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Abstract: The power conversion efficiency of organic solar cells has seen a huge improvement in recent years 
with state-of-the-art solar cells showcasing efficiencies of ~18.5 %, which is approaching the performance of in-
organic and hybrid-perovskite solar cell technologies. This improvement can be mainly attributed to the discovery 
of highly efficient donor:acceptor blends with a near-zero energetic offset between the molecular orbital levels 
of the donor and the acceptor component. A distinctive feature of the high efficiency, low energy-offset blends 
is that they exhibit a concomitant increase in the short-circuit density and the open-circuit voltage of the solar 
cell. High open-circuit voltage results from the reduced photon energy loss in the exciton dissociation step, while 
a high short-circuit current density can be attributed to an efficient charge generation process. The reasons for 
the efficient exciton dissociation and subsequent separation of Coulomb bound electron-hole pair at negligible 
driving force is not well understood and, in this short review, we highlight recent results which shed light on the 
mechanism of charge generation in low energy-offset blends.
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1. Introduction
Organic solar cells (OSCs) are typically composed of a mix-

ture of an electron-donating material (typically a semiconduct-
ing polymer) and an electron-accepting compound (a fullerene or 
non-fullerene based small molecule). The governing idea behind 
blending two or more materials is to create a heterojunction at the 

interface between the donor (D) and the acceptor (A) component 
where photogenerated excitons can dissociate to form free charge 
carriers.[1,2] Exciton dissociation is a crucial step for generating 
free charge carriers because in organic semiconductors the ex-
citon binding energy can be as high as 300–500 meV, as a re-
sult of the low dielectric constant (ε

r
 ~3–4) of these materials.[3,4] 

In OSC bulk-heterojunctions, exciton dissociation occurs via a 
charge transfer reaction at the interface, which leads to the for-
mation of a charge-transfer (CT) state.[5] The interfacial CT state 
is comprised of an electron-hole pair which resides on different 
materials (donor and acceptor), but is still coulombically bound. 
As a next step, the CT state needs to be further dissociated to cre-
ate free charge carriers which can be collected at the electrodes 
of the solar cell. 

Earlier results suggest that a substantial offset (~300 meV) of 
the frontier energy levels at the interface (i.e. between the highest 
occupied molecular orbitals (HOMOs) or lowest unoccupied mo-
lecular orbital (LUMOs) of the D/A molecules) is necessary for ef-
ficient dissociation of excitons and thus to have a high yield of free 
charge carriers (Fig. 1a).[6,7] Hence, a majority of first-generation 
OSCs employed D:A combinations (typically polymer:fullerene 
blends) with large energy-offsets for efficient charge generation. 
But this came at a price of losing excess photon energy, defined as: 
E

loss
 = E

g
 – eV

OC
, where E

g
 is the optical-gap of the semiconductor 

and V
OC

 is the open-circuit voltage of the solar cell. A large photon 
energy loss limits the maximum achievable V

OC
 and hence the 

overall power conversion efficiency (PCE) of the solar cell (Fig. 
1b). Excess photon energy loss was one of the primary reasons 
why OSCs lagged behind their inorganic and hybrid-perovskite 
based counterparts. Consequently, PCE values for first-generation 
OSCs were limited to around 9–10% in the best case.[8–10]

However, in recent years, there have been plenty of reports 
on D:A blends with efficient charge generation even at near-zero 
energy level offset (E

offset 
~50–100 meV) of the donor and acceptor 

materials.[12–14] These findings have led to a new regime in OSCs 
where efficient charge generation can occur concomitantly at low 
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([2,2':5',2''-terthiophen]-5-yl)-2,5-bis(6-dodecyloctadecyl)-2,5 
dihydropyrrolo[3,4 c]pyrrole1,4-dione-6,5''-diyl), also referred to 
as P(DPP6DOT2-T), and the fullerene derivative PC

71
BM (Fig. 

2a). This system has a very small LUMO-LUMO offset between 
the DPP polymer and the fullerene molecule and shows a near-
zero driving force (E

S1
–E

CT 
~50 meV) for the interfacial electron 

transfer process.[21] In order to probe charge transfer and charge 
generation mechanisms in this system, we used a combination 
of ultrafast spectroscopic techniques and theoretical calculations. 
Using femtosecond transient absorption (TA) spectroscopy, we 
probed the excited state lifetime and charge dynamics in this sys-
tem (Fig. 2b). Firstly, we observed that the S

1
 exciton lifetime in 

neat P(DPP6DOT2-T) films is very short: of the order of 13–14 
ps. This can be attributed to the low optical-gap (E

opt
 ~1.33 eV) 

of the DPP polymer, which results in a high non-radiative decay 
rate for the exciton due to the energy-gap law.[22] According to 
the energy-gap law, the non-radiative transition rate increases ex-
ponentially with lowering optical-gap of the system. Secondly, 
the ultrafast emergence (i.e. within 0.1–0.2 picoseconds) of the 
charge absorption signature in the TA spectra of P(DPP6DOT2-
T):PC

71
BM blend films suggests that electron transfer in this 

system is ultrafast despite near-zero driving force. We note that 
charges in CT states and free charges cannot be distinguished by 
TA spectroscopy.

The occurrence of ultrafast electron transfer is supported by 
density functional theory (DFT) calculations where the computed 
rate was found to be in the same range as the experimental value. 
Additionally, TA data on the blend films revealed significant gem-
inate charge recombination (gCR); gCR refers to the recombina-
tion of charges arising from the same CT state. The timescale of 
gCR (~13–14 ps) was comparable to the S

1 
exciton lifetime in the 

neat polymer (Fig. 2c). Since gCR occurs from the CT state, the 
timescale of gCR is indicative of the CT state lifetime and similar 
lifetimes for S

1 
and CT states suggest some correlation between 

the two populations. We identified two key reasons for the cor-
related S

1
 and CT state lifetimes in this system: i) Due to the 

close proximity of the energy levels (E
S1
≈E

CT
), a dynamic equi-

librium between the S
1
 and CT state populations is established. 

Depending on the relative magnitudes of forward (S
1
→CT) and 

back (CT→S
1
) electron transfer rates, an additional radiative re-

combination channel is opened up where electrons in the CT state 
can back transfer to the singlet state and subsequently relax to the 
ground state (S

0
). This back-electron transfer mechanism explains 

why the CT state appears to have the same lifetime as the S
1
 state. 

ii) Closely lying energy levels of the S
1
 and CT state can lead to 

electronic-state hybridization. This can in turn increase the oscil-

photon energy loss (i.e. high V
OC

) and consequently the PCE val-
ues for OSCs have steeply increased to around 18–18.5%,[15,16] 
which is an improvement of about 100% compared to first-
generation OSCs. Most of the high efficiency systems employ 
non-fullerene acceptors (NFAs),[17] typically composed of fused 
ring conjugated structures with push–pull effects, most common 
examples being 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-
indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-
d:2',3'-d']-s-indaceno[1,2-b:5,6-b']dithiophene (ITIC),[18]

and 2,2'-((2Z,2'Z)-((12,13-bis(2-ethylhexyl)-3,9-diundecyl-
12,13-dihydro-[1,2,5]thiadiazolo[3,4-e]thieno[2'',3'':4',5']thi-
eno[2',3':4,5]pyrrolo[3,2-g]thieno[2',3':4,5]thieno[3,2-b]in-
dole-2,10-diyl)bis(methanylylidene))bis(5,6-difluoro-3-oxo-2,3-
dihydro-1H-indene-2,1-diylidene))dimalononitrile (BTP-4F)[19] 
and their derivatives. One of the striking features of the efficient 
NFA-based systems is that they showcase very high quantum effi-
ciency of charge generation despite near-zero energy offset at the 
donor:acceptor interface. Also, there have been reports of fuller-
ene-based systems which show similar behavior. The mechanism 
of charge generation in these systems is not well understood and, 
in this short review, we aim to highlight the results of recently 
published works which enable better understanding of the pho-
tophysics and charge generation mechanism in low energy-offset 
OSC systems.

Photon energy loss in OSCs can be divided into two compo-
nents (Fig. 1b).[11] Firstly, the energy loss associated with charge 
generation, which can be defined as the difference between the 
optical gap/singlet (S

1
) energy and the energy of the CT state: 

E
S1

–E
CT

. Secondly, the energy loss associated with radiative and 
non-radiative charge recombination process: E

CT
–eV

OC
. In low 

energy-offset systems, the E
CT

 is pushed towards E
S1

 in the limit 
where they become nearly degenerate. As a result, low energy-
offset systems minimize the energy loss associated with the 
charge generation step. Additionally, nearly isoenergetic S

1 
and 

CT levels can lead to state hybridization and /or mixing of states 
and this can have interesting implications on the photophysics of 
such blends. Moreover, higher E

CT
 values will result in lower non-

radiative transition rates as a direct consequence of the energy-
gap law and might also help in reducing energy loss associated 
with non-radiative charge recombination. We delve into all these 
implications of employing low energy-offset OSC blends in the 
following sections. 

2. Low Energy-offset Fullerene-based Solar Cells
In our recent work,[20] we have investigated a blend of 

low optical-gap diketopyrropyrrole (DPP) polymer: poly(3-

Fig. 1. a) Schematic representa-
tion of orbital energy levels for the 
donor and the acceptor compo-
nent. Orbital energy offset at the 
donor:acceptor interface serves 
as the driving force for the charge 
transfer process. The energy of 
the charge-transfer (CT) state 
roughly scales with the difference 
between the acceptor LUMO and 
donor HOMO level. b) Schematic 
representation of state energy 
levels and various factors lead-
ing to the photon energy loss. 
Reproduced with permission from 
ref. [11].
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getic offset for the electron transfer process, the PNOz4T:PC
70

BM 
blend shows impressive device characteristics. PCE values ap-
proach 9% with short circuit current (J

SC
) ~14.5 mA/cm2 and V

OC
 

~1 V. This system shows an exceptionally low photon energy loss 
of around 0.52 eV which is at par with values reported for inor-
ganic and perovskite solar cells. As far as the photophysics is con-
cerned, the main findings were similar to those of the above DPP 
based system. Electron transfer was found to be ultrafast, which 
was evidenced by the presence of charge absorption signatures 
at early times in the TA signal. Also, similar to the DPP based 
blend, the rise of the free charge population happened on a longer 
timescale of ~100 ps. Contrary to the DPP polymers, the singlet 
lifetime of the PNOz4T polymer was much longer, on the order 
of 230 ps. Thus, the charge separation process was not limited by 
fast recombination of carriers and higher efficiency was obtained. 
The longer singlet lifetime is the primary reason why this system 
performs better than the DPP:PC

70
BM system despite the quite 

slow charge generation process.
Moreover, the group of Friend et al. reported on the 

PIPCP:PC
60

BM blend (Fig. 3a),[26] with low energy offset of mo-
lecular orbital levels and near-zero driving force for the interfacial 
electron transfer process. The group recorded conventional pump-
probe (PP) TA as well as pump-push-probe (PPP) TA spectros-
copy data on this system. Using PP-TA spectroscopy, it was found 
that electron transfer is ultrafast in the PIPCP:PC

60
BM blend (Fig. 

3b), which is consistent with the findings observed for low ener-
gy-offset DPP and PNOz4T based blends. Unlike conventional 
PP-TA spectroscopy, PPP-TA spectroscopy involves a third pulse 
(also known as the ‘push’) which arrives after a certain time delay 
with respect to the pump pulse and interacts with the photoex-
cited species in the sample. In the context of the OSC blends, the 
wavelength of the push pulse is chosen such that it interacts with 
localized CT states and promotes the CT charges to higher lying 
electron levels. There, the charges become more delocalized and 

lator strength for the CT-to-ground state transition as a result of 
intensity borrowing from the S

1
 state. Thus, hybridization of S

1
 

and CT states can also explain the correlated lifetimes.
Moreover, kinetic modeling of the TA data revealed relatively 

slow (τ ~62 ps) dissociation of CT states in the P(DPP6DOT2-
T):PC

70
BM blend (Fig. 2d). In traditional polymer:fullerene 

blends with large energetic-offset, the CT state dissociation is ul-
trafast.[23] This is mainly attributed to the coupling of charges to 
delocalized band-like states present in fullerene clusters, which 
leads to ultrafast separation of charge carriers.[24] However, in the 
P(DPP6DOT2-T):PC

70
BM blend, electrons cannot effectively 

couple to delocalized states, primarily due to the lack of excess en-
ergy. In this case, the charges in the CT state have to incoherently 
hop beyond the Langevin recombination radius (~5 nm) for the ef-
fective dissociation of the CT state. The key parameter governing 
the incoherent hopping process is the short-range local mobility of 
charge carriers. In our work, we used electromodulated differen-
tial absorption (EDA) spectroscopy,[25] to monitor the short-range 
mobility of charge carriers. We found that the local mobility in 
the P(DPP6DOT2-T):PC

70
BM system is on the lower side which 

explains the relatively slow dissociation of the CT state. Overall, 
S

1
-CT state back-transfer and hybridization resulting in ultrafast 

gCR combined with slow CT state dissociation were the main dis-
cerning features of the P(DPP6DOT2-T):PC

70
BM system, which 

directly arise due to the near-zero energetic offset (E
S1

–E
CT

 ~50 
meV) between the donor and the acceptor component.

Another polymer:fullerene blend with low energy-offset was 
reported by Takimiya et al.[12] They investigated a blend of a 
naphthibisoxadiazole-based polymer (PNOz4T) with the fuller-
ene derivative PC

70
BM. Due to the predominantly electron-defi-

cient nature of PNOz4T, it consists of deep lying HOMO (E
HOMO

 = 
–5.48 eV) and LUMO (E

LUMO
 = –3.65 eV) levels and as a result it 

displays a small LUMO-LUMO offset of 120 meV when blended 
with PC

70
BM (E

LUMO
 = –3.77 eV). Despite the negligible ener-

Fig. 2. a) Molecular structure of the DPP polymer: P(DPP6DOT2-T) and the fullerene derivative PC70BM. b) Transient absorption (TA) spectra of the 
neat DPP polymer (top) and the polymer:fullerene blend film (bottom) at selected pump-probe time delays. c) Decomposed TA dynamics for the ex-
citon and the charge component obtained using multivariate curve resolution (MCR) analysis. d) Jablonski diagram showing various transition rates 
obtained from kinetic modeling of the TA data. Reproduced from ref. [20].
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Fig. 3. a) Molecular structure of the donor polymer PIPCP and the fullerene derivative PC60BM. b) TA spectra of the neat PIPCP and the 
PIPCP:PC60BM blend film at selected time delays. The positive feature centered around 800 nm corresponds to the ground state bleach (GSB) 
signal associated with PIPCP excitation while negative features in the near-infrared region correspond to the photoinduced absorption (PIA) signal. 
c) Computed average distance to CT state trap sites as a function of Urbach energy. In this case, the trap site was defined as a site with energy 
>25meV but < Eg-0.1 eV. d) ηIQE (=IQEPV) as a function of photon energy loss (Eg–eVOC) for a variety of polymer:fullerene blends. The color marker de-
notes the Urbach energy of the system. Reproduced from ref. [26].

This blend has a negligible driving force for the hole transfer (HT) 
process occurring after photoexcitation of the NFA (HOMO-
HOMO offset = 0.12eV). Using ultrafast TA spectroscopy, we 
deduced both the electron transfer (ET) and HT rates with differ-
ent excitation wavelengths. Generally, the time constants obtained 
from TA spectroscopy are highly multiphasic (given the complex 
morphology of the donor:acceptor blends) and are not representa-
tive of the intrinsic charge transfer rates, due to additional exciton 
diffusion. In order to overcome this issue, we prepared bilayer 
planar heterojunction devices and dilute blends (5:1 wt/wt), where 
the acceptor (m-ITIC) was dispersed in the donor (J61) matrix 
(Fig. 4b). In the dilute blends, the exciton diffusion process is 
circumvented when the isolated m-ITIC molecules are excited, 
so that we were able to delineate the intrinsic HT rate from the 
diffusion-limited process. Irrespective of the device configura-
tion, the fastest HT component was found to be ultrafast (~0.4–0.9 
ps), which was evidenced by a sub-picosecond rise of the charge 
component in the TA spectra (Fig. 4c,d). The ultrafast HT rate was 
found to be consistent with the extended Marcus-Levich-Jortner 
(MLJ) formalism in the limit of moderate electronic coupling and 
low reorganization energy. We also probed the ET transfer rates by 
selectively pumping the J61 polymers and we found that the ET 
rate is even faster than the HT process (0.06 ps). This was mainly 
attributed to higher transfer integral (J) values for the ET process 
than the HT process, as computed for the relaxed dimer geometry 
using DFT calculations.

Moreover, to study the effect of driving force on the HT at ET 
rates, we prepared dilute (5:1 wt/wt) blends, always using m-ITIC 
as the acceptor but varying the donor polymer (P3HT, PBTTT, 
PCDTBT). There was a considerable variation in the energy of the 
CT state for different blends and hence the driving force for the 
HT process varied between 0.05 to 0.4 eV. Nevertheless, the HT 
rate was in the sub-picosecond range in all the blends, between 0.5 

are able to easily overcome the coulomb binding energy. As the 
CT state separates due to the push pulse, the dipolar electric field 
strength of the corresponding electron-hole pair changes, which 
affects the electric field on the molecular length scale in the area 
around the electron-hole pair. These field fluctuations result in 
changes in the absorption spectrum of the molecules adjacent to 
the CT state as a result of the Stark effect and lead to the formation 
of a push-induced electroabsorption (EA) signal. 

The push-induced EA signal obtained through PPP spectros-
copy provided the timescale for CT state separation, which was 
found to be in the range of 1–5 ps for the PIPCP:PC

61
BM system. 

Again, it is apparent that CT state separation is slower in this 
system compared to high-offset polymer:fullerene blends due to 
the lack of excess energy, even if it is faster than in the DPP and 
PNOz4T systems (likely due to higher local mobility). Despite 
slow CT state separation, the PIPCP system shows an impressive 
photovoltaic internal quantum efficiency (IQE

PV
) of around 80% 

(Fig. 3d). IQE
PV

 is a measure of yield of free charge carriers ex-
tracted per absorbed photon in the solar cell. The authors attribute 
the high IQE

PV
 in the blend to very low interfacial energetic dis-

order (Urbach energy < 27meV) and argue that highly ordered in-
terfaces prevent the CT states from being trapped in lower energy 
levels in the density of states (DOS, Fig. 3c). As a result, the CT 
states can effectively separate over longer time periods without 
undergoing geminate recombination. This study suggests that in 
general in the low energy offset OSC systems, the Urbach energy 
should be ideally lower than 30 meV for efficient separation of 
charges from the CT state.

3. Low Energy-offset Non-fullerene Acceptor  
(NFA)-based Solar Cells

With regards to NFA-based blends, our recent work[27] focused 
on a low energy-offset system, the J61:m-ITIC blend (Fig. 4a). 
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to 0.08 ps. Again, the ET process was found to be faster (generally 
< 0.1 ps) than the HT process. Overall, our work suggests that the 
driving force in itself is not a limiting factor for the ET/HT pro-
cess, since the intrinsic ET/HT rate is in the sub-picosecond range 
irrespective of the energetic offset. Thus, the low energy-offset 
blends are a promising avenue for furthering the performance of 
OSCs given that the interfacial molecular orientation of the donor/
acceptor and the overall bulk-heterojunction (BHJ) morphology 
can be optimized.

4. Discussion and Conclusions
As evidenced by our recent work and other reports, low ener-

gy-offset blends are promising for next-generation OSCs, where 
possibly the benchmark for 20% PCE will be breached in the 
coming years. Ultrafast spectroscopic measurements provide 
ample evidence that the intrinsic charge transfer process in such 
blends remains ultrafast despite the small driving force. However, 
the subsequent separation of Coulomb-bound electron-hole pair 
(in the CT state) slows down and occurs in tens of picoseconds. 
Such a scenario demands that the donor and acceptor materials 
possess long S

1
 and CT state lifetimes in order to ensure that CT 

state separation outcompetes charge recombination. Thus, from 
the synthetic chemists’ perspective, the focus should be on devel-
oping novel donor and acceptor materials with long excited state 
lifetimes and reduced non-radiative recombination from the CT 
state, which will ensure efficient generation of free charge carriers 
despite relatively slow separation of charges in the CT state. On 
the other hand, our future work will focus on further understand-
ing the photophysics and charge generation mechanism in such 

systems using a combination of ultrafast spectroscopic measure-
ments and theoretical calculations.
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