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Towards first-principles prediction of open-circuit
voltage and short-circuit current density
in small-molecule BHJ solar cells

Teodoro Pizza, ab Alessandro Landi, a Andrea Peluso a and
Amedeo Capobianco *a

We present a theoretical framework to predict the open-circuit voltage and short-circuit current density

of small-molecule bulk heterojunction solar cells. The method is based on the reciprocity relation and

on a quantum mechanical description of the elementary processes. Radiative and non-radiative decay

rates are evaluated through Fermi’s golden rule. The Franck–Condon weighted density of states, com-

puted via the generating function formalism, is employed as a genuine predictive tool, in that it enters

the expression for both radiative and non-radiative decay rates and determines the absorption profile

governing photogeneration. The method requires only a limited set of experimentally accessible inputs,

namely the redox potentials and absorption spectra of the donor and acceptor materials, and involves a

small number of adjustable parameters with negligible impact on the results. This makes the framework

suitable for studying different donor–acceptor combinations in small-molecule organic solar cells

based on either fullerene or non-fullerene acceptors. The model provides a direct interpretation of

open-circuit voltage by linking voltage losses and photocurrent generation to specific processes, such

as non-radiative recombination, subgap effects, and absorption-edge broadening. It also captures the

temperature dependence of open-circuit voltage and short-circuit current density, which is essential for

evaluating device performance under realistic operating conditions. Overall, the proposed approach

provides a unified and computationally efficient framework for predicting open-circuit voltage and

short-circuit current density and for relating them to the underlying physical processes in small-

molecule organic solar cells.

Introduction

Organic solar cells (OSCs) offer compelling advantages over
traditional inorganic photovoltaic technologies,1,2 including
tunable optoelectronic properties,3,4 mechanical flexibility,5,6

lightweight construction, compatibility with low-temperature
solution-processing,7 and the potential for scalable, cost-effective
manufacturing. Such attributes make OSCs promising candidates
for emerging applications such as wearable electronics,8,9

building-integrated photovoltaics, and semi-transparent
power-generating surfaces.10

Among the most explored OSC architectures, the bulk
heterojunction (BHJ) design represents a significant improve-
ment over earlier bilayer structures, which suffer from limited
exciton diffusion and inefficient charge dissociation.1,11 In BHJ

devices, donor and acceptor materials are intimately mixed on
the nanoscale, allowing for improved exciton harvesting and
charge separation efficiency.12–14

Although polymer donor-small molecule acceptor systems
represent an important class of high-efficiency organic solar
cells,15 bulk heterojunction devices entirely based on small
molecules have achieved comparable power conversion effi-
ciencies (PCE), exceeding 14% and, in some cases, approaching
or surpassing 17%.16–20 Unlike polymers, small molecules
enable more consistent control over the active layer morphol-
ogy in BHJs. This improved morphological control enhances
charge transport and reduces recombination losses, and also
contributes to better device reproducibility.21,22

Despite their promising characteristics, organic solar cells
have not yet achieved commercial success, due to challenges
related to stability and scalability, but primarily because of
performance limitations such as lower power conversion effi-
ciencies compared to inorganic solar cells,23–25 even though a
steady increase in the maximum PCE has been observed over
the years, breaking lately the 20% threshold.26
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A solar cell is characterized in terms of open-circuit voltage,
VOC, and short-circuit current density, JSC. The factors that
determine these key quantities have been the subject of exten-
sive investigation and are now well established.27–34 Unlike
their inorganic counterparts, organic materials suffer from
low dielectric constants, leading to strongly bound excitons
whose dissociation requires energetic offsets at the donor–
acceptor interface, which inherently limits VOC.35 Additional
losses arise from trap-assisted recombination,36 non-radiative
decay,14,30 and subgap absorption associated with charge-
transfer (CT) states and tail states, which introduce recombination
pathways below the optical gap.37,38 Moreover, the carbon-based
backbone of organic materials supports high-frequency vibrational
modes, primarily C–C stretching vibrations,39 which can couple
with electronic transitions and promote non-radiative decay, espe-
cially from CT states. These vibronic effects, together with limited
charge carrier mobility and interfacial energy mismatches, reduce
the overall efficiency of the device.28,40

To overcome this issue, considerable effort has been devoted
to identify new materials for solar cells.2,30 Machine learning
algorithms are becoming increasingly popular.41–45 Despite
their effectiveness, these methods rely heavily on extensive
experimental data, which can still limit their applicability.46,47

Therefore, developing traditional approaches alongside
machine learning is important, as it offers additional insight into
device operation and supports improved OSC design.27,28,48

With this goal in mind, we present a theoretical approach
aimed at (1) predicting the open-circuit voltage and short-
circuit current of bulk heterojunction solar cells based on
non-polymeric donor and acceptor materials, and (2) inter-
preting the main factors that govern the open-circuit voltage.
The method computes, from first principles, the most relevant
quantities needed to VOC and JSC.

Our approach is novel in its use of the Franck–Condon
weighted density of states (FCWD), which plays a central
role in this work. While this quantity has previously been used
to rationalize voltage loss mechanisms within simplified
frameworks,27,28 we extend its use to a genuinely predictive
level. Specifically, we predict the emission and non-radiative
decay rates of the charge-transfer state, together with the entire
absorption profile, by computing the FCWD from first princi-
ples, without introducing any empirical parameter.

Furthermore, the Franck–Condon weighted density of states
inherently incorporates thermal effects,49,50 which enables a
direct investigation of the temperature dependence of VOC and
JSC. This capability is particularly relevant for assessing solar-cell
performance under realistic outdoor operating conditions.51,52

All the quantities needed to predict VOC and JSC are herein
obtained by quantum chemical computations with the follow-
ing exceptions: (i) the charge-transfer state energy is evaluated
from experimental redox free energies estimated by voltam-
metry and/or photoelectron spectroscopy; (ii) the donor and
acceptor excitation energies are inferred from the observed
absorption spectra of the isolated components, and assigned
by means of the computed FCWD. Notably, measuring redox
potentials and absorption spectra on isolated components is

far simpler than fabricating the full solar cell. Finally, the
method uses four adjustable parameters: the number density
of active CT complexes, layer thickness, refractive index, and
blend density, but the results are rather insensitive to their
values.

In order to test the method, we applied it to eight devices for
which the experimentally reported blend composition, donor:-
acceptor ratio, VOC, and JSC are available.

While most calculations presented here have been per-
formed at a fixed temperature of 300 K, since experimental
values of the open-circuit voltage and short-circuit current
density are available only at room temperature for the investi-
gated systems, we have also carried out calculations at different
temperatures to quantitatively assess the ability of our method
to reproduce the temperature dependence of VOC and JSC.

Theoretical methodology

When the solar cell is at open-circuit, the overall current flow
through the device is null. Hence, recombination and photo-
current densities must coincide:53

Jrec(VOC) = Jph(VOC), (1)

where Jrec(V) is due to the migration of electrons and holes that,
ultimately, recombine at the interface, whereas Jph(V) is the
difference between the dark and light current at the internal
voltage V. In order to determine VOC, we adopt the Shockley
non-ideal diode equation:54,55

JrecðVÞ ¼ J0 exp
qV

nidkBT

� �
� 1

� �
; (2)

where T is the absolute temperature, q the elementary charge,
and kB the Boltzmann constant. J0 is the saturation current
density, i.e., the sum of the current densities arising from all
radiative and non-radiative recombination mechanisms oper-
ating within the device:

J0 = J0,rad + J0,nr. (3)

The subscript 0 is used because, even in the dark, photons are
absorbed as the solar cell remains in equilibrium with the thermal
radiation from the surroundings.27,48 Finally, nid is the ideality
factor; that empirical quantity equals 1 when only direct radiative
recombination occurs, it is expected to range between 1 and 2 for
trap-assisted recombination, and has been reported to be lower
than 1 when recombination takes place at the interface between the
absorber layer and the electrode in thin-film cells.56,57

At open circuit, the internal voltage V is equal to VOC.
Substituting eqn (1) into (2) and solving for VOC, we obtain:

VOC ¼
nidkBT

q
ln

Jph VOCð Þ
J0

þ 1

� �
: (4)

As is well known, the actual VOC can be decomposed into a
radiative component and a term accounting for non-radiative
losses:27,58

VOC = VOC,rad � DVOC,nr. (5)
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For an ideal device where only radiative processes are present,
we have J0 = J0,rad and nid = 1. According to eqn (4):27

VOC;rad ¼
kBT

q
ln

Jph VOC;rad

� �
J0;rad

þ 1

� �
; (6)

where Jph(VOC,rad) is the photocurrent when only radiative
processes are considered. The quantity VOC,rad represents the
maximum possible value of VOC in a system where radiative
recombination is the only active mechanism. Note that VOC,rad

is lower than the Shockley–Queisser limit unless the external
quantum efficiency (EQE), i.e., the ratio of the number of
charge carriers collected at the electrodes by the solar cell to
the number of incident photons at a given frequency is a step
function of the radiation energy E:

QðeÞ ¼
0 for EoEg

1 for E � Eg;

(

with Q(e) being external quantum efficiency and Eg the optical
bandgap.53

When the superposition principle applies,59,60 i.e., the total
current under illumination is the sum of photocurrent and
dark current, it follows that

Jph(VOC) = JSC, (7)

where JSC is the short circuit current density, which becomes

Jph(VOC,rad) = JSC (8)

under the conditions of eqn (6). Therefore, we can use the
equality (8) in eqn (6):

VOC;rad ¼
kBT

q
ln

JSC

J0;rad
þ 1

� �
: (9)

We further note that VOC (and a fortiori VOC,rad) must be much
higher than kBT/q for the device to operate with reasonable
photovoltaic efficiency. By applying this condition to eqn (6),
and taking into account eqn (8), VOC,rad can be safely approxi-
mated as

VOC;rad ffi
kBT

q
ln

JSC

J0;rad
: (10)

JSC is typically measured with greater accuracy than Jph(VOC), as
it corresponds to the current under conditions of negligible
resistance. Indeed, under open-circuit, the absence of external
current prevents the series resistance from affecting the device
behavior. Even when the conditions for the superposition
principle are not strictly fulfilled, approximation in eqn (7)
introduces only a minor error in the calculation of VOC, of the
order of kBT/q.53

The short circuit current density, in the Shockley–Queisser
approach, is defined as

JSC ¼ q

ð
QðeÞðEÞfsunðEÞdE; (11)

where fsun(E) is the solar emission spectrum.61

The present model is simplified in that it assumes infinite
carrier mobility and neglects bulk transport phenomena such

as bimolecular recombination, trap-assisted Shockley–Read–
Hall losses, and field-dependent charge extraction. Conse-
quently, the calculated JSC is expected to be somewhat over-
estimated, at least for D:A blends with limited carrier mobility
or significant transport losses.

Under thermal equilibrium, emission originates from car-
riers at temperature T, resulting in a spectral shape close to
blackbody radiation. Therefore, the radiative saturation current
density is:53,61

J0;rad ¼ q

ð
QðeÞðEÞfBBðE;TÞdE; (12)

where fBB(E) is the spectral photon flux obtained by dividing
Planck’s blackbody radiation by photon energy:

fBBðE;TÞdE ¼
2pE2

h3c2
1

exp E=kBTð Þ � 1
dE: (13)

Assuming perfect electron transport and no losses of photo-
induced charge carriers, the absorptance of the device, A(E) is
equivalent to its ideal EQE when operating as a solar cell.
Therefore we can write:

Q(e)(E) = A(E) (14)

in eqn (11) and (12). In light of eqn (9)–(14), it is essential
to obtain accurate expressions for fsun and A(E) in order
to compute VOC,rad and JSC. We adopt the AM1.5G standard
reference spectrum as fsun.62,63 Assuming no reflectance at the
surface, unity reflectance from the back electrode and invoking
Lambert–Beer law with no interference, we can express the
absorptance as:

A(E) = 1 � e�2a(E)d, (15)

where d is the thickness of the layer, herein taken as an
adjustable parameter with the default value of 100 nm, a the
absorption coefficient and the factor 2 accounts for the double
pass of the beam due to complete reflection. Although we
make use of eqn (15) to compute A(E), absorptance can be
approximated as

A(E) E 2a(E)d (16)

for very thin films.
Following previous work, we express the absorption coeffi-

cient a(E) as:27,64

a(E) = aA(E) + aD(E) + aCT(E), (17)

where the suffixes A, D, and CT refer to the absorption of donor,
acceptor and CT complex at interface, respectively.

In most of the spectrum, the absorption of donor:acceptor
blends can be approximated as a linear combination of the
individual spectra of the donor and acceptor, weighted by their
blending ratios. However, this approximation can fail in the
lower-energy region, where the absorption of both D and A can
be vanishingly small, yet absorption shoulders or low intensity
peaks are possibly observed. These localized tail states within
the bandgap are commonly attributed to structural defects and
imperfections inherent to the low crystallinity characteristic of
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thin-film bulk heterojunction solar cells. These defects can lead
to local fluctuations in the donor’s HOMO–LUMO energy levels,
potentially giving rise to trap states. Alternatively, such features
may originate from absorption processes associated with
charged polarons, phenomena invoked in cells utilizing poly-
meric donors with extended conjugation in combination with
fullerene acceptors.38,64 However, one must also consider the
contribution of tails associated with intermolecular charge-transfer
absorption, which involves direct excitation from the donor’s
HOMO to the acceptor’s LUMO, as illustrated in Fig. 1a. These
tails are detected when there is a large energy offset between the
absorption edges of the donor and/or the acceptor and the CT state
energy. Otherwise, the CT absorption is buried under the much
stronger signals of the individual components.65

Although the absorption cross sections of both CT states and
impurity-induced transitions are noticeably smaller than those
of singlet excitons, their contribution to photovoltaic losses is
significant and cannot be omitted because it can be detrimen-
tal for power conversion efficiency.27,38

The absorption coefficient of the species S (D or A) in a blend
can be described under the Born–Oppenheimer and Condon
approximations. The derivation also invokes the relationship
between absorption and emission as described by the Einstein
coefficients, assumes the validity of the Lambert–Beer law,
adopts the electric dipole approximation,66 and includes the
isotropic orientational averaging of transition dipole moments.
The resulting expression for aS is given in SI units as:

aSð�ho;TÞ ¼
pN ArnwS lS

tr

�� ��2
3e0cMS�h

ð�hoÞOS ES � �ho;Tð Þ: (18)

Here, o is the angular frequency of the radiation, wS is the
weight fraction of the species S, MS is its molar mass, N A is
Avogadro’s number, n is the refractive index (real part, assumed
constant), r is the blend density, lS

tr is the transition electric
dipole moment for absorption leading to an excited state with
electronic energy ES above the ground state, and OS(ES � h�o, T)
is the FCWD for the absorption.

In our model, the refractive index n and the density r are
treated as adjustable parameters. For the former, we use the
default value n = 1.5.27 The blend density is set per default to
1.2 kg dm�3, because r B 1.0 kg dm�3 for BHJ cells, with
reported values ranging from 0.8 to 1.5 kg dm�3.67

For donor and acceptor species, the weight fraction wS is
derived from the actual composition of a given device.
The dipole strength (|lS

tr|)2 is estimated at the time-
dependent density functional theory (TDDFT) level (see the
computational details) and corresponds to the absorption
leading to the first singlet excited state for the systems
considered here. However, our methodology is also capable of
treating cases where multiple excited states, including triplet
states, are involved.14,68–70

The Franck–Condon weighted density of vibrational states is
computed using the generating function approach (GF), which
accounts for the entire vibrational manifold, includes thermal
effects, and incorporates mode mixing (see the computational
details).31,69–74 Equilibrium geometries and Hessian matrices
of the involved electronic states are obtained by DFT/TDDFT
computations. Even ES could in principle be obtained by
TDDFT calculations. However, for the sake of accuracy, we
extract excitation energies from absorption spectra of pure
donor or acceptor films, by aligning the computed and
observed Franck–Condon weighted densities, as illustrated
below.31,75

We apply eqn (18) also to the absorption leading to the
charge-transfer state, with the following details: (1) the molar
mass of the active CT complex is taken as the sum of the molar
masses of the donor and the acceptor. (2) Its weight fraction is
set such that the number density of the active CT complex is
100 times lower than the minimum number density of the
donor and acceptor, consistent with previous studies assuming
for the CT exciton a volume 100 times larger than that of a
localized exciton.27 The weight fractions of D and A are then
adjusted so that the sum of all three weight fractions equals
one. (3) The transition dipole moment, lCT

tr , connecting the
ground and CT states (Fig. 1a) is evaluated at the TDDFT level
by using the diabatization scheme detailed in the computa-
tional details. Calculations are performed for the minimum-
energy configuration of the D:A complex in the ground state, as
determined by molecular mechanics computations. (4) Under
the assumption of weak interaction between D and A, the
Franck–Condon weighted density of states of the CT state
corresponds to that of a bimolecular process, and is thus
obtained by convolving the FCWDs of the two half-reactions
in eqn (19):

D! Dþ þ e�;

Aþ e� ! A�:
(19)

The convolution is given by

OCTðE;TÞ ¼
ð1
�1

OD=DþðZ;TÞOA=A�ðZ� E;TÞdZ; (20)

Fig. 1 (a) Scheme of the sub band-gap process, i.e., the intermolecular
charge-transfer transition from the HOMO of the donor to the LUMO of
the acceptor. (b) Portion of the Jablonski diagram presenting the for-
mation of a charge-transfer state via the photo-electron transfer (PET)
process from the excited donor molecule, which could be followed by
either radiative or non radiative charge recombination to the ground state.
The corresponding radiative and non-radiative decay rates of the CT state
are denoted by krad and knr, respectively.
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where OD/D+ and OA/A� are the FCWDs for the processes in
eqn (19), whose global reaction energy equals the CT energy
(Fig. 1):

ECT = IP(D) � EA(A), (21)

in which IP and EA denote ionization potential and electron
affinity, respectively. Both quantities are here inferred from
available experimental data. In summary, eqn (6)–(21) allow the
computation of VOC,rad and JSC.

Non-radiative voltage losses, represented by the term DVOC,nr

(eqn (5)), are better recognized when formulated in terms of
reciprocity relations that link the device operating as a solar
cell (under illuminated conditions) to its electroluminescent
behavior as a light-emitting diode (LED) in the dark. The light-
emitting diode external quantum efficiency Q(e)

LED of the solar
cell is defined as the ratio between the number of photons
emitted outside the device by the equivalent LED (when oper-
ating in the dark) and the number of CT states generated within
it by the application of a voltage bias. This quantity can be
expressed in terms of the recombination current densities:

Q
ðeÞ
LEDðVÞ ¼

JradðVÞ
JradðVÞ þ JnrðVÞ

¼ JradðVÞ
JrecðVÞ

; (22)

where Jrad(V) is the current density due to charge-recombination
events that produce photons, while Jnr(V) represents the current
density due to non-radiative recombination events that do not
emit photons but lead to dissipation at the bias voltage V.

Considering a bias voltage V = VOC and using the Shockley
law for Jrad together with the approximation used in eqn (10):

Jrad ¼ J0;rad exp
qVOC

kBT

� �
� 1

� �
ffi J0;rad exp

qVOC

kBT

� �
: (23)

Inserting eqn (23) in eqn (22):

ln Q
ðeÞ
LED

	 

¼ ln

J0;rad exp
qVOC

kBT

� �
Jrec VOCð Þ

2
664

3
775 ¼ qVOC

kBT
þ ln

J0;rad

Jrec VOCð Þ

� �
:

(24)

Using (24), (1) and (7):

kBT

q
ln Q

ðeÞ
LED VOCð Þ

h i
¼ VOC þ

kBT

q
ln

J0;rad

JSC

� �
(25)

The latter equation, in conjunction with (10) and (5), gives:

DVOC;nr ¼ �
kBT

q
ln Q

ðeÞ
LED VOCð Þ

h i
: (26)

Eqn (26) and (10) illustrate the effects of the reciprocity between
absorption and emission: A high-performance solar cell com-
bines efficient photon absorption to enhance JSC and hence
VOC,rad with effective radiative emission, as the latter mitigates
the effects of nonradiative losses and thus enhances VOC.40

Q(e)
LED(VOC) can be related to the internal quantum efficiency

for luminescence, Q(i)
LED(VOC), which is defined as the ratio

between the number of photons generated inside the LED
and the number of CT states formed in the device under the

application of the voltage bias VOC. By disregarding surface
recombination and assuming that recombination rates are
independent of the spatial location within the absorber – an
assumption consistent with the use of an isotropic and spatially
uniform refractive index – Q(i)

LED can be expressed in terms of
radiative (krad) and non-radiative (knr) recombination rates of
the CT state, as schematically illustrated in Fig. 1b:61,76

Q
ðiÞ
LED VOCð Þ ¼ krad

krad þ knr
: (27)

Eqn (27) and (22) can be related. Both Jnr and knr quantify
photon losses through non-radiative processes, i.e., they
account for recombination events that do not result in light
emission. In contrast, only a fraction, denoted pe, of the
photons emitted via radiative recombination – and thus con-
tributing to krad – are externally emitted, thereby also contribut-
ing to Jrad. This consideration allows us to write:

Q
ðeÞ
LED ¼

pekrad

pekrad þ knr
: (28)

This expression can be readily understood by interpreting pe as
the probability that a photon generated by radiative recombi-
nation escapes the device without being reabsorbed. Inserting
(28) into (26) yields:27

DVOC;nr ¼ �
kBT

q
ln

pekrad

knr þ pekrad

� �
: (29)

Upon neglecting interference effects and the spatial depen-
dence of rates, pe turns out to be:61,77

pe ¼
Ð
AðEÞfBBðE;TÞdE

4d
Ð
n2aðEÞfBBðE;TÞdE

: (30)

In the thin-film limit, it follows from eqn (16) and (30) that

pe �
1

2n2
: (31)

Radiative recombination rates are herein computed
using Fermi’s golden rule, with the FCWD obtained by the GF
approach:31,71

krad ¼
n3 lCT

tr

�� ��2
3pe0�h4

ð
�ho
c

� �3

Oem
CT �ECT þ �ho;Tð Þdð�hoÞ: (32)

Oem
CT is the FCWD for the emission of the CT complex giving rise

to charge recombination, computed through the convolution of
the FCWDs for the inverse half-reactions in eqn (19). Here, the
transition dipole moment for the vertical emission of CT, (lCT

tr ),
should be evaluated for the equilibrium geometry that the
active D:A complex assumes in the excited state. Nevertheless,
the same transition dipole moment as for absorption is herein
used, since determining the excited-state equilibrium geometry
of the D:A complex at the TDDFT level would be too demanding
for such large systems. However, this approximation should not
introduce a major error, as in the solid phase the D:A pair is
expected to undergo only minimal structural relaxation upon
excitation.78
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Within Fermi’s golden rule formalism, the non-radiative
recombination rate turns out to be:

knr ¼
2p
�h

VCTh i2Oem
CTð0;TÞ; (33)

where VCT is the absolute value of the electronic coupling
between the CT and the ground state. To determine the
donor–acceptor electronic coupling, a statistically representa-
tive ensemble of donor–acceptor configurations must be con-
sidered. Indeed, in disordered organic semiconductors, the
coupling is highly sensitive to the relative donor–acceptor
geometry. Within our framework, classical molecular dynamics
(MD) simulations are employed to sample local donor–acceptor
interfacial arrangements and generate a statistically represen-
tative ensemble of configurations.79,80 The electronic coupling
is then computed for each sampled configuration according to:

VCT = |hfh|F̂|fci|, (34)

where fh and fc are the unperturbed HOMO of isolated D and
the unperturbed LUMO of isolated A, respectively, and F̂ is the
Kohn–Sham-Fock operator of the D:A complex.81–83 Finally, an
effective coupling is obtained as a statistical average over the
ensemble (see Computational details). This approach has been
successfully applied in numerous theoretical studies of charge-
transfer states in organic photovoltaic blends.13,14,84–86

Although real bulk heterojunction films can exhibit complex
mesoscale features, such as vertical phase segregation,
variations in domain purity, and composition gradients that
depend on processing conditions, these features mainly affect
the amount and spatial distribution of donor–acceptor inter-
faces, rather than the electronic interactions at an individual
donor–acceptor contact. Since charge carriers are assumed to
have infinite mobility within the present framework (see
above), mesoscale transport pathways do not explicitly enter
the model. Accordingly, molecular dynamics simulations, used
only to infer VCT, are aimed at sampling local donor–acceptor
interfacial configurations relevant for charge-transfer state
formation rather than reproducing the full mesoscale morphol-
ogy of bulk heterojunction films. Therefore, the evaluation of
VCT based on local interfacial configurations is sufficient for
capturing the physics of the CT state addressed in this work.

Results and discussion

The method was tested on the binary cells experimentally
investigated and listed in Table 1, which reports each D:A
couple along with the experimental weight ratio, the measured
and predicted open-circuit voltage, short-circuit current density
and the observed power conversion efficiency. The molecular
structures of the investigated donor and acceptor materials are
provided in Fig. S1 and S2 in the SI.

The selected blends display VOC values in the range 0.46–
0.92 V and JSC values between approximately 6 and 24 mA cm�2,
with PCE spanning from 0.9 to 14.3% (Table 1). These ranges
cover a large portion of experimental results reported in the
literature, reflecting the typical performance window observed

for bulk heterojunction solar cells across various donor–accep-
tor compositions.

As shown in Table 1 (see also Fig. S2 in the SI), we
considered both fullerene (C60, PCBM70) and non fullerene
acceptors (NFA) such as Y6 and IDIC-4Cl, which address key
limitations of fullerene based systems, including low absorp-
tion coefficients, poor chemical stability, tendency to self
aggregate into pure domains that reduce the donor acceptor
interfacial area, and limited energy tunability.16,91

The donor structures are shown in Fig. S1 of the SI. FG3 and
FG4 were used for their complementary absorption spectra with
Y6 as the acceptor.31,87 Additional donors include ZR1, known
for short p�p stacking that enhances hole transport,16

DRCN5T, an A–D–A donor with an oligothiophene core,90 DTS, a
D–A–D type low band-gap donor available commercially,88 BTEC-
2F, featuring fluorinated thiophene units,89 and a-6T, composed of
six thiophene rings, often used as a model compound able to
capture the key electronic features of conjugated polymeric
donors.92

The structural characteristics of both donors and acceptors
are reflected in the FCWD. The latter plays a pivotal role also
because it permits to infer reliable estimates of the DE00

adiabatic energies associated with the S1 ’ S0 excitation of
the cell components.

Fig. 2 compares the FCWDs computed via the GF approach
with those experimentally extracted from the absorption spec-
tra of the BTEC-2F donor and IDIC-4Cl acceptor recorded in
thin films.16,89 Theoretical profiles reproduce the experimental
band shapes and widths without any additional broadening or
fitting parameters.

In our methodology, the purely electronic gap DE is initially
set to zero in eqn (42), and the computed FCWD is rigidly
shifted along the energy axis to best match the experimental
FCWD; this energy shift directly yields the DE00 value.

Previous studies have shown that the DE00 values obtained
by aligning the computed FCWD with the experimental FCWD
of either absorption or emission (even phosphorescence) pro-
vides more accurate DE00 estimates than those derived solely
from DFT or TDDFT computations (see also Table S1 in the SI
and ref. 68 and 75). The DE00 values obtained through this
procedure, reported in Table 2 as ED and EA, are then used in

Table 1 Donor:acceptor (D:A) pairs together with their mass ratio and
observed power conversion efficiency (PCE). Observed (exp) and pre-
dicted (theor) open-circuit voltage (VOC, V) and short-circuit current
density (JSC, mA cm�2). All data refer to T = 300 K

D:A Weight ratio V(exp)
OC V(theor)

OC J(exp)
SC J(theor)

SC PCE (%)

FG3:Y6a 1 : 1.5 0.90 0.95 18.38 27.39 10.75
FG4:Y6a 1 : 1.5 0.79 0.84 20.92 24.98 11.07
DTS:PCBM70b 1 : 0.7 0.80 0.80 13.40 13.06 6.02
a-6T:C60

c 1 : 1.5 0.46 0.55 5.70 7.30 0.90
ZR1:Y6d 1 : 0.5 0.86 0.89 24.34 27.44 14.27
ZR1:IDIC-4Cld 1 : 0.7 0.78 0.87 18.27 25.59 9.58
BTEC-2F:Y6e 1 : 1 0.85 0.90 21.55 24.33 13.34
DRCN5T:PCBM70f 1 : 0.8 0.92 0.90 15.66 12.60 9.80

a Ref. 87. b Ref. 88. c Ref. 39. J(exp.)
SC refers to the cell with composition

1 : 19 ratio. d Ref. 16. e Ref. 89. f Ref. 90.
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eqn (18) to compute a for all donors and acceptors, except for
C60 and PCBM70, whose adiabatic excitation energies are taken
from ref. 93, due to the well-known difficulties in resolving the
S1 ’ S0 absorption band of fullerenes.94

Table 2 also presents, for each D:A pair, the dipole strength
associated with the S1 ’ S0 transition of all donor and acceptor
species, as predicted by TDDFT calculations. For the weakly
absorbing C60 and PCBM70 systems, the dipole strength was
obtained via the diabatization procedure outlined in the Com-
putational details. The weak absorption of fullerene acceptors
(Table 2) is also reflected in the low dipole strength of the CT
states formed with the donor.

The CT energies in Table 2 were calculated from eqn (21)
using absolute redox potentials of donors and acceptors mea-
sured by voltammetry in the same laboratory, whenever possi-
ble (see Table S1 in the SI). For a-6T, voltammetric data
are unavailable because it tends to polymerize on commonly
used electrodes.100,101 Thus, in lieu of the absolute oxidation
potential, its ionization potential was used, as obtained via
photoelectron yield spectroscopy on 3D thin films.97

Table 2 shows that CT energies range from approximately
1.0 to 1.3 eV and couplings between the ground state and CT
state (VCT) are of the order of tens of meV, as expected.28

Predicted VOC and JSC are reported in Table 1 and plotted in
Fig. 3 against measured values.

Comparison of predicted and observed VOC values (Table 1
and the top panel of Fig. 3) indicates generally good agreement.
The mean absolute error (MAE) amounts to 0.05 V, corresponding
to an average percent error of about 6%, with deviations within
0.05 V for six of the eight devices examined. The mean signed error
(MSE) is +0.04 V, reflecting a slight overestimation.

The predicted values of JSC (Table 1 and bottom panel of
Fig. 3) yield an MAE of 3.89 mA cm�2. The quantitative
agreement for JSC is overall satisfactory within the present level
of approximation. At the same time, the model correctly
discriminates between fullerene- and non-fullerene-based D:A
blends through the predicted JSC values, yielding systematically
lower JSC for fullerene-based cells than for non-fullerene-based
ones, in line with their different optical absorptance (eqn (11)).

The MSE is 3.06 mA cm�2, indicating an overall positive
deviation. Overestimated JSC are found for blends employing
non-fullerene acceptors. This behavior is consistent with the
assumptions adopted here, namely an infinite-mobility limit and
the neglect of trap-assisted recombination, as fullerene-based bulk
heterojunctions are typically found to exhibit higher mobilities
than NFA-based cells.102–104 Further evidence supporting this
analysis is provided by comparing the JSC values of the FG3:Y6
and FG4:Y6 systems (Table 1). For FG3:Y6, the computed JSC

exceeds the experimental value by approximately 9 mA cm�2,
whereas for FG4:Y6 the overestimation is reduced to only
4 mA cm�2. Under the same assumptions of infinite carrier
mobility and neglected trap-assisted recombination, the different
magnitude of this overestimation can be rationalized by the higher
hole mobility and weaker trap-assisted recombination in FG4:Y6
compared to FG3:Y6, as determined from experimental studies.87

An overestimation of JSC could, in principle, lead to an
overestimation of VOC,rad (eqn (10)), which in turn would

Fig. 2 Predicted (blue) and observed (red) FCWDs for the S1 ’ S0

absorption of BTEC-2F and IDIC-4Cl at T = 300 K (top and bottom,
respectively).16,89 Vertical dotted lines mark the adiabatic excitation energy
(DE00) values obtained by spectral alignment. The experimental FCWDs
extend further to the right due to additional absorptions leading to higher
energy excited states not included in the calculations.

Table 2 Excitation energies of the donor and acceptor (ED, EA, eV)
obtained by aligning the experimental and computed FCWDs for S1 ’

S0 absorption, except for C60 and PCBM70, see main text. Charge-transfer
energies (ECT, eV) from voltammetric experiments, unless otherwise spe-
cified. Predicted dipole strengths for the donor (|lD

tr|
2) and the acceptor

(|lA
tr|

2) as isolated species. Dipole strength for the CT state (|lCT
tr |2) predicted

by using the diabatization method. All dipole strengths are given in Debye2.
Predicted electronic couplings (VCT, meV) used in the calculation of non-
radiative recombination rates

D:A ED EA ECT |lD
tr|

2 |lA
tr|

2 |lCT
tr |2 VCT

FG3:Y6 1.65a 1.48a 1.33a 603.66 385.18 125.79 4.9
FG4:Y6 1.48a 1.48a 1.11a 842.91 385.18 138.50 4.1
DTS:PCBM70 1.79b 1.80c 1.21bd 337.87 4.75e 7.69 7.0
a-6T:C60 2.37f 1.85c 1.03g 235.65 0.15e 0.17 14.1
ZR1:Y6 1.95h 1.48a 1.26h 506.86 385.18 22.17 6.6
ZR1:IDIC-4Cl 1.95h 1.57h 1.22h 506.86 479.47 249.57 4.8
BTEC-2F:Y6 1.95i 1.48i 1.29i 369.50 385.18 166.41 19.3
DRCN5T:PCBM70 1.79j 1.80c 1.31dj 425.94 32.9e 58.43 10.5

a Ref. 87. b Ref. 88. c Ref. 93. d Ref. 95. e |lA
tr|

2 obtained by the diabati-
zation method. f Ref. 96. g The ionization potential of a-6T has been
determined via photoelectron spectroscopy on 3D thin films,97 whereas
the oxidation free energy of C60 has been inferred from voltammetry
measurements using ferrocenium/ferrocene (Fc+/Fc) as internal refer-
ence and carried out on thin films of C60 adhered to Pt electrode in
acetonitrile;98 the absolute reduction potential of the Fc+/Fc couple has
been set at 4.98 V.99 h Ref. 16. i Ref. 89. j Ref. 90.
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suggest that the slight overestimation of VOC originates from an
overestimated radiative component. However, this may not be
the case. For the a-6T:C60, ZR1:Y6, and ZR1:IDIC-4Cl devices,
experimental determinations of both VOC and DVOC,nr are
available (Table 3). In these cases, the comparison between
predicted and measured DVOC,nr reveals that the slight over-
estimation of VOC mainly arises from an underestimation of
DVOC,nr. Considering, for instance, the blend exhibiting the
largest deviation in VOC, namely a-6T:C60 (0.09 V), the predicted
VOC is 0.55 V, while the observed value is 0.46 V. For this blend,
the predicted nonradiative voltage loss DVOC,nr amounts to
0.41 V, compared to the observed value of 0.46 V, thereby confirm-
ing an underestimation of DVOC,nr by the model. The occurrence of
the largest deviation for the a-6T:C60 cell is somewhat expected, as

the donor IP and acceptor EA entering ECT (eqn (21)) are not fully
consistent. Specifically, the IP of a-6T (4.84 eV) is derived from
photoelectron spectroscopy on 3D molecular sheets,97 whereas the
EA of C60 (3.81 eV) is inferred from the reduction free energy
measured by voltammetry on films formed on platinum electrodes
in acetonitrile.98 A more internally consistent estimate could be
obtained by employing the solid-state EA of C60. Indeed, assuming
for C60 an EA of 3.90 eV, well compatible with the range of reported
values 3.5–4.4 eV,105,106 instead of 3.81 eV would yield an almost
perfect match between predicted and experimental VOC. This high-
lights the need for accurate determinations of ECT for quantitative
predictions.

Table 2 shows that, for NFA-based cells, TDDFT calculations
generally predict large dipole strengths for the charge-transfer
state, comparable in magnitude to those of the individual
components. These values appear to be overestimated, since
their use leads to predicted maximum values of aCT that
occasionally exceed B103 cm�1, as shown in Fig. 4, whereas
the measured absorption coefficients in the subgap region
typically amount to only a few hundred cm�1.64 Therefore, to
assess the impact of |lCT

tr |2 on VOC,rad, DVOC,nr, and JSC, we
performed numerical tests in which the dipole strength was
scaled by factors of 1/25 and 1/100. As shown in Table 4, upon
reducing the oscillator strength, for NFA-based cells both JSC

and VOC,rad remain nearly constant and very close to the values
obtained using the unscaled dipole strengths (compare with
Table 3). Thus, even if CT dipole strengths are somewhat
overestimated, this does not significantly affect the predicted
absorptance. On the opposite, DVOC,nr increases by about 0.09 V
when |lCT

tr |2 is reduced by a factor of 25, and by about 0.12 V
when it is lowered by a factor of 100. This provides, although
not conclusive, a further indication that predicted DVOC,nr are
possibly slightly underestimated due to overestimated dipole
strengths for emission. The present implementation employs
two approximations. First, the same dipole strength is used for

Fig. 3 Predicted vs. observed VOC (top) and JSC (bottom) at T = 300 K.
Solid lines have null intercept and unitary slope.

Table 3 Predicted values of VOC,rad, DVOC,nr (V); krad and knr (s�1) at
T = 300 K

D:A VOC,rad DVOC,nr krad knr

FG3:Y6 1.11 0.16 5.84 � 108 3.61 � 1010

FG4:Y6 1.00 0.16 4.45 � 108 5.68 � 1010

DTS:PCBM70 1.06 0.26 3.74 � 107 1.91 � 1011

a-6T:C60 0.96 0.41a 4.23 � 105 7.56 � 1011

ZR1:Y6 1.09 0.20b 5.60 � 107 2.17 � 1010

ZR1:IDIC-4Cl 0.99 0.12c 6.00 � 108 1.44 � 1010

BTEC-2F:Y6 1.07 0.17 4.90 � 108 6.42 � 1010

DRCN5T:PCBM70 1.11 0.21 2.81 � 108 2.06 � 1011

a Observed DVOC,nr = 0.46 V.39 b Observed DVOC,nr = 0.24 V.16 c Observed
DVOC,nr = 0.38 V.16

Fig. 4 Absorption coefficient of the ZR1 donor (aD, blue), IDIC-4Cl
acceptor (aA, red), and the charge-transfer state (aCT, green), along with
their sum (a, black dashed line), as a function of the incident light
wavenumber, for the ZR1:IDIC-4Cl device at T = 300 K. The spectral
photon flux of the black body (fBB) is shown in purple. The inset highlights
the spectral region where aCT, despite its comparatively weak intensity
relative to the other components, contributes to VOC.
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both absorption and emission, which, as anticipated, is not
expected to be critical. Second, unlike VCT, which is averaged
over several donor–acceptor configurations, |lCT

tr |2 was evalu-
ated only for the minimum-energy D:A complex, due to the
computational cost of TDDFT. This second approximation may
be more relevant, because averaging over multiple configura-
tions of the D:A complex could significantly alter the dipole
strength. In conclusion, our analysis suggests a slight over-
estimation of the dipole strength for the CT state, which in turn
leads to a moderate overestimation of krad and consequently to
a slight underestimation of DVOC,nr. However, it remains
unclear whether this effect originates from the lack of statistical
sampling of |lCT

tr |2, or from overestimation by the adopted
functional (CAM-B3LYP, see the Computational details
section).

The impact of direct formation of the CT state on the open-
circuit voltage can be argued by the inspection of Fig. 4, which
displays the predicted total absorption coefficient of the ZR1:I-
DIC-4Cl blend as a function of the incident light wavenumber,
together with the individual contributions aA, aD, and aCT.
In the range of validity of the thin-film limit (eqn (16)), the
absorptance, i.e., the external quantum efficiency (eqn (14)), is
proportional to a(E). Since the product of the absorptance and
fBB enters the expression of J0,rad (eqn (12)), the larger the
overlap between a(E) and fBB, the larger J0,rad. Therefore, if
the absorption leading to charge-transfer states occurs at low
energy, where fBB is large, J0,rad is large as well. This, in turn,
leads to a decrease of VOC,rad according to eqn (10). Thus,
although aCT is much weaker than aD and aA, its contribution
may still adversely affect the VOC of the device, if it falls at low
energy. That detrimental effect was indeed observed both in
BHJ and perovskite-based solar cells.48,65 Conversely, if the
absorption onset occurs at higher energies, the exponential
decrease of fBB (purple line in Fig. 4) keeps the product a(E)fBB

small. As a result, the overlap remains limited, and J0,rad, and
hence VOC,rad, are only weakly affected. In addition, DVOC,nr

varies only slightly when aCT is included in the prediction of
a(E), see eqn (29) and (31), hence the total VOC decreases by
roughly the same amount as the reduction in VOC,rad upon
considering aCT. As a numerical test, omitting aCT in the ZR1:
IDIC-4Cl calculations shifts VOC,rad from 0.99 to 1.21 V, while
DVOC,nr increases only marginally, from 0.12 to 0.14 V.

Present theoretical predictions for VOC not only show good
agreement with experimental data, but also reflect the correct

behavior of organic solar cells and the nature of its costituents.
Notably, for the absorption of fullerene-based acceptors,
whether the transition dipole moment |lA

tr| is set to zero
(as is the case for the lowest absorption of Ih-symmetric C60)
or evaluated via the diabatization procedure, the resulting
variations in the predicted open-circuit voltage, VOC, are below
approximately 0.02 V, while changes in the short-circuit current
density, JSC, remain under E0.5 mA cm�2.

Moreover, VOC,rad is correctly calculated to increase linearly
with ECT.39 This is evident in the upper panel of Fig. 5, where
computed VOC,rad is plotted against ECT, yielding a clear linear
trend with R2 = 0.79. The bottom panel of the same figure
shows the total VOC as a function of the energy offset DELE–CT,
i.e., the driving force, herein defined as the difference between
the lower of the donor and acceptor excitation energy and ECT.
As predicted by our model, and consistent with simple ener-
getic considerations, a larger offset inevitably leads to addi-
tional losses and thus a lower VOC.40

Table 3 shows that for cells with fullerene acceptors, knr,
i.e., the non-radiative decay rates of the CT state, are predicted
to be generally larger than those for non-fullerene acceptors,
as indeed observed experimentally.107 This increase in non-
radiative recombination rates correlates with higher values of
predicted DVOC,nr in fullerene-based devices compared to non-
fullerene systems, in agreement with experimental observations.

Table 4 Open-circuit voltage components (VOC,rad and DVOC,nr, V) and
short-circuit current density (JSC, mA cm�2) calculated at T = 300 K after
dividing the squared transition dipole moment |lCT

tr |2 by the factors f = 25
and f = 100

D:A

VOC,rad DVOC,nr JSC

f = 25 f = 100 f = 25 f = 100 f = 25 f = 100

FG3:Y6 1.11 1.11 0.24 0.27 27.39 27.39
FG4:Y6 1.07 1.08 0.25 0.29 24.90 24.89
ZR1:Y6 1.10 1.10 0.28 0.32 27.43 27.43
ZRI:IDIC-4Cl 1.08 1.12 0.20 0.24 25.28 25.27
BTEC-2F:Y6 1.09 1.09 0.26 0.30 24.31 24.30

Fig. 5 Top: Predicted VOC,rad as a function of ECT. The solid line is
obtained from a linear fit. Bottom: predicted VOC as a function of the
energy offset, DELE–CT, defined as the difference between the lower of the
donor and acceptor excitation energy and ECT. Red diamonds denote
fullerene based cells; blue circles NFA-based cells. The temperature is set
to 300 K.
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Indeed, non fullerene acceptors have been applied in organic solar
cells also because they ensure lower voltage losses, caused by lower
non radiative recombination rates, when compared to fullerene
based systems.107–109 The top panel of Fig. 6 depicts the non-
radiative voltage loss as a function of ECT. Fullerene-based acceptor
cells (red diamonds), though only three data points are available,
exhibit a clear decreasing linear trend. This pattern was indeed
observed for organic solar cells with fullerene acceptors39 and is
consistent with the energy gap law.110,111 In contrast, blends based
on non-fullerene acceptors (blue circles) exhibit no correlation
between DVOC,nr and ECT, as indeed observed.28 This lack of
correlation is supported by the low R2 = 0.33 value obtained when
considering all data points. The same conclusions emerge from
the bottom panel of Fig. 6, where DVOC,nr is plotted as a function of
DELE–CT. Blends based on non-fullerene acceptors (blue circles)
again show no clear trend. In contrast, fullerene-based cells (red
diamonds) exhibit a clear linear decrease. This trend, too, is
consistent with the energy gap law, which has been demonstrated
to apply only to fullerene-based cells, provided that DELE–CT Z

0.2 eV,28 a value well below those in our data set, where DELE–CT

systematically exceeds 0.4 eV.
Since our treatment of the Franck–Condon weighted density

of states intrinsically accounts for thermal effects, it also allows
the temperature dependence of the open-circuit voltage and
short-circuit current density to be assessed, which is essential
for characterizing device performance under realistic outdoor
operating conditions. The assessment covers three of the
investigated systems, namely a-6T:C60, DTS:PCBM70, and

BTEC-2F:Y6. The results are shown in Fig. 7, which reports
VOC and JSC as a function of temperature in the range 150–
400 K, the latter taken as an upper bound for model validation
rather than steady-state device operation, and are detailed in
Table S2 of the SI, where the corresponding radiative and
nonradiative decay rates, krad and knr, and the radiative and
nonradiative contributions to VOC at the temperatures consid-
ered are also reported.

Inspection of the top panels of Fig. 7 shows that the open-
circuit voltage is predicted to decrease linearly with increasing
temperature. That linear trend has been observed in similar
systems and has been attributed to two main effects: (i) a
broadening of the absorption onset with increasing
temperature,51 and (ii) an enhancement of nonradiative recom-
bination losses.51,52,112,113 Within our framework, the tempera-
ture dependence of the FCWD results in a broader absorptance
which arises because a larger number of vibrational modes
becomes thermally activated as temperature increases. This
effect, via eqn (12), leads to an increased overlap of absorptance
with the black-body photon flux. Since the black-body spectrum
also broadens with temperature, this causes the radiative
saturation current J0,rad to increase more rapidly than JSC.
As a result, the reduction of the logarithmic term (eqn (10))
outweighs the explicit temperature prefactor kBT/q, leading to a
decrease of VOC,rad with increasing temperature. The second
effect is accounted for by the temperature dependence of
charge-transfer state decay: both krad and knr are predicted to
increase with temperature, with knr exhibiting a steeper tem-
perature dependence. This, in turn, causes an increase in
DVOC,nr (eqn (29)), thus further reducing VOC upon increasing
temperature, with the same considerations as before for the
temperature prefactor.

Turning to a quantitative comparison, the temperature
derivatives of the open-circuit voltage predicted by our model
for the a-6T:C60, DTS:PCBM70, and BTEC-2F:Y6 devices are
�1.7, �1.2, and �1.6 mV K�1, respectively. Notably, for the
planar heterojunction a-6T:C60 device, a temperature derivative
of �1.9 mV K�1 can be inferred from the experimental data
reported in ref. 112. Although temperature derivatives are not
available for the other systems investigated here, values of
�1.3 mV K�1 for the DIBSQ:PCBM70 BHJ and �2.9 mV K�1

for the planar heterojunction DBP:C70 have been reported from
experimental measurements in ref. 51 and 52, respectively.
Overall, these comparisons indicate that the present model
not only captures the qualitative trend of VOC with temperature,
but also provides quantitatively reliable estimates of its
temperature dependence.

The bottom panels of Fig. 7 show that our model predicts a
linear increase of JSC with temperature. Available experimental
studies support this trend, reporting an increase of JSC with
temperature,51,52,113 which is found to be approximately linear
over a broad temperature range around 300 K.51,52 This beha-
vior is generally attributed to two main effects, both enhanced
by increasing temperature: (i) the broadening of the absorp-
tance A(E), which increases its overlap with the solar spectrum
(eqn (11)), and (ii) the increase of the charge-carrier mobility.

Fig. 6 Predicted DVOC,nr as a function of ECT (top) and DELE–CT (bottom)
at T = 300 K. Red diamonds denote fullerene based cells; blue circles NFA-
based cells. The solid line is obtained from a linear fit.
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Since our model assumes infinite carrier mobility, the pre-
dicted increase of JSC originates solely from the broadening of
A(E) and the resulting enhanced overlap with fsun. This effect is
shown in Fig. S3 of the SI. In line with this interpretation, for
the planar heterojunction DBP:C70, the short-circuit current
density was observed to increase linearly with temperature
at a rate of 6.0 � 10�3 mA cm�2 K�1 between 298 and 398 K,
and this behavior was attributed primarily to absorptance
broadening.52 In other systems, such as the DIBSQ:PCBM70
BHJ, a temperature derivative of 1.9 � 10�2 mA cm�2 K�1 has
been measured, where the dominant contribution was attrib-
uted to the increase in carrier mobility.51 Despite the simplify-
ing assumptions of our model, we obtain slopes of 7.4 � 10�3,
9.9 � 10�3, and 2.1 � 10�2 mA cm�2 K�1 for a-6T:C60,
DTS:PCBM70, and BTEC-2F:Y6, respectively. These values are
consistent with experimentally reported temperature deriva-
tives and demonstrate that the model also provides realistic
estimates of the temperature dependence of JSC.

The present approach employs four parameters: the refrac-
tive index (default n = 1.5), the film thickness (default d =
100 nm), the blend density (default r = 1.2 kg dm�3), and the
ratio of the number density of the active CT complex and
the minimum of the number densities of the donor and the
acceptor (default r = 10�2). In general, the model exhibits
low sensitivity to these parameters, and the variations (at T =
300 K) resulting from their modification follow the expected
trends.

When increasing the refractive index from n = 1 to n = 2, VOC

(Table S3 in the SI) is predicted to change by less than 0.01 V;
small variations are also predicted for JSC, which increases with
n, consistent with enhanced absorption (see eqn (18)).45

However, this increase, about 2 mA cm�2, is smaller than the
mean absolute error between calculated and observed JSC

values at n = 1.5. Furthermore, predicted pe (Table S4 in the
SI) is in reasonable agreement with eqn (31).

Our predicted VOC exhibits minimal sensitivity to active-layer
thickness, decreasing by roughly 0.03 V, which is smaller than
the MAE of VOC at d = 100 nm, when the thickness increases
from 50 to 200 nm (Table S5 in the SI). JSC increases on average
by 5.7 mA cm�2 over the same range, in close agreement with
experimental observations.114–116

The same trend for VOC, namely an average decrease of
about 0.04 V (see Table S6 in the SI), is predicted by our model
when increasing the active-layer density from 0.8 to the limiting
value of 1.6 kg dm�3. In this range JSC is predicted to increase,
on average by 3 mA cm�2, as a result of the enhanced absorp-
tion associated with the higher density, supporting the same
considerations made for the thickness dependence.

Regarding the number density ratio r of the active CT
complex (Table S7 in the SI), when varying r from 10�3 to 10�1,
the predicted JSC changes negligibly, with an average increase of
only 0.9 mA cm�2. Comparison of data in Table 3 and Table S7 in
the SI shows that VOC decreases in two nearly equal steps, each
averaging about 0.045 V, as r increases from 10�3 to the default
value 10�2, and then from 10�2 to 10�1, thus exhibiting a
logarithmic trend. In particular, upon raising r from the default
(10�2) to the unrealistically large 10�1, the average variation of
VOC matches its mean absolute error evaluated at r = 10�2, thus
indicating, on the whole, a moderate sensitivity of VOC to r.
Because DVOC,nr and JSC remain essentially unchanged with
respect to r, the effect of r concerns only VOC,rad, which depends
logarithmically on the inverse of the dark-saturation current J0,rad

(eqn (10)). As a result, the increase in r leads to an increase in
J0,rad, thus lowering VOC,rad. This clearly reflects the effect illu-
strated in Fig. 4, which shows that the absorption due to the CT
complex – amplified by increasing r – adversely affects VOC.

Fig. 7 Open-circuit voltage (top) and short-circuit current density (bottom) plotted as a function of the temperature for a-6T:C60 (left), DTS:PCBM70
(center), and BTEC-2F:Y6 (right). The red circles denote the computed values, while the dashed grey lines are obtained through linear fitting.
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Table S8 in the SI reports VOC and JSC computed with the
excitation energies of D and A, as well as the CT energies
obtained from DFT/TDDFT calculations using the B3LYP func-
tional. When compared with experimental data, it emerges that
for JSC, both the MAE and the MSE are approximately doubled
relative to predictions that employ experimental excitation and
CT energies. The deviation from the measured values is even
more pronounced for VOC, where the use of calculated energies
yields an MAE of 0.15 V, compared to 0.05 V when experimental
energies are adopted. The VOC values obtained from calculated
energies are generally overestimated (MSE = 0.09 V) because
VOC,rad are systematically overpredicted, while DVOC,nr are
underestimated. A striking example is provided by a-6T:C60,
which corresponds to the system with the largest deviation
relative to experiment. For this case, the model based on DFT-
derived energies predicts a VOC overestimated by 0.53 V and a
DVOC,nr underestimated by 0.09 V.

Inspection of Tables S9 and S10 in the SI reveals that
predicted excitation energies are, on average, underestimated
by 0.27 eV, whereas CT energies are overestimated by 0.31 eV.
This discrepancy mainly originates from a marked underesti-
mation (�0.31 eV) of the electron affinity of the acceptors.
These trends clearly highlight the well-known limitations of
DFT/TDDFT methods in accurately predicting the energies of
excited states and anions,117–121 and they also imply that the
predicted photovoltaic cell characteristics are severely distorted
by such inaccuracies. Specifically, the energy gap between the
donor absorption and the CT transition is strongly reduced,
leading to an erroneous prediction of CT absorption at higher
frequencies which causes an artificial increase in VOC,rad.
Furthermore, higher ECT values generally correspond to regions
where the FCWD for non-radiative emission is less populated.
Consequently, the use of DFT energies results in underesti-
mated knr and, therefore, in underestimated DVOC,nr values.
As an example, for the BTEC-4Cl:Y6 cell, when replacing the
experimental ECT with the DFT-predicted value, the FCWD
evaluated at 300 K (eqn (33)) decreases from 2.24 � 10�6 to
8.75 � 10�8 cm, lowering knr from 6.4 � 1010 to 2.5 � 109 s�1.
As a result, DVOC,nr decreases from 0.17 V (Table 3) to 0.08 V
(Table S8, SI).

Conclusions

We have developed a novel computational framework to inves-
tigate the factors governing the open-circuit voltage in bulk
heterojunction solar cells, and to predict, with reasonable
accuracy, both the open-circuit voltage and the short-circuit
current density of small-molecule-based organic devices
employing either fullerene or non-fullerene acceptors. The core
of the method is the calculation of the external quantum
efficiency of the cell and the rates of the elementary processes
by a rigorous quantum mechanical approach, based on time
dependent perturbation theory in which the Franck–Condon
weighted density of states is computed from first principles,
while MD simulations are used to sample donor–acceptor

configurations in order to obtain averaged electronic couplings.
The approach requires only a few experimental inputs, namely
the redox potentials and absorption spectra of the neat donor
and acceptor materials, and makes use of a small number of
adjustable parameters whose values have only a minor effect.

Although the model is highly simplified, as it neglects many
complexities present in real devices, such as trap-assisted and
surface recombination, electrode effects and energetic disor-
der, it shows encouraging agreement with experimental data,
demonstrating its capability to quantitatively predict both VOC

and JSC. Its main strengths are: (1) low sensitivity to variations
in adjustable parameters, (2) the ability to interpret device
performance by attributing voltage losses to specific mechan-
isms, such as non-radiative recombination kinetics, subgap
effects and the broadening of the absorption edge, nearly
unavoidable phenomena in organic photovoltaics, and (3) the
ability to quantitatively reproduce the temperature dependence
of VOC and JSC, which is a key element for a meaningful
assessment of the practical performance of bulk heterojunction
solar cells under the variable operating temperatures encoun-
tered in outdoor conditions.

A primary limitation of the method as a purely predictive
tool is its dependence on accurate estimates of the optical and
fundamental gaps of both donor and acceptor. Experimental
determination of these quantities remains at the present stage
unavoidable.

Furthermore, in its present form, the method is not applic-
able to conjugated polymeric systems, which require dedicated
theories of optical transitions and exciton transfer.122–124

Of note, the results are remarkably good given the simplicity
of the model, the more so as further refinement is possible e.g.,
by improving the prediction of dipole transition moment of the
CT state, introducing a more realistic trapping scheme that
includes Lambertian scattering at the front surface,125 and by
relaxing the assumption of virtually infinite charge-carrier
mobility.61 In this direction, we plan to extend the current
approach by incorporating a kinetic Monte Carlo framework
that explicitly accounts for charge transport and mobility
effects.14,126–128

Computational details
MD simulations

Classical molecular dynamics simulations were performed on a
cubic box comprising a number of molecules per species
selected to reflect the experimental blend composition. The
molecules have been randomly arranged to mimic a BHJ inter-
face. Computations were carried out by using the GROMACS
2020.5 software,129 following the procedure reported in ref. 13.
The OPLS force field was adopted throughout.130 Periodic
boundary conditions were introduced and long range electro-
static effects were taken into account through the particle mesh
Ewald algorithm (PME).131 An integration time step of 2 fs was set
up, by imposing constraints on the bonds involving H atoms
through the linear constraint solver (LINCS) algorithm.132
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A modified Berendsen thermostat was adopted to control
temperature and a Parrinello–Rahman barostat to control
pressure.133,134 The computational protocol consisted of an
initial steepest descent minimization, followed by a NVT equili-
bration at 300 K over 1 ns. The system was then subjected to
5 simulated annealing (SA) cycles over 10 ns, between 300 K and
600 K, adopting the NPT ensemble: heating and cooling steps
were run over 500 ps intervals, the target temperature was
maintained for 9.5 ns. Finally, a production run of 100 ns in
the NPT ensemble was carried out.

Calculation of charge transfer couplings

In order to compute the electronic couplings VCT, for each cell,
at least 100 D:A pair geometries were extracted from the last
40 ns of the simulation. These configurations are statistically
independent, being separated by at least 500 ps. Additional
convergence tests were performed for two representative sys-
tems, ZR1:Y6 and ZR1:IDIC-4Cl, for which VCT was averaged
over a much larger number of D/A pairs. For these two blends,
the mean values of VCT obtained by averaging over an increas-
ing number of D/A pairs are reported in Fig. S4 of the SI. In both
cases, about 100 configurations were found to be sufficient
to yield stable mean values and narrow distributions of the
electronic couplings. Therefore, at least 100 configurations
were used for the remaining blends. Following ref. 13, only
configurations in which the D and A molecules had a long
molecular axis at least 90% as long as in their equilibrium
geometry, and with at least two atoms (one from D, one from A)
closer than 5 Å, were retained. The required Kohn–Sham matrix
elements (eqn (34)) were then computed at the density func-
tional level of theory (DFT) in conjunction with the 3-21G* basis
set, using the B3LYP functional.31,135–138 That choice has been
made to reduce the computational cost, given the weak depen-
dence of the couplings on the basis set.82

DFT and TDDFT computations

DFT and TDDFT calculations on isolated donor and acceptor
molecules in their neutral ground (S0) and first excited (S1)
states were performed using the B3LYP functional. For all
donor and acceptor species considered here, the lowest-
energy transition S1 ’ S0 is an intense, nearly pure HOMO–
LUMO excitation. Both p frontier orbitals are mostly deloca-
lized across the entire conjugated backbone (see Fig. S5–S13 in
the SI). This, along with the small change in permanent electric
dipole moment upon excitation (Table S11 in the SI), indicates
a valence-type transition which, as is well known, is reliably
described by global hybrid functionals such as B3LYP.139,140

Furthermore, it has been shown that TD-B3LYP predicted
oscillator strengths for the HOMO–LUMO absorption of non-
fullerene acceptors agree reasonably well with experimentally
determined maximum molar extinction coefficients.45 The
same functional was also employed to predict the equilibrium
geometry and Hessian matrix of cationic (D+) and anionic (A�)
species required for FCWD calculations for the CT complex.

CAM-B3LYP was employed in TDDFT calculations of the
transition dipole moments for the absorption leading to CT

and used in the diabatization scheme. This change of func-
tional was necessary since global hybrid functionals with low
percentage of Hartree–Fock exchange, such as B3LYP, are
known to produce spurious, dark low-energy transitions for
charge-transfer.141 Recent studies indicate that this issue is
particularly severe for intermolecular CT, which is even more
difficult to model than intramolecular CT. For the former, only
range-separated double-hybrid (RS-DH) functionals based on
the algebraic diagrammatic construction method at second
order, ADC(2), can provide excitation energies and oscillator
strengths of good quality, comparable to high-level coupled
cluster reference data.142,143 RS-DH functionals are, however,
computationally too demanding for the molecular sizes inves-
tigated in this work. Therefore, we opted for CAM-B3LYP, a
long-range corrected functional, which is known to mitigate the
self-interaction error underlying failures in TDDFT computa-
tions for CT transitions.140,144,145 Furthermore, the CAM-B3LYP
functional has been extensively used in literature, including in
recent studies,45,146–148 to characterize excited-state properties
of donor–acceptor systems typically used in organic semicon-
ductors and bulk heterojunctions.

The unrestricted formalism was used for species with unpaired
electrons. Dielectric effects were included in DFT and TDDFT
calculations via the polarizable continuum model (PCM),121 with
the static dielectric constant set to 4.0.105 All DFT and TDDFT runs
were carried with the Gaussian package, by using the 6-31+G(d,p)
basis set.149 The D3 scheme proposed by Grimme to include
dispersion energy was used throughout.150 Long lateral alkyl
chains were included in MD simulations, but they were replaced
by methyl groups in DFT and TDDFT computations.

Diabatization

To compute the transition dipole moments for the absorption
leading to the CT state (Fig. 1a), we relied on the most stable
D:A complex predicted by molecular dynamics simulations for
each investigated cell. For all these complexes, we performed
TDDFT calculations for the first three adiabatic (a) singlet
states, which consistently exhibited non-negligible transition
dipole moments in all tested cases.

Three diabatic (d) states, representing a local excitation on
the donor, a local excitation on the acceptor, and a CT state,
respectively, were obtained from the adiabatic states using the
diabatization scheme defined in ref. 151. Given a dimer system
with n adiabatic singlet excited states {c(a)

1 , c(a)
2 ,. . .,c(a)

n }, one can
define an orthogonal transformation C relating adiabatic states
to diabatic states:

cðdÞi ¼
X
j

Cijc
ðaÞ
j

As in many diabatization schemes, we seek a unitary transforma-
tion C that generates diabatic states close to reference states with
well-defined character (e.g., Frenkel excitations localized on a single
molecule). For most excited states, atomic transition charges allow
monitoring the character of the excitation.152 We write:

q(d,ref) = q(a)CT. (35)
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Here, q(a) is the row vector containing the atomic transition
charges of the adiabatic state, while q(d,ref) holds the reference
transition charges constructed as follows:
� Transition charges for the first singlet excited state of the

isolated donor (acceptor), setting to zero those on the acceptor
(donor), to define the diabatic state localized on the donor
(acceptor);
� Transition charges for the first singlet excited state of a

positively charged donor and negatively charged acceptor, to
define the CT state.

This distinguishes localized and CT-type excitations.
As discussed in ref. 151, a suitable transformation matrix C

is defined by minimizing the Frobenius norm:

CT ¼ argmin
R

qðaÞR� qðd;refÞ
�� ��: (36)

This corresponds to the orthogonal Procrustes problem,153 with
unique solution:

CT = UVT

where orthogonal U and V matrices are obtained from the
singular value decomposition of

M = q(a)Tq(d,ref) = URVT

with diagonal R. Once C is known, the transition dipole
moment associated with the diabatic states can be computed.
Simple algebra shows that, for each Cartesian component a = x,
y, z, the following relation holds: l(d)

tr,a = l(a)
tr,aC

T,where l(d)
tr,a and

l(a)
tr,a are row vectors containing the a component of the transi-

tion dipole moments of the diabatic and adiabatic states,
respectively.

Prediction of the Franck–Condon weighted density of states

The kinetic rates and spectral line shapes appearing in the
expression for a(h�o) are computed using the generating-
function approach.72 The derivation and the implementation
of the GF formalism were presented in previous work;49,73 here,
we provide only a brief overview of the main results.

According to Fermi’s golden rule, the rate for an electronic
transition from the initial state A to the final state B is given by:

k ¼ 2p
�h

VABj j2OðDE þ e;TÞ; (37)

where VAB represents the proper electronic coupling between
states A and B, as in eqn (32) and (33). O is the FCWD, and
DE = EB � EA refers to the difference in ‘‘purely’’ electronic
energies, with:

e ¼
��ho radiative transition;

�DE non-radiative transition:

(
(38)

Here, the plus (minus) sign in eqn (38) indicates emission
(absorption).66 By applying the Born–Oppenheimer approxi-
mation, for X = A, B, we have:

|X, xi = |Xi# |xi, (39)

EX,x = EX + Ex (40)

where |Xi is the pure electronic state with energy EX, and |xi
represents one of the vibrational states of state X, whose energy
is Ex. Assuming that VAB is independent of nuclear coordinates
(Condon approximation), the Franck–Condon weighted density
of states (eqn (37)) can be rewritten as:71

OðDE þ e;TÞ ¼
X
a;b

b j ah ij j2e�bEad EB þ Eb � EA � Ea þ eð Þ
.
ZA;

(41)

where b = 1/(kBT), ZA is the vibrational partition function of
state A, and hb|ai are Franck–Condon integrals. Following Lax
and Kubo, the FCWD can be expressed in terms of a generating
function f (t,T) as:71,72

OðDE þ e;TÞ ¼ 1

2p

ðþ1
�1

eiðDEþeÞtf ðt;TÞdt (42)

where:

f ðt;TÞ ¼
Tr eitHBe�ðbþitÞHA
� 

Tr e�bHA½ 	 ; (43)

in which HA HBð Þ is the vibrational Hamiltonian operator
for the initial(final) state. Assuming harmonic vibrations and
using mass-weighted vibrational coordinates, Kubo and Toyo-
zawa were able to express the correlation function f (t,T)
in a closed form.72 More recently, our group extended and
implemented the GF approach by employing mass-weighted
normal coordinates in conjunction with Duschinsky’s
transformation.49,73,74,154,155 In order to compute f (t,T), the
equilibrium geometry and the Hessian matrix for the system
in both states A and B are required; then the evaluation of the
FCWD (eqn (42)) can be recast into a discrete Fourier transform
problem.49

All FCWD calculations were carried out using the freely
available MolFC program.155

The internal representation of normal coordinates was
systematically adopted because it mitigates the occurrence of
spurious couplings in the FCWD, which arise from unphysical
shifts in stretching coordinates induced by the displacement of
angular coordinates during the geometry change associated
with the electronic transition. This issue is particularly pro-
nounced when rectilinear coordinates, such as the Cartesian
ones, are employed.156

Owing to the intrinsic structural flexibility of the molecular
components of BHJ cells, low-frequency vibrational modes are
typically characterized by pronounced anharmonicity which
can result in spurious features in the FCWD. While the most
rigorous approach to remove such features would involve an
explicit treatment of anharmonic effects, this entails a signifi-
cant computational cost.156,157 Hopefully, a similar goal can be
achieved by excluding low-frequency modes from FCWD com-
putations. This procedure, totally empirical in nature, has been
demonstrated effective for comparable cases and is computa-
tionally much less demanding.75 In this work, exclusion of all
modes with harmonic wavenumbers below 100 cm�1 proved
sufficient for reliable results.
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Recombination rates (eqn (33)) were computed by averaging
the FCWD over a narrow interval (�100 cm�1) around zero, a
practical way to account for thermal disorder.31
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U. S. Schubert, D. A. M. Egbe, G. C. Welch, V. Dyakonov,
C. Deibel, F. Laquai and H. Hoppe, Uphill and Downhill
Charge Generation from Charge Transfer to Charge

Research Article Materials Chemistry Frontiers

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 5

/8
/2

02
6 

1:
34

:4
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6qm00090h


This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2026 Mater. Chem. Front.

Separated States in Organic Solar Cells, J. Mater. Chem. C,
2021, 9, 14463–14489.

96 Y. Dong, V. C. Nikolis, F. Talnack, Y.-C. Chin, J. Benduhn,
G. Londi, J. Kublitski, X. Zheng, S. C. B. Mannsfeld,
D. Spoltore, L. Muccioli, J. Li, X. Blase, D. Beljonne,
J.-S. Kim, A. A. Bakulin, G. D’Avino, J. R. Durrant and
K. Vandewal, Orientation Dependent Molecular Electro-
statics Drives Efficient Charge Generation in Homojunc-
tion Organic Solar Cells, Nat. Commun., 2020, 11, 4617.

97 K. Eguchi and H. Murata, The Ionization Energy of
a-Sexithiophene and p-Sexiphenyl in 2D and 3D Thin Films
grown on Silicon Oxide Surfaces, Phys. Chem. Chem. Phys.,
2024, 26, 8687–8694.

98 C. Jehoulet, A. J. Bard and F. Wudl, Electrochemical
Reduction and Oxidation of C60 films, J. Am. Chem. Soc.,
1991, 113, 5456–5457.

99 M. Namazian, C. Y. Lin and M. L. Coote, Benchmark
Calculations of Absolute Reduction Potential of Ferrici-
nium/Ferrocene Couple in Nonaqueous Solutions, J. Chem.
Theory Comput., 2010, 6, 2721–2725.

100 M. I. Pilo, E. Masolo, L. Maidich, P. Manca, G. Sanna, N. Spano
and A. Zucca, Voltammetric and Spectroscopic Investigation of
Electrogenerated Oligo-Thiophenes: Effect of Substituents on
the Energy-Gap Value, Appl. Sci., 2022, 12, 11714.

101 G. Zotti, B. Vercelli, A. Berlin, S. Destri, M. Pasini,
V. Hernández and J. L. Navarrete, Electrochemical, Mag-
netic, and Electrical Properties of a,o-Capped Sexithio-
phene Films. Part 3. Conduction in Poly(bis-terthienyl-B)s
(B = Ethane, Disulfide, Diacetylene, Acetylene, Ethylene),
Chem. Mater., 2008, 20, 6847–6856.

102 J. Zhang, H. S. Tan, X. Guo, A. Facchetti and H. Yan,
Material Insights and Challenges for Non-Fullerene
Organic Solar Cells Based on Small Molecular Acceptors,
Nat. Energy, 2018, 3, 720–731.

103 M. Jeong, S. Chen, S. M. Lee, Z. Wang, Y. Yang, Z.-G.
Zhang, C. Zhang, M. Xiao, Y. Li and C. Yang, Feasible
D1–A–D2–A Random Copolymers for Simultaneous High-
Performance Fullerene and Nonfullerene Solar Cells, Adv.
Energy Mater., 2018, 8, 1702166.

104 Q. Zhang, X. Yuan, Y. Feng, B. W. Larson, G. M. Su, Y.
Maung Maung, N. Rujisamphan, Y. Li, J. Yuan and W. Ma,
Understanding the Interplay of Transport-Morphology-
Performance in PBDB-T-Based Polymer Solar Cells, Solar
RRL, 2020, 4, 1900524.

105 P. E. Schwenn, P. L. Burn and B. J. Powell, Calculation of
Solid State Molecular Ionisation Energies and Electron
Affinities for Organic Semiconductors, Org. Electron.,
2011, 12, 394–403.

106 A. Capobianco, J. Wiktor, A. Landi, F. Ambrosio and
A. Peluso, Electron Localization and Mobility in
Monolayer Fullerene Networks, Nano Lett., 2024, 24,
8335–8342.

107 M. Yanxia, Q. L. Liang, H. W. Wu and Y. C. Cao, High
Photogeneration and Low Recombination Rate Leading to
High-Performance Non-Fullerene Organic Solar Cells,
J. Mater. Chem. A, 2023, 11, 6237–6247.

108 N. Wei, Y. Guo, H. Song, Y. Liu, H. Lu and Z. Bo, Reducing
Non-Radiative Energy Losses in Non-Fullerene Organic
Solar Cells, ChemSusChem, 2025, 18, e202402169.

109 J. Hofinger, C. Putz, F. Mayr, K. Gugujonovic, D.
Wielend and M. C. Scharber, Understanding the Low
Voltage Losses in High-Performance Non-Fullerene
Acceptor-Based Organic Solar Cells, Mater. Adv., 2021, 2,
4291–4302.

110 R. Englman and J. Jortner, The Energy Gap Law for
Radiationless Transitions in Large Molecules, Mol. Phys.,
1970, 18, 145–164.

111 I. R. Gould, D. Noukakis, L. Gomez-Jahn, R. H. Young, J. L.
Goodman and S. Farid, Radiative and Nonradiative Electron
Transfer in Contact Radical-Ion Pairs, Chem. Phys., 1993, 176,
439–456.
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