Current Photovoltaic Research 7(3) 55-60 (2019)
DOl:https://doi.org/10.21218/CPR.2019.7.3.055

pISSN  2288-3274
elSSN  2508-125X

A Brief Investigation on the Performance Variation and
Shelf Lifetime in Polymer:Nonfullerene Solar Cells

Sooyong Lee” T - Hwajeong Kim'? T - Chulyeon Lee"” - Youngkyoo Kim"*
DOrganic Nanoelectronics Laboratory and KNU Institute for Nanophotonics Applications (KINPA), Department of Chemical Engineering,

School of Applied Chemical Engineering, Kyungpook National University, Daegu 41566, Republic of Korea
DResearch Institute of Environmental Science & Technology, Kyungpook National University, Daegu 41566, Republic of Korea

Received July 10, 2019; Revised September 18, 2019; Accepted September 19, 2019

ABSTRACT: Polymer:nonfullerene solar cells with an inverted-type device structure were fabricated by employing the bulk hetero-
junction (BHJ) active layers, which are composed of poly][(2,6-(4,8-bis(5-(2-ethylhexyl)thiophene-2-yl)-benzo[1,2-b:4,5-b’] dithiophene))-
alt-(5,5-(1’,3’-di-2-thienyl-5’, 7-bis(2-ethylhexyl)benzo[ 1’,2’-c:4’,5’-c’] dithiophene-4,8-dione))] (PBDB-T) and 3,9-bis(6-methyl-2-methylene-
(3-(1,1-dicyanomethylene)-indanone))-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). The BHJ layers were formed on a pre-patterned indium-tin oxide (ITO)-coated glass substrate by spin-coating using the blend
solutions of PBDB-T and IT-M. The solar cell performances were investigated with respect to the cell position on the ITO-glass
substrates. In addition, the short-term shelf lifetime of solar cells was tested by storing the PBDB-T:I'T-M solar cells in a glovebox filled
with inert gas. The results showed that the performance of solar cells was relatively higher for the cells close to the center of substrates,
which was maintained even after storage for 24 h. In particular, the PCE of PBDB-T:IT-M solar cells was marginally decreased after
storage for 24 h owing to the slightly reduced fill factor, even though the open circuit voltage was unchanged after 24 h.
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1. Introduction with demerits of easy crystallization and/or aggregation leading

to poor device stability***”. In addition, most nonfullerene

Due to the viable advantages including vacuum-free low acceptors have a merit in terms of light harvesting when it comes

temperature processes towards flexible/rollable solar modules, to the extended wavelengths up to ca. 900 nm. In particular, the

polymer-based organic solar cells (i.e., polymer solar cells) nonfullerene acceptors possess a planar core group, which

have been highlighted for the last two decades'™. The power consists of five to seven heterocycles, so that the easy charge

conversion efficiency (PCE) of polymer solar cells with donor- transport between planar core groups can be another benefit

acceptor bulk heterojunction (BHJ) structures was remarkably leading to the improved PCE.

improved from ca. 2~5% in 2006 and ca. 6~9% in 2010 to ca. Here it is noted that most results on such high PCEs in

10~15% in 2019, which can be attributed to the advanced
technologies in materials and devices'”"”. The PCE improve-
ment from ca. 5% to ca. 10% could be realized by the intro-
duction of new electron-donating (p-type) conjugated polymers,
while new electron-accepting (n-type) small molecules (known
as a nonfullerene acceptor) enabled further PCE improvement
up to ca. 15%'%%,

It is currently considered that the nonfullerene acceptors have

successfully replaced conventional soluble fullerene acceptors

TThese authors contributed equally to this work.
*Corresponding author: ykimm@knu.ac.kr

polymer:nonfullerene solar cells have been reported on the basis
of small-sized devices fabricated by employing spin-coating
techniques in university laboratory”*>”. Such small-sized devices
consist of several sub-cells that are normally separated by a
fixed distance, which can induce position-sensitive cell perfor-
mances such as fill factors and series resistance (Rg)’".
Therefore, it is necessary to understand how much the perfor-
mance of cells can be varied according to the position of each
cell (device) in single substrates used for spin-coating. Addi-
tionally, investigating the short-term shelf lifetime of each cell
(device) in the single substrates can contribute to securing con-

fident data when such laboratory-sourced polymer:nonfullerene
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solar cells are stored for various measurements. In our previous
work, it has been demonstrated that the short-term stability
measurement can deliver simple but effective clues for pre-
screening prior to initializing long-term stability measurement
in laboratory scale”.

In this work, we have fabricated polymer:nonfullerene solar
cells using indium-tin oxide (ITO)-coated glass substrates (area
=2.25 em®) by spin-coating the BHI layers that consist 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-5’,7°-bis(2-ethylhexyl)
benzo[1°,2°-c:4’,5’-c’]dithiophene-4,8-dione))] (PBDB-T) and 3,9-
bis(6-methyl-2-methylene-(3-(1,1-dicyanomethylene)-indanone))-
5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2°,3’-d’]-s-i
ndacenol 1,2-b:5,6-b’]dithiophene (IT-M). The performance of
PBDB-T:IT-M solar cells was measured and characterized
according to the position of each cell on the glass substrates. In
particular, the shelf (storage) lifetime of each cell was measured

after keeping whole devices in a nitrogen-filled glovebox for 24 h.

2. Experimental Section

2.1 Materials and solutions

PBDB-T (weight-average molecular weight = 18 kDa;
polydispersity index = 2.5) and IT-M (formula molecular =
1.455 kDa) were received from Solarmer (USA) and used
without further purification. Zinc acetate dehydrate (purity
>99%) and o-chlorobenzene (CB) were purchased from Sigma-
Aldrich (USA). Binary blend solutions of PBDB-T and IT-M
were prepared using CB as a solvent, followed by addition of
1,8-diiodooctane (DIO, 1 vol%) as an additive. The solid
concentration of PBDB-T:IT-M blends (1:1 by weight) was
kept as 20 mg/ml. All solutions were subjected to continuous
stirring for better mixing at room temperature for 24 h prior to
spin-coating processes. Precursor solutions of zinc oxide (ZnO)
were prepared by adding zinc acetate dehydrate (100 mg) to the
mixture of 2-methoxyethanol (1 ml) and ethanol amine (0.028
ml, stabilizer). The ZnO precursor solutions were vigorously
stirred at 60°C for 3 h for sol-gel reactions and then gently

stirred at room temperature for 12 h.

2.2 Device fabrication and measurement

For the fabrication of PBDB-T:IT-M solar cells, the ITO-
coated glass substrates were pre-patterned and cleaned using
acetone and isopropyl alcohol by employing an ultrasonic

cleaner. The cleaned ITO-glass substrates were irradiated by a

UV-ozone for 20 min in order to remove any organic residues.
Next, the ZnO precursor films were spin-coated using corres-
ponding solutions, followed by thermal annealing at 200°C for
1 h in air ambient condition. On top of the ZnO layers, the BHJ
(PBDB-T:IT-M) layers were spin-coated inside a nitrogen-
filled glovebox system equipped with a spin-coater and hot-
plate, etc. These samples were shifted to a vacuum chamber
equipped inside an argon-filled glove box. When the base
pressure of chamber reached ca. 1.0x10° torr, molybdenum
oxide (MoO3, 10 nm) and silver (Ag, 80 nm) electrodes were
thermally evaporated on the BHIJ layers by controlling the
evaporation rate. The current density-applied voltage (J-V app)
curves of devices, which were mounted inside a sample holder,
were measured using a specialized solar cell measurement
system equipped with a solar simulator (92250A-1000, Newport
Oriel) and an electrometer (Keithley 2400). The incident light
intensity from the solar simulator was fixed to 100 mW/cm?
(air mass 1.5G) for all devices. In order to investigate the
short-term shelf lifetime, one set of devices was stored inside
the argon-filled glovebox for 24 h. Then the same measure-

ment was applied for the stored devices.

3. Results and Discussion

The present PBDB-T:IT-M solar cells have a typical inverted-
type structure that contains the active (BHJ) layers coated on the
Zn0 electron-collecting buffer layers (see the chemical structures
in Fig. 1a and the cross-sectional view of cell in Fig. 1b top). The
surface part of the PBDB-T:IT-M layers contact the MoOs
hole-collecting buffer layers (see Fig. 1b top). Therefore,
electrons and holes are extracted from the BHJ layers to the
bottom and top directions of devices, respectively. As displayed
in Fig. 1b (bottom), one glass substrate possesses each device
cell in parallel. Upon spin-coating, the blend solutions might be
spread out from the center point (0). As a consequence, the
active layers at each cell could have slightly different states
including composition, thickness, chain alignment, etc. Hence,
it is useful to briefly investigate the performance of each cell
according to the cell position.

As shown in Fig. 2a, the light (100 mW/cm?) current
density-applied voltage (J-V app) curves of as-fabricated devices
seem to be typical for high PCE solar cells when it comes to their
shapes leading to high short circuit current density (Jsc) and
open circuit voltage (Voc). However, a close look finds that four

cells show slightly different J-Vapp curves which is relatively
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Substrate

Fig. 1. (a) Chemical structure of materials used for the active (BHJ) layers for the PBDB-T:IT-M solar cells. (b) Device structure (top)
for the PBDB-T:IT-M solar cells and cell positions (1~4) on the ITO-glass substrate (note that “0” is the center point of

substrate)
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Fig. 2. Light J-Vapp curves according to the cell number for the
PBDB-T:IT-M solar cells (see inset for the enlarged
curves focusing on the short circuit region as marked
with red box)

pronounced at the high photocurrent regions (J >15 mA/cm?). In
contrast, almost no difference could be observed on the open

circuit region (Vapp = ca. 0.9). The inset graph delivers that the

current density of cell 1 and cell 4 is very similar but relatively
lower than that of cell 2 and cell 3 (note very similar current
density between cell 2 and cell 3 as well). This result informs
that the current density can be relatively lower for the cells far
from the center of substrate but the cells at the same distance
from the center can give very similar current density.

After storage for 24 h, the cells also delivered good J-V pp
curves as shown in Fig. 2b. Interestingly, the open circuit region
was still identical for all cells even after storage but the similar
difference was observed for the short circuit region. As
compared in the inset graph of Fig. 2b, the current density gap
between cell 1 and cell 4 was marginally increased after storage
for 24 h even though it was still well maintained in the case of
cell 2 and cell 3. This result implies that the performance
stability during storage might be relatively better for the cells
close to the center point of substrate.

In order to further understand the influence of storage for 24
h on the device performance, the light J-V app curve of each cell
was enlarged and directly compared in Fig. 3a. Basically, it is
not easy from the light J-Vpp curves to find big difference
between as-fabricated cells (A0) and stored cells (Al).

However, a careful inspection can lead that the stored cells
provided very slightly reduced current density at round ca. 0.75
V (a rounded part). How this change affects the solar cell
performance is explained by the marginally decreased fill factor

(FF) as summarized in Table 1. Further evidences are supported
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Table 1. Summary of solar cell parameters according to the cell position (number) for the PBDB-T:IT-M solar cells. AO and A1 denote

as-fabricated cells and stored cells (for 24 h), respectively

1 2 3 4
Parameters
A0 Al AO Al A0 Al AO Al
VOC (V) 0.92 0.92 0.92 0.92 0.92 0.92 0.92 0.92
Jsc (mA/cmz) 18.13 18.27 18.70 18.68 18.63 18.55 18.06 18.03
FF (%) 66.2 65.6 68.7 67.7 66.9 66.9 66.8 66.0
PCE (%) 11.04 11.03 11.81 11.64 11.46 11.41 11.10 10.95
Rs (kQ+cm?) 0.07 0.06 0.06 0.06 0.07 0.06 0.07 0.07
Rsh (kQecm?) 17.8 4.3 3.3 11.0 24 6.0 11.5 19.7
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density difference between A0 and A1l cells (see Fig. 3b).

The detailed solar cell parameters are compared with respect
to the cell position (number) in Fig. 4. As discussed, the Jsc
value was higher for cell 2 and cell 3 than cell 1 and cell 4.
Interestingly, this trend was not changed even after storage for
24 h. The Voc value was almost unchanged after storage, while
it was independent upon the cell position on the substrate.
However, the FF value was varied depending on the cell
position and slightly reduced after storage. Here it is worthy to
note that the FF value of cell 2 and cell 3 was also higher than
that of cell 1 and 4, which is similar to the Jsc trend. As a

consequence, the PCE of devices was higher for cell 2 and cell

Fig. 4. Voc, Jsc, FF, and PCE as a function of cell number for
the PBDB-T:IT-M solar cells. AO and A1 denote
as-fabricated cells and stored cells, respectively

3 than cell 1 and cell 4. This trend was not changed after storage
for 24 h even though the PCE of stored cells was marginally

decreased from that of as-fabricated cells.

4. Conclusions

The polymer:nonfullerene (PBDB-T:IT-M) solar cells with
high PCEs (ca. 11%), which are based on an inverted-type
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device structure, were fabricated using a patterned ITO-glass
substrate. The performance of each cell made on the ITO-glass
substrate seemed to be apparently similar, but further detailed
investigation revealed that the device performance was con-
siderably dependent on the cell position on the ITO-glass
substrates. The current density-voltage curves under one sun
condition showed that the performance of devices was relatively
lower for the cells far from the center of substrate resulted in
lower Jsc than those close to the center. In addition, it was
disclosed that the Jsc value was similar for the cells with the
same distance from the center of substrate. In particular, this
trend was almost well kept even after storage for 24 h in a
glovebox filled with an inert gas. The J-Vapp curves of stored
cells (devices) was almost similar to those of as-fabricated cells,
but a slightly reduced current density was measured at round ca.
0.75 V (arounded part) for the stored cells. Although very small
variations were measured for Jsc, the FF value was relatively
largely reduced for the stored cells. As a result, the PCE of
devices was slightly decreased after storage for 24 h. However,
the PCE trend was unchanged with respect to the cell position

after storage.
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