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In this work, photovoltaic properties of the PBDB-T:ITIC based-NF-PSCs were fully optimized and characterized by tuning the
morphology of the active layers and changing the device architecture. First, donor/acceptor (D/A) weight ratios were scanned,
and then further optimization was performed by using different additives, i.e. 1,8-diiodooctane (DIO), diphenyl ether (DPE),
1-chloronaphthalene (CN) and N-methyl-2-pyrrolidone (NMP), on the basis of best D/A ratio (1:1, w/w), respectively. Finally,
the conventional or inverted device architectures with different buffer layers were employed to fabricate NF-PSC devices, and
meanwhile, the morphology of the active layers was further optimized by controlling annealing temperature and time. As a result,
arecord efficiency of 11.3% was achieved, which is the highest result for NF-PSCs. It’s also remarkable that the inverted NF-PSCs

exhibited long-term stability, i.e. the best-performing devices maintain 83% of their initial PCEs after over 4000 h storage.
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1 Introduction

Bulk heterojunction (BHJ) polymer solar cells (PSCs), con-
sisting of a p-type semiconducting polymer as the electron
donor and a fullerene derivative as the electron acceptor have
received considerable attention for years [1—5]. Enormous
research efforts, such as designing and synthesizing novel
materials, developing novel processing methods in device
engineering, and investigating electrode buffer layers, have
been made in the PSCs field, and the power conversion
efficiencies (PCEs) of PSCs have been improved from 1%
to 10% in recent publications [6—14]. Although fullerene
derivatives have been widely applied as electron acceptor
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in the PSCs and achieved great progress, they still have
several drawbacks such as weak light absorption in the vis-
ible region and high production costs [15]. In recent years,
various non-fullerene acceptors including rylene-based
materials and indacenodithiophene-based acceptors have
been developed and applied in PSCs [16—19]. Indaceno
[1,2-b:5,6-b"] dithiophene (IDT)-based acceptors are the
best acceptors at this moment. Zhan group [20,21] reported
a series of non-fullerene acceptors and is the pioneer in
this field in the world [22,23]. However, PCEs of non-
fullerene-based polymer solar cells (NF-PSCs) have lagged
behind fullerene-based PSCs [24—34]. Therefore, how to
promote the PCEs of NF-PSCs is still an interesting and
important topic in the field of PSCs.

By now, varied methods were developed to im-
prove the photovoltaic performance of the NF-PSCs.
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Among them, developing novel non-fullerene mate-
rials and optimizing device fabrication methods are
very helpful to achieve high PCEs [24-33]. For ex-
ample, Zhan et al. [21] explored a novel NF-accep-
tors, 3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-in-
danone)-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-
d:2',3'-d']-s-indaceno[ 1,2-b:5,6-b"]dithiophene (ITIC),
with superior properties, such as good electron trans-
port ability and miscibility with polymer donors. A
newly developed polymer poly[[2,6'-4,8-di(5-ethylhexylth-
ienyl)benzo[1,2-b;3,3-b]  dithiophene][3-fluoro-2[(2-ethyl-
hexyl)carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7-Th)
was selected as the donor material to match with ITIC,
and a promising PCE of 6.8% was achieved. In 2016,
Wang and coworkers [27] reported a new NF-acceptor,
SdiPBI-Se, and optimized photovoltaic properties of the PSC
devices based on the blend of SdiPBI-Se and a donor poly-
mer poly[dithieno[2,3-d:2’,3"-d"Ibenzo[ 1,2-b:4,5-b"]dithio-
phene-co-1,3-bis(thiophen-2-yl)-benzo-[1,2-c:4,5-¢"]dithio-
phene-4,8-dione] (PDBT-T1) by using chlorobenzene (CB)
as the host solvent and 0.25% 1,8-diiodooctane (DIO) as
the additive, and obtained a PCE of 8.43%. Recently, Li
et al. [29] used a medium bandgap 2D-conjugated poly-
mer donor materials J61 with ITIC to make devices and
achieved a PCE of 9.53% by thermal annealing under 100
°C for 10 min and also adopting a conventional device
architecture with PDINO (a perylene diimides functional-
ized with amino N-oxide) as cathode buffer layer. On the
basis of the reported works, we can find that in order to get
high PCE in NF-PSCs, several factors should be taken into
consideration, i.e. the active layer composition, the device
processing methods, the interfacial layer and the device
architecture [35]. Very recently, we utilized a 2D-conju-
gated polymer poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-
2-yl)benzo[ 1,2-b:4,5-b"|dithiophene)-co-(1,3-di(5-thio-
phene-2-yl)-5,7-bis(2-ethylhexyl)benzo[1,2-c:4,5-c']dithio-
phene-4,8-dione)] (PBDB-T) [36] as donor and ITIC [21] as
acceptor to fabricate PSC devices and realized a high PCE
of 11.21% [37]. However, the detailed device optimization
process and the device photovoltaic properties under differ-
ent fabrication conditions have not been discussed yet. In
this work, the device optimization process of NF-PSCs based
on PBDB-T:ITIC was provided in detail, and the influences
of varied processing methods on device performance were
discussed. What is more, the stability of the device prepared
under the optimal conditions was provided and discussed.

2 Experimental

2.1 Materials

5,7-Bis(2-ethylhexyl)benzo  [1,2-c:4,5-¢']  dithiophene-
4,8-dione (PBDB-T, Figure 1), the number average

molecular weight (M,) of PBDB-T was 29 kDa with
a polydispersity index (PDI) of 1.5. PBDB-T and hy-
drochloric acid doped polyanilines (HAPAN) were synthe-
sized in our laboratory according to our previous works
[36,38]. Poly[(9,9-dioctyl-2,7-fluorene)-alt-(9,9-bis(3'-
(N,N-dimethylamino)propyl)-2,7-fluorene)] PFN and ITIC
(Figure 1) was purchased from Solarmer Materials (Beijing)
Inc, China. The processing solvents used in the device fabri-
cation processes were purchased from Alfa Aesar, USA. The
ZnO solution was synthesized according to the literature [26].
Poly(3,4-ethylenedioxythiophene)  poly(styrenesulfonate)
(PEDOT:PSS) (AI 4083) and electrode materials were com-
mercially available products without further purification.

2.2 Device fabrication

The conventional PSCs with a device architecture of ITO/PE-
DOT:PSS (HAPAN)/BHJ blend/Ca/Al and the inverted
PSCs with a device architecture of ITO/ZnO (PFN)/BHJ
blend/MoOs/Al were prepared (Figure 1). ITO substrates
with a sheet resistance of 15 Q/sq were cleaned with deter-
gent water, deionized water, acetone and isopropyl alcohol
in an ultrasonic bath sequentially for 20 min, and then dried
in an oven at 150 °C for 30 min. The PEDOT:PSS solution
should be filtered by a Nylon filter with a diameter of 0.45
pwm prior to the spin cast. The concentration of PBDB-T:ITIC
(1:1, w/w) in CB solution is 10 mg/mL for the polymer. The
thickness of PBDB-T:ITIC blend film was ~100 nm. The
conventional device was deposited by thermal evaporation
of Ca (10 nm) and then Al (100 nm), and the inverted device
was completed by thermal evaporation of MoOs (10 nm) and
Al (100 nm) through a mask with a 4 mm? active area under
vacuum at a pressure of 3x10~* Pa.

2.3 Instruments and measurements

Current density-voltage (J-¥) characteristics were measured
under the 100 mW/cm? standard AM 1.5G spectrum using
a solar simulator (AAA grade). The simulator was cali-
brated by a NIM certificated silicon solar cell (KG3 color
filter, China). The external quantum efficiency (EQE) data
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Figure 1 Molecular structures of polymer donor (PBDB-T) and
non-fullerene acceptor (ITIC) (a) and device diagram of PSCs (b) with
various buffer layer (c) (color online).
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were collected by an integrated IPCE measurement system,
namely QE-R3011 (Enli Technology Co. Ltd., Taiwan,
China). The surface topography and phase images of thin
film were obtained using the atomic force microscopy (AFM)
in topping mode. The thickness of the BHJ blend films were
measured by a Bruker Dektak XT profilometer (Germany).

3 Results and discussion

3.1 Photovoltaic properties and morphological charac-
teristics with varied donor/acceptor (D/A) ratio

3.1.1 Photovoltaic properties with varied D/A ratio

Initially, the NF-PSCs devices were fabricated to obtain the
optimal D/A ratio of PBDB-T:ITIC blend film with the con-
ventional structure using PEDOT:PSS as anode buffer layer,
and CB was used to prepare the solutions for spin-coating of
the active layers. The current density-voltage (J-V) curves of
the conventional PSC devices under the illumination of AM
1.5 G, 100 mW/cm? are shown in Figure 2(a), and the corre-
sponding EQE spectra are shown in Figure 2(b). The photo-
voltaic parameters are collected in Table 1. The blended film
at D/A weight ratio of 1:1 gave the best PCE of 8.62% with
an open circuit voltage (Vo) of 0.89 V, a short circuit current
density (Ji) of 15.13 mA/cm?, and a fill factor (FF) of 0.64.
The best PCE data were acquired with the thickness at ~100
nm (Table 1). The EQE spectrum of PBDB-T:ITIC devices
(1:1) has two peaks of ca. 67% in the region of 550—700 nm.

3.1.2 Morphological study with varied D/A ratio

Understanding the morphology and phase separation is a key
to further improvement of PSC performance, thus it is of great
importance to learn the morphological properties and the in-
teractions in the blend films [39,40]. The morphologies of
the PBDB-T:ITIC blend films with different D/A ratios were
investigated using AFM, and the height and phase images (2
umx2 um) are shown in Figure 3. As shown, we can see
that (1) PBDB-T and ITIC have good miscibility with var-
ied D/A ratios (from 1.3:1 to 1:1.5); (2) it can be observed
that the mean square surface roughnesses (R,) value of the
blend film with D/A ratio of 1:1 (2.97 nm) is considerable
value with 1.3:1 (3.48 nm) and 1:1.3 (3.53 nm) D/A ratio,
but smaller than 1:1.5 (6.18 nm) D/A ratio due to the pure
ITIC film shows a rougher surface with R,=5.46nm [37]. The
low FF observed in the PSCs devices with the D/A ratio with
1.3:1; 1:1.3 and 1:1.5 might be attributed to the morphology
of large-scale phase separation.

3.2 Photovoltaic properties and morphological charac-
teristics with varied additives

3.2.1 Photovoltaic properties with varied additives

The effects of processing solvent additives such as DIO,
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diphenyl ether (DPE), 1-chloronaphthalene (CN) and
N-methyl-2-pyrrolidone (NMP) on device performance have
been well studied in PCBM-based PSCs [41—44]. In this
work, on the basis of 1:1 D/A ratio, different solvent additives
with varied volume ratios were used to optimize active layer
morphology and thus to further improve device performance
of the NF-PSCs, and the molecular structures of the additives
were shown in Figure 4. The corresponding J-V curves of
the NF-PSCs fabricated with varied solvent additives are
illustrated in Figure 5 and the detailed photovoltaic parame-
ters are summarized in Table 2. For the devices prepared by
using CB with varied amount of DIO, when 0.5% DIO was
used as the additive, a high PCE of 9.93% can be achieved
with Ve of 0.898 V, Ji. of 16.90 mA/cm? and FF of 0.654.
The photovoltaic parameters of the devices are very similar
as those in our recent work [37]. Besides of DIO, other
additives such as DPE, CN and NMP were used to fabricated
PSC devices. As shown in Figure 5 and Table 2, when 1%
DPE, 1% CN and 1% NMP were mixed with CB for making
the solutions of PBDB-T and ITIC, the PCEs of 9.35%,
9.16% and 9.23% can be achieved, respectively, which is
lower than that of the device fabricated by with 0.5% DIO.
To understand the differences of photovoltaic performance
of the above-mentioned NF-PSCs, photocurrent behavior
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Figure 2 (a) J-V of the NF-PSCs based on varied D/A ratio under the il-
lumination of AM 1.5G 100 mW/cm?; (b) EQE curve of the corresponding
device (color online).
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Table 1 Photovoltaic properties of the NF-PSCs based on structure of ITO/PEDOT:PSS/ PBDB-T:ITIC/Ca/Al without additive under the illumination of AM

1.5 G, 100 mW/cm?

D/A Voe (V) Ji (mA/cm?) FF PCE @ (%) PCEnax (%) Thickness (nm)
1.3:1 0.89 14.19 0.56 6.84+0.15 7.07

1:1 0.89 15.13 0.64 8.27+0.19 8.62 100

1:1.3 0.89 14.44 0.48 5.88+0.18 6.17

1:1.5 0.90 14.49 0.45 5.64+0.20 5.87

a) Average value from 10 individual devices.

-10.0°

0.0 Phase 2.0um 0.0 Phase 2.0 ym

0.0

(@) 68 - #

"' ~ ) ’ 15.0 nm
\t ! ? . '\
‘.

-15.0 nm

Phase 2.0 pum 0.0 Phase

Figure 3 The AFM height and phase images of PBDB-T:ITIC blend films with D/A ratios of 1.3:1 (a, b), 1:1 (c, d), 1:1.3 (e, f) and 1:1.5 (g, h), respectively

(color online).

Table 2 Photovoltaic properties of the NF-PSCs processed by CB and varied amount of DIO, DPE, CN and NMP under the illumination of AM 1.5G 100

mW/cm?, respectively

Additive Voe (V) Jie (mA/cm?) FF PCE ? (%) PCEmax (%)
0.5% DIO 0.898 16.90 0.654 9.72+0.16 9.93
1.0% DIO 0.892 16.47 0.613 8.75+0.19 9.01
3.0% DIO 0.894 16.27 0.582 8.18+0.23 8.47
0.5% DPE 0.889 16.64 0.600 8.52+0.25 8.88
1.0% DPE 0.900 16.84 0.617 9.10+0.18 9.35
3.0% DPE 0.893 16.21 0.621 8.71+0.28 8.99
0.5% CN 0.910 15.35 0.634 8.51+0.28 8.86
1.0% CN 0.914 15.21 0.659 8.90+0.20 9.16
3.0% CN 0.897 14.87 0.633 8.19+0.22 8.44
0.5% NMP 0.885 16.25 0.633 8.82+0.21 9.10
1.0% NMP 0.889 16.22 0.640 9.02+0.19 9.23
3.0% NMP 0.880 15.97 0.622 8.50+0.20 8.74

a) Average value from 10 individual devices.
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Figure 4 Molecular structures of DIO, DPE, CN and NMP.

DIO

analysis was carried out according to the literature [45]. As
shown in Figure 6, a high exciton dissociation probability
(Pea) 0 92.5% was achieved based on device processed with
DIO under short circuit condition, the exciton dissociation
efficiency of the device processed with DIO is slightly higher
than the devices processed with the other additives, which
contributes to the higher J,. and FF of the NF-PSC processed

with CB/0.5% DIO.

3.2.2 Morphological study with varied additives

The topography and surface roughness of PBDB-T:ITIC
blend films with various solvent additives were studied
using AFM. As displayed in Figure 7, when 0.5% DIO was
used as solvent additive, the corresponding PBDB-T:ITIC
blend film shows a smooth surface with a R of 2.21 nm and
weaker aggregation effect. In comparison, the blend film
processed with CB/1% DPE, CB/1% CN and CB/1% NMP
have rougher surfaces with larger phase-separated domains.
The surface morphologies revealed the blend film processed
by the mixture CB and 0.5% DIO shows a smoother surface
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Figure 5 J-V curves of the NF-PSCs processed by CB and varied amount of DIO (a), DPE (b), CN (c) and NMP (d) under the illumination of AM 1.5 G 100

mW/cm?, respectively (color online).
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Figure 6 Photocurrent versus effective voltage plots of NF-PSCs fabri-
cated with CB/0.5% DIO, CB/1% DPE, CB/1% CN and CB/1% NMP (color
online).

with small size aggregations, which could be the reason for
the better Ji. and FF of the corresponding device.

3.3 Photovoltaic properties with the NF-PSCs with dif-
ferent devices structures

Interfacial buffer layers have played a vital role in promot-
ing photovoltaic performance of NF-PSCs [26,31,35]. Many
types of interfacial buffer layers have been successfully em-
ployed in high-performance NF-PSCs to facilitate charge car-
rier collection from active layer to electrodes. Recently, our
group [38] reported an anode buffer layer of HAPAN which
exhibits superior properties. Here, we select HAPAN as an-
ode buffer layer to replace the function of PEDOT:PSS in
the conventional device architecture. The energy levels and

work functions of the materials involved in this work are pro-
vided in Figure 8. J-V curves of the NF-PSCs with both PE-
DOT:PSS and HAPAN as anode buffer layer are shown in
Figure 9(a), and the device performance parameters are sum-
marized in Table 3. The devices based on HAPAN as anode
buffer layer exhibited comparable photovoltaic performance
with the devices using PEDOT:PSS. As clearly seen in the
dark J-V curves (Figure 9(b)), a relatively low leakage cur-
rent and a high rectification ratio was recorded in the device
with PEDOT:PSS.

Then, the NF-PSCs with inverted architecture were
fabricated to further improve the PCEs. Here, we uti-
lized two solution processed interlayer materials, ZnO
and PFN, to modify the ITO electrodes according to the
reported works [26,31]. As well-known, thermal anneal-
ing has been employed to manipulate the morphologies of
the active layers in many photovoltaic systems including
P3HT/PCBM [46] and other polymer/non-fulleren acceptor
blends [47]. Therefore, thermal annealing treatment was also
applied to improve device performance in this work. The
PBDB-T:ITIC-based devices were fabricated under different
annealing temperatures with an inverted configuration of
ITO/ZnO/PBDB-T:ITIC/M0Os/Al. The photovoltaic results
(Voe, Jse, FF and PCE) of NF-PSCs based on PBDB-T:ITIC
with different annealing temperature are shown in Figure 10.
An excellent PCE of 11.3% was achieved with a J,. of 17.20
mA/cm?, a Vo 0f0.90 V, and a FF of 0.73 under 160 °C for
30 min. Meanwhile, for the PBDB-T:ITIC based PSCs
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Figure 7 AFM height and phase images of the blend films of PBDB-T:ITIC processed with CB/0.5% DIO (a, b), CB/1% DPE (c, d), CB/1% CN (e, f) and

CB/1% NMP (g, h), respectively (color online).

Table 3 Photovoltaic properties of the NF-PSCs based on PBDB-T:ITIC with various anode buffer layer

Interlayer Ve (V) Jie (mA/cm?) FF PCE ? (%) PCEux (%)
PEDOT:PSS 0.898 16.90 0.654 9.72+0.16 9.93
HAPAN 0.902 16.61 0.649 9.51+0.19 9.72

a) Average value from 10 individual devices.

Table 4 Photovoltaic properties of NF-PSCs based on PBDB-T:ITIC with ZnO and PEN as cathode buffer layer

Interlayer Voe (V) Jie (mA/cm?) FF PCE ? (%) PCEnax (%)
ZnO 0.90 17.20 0.73 10.71+£0.24 11.30
PFN 0.89 17.05 0.71 10.35+0.28 10.77

ZnO » 0.91 17.30 0.69 10.9

a) Average value from 10 individual devices; b) the photovoltaic data collected from the test report provided by National Institute of Metrology, China.
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Figure 8 Energy level diagram of NF-PSCs based on PBDB-T:ITIC with
various electrode buffer layer (color online).

with the inverted architecture were fabricated with PFN as
cathode buffer layer, as shown in Figure 11(a) and Table 4,
a high PCE of approximately 11% were obtained. The de-
vices with ZnO as interlayer show slightly higher EQE than

the device with PFN as interlayer (Figure 11(b)). The statis-
tical data were listed in Table 4, and both two types of the
inverted devices show reproducible high photovoltaic perfor-
mance with small standard deviations.

3.4 Certification of the NF-PSCs based on PBDB-T:ITIC

In order to get reliable photovoltaic results, we provided the
certifications for photovoltaic measurements of PSCs [48].
As reported in our previous work, a NF-PSC with 1.00-cm?
area was fabricated and sent to Enli Tech Optoelectronic Cal-
ibration Lab for certification. A rated efficiency of 10.78%
was obtained, and to the best of our knowledge, this is the
highest value recorded of the PSCs with single junction
structure with an area of 1.00-cm? [37]. Herein, the devices
with the structure of ITO/ZnO/PBDB-T:ITIC/MoOs/Al were
fabricated under the optimal conditions and the photovoltaic
properties were certified by National Institute of Metrology
(NIM), China. The J-V curves and photovoltaic parameters
obtained from the certification report are shown in Figure
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Figure 11 The J-V curves (a) and EQE spectra (b) of inverted PSCs with various cathode buffer layer based on PBDB-T:ITIC.

12 and Table 4 (certificate number of the report is GXtc2015- to the result obtained in our laboratory (11.3%), indicating
1823). The certificated PCE is 10.9%, which is very similar our inner results are reliable. Long-term device stability of
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Figure 12 Certificate report of the PBDB-T:ITIC based NF-PSCs by Na-
tional Institute of Metrology, China (color online).
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Figure 13 The long-term stability of PBDB-T:ITIC based-inverted PSC de-
vices which were stored in N filled glove box (color online).

PSCs is one of the critical issues for practical applications
[49,50]. Figure 13 shows the long-term stability of an in-
verted NF-PSC based on PBDB-T:ITIC in N filled glove box.
The device can achieve 9.32% with a J. of 15.91 mA/cm?,
a Vo of 0.885 V, and a FF of 0.662 after over 4000 h stor-
age, which is only 16.86% degradation compared to the orig-
inal PCE (11.21%). Meanwhile, Encapsulated NF-PSCs have
been exposed to continuous illumination with AM 1.5G illu-
mination, the PCE is no significant degradation after 6 h, and
then encapsulated fullerene-free PSCs was annealed with 100
°C for 2 h, the NF-PSCs maintained 80% of their initial PCEs.
All these results demonstrate that inverted NF-PSCs based on
PBDB-T:ITIC blend film have good stabilities.

4 Conclusions

In conclusion, we demonstrate that high-performance of
NF-PSCs can be achieved, step by step, by optimizing
the device fabrication process in detail such as selecting
the appropriate D/A weight ratio, changing the processing
additives (DIO, DPE, CN and NMP), thermal annealing to

Sci China Chem  December (2016) Vol.59 No.12 1581

manipulate the morphology of active layer and employing
conventional or inverted device architecture with different
interlayer materials. As a result, a promising PCE of 11.3%
was achieved in the PBDB-T:ITIC based device, which is
the highest result reported so far for NF-PSCs. Other than
that, the inverted NF-PSCs exhibited long-term stability
and maintained 83% of their initial PCEs after over 4000 h
storage. These results demonstrate the detailed optimization
procedures of the high performance PBDB-T:ITIC-based
PSCs and can be used as a guideline for device fabrication
of NF-PSCs.
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