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Recent advances in material design for organic solar cells (OSCs) are primarily focused on developing near-infrared non-
fullerene acceptors, typically A-DA'D-A type acceptors (where A abbreviates an electron-withdrawing moiety and D, an
electron-donor moiety), to achieve high external quantum efficiency while maintaining low voltage loss. However, the charge
transport is still constrained by unfavorable molecular conformations, resulting in high energetic disorder and limiting the device
performance. Here, a facile design strategy is reported by introducing the “wing” (alkyl chains) at the terminal of the DA'D
central core of the A-DA'D-A type acceptor to achieve a favorable and ordered molecular orientation and therefore facilitate
charge carrier transport. Benefitting from the reduced disorder, the electron mobilities could be significantly enhanced for the
“wing”-containing molecules. By carefully changing the length of alkyl chains, the mobility of acceptor has been tuned to match
with that of donor, leading to a minimized charge imbalance factor and a high fill factor (FF). We further provide useful design
strategies for highly efficient OSCs with high FF.

non-fullerene organic solar cells, electron-deficient-core, energetic disorder, molecular design strategy
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1 Introduction performance organic photovoltaic materials for applications

in bulk heterojunction (BHJ) organic solar cells (OSCs) [1—
Over the past three decades, the development of new organic 8]. Much advancement in this area has been made by the
materials has been driven by the desire to synthesize high design of new classes of donor-acceptor (D-A) alternating

conjugated molecules, which can offer the unique feature of
tuning the electronic energy levels and the optical bandgap of
the photovoltaic materials [9-11]. For a long period of time,
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because of the lack of high-performance n-type organic
semiconductor acceptors that can compete with fullerene
derivatives (e.g., [6,6]-phenyl-Cg,-butyric acid methyl ester
(PCBM) and indene-Cgy-bis-adduct (ICBA)) [12—14], most
advances in the device performance came from the design of
new p-type organic semiconductor donors [15—17]. Recently,
the development of non-fullerene acceptors with absorption
bands in the Vis-NIR range [18-27], such as A-DA'D-A type
molecule Y6 [28], represents an exciting opportunity to solve
this problem and leads to high power conversion efficiencies
(PCEs) over 15%. However, it is still poorly understood, why
A-DA'D-A-like molecule structure such as Y5 [29] or Y6
tend to perform significantly higher performance than the
representative non-fullerene acceptor ITIC or IT-4F [30,31].
One phenomenon is the low voltage losses and high short-
circuit current density of the OSCs with Y-series molecules
as the acceptor [32-35], but this does not fully explain how
these high performance materials can exhibit significantly
high charge transport properties. While the determining
factors for short-circuit current density (Jsc) and open-circuit
voltage (Vc) in OSCs have been relatively well understood,
the structure and performance relationship in this high-
performance photovoltaic system remains unclear, particu-
larly in the relationship of structure of the photovoltaic ma-
terials and the fill factor (FF) of the OSCs. Various factors
influencing FF have been discussed, among which the charge
transport issue plays a critical role during the field-dependent
extraction and recombination of free charge carriers. How-
ever, a systematic understanding of the relationship between
the molecular structure and charge transport properties is still
lacking. Therefore, improvements in the electronic proper-
ties of these promising photovoltaic materials require the
understanding of fundamental transport process.

Charge carrier transport in organic semiconductors is af-
fected by a degree of structural disorder in both the manifold
of localized hopping sites and the local variations of mole-
cular packing [36]. This structural disorder is strongly in-
fluenced by structural features, where a wide range of intra-
and intermolecular interactions, and conformational di-
versity in a morphologically diverse film shows a huge im-
pact on charge transport [37-39]. However, the vibration
feature of organic semiconductor materials and the intense
interaction between the adjacent electronic states makes the
value of energetic disorder more difficult to control. Mod-
ification of the position or the size of alkyl side groups for
molecular or polymeric materials has been shown to sig-
nificantly affect the miscibility, solubility and thin film mi-
crostructure and hence performance in OSCs. For instance,
by introducing alkyl groups in the backbone, the crystalline
properties of the conjugated polymers can be improved, re-
sulting in a well-defined morphology and optimized domain
size in blended BHJ films. Several experimental and mod-
eling studies have addressed that the energetic disorder was

Sci China Chem

controlled through optimizing polymer structure to boost the
charge carrier mobility, and subsequently the device elec-
trical properties in organic field-effect transistors (OFETSs)
[40—-43]. Nevertheless, the impacts of alkyl side chain on the
conformational and energetic disorder in OSCs is barely
studied and the fundamental reason is also far from being
probed [44]. We aim to understand the molecular con-
formation that imparts intermolecular interactions and in-
terchain electronic coupling, which can help charge transport
and ultimately improve performance of organic photovoltaic
devices. Our group [29] recently reported a series of organic
solar cells based on Y5 as acceptor and J61 or PBDB-T or
TTFQx-T1 as donor. The decreased energetic disorder, as
extracted by temperature-dependent current density-voltage
(J-7) and analyzed by Gaussian disorder model (GDM), was
associated with the increased FF and ultimate PCE of the
devices. To date, a comparison study on the charge transport
behavior for different non-fullerene acceptors from the same
family has yet to be established. In order to achieve in-depth
understanding of the energetic disorder at an atomic level, its
effects on the density of state (DOS) widths is critical for the
further improvement of the charge transport properties of the
A-DA'D-A acceptors [39,45].

Here, we have investigated the effects of alkyl side chains
on the physicochemical and photovoltaic properties of a
series of A-DA'D-A type non-fullerene acceptors (Y3, Y11
and Y18, Figure 1) with the same backbone but without (Y3)
or with (Y11 and Y18) different alkyl side chains at the
terminal of the DA'D central fused ring unit. We find that
rotation of the end-group unit around central core of Y3
results in conformational and energetic disorder and there-
fore potentially limits charge transport of the acceptor and FF
of the corresponding OSCs. Introducing the alkyl chains at
the terminal of the central core in Y11 and Y18 limited the
rotation torsion so that it eliminated the disorder and im-
proved the charge carrier mobility. More interestingly, the
length of the alkyl side chain in the A-DA'D-A acceptors is
also correlated to the energetic disorder, leading to a reg-
ularly increase in the electron mobility as longer alkyl chains
was connected. Detailed charge transport study of the OSCs
based on the three acceptors reveals that Y18 with an opti-
mized alkyl chain achieves reduced energetic disorder, a
balanced field-dependent hole-to-electron ratios, leading to a
high FF of 76.4% and PCE over 16% in the resulting device.
In addition, the poor electron mobility originating from the
higher energetic disorder in PM6:Y3 system shows a big
impact on photovoltaic performance. Therefore, a ternary
blend strategy inspired by the detailed transport study was
used to improve charge transport properties in the BHJ films.
Through introducing the third component acceptor PC;;BM,
with a selecting role of balancing hole and electron transport
in BHJs, the FF as well as PCE of the OSCs can be sig-
nificantly enhanced. This work presents useful guidelines to
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Properties and photovoltaic performance. (a) Chemical structures of acceptor molecules. (b) Normalized thin-film absorption of donor and

acceptor molecules. Inset: the chemical structure of donor material. (c) J-V curves of BHJ solar cells with various acceptors. Inset: energy diagram for donor
and acceptor molecules used in this study (Figure S7). (d) The EQE curves of BHJ solar cells with various acceptors. (¢) Histogram of the PCE measurements

for 15 devices based on BHJ solar cells with various acceptors (color online).

better understand the interplay between molecular design
and the degree of energetic disorder that governs the charge
transport properties in non-fullerene OSCs. Apart from
molecular design, device engineering strategy has also been
put forward to further improve device performances.

2 Results and discussion

The device based on PM6:Y3 blend film has been reported to
exhibit high Jg- 0of 23.7 mA cm ~and Voc 0f 0.83 V while FF
in this device only achieved a moderate value (65.6%) [46].
The FF is lower than that of other high performance non-
fullerene OSCs, which imposes severe restrictions on the
further enhancement of their PCEs [47]. It has become a
consensus that the FF is mainly determined by the charge
transport and recombination in the active layer. From the
morphological point of view, the presence of low energetic

disorder regions in thin films can improve the charge trans-
port properties due to the high degree of n-n stacking of
backbone moieties and torsion-free molecular conformation
of side chains. In order to understand the molecular con-
formation of Y3, we firstly conducted density functional
theory (DFT) calculation. The potential rotamers TT-DFIC
(DFIC=fluorinated dicyanomethylene) are extracted from
the TT unit and DFIC. As shown in Figure S5(a, b), the
optimized configuration for TT-DFIC shows a low energy
difference of 1.05 kcal mol ' between the conformations at
0° and 180°. This energy barrier is not high enough to
achieve highly order conformations [40,41]. We hence, in-
troduced two different lengths of alkyl chains (r-hexyl and n-
undecyl) at the B position of the TT unit (Y11 [48] and Y18)
(the synthetic routes of Y3, Y11 and Y18 are shown in
Scheme S1, Supporting information online). The detailed
synthetic processes and 'H nuclear magnetic resonance (IH
NMR) spectra for Y18 are provided in Figures S1-S4
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(Supporting information online).

Moreover, we further conducted temperature-dependent
'H NMR to probe the molecular conformation of TT unit-
based acceptor (Y3) and alkylated TT unit-based acceptor
(Y11). Interestingly, the clear chemical shift of thiophene
proton (Hy) on the TT unit (in ds-chlorofrom) gradually
moves from 8.25 to 8.17 ppm, upon decreasing temperature
from 25 to —45 °C. The clear chemical shifts can be due to
the rotation of Hy, on the TT unit away from the carbonyl
group of DFIC. It suggests that O—S geometry of TT-DFIC is
a relatively stable conformation (less rotation tendency) at
low temperature. In addition, the proton (H,) on the C=C
double bond linkage between central core and DFIC of Y3 is
located on 9.03 ppm at room temperature. Nevertheless, the
corresponding H,” on Y11 as well as Y18 are located on
~9.16 ppm (Figure S4). The difference between H, and H,’
may be from the formation of intramolecular non-covalent
bonds between sulfur on the thiophene and carbonyl group
[49,50]. It suggests that O—S geometry of TT-DFIC is a re-
latively stable conformation (less rotation tendency) at low
temperature. As a result, one approach to minimize the
conformational disorder of the backbone is the use of at-
tractive interaction between sulfur and oxygen atom to form
S---O interactions [51]. From the aspect of the DFT calcu-
lation, since the steric hindrance effect between the alkylated
TT and DFIC significantly increase energy barriers, the
terminal C—C bond (TT-DFIC) shows less rotation tendency
(Figure S5(b, c¢)). In addition, a relatively stable conforma-
tion structure could be formed more easily by using alkylated
TT, and hence, facilitate the electron transfer from donor to
acceptor because the S---O noncovalent interaction can oc-
cur between the C=0 group of DFIC and the TT group of the
central core.

As shown in Figure 1(b), the three non-fullerene acceptors
(NFAs) of Y3, Y11 and Y18 show similar optical bandgap
(1.32¢eV) in solid films and the absorption peaks (at
845-850 nm), which indicate effective intramolecular charge
transfer between molecular backbones. The only difference
between these three molecules is the structural disorder
originated from the additional alkyl side chains. In order to
reveal the underlying mechanism causing the difference of
the charge transport, photothermal deflection spectroscopy
(PDS) measurement was carried out to compare the subgap
absorptions in the corresponding films. Generally, absorption
energies larger than the bandgap are caused by band-to-band
(highest occupied molecular (HOMO)-lowest unoccupied
molecular (LUMO)) transition. The urbach energy can be
calculated from the slope of the linear part of the absorption
coefficient. From our PDS result (Figure S6), we found that
Y3 demonstrates the largest urbach energy in band tail region
as well as the conformational disorder [40,43,52].

The crystalline behavior of Y3, Y11 and Y18 neat and
blend films were analyzed by using two-dimensional grazing
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incidence wide angle X-ray scattering (GIWAXS) (Figure
S8). All three pristine films of Y3, Y18 and Y11 exhibit
preferred face-on molecular packing, because of their ob-
vious high ordered (100) diffraction peaks in the in-plane
(IP) direction and m-m stacking diffraction peaks in out-of-
plane (OOP) direction. The diffraction peaks of Y3, Y18 and
Y11 in the in-plane (100) direction are located at 0.42, 0.42
and 0.41 A™', respectively. Similarly, the diffraction peaks of
Y3,Y18 and Y11 are also emerged in out-of-plane (100) and
(010) orientation, and the -7 intermolecular d-spacing dis-
tances are 3.50, 3.63 and 3.63 A, respectively. Compared
with Y3, the n-n stacking peaks in ¢, of Y11 and Y 18 become
stronger, meanwhile, the (100) diffraction peaks in ¢, di-
rections are also more obvious. The similar FWHM can be
calculated (in range of 0.31-0.32) from the line cuts of
pristine Y3, Y11 and Y18 films. The neat PM6 film presents
a weaker n-n peak in OOP direction at ¢.=1.68 A" and
lamellar peaks in both IP and OOP directions at ~0.30 A
As shown in Figure S8, both blend films show a preferred
face-on orientation with n-m stacking in the OOP direction
(3.58, 3.63 and 3.76 A for Y3, Y18 and Y11-based blend
films, respectively). In the IP direction, the diffraction peak
at ¢,=0.30 A" could be the lamellar stacking of PM6. It is
worth noting that the (100) diffraction peak of blend films
also shown in in-plane direction, which was observed in the
neat acceptor films. It can be seen that all the blend films
have a similar diffraction peak of 0.54-0.59 A™" at oOP
direction, which might be enhanced by molecular packing
originated from acceptors, according to the peak position of
pure films illustrated in Figure S8. It is clear that introduction
of alkyl chains induced higher crystallinity and more ordered
packing, as evidenced by the sharper scattering peaks.
Overall, the GIWAXS results indicate that within this Y-
series NFA family with specific molecular geometry [53]: (1)
introduction of the “wing” can increases the inter lamellar
distance as expected; (2) variation in “wing” length on the
position of fused central core minimally affects the mole-
cular face-on orientation. Transmission electron microscopy
(TEM) can also be used to study the morphology of Y3, Y18
and Y'11-based blend films. As shown in Figure S9, slightly
larger aggregation could be observed in the PM6:Y18 and
PM6:Y11 blend films. Thus, the morphological results,
combined with the absorption spectra and external quantum
efficiency (EQE) data, show that addition of the side chains
can maintain a face-on orientation both in pristine and blend
films (only a little difference on the distance of molecular
packing). This is consistent with the DFT results of the TT-
DFIC and alkylated TT-DFIC, in which a possible more
ordered molecular structure could be formed after additional
alkyl chains on TT unit. The alkyl side chains (steric effect)
increase the non-covalent interaction between S and O atoms
which had a positive effect on the stable conformation of
NFA main chains. As well known, a torsion-free molecular
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conformation of D-A conjugated main chains would have a
more ordered self-organized structure. The alkylated TT-
DFIC (Y11 and Y18) is demonstrated to form a relatively
more ordered packing at the (010) direction during growth of
crystallization along with the (100) direction. On the con-
trary, a relative disordered packing of D-A conjugated main
chains resulted in weak ordered packing at the (100) direc-
tion for Y3. The long-range backbone ordering effectively
extends electron transport pathway and therefore sig-
nificantly improves the mobility. It seems reasonable that the
incorporation of the alkyl side chains at the terminal of the
fused central core unit could optimize transport behavior for
either Y11 or Y18 so the FF of their corresponding OSCs
could be improved.

To explore and compare the photovoltaic performance of
the acceptors, BHJ OSCs were fabricated with an inverted
configuration of ITO/ZnO/active layer/MoOs/Ag, where
poly[(2,6-(4,8-bis(5-(2-ethylhexyl)-4-fluorothiophen-2-yl)-
benzol[1,2-b:4,5b"]-dithiophene)-co-(1,3-bis(thiophen-2-yl)-
5,7-bis(2-ethylhexyl)benzo-[1,2-c:4,5-c"]dithiophene-4,8-
dione))] (PM6) (Figure 1(b)) was chosen as the donor for
complementary absorption with the acceptors. In order to
eliminate unexpected changes in morphology due to addi-
tional post-processing steps, the active layers were prepared
in the same blend ratios (donor/acceptor weight rations) and
same thermal processing conditions. Figure 1(c) shows re-
presentative J-V curves of the OSCs under the illumination
of standard AM 1.5 G, 100 mW cm °. Table 1 collects the
average photovoltaic parameters (from at least fifteen de-
vices) of these OSCs. As can be seen, all the OSCs generate a
Voc value from 0.81 to 0.84 V. Among these devices, the
PM6:Y 18-based OSC exhibits the highest FF (76.2%) while
the smallest FF (65.6%) is found in the PM6:Y3 device. The
device based on PM6:Y 11 exhibits a comparable FF (73.5%)
to that of the device based on PM6:Y18. All the OSCs ex-
hibited Jg- higher than 24 mA cm owing to their strong
absorption in NIR (see absorbance spectra in Figure 1(b) and
Figure S10). For the Y3 based device, although the V- and
Jgc are similar to the devices based on Y11 and Y18, the FF
lags behind them, resulting in a relatively low PCE
(13.24%), while the PCEs of the Y11 and Y18 based devices
are 15.27% and 16.02%, respectively.

Figure 1(d) shows the EQE spectra of the OSCs with a
high and broad spectral response from 300 to 950 nm, in-
dicating both the donor and acceptor simultaneously con-
tribute to the overall photocurrent. The EQE response of the
Y11 and Y18-based OSCs are stronger than that of the Y3
based device in the region of 660-860 nm, resulting in a
slightly higher Jgc values. The calculated Jg- values in-
tegrated from the EQE spectra are 24.08, 24.58 and
24.89 mA cm ~ for the Y3, Y11 and Y18-based OSCs, re-
spectively, which is consistent with the Jg- values measured
from J-V curves (the deviation is within 1%).

Sci China Chem 5

To understand the origin of the FF variation of the OSCs
based on the three A-DA'D-A non-fullerene acceptors, we
firstly investigated charge transport properties of their BHJ
films by space-charge-limited-current (SCLC) method. The
principle of SCLC has been well documented elsewhere
[54]. Hole and electron carriers mobilities were evaluated.
Figure 2(a, b) shows the J-V characteristics of zero field hole
and electron mobility (ugy/toe). The detailed transport
parameters of the BHJ films were summarized in Table 2. At
room temperature, BHJ films with different acceptors (var-
iation in length of alkyl side chain) show only small impacts
on the hole transport, u,; values are in range of 3x10 ™ to
4x10*em”V's™'. This phenomenon indicates that hole
transporting pathways in the BHJ blends are mainly de-
termined by donor material. Therefore, hole mobility is in-
sensitive to the conformational change of acceptors. For the
electron transport, one striking feature is that u,, increases
gradually when longer alkyl side chain was connected at the
TT units of the central fused ring in the acceptor. The Y3
(without the alkyl side chain)-based BHJ film showed the
lowest electron mobility (7.5%x10 > cm® V' s ). By contrast,
the po. value shows about one order increase to
4.0x10 " em® Vs for the Y18 (with n-hexyl side chains)-
based and 6.2x10 * cm”> V' s for the Y11 (with n-undecyl
side chains)-based BHJ films, respectively. The higher
electron mobilities in the PM6:Y18 and PM6:Y11 BHI
blends suggested that a continuous pathway was constructed
for electron transport after alkyl TT-DFIC units was in-
troduced in the molecular backbone. The long-range order
backbone orientation contributes to an enhanced electron
hopping rate between neighboring molecules.

As shown above, acceptors (Y18 and Y11) with alkyl TT-
DFIC unit have higher electron mobility in such BHJ films
due to more stable molecular conformation and rigid back-
bone. The mobility in OSC devices influences charge
transport and recombination, consequently affecting the de-
vice performance, especially the FF, since the FF is domi-
nated by the competition between charge collection and
recombination. A high FF requires balanced mobilities of
electrons and holes. Figure 2(c) shows electron and hole
mobilities of the PM6 based films with different acceptors.
The hole-to-electron mobility ratio at zero-field g py/t o)
and corresponding FF of the OSCs were shown in Table 2.
The PM6:Y18 BHJ with a uqpy/u . ratio of 1.07, which
performs more balanced zero-field mobility than PM6:Y3
and PM6:Y11 BHIJ films, and therefore, resulting in the
highest FF value of 76.4% in the OSCs. Furthermore,
charge-carrier transport in disordered organic
conductor, in particular, in organic BHJ system is electric
field dependent. Generally, BHJ blends possess better ba-
lanced field-dependent transport which would account for
the enhanced FF [55]. Here, the field dependent carrier
mobilities for electron or hole in a given BHJ blend can be

semi-
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Table 1 Photovoltaic performance of the PM6:acceptors (1:1.5, w/w) based devices

Devices ¥ Vo (V) Jse (mA cm ) FF (%) PCE (%)

PM6:Y3 0.81+0.01 24.10+0.71 66.4+1.2 13.24+0.52
PM6:Y11 0.84+0.01 24.62+0.33 73.30.8 15.2740.48
PM6:Y18 0.84+0.00 24.9140.45 76.4%0.7 16.02+0.35

a) Statistical data obtained from 15 independent devices under AM 1.5 G illumination at 100 mW cm .

Table 2 Charge transport parameter of PM6:acceptor BHJ films. 1593 7¢) and f represent the zero-field hole/electron mobility and the Poole-Frenkel factor
at room temperature, imbalance factor 4 defined by Eq. (1), o/t the ratio of hole and electron mobility at open-circuit (zero-field) at room temperature,

and the corresponding device fill factor of three PM6:acceptor devices

12

—1/2

Device  Electron/Hole 10.293.7k) (em*V'sh £ (107 cm V' A Hon/Hoe  Energetic disorder (meV) FF (%)
Electron 7.5x10 3.2 71
PM6:Y3 o 1.38 4.53 66.4
Hole 3.4x10 0.8 52
Electron 4.0x10°* 2.9 53
PM6:Y18 » 0.19 1.07 76.4
Hole 4.3%x10 2.1 54
Electron 6.2x10"* 0.4 51
PM6:Y11 4 0.24 0.79 73.3
Hole 4.9%x10 1.7 57
described by the Poole-Frenkel (PF) model: The plot of electric field dependent hole-to-electron mobi-
lities based on PF model was given in Figure S11. The
_ 1/2 .
MEF) = poexp(BF ) (1)

where y, is the zero-field charge mobility for electron and
hole, F' is the applied electric field and f is the associated
Poole-Frenkel slope. u, and F for both hole and electron in
the PM6: acceptor BHJ blends was extracted from Eq. (1) to
simulate charge carrier transport in different electric fields.

electric field range between open-circuit condition (F=0) to
short-circuit condition (Fisc=Voc/d, d is the sample thick-
ness) was defined to characterize the device relevant mobi-
lities in BHJ blend. For the three PM6: acceptor devices, Ve
of the OSCs are around 0.81-0.83 V, and the optimized ac-
tive layer thickness is 100 nm. Therefore, the square root of
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applied electric field region of the PM6-based devices is
JVid ~ 288 (V”2 mfl/z). Below, the imbalance factor (A)
was evaluated to quantify hole and electron transport prop-
erties under a given electric field as:

4= i{foﬂ

where Fgc is the applied electric field in the short circuit
condition, and F| is the electric field that hole and electron
performed the same mobility. Figure 2(d) shows the 4 values
of PM6-based BHJs and FFs in their corresponding devices.
An anticorrelation can be clearly observed between the 4 and
FF values. The PM6:Y3 blend has the largest 4 value of 1.8
due to the significant reduced electron mobility in the low
electric field region, and therefore, the FF of the relevant
OSCs device is only 66.4%. By contrast, the PM6:Y 18 films
demonstrate the smallest 4 of 0.19 indicating that hole and
electron transport reached particular balance in OSC region.
Accordingly, the Y18-based device achieves the highest FF
of 76.4% among three OSCs devices. Although the balanced
mobility does not ensure a perfect FF in all OSC devices, it
still provides a qualitative explanation for the FF variation
among our three devices, which are fabricated with the same
donor and the similar acceptors.

To further understand transport properties in BHJ films,
temperature dependent J-7 measurements were performed
for both hole and electron (see Figure S12). The transport
data were then analyzed by GDM [56]. The hole energetic
disorder ¢y, and electron energetic disorder o, can be ex-
tracted using GDM as shown in the following equation:

2 )
s
where u, is the zero-field mobility, the high-temperature-
limited carrier mobility, the Boltzmann constant, ¢ the en-
ergetic disorder [57]. Figure 3(a, b) shows the resulting plots
for the hole and electron energetic disorder measurement of
the three blend films, detailed hole and electron disorder
parameter was given in Table 2. For comparison, we note
that the ¢y, values of the three BHJ films are quite con-
centrated, ranging from 52 to 57 meV. However, the o, (71
meV) in the Y3-based BHJ film is much higher than that of
the other two alkyl TT-DFIC-based BHJ films, indicating
that the electron energetic disorder is sensitive to the length
of the alkyl side chains. As a result, Y11 (with n-undecyl side
chain)-based BHJ achieves the lowest energetic disorder
with the value of 51 meV. In the GDM, the charge carriers
transport through a disorder molecular material by hopping
through Gaussian distributed density-of-states (DOS) [58],
which was demonstrated in Figure 3(c). The results clearly

indicate that the reason for the poor electron mobility in the
Y3-based BHJ is the broadening spreading of electron hop-

Hn
te

He
Hn

—1xdF+jF -1

x dF} @)

Fisc
¢

Lo = [ oEXP (3)
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ping sites in LUMO orbital of Y3 molecule. Then the cor-
relation between the energetic disorder and conformation
diversity can be further explored. Many pervious reports
suggested that local variations of molecular packing gener-
ated by random packing constraints would give rise to dif-
ferent intermolecular interactions, which would give rise to
the disorder variation. In this respect, the presence of well-
ordered acceptor material is expected to exhibit relatively
narrow 'H NMR signal, whereas the disordered organic

(a) 107
Hole disorder
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= 10t
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Density of States
(DOS)

Figure 3 Energetic disorder of blend films. GDM analysis for PM6 based
BH]J films: (a) hole, and (b) electron zero-field mobilities versus the square
of reciprocal temperature. Solid lines are the best linear fits to the ex-
perimental data. Energetic disorder ¢ and high-temperature-limited mobi-
lity u, can be extracted from the slopes and y-intercept of the data plots. (c)
Schematic illustration of the impact of with or without alkyl side chains on
the electron transport and energetic disorder (color online).



8 Yuan et al.

molecule presents relatively broad signals that manifest
distributions of molecular conformations associated with the
backbone moieties. As shown in Figure S2(c) and Table S1,
the broad 'H NMR signal at 9.03 ppm is attributed to the
C=C double bonds (H,) linkage between central core and
DFIC of Y3 with the average of integrals of full width at half
maxima (FWHM) at 8.53. The narrow 'H NMR signal
centered at 9.08 ppm is attributed to the C=C (H,") of Y11,
exhibiting the FWHM at 4.47. Thus, the quantitative
'H NMR analyses showed that the alkylated acceptor mo-
lecules such as Y11 have relatively higher fraction of ordered
conformation regions, compared to the acceptor molecule Y3
without the alkyl side chains, which is consistent with the
measured differences in their transport properties. Overall,
these results suggest that the torsional flexibility of the Y3
molecular backbones contributes to the large electron en-
ergetic disorder and therefore, poor transport properties in
the Y3-based BHJ blend. The molecular chains with low
energy barrier correspond to the non-rigid molecular or-
ientation, which consequently further increase the disorder.
Thus, these sources of disorder can be largely removed when
using alkyl TT-DFIC molecular structure with large energy

Zn0
ITO Glass

_—
Z
=

—— PM6:Y3 T

Sk
—a— PM6:Y3:PC;BM

Current density (mA em™?)

0.2
Voltage (V)

0.4

Sci China Chem

barrier and low torsional flexibility.

The results presented above suggest an intrinsic and mo-
lecular origin of large electron energetic disorder in Y3.
Since the potential rotamers from the TT unit and DFIC, the
Y3 based blend film exhibited relatively larger 4 than the
two blend films based on the acceptors Y11 and Y18 with
alkyl side chains. One can therefore consider adding the
higher electron mobility acceptor into the PM6:Y3 system to
further enhance the device performance. The effects of
PCBM in ternary blend were well studied. This effect was
presumably because PCBM acts as electron transport chan-
nels in the ternary device which improves the electron mo-
bility, and meanwhile PCBM may phase separate the binary
material and suppress the non-radiative loss [59,60]. As seen
from Figure S13, by introducing PC,;,BM into PM6:Y3 film,
the electron mobilities of the PM6:Y3 blends were gradually
increased from 7.5%10 ° t0 3.8x10 * cm” V' s after adding
PC;,BM, while the hole mobilities of the ternary blends were
changed only a little bit after the acceptor PC; BM was in-
troduced (from 3.4 to 3.6x10 *cm’V's™"). The ternary
solar cells are fabricated using an inverted structure (Figure 4
(a)) and detailed performance are shown in Figure 4(b, c).

M ,} pj}—( Fin
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+
. 3\
3
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Figure 4 Efficient ternary solar cells. (a) Device architecture of the ternary solar cells. (b) J-V characteristics and (c) EQE spectra of the binary and ternary
solar cells under illumination of an AM 1.5 G at 100 mW cm ~ (color online).



Yuan et al.

The PM6:Y3:PC;,BM (1:1.3:0.2) exhibited a Ve of 0.82 'V,
Jsc of 25.3 mA cm * and FF of 73.1%, resulting in a higher
PCE of 15.3%. It is highly encouraging that an effective
strategy by optimizing the 4 between hole and electron
mobility could enhance the performance of ternary OSCs.

3 Conclusions

In summary, we reported a detail study on a series of similar
backbone A-DA'D-A type non-fullerene acceptors (Y3, Y11
and Y 18), exploring how both the charge transport properties
as well as the device performance are affected by tuning their
molecular structure. Through both experimental and theo-
retical analysis, we uncover that torsional conformation of
Y3 molecular backbone limits its charge transport properties
and photovoltaic performance. By introducing the “wing”
(alkyl chains) at the terminal of the central core of Y3 to
achieve a high degree unified molecular conformation, the
transport behavior can be significantly optimized in the BHJ
films. Since this strategy would guarantee reduced energetic
disorders for electron transport and a balanced transport, the
PCE of the OSCs based on the optimized acceptors, Y11 and
Y18, can achieve high PCEs of 15.27% and 16.02% along
with improved fill factor, respectively (Table S2). In addi-
tion, we provide a feasible way that aims to increase the
performance of Y3-based device: the ternary strategy of
using a third component acceptor, with a selecting role of
balancing hole and electron transport in BHJs. These find-
ings give insights into how photovoltaic parameters are af-
fected by molecular conformation, energetic disorder and
charge transport properties and guiding the future molecular
design of high-performance A-DA'D-A type non-fullerene
acceptors.
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