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“Twisted” small molecule donors with enhanced
intermolecular interactions in the condensed phase
towards efficient and thick-film all-small-molecule
organic solar cellst

Xiafei Cheng,® Ziqi Liang,® Shifeng Liang,? Xuwen Zhang,? Jie Xu,? Yan Xu,® Wang Ni,*°
Miaomiao Li ®*? and Yanhou Geng @ ¢

How to achieve high crystallinity and suitable phase scale simultaneously from the perspective of molecular
engineering remains a long-standing challenge for all-small-molecule organic solar cells (ASM-OSCs).
Herein, two small molecule donors, named DRTT-2Se (with two alkylselenophenyl chains) and DRTT-
6Se (with six alkylselenophenyl chains), were designed and synthesized by introducing “twisted”
backbones and building units with strong intermolecular interactions. The “twisted” skeletons of the
molecules can suppress the molecular crystallization and avoid excessive aggregation during the film
forming process, while the strong intermolecular interactions of the building units can encourage the
formation of ordered molecular packing and nanoscale phase separation via post-treatments. Owing to
the enhanced intermolecular interactions induced by alkylselenophenyl side chains, DRTT-2Se and
DRTT-6Se with a “twisted” structure displayed more ordered m—m packing, and retained the similar
nanoscale microstructures in the blend films in comparison to the "twisted” molecule with
alkylthiophenyl side chains (DRTT-T), vyielding improved hole transport and reduced charge
recombination in OSCs. In addition, the alkylselenopheny!l substituted molecules showed higher HOMO
energy levels, which caused the larger HOMO offset to drive exciton dissociation, but did not increase
the energy loss. As a result, the ASM-OSCs based on the selenophene-containing donors exhibited
higher FF and Jg., and similar V., yielding superior PCEs (14.79% and 15.03%) compared to the DRTT-T
based device (13.37%). More importantly, the appropriate film morphology made the device efficiency of
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DRTT-2Se and DRTT-6Se less sensitive to the thickness of active layers. This study provides some
implications in designing small molecule donors with suitable crystallization behavior towards high-

performance ASM-OSCs.

1. Introduction

Organic solar cells (OSCs) have drawn wide attention attributed
to their unique merits of light-weight, multiple colors and great
potential flexible and large-area solar cell panels through low-
cost coating methods.”® Compared to polymer semi-
conductors, small molecule semiconductors show promising
superiorities such as well-defined chemical molecular struc-
tures, easy purification and negligible batch-to-batch
variation,*” making all-small-molecule OSCs (ASM-OSCs) have
great potential in commercial applications. Through long-term
efforts on molecular design and device optimization, ASM-OSCs
have made great progress in recent years. However, most ASM-
OSCs show power conversion efficiencies (PCEs) below 15%,
which significantly lag behind those of OSCs based on polymer
donors.®** In addition, the device efficiency of ASM-OSCs is
often more sensitive to the thickness of the active layers than
that of OSCs containing polymer components. The inferior PCE
and the high sensitivity of the device performance to film
thickness for ASM-OSCs are mainly derived from the unideal
film morphology.**"

Generally, the appropriate film morphology is more difficult
to be acquired for the ASM blend systems in comparison to the
blends containing polymer components. The long molecular
skeleton of polymer donors can facilitate the direct formation of
bright interpenetrating film morphology. Nevertheless, for the
ASM blend systems, small molecule donors and small molecule
acceptors with relatively weak molecular interactions and
limited conjugate length often present high configurational
entropy of mixing, and tend to form finely intermixed donor/
acceptor domains and homogeneous film morphology without
distinct phase separation.'®*>' Improving the crystallinity of the
small molecule donors by enhancing molecular rigidity and
planarity can allow the ASM blends to form phase-separated
morphology.”*?® However, because of the easier molecular
motion of the small molecules, the small molecules with high
crystallinity are likely to form large crystals and to undergo
excessive aggregation, leading to over-sized phase separa-
tion.**?® This suggests that the suitable crystallization behavior
of the molecules is the premise for the formation of ideal
morphology with nanoscale network structures and meanwhile
ordered molecular packing in ASM blend films. Besides,
different from the polymer semiconductors in which charge
carriers can transport through both interchain and intrachain
channels, charge transport in small molecules is more depen-
dent on intermolecular interactions, and hence it is more
necessary for small molecules to form ordered stacking to
guarantee efficient charge transport.>®*”-** Therefore, the crys-
tallinity and intermolecular interactions of the small molecules
play a vital role in determining the film microstructure and
device performance for the ASM blend systems. To advance the
performance of ASM-OSCs, the main challenge is focused on
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achieving desirable film morphology by molecular engineering
in combination with post-treatments, adjustment of processing
solvents and introduction of a third component.

Our group proposed a new molecular design strategy (sche-
matically illustrated in Fig. 1a): twisting the conjugated back-
bones to slow down the crystallization rate of the molecules in
the film forming process, and meanwhile promoting planariza-
tion of the molecular skeleton in the film state by introducing
strong intermolecular interactions.*> The resulting donor mole-
cules adopt twisted backbones in solution but planar geometry
in the film state. The bulky side chains (alkyl or aryl chains) on
the B-positions of the central thieno[3,2-b]thiophene (TT) units
endow the molecules with “twisted” backbones, while the rota-
tion barrier of twisting the inter-ring C-C linkage can be over-
come in the condensed phase by the strong intermolecular
interactions derived from the rigid and planar benzodithiophene
(BDT) = bridges and 3-ethylrhodanine termini as well as the
aromatic side chains on BDT or TT units. Owing to the slow self-
assembly rate of the donor molecules with “twisted” backbones,
the as-cast ASM blend films present relatively low crystallinity,
and the molecular ordering and phase-separated morphology
can be precisely tuned by post-annealing treatments. Moreover,
the selection of the optimal thermal annealing (TA) conditions
for the ASM-OSCs can be assisted by evaluating the crystalliza-
tion parameters of these small molecule donors and non-
fullerene acceptor in neat and blend films, which can reduce
trial-and-error efforts on device optimization.” Compared to
the small molecule donor with alkyl side chains on the central TT
unit, the molecule DRTT-T with alkylthiophenyl side chains on
TT delivered superior performance with a PCE of ~13%"
(Fig. 1b), which was related to the stronger molecular interac-
tions in the film state coming from the alkylthiophenyl side
chains.®?¢ These results suggest that this molecular design
strategy is promising to achieve high-efficiency ASM-OSCs.

According to the above studies, we infer that further
enhancement of the intermolecular interactions by side chain
engineering should be an effective method to advance the
photovoltaic performance of this type of “twisted” small mole-
cule donors. Compared to sulfur, selenium is more polarizable,
and has a larger atomic radius, lower electronegativity and
stronger interatomic interactions. Replacement of the alkylth-
iophenyl chains with the alkylselenophenyl chains in the
“twisted” small molecules should be able to further promote the
intermolecular interactions through the m—m stacking by over-
lapping the large 7 orbital of the selenium atom.*”*' Therefore,
in this work, we designed and synthesized two small molecule
donors named DRTT-2Se and DRTT-6Se (Fig. 1b), by replacing
the alkylthiophenyl chains with alkylselenophenyl chains on
the TT or/and BDT unit in the molecule DRTT-T. Similar to
DRTT-T, the two molecules with alkylselenophenyl side chains
also possess twisted backbones, as revealed by the density
functional theory (DFT) calculations (Fig. S1f). Nevertheless,
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Fig. 1 (a) Design strategy of the small molecule donors in this work. (b) Chemical structures of DRTT-T, DRTT-2Se, DRTT-6Se and N3. (c) The
synthetic route to DRTT-2Se and DRTT-6Se. Reagents and conditions: (i) Pd(PPhz),4, toluene, microwave, 150 °C; (ii) 3-ethyl-2-thioxothiazolidin-
4-one, triethylamine, CHCls, reflux. (d and e) Absorption spectra of the small molecule donors in thin films without any post-treatments (d) and
with TA treatment (e). (f) Illustrated diagram of the energy levels of the donor materials and N3.

DRTT-2Se and DRTT-6Se displayed increased intermolecular
interactions and more ordered -7 packing, in comparison to
DRTT-T. When blended with the nonfullerene acceptor N3 (ref.
42) (Fig. 1b), both small molecule donors with alkylseleno-
phenyl side chains exhibited superior PCEs (14.79% for DRTT-
2Se, 15.03% for DRTT-6Se) with higher fill factors (FFs) and
short-circuit current densities (J.s) owing to the efficient charge
generation and transport with weak charge recombination and
low energy disorder. Moreover, the photovoltaic performances
of DRTT-2Se:N3 and DRTT-6Se:N3 based devices were less
sensitive to the thickness of the active layers, showing great
potential in practical applications.

2. Results and discussion

2.1. Material synthesis, photophysical and electrochemical
properties

The synthetic route to DRTT-2Se and DRTT-6Se is shown in
Fig. 1c. Microwave-assisted Stille coupling of compound 1 with 2
and 3 afforded compounds 4 and 5 in yields of 92% and 84%,

13986 | J. Mater. Chem. A, 2023, 11, 13984-13993

respectively. Subsequent Knoevenagel condensations afforded
DRTT-2Se and DRTT-6Se in yields over 80%. The synthetic details
are depicted in the ESL.f The chemical structures of DRTT-2Se
and DRTT-6Se were verified by NMR spectra (Fig. S2-S57),
matrix-assisted laser desorption ionization time-of-flight (MALDI-
TOF) mass spectra (Fig. S6 and S71) and elemental analyses.

To evaluate the influence of the alkylselenophenyl side
chains on optical absorption, the solution and film UV-vis-NIR
absorption spectra of the molecules were characterized as
illustrated in Fig. S8, 1d and e, and the relevant data are
summarized in Table 1. In solution, the three molecules
exhibited featureless absorption spectra with similar maximum
absorption wavelengths (A3,.x) at 532, 532 and 531 nm for DRTT-
T, DRTT-2Se and DRTT-6Se, respectively. From solution to
films, all the three molecules showed red-shifted and broad-
ened absorption spectra with weak vibronic absorption,
induced by the intermolecular interactions in the condensed
phase. After TA at 90 °C, film absorption spectra featuring well-
defined vibronic absorption peaks were observed for all the
molecules, implying the formation of ordered microstructures

This journal is © The Royal Society of Chemistry 2023
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Table 1 Photophysical and electrochemical parameters of the molecules

Molecule i [nm] Afilm a [nm] film,TA b [nm] EQP* € [eV] Eromo [eV] Enomo” [eV]
DRTT-T 532 555, 588 561, 610 1.90 —3.36 —5.57
DRTT-2Se 532 555, 598 569, 621 1.86 —3.46 —5.51
DRTT-6Se 531 564, 599 569, 619 1.86 —3.44 —5.54

“ The absorption maximum of the as-cast films. ” The absorption maximum of the films with TA treatment. ° The optical bandgap Egpt was
calculated from the absorption onset of the TA-treated film. ¢ The LUMO and HOMO energy levels were calculated according to Eyyyo = —(4.80
+ Egnset) €V and Eyomo = —(4.80 + Egneer) €V, in which Egpgee and Egpge represent reduction and oxidation onset potentials, respectively, versus

the half potential of Fc/Fc'.

in which the molecules adopted a planar geometry. Compared
to the annealed DRTT-T film with the absorption maximum
(Arﬁ,}‘;j() at 561/610 nm, the annealed DRTT-2Se and DRTT-6Se
films showed red-shifted absorption peaks at 569/621 nm and
569/619 nm, respectively. The optical bandgaps (Eg™) of these
molecules calculated from the absorption onset of the thermally
annealed films were 1.90, 1.86 and 1.86 eV for DRTT-T, DRTT-
2Se and DRTT-6Se, respectively. The more redshifted absorp-
tion and narrower band gaps of DRTT-2Se and DRTT-6Se films
indicate stronger intermolecular interactions in the solid state
in comparison to DRTT-T. Electrochemical cyclic voltammetry
(CV) was employed to estimate the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) energy levels of the molecules in films. As shown in
Fig. 1f, S9t and Table 1, the HOMO and LUMO energy levels
were —5.57 eV/—3.36 eV, —5.51 eV/—3.46 eV and —5.54 eV/
—3.44 eV for DRTT-T, DRTT-2Se and DRTT-6Se, respectively.
Apparently, replacement of alkylthiophenyl side chains with
alkylselenophenyl side chains caused slight upshifted HOMO
and downshifted LUMO, which is consistent with the results of
DFT calculations (as shown in Fig. S10t). This means that the
HOMO offsets between the alkylselenophenyl substituted
molecule donors and acceptor N3 are larger than that between
DRTT-T and N3, which could provide a larger driving force for
exciton dissociation at the donor:acceptor interfaces. However,
because the offsets between the LUMO of N3 and the HOMO of
the alkylselenophenyl substituted molecules are smaller than
that between N3 and DRTT-T, the open-circuit voltage (Vo) of
DRTT-2Se:N3 and DRTT-6Se:N3 based devices might decrease.

2.2. Packing behavior and charge transport property

The crystallization behavior of DRTT-T, DRTT-2Se and DRTT-
6Se was initially investigated by differential scanning calorim-
etry (DSC) measurement. As shown in Fig. S11 and Table S1,}
these molecules displayed different melting temperature (7,,)/
crystallization temperature (T¢), i.e., 215.0/156.4 °C for DRTT-
T, 215.6/151.2 °C for DRTT-2Se, and 230.7/196.3 °C for DRTT-
6Se. Compared to DRTT-T and DRTT-2Se, DRTT-6Se with six
alkylselenophenyl side chains showed higher phase transition
temperatures, suggesting the improvement of intermolecular
-7 interactions of the molecules in the bulk.

X-ray diffraction (XRD) characterizations were further per-
formed to probe the effects of introducing alkylselenophenyl
side chains on the packing behavior of the molecules in thin
films. Due to the slow self-organization rate of the molecules,

This journal is © The Royal Society of Chemistry 2023

the as-cast films of the molecules with “twisted” structures
presented relatively low crystallinity, as confirmed by the XRD
patterns with only a weak (100) diffraction peak in the out-of-
plane direction (as shown in Fig. 2a). After TA at 90 °C, all the
films showed intense and sharp (100) diffraction peaks and
pronounced (010) diffraction peaks in the out-of-plane direction
as well as obvious (100) diffraction peaks in the in-plane
direction (as shown in Fig. 2b), indicative of the formation of
ordered molecular packing with face-on and edge-on orienta-
tions coexisting. The (010) diffraction peaks in the out-of-plane
direction were located at 1.71 A~ for DRTT-T, 1.71 A~* for
DRTT-2Se, and 1.72 A™! for DRTT-6Se, respectively, corre-
sponding to the 7— stacking spacings of 3.66, 3.66 and 3.64 A
(Tables S2t). The crystalline coherence lengths (CCLs) of (010)
diffraction were 35.07, 40.72 and 37.61 A for DRTT-T, DRTT-2Se
and DRTT-6Se, respectively. The CCL values of the (100)
diffraction peaks in the in-plane direction were 184.30, 210.17
and 201.80 A for DRTT-T, DRTT-2Se and DRTT-6Se, respectively.
Clearly, compared to DRTT-T, the alkylselenophenyl substituted
molecules exhibited longer (010) CCLs in the out-of-plane
direction and (100) CCLs in the in-plane direction, suggesting
that more ordered face-on stacking was formed, which is
beneficial for charge transport in the OSC devices.

The hole mobilities (up) of the three molecules were
measured using the space-charge-limited-current (SCLC)
method, and the results are shown in Table S2, Fig. 2c and S12.}
Compared to DRTT-T film (uy, = 2.32 x 10~* em®> V' s ), both
DRTT-2Se and DRTT-6Se films showed increased u;, of 3.36 x
10" and 3.70 x 10" em® V' 57", respectively, due to more
ordered face-on -7 stacking and stronger intermolecular
interactions. These results signify that introducing alkylsele-
nophenyl side chains is effective to improve hole mobility of the
small molecules with “twisted” backbones.

2.3. Photovoltaic properties

To investigate the effect of selenophene substitution on the
photovoltaic performance, ASM-OSCs were fabricated with the
architecture of the indium tin oxide (ITO)/poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/
donor:N3/PDINO*/metal electrode. The device fabrication
conditions, including donor/acceptor weight ratios and metal
electrodes were carefully optimized and the device parameters
are summarized in Tables S3-S5.1 The optimized active-layer
thickness was ~120 nm and the higher device performance
was obtained using Ag as the cathode due to the higher J.
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Fig. 2 (aand b) Out-of-plane and in-plane XRD patterns of the neat donor films without (a) and with TA treatment (b). (c) Hole mobilities of the

neat donor films acquired from single-carrier devices.

Without any post-treatments, the devices based on DRTT-T:N3,
DRTT-2Se:N3 and DRTT-6Se:N3 exhibited PCEs of 6.44%, 6.68%
and 7.68%, respectively. Obviously, DRTT-2Se:N3 and DRTT-
6Se:N3 based devices exhibited better photovoltaic performance
in comparison to the DRTT-T:N3 based device. The low FFs and
Jses for all the devices without post-treatment were induced by
the poor film microstructures, which will be discussed below.
Thermal annealing was used to enhance the device perfor-
mance of these blend systems. The selection of post-treatments
was assisted by our previous study on the correlation between
the crystallization temperature of photoactive materials and
optimal TA conditions for the ASM blends based on this type of
molecule donors.' According to our previous study, the optimal
device performance can be obtained via two-step TA for the
blend system of DRTT-T:N3 in which the crystallization onset
temperature (Tc onset) Of DRTT-T is obviously lower than that of
N3. By contrast, for the blend systems with T¢ onset Of the donor
component close to that of the acceptor, the optimal perfor-
mance can be obtained via one-step TA. Given that the T, ob-
tained from DSC measurement of DRTT-2Se is close to that of
DRTT-T, two-step TA under the same conditions (TA at 70 °C
for 2 min then 130 °C for 50 s) as DRTT-T:N3 was directly used
for the DRTT-2Se:N3 system. The obviously higher T, of DRTT-
6Se than that of DRTT-T means the T onsee 0f DRTT-6Se should
be close to that of N3, and hence one-step TA in the temperature
range of 110-130 °C was used for the device optimization
process of the DRTT-6Se:N3 blend. The optimal device

performance of DRTT-6Se:N3 was observed upon one-step TA at
120 °C. The typical current density-voltage (J-V) curves of the
optimal devices are plotted in Fig. 3a, and the detailed photo-
voltaic parameters are summarized in Table 2. The optimal
DRTT-T:N3 based device generated a PCE of 13.37% with a V.
of 0.85V, a J,. of 24.85 mA cm 2 and an FF of 62.9%. Compared
to DRTT-T:N3 based devices, the devices based on DRTT-2Se:N3
and DRTT-6Se:N3 exhibited similar V,.s with the identical
energy loss of 0.51 eV (Fig. S137), and significantly increased FFs
of 68.8% and 69.9%, leading to higher PCEs of 14.79% and
15.03%, respectively. The EQE spectra of all the three blends
demonstrated a broad photo response from 300 to 960 nm
(Fig. 3b). The calculated J.s estimated from the integration of
the EQE curves were 23.65, 24.02 and 24.20 mA cm > for DRTT-
T, DRTT-2Se and DRTT-6Se based devices, respectively, which
coincided with those extracted from the J-V measurement
within an acceptable deviation below 5%.

To investigate the dependence of photovoltaic performance
on film thickness for the three ASM blend systems, the OSCs
with the active layer thicknesses ranging from 120 to 300 nm
were fabricated. As shown in Fig. 3c and Table 2, the devices
based on DRTT-2Se:N3 and DRTT-6Se:N3 with film thickness of
300 nm retained higher PCEs of 13.20% and 13.81%, respec-
tively, while the PCE of the device based on DRTT-T:N3 sharply
dropped to 10.89%. Clearly, the photovoltaic performance of
the ASM-OSCs based on alkylselenophenyl substituted mole-
cules was less sensitive to active layer thickness, especially for

@) 1 ®w ©
g 1.00
5 o w
< __ 60 [
£ DRTT-T:N3 9 2 0.95
>-10 —o— DRTT-2Se:N3 o 40 3
2 —o— DRTT-6Se:N3 o] DRTT-T:N3 £ 0.901
S m —o— DRTT-2Se:N3 g ;
S : £ DRTT-T:N3
: 20 20 —— DRTT-6Se:N3 S 0.85] —o— DRTT-25e:N3
E I —o— DRTT-6Se:N3
3 -30 0 0.80
00 02 04 06 08 400 600 800 1000 100 150 200 250 300

Voltage (V)

Wavelength (nm)

Thickness (nm)

Fig. 3 (a) J-V curves, and (b) EQE curves of DRTT-T:N3, DRTT-2Se:N3 and DRTT-6Se:N3 based devices under the optimal conditions. (c) PCE

versus active layer thickness for the three blend systems.
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Table 2 Photovoltaic performances of the OSCs based on DRTT-T:N3, DRTT-2Se:N3 and DRTT-6Se:N3

Thickness Donor:N3 Voe (V) Js* (mA cm™?) FF* (%) PCE* (%)

~120 nm DRTT-T:N3” 0.85 (0.86 = 0.01) 24.85 (24.65 & 0.19) 62.9 (62.4 % 0.5) 13.37 (13.25 + 0.12)
DRTT-25e:N3” 0.85 (0.86 + 0.01) 25.18 (24.49 + 0.28) 68.8 (67.9 % 0.9) 14.79 (14.31 + 0.25)
DRTT-6Se:N3° 0.85 (0.85 + 0.01) 25.29 (24.93 + 0.35) 69.9 (69.7 + 0.5) 15.03 (14.71 + 0.28)

~300 nm DRTT-T:N3” 0.85 (0.85 + 0.01) 22.00 (21.58 + 0.29) 58.6 (58.0 % 0.6) 10.89 (10.63 + 0.21)
DRTT-25e:N3” 0.85 (0.85 % 0.01) 23.33 (23.02 & 0.24) 66.9 (65.9 + 0.8) 13.20 (13.01 + 0.17)
DRTT-6Se:N3° 0.84 (0.84 % 0.01) 25.53 (25.12 + 0.31) 64.3 (63.7 % 0.5) 13.81 (13.56 + 0.23)

% Optimal and statistical results are listed outside of parentheses and in parentheses, respectively. The average values are obtained from over 10
devices. ? The TA treatment conducted with 70 °C for 2 min then 130 °C for 50 s. © The TA treatment conducted with 125 °C for 5 min.

DRTT-6Se based devices in which the PCE retained 92% of the Both donor and N3 films were emissive upon photoexcitation.
optimal values with the film thickness of 300 nm. In the As shown in Fig. 4a, the fluorescence from donors was
following, the origins of the improved photovoltaic perfor- quenched almost completely in all blend films, especially for
mance after incorporating alkylselenophenyl side chains will be DRTT-2Se:N3 and DRTT-6Se:N3 films with slightly higher fluo-
elucidated from the perspectives of device physics and film rescence quenching efficiencies over 98%, implying more effi-
microstructures. cient electron transfer from the LUMOSs of donors to the LUMO
of N3. The high fluorescence quenching efficiencies also indi-
cate that sufficient donor:acceptor interfaces were formed in
these blend films, owing to the nanoscale phase separation
which will be discussed below. Nevertheless, the fluorescence
from N3 was not completely quenched for the three blend films,

2.4. Charge generation, separation, transport and
recombination in OSCs

Photoluminescence (PL) quenching experiments were first
conducted to study the exciton dissociation for these blends.
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Fig. 4 (a) PL spectra of DRTT-T, DRTT-2Se and DRTT-6Se neat films and the donor:N3 blend films excited at 585 nm. (b) PL spectra of N3 neat
film and the donor:N3 blend films excited at 800 nm. (c) Charge mobilities of DRTT-T:N3, DRTT-2Se:N3 and DRTT-6Se:N3 blends under the
optimized conditions. (d) Transient photocurrent, and (e) transient photovoltage, and (f) Jon—Ves curves and (g) the dependence of Jgc on Pygne,
and (h) the corresponding EQEg, spectra of DRTT-T:N3, DRTT-2Se:N3 and DRTT-6Se:N3 based ASM-OSCs under the optimal conditions. (i—k)
FTPS-EQE of the devices based on DRTT-T:N3 (i), DRTT-2Se:N3 (j) and DRTT-6Se:N3 (k) at the absorption onset.
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with the fluorescence quenching efficiencies following the order
of 71% (DRTT-T:N3) < 83% (DRTT-2Se:N3) < 88% (DRTT-
6Se:N3) (Fig. 4b). The much higher fluorescence quenching
efficiencies of N3 in DRTT-2Se:N3 and DRTT-6Se:N3 blend films
could be ascribed to the larger HOMO offsets between the donor
and acceptor originating from the higher HOMO energy levels
of the donors, which provide a larger driving force for the
dissociation of the excitons generated from N3. It is worth
noting that there is an overlapping between the donor emission
and N3 absorption region, suggesting that Forster resonance
energy transfer from the donor to N3 could occur in the blend
films. Thereby, the fluorescence quenching efficiency of N3 in
the blend film could affect the EQE values over the whole photo-
response range,**** which should be a reason for the higher
EQE in the whole photo-response range for DRTT-2Se:N3- and
DRTT-6Se:N3-based devices.

The hole and electron (u) carrier mobilities of the blend
films were estimated using the SCLC method, and the results
are shown in Table S6, Fig. 4c and S14.1 The SCLC devices based
on DRTT-T:N3, DRTT-2Se:N3 and DRTT-6Se:N3 showed similar
e about 2.8 cm® V' §71 but different u, increasing from ~1.17
to 1.79 and then to ~2.24 cm” V™' S™'. Hence, compared to the
DRTT-T:N3 blend (un/u. = 0.42), DRTT-2Se:N3 and DRTT-
6Se:N3 blend films showed more balanced hole and electron
mobilities (un/pe = 0.63 for DRTT-2Se:N3 and 0.78 for DRTT-
6Se:N3). To complement the analyses of the charge transport
process, the transient photocurrent (TPC) and transient pho-
tovoltage (TPV) measurements were conducted to evaluate the
charge extraction time and carrier lifetime for the OSCs***’
(Fig. 4d and e). The charge sweep-out times under short-circuit
conditions calculated from the traces of TPC measurements
were 0.44, 0.33 and 0.14 ps for DRTT-T:N3, DRTT-2Se:N3 and
DRTT-6Se:N3 based devices, respectively. The alkylselenophenyl
substituted donor:N3 especially DRTT-6Se:N3 yielded shorter
charge extraction time, which should be related to the higher
charge mobility. The carrier lifetimes calculated from the traces
of TPV measurements were 11.1 and 17.3 us for DRTT-2Se:N3
and DRTT-6Se:N3 based devices, respectively, which were larger
than 7.2 ps for the DRTT-T:N3 based device. Since the lifetime of
carriers at open-circuit voltage is dominated by recombination,
the longer carrier lifetime in DRTT-2Se:N3 and DRTT-6Se:N3
based devices may indicate less charge recombination.

The effective voltage (V.s) dependent photocurrent density
(Jon) was measured to further examine the charge generation
and collection properties of the optimal ASM-OSCs, as shown in
Fig. 4f. For the optimal DRTT-T:N3, DRTT-2Se:N3 and DRTT-
6Se:N3 based OSCs, the ratios of J,n/Jsat (saturation photocur-
rent density) were 92.0%, 94.7% and 95.0% under the short-
circuit conditions, respectively, and were 72.4%, 78.1% and
80.0% under the maximal power output conditions, respec-
tively. The J,n//sac Tatios of the devices increased with the
increase of alkylselenophenyl side chains in the molecule
donors indicating higher charge generation and collection
efficiency. Bimolecular recombination can be a serious problem
for ASM-OSCs due to the intimate mixing of p-type and n-type
small molecule semiconductors. In order to analyze charge
carrier losses due to bimolecular recombination, the
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dependence of Ji. on light intensity (Pjizn) was also studied
(Fig. 4g). The relationship between J,. and Pjgne can be
described as the power-law dependence equation of J;. « Pjigp”,
where « close to unity suggests the minimal bimolecular
recombination. The « values were determined to be 0.964,
0.972, and 0.992 for DRTT-T, DRTT-2Se and DRTT-6Se based
devices, respectively. Clearly, the « values of the device based on
alkylselenophenyl substituted molecule donors were higher
than that of the DRTT-T:N3 based device, and the « value of
DRTT-6Se based devices was very close to 1, indicative of
negligible bimolecular recombination. The more efficient
exciton dissociation, charge transport and suppressed charge
recombination enable the significant improvement of Js.s and
FFs for DRTT-2Se:N3 and DRTT-6Se:N3 based devices and lower
sensitivity of the device performance to the film thickness.

External quantum efficiency of electroluminescence (EQEgy)
and Fourier-transform photocurrent spectroscopy external
quantum efficiency (FTPS-EQE) measurements were conducted
to get insight into reasons for the similar V,.s of DRTT-T:N3,
DRTT-2Se:N3 and DRTT-6Se:N3 based devices. As shown in
Fig. 4h-k, the DRTT-T:N3 based device showed an EQEg;, of 1.71
x 10~*, while DRTT-2Se:N3 and DRTT-6Se:N3 based devices
showed higher EQEg; of 3.74 x 10 * and 5.79 x 10~ * under the
short-circuit conditions. The higher EQEg; for DRTT-2Se:N3
and DRTT-6Se:N3 based devices will yield reduced nonradiative
loss. FTPS-EQE were measured to investigate energetic disorder
for the devices,**** which is closely involved with the Urbach tail
states below the band edge. The Urbach empirical rule can be
described as the spectral dependence of the absorption coeffi-
cient («) and photon energy (E) in the low photon energy range,
which follows the below equation:

a(E) = ag exp (E _ Eg) (1.1)
E,
where E, represents the energy at the peak of the exponential
part and E, is the energy of the band tail, namely, Urbach
energy. Compared with DRTT-T:N3 based devices with E, of
22.8 meV, a slightly lower E,, value of 22.3 meV was observed for
DRTT-2Se:N3 and DRTT-6Se:N3 based devices (Fig. 4i-k), which
could be attributed to the more ordered molecular packing in
the blend films (as discussed below). The lower E, implies less
energetic disorder and contributes to the reduced charge
recombination in DRTT-2Se:N3 and DRTT-6Se:N3 based
devices. In addition, the lower E, values were also beneficial for
suppressing energy loss.”*”* The lower E, and higher EQEg;, for
DRTT-2Se:N3 and DRTT-6Se:N3 could explain the similar Vs of
the three blends although the HOMO energy levels of DRTT-2Se
and DRTT-6Se are higher than that of DRTT-T.

2.5. Morphology and microstructures of the blend films

It is well-known that film morphology and microstructures play
a pivotal role in determining the device performance. To probe
why DRTT-2Se and DRTT-6Se can achieve better device effi-
ciency, transmission electron microscopy (TEM) measurements
were performed to probe the bulk morphology of the blend
films. As shown in Fig. 5a, all blend films without any post-
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Fig.5 (aandb) TEMimages of the blend films without (a) and with TA treatments (b). TEM images (b). (c and d) XRD patterns of the optimal blend
films in the out-of-plane (c) and in-plane directions (d). (e) The CCL values derived from the out-of-plane (100) diffraction peaks of the optimal

blend films.

treatments showed uniform morphology without obvious phase
separation. After TA treatments, phase separation appeared,
and all the optimal blend films showed similar morphology
with a nanoscale and well-percolated bicontinuous network.
This is in accordance with the results from atomic force
microscopy (AFM) measurements. As shown in Fig. S15,7 all the
thermally annealed blend films displayed pronounced phase
separation with similar root-mean-square roughness values of
3.66 nm for DRTT-T:N3, 3.53 nm for DRTT-2Se:N3 and 3.48 nm
for DRTT-6Se:N3. This indicates that the introduced alkylsele-
nophenyl side chains did not promote phase separation,
despite the enhanced intermolecular interactions and crystal-
linity. XRD characterization was further employed to investigate
molecular packing in the optimal blend films, and the XRD
patterns in the in-plane and out-of-plane directions are shown
in Fig. 5b and c. In the out-of-plane direction, all these blend
films displayed sharp and intense (100) diffraction peaks. Given
that there is no (100) diffraction in the out-of-plane direction for
the N3 neat film, the low-g diffraction peaks along the out-of-
plane direction for the blend films should be ascribed to the
(100) diffraction of the small molecule donors and consequently
can be used to compare the crystallinity of the donors in blend
films. The CCL values derived from (100) diffraction peaks in
the out-of-plane direction were 126.01, 141.02 and 179.98 A for
DRTT-T:N3, DRTT-2Se:N3 and DRTT-6Se:N3 blend films,
respectively (Fig. 5d). The longer (100) CCL values in the out-of-
plane direction for DRTT-2Se:N3 and DRTT-6Se:N3 indicate the

This journal is © The Royal Society of Chemistry 2023

higher ordering of the donor molecules in the blend films,
supporting the higher hole mobility. Besides, DRTT-2Se:N3 and
DRTT-6Se:N3 films showed stronger (010) diffraction peaks
ascribed to the overlapped diffractions of the donors and N3. In
addition, (100) diffraction peaks in the in-plane direction
derived from both donor and N3 lamellar packing were also
more pronounced for DRTT-2Se:N3 and DRTT-6Se:N3 films.
These observations indicated that DRTT-2Se:N3 and DRTT-
6Se:N3 film formed more ordered nanostructures in compar-
ison to DRTT-T:N3 film. Especially for DRTT-6Se:N3 film, the
most ordered molecular packing as well as the nanoscale phase-
separated morphology enables the efficient charge generation
and transport, weak charge recombination, and low energetic
disorder in the OSCs, thus yielding the champion PCE and low
sensitivity of the device performance to film thickness.

3. Conclusion

In summary, two “twisted” small molecule donors with alkylse-
lenophenyl side chains, namely DRTT-2Se and DRTT-6Se, were
synthesized and compared with their alkyl thiophenyl
substituted analogue DRTT-T. The “twisted” skeletons of the
molecules can suppress excessive phase separation caused by
molecular crystallization during the film forming process, and
the strong intermolecular interactions encourage the planariza-
tion of the molecular skeletons in the condensed state. Through
replacement of alkylthiophenyl with alkylselenophenyl side
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chains, the further enhanced intermolecular interactions allow
the molecules to form more ordered molecular packing in films
under suitable post-annealing conditions without causing an
increase in the phase separation scale, thus delivering more
efficient charge transport and reduced charge recombination. In
addition, the upshifted HOMO levels of DRTT-2Se and DRTT-6Se
provide a larger driving force for the dissociation of the excitons
generated in N3, leading to higher EQE in the devices. Thus,
DRTT-2Se and DRTT-6Se based OSCs exhibited higher /. and FF,
and the device performance was less sensitive to the thickness of
the active layers. Besides, the upshifted HOMO levels of DRTT-
2Se and DRTT-6Se do not lead to decreased V., which could
be related to the reduced nonradiative loss and lower energetic
disorder for DRTT-2Se and DRTT-6Se based devices, probably
derived from the enhanced intermolecular interactions and
improved molecular ordering. The enhanced /. and FF as well as
the unchanged V,,. gave rise to significant improvement in device
performance for alkylselenophenyl substituted molecules. Owing
to the appropriate film morphology with highest molecular
ordering, DRTT-6Se with alkylselenophenyl side chains on both
the TT central unit and BDT 7 bridges displayed the best device
efficiency exceeding 15%, and the PCE of DRTT-6Se based ASM-
OSCs retained 92% of the optimal value when the thickness of
the active layer increased to ~300 nm, which is rare for the ASM-
OSCs reported so far. This study demonstrates that the molecular
design strategy based on the combination of “twisted” back-
bones and strongly interacting building blocks is effective for
achieving suitable film microstructures and hence yielding high-
efficiency ASM-OSCs with good film thickness tolerance.
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