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brief	reminder	of	the	working	principle	
of	an	organic	solar	cell



inorganic

o		high	dielectric	constant 
o		creation	of	free	carriers	 

organic

o		low	dielectric	constant;	strong			
electron-electron	and	electron-
vibration	interactions 
o		creation	of	bound	e-h	pairs:																											
excitons		 

→	need	for	an	electron	donor	
component	(often	a	π-conjugated	
polymer)	and	an	electron	acceptor	

component	(often	a	“small”	
molecule): 

exciton	dissociation	occurs															
at	their	interface 



bulk	hetero-junctions	(BHJ)	architecture			
to	maximize	interfacial	area	
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ABSTRACT: Low bandgap n-type organic semiconductor (n-OS) ITIC has
attracted great attention for the application as an acceptor with medium bandgap
p-type conjugated polymer as donor in nonfullerene polymer solar cells (PSCs)
because of its attractive photovoltaic performance. Here we report a modification
on the molecular structure of ITIC by side-chain isomerization with meta-alkyl-
phenyl substitution, m-ITIC, to further improve its photovoltaic performance. In a
comparison with its isomeric counterpart ITIC with para-alkyl-phenyl
substitution, m-ITIC shows a higher film absorption coefficient, a larger
crystalline coherence, and higher electron mobility. These inherent advantages
of m-ITIC resulted in a higher power conversion efficiency (PCE) of 11.77% for
the nonfullerene PSCs with m-ITIC as acceptor and a medium bandgap polymer
J61 as donor, which is significantly improved over that (10.57%) of the
corresponding devices with ITIC as acceptor. To the best of our knowledge, the
PCE of 11.77% is one of the highest values reported in the literature to date for
nonfullerene PSCs. More importantly, the m-ITIC-based device shows less thickness-dependent photovoltaic behavior than
ITIC-based devices in the active-layer thickness range of 80−360 nm, which is beneficial for large area device fabrication. These
results indicate that m-ITIC is a promising low bandgap n-OS for the application as an acceptor in PSCs, and the side-chain
isomerization could be an easy and convenient way to further improve the photovoltaic performance of the donor and acceptor
materials for high efficiency PSCs.

■ INTRODUCTION
Polymer solar cells (PSCs), containing a phase-separated
bicontinuous network of a p-type conjugated polymer as
donor and an n-type fullerene derivative as acceptor, have been
intensively investigated to take their advantages of light weight,
flexibility, low production cost, and suitability for large-scale
production.1−5 At present, state-of-the-art PSCs have already
exhibited power conversion efficiencies (PCEs) of up to 10−
11%.6−10 However, the intrinsic drawbacks of fullerene
acceptors, such as difficulty to tune energy levels, poor visible
light absorption, and inherent tendency of easy aggregation,
make it difficult to further improve photovoltaic performance of
the PSCs. Thus, nonfullerene acceptors, with synthetic
flexibility and great potential to overcome the above-mentioned
drawbacks of the fullerene acceptors, aroused intense
interest.11−41Among the nonfullerene acceptors, a variety of
n-type conjugated polymers containing strong electron
deficient groups, such as B ← N bridged bipyridine11 and

aromatic diimide (such as perylene diimide,12−14 naphthalene
diimide,15−19 and naphthodithiophene diimide20), are explored
as polymer acceptors. Also, n-type organic semiconductors (n-
OSs) such as A−D−A (acceptor−donor−acceptor) structured
n-OSs,21−23 rylene diimide (perylene diimide,24−31 naphthalene
diimide,32 tetraazabenzodifluoroanthene diimide33,34)- and
diketopyrrolopyrrole-35−37 based n-OSs are successfully used
in the nonfullerene PSCs.
Low bandgap A−D−A structured n-OSs are in particular

interesting for harvesting light in the visible−near-infrared
region and thus hold great promise to construct high efficiency
PSCs. Especially, the fused-aromatic-ring-based n-OS ITIC
developed by Zhan et al.38 attracted great attention for the
application as acceptor in nonfullerene PSCs recently.38,42−44

ITIC possesses a suitable LUMO energy level of ca. −3.8 eV
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and a narrower bandgap of 1.59 eV with strong absorption from
500 to 780 nm. Meanwhile, the steric effect of its alkyl-phenyl
substituents can prevent π−π aggregation of ITIC molecules to
ensure solubility for solution processing and appropriate
aggregation in the blend films with conjugated polymer
donor. All of these desirable characteristics enabled high
PCEs of 9−11% for the nonfullerene PSCs with ITIC as
acceptor and medium bandgap conjugated polymers as
donor.42−44 The success of the ITIC inspired tremendous
efforts focusing on manipulating the aromatic core,45 the
bridge,46 the end-capping electron deficient groups,40,47 as well
as the aromatic side-chain48 in an effort to fine-tune the band
gap and energy levels by changing the intramolecular electronic
coupling. However, no attention has been paid to the flexible
side-chain engineering on the low bandgap n-OS ITIC with

para-alkyl-phenyl substituents. Actually, alternation of flexible
side-chains in shape, length, and branch position has a
significant impact on intermolecular self-assembly of the
conjugated polymers and organic semicondutors.23,49−57 In
the PSCs, intermolecular self-assembly of the active-layer
components is one of the crucial factors that govern the film
morphology and thereby device performance. On the basis of
these considerations, herein, we performed side-chain engineer-
ing on the high performance n-OS ITIC, synthesized an isomer
of ITIC with meta-alkyl-phenyl substitution, m-ITIC (see
Figure 1), and investigated its photovoltaic properties in
combination with our recently developed medium bandgap
conjugated polymer J6143 (2D-conjugated benzodithiophene-
alt-fluorobenzotriazole copolymer with alkylthio side-chain) as
donor. PCE of the PSCs based on J61/m-ITIC reached 11.77%,

Figure 1. (a) Molecular structures of J61 polymer donor and the n-OSs (ITIC and m-ITIC) acceptors. (b) Device structure of the nonfullerene
PSCs used in this work. (c) Solution and film absorption spectra of ITIC and m-ITIC; the inset shows the absorption coefficient of ITIC and m-
ITIC in film state. (d) Cyclic voltammograms of ITIC (blue line) and m-ITIC (red line); the inset shows the cyclic voltammogram of ferrocene/
ferrocenium (Fc/Fc+) couple used as an internal reference.

Scheme 1. Synthetic Route of m-ITIC

Journal of the American Chemical Society Article

DOI: 10.1021/jacs.6b09110
J. Am. Chem. Soc. 2016, 138, 15011−15018

15012

major	push	towards	
non-fullerene	acceptors



Molecular Optimization Enables over 13% Efficiency in Organic Solar
Cells
Wenchao Zhao,†,‡ Sunsun Li,†,‡ Huifeng Yao,*,†,‡ Shaoqing Zhang,†,‡ Yun Zhang,†,‡ Bei Yang,†,‡

and Jianhui Hou*,†,‡

†Beijing National Laboratory for Molecular Sciences, State Key Laboratory of Polymer Physics and Chemistry, CAS
Research/Education Center for Excellence in Molecular Sciences, Institute of Chemistry, Chinese Academy of Sciences, Beijing
100190, China
‡University of Chinese Academy of Sciences, Beijing 100049, China

*S Supporting Information

ABSTRACT: A new polymer donor (PBDB-T-SF) and a
new small molecule acceptor (IT-4F) for fullerene-free
organic solar cells (OSCs) were designed and synthesized.
The influences of fluorination on the absorption spectra,
molecular energy levels, and charge mobilities of the donor
and acceptor were systematically studied. The PBDB-T-
SF:IT-4F-based OSC device showed a record high
efficiency of 13.1%, and an efficiency of over 12% can be
obtained with a thickness of 100−200 nm, suggesting the
promise of fullerene-free OSCs in practical applications.

Organic solar cells (OSCs) have attracted considerable
attention as a clean-energy harvesting technology for

their ability to form flexible, large-area photovoltaic panels by
low-cost solution processing methods.1−4 The highly tunable
optoelectronic properties of organic photovoltaic materials have
enabled the precise optimization of absorption spectra,
molecular energy levels, and charge mobilities of the resulting
electron donor and acceptor materials, and thus an improved
open-circuit voltage (VOC), short circuit current density (JSC),
and fill factor (FF) can be achieved in the corresponding OSC
devices.5 Fullerene derivatives, such as PC71BM ([6,6]-
phenylC71butyric acid methyl ester) and ICBA (indene-C60
bisadduct), are the most widely used acceptor materials in
OSCs,6,7 and numerous works have focused on the design of
highly efficient donors, leading to devices with power
conversion efficiencies (PCEs) of over 11%.8−11 However,
further improvements in efficiency face great challenges, as
fullerene-based OSCs suffer from large energy losses.12

Recently, nonfullerene small molecules have emerged as very
promising electron acceptors in OSCs, and PCEs of over 12%
have been recorded.13 It is of great importance to improve
further the efficiency of nonfullerene OSCs via fine molecular
design strategies.14−24

Over the past decades, many efficient molecular design
strategies have been developed to tune the optoelectronic
properties of photovoltaic materials, such as donor−acceptor
structure modifications, side chain engineering and functional
group modulations.25−27 Molecular frontier orbits, including
the density distribution of π-electrons and their energy levels,
and intermolecular interactions can be tuned efficiently via
these practical chemical modulations. Among which, the

introduction of fluorine, which is the most electronegative
atom with the smallest size in the periodic table, is very useful
for the molecular design of photovoltaic molecules.28−33

Fluorinated organic semiconductor molecules have several
advantages. First, fluorination simultaneously down-shifts the
highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) levels without causing
strong steric hindrance of the resulting molecules.29,30 Second,
enhanced inter/intramolecular interactions are often observed
in fluorinated molecules due to the noncovalent interactions of
F···H, S···F, and so on, which improve their crystallinity and
hence facilitate charge transport.31 Third, fluorinated molecules
show higher polarization and a reduced Coulombic potential
between holes and electrons.32 In addition, fluorinated
semiconductors sometimes have higher absorption coefficients
than their nonfluorinated counterparts.33 At present, state-of-
the-art fullerene-based OSCs are fabricated from fluorinated
polymer or small molecule donors, and PCEs over 11% have
been obtained.10,11 Our recent works have demonstrated that
nonfullerene OSCs fabricated by the polymer donor PBDB-T
and the small molecular acceptor ITIC could yield PCEs 0f
over 11%.34,35 To improve further the efficiencies of the OSCs,
we optimized PBDB-T and ITIC separately by introducing
alkylthio and methyl groups, respectively, and the PCEs of the
resulting OSCs were increased to over 12%.13 For nonfullerene
OSCs, fluorination is a very promising molecular design
strategy to improve further the photovoltaic performance.19,36

Importantly, since the fluorination of acceptors results in down-
shifted LUMO energy levels, synergistic molecular modification
of the donors must be considered to avoid decreases in the VOC
of the OSCs.
Here, we perform the rational molecular optimization of

PBDB-T and ITIC via fluorination to enhance the photovoltaic
performance of the resulting OSCs. Both the newly prepared
polymer donor PBDB-T-SF and small molecular acceptor IT-
4F (Figure 1) show down-shifted molecular energy levels
compared with their nonfluorinated counterparts. Both the
optimized donor and acceptor display higher absorption
coefficients relative to their previously reported counterparts.
Moreover, IT-4F shows a more red-shifted absorption
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polymer donor PBDB-T-SF and small molecular acceptor IT-
4F (Figure 1) show down-shifted molecular energy levels
compared with their nonfluorinated counterparts. Both the
optimized donor and acceptor display higher absorption
coefficients relative to their previously reported counterparts.
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spectrum than ITIC, whereas the donors possess almost the
same absorption bandgaps. Impressively, a certified PCE of
13% was obtained with the PBDB-T-SF:IT-4F-based OSC
device, which to the best of our knowledge, is the highest value
reported in the literature to date for OSCs.
As shown in Figure 1, the target products PBDB-T-SF and

IT-4F were prepared by Stille coupling and Knoevenagel
condensation reactions, respectively. The detailed synthetic
procedures are provided in the Experimental Section of the
Supporting Information. Both the donor and acceptor can be
dissolved in common solvents, such as chloroform, chlor-
obenzene, and o-dichlorobenzene. For the new polymer, gel
permeation chromatography (GPC) gives a number-average
molecular weight (Mn) of 20.9 kDa with a polydispersity index
(PDI) of 3.51. Theoretical calculations using density functional
theory (Figure S1) suggest that the newly designed donor and
acceptor have molecular configurations and wave function
distributions of their frontier orbitals that are similar to those of
their counterparts. Both the HOMO and LUMO energy levels
were down-shifted.
The absorption spectra of solid thin films of the polymer

donors and nonfullerene acceptors are shown in Figure 2a. The
polymer donors show almost the same absorption onsets at
approximately 688 nm, corresponding to an optical band gap of
1.80 eV. Notably, the main peak of the PBDB-T-SF film at 626
nm is clearly enhanced compared to that of the PBDB-T film,
which suggests strong π−π intermolecular interactions occur
after molecular modification. The maximum absorption
coefficient (1.08 × 105 cm−1) of the PBDB-T-SF film is
enhanced by ca. 34% compared with that of the PBDB-T film.

For the small molecular acceptors, in comparison with ITIC,
not only is the absorption coefficient improved for IT-4F (1.16
× 105 cm−1 for IT-4F and 1.10 × 105 cm−1 for ITIC; in
chloroform solutions, the absorption coefficient of ITIC and
IT-4F are 1.90 × 105 and 2.10 × 105 M−1 cm−1, respectively,
Figure S2) but also the absorption main peak is red-shifted by
17 nm, which can be ascribed to enhanced intramolecular
charge transfer (Table 1). When PBDB-T-SF and IT-4F are

blended as the active layer for OSCs, the broader optical
absorption band and higher absorption coefficient are helpful
for harvesting more solar photons, and thus an increased JSC
can be expected. X-ray diffraction (XRD) (Figure S3) was used
to investigate the influence of fluorination on the crystalline
properties of the donors and acceptors. In comparison with
PBDB-T and ITIC, the PBDB-T-SF and IT-4F films show
more ordered intermolecular arrangements. In addition, the
hole mobilities of PBDB-T and PBDB-T-SF and the electron
mobilities of ITIC and IT-4F were investigated using the space-
charge-limited current (SCLC) method. The results (Table S1)
indicate that the hole mobility (μh) of PBDB-T-SF and the
electron mobility (μe) of IT-4F were slightly improved.
The molecular energy levels of the donors and acceptors

were measured in parallel via ultraviolet photoelectron
spectroscopy (UPS) (Figure S4). As shown in Figure 2b and
Table 1, the HOMO/LUMO levels of PBDB-T, ITIC, PBDB-
T-SF and IT-4F are −5.28/−3.48 eV, − 5.50/−3.89 eV, −
5.40/−3.60 eV, and −5.66/−4.14 eV, respectively. The overall
down-shift of the molecular energy levels of the donors and
acceptors will not lead to considerable differences in the VOC of
the OSCs, and sufficient driving forces for efficient exciton
separation are retained. Moreover, the low-lying HOMO and
LUMO levels of PBDB-T-SF and IT-4F may have certain
advantages, such as good chemical stability and large polar-
ization, which is beneficial for improving their photovoltaic
performance.
We then fabricated OSC devices with an inverted structure of

indium tin oxide (ITO)/ZnO/active layer/MoO3/Al to
investigate the photovoltaic performance of the PBDB-T-

Figure 1. (a) Molecular structure of the fluorinated donor and
acceptor. (b) Synthetic procedure of the fluorinated donor and
acceptor.

Figure 2. (a) Absorption spectra and (b) molecular energy levels of
the donors and acceptors.

Table 1. Physical, Electronic, and Optical Properties of the
Donors and Acceptors

Materials
λmax

a

(nm)
εmax

a

(105 cm−1)
HOMOb
(eV)

LUMOb
(eV)

PBDB-T 626 0.80 −5.28 −3.48
PBDB-T-SF 626 1.08 −5.40 −3.60
ITIC 700 1.10 −5.50 −3.89
IT-4F 717 1.16 −5.66 −4.14
aThin film spin-coated from chloroform solution. bObtained from the
ultraviolet photoelectron spectroscopy (UPS) results.
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SUMMARY

Recently, non-fullerene n-type organic semiconductors have attracted signifi-

cant attention as acceptors in organic photovoltaics (OPVs) due to their great

potential to realize high-power conversion efficiencies. The rational design of

the central fused ring unit of these acceptor molecules is crucial to maximize de-

vice performance. Here, we report a new class of non-fullerene acceptor, Y6,

that employs a ladder-type electron-deficient-core-based central fused ring (di-

thienothiophen[3.2-b]- pyrrolobenzothiadiazole) with a benzothiadiazole (BT)

core to fine-tune its absorption and electron affinity. OPVs made from Y6 in con-

ventional and inverted architectures each exhibited a high efficiency of 15.7%,

measured in two separate labs. Inverted device structures were certified at Enli

Tech Laboratory demonstrated an efficiency of 14.9%.We further observed that

the Y6-based devices maintain a high efficiency of 13.6% with an active layer

thickness of 300 nm. The electron-deficient-core-based fused ring reported in

this work opens a new door in the molecular design of high-performance accep-

tors for OPVs.

INTRODUCTION

In the last few decades, considerable progress has beenmade in the development of
bulk-heterojunction (BHJ) organic photovoltaics (OPVs) based on a blend of a p-type
organic semiconductor as donor and an n-type organic semiconductor (n-OS) as
acceptor.1–3 This is due to their low cost, light weight, and capability to be fabricated
into flexible and semitransparent devices.4–6 In general, to produce efficient OPVs,
one needs donor and acceptor materials with high charge-carrier mobility, comple-
mentary absorption bands in the Vis-NIR range, and a small energy offset to
minimize voltage losses.7 The blend composition and morphology must also be
optimized to maximize charge generation and transport.8,9 Although one can in-
crease the active layer thickness (for example, up to 300 nm) to improve light absorp-
tion, severe charge recombination could then occur that limits the fill factor (FF) of
the devices due to increased distance of charge transport pathways.10 In addition,
most of the high-performance OPV materials absorb light with wavelength shorter
than 800 nm,11 which is not optimal for solar light utilization. In the last 2–3 years,
rapid development of low-bandgap non-fullerene acceptors (NFAs) has provided
effective ways to improve the performance of OPVs due to their tunable energy
levels and strong absorption in the near-infrared region (NIR).12–27 New acceptors
have led to power conversion efficiencies (PCEs) over 13% when combined with a
careful choice of polymeric donors.28–34

Context & Scale

Non-fullerene acceptors based
organic photovoltaics (OPVs) have
attracted considerable attention
in the last decade due to their
great potential to realize high-
power conversion efficiencies. To
achieve higher performance
OPVs, the fundamental
challenges are in enabling
efficient charge separation/
transport and a low voltage loss at
the same time. Here, we have
designed and synthesized a new
class of non-fullerene acceptor,
Y6, that employs an electron-
deficient-core-based central
fused ring with a benzothiadiazole
core, to match with commercially
available polymer PM6. By this
strategy, the Y6-based solar cell
delivers a high-power conversion
efficiency of 15.7% with both
conventional and inverted
architecture. By this research, we
provide new insights into
employing the electron-deficient-
core-based central fused ring
when designing new non-
fullerene acceptors to realize
improved photovoltaic
performance in OPVs.
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spectrum (MALDI-TOF) of the intermediates and Y6 are shown in Figures S1–S12. In
order to better understand the 3D structure of Y6, density functional theory (DFT)
calculations at the uB97X-D/6-31+G (d,p) level were carried out with Gaussian 16
revision B.01.46,47 To simplify the calculations, the alkyl side chains on the thiophene
units were replaced by –CH3 groups, but the whole 2-ethylhexyl side chains on the
two nitrogen atoms were included. As shown in Figures 1B and 1C (side and top
views, respectively), the acceptor consists of two planar units, with a twist in the cen-
ter due to the alkyl groups attached to the nitrogens. This result in an N-C-C-N dihe-
dral of –17.5 degree with the side chains on the nitrogen atoms orthogonal to the
main plane. There is a C2 axis through the core of the molecule, and a degenerate
structure exists with the core twisted in the opposite manner. There are three
possible arrangements of the N-alkyl side chains, and the most stable has the two
largest side chains directed toward the central core (Tables S4–S8). Without the
need to synthesize spiro-like structures, the central conjugated core is sterically hin-
dered to prevent over-aggregation with the presence of the alkyl side chains onto
the nitrogen atoms while maintaining an intramolecular charge transport channel.
Y6 is soluble in some common organic solvents such as chloroform and tetrahydro-
furan at room temperature. Thermogravimetric analysis (TGA) (Figure S13) indicates
Y6 has good thermal stability with decomposition temperatures at 318!C, which can
meet the requirements of device fabrication. Figures 1E and S14 show the normal-
ized absorption spectra of Y6 in chloroform solution and as thin film (corresponding
optical data; Table S1). Compared to solution absorption spectrum, an important
bathochromic shift of"90 nm in the thin film indicates some aggregation of the mo-
lecular backbone and p-p interactions in the solid state. The absorption onset for Y6
is located at 931 nm, corresponding to an optical bandgap (Eg

opt) of 1.33 eV with an
absorption coefficient of 1.07 3 105 cm#1 (Figure S15). As shown in Figure S16, the
absorption maxima of PM6:Y6 blend film exhibits a small blue shift compared to the
neat film of Y6. The post-treated blend film gives a small red shift, which might be

Figure 1. Molecular Structures and Photophysical Properties of Y6 and PM6

(A) Molecular structure of the acceptor Y6.

(B) Side view of the optimized geometry of Y6 computed with uB97X-D/6-31+G(d,p).

(C) Top view of the optimized geometry of Y6 with uB97X-D/6-31+G(d,p); planes are drawn to highlight the coplanar centers.

(D) Molecular structure of the donor PM6.

(E) Absorption spectra of thin films of PM6 and Y6.

(F) Energy diagrams of Y6 and PM6 in OPVs.
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theoretical	characterization	of																									
geometric	structure	and	optical	absorption															
in	extended	conjugated	polymer	chains	with	

alternating	electron-rich	and	electron-poor	moieties



how	can	we	reliably	describe	the	electronic	structure	of															
extended	π-conjugated	chains 
at	the	quantum-chemical	level?

▪ quantum-chemical	methods	of	high	accuracy,	such	as	CC-SD(T),	
are	not	applicable	to	the	extended	systems	of	interest	

		

▪ commonly	used	density	functionals,	such	as	B3LYP,	suffer	from	a	
delocalization	error,	which	can	be	traced	back	to	electron	self-
interaction	(as	a	consequence,	B3LYP	favors	coplanar	systems	for	
which	wavefunction	delocalization	can	be	maximized)	

▪ ab	initio	Hartree-Fock	methods	suffer	from	too	much	localization	
	



long-range	corrected	(LCR)	hybrid	functionals	
combine	short-range	(SR)	DFT	exchange	with	long-range	(LR)	
Hartree-Fock	exchange	in	order	to	reduce	electron	self-interaction	
error	and	thus	the	localization/delocalization	error

1
r
=
erfc ωr( )

r
+
erf ωr( )

r

SR                   LR

									short	range:		

semilocal/hybrid	DFT
																				long	range:											

semilocal/hybrid	DFT	for	correlation;	
HF	for	exchange

H.	Iikura,	T.	Tsuneda,	T.	Yanai,	and	K.	Hirao,	J.	Chem.	Phys.	115,	3540	(2001)

ω	=		
range-separation		

parameter



in	π-conjugated	systems:	

the	range-separation	parameter	ω	depends	on:	

	 •		molecular	size	and		

	 •		degree	of	conjugation	

LRC	functionals	need	to	be	optimized	for	each	system	separately

T.	Körzdörfer,	J.	Sears,	C.	Sutton,	&	JLB 
J.	Chem.	Phys.	135,	204107	(2011)	
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J.	Chem.	Phys.	135,	204107	(2011)	
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Organic Electronics: Does a Plot of the HOMO−LUMO Wave
Functions Provide Useful Information?

Q uantum-chemistry codes have become so widely
available, even on simple platforms such as laptops,

that many scientists with little familiarity of the “do and don’t”s
of computational chemistry have embraced their use. In
particular, density functional theory calculations based on the
hybrid B3LYP (Becke 3-parameter; Lee, Yang, Parr) functional
have become extremely widespread. This popularity feeds an
autocatalytic-type of process: The more the results of B3LYP
calculations are (often without any critical assessment of their
validity) reported, the more doing so appears legitimate. An
area especially prone to such (ab)use is organic electronics,
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organic solar cells (OSCs), field-effect transistors (OFETs), and
light-emitting diodes (OLEDs). The organic semiconductors at
the heart of these applications consist of extended π-conjugated
molecules or polymer chains.
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functions, especially to underline the extent of planarization of
the chains and of delocalization of the frontier energy levels.
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instances, the answer is no.
A first reason is that the B3LYP functional suffers from a

significant electron self-interaction error, a feature described for
instance in contributions from Waitao Yang (the “Y” in
B3LYP).1,2 The consequence is a strong tendency for B3LYP to
overdelocalize the wave functions; this is the opposite of
Hartree−Fock methods, which overlocalize the wave functions.
Thus, in extended π-conjugated systems, B3LYP favors fully
coplanar conformationswith B3LYP torsion potentials over-
estimating the energy barriers for interconversion between
stable conformersand spreads the HOMO−LUMO wave
functions. Note as well that it is important to report not just the
optimal values of the dihedral angles along the chains but rather
the full torsional potential, so as to gauge the flatness or
steepness of that potential. Another drawback is that B3LYP
strongly underestimates the energy of electronic states with a
charge-transfer character3 (since such states, by nature, are
associated with more delocalized descriptions). An effective
solution to these issues is to rely on long-range-corrected
density functionals with tuned range-separation parameters,
whichby bringing a much better balance between (local)
DFT exchange and (nonlocal) Hartree−Fock exchange
greatly suppress the electron self-interaction error and depict
much more adequately the localization/delocalization nature of
the frontier energy levels. A description of such tuned long-
range corrected functionals and how to use them in a number
of cases can be found for instance in one of our recent
reviews.4,5

A second reason is related to the fact that molecular orbitals
such as HOMOs and LUMOs represent one-electron wave
functions and, thus, are not experimental observables.6 As a

result, HOMO−LUMO plots can only give a crude (and
sometimes completely erroneous) view of the processes they
are intended to describe. For instance, in the case of OSCs or
OLEDs, they are frequently exploited to describe the optical
transition (absorption/emission) between the electronic
ground state and the lowest excited state, without consideration
of contributions to that transition coming from other molecular
orbitals or, for emission, from geometry relaxation processes. A
more meaningful approach is to rely on Natural Transition
Orbitals evaluated with Time-Dependent DFT methodologies
at the relevant geometry.4 In the case of OFETs, in the hopping
transport regime, optimizing at the tuned long-range-corrected
functional level the geometries of the cation or anion
(depending on whether the organic semiconductor transports
holes or electrons) is a much better descriptor of the actual
situation than a HOMO or LUMO plot.
To conclude, authors are encouraged to think hard about the
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of cases can be found for instance in one of our recent
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Orbitals evaluated with Time-Dependent DFT methodologies
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the heart of these applications consist of extended π-conjugated
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functions, especially to underline the extent of planarization of
the chains and of delocalization of the frontier energy levels.
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instances, the answer is no.
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instance in contributions from Waitao Yang (the “Y” in
B3LYP).1,2 The consequence is a strong tendency for B3LYP to
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Hartree−Fock methods, which overlocalize the wave functions.
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Orbitals evaluated with Time-Dependent DFT methodologies
at the relevant geometry.4 In the case of OFETs, in the hopping
transport regime, optimizing at the tuned long-range-corrected
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(depending on whether the organic semiconductor transports
holes or electrons) is a much better descriptor of the actual
situation than a HOMO or LUMO plot.
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the	answer	is	usually:	NO!
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available, even on simple platforms such as laptops,

that many scientists with little familiarity of the “do and don’t”s
of computational chemistry have embraced their use. In
particular, density functional theory calculations based on the
hybrid B3LYP (Becke 3-parameter; Lee, Yang, Parr) functional
have become extremely widespread. This popularity feeds an
autocatalytic-type of process: The more the results of B3LYP
calculations are (often without any critical assessment of their
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with applicationswidely covered in this journalincluding
organic solar cells (OSCs), field-effect transistors (OFETs), and
light-emitting diodes (OLEDs). The organic semiconductors at
the heart of these applications consist of extended π-conjugated
molecules or polymer chains.
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and/or device fabrication, authors feel compelled to reproduce
B3LYP-based geometries and plots of HOMO−LUMO wave
functions, especially to underline the extent of planarization of
the chains and of delocalization of the frontier energy levels.
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instance in contributions from Waitao Yang (the “Y” in
B3LYP).1,2 The consequence is a strong tendency for B3LYP to
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Orbitals evaluated with Time-Dependent DFT methodologies
at the relevant geometry.4 In the case of OFETs, in the hopping
transport regime, optimizing at the tuned long-range-corrected
functional level the geometries of the cation or anion
(depending on whether the organic semiconductor transports
holes or electrons) is a much better descriptor of the actual
situation than a HOMO or LUMO plot.
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going	beyond	simplistic	HOMO-LUMO	plots:	
Natural	Transition	Orbitals	(NTOs)
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TDDFT	B3LYP/6-31G**:	Natural	Transition	Orbital	analysis

would	imply	excitation	has	strong	charge-transfer	character
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of the systems compared with the computed spectra at the
TD-DFT level with the oB97 (tuned and default) and B3LYP
functionals. In all systems, B3LYP underestimates the energy
of the lowest absorption bands, as a result of too large a
charge-transfer character of the excited states. Indeed, the
mixing of charge-transfer configurations that are too low in
energy with local excitations leads to an underestimation of
the excited-state energies (and the appearance of a large set of
low-lying ‘‘dark’’ states) in the TD-DFT spectrum with
B3LYP.47,48 The default oB97 functional provides for an
overly localized description, resulting in an overestimation of
the charge-transfer configuration energies and leading to too
blue-shifted absorptions. Tuned oB97 provides for the best
comparison with the experimental absorption spectra, which
can be related to an improved balance in the description of the
local and CT excitations provided by the optimization of the
range-separation parameter.

We note that for the longest oligomers, we have also
explored the impact of solvent polarity on the computed
optical absorption spectra. Interestingly, the results are found
to be very similar to the ‘‘gas-phase’’ results; only extremely
small red shifts are observed as illustrated in Fig. S6 (ESIw).

In order to examine more closely the nature of the lowest
electronic transitions, natural transition orbitals (NTOs)49 for
the S0 - S1 excitations were evaluated. Fig. 6 illustrates the
dominant particle–hole contributions and associated weights
for the tetramer of PCDTBT. For B3LYP, the excitation is a
contribution of two particle–hole pairs, where in each the hole
is largely delocalized and the electron is localized over a
benzothiadiazole unit. However, for tuned oB97, the S0 - S1
excitation is described by three particle–hole pairs, where
each hole is localized within a specific thiophene – benzene
(belonging to a benzothiadiazole segment) – thiophene
segment and the electron localized within the benzothiadiazole
unit. Importantly, the description of the S0 - S1 transition as
corresponding to excitations essentially localized within such
dithienylbenzothiadiazole segments is consistent with the neg-
ligible solvatochromism recently reported for these systems.50

In fact, the decreased absorption energy and increased oscillator

strength in PCDTBT with increasing chain length can be seen
to arise not from delocalized charge-transfer excitations invol-
ving an electron-donating carbazole but from the coupling of
the dithienylbenzothiadiazole-localized excitations along the
chain. Although not always as strong, the S0 - S1 NTO
descriptions for the other oligomers exhibit similar differences
between B3LYP and tuned oB97 (Fig. S13–S16, ESIw). Thus,
the more balanced description from tuned oB97 yields optical
absorption spectra that best match experiment and provides a
more localized picture of the lowest singlet exciton than antici-
pated from the donor–acceptor nature of the copolymers.

Conclusions

The low optical-gap polymers considered in this work repre-
sent an important class of materials for organic electronics,
particularly for OPVs. Here, we have demonstrated the ability
of tuned LRC functionals to provide a description of the
lowest excited states in these low-optical-gap polymers leading
to better agreement with experimental optical absorption
spectra than the B3LYP functional (which systematically
underestimates the energy of charge-transfer configurations)
or ‘‘out-of-the-box’’ standard LRC functionals.
The tuning procedure for the range-separation parameter in

LRC functionals is physically based, entirely non-empirical,
and, as discussed previously, system dependent. Without
tuning, the standard LRC functionals give significantly blue-
shifted absorption energies. Interestingly, upon careful
optimization of the range-separation parameter, our results
indicate that the simulated optical properties are nearly
completely independent of the semilocal functional approxi-
mation. Overall, the tuned LRC functionals offer an attractive
alternative method to conventional DFT functionals for
evaluating the excited-state properties of low optical-gap
materials of interest for organic electronics applications.
Importantly, the tuned LRC functionals provide a more

localized description of the lowest singlet exciton than initially
expected from the donor–acceptor character of the low-
optical-gap copolymers.

Fig. 6 TD-DFT natural transition orbitals (isovalue surface 0.03 a.u.) for S0 - S1 from B3LYP and tuned oB97 for the tetramer of PCDTBT.

The weight of the hole–particle contribution to the excitation also included.
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•			optimization	of	range-separation	parameter	in	LRC	functionals	
provides	an	improved	description	of	the	nature	of	the	lowest	optical	
absorptions																																																																																																														
-	which	is	due	to	an	improved	balanced	description	of	local	and	CT	
excitations							 
(B3LYP	would	overstabilize	CT-state	energies	and	exaggerate	the	CT	
character	of	the	lowest	excited	states)	

•			LRC	and	similar	methodologies	thus	prove	essential	for	a	reliable	
description	of	the	excited	states	at	the	interface	between	donor	and	
acceptor	components	in	organic	solar	cells



charge-transfer	electronic	states	at									
donor-acceptor	interfaces
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ABSTRACT: We outline a step-by-step protocol that incorporates a number of theoretical
and computational methodologies to evaluate the structural and electronic properties of π-
conjugated semiconducting materials in the condensed phase. Our focus is on
methodologies appropriate for the characterization, at the molecular level, of the
morphology in blend systems consisting of an electron donor and electron acceptor, of
importance for understanding the performance properties of bulk-heterojunction organic
solar cells. The protocol is formulated as an introductory manual for investigators who aim
to study the bulk-heterojunction morphology in molecular details, thereby facilitating the
development of structure−morphology−property relationships when used in tandem with
experimental results.

1. INTRODUCTION
Organic solar cells (OSCs) based on solution-processable π-
conjugated semiconductors have garnered tremendous interest
as a renewable energy-harvesting technology.1 The devices that
have achieved the highest power conversion efficiencies (PCEs)
exploit a bulk-heterojunction (BHJ) architecture, where the
active layer is formed from a blend solution containing an
electron donor and an electron acceptor material.2,3 Although
the adoption of the BHJ architecture has led to much higher
efficiencies compared to those of bilayer devices, the task of
controlling the active layer morphology has also become
significantly more challenging due to the large parameter space
involved in the device fabrication process. Many efforts have
focused on improving the efficiency of BHJ solar cells by
optimizing4 a number of crucial parametersmost of which are
aimed at controlling the morphologyincluding, for example,
the functionality and molecular weight5 of the active materials,
blend ratio, processing solvent and additives,6 deposition
method, and thermal and solvent annealing methods.
Morphology control techniques in addition to molecular design
strategies have currently led to record efficiencies of 11.7% and
7.7% for polymer:fullerene7 and all-polymer8 solar cells,
respectively.
A key to further systematic improvements in performance is

the ability to develop a molecular understanding of the major
factors that affect the morphology and in turn of how the
resulting morphology impacts the electronic properties and
processes relevant to solar-cell operation. The structure−
property relationships should be elucidated for a wide-ranging
number of materials such that general understanding and
specific guidelines can be deduced for the rational design of
new active materials and their processing conditions. The fact

that the same processing conditions can lead to stark
differences in the morphologyand consequently perform-
ancefor independent systems employing only slightly
different active materials, underlines the need to understand
the intricate molecular interactions taking place during the
formation of the BHJ active layer.
To this end, theoretical and computational methodologies

can be very effective given that all atomic coordinates take
known values in a calculation or simulation. This helps to
minimize ambiguity when making structure−property correla-
tions, especially when used in tandem with experimental
morphology and performance characterizations. Moreover,
understanding the precise molecular packing behavior in the
pure electron donor and electron acceptor phases and their
mixed phases is of the utmost importance given that the
transfer, dissociation, separation, and transport of excitations
and/or charge carriers are all predicated on the nature of these
phases and their prevalence in the active layer. Here, we lay out
a holistic computational protocol for studying the properties of
organic π-conjugated materials at varying length scales ranging
from single molecules and molecular complexes to molecular
aggregates and nanoscale/mesoscale domains. Although it is by
no means a comprehensive overview of the advances made in
the area of organic solar cells, we hope that this contribution,
built essentially on our experience, will serve as a pedagogical
manual for those interested in investigating the BHJ
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such	energy	level	diagrams 
can	be	very	misleading	as	they	often	

do	not	capture 
the	essential	physics!
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HOMO	and	LUMO	levels	are	usually	
taken	from	isolated	components,			
which	means	the	neglect	of: 

    interfacial	-	polarization	effects



EF		

hole-collecting	
electrode

EF		

electron-collecting	
electrode

HOMO-LUMO	energy	level	diagrams

donor 
HOMO	

acceptor		LUMOE
donor 
LUMO	

use	of	HOMO	and	LUMO	levels	is	
unable	to	distinguish	 

singlet	and	triplet	excitons



JLB,	J.	Norton,	J.	Cornil,	&	V.	Coropceanu,	Acc.	Chem.	Res.		42,	1691	(2009)

ENERGY

S0

S1

T1
CT CS

exciton charge	transfer charge	separation

CTk

CSk IP(D)	+	EA(A)

electronic-state	diagrams

eVOC	=	difference	in		
energy	between		

quasi	Fermi	levels	of	holes	
and	electrons

the donor/acceptor interfacial CT states mediate                                                                          
charge generation, separation, and recombination



to	minimize	energy	losses	and	maximize	VOC:	

• the	CT-state	energy	distribution	should	be	narrow	

• the	CT-state	energy	should	be	as	close	as	possible	to	S1	
• the	non-radiative	recombination	paths	should	be	reduced
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to effi ciently photogenerate charges. [ 2,3 ]  
However, they have low open-circuit volt-
ages and typically cannot be made opti-
cally thick while maintaining high fi ll 
factors. [ 4,5 ]  For comparison, the best 
silicon solar cell has a bandgap of 1.1 eV 
and an open-circuit voltage of 0.71 V, cor-
responding to a difference between the 
bandgap and  qV  oc  of only 0.40 eV. [ 1 ]  In con-
trast, one of the best performing organic 
solar cells, PTB7:PC 71 BM, has an optical 
gap of 1.65 eV and an open-circuit voltage 
of 0.76 V, a difference of 0.89 eV. [ 6 ]  The 
lower  qV  oc  of organic solar cells relative to 
their optical gaps directly translates into 
lower power conversion effi ciencies. [ 7 ]  

 Some of this voltage loss is known to 
occur during the charge generation pro-
cess when the initial photoexcitation pro-
duced by absorbing light is split at the het-
erointerface between donor and acceptor 
materials to form a charge transfer (CT) 
state, which is an interfacial electronic 

state composed of an electron in the acceptor material and a 
nearby hole in the donor material that can directly recombine 
back to the ground state. [ 8 ]  In order to provide a driving force 
for this exciton splitting process to occur, donor and acceptor 
materials are typically chosen to have electron affi nities that 
differ by 0.1–0.3 eV, which also reduces  qV  oc  by the same 
amount. [ 9,10 ]  Since the voltage loss between optical absorption 
and CT state formation is thought to be a necessary tradeoff in 
order to effi ciently split excitons,  V  oc  is often referenced to the 
CT state energy rather than the optical gap. [ 4,9–11 ]  Even by this 
metric, however, the voltage is still quite low, with almost all 
organic solar cells having  qV  oc  between 0.5 and 0.7 eV below 
the CT state energy. [ 4,12 ]  In this work, we explain why the open-
circuit voltage of organic solar cells has remained persistently 
low and develop a theory that provides guidance on how to 
improve it. Our key results and the relevant energy levels for 
understanding  V  oc  are summarized schematically in  Figure    1  .   

  2.     Background Information 

 In order to understand  V  oc , we will need to build a model that 
describes how electrons and holes recombine in organic solar 
cells and how this process depends on voltage. Since our goal 
is to develop an understanding of  V  oc  that will allow for the 

 Organic solar cells lag behind their inorganic counterparts in effi ciency due 
largely to low open-circuit voltages ( V  oc ). In this work, a comprehensive 
framework for understanding and improving the open-circuit voltage of 
organic solar cells is developed based on equilibrium between charge transfer 
(CT) states and free carriers. It is fi rst shown that the ubiquitous reduced Lan-
gevin recombination observed in organic solar cells implies equilibrium and 
then statistical mechanics is used to calculate the CT state population density 
at each voltage. This general result permits the quantitative assignment of 
 V  oc  losses to a combination of interfacial energetic disorder, non-negligible CT 
state binding energies, large degrees of mixing, and sub-ns recombination at 
the donor/acceptor interface. To quantify the impact of energetic disorder, a 
new temperature-dependent CT state absorption measurement is developed. 
By analyzing how the apparent CT energy varies with temperature, the interfa-
cial disorder can be directly extracted. 63–104 meV of disorder is found in fi ve 
systems, contributing 75–210 mV of  V  oc  loss. This work provides an intuitive 
explanation for why  qV  oc  is almost always 500–700 meV below the energy of 
the CT state and shows how the voltage can be improved. 

  1.     Introduction 

 Organic solar cells (OPV) have the potential to become a low-cost 
technology for producing large-area, fl exible solar modules that 
are ideal for tandem, portable, and building-integrated applica-
tions. However, they are not yet commercially competitive due 
to their low power conversion effi ciencies (z10%) relative to 
those of silicon (z25%). [ 1 ]  Thus, a key challenge confronting the 
fi eld of OPV is raising the power conversion effi ciency (PCE). 
Since the PCE of a solar cell is the product of its short-circuit 
current ( J  sc ), open-circuit voltage ( V  oc ), and fi ll factor (FF), we 
can divide this task into three separate components. 

 High-performance organic solar cells have internal quantum 
effi ciencies (IQEs) near 100% indicating that the devices are able 
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characterization	of	the		
charge-transfer	(CT)	electronic	states



how	are	the	CT	states	characterized	experimentally?

emission	spectra

absorption	spectra	

generally,	their	characterization	is	conducted	in	the	framework	of	the																		
two-state	Mulliken-Hush	model,	which	includes	only	the	CT	and	G	states:	

K.	Vandewal,	K.	Tvingstedt,	A.	Gadisa,	O.	Inganäs,	and	J.V.	Manca,	PRB	81,	125204	(2010)



K.R.	Graham,	M.D.	McGehee,	A.	Amassian,	et	al.,		
Adv.	Mater.	25,	6076	(2013)

such a two-state model has been used to fit the absorption spectra in systems  
with low-energy absorption shoulders

optical	absorption	in	tetracene/C60	and	rubrene/C60	bilayer



more	recent	experimental	investigations	have	found	that,	in	a	number	of	systems,							
low-energy	absorption	shoulders	are	not	observed

PCBM

N.A.	Ran,	G.C.	Bazan,	T.Q.	Nguyen,	et	al.,		
Adv.	Mater.	28,	1482	(2016)

PIPCP

optical	absorption	in	the	PIPCP/PCBM	blend



this	is	especially	the	case	in	efficient	non-fullerene	acceptor/polymer						
systems	such	as	the	P3TEA/SF-PDI2	blend:	

					Gaussian-fit

J.	Zhao,	H.	Yan,	et	al.,	Nature	Energy	1,	15027	(2016)

donor:	P3TEA
acceptor:	SF-PDI2



the	case	of	PIPCP	/	PCBM
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ABSTRACT: Donor−acceptor organic solar cells often
show high quantum yields for charge collection, but
relatively low open-circuit voltages (VOC) limit power
conversion efficiencies to around 12%. We report here the
behavior of a system, PIPCP:PC61BM, that exhibits very low
electronic disorder (Urbach energy less than 27 meV), very
high carrier mobilities in the blend (field-effect mobility for
holes >10−2 cm2 V−1 s−1), and a very low driving energy for
initial charge separation (50 meV). These characteristics should give excellent performance, and indeed, the VOC is high
relative to the donor energy gap. However, we find the overall performance is limited by recombination, with formation of
lower-lying triplet excitons on the donor accounting for 90% of the recombination. We find this is a bimolecular process
that happens on time scales as short as 100 ps. Thus, although the absence of disorder and the associated high carrier
mobility speeds up charge diffusion and extraction at the electrodes, which we measure as early as 1 ns, this also speeds up
the recombination channel, giving overall a modest quantum yield of around 60%. We discuss strategies to remove the
triplet exciton recombination channel.
KEYWORDS: organic solar cell, energy loss, high mobility, charge recombination, charge transfer states

For organic solar cells (OSCs), dissociation of molecular
excitons occurs at the interface between an electron-
donating species and an electron-accepting species.1,2 As

a consequence of this design, significant energetic losses are
generally incurred when the resulting intermolecular charge
transfer (CT) states relax toward their energetic minima and
undergo nonradiative decay processes.3 These losses are
evident in the large difference between the optical energy gap
(Eopt) and the open-circuit voltage (VOC), with most OSCs
showing an energy loss (Eloss = Eopt − eVOC) of >1 eV.4

Strategies to reduce energy loss are imperative to move toward
the radiative limit for energy loss of approximately 0.3 eV
established by Shockley and Queisser and achieve power
conversion efficiencies (ηPCE) greater than 12%.5

Energy loss in OSCs can be separated into two categories
that which is incurred during the formation of charges or CT
states and that which is incurred due to the recombination of
charges or CT states.6 The energy of the charge transfer state
(ECT) in relation to Eopt and eVOC signals through which
channel the majority of energy loss is occurring (Figure 1a). If
ECT is closer to Eopt, most of the energy loss is due to

recombination. Conversely, if ECT is closer to eVOC, most of the
energy loss occurs during the formation of CT states. In order
to increase VOC, one should seek to simultaneously increase the
value of ECT while limiting the pathways for recombination.
Previous reports of OSCs with small energy loss exhibit a

promising trend.7−9 Li et al. have demonstrated OSCs with low
energy loss (Eloss < 0.6 eV) for a series of diketopyrrolopyrrole
(DPP) copolymers yet report a systematic reduction in
maximum external quantum efficiency (ηEQE) from ηEQE =
52% for Eloss = 0.58 eV to ηEQE = 5% for Eloss = 0.48 eV.4

Kawashima et al. have reported ηPCE > 8% from a blend of a
quaterthiophene copolymer and PC71BM.10 These devices
exhibit ηEQE ∼ 60% and Eloss = 0.56 eV. In both of these works,
a small energy difference exists between donor polymer and
fullerene acceptor electron affinities, likely indicating a high ECT
relative to Eopt.
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electronic disorder (Urbach energy less than 27 meV), very
high carrier mobilities in the blend (field-effect mobility for
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generally incurred when the resulting intermolecular charge
transfer (CT) states relax toward their energetic minima and
undergo nonradiative decay processes.3 These losses are
evident in the large difference between the optical energy gap
(Eopt) and the open-circuit voltage (VOC), with most OSCs
showing an energy loss (Eloss = Eopt − eVOC) of >1 eV.4

Strategies to reduce energy loss are imperative to move toward
the radiative limit for energy loss of approximately 0.3 eV
established by Shockley and Queisser and achieve power
conversion efficiencies (ηPCE) greater than 12%.5

Energy loss in OSCs can be separated into two categories
that which is incurred during the formation of charges or CT
states and that which is incurred due to the recombination of
charges or CT states.6 The energy of the charge transfer state
(ECT) in relation to Eopt and eVOC signals through which
channel the majority of energy loss is occurring (Figure 1a). If
ECT is closer to Eopt, most of the energy loss is due to

recombination. Conversely, if ECT is closer to eVOC, most of the
energy loss occurs during the formation of CT states. In order
to increase VOC, one should seek to simultaneously increase the
value of ECT while limiting the pathways for recombination.
Previous reports of OSCs with small energy loss exhibit a
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52% for Eloss = 0.58 eV to ηEQE = 5% for Eloss = 0.48 eV.4

Kawashima et al. have reported ηPCE > 8% from a blend of a
quaterthiophene copolymer and PC71BM.10 These devices
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5. DFT Calculations for S1 and ECT excitation energies 

A large number of configurations were generated for the PIPCP-PC61BM complex at the  

DFT ωB97XD/6-31G(d,p) level of theory. We emphasize that a long-range corrected functional 

with consideration of dispersion interactions such as ωB97XD can provide a reliable description 

of the extent of the wavefunction delocalization along the π-conjugated backbone and of the 

intermolecular interactions exist between polymer and fullerene. We have used a PIPCP 

oligomer consisting of one IDT, one CPDT, and two PT units, capped on both ends by a 

thiophene ring, see Figure S5; such an oligomer chain length allows complete delocalization of 

the hole wavefunction; the alkyl side-chains were replaced with methyl groups to minimize 

computational costs. We have generated randomly up to eight PIPCP-PC61BM complexes by 

considering the PC61BM molecule at different locations around the PIPCP backbone. Then, TD-

DFT/PCM calculations were performed (at the ωB97XD/6-31G(d,p) level) to predict the energy 

for singlet excitons (S1) and charge transfer states (ECT) in PIPCP:PC61BM complexes.  

 

 

 

 
Figure S5. Chemical structure of the PIPCP model oligomer considered in our calculations. 
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character, with the electron wavefunction delocalized over both chain and fullerene; this feature 

is consistent with the red shift of the lowest optical absorption observed upon going from the 

pure polymer to the blend. 

 

Figure 1. (a) Molecular structure of PIPCP and (b) PC61BM. (c) Steady 
state absorption spectra for PIPCP and a blend of PIPCP and PC61BM 
measured by photothermal deflection spectroscopy. 

Time-resolved TA is used to observe the evolution of exciton and charge populations after 

photoexcitation.  Singlet exciton signatures can be used to quantify dissociation timescales.  

From pristine PIPCP film measurements, a signature corresponding to the singlet comprises a 

photoinduced absorption (PIA) peaked near 1500 nm (Fig. 2a).  The decay of this feature in the 

a. PIPCP

c.
b. PC61BM

long-range	corrected	ωB97X-D/6-31G(d,p)	DFT	calculations	of:	

• S1	states	of	the	isolated	PIPCP	oligomer	

• CT	states	of	the	complex	(8	configurations)
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oscillator strength; these characteristics are reversed in the second lowest excited state (labelled 

S1 in Figure S6 and Table 2), which results in a higher oscillator strength.   

 

 

Table S2 | Singlet Intramolecular Exciton (S1) and 
Charge Transfer (ECT) Energies for the various 
PIPCP:PC61BM configurations. Oscillator strengths (in 
atomic units ) are given in parentheses (the isolated 
PIPCP singlet exciton energy is also given for the sake 
of comparison). 

Configuration ECT (eV) S1 (eV) 

Isolated PIPCP  1.62 (1.835) 

1 1.52 (0.396) 1.66 (1.135) 
2 1.59 (0.025) 1.67 (1.466) 
3 1.55 (0.597) 1.61 (0.526) 
4 1.57 (0.679) 1.59 (0.548) 
5 1.51 (0.172) 1.66 (1.056) 
6 1.67 (0.168) 1.58 (1.246) 
7 1.73 (0.148) 1.68 (1.322) 
8 1.73 (0.367) 1.64 (1.142) 

 

 

 

  

lowest	CT	state:	

• generally	ca.	0.1	eV	below	S1	
• significant	oscillator	strength



lowest	excited	state	
“CT”	

1.52	eV

NTO’s	
(natural	transition	orbitals)
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Figure S6. Calculated excitation energies and illustration of the natural transition orbitals (h: 
hole; e: electron) for the 1CT1 and S1 states of configuration 1 in Table S2, at the TD-
ωB97XD/6-31G(d,p) level coupled with the PCM model (isovalue surface corresponding to 0.02 
atomic units). 
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✦   long-range	corrected	DFT	calculations	confirm	that	the																													
lowest	CT	state	energies	in	PIPCP-PCBM	complexes	are	only	some	0.1	eV	
below	the	S1	energy	of	PIPCP	

✦ 		the	lowest	excitations	of	the	PIPCP-PCBM	complexes	have																											
hybrid	charge-transfer	/	local	excitation	(Frenkel)	character,																		
consistent	with	the	red	shift	of	absorption	in	going	from	PIPCP	thin	film	
to	PIPCP-PCBM	blend



0

E

qi

G

D+A-

0
ADE −+

−+ADλ

two-state	model

GADt −−+

limitations	of	the	two-state	model



•		only	two	states,	the	CT	(D+-A-)	state	and	the	ground	(G)	state,	

are	considered	

•		perturbation	theory	

•		semi-classical	treatment	of	high-frequency	vibrations	

•		assumption	of	Gaussian	line	shapes

limitations	of	the	two-state	model



a	3-state	approach

X.K.	Chen,	V.	Coropceanu,	&	JLB,	Nature	Commun.		
DOI:	10.1038/s41467-018-07707-8	(2018)



we	have	developed	a	three-state	model	that	includes																																													
the	local-excitation	(LE)	state	(=	S1	state	of	the	absorbing	material)	

in	addition	to	the	charge-transfer	(D+A-)	state	and	the	ground	(G)	state		
and	accounts	quantum-mechanically	for	their	vibronic	couplings

the	three-state	model



applications	of	the	3-state	
methodology





application	of	the	two-state	model	leads	to:	
•		an	overestimation	of	the	electronic	coupling	between	the	D+A-	state	and	
the	ground	state	by	ca.	270	cm-1	

•		an	underestimation	of	the	relaxed	D+A--state	energy	by	1000	cm-1	

•		an	overestimation	of	the	D+A-	state	relaxation	energy	by	ca.	500	cm-1

S.	Sweetnam,	M.D.	McGehee,		
JLB,	et	al.,		

Chem.	Mater.,	28,	1446	(2016)

optical	absorption	of	the	PBTTT/PCBM	blend



“hot”	vibronic	
states

general	consequence	of	the	coupling	between	the	D+A-	and	LE	states:		

• “hot”	CT	vibronic	states	represent	hybrid	D+A--LE	states	and	are	therefore	
characterized	by	a	significant	transition	dipole	moment	

• these	can	thus	be	efficiently	directly	accessed	via	optical	excitation	and	
could	open	a	direct	pathway	to	dissociation	into	free	charge	carriers,							
as	soon	as	their	energies	are	located	above	the	charge-separated	states,	
or	below	them	but	within	thermal	excitation	energy



N.A.	Ran,	G.C.	Bazan,	T.Q.	Nguyen,	and	co-workers	
Adv.	Mater.	28,	1482	(2016)

optical	absorption	of	the	PIPCP/PCBM	blend



when	the	low-energy	shoulder	of	the	
electroluminescence	spectrum	of	PIPCP/PCBM	is	
fitted	by	a	Gaussian	in	the	context	of	the	2-state	
model:	
the	procedure	leads	to	a	mere	0.05	eV	difference	
between	the	polymer	LE	state	and	the	D+A-	state

N.A.	Ran,	G.C.	Bazan,	T.Q.	Nguyen,														
and	co-workers	

Adv.	Mater.	28,	1482	(2016)



our	best	fit	to	the	absorption	data	in	the	context	of	the	3-state	model	leads	to:	
• 	a	0.2	eV	difference	between	the	polymer	LE	state	and	the	D+A-	state	
• a	LE-D+A-	electronic	coupling	of	400	cm-1	
• a	D+A--G	electronic	coupling	of	100	cm-1



through our three-state fit:

ground	state

1.49 eV
1.29 eV

0.89 eV

LE

D+A-

eVOC

E

0.2 eV

0.4 eV



•		in	the	case	of	a	large	energy	offset	between	the	D+A-	and	LE	states:		
the	electronic		coupling	between	the	D+A-	and	LE	states	can	make	the	shape	
and	intensity	of	the	low-energy	shoulder	substantially	different	from	those	
that	the	semi-classical	two-state	Mulliken-Hush	model	would	predict	
				hot	CT	vibronic	states	resulting	from	D+A--LE	coupling	gain	a	more	
substantial	transition	dipole	moment	
				these	hot	CT	vibronic	states,	which	are	directly	optically	accessible,	have	
energies	that	can	allow	them	overcome,	entirely	or	at	least	in	part,	the	
electron-hole	Coulomb	barrier	and	dissociate	easily	into	free	charge	carriers	

•		in	the	case	of	a	small	energy	offset	between	the	D+A-	and	LE	states:																														
the	absorption	spectra	hardly	show	any	low-energy	absorption	feature	
instead,	the	D+A--LE	coupling	leads	to	a	red-shift	of	the	whole	low-energy	
absorption	edge	
				in	such	instances,	a	three-state	model	is	mandatory	in	order	to	extract	
reliable	information	on	the	CT	states	from	the	absorption	spectra

X.K.	Chen,	V.	Coropceanu,	&	JLB,	Nature	Commun.		
DOI:	10.1038/s41467-018-07707-8	(2018)



design	rules	to	limit	energy	losses
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A major breakthrough in organic solar cell (OSC) development 
was the discovery of the donor–acceptor (D:A) bulk hetero-
junction (BHJ) concept1, which in many material systems 

provides a fast (sub-100 fs) and efficient route for exciton dissocia-
tion2. This concept formed the basis for the general paradigm of 
OSC advances and led to devices with high photovoltaic external 
quantum efficiencies (EQEPV)3 and high photocurrent4. However, 
the gain in the number of extracted charges was achieved at the 
expense of large photovoltage losses5,6. In comparison to efficient 
inorganic and hybrid perovskite solar cells, it is clear that one of the 
main challenges in OSCs is the optimization of the device voltage 
with respect to the optical absorption spectrum7.

Previous studies have shown that the open-circuit voltage (VOC) 
in OSCs is determined by the energy of charge-transfer (CT) states 
at D:A interfaces, as well as recombination processes8–10. According 
to the classical Mulliken theory11, the CT state energy is close to that 
of the ‘effective gap’ between the ionization potential (IP, or more 
crudely, highest occupied molecular orbital (HOMO)) of the D, and 
the electron affinity (EA, or lowest unoccupied molecular orbital 
(LUMO)) of the A. For this reason, a large number of recent efforts 
directed towards reducing voltage losses have been focused on 
increasing the energy of CT states by minimizing the energetic off-
set between D and A (more precisely, the offset between either the 
IPs or the EAs of the two components). The increase in CT energy, 
however, leads to a lower driving force for exciton dissociation  
(Δ GLE-CT, defined as the energy difference between the local excited 
(LE) state and the CT state). Although polymer:fullerene blends 

generally tend to show low efficiencies with low driving forces5,12, 
there are exceptions13,14, and recent polymer:non-fullerene materi-
als exhibit efficient charge separation despite low (< 0.1 eV) Δ GLE-CT 
values15,16. The detailed molecular mechanism behind this improved 
performance is still unclear17.

Apart from effective-gap optimization, functional strategies for 
reducing non-radiative recombination are still needed. Based on 
detailed-balance considerations, radiative recombination of exci-
tons is an unavoidable process accompanying the absorption, and 
non-radiative recombination always constitutes an additional, par-
ticularly detrimental, loss channel18–20. Therefore, to maximize VOC, 
the yields of photoluminescence and electroluminescence processes 
in OSC materials need to be enhanced 21.

Here, we formulate key design rules for combining low voltage 
losses with efficient photocurrent generation, and demonstrate 
a set of existing as well as unreported material systems that effec-
tively apply these rules to achieve high power conversion efficiency 
(PCE). We show that the high-performance regime is achieved in 
these OSCs due to charge dynamics that differ from those observed 
in ‘conventional’ polymer:fullerene materials. These non-typical 
photophysics are induced by a concerted combination of two fac-
tors: (1) low energy offset between D and A molecular states and 
(2) high photoluminescence yield of the blend components. As a 
result, CT excitons formed after initial charge transfer become 
hybridized with emissive LE states. This leads to slow charge  
separation, as observed in ultrafast photoluminescence and transient  
absorption measurements, and also to the minimization of  
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A major breakthrough in organic solar cell (OSC) development 
was the discovery of the donor–acceptor (D:A) bulk hetero-
junction (BHJ) concept1, which in many material systems 

provides a fast (sub-100 fs) and efficient route for exciton dissocia-
tion2. This concept formed the basis for the general paradigm of 
OSC advances and led to devices with high photovoltaic external 
quantum efficiencies (EQEPV)3 and high photocurrent4. However, 
the gain in the number of extracted charges was achieved at the 
expense of large photovoltage losses5,6. In comparison to efficient 
inorganic and hybrid perovskite solar cells, it is clear that one of the 
main challenges in OSCs is the optimization of the device voltage 
with respect to the optical absorption spectrum7.

Previous studies have shown that the open-circuit voltage (VOC) 
in OSCs is determined by the energy of charge-transfer (CT) states 
at D:A interfaces, as well as recombination processes8–10. According 
to the classical Mulliken theory11, the CT state energy is close to that 
of the ‘effective gap’ between the ionization potential (IP, or more 
crudely, highest occupied molecular orbital (HOMO)) of the D, and 
the electron affinity (EA, or lowest unoccupied molecular orbital 
(LUMO)) of the A. For this reason, a large number of recent efforts 
directed towards reducing voltage losses have been focused on 
increasing the energy of CT states by minimizing the energetic off-
set between D and A (more precisely, the offset between either the 
IPs or the EAs of the two components). The increase in CT energy, 
however, leads to a lower driving force for exciton dissociation  
(Δ GLE-CT, defined as the energy difference between the local excited 
(LE) state and the CT state). Although polymer:fullerene blends 

generally tend to show low efficiencies with low driving forces5,12, 
there are exceptions13,14, and recent polymer:non-fullerene materi-
als exhibit efficient charge separation despite low (< 0.1 eV) Δ GLE-CT 
values15,16. The detailed molecular mechanism behind this improved 
performance is still unclear17.

Apart from effective-gap optimization, functional strategies for 
reducing non-radiative recombination are still needed. Based on 
detailed-balance considerations, radiative recombination of exci-
tons is an unavoidable process accompanying the absorption, and 
non-radiative recombination always constitutes an additional, par-
ticularly detrimental, loss channel18–20. Therefore, to maximize VOC, 
the yields of photoluminescence and electroluminescence processes 
in OSC materials need to be enhanced 21.

Here, we formulate key design rules for combining low voltage 
losses with efficient photocurrent generation, and demonstrate 
a set of existing as well as unreported material systems that effec-
tively apply these rules to achieve high power conversion efficiency 
(PCE). We show that the high-performance regime is achieved in 
these OSCs due to charge dynamics that differ from those observed 
in ‘conventional’ polymer:fullerene materials. These non-typical 
photophysics are induced by a concerted combination of two fac-
tors: (1) low energy offset between D and A molecular states and 
(2) high photoluminescence yield of the blend components. As a 
result, CT excitons formed after initial charge transfer become 
hybridized with emissive LE states. This leads to slow charge  
separation, as observed in ultrafast photoluminescence and transient  
absorption measurements, and also to the minimization of  
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devices with comparable bandgaps. Energy losses during charge separation at the donor–acceptor interface and non-radiative 
recombination are among the main causes of such voltage losses. Here we combine spectroscopic and quantum-chemistry 
approaches to identify key rules for minimizing voltage losses: (1) a low energy offset between donor and acceptor molecular 
states and (2) high photoluminescence yield of the low-gap material in the blend. Following these rules, we present a range of 
existing and new donor–acceptor systems that combine efficient photocurrent generation with electroluminescence yield up to 
0.03%, leading to non-radiative voltage losses as small as 0.21!V. This study provides a rationale to explain and further improve 
the performance of recently demonstrated high-open-circuit-voltage organic solar cells.
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non-radiative relaxation to the ground state. As a result, the studied 
low-Δ GLE-CT OSC systems show small non-radiative recombination 
and high VOC similar to that of devices based on pristine D or A.

Materials and photovoltaic performance
Our study involves D:A blends consisting of five polymers and five 
small molecules acting as the D and A components, respectively. 
The polymers comprise different conjugated backbones represen-
tative of the D polymers currently used in the OSC community, 
including polythiophene-22, naphthobisoxadiazole-23, thieno[3,4-b]
thiophene-24, quinoxaline-25 and difluorinated triazole-based poly-
mers26. The A components include both non-fullerene materials 
(indacenodithieno[3,2-b]thiophene- and indacenodithiophene-
based small molecules)27,28 and PC71BM. Non-fullerene-based OSCs 
have continued to attract attention during the past several years, 
with systems achieving PCEs over 13% (refs 29–31). The particular 
material combinations were chosen to achieve low D:A energy off-
sets and hence close alignment of CT absorption with that of the red 
absorber (D or A) in the blend.

The chemical structures of the materials are shown in Fig. 1a 
alongside sketches of the state energies for the D:A combinations 

in Fig. 1b. Apart from the PTB7-Th:PC71BM blend, which is used 
here as a state-of-the-art reference, the energy offsets are small in all 
cases. Figure 1c compares the current density–voltage (J–V) curves 
under illumination of the studied D:A systems with those of the 
narrow-gap component of the blend. For all the material systems, 
photocurrent generation is significantly enhanced in a BHJ com-
pared to the pristine-material devices. However, in striking contrast 
to the PTB7-Th:PC71BM reference blend, where VOC decreases dra-
matically on forming the BHJ, the VOC values in the other material 
systems are almost identical to those of the respective single-com-
ponent devices. Therefore, the formation of a BHJ significantly 
facilitates charge separation without a corresponding decrease in 
VOC. Consequently, the voltage losses in these systems are around or 
even below 0.6 V (Table 1). The PNOz4T:PC71BM blend is one of the 
few fullerene-based devices where high efficiency (~9%) is possible 
in spite of a small energy offset14. Most of the blends investigated 
in this work show reasonably high values of EQEPV in the range of 
45− 70% as well as good PCEs (Table 1).

Energies of molecular states. Measurements of the energetics 
on isolated D and A neglect the influences of film morphology 
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Fig. 1 | Low-energy offset material systems and their photovoltaic performance. a, Molecular structures of the donor polymers and acceptor small 
molecules in this study. b, Energy states (estimated from cyclic voltammetry measurements) of the material systems (Supplementary Table 1 and 
Supplementary Figs. 1 and 2). c, Current density–voltage (J–V) curves of devices based on both pristine materials and BHJ blends under solar illumination 
(illumination intensity equivalent to 1,000!W!m−2 AM1.5G conditions).

NATURE MATERIALS | VOL 17 | AUGUST 2018 | 703–709 | www.nature.com/naturematerials704

ARTICLES NATURE MATERIALS

non-radiative relaxation to the ground state. As a result, the studied 
low-Δ GLE-CT OSC systems show small non-radiative recombination 
and high VOC similar to that of devices based on pristine D or A.

Materials and photovoltaic performance
Our study involves D:A blends consisting of five polymers and five 
small molecules acting as the D and A components, respectively. 
The polymers comprise different conjugated backbones represen-
tative of the D polymers currently used in the OSC community, 
including polythiophene-22, naphthobisoxadiazole-23, thieno[3,4-b]
thiophene-24, quinoxaline-25 and difluorinated triazole-based poly-
mers26. The A components include both non-fullerene materials 
(indacenodithieno[3,2-b]thiophene- and indacenodithiophene-
based small molecules)27,28 and PC71BM. Non-fullerene-based OSCs 
have continued to attract attention during the past several years, 
with systems achieving PCEs over 13% (refs 29–31). The particular 
material combinations were chosen to achieve low D:A energy off-
sets and hence close alignment of CT absorption with that of the red 
absorber (D or A) in the blend.

The chemical structures of the materials are shown in Fig. 1a 
alongside sketches of the state energies for the D:A combinations 

in Fig. 1b. Apart from the PTB7-Th:PC71BM blend, which is used 
here as a state-of-the-art reference, the energy offsets are small in all 
cases. Figure 1c compares the current density–voltage (J–V) curves 
under illumination of the studied D:A systems with those of the 
narrow-gap component of the blend. For all the material systems, 
photocurrent generation is significantly enhanced in a BHJ com-
pared to the pristine-material devices. However, in striking contrast 
to the PTB7-Th:PC71BM reference blend, where VOC decreases dra-
matically on forming the BHJ, the VOC values in the other material 
systems are almost identical to those of the respective single-com-
ponent devices. Therefore, the formation of a BHJ significantly 
facilitates charge separation without a corresponding decrease in 
VOC. Consequently, the voltage losses in these systems are around or 
even below 0.6 V (Table 1). The PNOz4T:PC71BM blend is one of the 
few fullerene-based devices where high efficiency (~9%) is possible 
in spite of a small energy offset14. Most of the blends investigated 
in this work show reasonably high values of EQEPV in the range of 
45− 70% as well as good PCEs (Table 1).

Energies of molecular states. Measurements of the energetics 
on isolated D and A neglect the influences of film morphology 
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Fig. 1 | Low-energy offset material systems and their photovoltaic performance. a, Molecular structures of the donor polymers and acceptor small 
molecules in this study. b, Energy states (estimated from cyclic voltammetry measurements) of the material systems (Supplementary Table 1 and 
Supplementary Figs. 1 and 2). c, Current density–voltage (J–V) curves of devices based on both pristine materials and BHJ blends under solar illumination 
(illumination intensity equivalent to 1,000!W!m−2 AM1.5G conditions).
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non-radiative relaxation to the ground state. As a result, the studied 
low-Δ GLE-CT OSC systems show small non-radiative recombination 
and high VOC similar to that of devices based on pristine D or A.

Materials and photovoltaic performance
Our study involves D:A blends consisting of five polymers and five 
small molecules acting as the D and A components, respectively. 
The polymers comprise different conjugated backbones represen-
tative of the D polymers currently used in the OSC community, 
including polythiophene-22, naphthobisoxadiazole-23, thieno[3,4-b]
thiophene-24, quinoxaline-25 and difluorinated triazole-based poly-
mers26. The A components include both non-fullerene materials 
(indacenodithieno[3,2-b]thiophene- and indacenodithiophene-
based small molecules)27,28 and PC71BM. Non-fullerene-based OSCs 
have continued to attract attention during the past several years, 
with systems achieving PCEs over 13% (refs 29–31). The particular 
material combinations were chosen to achieve low D:A energy off-
sets and hence close alignment of CT absorption with that of the red 
absorber (D or A) in the blend.

The chemical structures of the materials are shown in Fig. 1a 
alongside sketches of the state energies for the D:A combinations 

in Fig. 1b. Apart from the PTB7-Th:PC71BM blend, which is used 
here as a state-of-the-art reference, the energy offsets are small in all 
cases. Figure 1c compares the current density–voltage (J–V) curves 
under illumination of the studied D:A systems with those of the 
narrow-gap component of the blend. For all the material systems, 
photocurrent generation is significantly enhanced in a BHJ com-
pared to the pristine-material devices. However, in striking contrast 
to the PTB7-Th:PC71BM reference blend, where VOC decreases dra-
matically on forming the BHJ, the VOC values in the other material 
systems are almost identical to those of the respective single-com-
ponent devices. Therefore, the formation of a BHJ significantly 
facilitates charge separation without a corresponding decrease in 
VOC. Consequently, the voltage losses in these systems are around or 
even below 0.6 V (Table 1). The PNOz4T:PC71BM blend is one of the 
few fullerene-based devices where high efficiency (~9%) is possible 
in spite of a small energy offset14. Most of the blends investigated 
in this work show reasonably high values of EQEPV in the range of 
45− 70% as well as good PCEs (Table 1).

Energies of molecular states. Measurements of the energetics 
on isolated D and A neglect the influences of film morphology 
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molecules in this study. b, Energy states (estimated from cyclic voltammetry measurements) of the material systems (Supplementary Table 1 and 
Supplementary Figs. 1 and 2). c, Current density–voltage (J–V) curves of devices based on both pristine materials and BHJ blends under solar illumination 
(illumination intensity equivalent to 1,000!W!m−2 AM1.5G conditions).
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non-radiative relaxation to the ground state. As a result, the studied 
low-Δ GLE-CT OSC systems show small non-radiative recombination 
and high VOC similar to that of devices based on pristine D or A.

Materials and photovoltaic performance
Our study involves D:A blends consisting of five polymers and five 
small molecules acting as the D and A components, respectively. 
The polymers comprise different conjugated backbones represen-
tative of the D polymers currently used in the OSC community, 
including polythiophene-22, naphthobisoxadiazole-23, thieno[3,4-b]
thiophene-24, quinoxaline-25 and difluorinated triazole-based poly-
mers26. The A components include both non-fullerene materials 
(indacenodithieno[3,2-b]thiophene- and indacenodithiophene-
based small molecules)27,28 and PC71BM. Non-fullerene-based OSCs 
have continued to attract attention during the past several years, 
with systems achieving PCEs over 13% (refs 29–31). The particular 
material combinations were chosen to achieve low D:A energy off-
sets and hence close alignment of CT absorption with that of the red 
absorber (D or A) in the blend.

The chemical structures of the materials are shown in Fig. 1a 
alongside sketches of the state energies for the D:A combinations 

in Fig. 1b. Apart from the PTB7-Th:PC71BM blend, which is used 
here as a state-of-the-art reference, the energy offsets are small in all 
cases. Figure 1c compares the current density–voltage (J–V) curves 
under illumination of the studied D:A systems with those of the 
narrow-gap component of the blend. For all the material systems, 
photocurrent generation is significantly enhanced in a BHJ com-
pared to the pristine-material devices. However, in striking contrast 
to the PTB7-Th:PC71BM reference blend, where VOC decreases dra-
matically on forming the BHJ, the VOC values in the other material 
systems are almost identical to those of the respective single-com-
ponent devices. Therefore, the formation of a BHJ significantly 
facilitates charge separation without a corresponding decrease in 
VOC. Consequently, the voltage losses in these systems are around or 
even below 0.6 V (Table 1). The PNOz4T:PC71BM blend is one of the 
few fullerene-based devices where high efficiency (~9%) is possible 
in spite of a small energy offset14. Most of the blends investigated 
in this work show reasonably high values of EQEPV in the range of 
45− 70% as well as good PCEs (Table 1).

Energies of molecular states. Measurements of the energetics 
on isolated D and A neglect the influences of film morphology 
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non-radiative relaxation to the ground state. As a result, the studied 
low-Δ GLE-CT OSC systems show small non-radiative recombination 
and high VOC similar to that of devices based on pristine D or A.

Materials and photovoltaic performance
Our study involves D:A blends consisting of five polymers and five 
small molecules acting as the D and A components, respectively. 
The polymers comprise different conjugated backbones represen-
tative of the D polymers currently used in the OSC community, 
including polythiophene-22, naphthobisoxadiazole-23, thieno[3,4-b]
thiophene-24, quinoxaline-25 and difluorinated triazole-based poly-
mers26. The A components include both non-fullerene materials 
(indacenodithieno[3,2-b]thiophene- and indacenodithiophene-
based small molecules)27,28 and PC71BM. Non-fullerene-based OSCs 
have continued to attract attention during the past several years, 
with systems achieving PCEs over 13% (refs 29–31). The particular 
material combinations were chosen to achieve low D:A energy off-
sets and hence close alignment of CT absorption with that of the red 
absorber (D or A) in the blend.

The chemical structures of the materials are shown in Fig. 1a 
alongside sketches of the state energies for the D:A combinations 

in Fig. 1b. Apart from the PTB7-Th:PC71BM blend, which is used 
here as a state-of-the-art reference, the energy offsets are small in all 
cases. Figure 1c compares the current density–voltage (J–V) curves 
under illumination of the studied D:A systems with those of the 
narrow-gap component of the blend. For all the material systems, 
photocurrent generation is significantly enhanced in a BHJ com-
pared to the pristine-material devices. However, in striking contrast 
to the PTB7-Th:PC71BM reference blend, where VOC decreases dra-
matically on forming the BHJ, the VOC values in the other material 
systems are almost identical to those of the respective single-com-
ponent devices. Therefore, the formation of a BHJ significantly 
facilitates charge separation without a corresponding decrease in 
VOC. Consequently, the voltage losses in these systems are around or 
even below 0.6 V (Table 1). The PNOz4T:PC71BM blend is one of the 
few fullerene-based devices where high efficiency (~9%) is possible 
in spite of a small energy offset14. Most of the blends investigated 
in this work show reasonably high values of EQEPV in the range of 
45− 70% as well as good PCEs (Table 1).

Energies of molecular states. Measurements of the energetics 
on isolated D and A neglect the influences of film morphology 
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non-radiative relaxation to the ground state. As a result, the studied 
low-Δ GLE-CT OSC systems show small non-radiative recombination 
and high VOC similar to that of devices based on pristine D or A.

Materials and photovoltaic performance
Our study involves D:A blends consisting of five polymers and five 
small molecules acting as the D and A components, respectively. 
The polymers comprise different conjugated backbones represen-
tative of the D polymers currently used in the OSC community, 
including polythiophene-22, naphthobisoxadiazole-23, thieno[3,4-b]
thiophene-24, quinoxaline-25 and difluorinated triazole-based poly-
mers26. The A components include both non-fullerene materials 
(indacenodithieno[3,2-b]thiophene- and indacenodithiophene-
based small molecules)27,28 and PC71BM. Non-fullerene-based OSCs 
have continued to attract attention during the past several years, 
with systems achieving PCEs over 13% (refs 29–31). The particular 
material combinations were chosen to achieve low D:A energy off-
sets and hence close alignment of CT absorption with that of the red 
absorber (D or A) in the blend.

The chemical structures of the materials are shown in Fig. 1a 
alongside sketches of the state energies for the D:A combinations 

in Fig. 1b. Apart from the PTB7-Th:PC71BM blend, which is used 
here as a state-of-the-art reference, the energy offsets are small in all 
cases. Figure 1c compares the current density–voltage (J–V) curves 
under illumination of the studied D:A systems with those of the 
narrow-gap component of the blend. For all the material systems, 
photocurrent generation is significantly enhanced in a BHJ com-
pared to the pristine-material devices. However, in striking contrast 
to the PTB7-Th:PC71BM reference blend, where VOC decreases dra-
matically on forming the BHJ, the VOC values in the other material 
systems are almost identical to those of the respective single-com-
ponent devices. Therefore, the formation of a BHJ significantly 
facilitates charge separation without a corresponding decrease in 
VOC. Consequently, the voltage losses in these systems are around or 
even below 0.6 V (Table 1). The PNOz4T:PC71BM blend is one of the 
few fullerene-based devices where high efficiency (~9%) is possible 
in spite of a small energy offset14. Most of the blends investigated 
in this work show reasonably high values of EQEPV in the range of 
45− 70% as well as good PCEs (Table 1).

Energies of molecular states. Measurements of the energetics 
on isolated D and A neglect the influences of film morphology 
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within	the	3-state	model	or	from	direct	DFT	calculations,	

the	non-radiative	recombination	rate	of	the	CT	states	can	be	evaluated	via	Marcus	theory:
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In agreement with the time-resolved photoluminescence, the 
transient absorption data show much slower exciton quenching 
in the low-Δ GLE-CT materials. Compared to the pure materials, the 
excitonic response in the blends decays only slightly faster within 
the first ~10 ps (Supplementary Fig. 13b). Accordingly, the polar-
onic response in the low-Δ GLE-CT systems emerges at slower tim-
escales (15–30 ps). This could be the result of either very slow CT, 
or strong phase segregation whereby excitons require a consider-
able time to reach the D:A interface14. The latter option is unlikely; 
taking the PTB7-Th:IEICO blend as an example we find that (1) 
efficient energy transfer occurs between D and A, as observed after 
D excitation (Supplementary Fig. 13a), implying domain sizes of  
< 20 nm, and (2) the dynamics are different in the PS matrix and in 
the pure materials, suggesting that large domains of the pure phase 
are not formed in the blends. Therefore, all the presented data indi-
cate that the materials invoke a very slow CT process, at least 100 
times longer than in conventional OSCs.

The observation of slow charge separation in the low-Δ GLE-CT 
systems indicates that, in comparison to most polymer:fullerene 
blends41,42, a conceptually different mechanism is responsible 
for photocurrent generation. Instead of ultrafast charge car-
rier generation assisted by electronic delocalization typical for 
polymer:fullerene blends2,43,44, 100 times slower exciton and/or 
CT state dissociation is observed in the low-Δ GLE-CT systems. The 
exciton dissociation rate can be reduced by a decrease in electronic 
coupling and/or by the increase of the dissociation barrier through 
the lowering of Δ GLE-CT. In the low-Δ GLE-CT systems, the pres-
ence of such a barrier is in fact confirmed by transient absorption  

measurements on films and devices. While PTB7-Th:PC71BM and 
other previously studied high-performance45 systems show no 
external-field effect on the separation of charges (Fig. 3g), the yield 
of charge carriers in the low-Δ GLE-CT systems exhibits a sensitivity 
towards a weak external field inside the device (Fig. 3h–l). This 
effect mostly manifests itself at early times (~10 ps), which suggests 
that the electric field is more likely influencing exciton dissociation 
rather than the dynamics of the CT states 46.

Modelling of excitonic and CT states. To obtain more insight into 
the difference between typical polymer:fullerene blends and the 
low-offset systems, we compare, as an example, PTB7-Th:IEICO 
and PTB7-Th:PC71BM blends. The results of density functional the-
ory (DFT) calculations (see Methods and Supplementary Table 7) 
are in agreement with the experimental data, indicating that IEICO 
and PC71BM have comparable LUMO energies, while IEICO and 
PTB7-Th have comparable HOMO energies.

The excited state calculations performed on both model and 
optimized PTB7-Th:IEICO and PTB7-Th:PC71BM complexes 
(Supplementary Figs. 14 to 16 and Supplementary Table 8) show 
that the lowest CT states in both materials have similar energies and 
that the absolute value of Δ GLE-CT is ~0.2–0.3 eV smaller in PTB7-
Th:IEICO than in PTB7-Th:PC71BM. For PTB7-Th:IEICO, Δ GLE-CT 
is estimated to be ~80 meV (Fig. 4). Based on the DFT-derived elec-
tronic couplings (Supplementary Table 8) and using Marcus semi-
classical electron transfer theory (see Methods) we estimate that the 
exciton dissociation rate (kLE→CT) in PTB7-Th:IEICO is ~1 ×  1012 s−1. 
This result is in good agreement with the photoluminescence 
quenching data. As seen from Fig. 4b,c, the back electron transfer 
rate (kCT→LE) is also rapid in this system. In contrast, recombination 
of the CT state (kCT→GS) is very slow due to the large Δ GCT-GS and 
small electronic couplings. However, our model does not account 
for the triplet states that can provide an additional pathway for deac-
tivation of the CT states13. Although this recombination channel still 
needs to be investigated, based on the experimental observations we 
conclude that the lifetime of the CT states in PTB7-Th:IEICO is suf-
ficiently long to ensure their dissociation into free charges.

The calculated energetics are concordant with the steady-state 
spectroscopic data and have important consequences for the charge 
dynamics. The rate constants of both non-radiative (knr) and radia-
tive (kr) transitions from the CT state to the ground state are pro-
portional to the square of the CT→ S0 electronic coupling. Given 
that the CT energies and reorganization energies in PTB7-Th:IEICO 
and PTB7-Th:PC71BM are comparable, we expect that both knr and 
knr are larger in PTB7-Th:PC71BM due to the larger electronic cou-
pling (Supplementary Table 8). In the case where only relaxation 
directly from the CT state is considered, the EQE of emission (EQEEL  
∝kr/ +k k( )r nr ) is independent of electronic coupling20; therefore, the 
coupling variation cannot be solely responsible for the change in VOC. 
However, the picture changes significantly when rules (1) and (2) for-
mulated in this study are applied. First, hybridization of the CT state 
with the highly emissive LE state due to small energy offset Δ GLE-CT 
between D and A will increase the radiative ability of the CT state 
through the intensity borrowing mechanism47,48. More importantly, 
when Δ GLE-CT is small, an efficient transition from the CT state back to 
the LE state is possible. This opens an additional radiative relaxation 
pathway from the CT state through the highly emissive (rule (2)) LE 
state. If this radiative relaxation channel is efficient, the non-radiative 
voltage loss should decrease. When Δ GLE-CT is well above the thermal 
energy (kT), as in PTB7-Th:PC71BM, the non-radiative rate is solely 
determined by the properties of the CT state and increases rapidly 
as the energy of the CT state decreases20. Along the same vein, in the 
process of bimolecular recombination, the similarity of the HOMO 
(ionization potential) energies in PTB7-Th and IEICO allows holes 
to transfer directly from PTB7-Th to IEICO and form an IEICO LE 
state, which can then contribute to radiative recombination.
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SRSH-ω PBEh/6-31G(d) level. b, Potential surfaces, adiabatic energies for 
the LE state (ELE
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(kLE→CT), electron transfer from CT to LE state (kCT→LE) and from CT to 
ground state (kCT→GS), and driving force for exciton dissociation, Δ GLE-CT = 
ECT

a  −  ELE
a . We also note that the driving force for the CT→ GS transition is 

given by Δ GCT-GS =  − E .CT
a  c, kLE→CT, kCT→LE and kCT→GS rates as a function of 

ECT
a  energy, where the vertical dashed line indicates the adiabatic energy 

(1.56 eV) of the CT state of the PTB7-Th:IEICO complex, as shown in 
the right panel of a. These calculations (see Methods) are based on the 
DFT estimated electronic couplings and reorganization energies given in 
Supplementary Tables 8 and 9, respectively.
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In agreement with the time-resolved photoluminescence, the 
transient absorption data show much slower exciton quenching 
in the low-Δ GLE-CT materials. Compared to the pure materials, the 
excitonic response in the blends decays only slightly faster within 
the first ~10 ps (Supplementary Fig. 13b). Accordingly, the polar-
onic response in the low-Δ GLE-CT systems emerges at slower tim-
escales (15–30 ps). This could be the result of either very slow CT, 
or strong phase segregation whereby excitons require a consider-
able time to reach the D:A interface14. The latter option is unlikely; 
taking the PTB7-Th:IEICO blend as an example we find that (1) 
efficient energy transfer occurs between D and A, as observed after 
D excitation (Supplementary Fig. 13a), implying domain sizes of  
< 20 nm, and (2) the dynamics are different in the PS matrix and in 
the pure materials, suggesting that large domains of the pure phase 
are not formed in the blends. Therefore, all the presented data indi-
cate that the materials invoke a very slow CT process, at least 100 
times longer than in conventional OSCs.

The observation of slow charge separation in the low-Δ GLE-CT 
systems indicates that, in comparison to most polymer:fullerene 
blends41,42, a conceptually different mechanism is responsible 
for photocurrent generation. Instead of ultrafast charge car-
rier generation assisted by electronic delocalization typical for 
polymer:fullerene blends2,43,44, 100 times slower exciton and/or 
CT state dissociation is observed in the low-Δ GLE-CT systems. The 
exciton dissociation rate can be reduced by a decrease in electronic 
coupling and/or by the increase of the dissociation barrier through 
the lowering of Δ GLE-CT. In the low-Δ GLE-CT systems, the pres-
ence of such a barrier is in fact confirmed by transient absorption  

measurements on films and devices. While PTB7-Th:PC71BM and 
other previously studied high-performance45 systems show no 
external-field effect on the separation of charges (Fig. 3g), the yield 
of charge carriers in the low-Δ GLE-CT systems exhibits a sensitivity 
towards a weak external field inside the device (Fig. 3h–l). This 
effect mostly manifests itself at early times (~10 ps), which suggests 
that the electric field is more likely influencing exciton dissociation 
rather than the dynamics of the CT states 46.

Modelling of excitonic and CT states. To obtain more insight into 
the difference between typical polymer:fullerene blends and the 
low-offset systems, we compare, as an example, PTB7-Th:IEICO 
and PTB7-Th:PC71BM blends. The results of density functional the-
ory (DFT) calculations (see Methods and Supplementary Table 7) 
are in agreement with the experimental data, indicating that IEICO 
and PC71BM have comparable LUMO energies, while IEICO and 
PTB7-Th have comparable HOMO energies.

The excited state calculations performed on both model and 
optimized PTB7-Th:IEICO and PTB7-Th:PC71BM complexes 
(Supplementary Figs. 14 to 16 and Supplementary Table 8) show 
that the lowest CT states in both materials have similar energies and 
that the absolute value of Δ GLE-CT is ~0.2–0.3 eV smaller in PTB7-
Th:IEICO than in PTB7-Th:PC71BM. For PTB7-Th:IEICO, Δ GLE-CT 
is estimated to be ~80 meV (Fig. 4). Based on the DFT-derived elec-
tronic couplings (Supplementary Table 8) and using Marcus semi-
classical electron transfer theory (see Methods) we estimate that the 
exciton dissociation rate (kLE→CT) in PTB7-Th:IEICO is ~1 ×  1012 s−1. 
This result is in good agreement with the photoluminescence 
quenching data. As seen from Fig. 4b,c, the back electron transfer 
rate (kCT→LE) is also rapid in this system. In contrast, recombination 
of the CT state (kCT→GS) is very slow due to the large Δ GCT-GS and 
small electronic couplings. However, our model does not account 
for the triplet states that can provide an additional pathway for deac-
tivation of the CT states13. Although this recombination channel still 
needs to be investigated, based on the experimental observations we 
conclude that the lifetime of the CT states in PTB7-Th:IEICO is suf-
ficiently long to ensure their dissociation into free charges.

The calculated energetics are concordant with the steady-state 
spectroscopic data and have important consequences for the charge 
dynamics. The rate constants of both non-radiative (knr) and radia-
tive (kr) transitions from the CT state to the ground state are pro-
portional to the square of the CT→ S0 electronic coupling. Given 
that the CT energies and reorganization energies in PTB7-Th:IEICO 
and PTB7-Th:PC71BM are comparable, we expect that both knr and 
knr are larger in PTB7-Th:PC71BM due to the larger electronic cou-
pling (Supplementary Table 8). In the case where only relaxation 
directly from the CT state is considered, the EQE of emission (EQEEL  
∝kr/ +k k( )r nr ) is independent of electronic coupling20; therefore, the 
coupling variation cannot be solely responsible for the change in VOC. 
However, the picture changes significantly when rules (1) and (2) for-
mulated in this study are applied. First, hybridization of the CT state 
with the highly emissive LE state due to small energy offset Δ GLE-CT 
between D and A will increase the radiative ability of the CT state 
through the intensity borrowing mechanism47,48. More importantly, 
when Δ GLE-CT is small, an efficient transition from the CT state back to 
the LE state is possible. This opens an additional radiative relaxation 
pathway from the CT state through the highly emissive (rule (2)) LE 
state. If this radiative relaxation channel is efficient, the non-radiative 
voltage loss should decrease. When Δ GLE-CT is well above the thermal 
energy (kT), as in PTB7-Th:PC71BM, the non-radiative rate is solely 
determined by the properties of the CT state and increases rapidly 
as the energy of the CT state decreases20. Along the same vein, in the 
process of bimolecular recombination, the similarity of the HOMO 
(ionization potential) energies in PTB7-Th and IEICO allows holes 
to transfer directly from PTB7-Th to IEICO and form an IEICO LE 
state, which can then contribute to radiative recombination.
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Fig. 4 | Description of relevant electronic states and (non)radiative 
transitions. a, Natural transition orbitals of CT and LE states based on the 
optimized configuration of the PTB7-Th:IEICO complex, as calculated at the 
SRSH-ω PBEh/6-31G(d) level. b, Potential surfaces, adiabatic energies for 
the LE state (ELE

a ) and CT state (ECT
a ), rate constants for exciton dissociation 

(kLE→CT), electron transfer from CT to LE state (kCT→LE) and from CT to 
ground state (kCT→GS), and driving force for exciton dissociation, Δ GLE-CT = 
ECT

a  −  ELE
a . We also note that the driving force for the CT→ GS transition is 

given by Δ GCT-GS =  − E .CT
a  c, kLE→CT, kCT→LE and kCT→GS rates as a function of 

ECT
a  energy, where the vertical dashed line indicates the adiabatic energy 

(1.56 eV) of the CT state of the PTB7-Th:IEICO complex, as shown in 
the right panel of a. These calculations (see Methods) are based on the 
DFT estimated electronic couplings and reorganization energies given in 
Supplementary Tables 8 and 9, respectively.
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In agreement with the time-resolved photoluminescence, the 
transient absorption data show much slower exciton quenching 
in the low-Δ GLE-CT materials. Compared to the pure materials, the 
excitonic response in the blends decays only slightly faster within 
the first ~10 ps (Supplementary Fig. 13b). Accordingly, the polar-
onic response in the low-Δ GLE-CT systems emerges at slower tim-
escales (15–30 ps). This could be the result of either very slow CT, 
or strong phase segregation whereby excitons require a consider-
able time to reach the D:A interface14. The latter option is unlikely; 
taking the PTB7-Th:IEICO blend as an example we find that (1) 
efficient energy transfer occurs between D and A, as observed after 
D excitation (Supplementary Fig. 13a), implying domain sizes of  
< 20 nm, and (2) the dynamics are different in the PS matrix and in 
the pure materials, suggesting that large domains of the pure phase 
are not formed in the blends. Therefore, all the presented data indi-
cate that the materials invoke a very slow CT process, at least 100 
times longer than in conventional OSCs.

The observation of slow charge separation in the low-Δ GLE-CT 
systems indicates that, in comparison to most polymer:fullerene 
blends41,42, a conceptually different mechanism is responsible 
for photocurrent generation. Instead of ultrafast charge car-
rier generation assisted by electronic delocalization typical for 
polymer:fullerene blends2,43,44, 100 times slower exciton and/or 
CT state dissociation is observed in the low-Δ GLE-CT systems. The 
exciton dissociation rate can be reduced by a decrease in electronic 
coupling and/or by the increase of the dissociation barrier through 
the lowering of Δ GLE-CT. In the low-Δ GLE-CT systems, the pres-
ence of such a barrier is in fact confirmed by transient absorption  

measurements on films and devices. While PTB7-Th:PC71BM and 
other previously studied high-performance45 systems show no 
external-field effect on the separation of charges (Fig. 3g), the yield 
of charge carriers in the low-Δ GLE-CT systems exhibits a sensitivity 
towards a weak external field inside the device (Fig. 3h–l). This 
effect mostly manifests itself at early times (~10 ps), which suggests 
that the electric field is more likely influencing exciton dissociation 
rather than the dynamics of the CT states 46.

Modelling of excitonic and CT states. To obtain more insight into 
the difference between typical polymer:fullerene blends and the 
low-offset systems, we compare, as an example, PTB7-Th:IEICO 
and PTB7-Th:PC71BM blends. The results of density functional the-
ory (DFT) calculations (see Methods and Supplementary Table 7) 
are in agreement with the experimental data, indicating that IEICO 
and PC71BM have comparable LUMO energies, while IEICO and 
PTB7-Th have comparable HOMO energies.

The excited state calculations performed on both model and 
optimized PTB7-Th:IEICO and PTB7-Th:PC71BM complexes 
(Supplementary Figs. 14 to 16 and Supplementary Table 8) show 
that the lowest CT states in both materials have similar energies and 
that the absolute value of Δ GLE-CT is ~0.2–0.3 eV smaller in PTB7-
Th:IEICO than in PTB7-Th:PC71BM. For PTB7-Th:IEICO, Δ GLE-CT 
is estimated to be ~80 meV (Fig. 4). Based on the DFT-derived elec-
tronic couplings (Supplementary Table 8) and using Marcus semi-
classical electron transfer theory (see Methods) we estimate that the 
exciton dissociation rate (kLE→CT) in PTB7-Th:IEICO is ~1 ×  1012 s−1. 
This result is in good agreement with the photoluminescence 
quenching data. As seen from Fig. 4b,c, the back electron transfer 
rate (kCT→LE) is also rapid in this system. In contrast, recombination 
of the CT state (kCT→GS) is very slow due to the large Δ GCT-GS and 
small electronic couplings. However, our model does not account 
for the triplet states that can provide an additional pathway for deac-
tivation of the CT states13. Although this recombination channel still 
needs to be investigated, based on the experimental observations we 
conclude that the lifetime of the CT states in PTB7-Th:IEICO is suf-
ficiently long to ensure their dissociation into free charges.

The calculated energetics are concordant with the steady-state 
spectroscopic data and have important consequences for the charge 
dynamics. The rate constants of both non-radiative (knr) and radia-
tive (kr) transitions from the CT state to the ground state are pro-
portional to the square of the CT→ S0 electronic coupling. Given 
that the CT energies and reorganization energies in PTB7-Th:IEICO 
and PTB7-Th:PC71BM are comparable, we expect that both knr and 
knr are larger in PTB7-Th:PC71BM due to the larger electronic cou-
pling (Supplementary Table 8). In the case where only relaxation 
directly from the CT state is considered, the EQE of emission (EQEEL  
∝kr/ +k k( )r nr ) is independent of electronic coupling20; therefore, the 
coupling variation cannot be solely responsible for the change in VOC. 
However, the picture changes significantly when rules (1) and (2) for-
mulated in this study are applied. First, hybridization of the CT state 
with the highly emissive LE state due to small energy offset Δ GLE-CT 
between D and A will increase the radiative ability of the CT state 
through the intensity borrowing mechanism47,48. More importantly, 
when Δ GLE-CT is small, an efficient transition from the CT state back to 
the LE state is possible. This opens an additional radiative relaxation 
pathway from the CT state through the highly emissive (rule (2)) LE 
state. If this radiative relaxation channel is efficient, the non-radiative 
voltage loss should decrease. When Δ GLE-CT is well above the thermal 
energy (kT), as in PTB7-Th:PC71BM, the non-radiative rate is solely 
determined by the properties of the CT state and increases rapidly 
as the energy of the CT state decreases20. Along the same vein, in the 
process of bimolecular recombination, the similarity of the HOMO 
(ionization potential) energies in PTB7-Th and IEICO allows holes 
to transfer directly from PTB7-Th to IEICO and form an IEICO LE 
state, which can then contribute to radiative recombination.
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Fig. 4 | Description of relevant electronic states and (non)radiative 
transitions. a, Natural transition orbitals of CT and LE states based on the 
optimized configuration of the PTB7-Th:IEICO complex, as calculated at the 
SRSH-ω PBEh/6-31G(d) level. b, Potential surfaces, adiabatic energies for 
the LE state (ELE

a ) and CT state (ECT
a ), rate constants for exciton dissociation 

(kLE→CT), electron transfer from CT to LE state (kCT→LE) and from CT to 
ground state (kCT→GS), and driving force for exciton dissociation, Δ GLE-CT = 
ECT

a  −  ELE
a . We also note that the driving force for the CT→ GS transition is 

given by Δ GCT-GS =  − E .CT
a  c, kLE→CT, kCT→LE and kCT→GS rates as a function of 

ECT
a  energy, where the vertical dashed line indicates the adiabatic energy 

(1.56 eV) of the CT state of the PTB7-Th:IEICO complex, as shown in 
the right panel of a. These calculations (see Methods) are based on the 
DFT estimated electronic couplings and reorganization energies given in 
Supplementary Tables 8 and 9, respectively.
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In agreement with the time-resolved photoluminescence, the 
transient absorption data show much slower exciton quenching 
in the low-Δ GLE-CT materials. Compared to the pure materials, the 
excitonic response in the blends decays only slightly faster within 
the first ~10 ps (Supplementary Fig. 13b). Accordingly, the polar-
onic response in the low-Δ GLE-CT systems emerges at slower tim-
escales (15–30 ps). This could be the result of either very slow CT, 
or strong phase segregation whereby excitons require a consider-
able time to reach the D:A interface14. The latter option is unlikely; 
taking the PTB7-Th:IEICO blend as an example we find that (1) 
efficient energy transfer occurs between D and A, as observed after 
D excitation (Supplementary Fig. 13a), implying domain sizes of  
< 20 nm, and (2) the dynamics are different in the PS matrix and in 
the pure materials, suggesting that large domains of the pure phase 
are not formed in the blends. Therefore, all the presented data indi-
cate that the materials invoke a very slow CT process, at least 100 
times longer than in conventional OSCs.

The observation of slow charge separation in the low-Δ GLE-CT 
systems indicates that, in comparison to most polymer:fullerene 
blends41,42, a conceptually different mechanism is responsible 
for photocurrent generation. Instead of ultrafast charge car-
rier generation assisted by electronic delocalization typical for 
polymer:fullerene blends2,43,44, 100 times slower exciton and/or 
CT state dissociation is observed in the low-Δ GLE-CT systems. The 
exciton dissociation rate can be reduced by a decrease in electronic 
coupling and/or by the increase of the dissociation barrier through 
the lowering of Δ GLE-CT. In the low-Δ GLE-CT systems, the pres-
ence of such a barrier is in fact confirmed by transient absorption  

measurements on films and devices. While PTB7-Th:PC71BM and 
other previously studied high-performance45 systems show no 
external-field effect on the separation of charges (Fig. 3g), the yield 
of charge carriers in the low-Δ GLE-CT systems exhibits a sensitivity 
towards a weak external field inside the device (Fig. 3h–l). This 
effect mostly manifests itself at early times (~10 ps), which suggests 
that the electric field is more likely influencing exciton dissociation 
rather than the dynamics of the CT states 46.

Modelling of excitonic and CT states. To obtain more insight into 
the difference between typical polymer:fullerene blends and the 
low-offset systems, we compare, as an example, PTB7-Th:IEICO 
and PTB7-Th:PC71BM blends. The results of density functional the-
ory (DFT) calculations (see Methods and Supplementary Table 7) 
are in agreement with the experimental data, indicating that IEICO 
and PC71BM have comparable LUMO energies, while IEICO and 
PTB7-Th have comparable HOMO energies.

The excited state calculations performed on both model and 
optimized PTB7-Th:IEICO and PTB7-Th:PC71BM complexes 
(Supplementary Figs. 14 to 16 and Supplementary Table 8) show 
that the lowest CT states in both materials have similar energies and 
that the absolute value of Δ GLE-CT is ~0.2–0.3 eV smaller in PTB7-
Th:IEICO than in PTB7-Th:PC71BM. For PTB7-Th:IEICO, Δ GLE-CT 
is estimated to be ~80 meV (Fig. 4). Based on the DFT-derived elec-
tronic couplings (Supplementary Table 8) and using Marcus semi-
classical electron transfer theory (see Methods) we estimate that the 
exciton dissociation rate (kLE→CT) in PTB7-Th:IEICO is ~1 ×  1012 s−1. 
This result is in good agreement with the photoluminescence 
quenching data. As seen from Fig. 4b,c, the back electron transfer 
rate (kCT→LE) is also rapid in this system. In contrast, recombination 
of the CT state (kCT→GS) is very slow due to the large Δ GCT-GS and 
small electronic couplings. However, our model does not account 
for the triplet states that can provide an additional pathway for deac-
tivation of the CT states13. Although this recombination channel still 
needs to be investigated, based on the experimental observations we 
conclude that the lifetime of the CT states in PTB7-Th:IEICO is suf-
ficiently long to ensure their dissociation into free charges.

The calculated energetics are concordant with the steady-state 
spectroscopic data and have important consequences for the charge 
dynamics. The rate constants of both non-radiative (knr) and radia-
tive (kr) transitions from the CT state to the ground state are pro-
portional to the square of the CT→ S0 electronic coupling. Given 
that the CT energies and reorganization energies in PTB7-Th:IEICO 
and PTB7-Th:PC71BM are comparable, we expect that both knr and 
knr are larger in PTB7-Th:PC71BM due to the larger electronic cou-
pling (Supplementary Table 8). In the case where only relaxation 
directly from the CT state is considered, the EQE of emission (EQEEL  
∝kr/ +k k( )r nr ) is independent of electronic coupling20; therefore, the 
coupling variation cannot be solely responsible for the change in VOC. 
However, the picture changes significantly when rules (1) and (2) for-
mulated in this study are applied. First, hybridization of the CT state 
with the highly emissive LE state due to small energy offset Δ GLE-CT 
between D and A will increase the radiative ability of the CT state 
through the intensity borrowing mechanism47,48. More importantly, 
when Δ GLE-CT is small, an efficient transition from the CT state back to 
the LE state is possible. This opens an additional radiative relaxation 
pathway from the CT state through the highly emissive (rule (2)) LE 
state. If this radiative relaxation channel is efficient, the non-radiative 
voltage loss should decrease. When Δ GLE-CT is well above the thermal 
energy (kT), as in PTB7-Th:PC71BM, the non-radiative rate is solely 
determined by the properties of the CT state and increases rapidly 
as the energy of the CT state decreases20. Along the same vein, in the 
process of bimolecular recombination, the similarity of the HOMO 
(ionization potential) energies in PTB7-Th and IEICO allows holes 
to transfer directly from PTB7-Th to IEICO and form an IEICO LE 
state, which can then contribute to radiative recombination.
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transitions. a, Natural transition orbitals of CT and LE states based on the 
optimized configuration of the PTB7-Th:IEICO complex, as calculated at the 
SRSH-ω PBEh/6-31G(d) level. b, Potential surfaces, adiabatic energies for 
the LE state (ELE

a ) and CT state (ECT
a ), rate constants for exciton dissociation 

(kLE→CT), electron transfer from CT to LE state (kCT→LE) and from CT to 
ground state (kCT→GS), and driving force for exciton dissociation, Δ GLE-CT = 
ECT

a  −  ELE
a . We also note that the driving force for the CT→ GS transition is 

given by Δ GCT-GS =  − E .CT
a  c, kLE→CT, kCT→LE and kCT→GS rates as a function of 

ECT
a  energy, where the vertical dashed line indicates the adiabatic energy 

(1.56 eV) of the CT state of the PTB7-Th:IEICO complex, as shown in 
the right panel of a. These calculations (see Methods) are based on the 
DFT estimated electronic couplings and reorganization energies given in 
Supplementary Tables 8 and 9, respectively.
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A major breakthrough in organic solar cell (OSC) development 
was the discovery of the donor–acceptor (D:A) bulk hetero-
junction (BHJ) concept1, which in many material systems 

provides a fast (sub-100 fs) and efficient route for exciton dissocia-
tion2. This concept formed the basis for the general paradigm of 
OSC advances and led to devices with high photovoltaic external 
quantum efficiencies (EQEPV)3 and high photocurrent4. However, 
the gain in the number of extracted charges was achieved at the 
expense of large photovoltage losses5,6. In comparison to efficient 
inorganic and hybrid perovskite solar cells, it is clear that one of the 
main challenges in OSCs is the optimization of the device voltage 
with respect to the optical absorption spectrum7.

Previous studies have shown that the open-circuit voltage (VOC) 
in OSCs is determined by the energy of charge-transfer (CT) states 
at D:A interfaces, as well as recombination processes8–10. According 
to the classical Mulliken theory11, the CT state energy is close to that 
of the ‘effective gap’ between the ionization potential (IP, or more 
crudely, highest occupied molecular orbital (HOMO)) of the D, and 
the electron affinity (EA, or lowest unoccupied molecular orbital 
(LUMO)) of the A. For this reason, a large number of recent efforts 
directed towards reducing voltage losses have been focused on 
increasing the energy of CT states by minimizing the energetic off-
set between D and A (more precisely, the offset between either the 
IPs or the EAs of the two components). The increase in CT energy, 
however, leads to a lower driving force for exciton dissociation  
(Δ GLE-CT, defined as the energy difference between the local excited 
(LE) state and the CT state). Although polymer:fullerene blends 

generally tend to show low efficiencies with low driving forces5,12, 
there are exceptions13,14, and recent polymer:non-fullerene materi-
als exhibit efficient charge separation despite low (< 0.1 eV) Δ GLE-CT 
values15,16. The detailed molecular mechanism behind this improved 
performance is still unclear17.

Apart from effective-gap optimization, functional strategies for 
reducing non-radiative recombination are still needed. Based on 
detailed-balance considerations, radiative recombination of exci-
tons is an unavoidable process accompanying the absorption, and 
non-radiative recombination always constitutes an additional, par-
ticularly detrimental, loss channel18–20. Therefore, to maximize VOC, 
the yields of photoluminescence and electroluminescence processes 
in OSC materials need to be enhanced 21.

Here, we formulate key design rules for combining low voltage 
losses with efficient photocurrent generation, and demonstrate 
a set of existing as well as unreported material systems that effec-
tively apply these rules to achieve high power conversion efficiency 
(PCE). We show that the high-performance regime is achieved in 
these OSCs due to charge dynamics that differ from those observed 
in ‘conventional’ polymer:fullerene materials. These non-typical 
photophysics are induced by a concerted combination of two fac-
tors: (1) low energy offset between D and A molecular states and 
(2) high photoluminescence yield of the blend components. As a 
result, CT excitons formed after initial charge transfer become 
hybridized with emissive LE states. This leads to slow charge  
separation, as observed in ultrafast photoluminescence and transient  
absorption measurements, and also to the minimization of  
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The open-circuit voltage of organic solar cells is usually lower than the values achieved in inorganic or perovskite photovoltaic 
devices with comparable bandgaps. Energy losses during charge separation at the donor–acceptor interface and non-radiative 
recombination are among the main causes of such voltage losses. Here we combine spectroscopic and quantum-chemistry 
approaches to identify key rules for minimizing voltage losses: (1) a low energy offset between donor and acceptor molecular 
states and (2) high photoluminescence yield of the low-gap material in the blend. Following these rules, we present a range of 
existing and new donor–acceptor systems that combine efficient photocurrent generation with electroluminescence yield up to 
0.03%, leading to non-radiative voltage losses as small as 0.21!V. This study provides a rationale to explain and further improve 
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A major breakthrough in organic solar cell (OSC) development 
was the discovery of the donor–acceptor (D:A) bulk hetero-
junction (BHJ) concept1, which in many material systems 

provides a fast (sub-100 fs) and efficient route for exciton dissocia-
tion2. This concept formed the basis for the general paradigm of 
OSC advances and led to devices with high photovoltaic external 
quantum efficiencies (EQEPV)3 and high photocurrent4. However, 
the gain in the number of extracted charges was achieved at the 
expense of large photovoltage losses5,6. In comparison to efficient 
inorganic and hybrid perovskite solar cells, it is clear that one of the 
main challenges in OSCs is the optimization of the device voltage 
with respect to the optical absorption spectrum7.

Previous studies have shown that the open-circuit voltage (VOC) 
in OSCs is determined by the energy of charge-transfer (CT) states 
at D:A interfaces, as well as recombination processes8–10. According 
to the classical Mulliken theory11, the CT state energy is close to that 
of the ‘effective gap’ between the ionization potential (IP, or more 
crudely, highest occupied molecular orbital (HOMO)) of the D, and 
the electron affinity (EA, or lowest unoccupied molecular orbital 
(LUMO)) of the A. For this reason, a large number of recent efforts 
directed towards reducing voltage losses have been focused on 
increasing the energy of CT states by minimizing the energetic off-
set between D and A (more precisely, the offset between either the 
IPs or the EAs of the two components). The increase in CT energy, 
however, leads to a lower driving force for exciton dissociation  
(Δ GLE-CT, defined as the energy difference between the local excited 
(LE) state and the CT state). Although polymer:fullerene blends 

generally tend to show low efficiencies with low driving forces5,12, 
there are exceptions13,14, and recent polymer:non-fullerene materi-
als exhibit efficient charge separation despite low (< 0.1 eV) Δ GLE-CT 
values15,16. The detailed molecular mechanism behind this improved 
performance is still unclear17.

Apart from effective-gap optimization, functional strategies for 
reducing non-radiative recombination are still needed. Based on 
detailed-balance considerations, radiative recombination of exci-
tons is an unavoidable process accompanying the absorption, and 
non-radiative recombination always constitutes an additional, par-
ticularly detrimental, loss channel18–20. Therefore, to maximize VOC, 
the yields of photoluminescence and electroluminescence processes 
in OSC materials need to be enhanced 21.

Here, we formulate key design rules for combining low voltage 
losses with efficient photocurrent generation, and demonstrate 
a set of existing as well as unreported material systems that effec-
tively apply these rules to achieve high power conversion efficiency 
(PCE). We show that the high-performance regime is achieved in 
these OSCs due to charge dynamics that differ from those observed 
in ‘conventional’ polymer:fullerene materials. These non-typical 
photophysics are induced by a concerted combination of two fac-
tors: (1) low energy offset between D and A molecular states and 
(2) high photoluminescence yield of the blend components. As a 
result, CT excitons formed after initial charge transfer become 
hybridized with emissive LE states. This leads to slow charge  
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A major breakthrough in organic solar cell (OSC) development 
was the discovery of the donor–acceptor (D:A) bulk hetero-
junction (BHJ) concept1, which in many material systems 

provides a fast (sub-100 fs) and efficient route for exciton dissocia-
tion2. This concept formed the basis for the general paradigm of 
OSC advances and led to devices with high photovoltaic external 
quantum efficiencies (EQEPV)3 and high photocurrent4. However, 
the gain in the number of extracted charges was achieved at the 
expense of large photovoltage losses5,6. In comparison to efficient 
inorganic and hybrid perovskite solar cells, it is clear that one of the 
main challenges in OSCs is the optimization of the device voltage 
with respect to the optical absorption spectrum7.

Previous studies have shown that the open-circuit voltage (VOC) 
in OSCs is determined by the energy of charge-transfer (CT) states 
at D:A interfaces, as well as recombination processes8–10. According 
to the classical Mulliken theory11, the CT state energy is close to that 
of the ‘effective gap’ between the ionization potential (IP, or more 
crudely, highest occupied molecular orbital (HOMO)) of the D, and 
the electron affinity (EA, or lowest unoccupied molecular orbital 
(LUMO)) of the A. For this reason, a large number of recent efforts 
directed towards reducing voltage losses have been focused on 
increasing the energy of CT states by minimizing the energetic off-
set between D and A (more precisely, the offset between either the 
IPs or the EAs of the two components). The increase in CT energy, 
however, leads to a lower driving force for exciton dissociation  
(Δ GLE-CT, defined as the energy difference between the local excited 
(LE) state and the CT state). Although polymer:fullerene blends 

generally tend to show low efficiencies with low driving forces5,12, 
there are exceptions13,14, and recent polymer:non-fullerene materi-
als exhibit efficient charge separation despite low (< 0.1 eV) Δ GLE-CT 
values15,16. The detailed molecular mechanism behind this improved 
performance is still unclear17.

Apart from effective-gap optimization, functional strategies for 
reducing non-radiative recombination are still needed. Based on 
detailed-balance considerations, radiative recombination of exci-
tons is an unavoidable process accompanying the absorption, and 
non-radiative recombination always constitutes an additional, par-
ticularly detrimental, loss channel18–20. Therefore, to maximize VOC, 
the yields of photoluminescence and electroluminescence processes 
in OSC materials need to be enhanced 21.

Here, we formulate key design rules for combining low voltage 
losses with efficient photocurrent generation, and demonstrate 
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tively apply these rules to achieve high power conversion efficiency 
(PCE). We show that the high-performance regime is achieved in 
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