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Abstract: While bulk heterojunction (BHJ) organic solar cells have demonstrated high performance, they face stability
challenges. This study introduces an approach to control vertical phase separation of an almost complete bilayer struc-
ture by thermal annealing. Planar heterojunction (PHJ) organic solar cells are fabricated using PC;;BM/PTB7-Th
bilayers through spin coating and film transfer. This method minimizes interlayer mixing and allows control of mixed
regions via annealing time. PC;BM diffusion created additional percolation pathways, affecting device characteristics.
PHJ devices maintain 65% of their initial efficiency after 8 h of thermal stability testing at 100 C, while BHJ devices
degrade to a quarter of the initial efficiency. This study demonstrates that the formation of additional percolation path-

ways in PHJ can potentially improve both the performance and stability of organic solar cells.

Keywords: organic solar cells, planar heterojunctions, fullerene acceptors, molecular diffusion.

Introduction

Organic solar cells (OSCs) have recently garnered significant
attention due to their potential advantages, including lightweight,
flexibility, controllable transparency, and solution processability
for large-area fabrication.'” The bulk heterojunction (BHJ) has
been widely adopted as the primary photoactive layer structure
in OSCs. This is due to its ability to enhance exciton dissoci-
ation by providing sufficient donor-acceptor interfaces through
the well-mixed donor-acceptor phases. Recently, with the devel-
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opment of photoactive layer materials, both binary and ternary
BHJ OSCs have achieved efficiencies over 19%."* However,
the randomly mixed donor-acceptor phases of the BHJs have
a complex structure, which increases the bimolecular recom-
bination during the collection of dissociated charges over time.’
Therefore, it is necessary to explore different methods to con-
trol the vertical phase distribution in organic solar cells.

In contrast to BHJ structures, planar heterojunction (PHJ)
structures offer advantages in device characteristics. Firstly, the
well-defined interfacial structure in the PHJ is expected to pos-
itively impact long-term structural stability. While achieving
high power conversion efficiency (PCE) is critical, the long-term
stability is vital to the commercial success of OSCs. In general,
the BHJ is tightly optimized, so its metastable morphology is
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easily altered by external factors such as temperature, light, and
moisture.® Secondly, after charge separation at the donor/accep-
tor interface in the PHJ, directional carrier transport can increase
the charge carrier lifetime.” Lastly, the vertical distribution of
donors and acceptors in PHJ devices can reduce energy losses
associated with charge-transfer states, resulting in higher open-
circuit voltage (Voc) and suppression of dark current.®’

Herein, we compare the thermal stability and the performance
between PHJ and BHJ OSCs, as well as PHJ-derived devices
with additional percolation pathways. The PHJ OSCs were
prepared by the film transfer processes on water to prevent the
mixing of donor and acceptor layers, enabling more definitive
donor/acceptor interfaces. The film transfer method followed
the reported procedure.'® The poly[4,8-bis(5-(2-ethylhexyl)thio-
phen-2-yl)benzo[ 1,2-b:4,5-b]dithiophene-co-3-fluorothieno [3,4-
b]thiophene-2-carboxylate] (PTB7-Th) films were formed on
an aqueous surface and then transferred onto the [6,6]-phenyl-
C;;-butyric acid methyl ester (PC;,BM) film. Thermal anneal-
ing process on the PHJs was carried out to control these
regions according to the annealing time. The vertical morphol-
ogy of the PHJ devices (mixing of donor and acceptor) was
additionally controlled by exploiting the diffusion properties of
the fullerene acceptors in the thermal annealing process.''? As
the glass transition temperature of the polymer donor PTB7-Th
is approximately 129 C," the annealing temperature was cho-
sen as 100 T to minimize film degradation while creating
amorphous regions for PC;BM diffusion. Through this pro-
cedure, the BHJ morphology characteristics were partially
adopted in the PHJ devices.

When devices had morphologies closer to the PHJ, they
exhibited higher ¥ and lower dark current. In addition, thermal
stability tests conducted at 100 C for 4 h in an Ar atmosphere
show that PHJ and PHJ-derived devices demonstrate better
thermal stabilities compared to the BHJ devices. However, due
to the short exciton diffusion length of fullerenes, there were
limitations in achieving sufficient film thickness for light absorp-
tion, which constrained improvements in the short-circuit cur-
rent density (Jsc) and fill factor (FF) of PHJ-based devices.*'

Experimental

Materials. Zinc acetate dihydrate (99.9%), 2-methoxyethanol
(99.8%), ethanolamine (99.5%), chlorobenzene, and chloroform
used in this study were purchased from Sigma Aldrich (Korea).
PTB7-Th was obtained from Solarmer (China), and PC;;BM
was procured from OSM (Korea). All solvents used in the

Zan, A]4948 A45, 20253

PC,4BM
.35
401 3.6

s

451
5.0 +
-5.5 +

Energy (eV)

-6.0

65+
.7.0

(2]

1.0]=——PC71BM —— PTB7-Th

0.8
0.6
0.4

0.2

Nomalized Absorption (a.u.)

0.0

450 600 750 900
Wavelength (nm)
Figure 1. (a) Molecular structures; (b) energy band diagram of PC;;BM

and PTB7-Th; (c) normalized absorption spectra of PC;BM and
PTB7-Th in film.

preparation of solutions were of anhydrous grade.

The structure and energy band alignment of the materials
used in the photoactive layer are shown in Figures 1(a) and
1(b). As reported in previous studies, the PTB7-Th film exhibits
broad light absorption in the range of 300-800 nm, and the
PC;BM film has the complementary light absorption (Figure
1(c)).”

Device Fabrication. The OSCs were fabricated in an inverted
structure, consisting of ITO/ZnO/active layer/MoOs/Ag. The
ITO-coated glass substrates were cleaned in deionized water,
acetone, and isopropanol by ultrasonication. The ZnO layer was
spin-coated on the ITO substrate at 3000 rpm for 40 sec using
a sol-gel method. The ZnO precursor solution was prepared by
dissolving zinc acetate dihydrate in 2-methoxyethanol (100 mg
mL™), with the addition of ethanolamine. For the fabrication of
PHJ films, PC;;BM films were first spin-coated on the ZnO
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layer using a 12 mg mL™" solution of PC;;BM in chloroform,
followed by thermal annealing at 80 “C for 1 min in an Ar-filled
glovebox to remove residual solvent. PTB7-Th films (20 nm)
were transferred onto the PC,BM films using a water transfer
method, where a 10 mg mL"' solution of PTB7-Th in chloro-
benzene with 1 vol% 1,8-diiodooctane was dropped onto deion-
ized water in a petri dish, then the formed polymer layer was
transferred after the solvent evaporated. The films were ther-
mally annealed at 100 C for 10, 40, and 80 min in the Ar-filled
glovebox. The overall thickness of the PC;;BM/PTB7-Th PHJ
films were 90 nm, and they were compared with 150 nm thick
BH]J films. The BHJ films were prepared onto the ZnO layer
by spin-coating a mixture of PTB7-Th:PC;BM (1:1.5 weight
ratio, total 27 mg mL™") dissolved in chlorobenzene:1,8-diio-
dooctane (97:3 volume ratio). The BHJ films were dried in a
vacuum chamber for 6 h to remove residual solvent. Subse-
quently, MoO,/Ag (8/100 nm) was thermally evaporated under
a pressure of less than 5x10° Torr. The active area of the
device was 0.08 cm’.

Characterization. J-V curves were measured using Oriel
Sol3A Class AAA solar simulator (model 940443 A) from Newport
(USA) calibrated with a standard photovoltaic cell equipped
with a KGS filter, under AM1.5G (100 mW cm) illumination
with a source measure unit (Keithley 2400, 2635B). External
quantum efficiency (EQE) spectra were measured by using an
Oriel® IQE-200TM system from Newport (USA) with a 250 W
quartz tungsten halogen lamp as the light source, a monochro-
mator, an optical chopper, a lock-in amplifier, and a calibrated
silicon photodetector. The thickness of each film was measured
by using a KLA Tencor Alpha-step IQ surface profilometer from
KLA Tencor (USA). Tapping mode atomic force microscopy
(AFM) images were obtained by using an AFMS5000II from
HITACHI (Japan). The scan size of the images was 2 x 2 um
with the scan rate of 0.86 Hz and the resolution of 256 pixels
per line. Photoluminescence (PL) spectra of each film was
measured by using a f-4500 from HITACHI (Japan). Absorption
spectra of each film were obtained by using a cary 5000 UV-
Vis-NIR spectrophotometer from Agilent (USA).

Results and Discussion

Absorption and Emission Characteristics. The optoelec-
tronic properties of the BHJ and the PHJs were investigated
by using absorption and PL measurements. The absorption spec-
tra in Figure 2(a) show that the PHJ films have a relatively
lower value than the BHJ film because the PHJ films (90 nm)
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Figure 2. (a) Absorption; (b) PL spectra of the BHJ and PHJ films
as a function of thermal annealing time (100 C).

were thinner than the BHJ film (150 nm). After the PHJ devices
were annealed at 100 C in an Ar-filled glove box, the absorp-
tion was measured at different annealing time: 10, 40, and 80
min. It was found that there was no change in the absorption
spectrum even after 80 min of thermal annealing at 100 C.

To investigate exciton separation and charge transfer between
PTB7-Th and PC,;,BM within the film, the degree of PL quench-
ing was examined. The PL emission of PTB7-Th was mainly
observed at 760 nm (Figure S1), in agreement with previous
reports.'>'® Complete PL quenching was observed in the BHJ
film, while photogenerated excitons from PTB7-Th are not
completely quenched in the PHJ films with PC;,BM regard-
less of the thermal annealing time. It indicates that the exci-
ton diffusion to the PC;,BM/PTB7-Th interface is limited in
the PHJ configuration.

Surface Morphology. AFM measurements were conducted
to investigate the changes in the film surface morphology by
thermal annealing (Figure 3). Surface roughness was measured
using the height images from AFM. The root mean square
(RMS) of surface roughness for the BHJ was 1.218 nm, while
those of the PHJ films were 0.375, 0.469, 0.503, and 0.530
nm for the thermal annealing time of 0, 10, 40, and 80 min,
respectively. The BHJ had a rougher surface than the PHJs,
and the roughness of the PHJs increased with longer anneal-
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-65 deg

Figure 3. AFM (a-e) height; (f-j) phase images of (a, f) the BHJ film; the PHJ films for the thermal annealing times of (b, g) 0; (c, h) 10;

(d, i) 40; (e, j) 80 min (scale bar: 1 um).

ing time. Additionally, the range of height distribution became
greater with longer annealing time, which could be attributed
to the diffusion of PC,;BM throughout the entire PTB7-Th
film. The BHJ phase image had low contrast indicating that
the film was formed with a finely mixed morphology of PTB7-
Th and PC;BM. In contrast, the PHJs showed that the con-
trast of the images increased with longer annealing time, indi-
cating that phase changes could be caused by aggregating
PC,,BM on the top surface.'® When the thermal annealing time
was 0 and 10 min, the contrasts were not prominent, suggesting
that the surface was mainly composed of PTB7-Th or that the
diffusion of PC;BM had not reached the top surface. How-
ever, as the thermal annealing time increased to 80 min, the
phase contrasts were gradually increased and distributed on the
surface. Therefore, it can be inferred that diffusion of PC; BM
occurs as a function of annealing time, and PC,;;BM aggrega-
tion was even observed on top of PTB7-Th film after the ther-
mal annealing of 80 min.

The surface components of the PTB7-Th and PC;BM in
the films were analyzed by contact angle measurements. The
contact angles of water (polar) and ethylene glycol (nonpolar)
on the film surface were measured (Figure S2). The surface
energy was calculated from the measured contact angles using
previously reported methods (Table 1).> The surface energy
of the pristine PTB7-Th film was 17.69 mN m™', whereas the
pristine PC;BM film showed the higher surface energy of
22.75 mN m’. The surface energy of the BHJ and PHJ films
represents the major components of the top surface. The sur-
face energy of the BHJ film was measured to be 19.28 mN m™.
As a function of the thermal annealing time on the PHJ films,
the surface energy was 18.75, 19.18, 19.37, and 19.67 mN m™
for 0, 10, 40, and 80 min, respectively. It indicates that PC;BM
molecules were located on the top surface of the PHJ films
after thermal annealing. The ideal vertical D/A phase sepa-
ration for photovoltaic applications preserves pure donor and
acceptor on the top and bottom, respectively, while simultane-

Table 1. Water and Ethylene Glycol (EG) Contact Angle, and the Calculated Surface Energy of Flims

Ovvaer (deg) Orc (deg) »* (mN m™) 7" (mN m™) y (mN m™)

PC,,BM 91.9 69.8 18.17 4.59 2275
PTB7-Th 95.2 779 12.12 5.56 17.69
BHJ 94.2 75.2 14.16 5.12 19.28

PHJ TA? 0 min 95.8 76.6 14.31 445 18.75
PHJ TA 10 min 94.6 75.5 14.26 493 19.18
PHJ TA 40 min 94.0 75.0 14.17 520 19.37
PHJ TA 80 min 92.0 73.9 1321 6.47 19.67

“TA indicates thermal annealing at 100 C
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ously integrating an intermediary mixed region to ensure suf-
ficient D/A interfacial area, as reported in highly efficient
layer-by-layer OSCs."" In this work, the thermal molecular
diffusion of PC;;BM generated additional intermixed regions.
However, PC;;BM molecules easily penetrated to the top sur-
face due to the thin PTB7-Th layer (20 nm), resulting in unde-
sirable phase separation for good OSCs.

Photovoltaic Properties and Thermal Stability. The per-
formance of photovoltaic cells composed of the BHJ and PHJs
is presented in Table 1. For PHJ devices, the Jsc was limited to
6-8 mA cm?, and the external quantum efficiency (EQE) was
also limited to below 40%, in agreement with the similar degree
of PTB7-Th PL quenching in all PHJ devices (Figure 2(b)).
The PC;;BM layer of PHJ was 70 nm, and the PTB7-Th layer
was 20 nm, which is thinner than the optimal BHJ film thick-
ness of 150 nm. The relatively lower light absorption by the
active layer results in lower Jyc for the PHJs (see Figure 2(a)).
In particular, the PHJ devices thermally annealed at 100 C for
80 min were most affected in the reduction in Jsc (from 8.05
to 6.66 mA cm?) with the PCE decreasing from 3.64% to
3.15% compared to non-annealed devices. The Jsc measured
from the J-V curve in Figure 4(a) was confirmed to be within
the error range of the calculated Jsc in Table 2 obtained by
integrating the EQE spectrum in Figure 4(b) with the AM 1.5G
reference spectrum. The EQE in the 550-800 nm range is
mainly attributed to PTB7-Th, while the EQE below 550 nm
is primarily due to PC;BM. In Figure 2(a), the absorption
spectrum did not change during the 80 min thermal annealing;
however, the EQE above 550 nm clearly decreased. This indi-
cates that the PTB7-Th film was not degraded, but the collec-
tion of photogenerated charges from PTB7-Th was negatively
affected by the 80 min thermal annealing. This can be explained
by the diffusion of PC;;BM molecules to the top of the PHJ
films, as discussed in morphological studies, which could func-
tion as recombination sites and contribute to the degradation of
overall photovoltaic performance.

In the case of PHJ configuration, the interface between the
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Figure 4. (a) J-V characteristics under 1 sun illumination; (b) EQE
spectra; (¢) J-V characteristics in dark; (d) normalized PCE decays
as a function of thermal annealing time (at 100 C) of the PTB7-
Th:PC,,BM BHJ device and the PHIJ devices.

donor and acceptor is reduced, leading to lower FF compared
to the BHJ (Table 2). However, due to the distinct spatial sep-
aration of the donor and acceptor, the PHJ devices exhibited a
higher Vo than the BHJ device. Additionally, as the thermal
annealing time increases, Vo of the PHJ devices slightly decreases.
This indicates that the molecular diffusion of PC;;BM increases
the D/A interfaces by thermal annealing.

The dark current was also measured to confirm the leakage
current under the reverse bias (Figure 4(c)). At -2 'V, the current
density for the BHJ device was ~10~ mA cm?, while the non-
annealed PHJ device had 18 times lower dark current. How-
ever, as the thermal annealing time of PHJs increased to 10, 40,
and 80 min, the dark currents increased and gradually approached
that of the BHJ. This indicates that thermal annealing on PHJ
devices allows enlarged D/A interfaces in agreement with the
Voc of the PHIJ devices. To investigate the thermal stability of
the devices, thermal stress was applied at 100 C for 8 h. The
PHJ devices showed comparatively higher stability than the
BHJ devices (Figure 4(d)). While the BHJ devices exhibited a

Table 2. Photovoltaic Parameters of the BHJ and PHJ Devices Fabricated under Various Conditions

Condition Vo (V) Jso (mA cm?)  Cal. Jsc (mA cm?) FF (%) PCE (%) Best PCE (%)
BHJ 0.819+0.003 16.660.25 15.73 66.5+1.8 9.07+0.15 9.29
PHJ TA? 0 min 0.853+0.005 8.05£0.16 8.02 51.241.9 3.51+0.09 3.64
PHJ TA 10 min 0.841£0.003 7.96:0.18 7.97 522415 3.49+0.10 3.61
PHJ TA 40 min 0.838+0.007 7.64+0.38 7.88 49.542.5 3.1740.23 3.57
PHJ TA 80 min 0.830+0.014 6.66:0.26 6.90 533433 2.95+0.16 3.15

“TA indicates thermal annealing at 100 C
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74% loss of efficiency after 8 h of thermal stress, PHJ devices
showed efficiency losses of 17%, 27%, 23% and 34%, respec-
tively. In the case of the BHJ device, its metastable and bi-
phase morphology was easily affected by the external thermal
stress (Figure S3). In the case of the PHJ devices, on the other
hand, the thermal stability of all the PHJ devices was superior
to that of the BHJ devices due to the separated donor and acceptor
phases (Figure S4). Thermal stability of the PHJ device could
be further enhanced by annealing the PTB7-Th film, which
can improve molecular packing before being transferred to the
PC;BM layer. This confirms that PHJ configuration offers the
advantages of lower leakage current and higher thermal stability.

Recombination in Planar Heterojunctions. To investigate
the charge recombination losses in the devices, the light intensity
dependence of Jsc and Vo was measured. Eq. (1) represents the
relationship between Jsc and light intensity (Pyg). When the
bimolecular recombination is involved in the device, the o
becomes lower than the unity.?!

Jscocpﬁgm (D

The a for the BHJ was 0.968, which is closer to 1 than the
PHJ devices, indicating less bimolecular recombination in the
BHIJ (Figure 5(a)). The a of the PHIJ devices were 0.953, 0.954,
0.959, and 0.959 for the thermal annealing times of 0, 10, 40,
and 80 min, respectively, demonstrating almost identical bimo-
lecular recombination properties regardless of the thermal anneal-
ing time.

The relationship between V¢ and light intensity is given in
Eq. (2), where £ is the Boltzmann constant, 7 is the absolute
temperature, and ¢ is the elementary charge.”

kT
Voc e ’77]“1) light 2

As the value of » is greater than 1, it implies trap-assisted

recombination is involved in the devices. The »n of the BHJ
device was 1.06, and those of the PHJ devices were 1.37, 1.28,
1.37, and 1.40 for the thermal annealing time of 0, 10, 40, and
80 min, respectively (Figure 5(b)). While the non-annealed PHJ
device (0 min) had higher Vo than the BHJ device in the whole
range of light intensity, the V¢ of the annealed PHJ devices
decreased and became closer to the V¢ of the BHJ device. The
primary factor for the observed high Voc in the PHJ devices is the
reduced D/A interfacial area and energy losses from charge-
transfer states.!®* The observed decrease in Vo of the annealed
PHIJ devices correlates with the formation of additional charge
transport pathways by the diffusion of PC;;BM molecules during
the thermal annealing, as discussed in the surface morphology
section.

To investigate the exciton dissociation characteristics depend-
ing on the structure of active layers, photocurrent density (J,)
versus effective voltage (V) curves of the BHJ and PHJ
devices are shown in Figure 5(c).** J,, is the difference between
the current density measured under 1 sun illumination (J;) and
dark conditions (Jp). V. is calculated as Vy—V,, where ¥ is the
voltage at which J;=J and ¥, is the applied bias. J,,” was deter-
mined under the short-circuit conditions (¥,=0) and J, under
the saturated state (in this case calculated at };z=2 V). The exciton
dissociation efficiency (7p) is calculated as J,,h*/Jsat. The #p of
the BHJ was 96.38%, while the PHJ devices exhibited around
82%. The higher 7, of the BHJ is attributed to its active layer
having a larger interfacial area. PHJ structure has an innate restric-
tion originated from its phase-separated nature, which impedes
the ability of efficient exciton dissociation. The comparable exci-
ton dissociation efficiencies were observed in the PHJ devices
regardless of the thermal annealing time. This suggests that
although the annealed PHJs have larger D/A interfaces, the
diffusion of PC;;BM molecules to the top surface of PTB7-Th
also leads to undesirable charge pathways.
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Figure 5. (a) Jsc; (b) Voc dependences on light intensity; (c) Jyn vs. Ve curves of the BHJ and PHJ devices as a function of thermal annealing

time (100 C).
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Conclusions

In this study, the thermal diffusion of PC;BM in the PHJ
films with PTB7-Th was investigated by comparison with the
control BHJ. Through morphological analysis of the film sur-
face, it was confirmed that thermal annealing induces molec-
ular diffusion and increases D/A interface area in the PHJ devices.
However, with longer annealing times, PC;;BM molecules dif-
fused further to the top surface of the PHJ structure. These
results indicate that the thermal annealing time for ideal ver-
tical phase separation of PHJ devices should be precisely con-
trolled to a certain duration, and prolonged annealing can degrade
device performance. The PHJ devices exhibited superior thermal
stability, lower leakage current and higher Ve compared to the
BHJ device as expected. Our strategy to fabricate ideal vertical
phase separation from the PHJ structure by molecular diffusion
suggests one of the methods for the high-performing and stable
OSCs, which maintain the advantages of the PHJ devices.
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