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The donor:acceptor (D:A) blend ratio plays a very important role in affecting the progress of charge
transfer and energy transfer in bulk heterojunction (BH]J) organic solar cells (OSCs). The proper D:A blend
ratio can provide maximized D/A interfacial area for exciton dissociation and appropriate domain size of
the exciton diffusion length, which is beneficial to obtain high-performance OSCs. Here, we
comprehensively investigated the relationship between various D:A blend ratios and the charge
transfer and energy transfer mechanisms in OSCs based on PBDB-T and non-fullerene acceptor IT-M.
Based on various D:A blend ratios, it was found that the ratio of components is a key factor to suppress the
formation of triplet states and recombination energy losses. Rational D:A blend ratios can provide
appropriate donor/accepter surface for charge transfer which has been powerfully verified by various
detailed experimental results from the time-resolved fluorescence measurement and transient
absorption (TA) spectroscopy. Optimized coherence length and crystallinity are verified by grazing
incident wide-angle X-ray scattering (GIWAXS) measurements. The results are beneficial to comprehend
the effects of various D:A blend ratios on charge transfer and energy transfer dynamics and provides
constructive suggestions for rationally designing new materials and feedback for photovoltaic
performance optimization in non-fullerene OSCs
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Solar energy plays a very important role in solving serious
environmental problems and the terawatt energy challenge the
world is facing today. Academia and industry try their best to
provide clean, renewable, cost-effective and high-performance
photovoltaic technologies [1,2]. Solution-processed bulk hetero-
junction (BHJ) organic solar cells (OSCs) have attracted consider-
able attention in the last two decades due to their advantages such
as low cost fabrication, light weight, flexibility, semitransparency
[3-5]. Fullerene derivatives were believed to be a critical
component for efficient operation of OSCs in past two decades
because of their ball-like fully conjugated structure, which
provides strong electron-accepting and isotropic electron-trans-
port capabilities and facilitates electron delocalization at the
donor/acceptor (D/A) interfaces [6,7]. However, the extensive
application of fullerene derivatives in OSCs are restricted, due to
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limited tunability of energy levels [8], weak absorption in the
visible region and poor stability. The development of non-fullerene
(NF) acceptors presents opportunities which are not possible to
achieve in fullerene-based OSCs. To date, the highest power
conversion efficiency (PCE) of single-junction NF OSCs has
achieved 16.35% [9]. The typical BHJ OSCs are based on a
sandwiched structure with the active layer blending an electron
donor (D) and an electron acceptor (A). The basic working principle
of the BH] OSCs relies on four elementary steps [10]: (1) absorption
of photons and creation of excitons; (2) exciton diffusion to the D/A
interface; (3) exciton dissociation into free charge carriers (holes
and electrons) at D/A interfaces; (4) charge transport and
collection. Each step could be a bottleneck limiting the improve-
ment of OSCs performance. The morphology of active layers plays a
very important role on the second and forth steps [11]. The
nanomorphology of the active layer is affected by the D/A
properties (such as solubility, miscibility, D:A ratios) [12-14].
Abi-continuous composite of donor and acceptor which possesses
maximized D/A interface area and appropriate domain size,
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achieving effective exciton dissociation and exciton diffusion, is
defined as the ideal BHJ OSCs [15]. The proper balance between the
mixing and demixing of donor and acceptor is necessary to obtain
high OSCs performance. However, although the effect of various D:
A ratios on OSCs performance are extensively investigated based
on different polymer donor materials with the fullerene acceptor
PCBM [16-18], few researches have been done on the various ratio
of D:A based on non-fullerene systems. Seeking the solution of
these key problems is urgently required to further understand the
photophysical mechanism and boost the efficiency of non-
fullerene solar cells. Therefore, it is necessary to investigate the
effect of various D:A ratios on photophysical properties (such as
charge transfer, energy transfer, etc.) in the non-fullerene organic
BH]J devices, which would help to get a deep insight into the non-
fullerene systems.

In this work, we comprehensively investigated the relationship
between various D:A blend ratios and the charge transfer and
energy transfer mechanisms in OSCs based on poly[(2,6-(4,8-bis(5-
(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b’|dithiophene))-co-
(1,3-di(5-thiophene-2-yl)-5,7-bis(2-ethylhexyl)benzo[1,2-c:4,5-c’|
dithiophene-4,8-dione)] (PBDB-T) and non-fullerene acceptor 3,9-
bis(2-methylene-(3-(1,1-dicyanomethylene)-5-methylindanone))-
5,5,11,11-tetra(4-hexylphenyl)dithieno[ 2,3-d:20,30-d0]sindaceno[ 1,
2-b:5,6-b0]dithiophene (IT-M) [19]. A series of films are fabricated
with various D:A ratios to study the photophysical mechanism. The
steady-state photoluminescence (PL) spectra, fluorescence lifetime
profiles and transient absorption (TA) spectroscopy are used to
elucidate the charge transfer and energy transfer process from donor
to acceptor. With various D:A ratios, we further demonstrate the
effect on the nanomorphology, such as crystallinity, molecular
orientation, domain purity. This exhibits a perspective to under-
stand the effect of various D:A ratios on BH] OSCs photophysical
properties and also provides constructive suggestions for rationally
designing new materials and feedback for photovoltaic perfor-
mance optimization.

The chemical structures and the molecular energy level
alignments of the donor and acceptor used in this work are
shown in Figs. 1 a-c. Fig. S1a (Supporting information) shows the
normalized absorption spectra of neat PBDB-T and neat IT-M. The
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absorption spectrum of PBDB-T film exhibits a strong absorption
band among 500-700 nm with two peaks located at 580 and
630 nm. The lower energy part at 630 nm should be related to
interchain m-7* transition due to the m-m stacking of the
backbones, while the higher energy part at 580 nm should be
attributed to w-7r* transition along the conjugated backbone of the
polymer [20-22]. The absorption spectrum of neat IT-M is
primarily in the range from 550 nm to 800 nm with a maximum
at 700 nm, complementary to that of the donor. The absorption
spectra of the blend films with different donor:acceptor (D:A)
ratios are shown in Fig. 1d. Three characteristic absorption peaks
can be observed in the absorption spectra of blend films. With
increasing donor component, the intensity of shoulder peaks at
580 nm and 630 nm notably improves, while the shoulder peak
intensity at 700 nm isgradually weakened. Obviously, the polymer
donor contributes more to the absorption in the short wavelength
region, while IT-M contributes more to the absorption in long
wavelength region [23]. The absorption spectra of blend films
reveal that PBDB-T and IT-M have different contributions to the
photon acquisition. Figs. S1b and c (Supporting information) depict
the normalized absorption spectra of blend films with the various
D:A ratio, normalized at 630 nm and 700 nm, respectively. The
normalized absorption spectra show the 0-0 peak of IT-M blue shift
slightly, while the peak of PBDB-T do not change obviously. In
previous work [24,25], the strong aggregation effect of PBDB-T in
solution is helpful for forming pure polymer aggregations and
suppressing geminate recombination in a device. Therefore, from
the PL measurement, we assume that the size of the aggregate for
IT-M isdecreased and IT-M is significant disorder. The addition of
IT-M negligible impact the forming of pure polymer aggregation.

Steady-state photoluminescence (PL) spectra were recorded to
examine the efficient exciton dissociation and charge transfer
property in BHJ with various D:A blend ratios. PL quenching effect
can be an important evidence of charge transfer [26,27]. As
depicted in Fig. 2a, the neat film of PBDB-T shows an emission peak
at 680 nm, and the emission peak at 760 nm comes from neat IT-M.
When the weight ratio of donor is 20% and 30%, the PL peak of
PBDB-T is almost quenched (Fig. 2b, red line and green line),
indicating the efficient electron transfer from PBDB-T to IT-M. With
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Fig. 1. Chemical structures of (a) PBDB-T and (b) IT-M. (c) Energy level diagrams of the materials used in OSCs. (d) Absorption spectra of the blend films of PBDB-T and IT-M

with various D:A blend ratios.
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Fig.2. (a) The normalized PL spectra of neat PBDB-T and neat IT-M and the normalized absorption of neat IT-M. (b) The normalized PL spectra with various D:A blend ratios. (c)
Fluorescence decay profiles recovered from the lifetime image with pump intensity of 3 mW.
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Fig. 3. Transient absorption spectra with a 470 nm pump light at different time delays of blend films with various weight ratio of donor (a) 20%, (b) 30%, (c) 40%, (d) 50%, (e)
60%, (f) 70%, (g) 80% and (h) neat PBDB-T.
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increasing the PDBD-T content, the PL peak of PBDB-T continuously
enhanced. The population of photoinduced excitons decays either
by charge transfer or through geminate recombination. Forster
resonance energy transfer (FRET) is the incoherent nonradiative
transfer of excitons between two chromophores via dipole-dipole
coupling [28], which could significantly boost the PCEs of BH] solar
cells [29]. Based on FRET theory, the emission spectrum of PBDB-T
almost overlapped with the absorption spectrum of IT-M, as shown
in Fig. 2a, so that energy transfer may occur from PBDB-T to IT-M
[26].

The time-resolved fluorescence measurments with the time-
correlated single photon counting mode were used to investigate
the fluorescence decay dynamics of blend films with various D:A
ratios, and the results are shown in Fig. 2¢ (the pump intensity is
3 mW). The fluorescence lifetime if usually a sum of multiple
exponential behavior decays [30]. The measured curves can be
nicely fitted with bi-exponential function I(t) = A; exp(—t/t2)
+ Ay exp(—t/t32), where A; is the exponential coefficient (%) for the
7; decay times [31]. The average lifetime is calculated according to
the equation (t) = (A177 + Az72)/(A1 +A2). The fitted results
are shown in Table 1. With the increment of donor component (the
weight ratio of donor increases from 20% to 80%), the lifetime of the
slow decay component decreases from 61.7 ps to 38.6 ps. The
average lifetime obviousely decreased from 93.56 ps to 62.95 ps,
then increased to 70.39 ps. The energy transfer efficiency (E) values
were calculated using Eq. (1).

TpA

E=1- e (1)
Where tps and tp are the fluorescence lifetime of donor in the
presence and absence of the acceptor, respectively. From the
fluorescence decay lifetimes, we could obtain the energy transfer
efficiency, increasing from 77.0%-84.5%, then decreasing to 82.7%.
This demonstrates optimised D:A ratio can promote rapid exciton
dissociation at the donor/acceptor interface. In order to investigate
the effect of pump intensity to fluorescence decay dynamics,
various intensity are uesd to excite the samples. The fluorescence
decay times and corresponding fluorescence decay profiles are
shown in Fig. S2 and Tables S1-S3 (Supporting information). With
the increment of pump intensity, the fluorescence lifetime
decreases suggested exiton-excitoninteraction, while the change
tendency of lifetime is consistent [32].

Femtosecond transient absorption (TA) spectroscopy was
performed to probe the effect of various D:A blend ratios on
charge-transfer dynamics in the BH] blend films. The TA spectra
for neat PBDB-T and various D:A ratio blend films at several delay
times are shown in Fig. 3. The kinetic profiles are shown in
Fig. S1d (Supporting information) probing at 630 nm. TA spectra
are made up of two parts, negative signature of ground state
bleaching (GSB) characteristics and positive signature attributed
to excited state absorption (ESA). In order to detect spectral and
temporal characteristics of charge generation dynamics, we
specifically selected excitation wavelength at 470nm to

Table 1
Fitting parameters for corresponding fluorescencedecay profiles of various D:A
blend ratios with pump intensity of 3 mW.

Donor Al (%) 71 (ps) A2 (%) 71 (ps) Tm (PS)
20 wt% 19.05 228.90 80.95 61.7 93.56
30 wt% 8.54 3073 91.46 60.6 81.66
40 wt% 2.83 495.2 9717 59.5 71.81
50 wt% 8.46 222.5 91.54 48.2 62.95
60 wt% 4.09 538.1 95.91 441 64.33
70 wt% 6.09 466.6 93.91 411 67.00
90 wt% 9.44 375.30 90.56 38.6 70.39
Neat PBDB-T 82.61 4772 17.39 70.8 406.52

guarantee that there is negligible excitation of IT-M [33]. As
described in Fig. 3h, two negative signals peaked at 580 nm and
630 nm appear in both neat PBDB-T and the blend, matching with
the absorption peak of PBDB-T. The negative signals can be
attributed to the GSB of the transition in PBDB-T naturally, which
means the depletion of the ground state and/or the filling of the
excited state by the photoinduced singlet excitons [34]. These
excitons can also induce extra absorption of the incident photons,
forming ESA signals, as observed in the range of 650-750 nm [35].
The ESA signals nearly decay to zero within 10 ps that can
attribute to the quick singlet exciton recombination process.
However, the long-lived GSB signals (> 1 ns) were observed in the
spectrum, which may be originated from the formation of triplet
excitons [35]. Figs. 3a-g depict the TA spectra of films with various
D:A blend ratios. As indicated in the legend, the long-lived
negative signals may be originated from the free charge carriers
generated by the charge transfer states at the interface of PBDB-T
and IT-M [34]. With the decrease of donor components, positive
signals ranged from 650 nm to 680 nm gradually weaken until
they disappear, while negative signals in the range of 680-735 nm
with a peak around 700 nm and another positive signal peak at
760 nm were observed. In the system of PBDB-T and IT-M, on the
one hand, we assume that the singlet excitons can form charge
transfer states at a short time scale. Therefore, photoinduced
singlet excitons can form charge transfer states immediately
instead of being excited to higher excitation states. On the other
hand, the gradually decreased ESA signals of PBDB-T manifest the
decreased formation of triplet states and the reduced energy loss.

The nanomorphology of the active layer plays a vital role in
influencing the efficient exciton diffusion and dissociation, and
charge transport [14,36]. AFM, GIWAXS and GISAXS were carried
out to investigate the microstructures of PBDB-T: IT-M blend films
with various ratios (Fig. 4). As shown in Fig. 4h and i, the neat
PBDB-T and IT-M films show distinctly different surface and bulk
morphologies. The neat IT-M film shows a smooth surface (RMS
=0.89 nm), implying that the aggregate sizeobversed at the surface
is small. The neat PBDB-T films shows a rougher surface with
RMS =1.82nm. As depicted in Fig. 4 and Fig. S3 (Supporting
information), all the blend films show very similar surface (RMS is
about 2.5 nm). Due to the low content of PBDB-T (the weight ratio
of donor from 20% to 40%), fibril-like domains permeate in the
whole area of the image (Figs. 4a-c). As described in previous work,
the morphologies of the blended films are mainly determined by
the polymer because PBDB-T may self-assemble to form nanoscals
aggregates on the surface in solid blend films because of its strong
aggregation effect in the solution state [24,37]. In order to obtain
more detailed morphological information on the nanoscale in
various D:A blend ratio, GIWAXS and GISAXS to quantify the
correlationlength of each component in the BHJ. The 2D GIWAXS
patterns of PDBD-T:IT-M with various D:A ratios are shown in Fig.
S4 (Supporting information), with 1D profiles in the out-of-plane
and in-plane directions are plotted in Fig. 5. From Fig. 5, we found
that the lamellar (100) diffraction peaks of PBDB-T in the in-plane
and out-of-plane are located at 3.1 nm~! and 3.3 nm~}, respective-
ly. It is consistent with literature report [19,32]. The intensity of
peaks was enhanced upon increasing the donor component (the
weight ratio of donor from 20% to 80%). The (010) w-7 stacking
peaks of PBDB-T and IT-M are located at about 17.97 nm~! and
about 18.35 nm ™', respectively. Whenthe weight ratio of donor is
20% and 80%, we found that the sample with 20 wt% donor
proportion shows stronger (010) peak. This suggested that the
increased -7t stacking peak intensity is attributed to the increased
PDBD-Tcomponent. The coherence length and m-7 stacking
distance (d-spacing), obtained through L=2m/Aq and
d = 2m/q, are described in Table S4 (Supporting information).



Z. Wen et al. /Chinese Chemical Letters 32 (2021) 529-534 533

RMS=2,15nm7 o

. R.\-i‘.‘i:: 1#20m

f‘m_ I Yonor,

SRMS=2 30nm

e b A
RMS=0.89nm

Fig. 4. AFM height images ofvarious weight ratio of donor: (a) 20%, (b) 30%, (c) 40%, (d) 50%, (e) 60%, (f) 70%, (g) 80%, (h) neat PBDB-T and (i) neat IT-M.
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Fig. 5. 1D cuts of 2D GIWAXS patterns to PBDB-T:IT-M blend films with the various
D:A ratios.

where Agq is full width at half maximum of each peak and q is the
location of the peak. The d-spacing of PBDB-T and IT-M does not
show significant changes with different D:A ratio, the distance of
-7 stacking corresponding to molecular packing has not changed
significantly. The coherence length of IT-M decreased from 3.00 nm
to 2.01 nm, while that of PBDB-T increased from 1.65nm to
2.43 nm. The enlarged coherence lengthis beneficial to charge
transport and mitigation of bimolecular recombination [38,39]. In
PBDB-T:IT-M system, we assume optimized D:A ratio can obtain
faster charge transport, achieving high-performance devices. 2D
GISAXS patterns of PBDB-T: IT-M films with various blend ratios are
shown in Fig. S5 (Supporting information), with the 1D profiles in
the low-Q range (0.038-0.2 nm~!) plotted in Fig. 6a. With the D:A
blend ratios increasing from 1:4 to 4:1, the diffraction intensity
significantly increases, indicating the crystallinity of PBDB-T is
enhanced. It is consistent with GIWAXS results. To obtain detailed
structual information on IT-M aggregates, the Guinier approxima-
tion was applied to quantitatively calculate the radius of gyration
(Rg) of a IT-M cluster,

Inl(Q) = In(I(0)) — R—ZQ2 2)
- 3

where I(Q) is the scattering intensity and I(0) is the scattering
intensity at Q =0, which Q given by Q = 47sin(6/2)/A, and 6 and A
as the scattering angle and the incident wavelength, respectively.
The value of R is obtained by taking the slope of the linear

correlation between In(I(q)) and g2 using Eq. 2. Two fitting lines
are used to decrease experimental error [30,40]. The detailed data
are shown in the inset of Fig. S6a (Supporting information).The
average radius of IT-Mdomains decrease from 102.3 to 67.2 with
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the increase of donor content. Although larger polymerdomains
are beneficial for charge transport in the active layer,they also
hamper efficient exciton dissociation, therefore bothprocesses
should be balanced appropriately [37,41]. It is well in agreement
with the results of the time-resolved fluorescence measurment.

To assess the various D:A blend ratios of the active layer on
device performance, we have studied the photovoltaic properties
of PBDB-T: IT-M solar cells in conventional configurations. The J-V
characteristics of the devices are plotted in Fig. S6b (Supporting
information). Table S5 (Supporting information) summarized the
performance parameters of the devices. Whenthe weight ratio of
donor is 50% (the D:A blend ratio is 1:1), the optimized device has a
Ve 0f 093V, a J. of 16.9 mA/cm? and FF of 63.9%, achieving a best
PCE of 10.1%. It is consistent with previously reported work [37]. In
order to reveal the effect of D:A blend ratio of photovoltaic
parameters, the Js., Vo, FF and PCE values versus D:A ratios are
plotted in Figs. 6b and c. The decrease of V,. can be attributed to the
increase of energy loss upon the increase of PBDB-T component. It
is well in agreement with TA results that the increased formation of
triplet states may increase the energy loss. As previously reported
[42], excitons rapidly migrate from the disordered domains to the
ordered regions and then diffuse within the ordered regions. We
infer that changes in J,. can be attributed to the variety in the
donor/acceptor interface and crystallization.

In summary, we systematically studied the effect with various
D:A blend ratios onthe charge transfer and energy transfer
dynamics of the organic photovoltaic device. The TA result shows
optimized D:A blend ratios are beneficial to forming chare transfer
states and suppressing the formation of triplet states and therefore
reducing energy loss. Rational D:A blend ratios can provide
appropriate donor/accepter surface of charge transfer which has
been powerfully verified by our detailed experimental results from
PL, the time-resolved fluorescence measurement and AFM.
GIWAXS and GISAXS measurement results reveal that optimized
D:A blend ratios can optimize coherence length and crystallinity,
which would improve charge generation, separation,and collec-
tion. Overall, our work comparatively investigated the effect of
various D:A blend ratios on the BH] photovoltaic device, which
would be helpful to exploit the potential of binary systems to boost
photovoltaic performance.
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