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In this work, a new vacuum-processable non-fullerene acceptor
CBD was designed using a D—A strategy for the first time, which
exhibits a low optical bandgap of 1.41 eV, and guarantees efficient
light harvesting in the visible-NIR region. The optimal CBD-based
vacuum-deposited organic solar cells with a planar heterojunction
architecture delivered a PCE of 0.86% with a low energy loss of
0.63 eV, which indicates the great potential of D—A-type non-
fullerene acceptors for vacuum-deposited solar cells.

Organic solar cells (OSCs), as a promising technology for energy
conversion, have received extensive attention in recent years
due to their unique advantages such as being lightweight,
flexible, and their potential for large-area processing." ™ Accord-
ing to the type of materials applied in the active layers, OSCs
can be divided into the two main categories of polymer-based
(PSCs) and small-molecule-based (SMSCs). In contrast to poly-
mers, small molecules exhibit the following evident merits: (1)
definite molecular structures as well as molecular weights that
can avoid batch-to-batch variation, which ensures the reprodu-
cibility of device performance and favours the understanding of
structure-property relationships; (2) a relatively low synthetic
complexity that can provide great convenience for adjustments
of the molecular structure that are in direct correlation with the
optoelectronic properties; (3) a strong crystallinity that is
expected to bring a high mobility, which is conducive for charge

“ Beijing National Laboratory for Molecular Sciencesik, CAS Key Laboratory of
Organic Solids, Institute of Chemistry, Chinese Academy of Sciences, Beijing
100190, China. E-mail: xzzhu@iccas.ac.cn

b School of Chemistry and Chemical Engineering, University of Chinese Academy of
Sciences, Beijing 100049, China

“Key Laboratory of Photochemical Conversion and Optoelectronic Materials
Technical Institute of Physics and Chemistry Chinese Academy of Sciences,

Beijing 100190, China

+ Dedicated to the 80th birthday of Prof. Daoben Zhu.

i Electronic supplementary information (ESI) available: Synthesis details and

NMR spectra, details concerning device fabrication and characterization, TGA,

DSC, and cyclic voltammogram measurements, V., and J. vs. light intensity

curves, Jpn VS. Veg curve, and SCLC characteristics. See DOI: 10.1039/d1tc03954g

§ These authors contributed equally to this work.

This journal is © The Royal Society of Chemistry 2022

¥ ROYAL SOCIETY
PP OF CHEMISTRY

Vacuum-deposited organic solar cells utilizing a
low-bandgap non-fullerene acceptorii

§°° Songjun Liu,§°° Shengjie Xu,§* Guanhao Liu,* Yuanyuan Jiang,®®
¢ and Xiaozhang Zhu

*ab

transport.””” During the development of SMSCs, the key break-
through was the realization of a full-vacuum-deposited SMSC
(VD-SMSC) containing CuPc and PTCBI reported by Tang in
1986,° which then made the design of new p-type and n-type
semiconductors a hot topic in the research of SMSCs. Nowa-
days, SMSCs have achieved remarkable power conversion effi-
ciencies (PCEs) of over 15%, which is strongly attributed to the
application of solution-processable non-fullerene electron
acceptors (NFAs) developed in recent years.”'*> Compared with
their fullerene counterparts, NFAs exhibit highly-tunable
absorptiono and energy levels, and high absorption extinction
coefficients. Moreover, even a small driving force can drive
efficient charge transfer in NFA-based devices and the carriers
can transport through three-dimensional channels constructed
via the strong n-n stacking and intermolecular interactions of
NFAs. "> 71

Besides the solution processing fabrication, vacuum deposi-
tion is also a promising technology for the commercialization
of OSCs, which has been proven to be feasible during the
commercialization of organic light-emitting diodes (OLEDSs).
Vacuum deposition technology can construct thin films rela-
tively simply with high purity, compactness, and reproducibil-
ity, of which the thickness can be precisely controlled, even
with a thickness of only a few nanometres, and meanwhile
avoid organic solvent use and liquid waste treatment, which
provides great convenience in the construction of OSCs, espe-
cially for multi-layer devices. Moreover, VD-SMSCs using stable
and pure materials have shown excellent stability even under a
high-intensity illumination.’® However, although VD-SMSCs
were developed much earlier, their performance lagged behind,
with the best PCE of only 9.6% in a single-junction device'” and
11.1% in a triple-junction device.'® For the absorber materials,
there are various p-type molecules reported in the
literature,"®** but most of the existing high-performance VD-
SMSCs are based on fullerene acceptors, such as Cgo and Cs,
due to their high electron affinity, excellent thermal stability,
and high electron mobility. Nevertheless, the often-
accompanied high energy loss (Ej.ss, defined as Egpt — eVe,
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where EgP is the lowest optical bandgap of the active materials
and e is the elementary charge, Fig. Sla and Table S1, ESI¥),
and the weak absorption of fullerenes greatly limit further
improvements of performance. Rare examples based on NFAs
have been reported.>*® For example, Cnops et al. utilized the
electron donor a-6T and phthalocyanine-type NFAs (SubNc and
SubPc) to construct planar heterojunction (PHJ) devices, which
delivered PCEs of 6.0% and 4.7%, respectively, significantly
higher than that of the fullerene-based device (PCE of 1.0%).
Following the further sequential deposition of o-6T, SubNc and
SubPc, the PCE was promoted to 8.4% by exploiting Forster
resonance energy transfer.”* Recently, Wiirthner et al. devel-
oped a series of n-type small-molecule semiconductors based
on the quinoidal dicyanomethylene (DCV)-endcapped cyclopen-
tadithiophene (CPDT), among which CPTQ-Oc realized a PCE of
0.64% in a PH]J device.”® However insufficient spectral coverage
or large Ej.s values still exist in these systems. Therefore,
taking account of the various merits of NFAs and their success-
ful applications in solution-processed SMSCs, the design of
new vacuum processable NFAs is of great importance and
potential for the development of VD-SMSCs. The new materials
should exhibit good sublimation properties and thermal stabi-
lity, and a strong and broad absorption as well as suitable
energy levels, which are indispensable properties.

The D-A strategy (D and A refer to the electron-donating and
electron-accepting moieties, respectively) is a popular and effective
method for designing photovoltaic materials."*™*?”?® By regulating
D and A, respectively, the absorption and energy levels can be well
controlled, which is beneficial for light harvesting and the simulta-
neous realization of efficient charge generation and high open-
circuit voltage (Vo). Herein, we applied the D-A strategy for the first
time in the design of vacuum-processable NFAs, based on which, a
new A-A'-D-A’-A-structured NFA named CBD with DCV as A,
benzothiadiazole (BT) as A’ and CPDT as D was obtained, after
which its properties were fully characterized. CBD exhibits not only
a low molar weight and high thermal stability but a good light-
harvesting ability and relatively high EA and IP values, which makes
it a promising acceptor candidate for VD-SMSCs. To investigate the
photovoltaic performance of CBD, VD-SMSCs with a PHJ structure
were constructed and optimized by matching CBD with a D-A-A’-
type small molecule donor. The best device demonstrated a PCE of
0.86% with a V. of 0.78 V, a short-circuit current density (Js) of
2.93 mA cm 2 and a fill factor (FF) of 37.58%, and the Ej, of this
system is only 0.63 €V, which indicates that the high energy level
tunability of the D-A-type NFAs is of positive significance in
reducing Ejoss (Fig. S1b and Table S2, ESI%). These results show
the great potential of D-A type NFAs in VD-SMSCs.

The synthesis route of CBD is depicted in Scheme 1. Com-
pound 1 and 2 were reacted to offer the target molecule CBD
using a Stille-coupling reaction in a yield of 61% as a dark blue
solid. CBD was characterized in detail with "H-NMR, *C-NMR,
and high-resolution mass spectrometry, which have been sum-
marized in the ESLi The results of the thermogravimetric
analysis (TGA) under a nitrogen atmosphere (see Fig. S2, ESIt)
indicate the good thermal stability of CBD with a 5% weight
loss at a temperature of 367 °C. The differential scanning
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Scheme 1 Synthetic route for the small molecule CBD.

calorimetry (DSC) measurement was also performed. As shown
in Fig. S3 (see the ESIi), there are no obvious endothermic and
exothermic peaks observed in the curve within the scan range
of 50-330 °C, which indicates that the crystallinity of CBD is
relatively weak. The ultraviolet-visible-near infrared (UV-vis-
NIR) absorption spectra of CBD in the chloroform solution
and in the solid state are shown in Fig. S4 (see the ESI}) and
Fig. 1b, and the detailed parameters are listed in Table S3 (see
the ESI%). Due to the strong intramolecular charge transfer
(ICT) effect, CBD exhibits a strong and broad absorption in the
visible and NIR regions. The maximum absorption peak of the
solution is located at 680 nm and the molar extinction coeffi-
cient (emay) is calculated to be as high as 1.11 x 10° M ' em ™.
On the other hand, in the thin film, the maximum absorption
peak is slightly bathochromically-shifted to 689 nm, but the
absorption band is significantly broadened compared with that
in the solution. The film shows a low Eg™* of 1.41 eV, which may
be due to the intermolecular n—n stacking. These characters are
beneficial for efficient light harvesting and are very promising
for application as an active layer material in organic photo-
voltaic devices. Cyclic voltammetry (CV) measurements were
executed to probe the electrochemical properties of the CBD
film (Fig. S5, ESI%). After internal calibration of the potential
using the ferrocene/ferrocenium (Fc/Fc') redox couple, it was
calculated that the EA and IP are 3.84 and 5.42 eV, respectively
(Fig. 1c).

To evaluate the photovoltaic performance of this new
vacuum-processable material, we constructed VD-SMSCs by
matching them with DTDCTB, a donor material previously
reported by Wong et al (molecular structure shown in
Fig. 1a).>® The two materials can take advantage of photons
in the range of 300-880 nm, and their EA and IP values are well-
matched, which provides a sufficient driving force for exciton
dissociation (Fig. 1b and c). The vacuum-deposited devices
adopted a PHJ structure of ITO/MoO, (5 nm)/DTDCTB/CBD/
BPhen (10 nm)/Al (100 nm), where ITO is indium tin oxide,
which serves as the transparent anode, and MoO, and BPhen
were applied as the hole-transporting layer and electron-
transporting layer, respectively (as shown in Fig. 1d). The
organic materials used in the devices were all purified using
temperature-gradient sublimation under vacuum conditions,
after which all the layers were vacuum-deposited onto the
substrate at room temperature. The photovoltaic performance
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Fig. 1 (a) Molecular structures of the donor DTDCTB and the acceptor CBD. (b) UV-vis-NIR absorption spectra. (c) EA and IP of the DTDCTB and CBD
films and (d) device structure of the VD-SMSCs based on DTDCTB and CBD.

Table1l The photovoltaic performance parameters for the PHJ VD-SMSCs based on DTDCTB and CBD with different active layer thicknesses under AM

1.5G illumination, 100 mW cm™2

D/A thickness [nm] Voe" [V]

Js* [MA cm 2]

FF [%] PCE [%]

5/10 0.79 2.69
(2.67 % 0.02)
10/20 0.78 2.93
(2.89 + 0.03)
20/40 0.77 2.55
(2.53 + 0.04)

(0.79 + 0.01)
(0.78 + 0.01)

(0.77 + 0.01)

33.49 0.71
(33.45 + 0.07) (0.70 + 0.05)
37.58 0.86
(37.24 + 0.27) (0.85 + 0.02)
33.86 0.67
(37.75 + 0.15) (0.66 + 0.01)

@ All the average values with standard deviations were calculated from over 10 independent devices.

was optimized by tuning the layer thicknesses of DTDCTB and
CBD precisely. We firstly fixed the thickness of CBD at 20 nm,
and varied the thickness of DTDCTB within the range of
5-30 nm (5, 10, 20, and 30 nm) to determine the optimal
donor/acceptor thickness ratio (Fig. Séa and Table S4, ESI¥).
With the thickness of DTDCTB increasing, Vo, Jsc and FF all
increased at first and then decreased, among which the former
two parameters reached their maximum values at a thickness of
10 nm, while for FF this was at 20 nm, and the overall
performance reached the maximum value at a donor/acceptor
thickness ratio of 1:2. Then according to the optimal ratio, the
total active layer thickness was further optimized (Table 1 and
Fig. S6b, ESI%). The best performance was achieved when the
thicknesses of DTDCTB and CBD were 10 nm and 20 nm,
respectively. Fig. 2a displays the current density-voltage (J-V)
characteristics for the optimal DTDCTB/CBD-based VD-SMSC.
Under AM 1.5G (intensity of 100 mW c¢m™?) illumination, the
best PCE is 0.86% with a V. of 0.78 V, a J. of 2.93 mA cm ™2 and
an FF of 37.58%. The E) of this optimal device is only 0.63 eV,
which is attributed to the fact that the D-A strategy can adjust
the energy levels flexibly, and reduce the energy offset between
CBD and DTDCTB, thus making the energy levels of the two
materials form a suitable alignment, and benefiting Ejus
reduction. The storage stability of the optimized PH]J device
without any encapsulation was also investigated as shown in
Fig. S7 (see the ESILf). During the two-week test period, the V.
remained basically unchanged, /. decreased but FF increased,
and the final PCE changed very little. The relevant external
quantum efficiency (EQE) curve is shown in Fig. 2b. The device
exhibits a broad EQE response in the wavelength region from

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a) J-V characteristics and (b) EQE curve for the optimal VD-SMSC
based on DTDCTB and CBD under AM 1.5G (100 mW cm™?) illumination.
The inset graph in (a) is a photograph of the optimal device and the
effective area is 0.09 cm?.
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300 to 880 nm, with a maximum value of 14.9% at 770 nm,
which is consistent with the absorption wavelength range of the
active layer materials, and indicates that the excitons generated
by CBD could indeed move to the interface of DTDCTB/CBD,
and then dissociate into free charges, which further transport
to the electrodes and are collected, thus contributing to the
final Js.. The J,. offered by the integration of the EQE curve is
2.86 mA cm ™2, which is well-matched with the result of the J-V
tests with an error within 3%, and indicates that the measure-
ment of performance is reliable.

However, the device suffers from a relatively low J;. and FF,
which has a significant correlation with the probability of the
exciton dissociation and charge collection (P(E,T)), the charge
transport ability and the degree of charge recombination. The
relationship between photocurrent density (/pn) and effective
voltage (Veg) was first measured, where Jp;, is the difference
between photocurrent density under AM 1.5G illumination (/)
and the dark current density obtained under dark conditions
(Jp), and Vg is defined as V, — Vapp (Vs is the voltage when J;, =
Jo and V,,, is the applied voltage). P(E,T) is obtained by Jon//sat,
where Jg, is the saturation photocurrent density. As displayed
in Fig. S8 (see the ESI}), Jpn exhibits a pronounced field-
dependent behaviour in the entire V¢ region, which indicates
a relatively low P(E,T), that is, the photogenerated excitons
cannot be completely dissociated into free charges, which
may be due to poor exciton migration or severe donor-acceptor
interface recombination. Then, to study the charge recombina-
tion behaviour of the device, the dependence of V,. and js. on
light intensity (Pjign:) were also measured (Fig. S9, ESI}).>*
The slope of V. versus InPjg, evaluates the degree of
trap-assisted recombination. A slope of 2kpT/e states that
trap-assisted recombination is the dominant recombination
mechanism in the device while the slope of kgT/e indicates
that bimolecular recombination is dominant, where kg is the
Boltzmann constant and T is the Kelvin temperature. In this
CBD-based VD-SMSC, the slope is 1.52kgT/e. The relationship
between Js. and Pjign: can be expressed using the formula of g
oC Plight, where « is the exponential factor. If all the charges are
swept out and collected without any bimolecular recombina-
tion, the value of o should be 1. The « is 0.87 in this optimal VD-
SMSC. The recombination analysis demonstrates that the free
charges generated by those excitons that can be dissociated
successfully also encounter trap-assisted or bimolecular recom-
bination during the charge transport process, which will cause
the loss of free carriers, and affects the number of carriers that
can be finally collected by the electrodes and lead to the loss of
Jse- Meanwhile, the FF, which is a factor that represents
competition between sweep-out of the photogenerated carriers
and the recombination of carriers, will also decrease. The vertical
charge transport ability of the pristine CBD film was also investi-
gated using the space-charge limited current (SCLC) method
(Fig. S10, ESI%), and the electron mobility (1) was calculated to
be 3.38 x 10~ ® cm® V™' 57, Since the charge transport ability of
the film is related to the molecular stacking, grazing-incidence
wide-angle X-ray scattering (GIWAXS) was applied to investigate
the molecular crystallinity in the pristine CBD films as shown
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Fig. 3 Surface morphology characterization using AFM height images of
(a) DTDCTB and (b) DTDCTB/CBD sublimated films (scan area:
3.0 um x 3.0 pm).

in Fig. S11 (see the ESIi). From the two-dimensional (2D)
pattern, the pristine CBD film shows a broad amorphous halo,
and from the corresponding 1D line-cut profiles, CBD shows
wide (010) n-n stacking peaks both in the out-of-plane (OOP)
and in-plane (IP) directions, which indicates that CBD adopts
both face-on and edge-on orientations in the vacuum-deposited
film. The crystal coherence length (CCL) values are calculated
to be only 1.12 and 1.43 nm in the IP and OOP directions, which
indicates weak structural order. Moreover, the charge carrier
mobilities in the optimized PH]J device have also been investigated
as shown in Fig. S10 (see the ESIi). The hole mobility (u,) and u.
were calculated to be 1.15 x 10 ®and 1.04 x 10 ® em?*V 's™ !,
respectively. The relatively low mobilities can lead to charge
recombination and greatly influence the final performance.
From all the above analyses, the reasons for the relatively low
Jsc and FF is well explained.

The surface morphology of the DTDCTB and DTDCTB/CBD
sublimated films was characterized using the atomic force micro-
scope (AFM) operating in tapping mode. As shown in Fig. 3a,
DTDCTB forms a smooth and homogeneous layer on the substrate
(ITO/MoO,) without any obvious aggregates and the root-mean-
square (RMS) value of this film is 4.30 nm, which indicates its
moderate crystallinity. Different from the film formed by the strong
crystalline material o-6T, of which the RMS value is up to 10.1 nm,
which is accompanied by some spike-like peaks with a height of
over 60 nm,**?* the smooth surface of the DTDCTB film cannot
provide a sufficient contact surface for the subsequent deposited
CBD film, which is also a factor limiting the performance to a
certain extent. Fig. 3b shows the AFM image of the CBD film grown

This journal is © The Royal Society of Chemistry 2022
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on the DTDCTB film. The CBD film is also uniform and continuous
and covers the DTDCTB layer completely, and evenly distributed
larger domains are observed. The lower RMS value of 3.05 nm
indicates that the film exhibits a relatively low crystallinity, which is
unfavourable for charge transport, but can form a good contact with
the Bphen and electrode, which benefits charge collection.

In summary, considering the prominent advantages of NFAs

and their success in boosting the performance of solution
processed SMSCs as well as the promising prospects of vacuum
deposition technology in the commercialization of OSCs, a new
A-A’-D-A’-A-structured NFA CBD was designed and synthe-
sized using the D-A strategy for application in VD-SMSCs for
the first time. The properties of CBD were fully characterized.
CBD exhibits good thermal stability and a low molar weight but
a high molar extinction coefficient, which is favourable for
vacuum-deposition and light harvesting. Also, the CBD film
shows a strong and broad absorption in the visible and NIR
regions due to the strong ICT effect, which corresponds to a low
Eg”* of 1.41 eV, and an IP and EA of 5.42 eV and 3.84 eV,
respectively. By applying DTDCTB as the donor and CBD as the
acceptor, VD-SMSCs with a PH]J structure were constructed and
the optimal device yielded a PCE of 0.86% with a V. of 0.78 V, a
Jse 0£2.93 mA ecm ™2 and an FF of 37.58%, accompanied by a low
Ejoss Of 0.63 eV. This work demonstrates the great application
potential of D-A-type NFAs in VD-SMSCs. In our device, there is
still room for further improvement of the J;. and FF values.
Further design of NFAs with higher crystallinity, for example, to
enhance the molecular co-planarity, or to shorten the alkyl
chain to make the molecules stack more compactly, is of great
importance. Also, improvement of device processing, including
device structure optimization and the adoption of substrate
heating, is urged, which is beneficial for higher j;. and FF
values.
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