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The impact of intermixed donor-acceptor domains in organic bulk heterojunction (BHJ) solar cells,
using low-donor-content devices as model systems, is clarified. At low donor contents, the devices are
found to exhibit anomalously high open-circuit voltages independent of the donor-acceptor energetics.
These observations can be consistently explained by a theoretical model based on optical release of trapped
holes, assuming the donors behave as trap sites in the gap of the acceptor. Our findings provide guidelines
for reducing the large open-circuit voltage losses in organic solar cells and avoiding morphology-induced
losses in state-of-the-art BHJ solar cells and photodetectors.
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Power conversion efficiencies exceeding 16% have
recently been achieved for organic solar cells [1]. Upon
photon absorption, strongly bound excitons with diffusion
lengths of 5–10 nm are formed in the active absorber layer
of these solar cells [2,3]. To convert excitons into free
carriers, the most efficient cells are based on a concept
unique to organic semiconductor devices: the bulk hetero-
junction (BHJ) in which the active absorber layer is
composed of a phase-separated mixture of two organic
semiconductors—an acceptor (A) and a donor (D), pos-
sessing an energy gradient at the D-A interfaces. Once an
exciton reaches a D-A interface, this ultimately results in
the generation of a free electron in the conduction level
[referred to as lowest unoccupied molecular orbitals
(LUMOs)] of the acceptor and a hole in the valence level
[highest occupied molecular orbitals (HOMOs)] of the
donor. However, D-A systems suffer from the presence of
additional intermediary charge-transfer (CT) states at the
interfaces, which limit the open-circuit voltage (Voc) in
these systems [3–5]. As these processes occur at D-A
interfaces, the morphology of the active layer is arguably
the most important factor controlling device performance in
organic solar cells [6,7].
According to the general consensus, the donor-acceptor

blend ideally forms percolating continuous donor and
acceptor phases with D-A phase separations of 5–10 nm
[2,3]. This allows for the optimum number of excitons to be
harvested at the D-A interfaces, simultaneously providing
pathways for the separated electrons and holes to be
transported within the neat phases to the electrodes. In
reality, however, the donor and acceptor phases form
disordered networks with complicated morphologies, con-
taining both neat and molecularly intermixed regions
[8–11]. While some studies indicate that neat nanodomains
of donor and acceptor are essential [12], other studies

suggest that a certain degree of D-A intermixing might be
beneficial for charge generation facilitating the charge
separation process at the D-A interface [13–15].
However, if the length scale of the intermixed regions is
much larger than the average charge hopping distance, free
carriers are likely to become trapped within such regions,
resulting in impaired charge transport and increased non-
geminate recombination [16].
Recently, it was discovered that efficient charge collec-

tion and high Voc can also be realized in fullerene-based
BHJ solar cells containing only trace amounts (1%–10% by
molar content) of donor [17–19]. These so-called low-
donor-content solar cells consist of well-dispersed donor
molecules embedded in a neat fullerene acceptor matrix,
which is analogous to the intermixed regions of donor and
acceptor molecules in BHJs, and as such, a useful model for
studying phase mixing requirements. The mechanism of
how holes, photogenerated in the donor, are transported to
the electrode in these devices is currently under debate. It
has been proposed that the hole transport is governed by
thermal activation of holes from the donor to the acceptor
[20], after which the photogenerated holes are transported
in the acceptor HOMO [21]. Other studies have suggested
that the hole transport remains dominated by direct donor-
donor hole transfer even for donor-donor site distances
of 2–4 nm, corresponding to 1.5%–10% donor molar
contents [22–24].
However, relatively high external quantum efficiencies

(EQEs) above 10% have still been observed at donor
contents well below 1% [25]. These same systems also
show a nearly perfect quenching of photogenerated exci-
tons for typical exciton diffusion lengths of 5–10 nm.
Therefore, domains with ultralow donor contents still play a
critical role in BHJ systems, as quenched excitons within
these domains may represent a large fraction of the total
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photoexcitations. Whether or not the subsequent charge
carriers, generated within these domains, can contribute to
the photocurrent determines the overall performance of the
BHJ system. In this Letter, we use low-donor-content
devices as model systems to investigate the influence of
D-A intermixing in organic solar cells. At donor molar
contents ≤1%, an anomalously high Voc, independent of
the donor energetics, is observed. A theoretical model
explaining these observations is developed, providing new
insights into reducing both losses in the Voc, as well as
losses caused by morphology in organic solar cells, critical
for the development of future donor-acceptor blends.
Figure 1 shows the experimental Voc at different donor

content under AM1.5G incident illumination for organic
solar cells based on the acceptor [6,6]-Phenyl C71 butyric
acid methyl ester (PC71BM) and donors with different
HOMO levels [4,4′-Cyclo hexylidenebis[N,N-bis(4-meth-
ylphenyl) benzenamine (TAPC), 9′-spirobi[9H-fluorene]-
2,2′,7,7′-tetramine (Spiro-MeOTAD), and 4,4',4''-Tris[(3-
methylphenyl) phenylamino] triphenylamine (m-
MTDATA)], exhibiting different CT state energies (ECT).
The experimental details are given in the Supplemental
Material [26]. For donor molar contents ≥5%, the Voc
depends strongly on the donor, conforming with the
standard BHJ behavior where the Voc is determined by
the energetics at the D-A interface (ECT),
qVoc ≈ ECT − 0.6 eV, scaling linearly with the difference
between the donor HOMO and acceptor LUMO
[4,5,32,33]. This is consistent with the findings of a recent
study on C60-based BHJs with similar donor content [27].
Figures 2(a) and 2(b) show the current-voltage (J�V)

characteristics under AM1.5G incident illumination and
intensity-dependent normalized EQE, respectively, for
devices with 5% donor content. The EQEs are character-
ized by a continuous decrease with increasing irradiance
(IL). As demonstrated in Fig. S5 [26], this behavior can be

reproduced with drift-diffusion simulations [30,31] assum-
ing a standard BHJ, where electrons are transported in the
acceptor and holes are transported through the donor, but
with an effectively reduced hole mobility [26]. The degraded
EQE at higher intensities is attributed to the low hole
mobilities increasing the nongeminate recombination [28].
This hypothesis is supported by the m-MTDATA device
showing an EQE ∝ I−1=4L dependence, characteristic of
space-charge-limited photocurrents caused by imbalanced
mobilities [34] (note that a short-circuit current density
Jsc ∝ I3=4L is expected in this case [35,36]). This agrees
with the low hole mobility of 10−8 cm2=V s reported for
m-MTDATA:C60 at similar donor contents [23].
While trapping-and-release transport of holes cannot be

excluded for the TAPC case, owing to the shallow acceptor-
donor HOMO-HOMO offset (Supplemental Material,
Table SI [26]), this process is expected to become increas-
ingly less efficient for offsets larger than 0.3 eV, signifi-
cantly increasing the likelihood of recombination [20].
Therefore, trapping and release of holes by thermal
activation is unlikely in the Spiro-MeOTAD and
m-MTDATA devices (exhibiting large HOMO-HOMO
offsets) under realistic solar cell operating conditions,
suggesting that the hole transport occurs by direct
donor-donor charge transport at these donor contents
[22], but with a reduced hole mobility [23].
To eliminate direct donor-donor hole transport, thus

mimicking an ultralow domain impurity level in BHJ
systems, we reduced the donor molar content down to
0.1%, corresponding to a donor-donor separation of 10 nm,
which is beyond the range for direct donor-donor hole
hopping. As evident from Fig. 1, upon decreasing the donor
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FIG. 1. Experimental Voc under one sun illumination versus
the charge-transfer state energy ECT of organic solar cells based
on the acceptor PC71BM at varying content of donors with
different HOMOs. The donor is either TAPC, Spiro-MeOTAD, or
m-MTDATA. For comparison, Voc ¼ ECT=q − 0.6 V (�0.1 V)
is indicated by the pink solid line (dashed lines).
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FIG. 2. Experimental J�V characteristics under one sun
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organic solar cells based on the acceptor PC71BM with 5% donor
molar content are shown in (a) and (b), respectively. The
corresponding cases for 0.1% donor molar contents are shown
in (c) and (d).
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molar content from 5% to 0.1% a drastic increase of the Voc
is seen for the systems with large HOMO-HOMO offsets,
the Voc becoming independent of theD-A energetics (ECT).
This is most prominent for m-MTDATAwhere a 0.3–0.4 V
increase is obtained, resulting in an open-circuit voltage of
Voc ¼ 0.82 V—anomalously large for this material system.
Since the D-A energetics of the blend remain relatively
unchanged during this transition (Fig. S3 [26]), it becomes
evident that this behavior cannot be described by the
standard BHJ picture. Moreover, in contrast to the
5% donor-content devices, the EQEs versus irradiance of
the 0.1% donor-content devices show two approximately
intensity-independent regions, as can be seen in Fig. 2(d)
(cf. Supplemental Material [26] for additional experimen-
tal data).
To explain these observations, we take a closer look at

the physical processes at play in the ultralow-donor-content
limit, where nearest-neighbor donor site distances are large
enough for direct donor-donor hole transfer to be negli-
gible. The transport of free electrons and holes then
exclusively takes place in the acceptor, whereas the donor
sites act as traps for holes. A schematic energy level
diagram is illustrated in Fig. 3(a). Here, Δt ¼ Et − Ev is
the trap depth (HOMO-HOMO offset), EDA

g ¼ EAA
g − Δt is

the donor-acceptor energy gap, EAA
g ¼ Ec − Ev is the

acceptor-acceptor energy gap, and Ec (Ev) is the LUMO
(HOMO) level edge in the acceptor. A donor site is

positively charged when occupied by a hole and neutral
when occupied by an electron (ground state). In the dark,
under steady-state conditions, the hole occupation of the
donor sites is described by Shockley-Read-Hall (SRH)
statistics [37]; see Fig. 3(b). Accordingly, a trapped hole
can either be released by thermal activation to the acceptor
HOMO or recombine with a free electron from the acceptor
LUMO. Similarly, a neutral donor site can either capture a
free hole from the acceptor HOMO or obtain a hole directly
from the acceptor LUMO as a result of thermal excitation
of an electron (ground state) from the donor HOMO to the
acceptor LUMO. Under illumination, the excitation rate of
electrons from traplike donor sites is significantly enhanced
due to the presence of photogenerated excitons.
Photogenerated excitons, induced by photons absorbed in

the acceptor, are predominantly quenched and disso-
ciate at donor sites, followed by a hole transfer to the donor.
This results in the generation of a free electron in the
acceptor and a (trapped) hole in the donor, with the rate GL
[Fig. 3(c)]. However, this process requires that the donor site
is in the ground state (neutral) prior to the charge transfer. If
the donor site is initially occupied by a hole, we instead
expect the charge-reversed process to occur; namely, a
photoinduced electron transfer from the acceptor exciton
to the positively charged donor site (now acting as an
acceptor), which, after charge separation, produces a free
hole in the acceptor HOMO and neutralizes the donor site.
This optical release mechanism of trapped holes, depicted in
Fig. 3(d), is assumed to occur with a rateG0

L. To account for
the donor site occupation of holes, we write

GL ¼ GL;0½1 − ft�; ð1Þ
G0

L ¼ γGL;0ft; ð2Þ
where the prefactor γ describes the relative strength of the
CT state dissociation between the two processes (we assume
γ ¼ 1), and ft is the fraction of donors occupied by a hole.
Clearly, optical release is only relevant when a substantial
fraction of donor sites is occupied by holes. In the limit when
most donor sites are unoccupied ft ≪ 1 (assumed to be the
case in standard BHJs), we expect GL ¼ GL;0 and G0

L ¼ 0.
By accounting for these optical processes [38], the SRH

kinetics can be modified and the net-generation-recombi-
nation rate of free electrons and holes in the acceptor,
taking place via traplike donor sites, reads [26]

UD−A ¼ CpCnNt

Cn½nþ n�1� þ Cp½pþ p�
1�
½n�1p�

1 − np�; ð3Þ

where

n�1 ¼ Nc exp

�
−EDA

g

kT

�
þ GL;0

CnNt
;

p�
1 ¼ Nv exp

�
− Δt

kT

�
þ γGL;0

CpNt
ð4Þ

(a) (b)

(c) (d)

FIG. 3. (a) Schematic energy level diagram of an acceptor
layer containing traplike donor sites. (b) The relevant kinetic
processes for holes in the dark (black arrows) and under
illumination; the arrows indicate the transitions of holes
(electrons are simultaneously transferred in the opposite direc-
tion). The photogeneration of free electrons in the acceptor and
holes in the donor is indicated by the red arrow, whereas the
optical release of holes from donor to acceptor is indicated by
the blue dashed arrow. (c),(d) The schematic picture of charge
generation via traplike donor sites.
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Here, Cp is the hole capture coefficient, Cn is the free-
electron-trapped-hole recombination coefficient, and Nt is
the donor concentration (or trap density); Nc and Nv are the
density of LUMO and HOMO states in the acceptor,
respectively. Furthermore, based on Eq. (3), noting that
the total generation is exactly balanced by recombination at
open circuit (UD−A ¼ 0), the following analytical approxi-
mation for Voc can be obtained [26]

qVoc ¼ EDA
g − kT ln

�
CnNtNc

GL;0

�
1þ exp

�
Δt − Δ�

t

kT

��−1�

ð5Þ

where

Δ�
t ¼ −kT ln

�
γGL;0

CpNtNv

�
ð6Þ

may be interpreted as an optical demarcation depth [39].
To demonstrate the physical implications of the proposed

model, we have implemented the trap-assisted generation
mechanism into the drift-diffusion model, assuming the
generation of free charge carriers in the acceptor to
exclusively take place via this mechanism (the excitons
are quenched at donor sites); the details of the simulations
are given in the Supplemental Material [26]. In Fig. 4(a),
the J�V curves of an organic solar cell based on an
acceptor layer with traplike donors is simulated at different
Δt. The corresponding Voc, simulated in Fig. 4(b), agrees
well with the analytical prediction Eq. (5). The intensity-
dependent normalized EQE (at short circuit) is simulated in
the inset of Fig. 4(b). Overall, the observed experimental
features (Figs. 1 and 2) at the lowest donor contents are well
reproduced by the theoretical model (Fig. 4), supporting the

presence of optical release via donors, acting as traps, in
these systems. We note that the qualitative behavior in
Fig. 4 is insensitive to injection barriers at the anode contact
(see Fig. S8 [26]).
A closer inspection reveals that depending on the inter-

play between Δ�
t and the trap depth Δt two distinctly

different regimes can be identified. At low intensities or
shallow HOMO-HOMO offsets, when Δ�

t ≫ Δt, corre-
sponding to ft ≪ 1, the hole transport is governed by
trapping and release by thermal activation. In this limit,
holes in the donor and the acceptor are in equilibrium with
each other and described by a common quasi-Fermi level,
while the generation of free carriers is dominated by the
“conventional” process depicted in Fig. 3(c). Accordingly,
the Voc [Eq. (5)] is identical to the one expected for
standard BHJs with qVoc ∝ EDA

g . Furthermore, the shape of
the J�V curve, the charge collection efficiency (normal-
ized EQE), and the Voc are all dependent on Δt. This type
of behavior is expected to prevail as long as optical release
remains negligible [or is neglected, γ ¼ 0; see Fig. 4(b)],
consistent with previous analyses where optical release was
not considered [20].
At higher intensities and/or larger HOMO-HOMO off-

sets when Δ�
t < Δt, a significant fraction of donor sites are

occupied by positively charged holes [see Fig. 3(d)], and
optical release starts to dominate the detrapping of holes.
Since beyond this point trapped holes are governed by an
effective trap depth Δ�

t , the charge transport becomes
independent of the actual trap depth. This explains the
appearance of the second plateau in the normalized EQE,
observed both experimentally and numerically, at higher
intensities. In this regime (Δ�

t ≪ Δt), two excitons are, on
average, required to generate a free electron-hole pair (in
the acceptor). While the first exciton produces a free
electron in the acceptor and a trapped hole in the donor
[Fig. 3(c)], the second exciton is needed to promote the
trapped hole to the acceptor HOMO [Fig. 3(d)], manifested
as an effective halving of the generation rate of free carriers
in the acceptor (assuming γ ¼ 1).
Furthermore, Voc becomes independent of the energetics

of the traplike donors when Δ�
t ≪ Δt: qVoc ∝ EAA

g as per
Eq. (5). Instead, the Voc is solely governed by the energetics
of the acceptor in this limit, manifested as an increased Voc
at ultralow donor contents, consistent with what is observed
in Fig. 1. In this case, (trapped) holes in the donor are no
longer in thermal equilibrium with (free) holes in the
acceptor and thus described by separate quasi-Fermi levels
[40]. This ultimately decouples the Voc from its dependence
on the donor-acceptor CT energetics and associated losses;
this is clearly observed for the m-MTDATA case (as
detailed in Table SII [26]), corroborating the presence of
optical release in these devices [see also Fig. S1(b) [26] ].
Optical release may thus present a key to overcome the
large losses caused by nonradiative CT state recombination
limiting Voc in organic solar cells [5,32].
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Finally, apart from the high Voc typically observed in
low-donor-content BHJs [17–19,41], independent of the
donor HOMO, optical release of holes also explains how
holes are able to be collected in devices or domains with
ultralow donor concentrations. We emphasize that this type
of optical release is expected to occur whenever a signifi-
cant fraction of (donor) sites is occupied (by holes), e.g., at
high enough intensities. In fact, this process is highly
relevant for any situation where charges are energetically or
spatially trapped within a BHJ, including carriers trapped in
isolated donor (or acceptor) molecules or islands within
neat domains, intermixed regions, or extrinsic trap states.
These are likely present in all BHJs [12,42–44], being of
particular importance in nonfullerene systems based on
highly miscible components. Furthermore, as these “impu-
rities” also act as exciton quenching centers, a considerable
amount of excitons may be quenched at these sites [25]. It
should be stressed that optical release still presents a loss
mechanism for excitons. In order to avoid these morphol-
ogy-induced losses in organic solar cells, it is therefore
crucial to minimize the acceptor-donor HOMO-HOMO
offset and, interestingly, this is what is empirically happen-
ing in the field of nonfullerene acceptor solar cells [45].
In conclusion, we have used low-donor-content BHJ

solar cells as model systems to investigate the impact of
intermixed domains in organic solar cells. For donor molar
contents below 1%, the donors increasingly behave as trap
sites in the gap of the acceptor. To explain the device
physics in this limit, a theoretical model based on optical
release of trapped holes is proposed. Based on this model,
we derive analytical expressions explaining the high Voc
encountered in these devices. These findings not only
improve our understanding of the effect of morphology,
being of paramount importance in state-of-the-art BHJ
solar cells and photodetectors, but also provide tools for
reducing the large open-circuit voltage losses in organic
solar cells.
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