOS tail in the gap. The Voc
expression should then be corrected due to the relaxation of
charge carriers to the tail states or the CT excitons to the
low-lying vibronic states [26,27]. In the former case, with
the Gaussian-disorder model, the total Voc expression can
be written as

eVoc ¼ Eg −
σ2n þ σ2p
2kT

− kT ln

�
NcNv

np

�
; ð1Þ

where σn ðσpÞ is the width of the LUMO (HOMO) DOS,
and the other notations follow the common definitions
[12–14]. In the latter case, the expression is changed only
by replacing the second term on the right-hand side of
Eq. (1) with σ2CT=2kT, in which σCT is the DOS width of
the CT-state manifold [6,28]. Thus, with disorder being
incorporated, the Voc − T relations deduced from the two
principles remaining follow the same behavior, even
though the respective physical meanings of the disorder
may be different. At around room temperature (RT), the
Voc − T relation is still dominated by linearly increas-
ing behavior as the temperature reduces. In the low-
temperature regime, however, the correction term which
is inversely proportional to the temperature becomes very
significant. Except for reducing the maximum achievable
Voc, it makes the Voc increase gradually and saturate slower
with a decreasing temperature.
Recently, Gao et al. observed an unusual phenomenon in

which certain types of polymer-fullerene–blended solar
cells, as the temperature decreases at around RT, the Voc
initially increases linearly as expected, but it begins to
decrease at a particular low temperature [29]. To our
knowledge, it is the first observation of the nonmonotonic
behavior of the Voc versus the T relation, and its underlying
mechanism needs to be elucidated. Gao et al. attributed it to
the simultaneous decrease of the photogenerated charge-
carrier density because of the diminishment of entropy-
driven charge-separation process at low temperatures
[30,31], which could reduce the Voc, according to the third
term on the right-hand side of Eq. (1). However, this
argument has not been verified quantitatively through
device-simulation works. On the other hand, it can be
expected that, at low temperatures, the energetic disorder
may suppress the linearly increasing behavior of the Voc, as
stated above. Unfortunately, this effect cannot explain the
phenomenon either. With realistic energetic-disorder para-
meters substituted into Eq. (1), the calculated Voc − T
relation still gives rise to monotonically increasing behavior
with a decreasing temperature [13].
In this work, we endeavor to find the origin of this

anomalous reduction of the Voc through the calculations of
the current-density–voltage (J-V) curves and the Voc − T

relations for various device parameters and working
conditions. Specifically, we incorporate the disorder-
suppressed charge-carrier mobility obtained through the
kinetic Monte Carlo simulations for organic solid into the
device model, which is found to be a key factor for inducing
ultrahigh Voc loss. The results are beneficial for a compre-
hensive understanding of the underlying mechanisms
through which the disorder effect may damage the perfor-
mance of organic bulk-heterojunction solar cells, and they
also provide an alternative perspective for investigating the
origin of the Voc loss from the steady-state charge-carrier
dynamics. This paper is organized as follows: In Sec. II, the
drift-diffusion simulationmethod and the energetic disorder
model are introduced. In Sec. III, we systematically inves-
tigate the conditions at which the ultrahigh loss can be
reproduced, the impacts of material and device parameters
on the loss, and its origin. The conclusions are then
presented in Sec. IV.

II. DEVICE-MODEL METHOD

The device-model (drift-diffusion) method is commonly
employed for simulating the macroscopic device operating
properties. In this model, the photoactive layer is basically
considered a homogeneous medium. Then the time evo-
lution of the photogenerated CT states and the charge
carriers are described by the following one-dimensional
continuity equations:

∂X
∂t ¼ DX

∂2

∂x2 − kdX −
X
τ
þG; ð2Þ

∂p
∂t ¼ −

1

e

∂Jp
∂x þ kdX − RðxÞ; ð3Þ

∂n
∂t ¼

1

e
∂Jn
∂x þ kdX − RðxÞ: ð4Þ

X, p, and n denote the densities of the CT states, the holes,
and the electrons, respectively. On the right-hand side of
Eq. (2), the first term stands for the CT states’ diffusion
(with DX being the diffusivity), the second one for the CT
states’ dissociation and charge formation (with kd being the
dissociation rate), the third one for the radiative and
nonradiative decay of the CT states to the ground state
(with τ being the lifetime), and the fourth term for the
photogeneration of the CT states (with G representing the
generation rate). The hole (electron) current density in
Eq. (3) [Eq. (4)] is of the common drift-diffusion form in
which the Einstein’s relation has been assumed:

JpðnÞðxÞ ¼ eμpðnÞ

�
pðnÞE ∓ kT

e
∂pðnÞ
∂x

�
: ð5Þ

The spatiotemporal evolution of the internal electric field E
is governed by Poisson’s equation, which reads
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∂E
∂x ¼ e

ϵ0ϵ
ðp − nÞ: ð6Þ

The boundary conditions of the equations are imposed
through properly giving the electron-hole current density at
the two metal-organic contacts. For instance, the hole
current density on the anode side and the electron current
on the cathode side are

Jpð0Þ ¼ qSp½pð0Þ − p0�; ð7Þ

JnðLÞ ¼ −qSn½nðLÞ − n0�; ð8Þ

in which SpðnÞ is the surface recombination velocity for
holes (electrodes) and is determined to be AT2=NvðcÞ, with
A being the Richardson’s constant from the detailed-
balance principle [32] and p0 (n0) the equilibrium hole
density therein. For the nonselective contacts, the hole
(electron) current density at the cathode (anode) JpðLÞ
[Jnð0)] can be written in a similar form as Eq. (7). For the
selective contacts, the surface recombination velocity for
the minority carriers is fixed to zero and the wrong
electrode charge extraction is completely quenched, i.e.,

Jnð0Þ ¼ JpðLÞ ¼ 0: ð9Þ
With the imposed boundary conditions, Eqs. (2)–(4) and

(6) can be solved numerically to investigate many types of
macroscopic quantities for a working device. The details
for device-model implementation are elaborated on in
numerous locations in the literature and thus are omitted
here [32–34]. In our simulation, the Onsager-Braun theory
is initially incorporated into the model to account for the
temperature variation of the CT-state dissociation (or
charge generation) rate, which can be written as [33,35]

kd ¼
3γ

4πa3
exp

�
−
Eb

kT

��
1þ bþ b2

3
þ b3

18

�
; ð10Þ

where the parameter is

b ¼ e3F
8πϵ0ϵk2T2

; ð11Þ

and

γ ¼ eðμn þ μpÞ
ε0ε

ð12Þ

is the Langevin recombination coefficient. Eb ¼
e2=4πε0εa is the CT-state binding energy, with a repre-
senting the CT-state radius. The other notations follow
the common definitions. For the recombination rate R, the
bimolecular recombination (BR) is assumed to be the
dominant recombination mechanism, namely,

R ¼ γðnp − n2i Þ: ð13Þ

For polymer-fullerene solar cells, R is generally reduced by
orders of magnitude compared to the Langevin-type BR
rate [36]. In this case, the right-hand side of Eq. (13) should
be multiplied by a BR reduction factor ζ, and its value may
depend on the extent of phase separation in the donor-
acceptor blend [37], the impact of the image-charge effect,
and so on [38]. The reduced BR effect on the Voc − T
relations is also investigated in our simulations.
When the effects of the intrinsic energetic disorder are to

be investigated, instead of analyzing the effective reduction
of the quasi-Fermi-level splitting due to the charge filling in
the tail states [13,14], we incorporate it into the device
model by considering its influence on the charge-transport
properties. With the presence of the disorder, the charge
carriers undergo the phonon-assisted hopping motion
due to the induced charge-localization effect. By employ-
ing semiclassical numerical methods like the kinetic
Monte Carlo simulation, the nonequilibrium steady-state
charge mobilities μ are calculated many times for the
Gaussian-disorder model, and they are found to be of the
following temperature dependence[39–43]:

μ ¼ μ∞ exp

�
−
�
c
σ

kT

�
2
�
; ð14Þ

whereμ∞ is thehigh-temperature limit of themobility, σ is the
Gaussian-disorderwidth, and the coefficientc is set at2=3 [1].
According to Eq. (14), the mobility is strongly suppressed by
the energetic disorder under low temperatures. In addition, the
same calculations also reveal that the energetic disorder can
make the charge mobility become dependent on the charge
density and the electric field, but these two dependencies
become significant only when the carrier density and the
electric-field strength are sufficiently high, as they are in
organic field-effect transistors. However, in organic solar
cells, these effects are negligible, and they are excluded from
ourmodel for the sake of simplicity. It should be noted that, if
the temperature-dependent mobility [Eq. (14)] is involved
when calculating the steady-state quantities, with decreasing
temperature, the evolution time required for the device to
reach the steady state becomes longer and thus needs to be
enhanced accordingly. The simulation parameters are listed in
Table I, except where otherwise noted.

TABLE I. The parameters used in the device-model simulation.

Parameter Symbol Value

Effective band gap Eg 1.3 eV
Injection barriers ϕn;ϕp 0.2 eV
Relative permittivity ε 3.5
Active-layer thickness L 200 nm
Density of states NC, NV 1021 cm−3

High-T mobility μ∞ 0.1 cm2=V s
CT generation rate G 3 × 1021 cm−3 s−1

CT-state lifetime τ 100 ns
CT-state radius a 2 nm
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III. RESULTS AND DISCUSSION

A. Conditions of the ultrahigh loss

First of all, we attempt to verify the hypothesis that the
decreased photogenerated charge-carrier density causes the
reduction of the Voc at low temperatures. Meanwhile,
the influence of the metal-organic interfacial properties
on the Voc are also examined by assuming different
boundary conditions in the device model. With constant
and balanced electron-hole mobilities being substituted into
the model, we calculate the J-V curves for a set of
temperatures ranging from 320 K down to ones at which
the photogenerated charge carriers are very limited and the
photocurrent decreases approximately to zero (for instance,
100 K). From the J-V curves, the Voc’s corresponding to
each temperature can be extracted. In Fig. 1, the Voc − T
curves with nonselective and selective contacts for charge-
carrier extraction are shown, respectively. It is found that, as
temperature decreases from above RT, the linearly increas-
ing behavior of the Voc is clearly reproduced for both types
of contacts. With nonselective contact, when the temper-
ature is reduced to 150 K, the Voc’s gradually saturate to
below 900 mV, which is the maximum achievable Voc
given by the band gap subtracting the energy offset due to
the electron- and hole-injection barriers. For higher carrier
mobilities such as 0.1 cm2=V s, the calculated Voc is
relatively lower and saturates earlier with the decreasing
temperature since high mobility may bring about a large
bimolecular recombination rate [see Eq. (12)] and severe
surface losses due to the extraction of charge carriers from

the wrong electrode. With selective contact, the Voc − T
plots for different mobilities converge below 180 K. They
exhibit no obvious saturation behavior, but they finally
approach 900 mV at low temperatures because of the
absence of the surface losses. Under these conditions, no
Voc reduction is observed, which suggests that it is not
sufficient to explain this phenomenon solely by the
reduction of charge-carrier density with a decreasing
temperature due to the entropy effect or according to the
Onsager-Braun theory, and, for the constant-mobility cases,
the metal-organic contact properties have little influence on
the behaviors of the Voc. In the following, except where
stated explicitly to the contrary, all of the simulations are
done under nonselective contacts.
Next, we examine the influence of the energetic disorder

on the Voc − T relations. Incorporating Eq. (14) and the
Onsager-Braun charge generation rate of Eq. (10) into the
device model, the J-V curves for different temperatures are
calculated and presented in Fig. 2(a), in which the Gaussian
disorder σ is set to 80 meV. It is observed that, as the
temperature decreases, the reduction of the short-circuit
current density Jsc becomes more and more drastic because
of the quick reductions of both the charge-carrier gener-
ation rate and the mobilities, while the Voc increases more
and more slowly in the low-temperature regime but exhibits
no reduction behavior. In Fig. 2(b), the calculated Voc − T
plots for a wide range of Gaussian-disorder parameter σ’s
are shown. For a small disorder such as σ ¼ 50 meV, the
linearly increasing behavior is still retained at a relatively
large temperature range before the final saturation. For a

(a) (b) FIG. 1. (a) The Voc − T plots
calculated under a set of bal-
anced electron and hole mobil-
ities with nonselective contacts.
(b)TheVoc − T plots calculated
under the same condition, but
with selective contacts being
assumed. The Onsager-Braun–
type CT-state dissociation rate
kd is incorporated into the cal-
culations of both of the plots.

(a) (b)
FIG. 2. (a) The J-V curves
calculated at different temper-
atures with disorder-suppressed
mobilities, in which the ener-
getic disorder σ ¼ 80 meV.
(b) The calculatedVoc − T plots
with the disorder-suppressed
carrier mobilities. The Onsager-
Braun–type CT-state dissocia-
tion rate kd is incorporated into
the calculations.
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high disorder like σ ¼ 100 meV, although the Voc at RT is
slightly higher, it increases rather slowly (see the slope
change of the Voc − T plots for different σ’s at the high-
temperature regime) and quickly deviates from linearly
increasing behavior with decreasing temperature. In the
low-temperature regime, the Voc − T plot with σ ¼
100 meV tends to saturate to a small value of less than
800 mV. Nevertheless, even for such a high energetic
disorder, the corresponding Voc − T plot still increases
monotonically with decreasing temperature. Therefore, the
combined effect of the strongly temperature-dependent
charge generation rate and the disorder-suppressed mobil-
ities does not lead to the reduction of the Voc at low
temperatures.
We consider the sole effect of disorder-suppressed mobil-

ities on the Voc loss. By retaining Eq. (14) for the disorder-
suppressed mobilities but employing a fully constant
charge-carrier generation rate G in the simulation, the
Voc − T plots are calculated and shown in Fig. 3(a).
In the RT regime, the linearly increasing behavior of the
Voc’s remains unchanged for different disorder σ’s. The
higher the disorder, the larger the Voc because the disorder-
suppressed mobilities give rise to a small bimolecular
recombination coefficient γ and thus small bulk recombi-
nation losses. More importantly, the reduction of the Voc
indeed shows up for each disorder parameter σ when the
temperature decreases below a critical value, where the Voc
reaches its maximum value and an ultrahigh loss emerges.
With a small σ of 50 meV, this critical temperature is around
160 K. As the disorder increases, the critical temperature
increases monotonically. When σ ¼ 100 meV, the critical
temperature is as high as 260K and themaximumVoc is only
750 mV. Compared with the experimentally measured
Voc − T plots by Gao et al., the simulated decreasing
behavior is much more drastic, which could be attributed
to the strongly temperature-dependent mobilities employed
in our simulations, but in real systems the temperature
variation of mobilities could be much milder than that
described by Eq. (14).
The reproduction of the experimentally observed Voc

reduction behavior under the constant charge generation rate

G in Fig. 3(a) also suggests that the Onsager-Braun theory is
not applicable in this case, which greatly overestimates the
impact of temperature on the CT-state dissociation proc-
esses. Actually, the failure of the Onsager-Braun theory is
consistent with the finding that a high percentage of charge
carriers is generated through the ultrafast interfacial charge-
transfer process due to quantum coherence, which is
expected to be more prominent at low temperatures, rather
than the thermal-assisted dissociation of the relaxed CT
states [44–46]. On the other hand, it is also unrealistic to
assume that the charge-carrier generation rate is absolutely
temperature independent. Therefore, we substitute γ
[Eq. (12)] that is free of disorder into Eq. (10) and let the
temperature dependence of the dissociation rate kd be
dominated by the Coulomb capture radius rc, defined as
rc ¼ e2=4πε0εkT and appearing only in the factor of
expð−rc=aÞ ¼ expð−Eb=kTÞ. With such a relatively
weakly temperature-dependent kd, the Voc − T plots for
different disorder σ’s are calculated and shown in Fig. 3(b). It
can be observed that the main features of these plots remain
the same as those shown in Fig. 3(a), except that, for small
σ’s, the decreasing behavior of theVoc becomes moderate in
the low-temperature regime, which more closely resembles
the experimentally measured Voc − T plots. Therefore, we
can conclude that it is the disorder-suppressedmobilities that
primarily induce the ultrahigh Voc loss at low temperatures.

B. Impacts of charge recombination and extraction

To gain deeper insight into the impact of BR on the Voc
loss in general, we calculate the Voc − T relations with a
fixed BR reduction factor ζ being taking into account for R,
as shown in Fig. 4(a). It is apparent that the reduction
behavior of the Voc is also reproduced for all of the plots. In
the RT regime, with a smaller ζ, the BR rate is reduced and
the corresponding Voc is higher because the photogenerated
charge carriers are less likely to be lost through the BR
pathway, which has been demonstrated in our previous
work [21]. Meanwhile, in the low-temperature regime, the
smaller ζ gives rise to a higher critical temperature below
which a reduction of the Voc takes place, implying that the
reduced BR may play an essential role in inducing the

(a)
(b)

FIG. 3. (a) The calculated
Voc − T plots for fully constant
charge generation rate and dis-
order-suppressed mobilities,
with different Gaussian-
disorder values being assumed.
(b) The calculated Voc − T
plots under the same conditions
as (a) except that a temperature-
dependent charge generation
rate which is proportional to
expð−rc=aÞ (with rC being
the Coulomb capture radius)
is assumed.
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ultrahigh Voc loss effect. There also exists an effective ζ
inherent in the disorder-suppressed Langevin-type BR rate,
namely, the exponential factor contained in the disorder-
suppressed mobilities [see Eq. (14)]. It is initially close to
unity at RT but decreases very rapidly to small values as the
temperature decreases, so that the corresponding Voc
exhibits both a faster linearly increasing behavior in the
RT regime and a more drastic decreasing one at a higher
critical temperature than those corresponding to fixed ζ’s.
This temperature-dependent BR reduction effect has been
experimentally verified through the photogenerated charge
extraction by linearly increasing voltage and the pump-
probe technique, respectively [47,48]. The ζ could be an
Arrhenius-type one with the activation energy resulting
from the barriers for polaron hopping transport and having
the same magnitude as the disorder σ’s employed here [38],
or similar to the form employed by us [47]. In Fig. 4(b), the
calculated Voc − T relations for a set of σ’s with the same ζ
of 0.01 are presented. Compared to Fig. 3(b), the Voc’s
corresponding to different σ’s cannot be distinguished from
each other in the RT regime, which is unlike the exper-
imentally obtained plots. Thus, it is reasonable to employ
the temperature-dependent BR rate when the disorder-
related effects are examined in device modeling.
Furthermore, we investigate how the Voc − T relation-

ship may be influenced by the electron-hole mobilities and
the thickness of the active layer. The high-temperature limit
of mobilities μ∞ can vary among different material systems

or device-preparation conditions. At a specific temperature,
the increased μ∞ implies increased mobility, which sub-
sequently leads to a high BR rate and a high charge-
extraction efficiency. We calculate the Voc − T relations
with the disorder σ ¼ 80 meV for a set of typical values of
μ∞, as shown in Fig. 5(a). It is observed that, for higher
μ∞’s such as that of 10 cm2=V s, the linearly increasing
Voc − T relationship can be extended to relatively low
temperatures so that the higher maximum obtainable Voc’s
can be reached in this case, and the critical temperature
declines accordingly. As for the Voc in the RT regime, it
follows the tendency of decreasing with an increased μ∞
due to the induced high BR losses.
The calculated Voc − T relations for the varied thickness

L are shown in Fig. 5(b). Around the RT, the Voc’s are just
sightly higher for devices of thinner active layers. Themajor
differences emerge in the low-temperature regime, where a
thinner devicewith anL smaller than 100 nm canmaintain a
relatively high Voc which decreases slowly. For thick
devices, however, the reduction of theVoc’s aremore drastic.
With an increased L, the internal electric field E becomes
small since E ¼ Veff=L, where the effective potential Veff is
equal to the difference between the applied bias voltage Va
and the built-in potential Vbi, and the sweeping (extraction)
time for free charge carriers tex ¼ L2=2Veffμ increases
accordingly, which causes the charge-extraction efficiency
to be reduced. Combined with the mobility-dependent
results shown in Fig. 5(a), they suggest that the reduced

(a) (b)
FIG. 4. (a) The calculated
Voc − T plots for the fixed BR
reduction factor ζ’s differing by
an order of magnitude and
where σ ¼ 80 meV. By com-
parison, the plot for the temper-
ature-dependent Langevin-type
BR rate is also included. (b) The
calculatedVoc − T plots for dif-
ferent energetic disorder σ’s
with the same fixed ζ of 0.01.

(a) (b)
FIG. 5. (a) The calculated
Voc − T plots for different
high-temperature limits of
mobilities μ∞. (b) The calcu-
lated Voc − T plots for differ-
ent active-layer thicknesses
L. The disorder σ is set to
80 meV in both (a) and (b).
Other parameters and condi-
tions in the simulations are
kept the same as those
in Fig. 3.
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free charge extraction may be one of the underlying reasons
for the ultrahigh losses of the Voc. Other device working
conditions or parameters such as the light intensity arevaried
for further simulations, but they are found to have only slight
impacts on the temperature-dependent behavior of the Voc
and, therefore, are not shown here.

C. Origin of the ultrahigh loss

In Fig. 6(a), we present the calculated Voc − T plots for a
different disorder σ under selective contacts while keeping
the other parameters the same as those in Fig. 3(b). It can be
observed that the behavior of the Voc’s is significantly
changed, especially for those with large σ’s. They increase
only monotonically with an approximately constant slope
as the temperature decreases, in contrast to the abrupt
reduction behavior under nonselective contacts. Moreover,
the electron- and hole-injection barriers no longer impose a
restriction on the Voc, and the latter can exceed 900 mV at
low temperatures. To reveal the underlying mechanism of
the contact-induced Voc behavior, we calculate the hole
density profiles under the open-circuit conditions for both
selective (dashed lines) and nonselective (solid lines)
contacts, with σ ¼ 80 meV, as shown in Fig. 6(b).
Comparing the two curves corresponding to the different
contact types at the same temperature, it is apparent that
they precisely overlap in the bulk region of the device, but
they diverge from each other at the vicinity of the two
contacts. This divergence between the nonselective and
selective curves becomes more and more significant with
decreasing temperatures. For instance, at temperatures of
240 and 220 K, the overlapped region on the curves extends
to the anode where the hole density is much higher than
those in the bulk. Thus, the electrons flowing to the anode,
which consists of one component of the wrong electrode
currents, are effectively annihilated through the intensive
BR with the accumulated holes at the interface, making the
nonselective contacts essentially selective at relatively high

temperatures. At low temperatures, on the other hand,
although the bulk hole density is enhanced as a result of the
rapid decrease of the BR coefficient γ, the interfacial hole
density, which can be approximated by the equilibrium
density p0 ¼ Nv expð−ϕ=kTÞ (with ϕ being the injection
barrier) due to the high surface recombination velocity Sp,
is greatly diminished; it can even be lower than that in the
bulk, such as those observed in the nonselective curves of
T ¼ 200 and 180 K. The consequence is that, under the
nonselective contacts, the recombination is weak without
sufficient holes and a huge number of electrons in the bulk
may flow into the anode unblocked, which brings about
significant charge-carrier losses and an ultrahigh Voc loss.
This loss mechanism can be manifested by the calculated

curves of the electron current density at the anode side Jann
versus voltages for various temperatures, as shown in
Fig. 7(a). The complete J-V curves are also presented in
Fig. 7(b) for reference. At temperatures near RT, owing to
the aforementioned efficient electron blocking effect
induced by the high hole density near the contact, the
Jann is small and dose not increase very much with an
increasing bias voltage. At low temperatures (see the curves
of 200 or 180 K), however, the blocking effect vanishes
gradually and the Jann increases very rapidly. The reason is
that plenty of free electrons (holes) are accumulated in the
bulk due to the greatly reduced BR rate at low temperatures,
and without blocking layers, these electrons (holes) can be
easily extracted to the anode (cathode) with an external
electric field, forming a large leakage current. The Jann is
just the leakage current combined with the dark injected
electron current. In other words, the free electrons are lost
mostly through the surface recombination rather than the
diminished BR in the bulk. On the other hand, the hole
current Janp is very small, as a result of the disorder-
suppressed low mobility (or the low extraction efficiency).
The leakage current counteracts the hole current and
surpasses it under a small bias voltage, making the direction

(a) (b)
FIG. 6. (a) The calculated
Voc − T plots for different
Gaussian-disorder σ’s under
the selective contacts for both
anode-organic and organic-
cathode interfaces. Other
parameters and conditions in
the simulations are kept the
same as those in Fig. 3.
(b) The calculated hole density
profiles under the open-circuit
conditions for different temper-
atures and contact types. To
show the anode-organic inter-
facial hole distribution clearly,
the density profiles in the re-
gion of 0–20 nm are magnified
and plotted in the inset.
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of the total photocurrent reverse quickly and leading to an
anomalous reduction of the Voc. The same situation also
applies to the hole current extracted from the cathode,
which contributes to the other component of the large
leakage current. This kind of Voc loss arises purely from a
disorder-induced mobility reduction which subsequently
changes charge dynamics under steady state, and thus it
displays different behavior than that due to the charge
filling in disordered energy levels.
Now, it is understandable why the Voc does not decrease

when the Onsager-Braun theory is assumed in the device
model because, in this case, the reduction of free charge
carriers with the decreasing temperature is so quick that
there are very few carriers being extracted from the wrong
electrode and the undesirable leakage current is negligible.
With charge-extraction efficiency being improved by
employing materials of high mobilities, the photocurrent
may overcome the leakage current and circumvent the
drastic reduction of the Voc to some extent, as is shown in
Fig. 5(a). The leakage current can be more effectively
quenched by inserting blocking layers between the elec-
trode and the active layer, but the reduction of photocurrent
remains unavoidable at low temperatures.

IV. CONCLUSIONS

In this work, we employ a one-dimensional device-model
simulationmethod to investigate the anomalous reduction of
the open-circuit voltage at low temperatures in organic solar
cells. The Voc − T plots are calculated under varied charge
generation rates, charge-carrier mobilities, metal-organic
contact types, and many other different conditions. It is
found that, with a strongly temperature-dependent Onsager-
Braun–type charge generation rate, the Voc simply follows
the common behavior of linear increases as the temperature
decreases and, finally, saturates, which implies that the
reduced charge-carrier density at low temperatures is not
sufficient for explaining the anomalous reduction behavior.
For nonselective contacts, when incorporating the energetic
disorder-suppressed mobilities but keeping the charge gen-
eration rate constant or slowly varying with the decreasing

temperature, the reduction behavior of the Voc indeed
emerges at low temperatures. The larger the disorder
parameter, the higher the critical temperature below which
the Voc begins to decrease. The critical temperature declines
if the charge extraction efficiency is improved by enhancing
the high-T limit ofmobilities or reducing the thickness of the
active layer.On the other hand, for selective contacts, theVoc
does not decrease at low temperatures—nomatter how large
σ is. The ultrahigh Voc loss effect reveals that, at low
temperatures, with the decreased BR rate and the low
interfacial majority-carrier density, free charge carriers are
mostly lost through extraction by the respective wrong
electrodes rather than the internal recombination, leading
to a high leakage current. The leakage current counteracts
the current for majority-carrier extraction until the total
photocurrent vanishes at small voltage, which causes the
reduced open-circuit voltages. Further works on theVoc loss
mechanism can be done through investigating the charge-
carrier loss pathways in their steady-state dynamics.
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