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Blade coating was successfully applied to realise high-efficiency small-molecule organic solar cells (OSCs)
with a solution-processed active layer comprising a small organic molecule DR3TBDTT with a benzo[1,2
—b:4,5—b’|dithiophene (BDT) unit as the central building block as the donor and [6,6]—phenyl—C71
—butyric acid methyl ester (PC71BM) as the acceptor. Using chloroform as the solvent, a DR3TBDTT/
PC71BM blend active layer without an additive was effectively formed through blade coating. The power

conversion efficiency (PCE) of small organic molecule solar cells was enhanced by 3.7 times through
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thermal annealing at 100 °C. This method produces OSCs with a high PCE of up to 6.69%, with an open
circuit voltage (Voc) of 0.97 V, a short-circuit current density (Js¢) of 12.60 mA/cm?, and a fill factor (FF) of

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Bulk heterojunction organic solar cells (OSCs) have attracted
attention as a clean and renewable energy resource because of
features such as low production cost, solution processability at high
throughput, light weight, and flexibility [1—3]. Moreover, OSCs
utilising small-molecule solar cells as donors and acceptors have
gained considerable attention because of advantages over their
polymer counterparts such as a well-defined molecular structure, a
definite molecular weight, and high purity without batch to batch
variations [4]. The highest power conversion efficiency (PCE) of
0SCs based on small molecular donor/fullerene acceptors is greater
than 7%—9% [4—12].

Amongst various methods for the optimisation of processing
techniques, the most commonly used methods include thermal
annealing [13—21] and the use of solvent additives [4—12,28—30].
Heat treatment causes the movement of molecules, resulting in the
redistribution and eradication of the dislocations in bulk
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heterojunctions. The enhanced device performance obtained under
optimized annealing conditions is thought to be due partly to the
improved light harvest and the interfacial contact between the
metal electrode and the active layer and mainly to better donor/
acceptor morphology in the active layer [22—25]. Many studies
have been conducted to enhance efficiency through thermal
annealing of P3HT and low-bandgap-material cells. However, the
performance has not been enhanced appreciably. Most low band
gap systems the efficiency becomes worse with annealing, but the
opposite of P3HT. It may be that side chains have noteworthy in-
fluence on a polymer’s properties, mainly its crystallinity and sta-
bility. In general, donor groups with side chain are the most
susceptible to degradation while the most stable are those without
side chains [26,27]. However, P3HT is a simple polymer which has
high thermal stability. Therefore, low band gap systems the effi-
ciency becomes worse with annealing and the opposite of what
happens to P3HT may be attributed to their molecular structure.
Moreover, high-efficiency OSCs are usually obtained using low
percentages of solvent additives during the active layer film-
forming process [4—12,28—30]. The additives cause nanoscale
phase separation and a bicontinuous interpenetrating network in
the active layer, which are critical for achieving appropriate phase-
separated domains with highly efficient exciton dissociation and
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Fig. 1. The chemical structures.
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carrier transport [30]. Nevertheless, the drying process of the re-
sidual high boiling point additives induces undesirable morpho-
logical variation as well as unfavourable interfacial contact [31]. In
this study, the PCE of OSCs based on DR3TBDTT without additives
was up to 6.69% after thermal annealing.

Practical application of organic photovoltaics relies on high-
throughput processing. However, almost all device demonstration
and fundamental research to date has utilised spin coating for thin
film deposition. Spin-coated processing wastes a considerable
amount of solution and is incompatible with large-scale processing
and roll-to-roll fabrication. Blade coating has the advantages of
large-area uniformity, a low amount of material waste, prevention
of interlayer dissolution, and compatibility with the roll-to-roll
process. Blade coating involves a rapid drying process that pre-
vents the fabrication throughput from being slowed by conven-
tional solvent annealing [32—42]. This study focused on the small-
molecule donor DR3TBDTT [6]. Devices in which this donor was
deposited through blade coating exhibited a high efficiency of
6.69% without additives after thermal annealing at 100 °C for 5 min,
with an open circuit voltage (Vo) of 0.97 V, a short-circuit current
density (Jsc) of 12.60 mA/cm?, and a fill factor (FF) of 0.55. The PCE of
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Fig. 3. ]-V curves of DR3TBDTT/PC;;BM solar cells after thermal annealing at 100 °C for different time under illumination of AM 1.5 G, 100 mW/cm?.
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Table 1
The average device photovoltaic parameters for BHJ solar cells based on
DR3TBDTT:PC7;BM after thermal annealing at 100 °C for different time.

Annealing time (min)  PCE (%) Jsc (MAJcm?) Vi (V) FF
1 1.8 6.1 0.87 035
1.7+01 62=+0.1 0.83 +0.03 0.34 +0.01
3 5.4 10.7 0.97 0.52
51+02 103 +04 0.96 + 0.01 0.52 + 0.01
5 6.7 12.6 0.97 0.55
64+02 119+05 0.97 +0.00 0.55 + 0.00
7 6.4 12.0 0.97 0.55
63+01 11.7+03 0.97 £ 0.01 0.55 + 0.01
15 34 10.7 0.96 0.34
33+02 10.1+04 0.96 + 0.01 0.34 + 0.02
25 1.2 4.0 0.94 0.32
11+00 4.0+0.1 094 +0.01 0.3 +0.02
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(polydimethylsiloxane) to the active—material chloroform solu-
tion. The active layer was blade coated at a constant speed of
140 mm/s and a solution of 50 pul was delivered to the blade gap of
120 um, and the substrate temperature was 60 °C. The thermal
annealing was carried out by placing the completed devices on a
digitally controlled hotplate at different temperatures, in an
nitrogen—filled glove box. Finally, a 0.8 nm LiF layer and 80 nm Al
layer were successively deposited onto the active layer under high
vacuum by a shadow mask to define the area of 0.04 cm?
(<3 x 107% Pa). The deposition rate of LiF and Al were 0.1—A/s and
2—AJs, respectively. The sealant WB90US(P) was purchased from
MORESCO Corporation. By using the sealants to seal the periphery
of the devices between device and the sand-blast glass with hy-
groscopic. Subsequently, these devices were treated in an Ultra-
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Fig. 4. AFM topography and phase images of DR3TBDTT/PC7,BM solar cells after thermal annealing at 100 °C for (a) 0 min, (b) 5 min, and (c) 25 min.

devices annealed at 100 °C for 5 min (6.69%) was 3.7 times higher
than that of devices annealed for 1 min (1.82%). The devices are
sensitive to the annealing temperature and time.

2. Experimental
2.1. Fabrication of DR3TBDTT—based organic solar cells

The OSCs based on small molecular donor and fullerene ac-
ceptors were fabricated on prepatterned ITO (indium—tinoxide)
glass with device structures of ITO/PEDOT:PSS(40 nm)/
DR3TBDTT:PC7:BM(100 nm)/LiF(0.8 nm)/Al(80 nm). The ITO—-
coated glass substrates were treated in an ultrasonic bath for
60 min in acetone, subsequently rinsed with deionized water for
5 min and cleaned using UV ozone cleaner for 20 min. PEDOT:PSS
(poly—(3,4—ethylenedioxythiophene):poly—(styrenesulfonate)
(CLEVIOS™ PVP AI4083, purchased from HC Starck, filtered at
0.22 um) and IPA (isopropyl alcohol) were mixed at a volume ratio
of 1:1. PEDOT:PSS layer was blade coated at a constant speed of
10 mm/s and a solution of 100 uL was delivered to the blade gap
(30 um) onto ITO substrate which was heated at 60 °C on a hotplate
in air. After the PEDOT:PSS film was baked at 150 °C for 20 min, the
substrates were transferred into an nitrogen—filled glove box.
Subsequently, the active layer was blade—coated from blend
chloroform solutions with weight ratio of DR3TBDTT with a benzo
[1,2—b:4,5—Db’]dithiophene (BDT) unit as the central building block
[6] and PC71BM ([6,6]—phenyl—C71—butyric acid methyl ester,
purchased from Solenne) at 1:0.8. Fig. 1 shows the chemical
structures of the active layer materials used. By extrapolation of
the absorption onsets in the film state, the optical band gaps were
estimated to be 1.72 for DR3TBDTT, which is consistent with the
values of 1.75 eV, measured by cyclic voltammetry (CV). Fig. 2
shows DR3TBDTT has low band gap of 1.75 eV. The DR3TBDTT/
PC71BM+PDMS devices have the same weight ratio with the
DR3TBDTT/PC71BM device, and the addition of 0.2 mg/mL of PDMS

violet for 4 min. Finally, the devices with encapsulation can
prevent water, which causes device degradation, from entering the
devices.

2.2. Measurement and characterization of devices

To determine the characteristics of the solar cell devices, the
power conversion efficiency (PCE) was measured using a solar
simulator (XES—301S, SAN—EI) under AM 1.5G of irradiation.
Average photovoltaic properties and their standard deviations for
4—8 cells from the same large area blend film, and equivalent cir-
cuit model parameters for the best cells prepared with different
annealing temperatures and time. All cells have an active area of
0.04 cm?. The incident photon conversion efficiency (IPCE) is
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Fig. 5. The absorption spectra of films prepared with annealing time.
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Fig. 6. IPCE spectrum of DR3TBDTT/PC7;BM solar cells after thermal annealing at
100 °C for 5 min.

defined as the average number of carriers per incident photon. To
measure the IPCE, a 300—W Xenon lamp (Newport 66984) and a
monochromator (Newprot 74112) were used as light sources. The
beam spot on the sample was a square, and the spot size was
3 mm? Calibration was conducted using a calibrated silicon
photodetector with a known spectral response (Newport 818—UV).
The IPCE was measured using a lock—in amplifier (Standard
Research System, SR830), an optical chopper unit (SR540) oper-
ating at a 260—Hz chopping frequency, and a 1 Q resistor in a shunt
connection to convert the photocurrent to voltage. To analyze the
films fabricated using various conditions, the surface morphology
and phase images were monitored using an atomic force micro-
scope (AFM, Dimension 3100, Digital Instruments). The high reso-
lution morphology was monitored using a variable temperature
scanning probe microscope (VT SPM, SPA—300HV). The absorption
spectrum was measured using a UV—visible spectrophotometer
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(HP8453). The devices of lifetime experiment were exposured in air
at 60 °C with encapsulation under continuous illumination. The
devices were connected to a power supply and a resistance and up
to 1588 h continuous operation with fixed voltage of 0.8 V applied.
Output current was approximately 0.25 mA (half of
photo—current).

3. Results and discussion
3.1. Thermal annealing

Fig. 3 shows the current density—voltage (J—V) curves and trend
of photovoltaic parameters of devices without additives after
thermal annealing at 100 °C for different periods (under illumina-
tion of AM 1.5 G, 100 mW/cm?). The average device photovoltaic
parameters for bulk heterojunction solar cells based on
DR3TBDTT:PC71BM after thermal annealing at 100 °C for different
periods are summarised in Table 1. The highest PCE of the device
with DR3TBDTT was 6.69%, with a Js of 12.60 mA/cm?, a Vo of
0.97 V and a FF of 0.55. The results indicated that the device per-
formance was sensitive to the treatment time. All the devices
except the devices annealed for 1 min exhibited a high Vg
(0.94—0.97 V). As the annealing time increased, the Js. increased
from 6.10 mA/cm? (1 min) to 12.60 mA/cm? (5 min) and then
decreased to 4.00 mA/cm? (25 min). Similarly, the FF increased
from 0.35 (1 min) to 0.55 (5 min) and then decreased to 0.32
(25 min). To characterise the morphology of the films that were
blade coated for different annealing periods, atomic force micro-
scopy was used to obtain topography images of the DR3TBDTT/
PC71BM films. The results after thermal annealing at 100 °C for
different periods are shown in Fig. 4. The root mean square
roughness values were 2.26, 11.0, and 0.75 nm for the films
annealed at 100 °C for 0, 5, and 25 min, respectively. We surmise
that roughness occurs on surface of active layer, involving grain
boundaries and domains of phase separation. The film annealed for
5 min exhibited the highest roughness and largest grain size. The
grains had a size of 100—150 nm and were visible only in the film
annealed for 5 min. This large grain structure is most likely
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Fig. 7. ]-V curves of DR3TBDTT/PC7,BM solar cells after rapid thermal annealing at various temperature.
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Table 2
The average device photovoltaic parameters of DR3TBDTT/PC7;BM solar cells after
rapid thermal annealing at various temperature.

Temperature (°C)  PCE (%) Jsc (MAJecm?) Ve (V) FF

100 °C 1.8 6.1 0.87 0.35
1.7+01  62+0.1 0.83+0.03 034 +0.01

120 °C 45 9.8 0.93 0.49
39+04 931+05 0.93 £ 001 045+ 0.03

140 °C 3.0 8.5 0.89 0.42
29+01 818+03 0.87 +0.02  0.41+0.01

160 °C 1.4 4.1 0.88 0.40
14+00  4.00+0.1 0.87 + 0.01  0.40 + 0.00

180 °C 0.5 2.6 0.84 0.20
04+00 255+00 0.85+0.02  0.20 + 0.00

Table 3
The photovoltaic parameters of the DR3TBDTT/PC;;BM-+PDMS devices after
annealing at various temperature.

Annealing temperature (°C) PCE (%) Jse (MA/cm?) Voc (V) FF

w/o annealing 3.0 7.8 1.00 0.38
60 °C 0.6 19 1.00 0.32
80°C 0.2 13 0.99 0.13
100 °C 39 9.4 0.97 043
120 °C 3.7 8.0 0.96 0.48
140 °C 21 6.5 0.93 0.35

responsible for the high Jsc of the device annealed for 5 min, as
shown in Fig. 4b. Upon an increasing in the annealing time from
0 to 5 min, a grain gradually formed; from 5 to 25 min, the grain
boundary intensity gradually decreased. The blend films annealed
for 5 min contain nanograins and have large surface areas, making

them efficient active layers that effectively contact the cathode and
promote electron extraction and collection in devices. The bright
domains may be DR3TBDTT rich and the dark domains were
PC71BM rich. The 30—40-nm DR3TBDTT domain size was well
defined and had a strong connection. To obtain a clearer under-
standing of this strong dependence on annealing time, the ab-
sorption spectra of the device films without a cathode after thermal
annealing at 100 °C for different periods were observed, and the
results are shown in Fig. 5. The sample annealed for 25 min pro-
duced a pronounced long-wavelength shoulder peak at 638 nm,
whereas the other two films did not produce a clear peak. This
shoulder peak is generally attributed to the molecular aggregates in
which the ordered chain packing produces a low amount of exciton
energy. Annealing for a long time may cause the DR3TBDTT domain
to have a high order or large size compared with short annealing.
High-efficiency OSCs have an optimal range of phase separation;
however, the devices annealed for 25 min had excessive ordering
and phase separation leading to defects. This result may reflect that
the chain stacking of polymers in the BH] layers is dependent on the
annealing time. The chain stacking of the DR3TBDTT component in
the BH]J layer was relatively more prevented by the presence of the
PC7:BM component when the annealing time was long. 25—min
devices may have too much ordering and phase separation leading
to the charge recombination and thus eliminates photocurrent.
Therefore, thermal annealing can be a simple and effective method
for improving the PCE of OSCs and has clear advantages for large-
scale production. Fig. 6 shows the incident photon-to-electron
conversion efficiency (IPCE) spectrum of DR3TBDTT/PC71BM solar
cells after thermal annealing at 100 °C for 5 min. The use of a higher
chopping frequency and the light intensity of the solar simulator
may have caused an error, and thus, a difference in photocurrent
values was observed. The J. of the most efficient devices calculated
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Fig. 8. AFM topography and phase images of DR3TBDTT/PC71BM + PDMS solar cells after thermal annealing at various temperature.
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by integrating the IPCE spectrum was 13.8 mA/cm?, whereas that
measured using the ]-V curve was 12.6 mA/cm?. The tolerance for
the photocurrent measurement was approximately 8%.

3.2. Rapid thermal annealing

An alternative way to control the morphology of the DR3TBDTT/
PC71BM films is a rapid thermal annealing at various temperature
for 1 min Fig. 7 shows J—V curves of DR3TBDTT/PC7:BM solar cells
after rapid thermal annealing at various temperatures; the photo-
voltaic parameters are summarised in Table 2. As the annealing
temperature increased, the J increased from 6.10 mA/cm? (100 °C)
to 9.84 mA/cm? (120 °C) and then decreased to 2.57 mA/cm?
(180 °C). The FF increased from 0.35 (100 °C) to 0.49 (120 °C) and
then decreased to 0.20 (180 °C). Similarly, the V. increased from
0.87 (100 °C) t0 0.93 (120 °C) and then decreased to 0.84 (180 °C). In
this case, the device at 120 °C had the highest PCE of 4.48%. The
results implied that the devices are sensitive to the annealing
temperature and time, and rapid thermal annealing at a higher
temperature in a very short time to enhance device performance
must be considered. However, rapid thermal annealing had a
negative effect when the device was subjected to a temperature
higher than 140 °C. This rapid thermal annealing temperature was
so high that defects formed. Theses defects in the regular
arrangement of the atoms act as temporary traps for charge carriers
and thus reduce the amount of the usable photocurrent that can be
produced.

3.3. Additive (PDMS)

High-efficiency OSCs are generally obtained by using low per-
centages of solvent additives during the active layer film-forming
process [4—12,28—30]. The additives cause nanoscale phase sepa-
ration and a bicontinuous interpenetrating network in the active
layer, which are critical for achieving appropriate phase-separated
domains with highly efficient exciton dissociation and carrier
transport [30]. Nevertheless, the slow drying process of the residual
high boiling point additives induces undesirable morphological
variation as well as unfavourable interfacial contact. The photo-
voltaic parameters of the DR3TBDTT/PC71BM+PDMS devices
fabricated using blade coating are summarised in Table 3. The
highest PCE of the DR3TBDTT/PC7;BM+PDMS devices after thermal
annealing at 100 °C for 10 min was 3.89%, with a Js. of 9.38 mA/cm?,
a Vo 0f 0.97 V, and an FF of 0.43. The topography and phase images
of the DR3TBDTT/PC7;;BM+PDMS films at different thermal
annealing temperatures are shown in Fig. 8. All the samples
exhibited low root mean square roughness values and nanoscale
phase separation. We surmise that the phase images do not show
donor/acceptor phase separation but PDMS aggregation in Fig. 8.
The residual PDMS may lead to violent aggregation at high tem-
perature. It may be not good for the performance of device.

3.4. Lifetime

To evaluate the stability of the solar cells based on DR3TBDTT,
the devices were exposed to air at 60 °C with encapsulation under
illumination. A photovoltaic parameter—operating time diagram is
shown in Fig. 9. After 168 h of aging, the PCE of the DR3TBDTT/
PC71BM-based device decreased from 6.29% to 4.17%, with an
approximately 25% reduction relative to the initial PCE. The Vo, Jsc,
and FF decreased from 0.97 to 0.96 V, 11.72 to 10.67 mA/cm?, and
0.55 to 0.41, with approximately 2%, 10%, and 25% reductions rela-
tive to the initial values, respectively. The Js. and FF rapidly
decreased with time at the beginning of the operating period. After
916 h of aging, the PCE decreased to 1.77%, with an approximately

75% reduction relative to the initial PCE, and was tending towards
stability. The Vo, Jsc, and FF decreased to 0.91 V, 8.34 mA/cm?, and
0.23, with approximately 6%, 29%, and 76% reductions relative to
the initial values, respectively. These results suggested that the FF
and Jsc were crucial for the degradation of PCE in this study. All the
devices had well-defined encapsulation of hygroscopic layers, and
therefore, chemical degradation through air exposure and water
absorption by hygroscopic photoactive layers were negligible.
Factors such as the photo-oxidation of active layers and metal
electrodes under light illumination alter the overall photovoltaic
performance and stability of organic material-based solar cell de-
vices as a function of time under different ambient conditions [43].
Fig. 9 shows that FF and Jsc were key point for the degradation of
PCE in this work. In general, donor groups with side chain are the
most susceptible to degradation while the most stable are those
without side chains [26,27]. DR3TBDTT has many side chains
apparently. On the other hand, the degradation of interfaces was
also a key issue. The stability test showed that the lifetime of the
optimized device was very poor, which was attributed to the
degradation of interfaces (ITO/PEDOT:PSS, PEDOT:PSS/organic, and
organic/cathode). Donor and acceptor phase separation and
morphology ... etc. affect the degradation. The lifetime of the de-
vices based on DR3TBDTT in this study was excessively short for
extensive use of organic photovoltaics. The interface between the
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Fig. 9. Evolution of photovoltaic parameters of devices which were exposured in air
for approximately 1600 h at 60 °C with encapsulation under illumination. Devices
were continuous operation with fixed voltage of 0.8 V applied. Output current was
approximately 0.25 mA (half of photo—current).
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active layer with a high scale roughness and the cathode with 0.8-
nm LiF/100-nm Al may lead to contact degradation. A multilayer
structure, such as a structure containing an electron transport layer,
may enhance the lifetime of OSCs based on DR3TBDTT.

4. Conclusions

We demonstrated that the overall device performance of
organic small-molecule solar cells can be considerably enhanced
through thermal annealing. Rapid thermal annealing in a short
time is effective in controlling the morphology and performance.
Blade coating was successfully applied to realise high-efficiency
small-molecule OSCs with a solution-processed active layer
without additives. Additive-free solar cells have no residual addi-
tives, which lead to undesirable morphological variation, unfav-
ourable interfacial contact, and process instability. The proposed
method produces OSCs with high PCEs of up to 6.69%. The PCEs of
these devices fabricated through blade coating are comparable
with those of the reported DR3TBDTT/PC7;BM OSCs prepared using
spin coating and additives.
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