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Abstract—The short-term stability of high efficiency polymer : nonfullerene solar cells was investigated by employing
a quick (ten cycles) current density-voltage (J-V) cycling method. Polymer : nonfullerene solar cells with initial power
conversion efficiency (PCE) of >10% were fabricated using bulk heterojunction (BHJ) films of poly[(2,6-(4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)-benzo[1,2-b:4,5b ]dithiophene))-alt-(5,5-(1',3-di-2-thienyl-5,7 ~bis(2-ethylhexyl)benzo[ 12 -
c:4'5'-c'dithiophene-4,8-dione))] (PBDB-T) and 3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6/7-methyl)-inda-
none))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno([2,3-d:2’3"-d ]-s-indaceno([1,2-b:5,6-b ]dithiophene (IT-M). One set of
the BHJ (PBDB-T: IT-M) films was thermally annealed at 160 °C for 30 min, while another set was used without any
thermal treatment after spin-coating. The quick J-V scan (cycling) measurement disclosed that the PCE decay was rela-
tively slower for the annealed BHJ layers than the unannealed (as-cast) BHJ layers. As a result, after ten cycles, the
annealed BHJ layers delivered higher PCE than the unannealed BH]J layers due to higher and more stable trend in fill
factor. The present quick J-V cycling method is simple but expected to be useful for the prediction of short-term stabil-

ity in organic solar cells.
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INTRODUCTION

Organic solar cells have been extensively highlighted for the past
two decades because of their potential for realizing clean energy
(electricity) by utilizing a variety of organic semiconducting mate-
rials [1-3], even though other desirable methods including bio-
diesels have been also proposed [4-7]. In particular, organic solar
cells have further advantages including quick energy payback time
[8-11] and viability for flexible/rollable plastic solar modules like
wall papers [12-14]. To date, most high efficiency organic solar cells
have been fabricated by employing bulk heterojunction (BHJ) lay-
ers that consist of electron-donating and electron-accepting organic
materials [15-19]. The BH]J layers benefit in that the charge sepa-
ration yield from excitons generated upon solar light illumination
could be maximized at the donor-acceptor interfaces on the nano-
scale [20-26]. Of various material combinations for the BHJ layers,
polymer : fullerene BHJ layers have been intensively studied owing
to the excellent electron-accepting role of fullerene derivatives lead-
ing to high power conversion efficiency (PCE) [27-38].

However, the low stability of polymer : fullerene solar cells has
been an issue due partly to the morphological instability caused by
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the migration or movement of fullerene derivatives during opera-
tion [39-45], because fullerene derivatives have a tendency to make
crystallites by themselves [46-49]. On this account, nonfullerene
acceptors have attracted keen interest and their better light-har-
vesting characteristics in the longer wavelengths, compared to fuller-
ene derivatives, contributed to achieving high PCEs exceeding 10%
[50-54]. These nonfullerene acceptors, however, are also in a cate-
gory of small molecules, even though they have a planar backbone
structure unlike the ball shape of fullerene derivatives. Therefore, it
is necessary to investigate the stability of polymer : nonfullerene solar
cells, but only a couple of storage [55-59] and thermal (oxidative)
stability without continuous illumination of solar light have been
reported so far [60-63].

Here it is understood that the long-term stability investigation
of solar cells needs considerable efforts including long time mea-
surements by applying durable solar simulators etc. In this regard,
a short-term lifetime test has been employed for the investigation
of early stage stability [64-70]. However, less attention has been paid
to the electrical sweep test in organic solar cells, including polymer :
nonfullerene solar cells, even though the current density-voltage
(J-V) characteristics of organic solar cells upon repeated sweeps
can provide a fingerprint diagnosing the state of devices, which even-
tually affects the stability of solar cells. Therefore, the quick J-V
measurement can be a simple but an effective method to examine
the initial stability of organic solar cells.
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In this work, we attempted to investigate the short-term stabil-
ity of inverted-type polymer : nonfullerene solar cells from the J-V
curves measured upon quick sweep (initial ten cycles) under illu-
mination with a simulated solar light (100 mW/cn’, air mass 1.5 G).
The polymer : nonfullerene solar cells were fabricated with the BHJ
layers of poly[(2,6-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-benzo[1,2-
b:4,5-b]dithiophene))-alt-(5,5-(1,3-di-2-thienyl-57 -bis(2-ethyl-
hexyl)benzo[12"c:4’5"c'|dithiophene-4,8-dione))] (PBDB-T) and
3,9-bis(2-methylene-((3-(1,1-dicyanomethylene)-6/7-methyl)-inda-
none))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2’3"-d]-s-
indaceno(1,2-b:5,6-b]dithiophene (IT-M) as an electron donor and
an electron acceptor, respectively. In particular, two types of the
PBDB-T': IT-M solar cells, of which BHJ layers were either unan-
nealed (as-cast) or annealed (at 160 °C for 30 min), were fabricated
in order to understand the influence of thermal annealing on the
short-term stability. Results showed that the annealed BH]J layers
delivered better short-term stability than the unannealed BHJ layers
even though the initial PCE was marginally lower for the annealed
BH]J layers.

EXPERIMENTAL

PBDB-T (weight-average molecular weight=18 kDa; polydisper-

sity index=2.5) and IT-M (formula weight=1.455 kDa) were used
as received from Solarmer (USA), respectively. Zinc acetate dehy-
drate (purity >99%) was purchased from Sigma-Aldrich (USA) and
used for the preparation of zinc oxide (ZnO) electron-collecting
buffer layers for inverted-type organic solar cells. Blend solutions
of PBDB-T and IT-M were prepared using chlorobenzene (CB) as
a solvent and 1,8-diiodooctane (DIO, 1.0 vol%) as an additive at a
solid concentration of 20 mg/ml (PBDB-T: IT-M=1: 1 by weight).
These solutions were subjected to stirring for better mixing at
room temperature for three days prior to spin-coating. The ZnO
precursor solutions were prepared by dissolving zinc acetate dehy-
drate (100 mg) in the mixture of 2-methoxyethanol (1 ml) and etha-
nol amine (0.028 ml, stabilizer), followed by stirring at 60°C for
3 h and then at room temperature for 12 h.

Prior to the fabrication of PBDB-T: IT-M solar cells, indium-tin
oxide (ITO)-coated glass substrates were patterned to make the
ITO stripes on the glass substrates. After cleaning the patterned
ITO-glass substrates using acetone and isopropyl alcohol in an ultra-
sonic cleaner; a nitrogen gas flow was applied to dry the wet-cleaned
ITO-glass substrates. Finally, a UV-ozone cleaner was used to treat
the surface of the dried ITO-glass substrates for 20 min. Next, the
ZnO precursor solutions were spun on the ITO-glass substrates (the
ITO side), followed by annealing at 200 °C for 1h in air ambient
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Fig. 1. (a) Device structure for the inverted-type organic solar cells with the PBDB-T: IT-M BH]J layers and chemical structures of materials
used in this work. (b) Simplified flat energy band diagram for the PBDB-T : IT-M solar cells (note that the €V’ unit and minus sign in
the energy values are omitted). (c) Optical absorption spectra for the PBDB-T : IT-M BH]J films (see the inset photograph) before and

after thermal annealing at 160 °C for 30 min.
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condition. After cooling the ZnO/ITO-glass substrates, the PBDB-
T: IT-M BH]J layers were spin-coated on the ZnO layers in the glove
box charged with nitrogen gas. One set of the samples was ther-
mally annealed on a hot plate at 160 °C for 30 min inside a nitro-
gen-charged glove box. All the film-coated samples were transferred
to a vacuum chamber system equipped inside an argon-charged
glove box. After the base pressure of chamber reached ~1.0x10~°
torr, molybdenum oxide (MoOs, 10 nm) and silver (Ag, 80 nm)
electrodes were subsequently deposited on the PBDB-T': IT-M lay-
ers by thermal evaporation. The fabricated devices, glass/ITO/ZnO/
PBDB-T: IT-M/MoQ,/Ag, were stored in the same argon-filled glove
box to protect from the possible attack by moisture and oxygen.

The film thickness was measured using a surface profiler (Alpha
Step 200, Tencor), while the optical absorption spectra of films were
measured using a UV-visible spectrophotometer (Lambda 750,
PerkinElmer). The solar cell performance of devices was measured
using a home-built solar cell measurement system equipped with
a solar simulator (92250A-1000, Newport Oriel) and an electrom-
eter (Keithley 2400). The incident light intensity was 100 mW/cm®
(air mass 1.5 G), which was controlled by using a calibrated refer-
ence cell certified by BS-520 (Bunkoukeiki). For the sweep test, the
voltage applied to the PBDB-T: IT-M solar cells was increased from
—1V to 1V at a ramp rate of 0.01 V/s. All devices were measured
under an inert environment at room temperature as they were
mounted and tightly shielded inside a sample holder filled with
argon gas.

RESULTS AND DISCUSSION

As shown in Fig. 1(a), both PBDB-T and IT-M have a few alkyl
chains which play an important role in bestowing solubility in
organic (nonpolar) solvents. However, if both PBDB-T and IT-M
molecules are not tightly stacked in a solid-state film, the alkyl
chains are considered to act as an electrical insulator and disturb
the effective charge transfer between the two molecules. In addition,
if such an imperfect molecular stacking between PBDB-T and IT-
M is randomly present in the BHJ (PBDB-T: IT-M) layers of the
inverted-type organic solar cells (see the device structure in Fig.
1(a)), the molecular morphology in the BHJ layers is likely to easily
change during the excitation-charge separation-charge transport
processes. As a consequence, the electron transfer and/or charge
transport in the BHJ layers can be unstable with time (see the flat
energy band diagram in Fig. 1(b)). Given that both PBDB-T and
IT-M molecules are mixed in the BHJ layers for the present device
structure, a feasible way is to thermally anneal the BHJ layers for
improving their molecular stacking as well documented in other
types of solar cells [71-74]. As shown in Fig. 1(c), it is considered
that the optical absorption spectrum of the PBDB-T:IT-M (1: 1
by weight) films was very marginally changed by thermal annealing
at 160 °C for 30 min. However, a close look into the peak region
between 600 nm and 650 nm (wavelength) reveals that the maxi-
mum absorption peak was obviously red-shifted by thermal anneal-
ing. Note that the thermal annealing slightly changed the film color
from bluish-green jade to bluish (see the inset photograph in Fig,
1(c)). This result indicates that the better molecular stacking in the
BH]J layers might be made by the thermal annealing process because
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Fig. 2. (a) Current density-voltage (J-V) curves and (b) power den-
sity-voltage curves under illumination with a simulated solar
light (air mass 1.5 G, 100 mW/cm?) for the PBDB-T: IT-M
solar cells before (unannealed) and after (annealed) thermal
annealing of the BH] layers.

the red-shift phenomenon does typically occur in the case of an
extended conjugation length etc.

As shown in Fig. 2(a), the devices with the unannealed BHJ
(PBDB-T': IT-M) layers delivered slightly better J-V characteristics
than those with the annealed BHJ layers. This result implies that

Table 1. Solar cell parameters for the PBDB-T': IT-M solar cells with
the unannealed (as-cast) and annealed BH]J layers. Jsc, Voo
FE PCE, R, and Ry denote short circuit current density,
open circuit voltage, power conversion efficiency, series resis-
tance, and shunt resistance, respectively

PBDB-T: IT-M (BH]J)

Parameters Unannealed Annealed
(as-cast) (160 °C/30 min)
Jsc (mA/cm?) 17.1 (+0.3) 15.9 (+0.2)
Voe (V) 0.93 (+0.01) 0.91 (+0.01)
FF (%) 67.7 (+1.1) 71.8 (+0.9)
PCE (%) 10.7 (+0.2) 10.4 (+0.3)
R, (kQ-cm?) 0.07 (£0.01) 0.04 (+£0.01)
Ry (kQ-cm?) 4.7 (£0.6) 24 (£0.7)
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the performance of solar cells was slightly lowered by the thermal
annealing process. As summarized in Table 1, both short circuit
current density (Jsc) and open circuit voltage (V) was reduced
after thermal annealing. As a result, the PCE was decreased from
10.7% to 10.4% by the thermal annealing process. The reason for
the slightly lowered PCE can be attributable to the changed mor-
phology leading to the better molecular stacking as supported by
the optical absorption spectra discussed above. In addition, it is
also considered that the extraction (movement) of additive (DIO)
molecules might result in the reduced performance because DIO
is a liquid with soft alkane group. However, interestingly, the fill
factor (FF) was rather noticeably increased from 67.7% to 71.8%.
This result indicates the improved charge transfer inside the BHJ
layers, even though overall number of charges generated was slightly
reduced leading to the marginally reduced maximum power den-
sity (Pyux=Jsc'VocFF) (see Fig. 2(b)).

Next, the PBDB-T: IT-M solar cells were subjected to the con-
tinuous sweep measurement of J-V curves by repeating ten cycles
from —1.0 V to +1.0 V at a ramp rate of 0.01 V/s. As the cycle num-
ber (No.) increased, the J-V curves became slightly poorer in the
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Fig. 3. Current density-voltage (J-V) curves by repeating 10 cycles
from —1.0'V to +1.0 V at a ramp rate of 0.01 V/s under illumi-
nation with a simulated solar light (air mass 1.5 G, 100 mW/
cm’) for the PBDB-T: IT-M solar cells: (a) Unannealed BHJ
layers, (b) annealed BHJ layers. Inset graphs show the enlarged
data at around short circuit condition: Cycle number=1
(squares), 5 (circles), 10 (diamonds).

presence of the J- reduction irrespective of thermal annealing (see
Fig. 3(a), (b)). This is clearly observed from the enlarged graph in
the inset of Fig. 3. However, relatively small change in the J-V curves
after ten cycles was measured for the devices with the annealed
BH]J layers than the unannealed BHJ layers. This result means that
the annealed BHJ layers are relatively more stable than the unan-
nealed BHJ layers.

For a detailed investigation of the performance change in the
devices with the unannealed and annealed BHJ layers, the J-V and
power density curves were compared at the same cycle number. As
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Fig. 4. Comparison of current density-voltage (J-V) curves at the
same cycle number (No.) under illumination with a simu-
lated solar light (air mass 1.5 G, 100 mW/cm’) for the PBDB-
T:IT-M solar cells with the unannealed (dashed line) and
annealed (solid line) BHJ layers. Note that the power density
values are given in blue and red color for the unannealed and
annealed BH]J layers, respectively.
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ber under illumination with a simulated solar light (air mass
1.5G, 100 mW/cm’) for the PBDB-T: IT-M solar cells with

the unannealed (dashed line) and annealed (solid line) BHJ
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shown in Fig. 4, the overall J-V curves were slightly better for the
unannealed BHJ layers than the annealed BHJ layers at each cycle
number. However, the gap of current density became gradually
narrower as the cycle number increased because the deterioration
in the J-V curves was relatively larger in the case of the unannealed
BH]J layers than the annealed BH]J layers. Consequently; as shown
in Fig. 5, the resulting maximum power density (Px) after ten
cycles was higher for the devices with the annealed BHJ layers (9.7
mW/cm’) than those with the unannealed BHJ layers (9.4 mW/
cm?).

Finally, major solar cell parameters were plotted as a function of
cycle number according to the thermal annealing. As shown in
Fig. 6, both Jgc and V¢ gradually decreased as the cycle number
increased. Interestingly, even after ten cycles, the Jg- and Vi values
were higher for the unannealed BH]J layers than the annealed BHJ
layers. This result can support the fact that the optimum charge
generation/separation morphology was made by the presence of
DIO upon spin-coating, but the thermal annealing at 160 °C might
alter the preset morphology by affecting the soft (thermally unsta-
ble) DIO molecules.

A similar decreasing trend was measured for FE but the de-
creasing rate was relatively slower for the annealed BHJ layers than
the unannealed BH]J layers. In contrast to the Js and Vo values,
the FF values were still higher for the annealed BH]J layers than the
unannealed BHJ layers. The small change in FF for the annealed
BH]J layers can be explained by the better molecular stacking upon
thermal annealing, which might enable molecules (PBDB-T and
IT-M) to bind more tightly, leading to a stable solid-state layer. As
a result, the PCE value after ten cycles could be slightly higher for
the annealed BHJ layers than the unannealed BHJ layers. A simi-
lar trend was measured for the maximum power density (Pjx)-
Therefore, it is concluded that the stability of the present PBDB-
T:IT-M solar cells could be improved by applying thermal anneal-
ing process for the BHJ layers. To further understand the rationale
behind the stability cross-over, the electrical resistances of solar
cells were extracted from the light J-V curves.

As shown in Fig. 7, a marginal increase in series resistance (Rg)
was measured similarly for both the unannealed and annealed
BHJ layers. However, the shunt resistance (Rgy) was more pro-
nouncedly decreased for the unannealed BH] layers than the
annealed BHJ layers. This result informs that the physical leakage
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Fig. 6. Solar cell parameters (air mass 1.5 G, 100 mW/cm’) as a function of the cycle number for the PPBDB-T': IT-M solar cells with the
unannealed (filled circles) and annealed (filled squares) BHJ layers.
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Fig. 7. Series resistance (Rg, left) and shunt resistance (Rg, right) as
a function of the cycle number for the PPBDB-T: IT-M solar
cells with the unannealed (filled circles) and annealed (filled
squares) BH]J layers.

Table 2. Solar cell parameters before (1* cycle) and after quick scan
(10" cydle) for the PBDB-T': IT-M solar cells with the unan-
nealed (as-cast) and annealed BHJ layers

Unannealed Annealed
Parameters (as-cast) (160 °C/30 min)
I"cyde 10" cycde  I"cyde 10" cycle
Jsc (mA/cm?) 17.1 16.4 16.0 15.4
Voo (V) 0.93 091 091 0.89
FF (%) 67.7 63.6 71.8 70.6
PCE (%) 10.7 9.5 10.4 9.7
Ry (kQ-cm?) 0.07 0.08 0.04 0.05
Ry (kQ-cm?) 47 1.0 24 1.1

tively poor molecular stacking in the unannealed BH]J layers, lead-
ing to the larger reduction in FE So, the annealed BHJ layers have
better molecular stacking, leading to relatively low probability of
making physical leakage pathways, so that their solar cells could be
more stable. Therefore, this result supports that the key information
(device parameters) on the initial stability of organic solar cells can
be delivered by the present J-V cycling measurement (see Table 2).

CONCLUSION

The short-term stability of the inverted-type PBDB-T: IT-M solar
cells was investigated by employing the quick J-V scan (initial 10
cycles) method under continuous illumination with the simulated
solar light (100 mW/cm?, air mass 1.5G). For comparison, both
unannealed and annealed BHJ (PBDB-T': IT-M) layers were used
for the fabrication of solar cells. The optical absorption spectra
revealed that the maximum absorption peak of the BHJ layers was
slightly red-shifted by the thermal annealing process, which led to
marginally reduced PCE from 10.7% to 10.4%. The FF value was
rather improved by thermal annealing, even though both Js and
Voc showed lower values in the case of the annealed BHJ layers.
The higher the cycle number, the poorer the J-V curves. The deg-
radation rate was relatively larger for the unannealed BHJ layers
than the annealed BHJ layers. As a result, after ten cycles, the PCE

value became higher for the annealed BH]J layers, even though it
was lower initially. FF was assigned as a major parameter, which
contributed to the relatively higher PCE for the annealed BH]J lay-
ers, because it was always higher and exhibited pronouncedly slow
decreasing trend for the annealed BHJ layers. The detailed analysis
disclosed that the huge reduction in Rgy by the physical leakage
pathways was responsible for the relatively large FF decrease in the
unannealed BH]J layers. Hence, the present J-V cycling method
under continuous illumination of solar light is expected to be use-
ful for the prediction of short-term stability (initial screening test)
in organic solar cells.
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