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SUMMARY

We investigated the role of pentacene in inverted polymer solar cells based on the blends of poly(3-hexylthiophene)
(P3HT), (6,6)-phenyl Cg;-butyric acid methyl ester (PCBM), and pentacene. The performance of organic solar cells with
pentacene improved in terms of power conversion efficiency (PCE), thermal stability, and lifetime in the ambient air.
The pentacene in the PAHT:PCBM blends modified the crystallization of P3HT and PCBM. The donor—acceptor interface
of devices with pentacene was found to be more stable than that without pentacene in the active layer, which was charac-
terized by optical microscopy, atomic force microscopy and ultraviolet—visible absorption spectra. The PCE of pentacene
based as-fabricated device was 4.3%, and the PCE of non-encapsulated pentacene device reduced just by about 25% after

4 months. Copyright © 2015 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Polymer solar cells are considered as a future energy technol-
ogy because of their potential for cost-efficient, lightweight,
and flexible applications. Over 10% of power conversion effi-
ciency (PCE) [1] in polymer solar cells has been approached
by academic researches [2]. Organic photovoltaics (OPV)
evolve in two key factors, that is, efficiency and stability.
Inverted polymer solar cells have caught wide attention by
their good performance in these two factors [3]. For practical
applications, the stability is one of the important aspects of
inverted polymer solar cells. Especially in roll-to-roll process,
OPV devices are subjected to light, oxygen, and humidity
during the fabrication [4]. Roll-to-roll devices usually pass
through several oven stages to remove solvents of each layer.
The active layer of polymer solar cells, which is composed of a
polymer donor and fullerene derivatives acceptor, has the
tendency to rapidly coarsen when thermal annealing above
its glass transition temperature is performed. The interpen-
etrating donor—acceptor networks and the phase separation
are very sensitive to thermal treatments. Elevated processing
and operating temperatures are real challenges to the long-term
stability of inverted polymer solar cells before their practical
applications.

Copyright © 2015 John Wiley & Sons, Ltd.

The glass transition temperature of the acceptor fullerene
derivative [6,6]-phenyl-C¢;-butyric acid methyl ester (PCBM)
is about 110-140 °C [5,6]. During the thermal annealing pro-
cess, it is very difficult to fix the phase separation between
PCBM and the polymer in the active layer. Fullerene mole-
cules start to slowly aggregate and form micrometer-sized
crystals at high annealing temperature [7-9]. The PCE of
OPV devices could decrease a lot because of the overgrowth
crystallite of PCBM in the active layer [10,11]. Several strate-
gies have been explored to control the phase separation of do-
nor and acceptor. There are many works on cross-linking
reactions of the polymer [12,13] or fullerene [14,15] in the ac-
tive layer. The cross-linked molecules could prevent further
coarsening of the polymer and fullerene phases. However,
cross-linking reactions require advanced chemical modifica-
tions that usually reduce the device performance. On the other
hand, by introducing additive molecules into the active layer,
such as Cg [7], PC7;BM [16], and polymer [17], the crystal-
lization of PCBM can be suppressed to some extent.

Pentacene (Pc) has been involved in organic solar cells
and plays an important role in singlet fission process.
Singlet fission can dramatically increase the efficiency of
organic solar cells by producing two triplet excitons
from each absorbed photon [18]. In the system of
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pentacene/fullerene bilayer heterojunction, the triplet states
ensue from singlet fission in pentacene [19]. The external
quantum efficiency above 100% was obtained in singlet-
exciton-fission-based pentacene/fullerene device at a por-
tion of the visible spectrum [20]. But, it is demonstrated
that single fission competes with the traditional photo-
induced electron transfer between pentacene and fullerene
[21]. It is a big challenge to find out the ways to efficiently
harvest the triplet excitons based on this phenomenon [22].
Therefore, it will be more interesting to introduce penta-
cene into bulk heterojunction-based polymer solar cells.

The PCBM has been widely used in the polymer solar
cells and has many = electrons on its surface. Pentacene
also has 7 electrons on its molecular plane. The n—m interac-
tion between the PCBM and pentacene would weaken the
interaction of PCBM molecules [23]. This interaction will
also modify the interface of polymer:PCBM blend and im-
prove the stability of polymer solar cells. Introduction of
pentacene into the active layer would enhance the perfor-
mance of OPV devices, both in stability and efficiency.

In this study, pentacene was used in the bulk
heterojunction of polymer solar cells. We investigated the role
of pentacene in inverted devices based on poly
(3-hexylthiophene) (P3HT) and PCBM, fabricated by the
blends of P3HT:PCBM:Pentacene. The OPV devices were
fabricated with the structure of ITO/ZnO/P3HT:PCBM:Penta-
cene/PEDOT:PSS/Ag (Figure 1). A high thermally stable and
long lifetime device in the air was obtained by introducing
pentacene into the active layer. The polymer-PCBM interfaces
of devices with pentacene were more stable than that without
pentacene in the active layer, which was characterized by op-
tical microscopy, atomic force microscopy (AFM) and ultravi-
olet (UV)-visible absorption spectra. The carrier transport of
the active layer was also investigated. The long-term stability
of non-encapsulated inverted devices is discussed in details.

2. EXPERIMENT DETAILS

Poly(3-hexylthiophene) was purchased from Rieke Metals
(Lincoln, NE, USA) and PCBM from Nano-C (Westwood,
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MA, USA). Pentacene was purchased from Polysis Pure
Products, Co. (Seoul, Korea). PEDOT:PSS (ICP 1020) was
supplied by Agfa Induscries Korea Ltd. (Seoul, Korea). The
indium tin oxide (ITO)-coated glass was supplied by Fine
Chemicals (Busan, Korea) (15 per square sheet resistance
and 0.7mm thickness). Anhydrous chlorobenzene (99.9%)
was from Sigma Aldrich (St. Louis, MO, USA). Triton
X-100, extra pure, was supplied by Do Chemical Co., Ltd.
(Soeul, Korea) Hexamethyldisilazane was purchased from
AZ Electronic Materials (Singapore, Singapore).

The fabrication and characterization of the devices are
as follows. The ITO substrates were ultra-sonicated twice
for 10 min in deionized water followed by acetone and then
isopropyl alcohol. A filtered ZnO precursor solution was
spun cast onto cleaned ITO substrates and then baked in
an oven at 200 °C for 20 min [24]. By this way, a ZnO film
of 40 nm was obtained on the ITO substrate. A 1:1:x (x=0,
0.1, 0.2, 0.3) w/w blend of P3HT, PCBM, and pentacene,
with the concentration of 20 mg/mL for P3HT, was dis-
solved in chlorobenzene by ultrasonication of 3 h, filtered
through a 0.45-um PVDF filter, and spun cast on the
ZnO-coated ITO substrates. The formed active layer of
P3HT:PCBM:Pentacene was 120-130 nm in thickness. In
order to deposit hydrophilic PEDOT:PSS on hydrophobic
active layer, PEDOT:PSS was modified with 0.5% v/v
of Triton X-100 nonionic surfactant. Also, hexa-
methyldisilazane was first spin-coated on the active layer,
followed by the PEDOT:PSS deposition [25]. The modified
solution of PEDOT:PSS was spin-coated on the active
layer. The film substrates were annealed in an oven at
160 °C for 10min. A PEDOT:PSS film of 30-40nm was
obtained on the active layer. The devices were finished for
measurement after the thermal deposition of ~100 nm thick
silver (Ag) film through a shadow mask. The aging process
for devices was carried out on a hot plate at 120 °C for vary-
ing times. All fabrication processes were carried out in the
ambient air except thermal deposition process of silver.
The active area of each device was 0.1cm?. The current
density versus voltage (J-V) characterization of devices
was carried out with J-V curve tracer (Eko MP-160) and a
solar simulator (Yss-E40, Yamashita Denso) under AM
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Figure 1. Schematic of the inverted polymer solar cell device and the chemical structure of materials in the active layer. PCBM, (6,6)-
phenyl Cg-butyric acid methyl ester; P3HT, poly(3-hexylthiophene); ITO, indium tin oxide.
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1.5G irradiation with the intensity of 100 mW/cm?, cali-
brated by Newport certified standard silicon cell. Absorp-
tion spectroscopy measurements were made over a
wavelength range from 300 to 1000 nm using a Shimadzu
UV-1601 UV-vis spectrophotometer. Optical microscopy
images were obtained using an Olympus BX41 Microscope
Digital Camera. AFM images were obtained with an
advanced scanning probe microscope (PSIA Corp). The
thicknesses of all films were characterized by a surface
profiler (Tencor Alpha-Step).

3. RESULTS AND DISCUSSION

We set out with the hypothesis that the performance of
inverted polymer solar cells in terms of stability and effi-
ciency can be enhanced by introducing small molecule
pentacene into the active layer. We fabricated the reference
devices based on P3HT:PCBM (1:1) blends without the
pentacene and the pentacene devices based on the blends
of P3HT:PCBM:Pentacene. Several blends of P3HT:
PCBM:Pentacene (1:1:x, x=0.1, 0.2, 0.3) were dissolved
in chlorobenzene. The corresponding photovoltaic parame-
ters (PCE, open circuit voltage Ve, short circuit current
density Jsc, and fill factor FF) of all the devices are sum-
marized in Table 1. In Figure 2, it can be seen that the
Jsc and FF of pentacene devices are almost similar as that
of reference device. However, the Vo of pentacene device
improved from 0.60 to 0.64 V. As a result, the PCE of
4.3% was achieved from pentacene devices, which is
higher than that of reference device.

The morphological effect of pentacene on the active
layer was further studied, as shown in Figure 3. We depos-
ited the active layer of reference and pentacene devices on
the ZnO/ITO glass substrates followed by the PEDOT:PSS
deposition. Figure 3 shows the optical microscopy image
of OPV devices (without Ag electrode), after thermally an-
nealing in an oven at 160 °C for 10 min. The optical mi-
croscopy images of these active layers show a clear
difference in morphology between the reference device
and pentacene device. There are many crystallites of
PCBM on the surface of the active layer (P3HT:PCBM
blend) in reference devices after thermal treatment. The
length of PCBM crystallites in the active layer was about
20 um. However, the surfaces of the active layer (P3HT:
PCBM:Pentacene blend) in pentacene devices are very
clean without any crystallite of PCBM.
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Figure 2. Current density—voltage characteristics of reference
and pentacene devices under illumination of AM 1.5G,
100 mW/cm?.

Pentacene was found to effectively suppress the
micrometer-sized crystallization of PCBM in the active layer
(see Figure S1 in the Supporting Information). We hypothe-
sized that the addition of pentacene to the P3BHT:PCBM blend
controls the growth kinetics of PCBM crystallites such that the
crystal overgrowth of PCBM in micrometer size disappeared
off the active layer. Therefore, the morphological thermal sta-
bility of OPV devices with pentacene was enhanced.

In order to further investigate the morphological effect
of pentacene on the active layers, AFM characterization
was performed. In Figure 4, the donor—acceptor phase sep-
aration of active layer with pentacene was more stable after
thermal treatment at 160 °C for 10 min (Figure 4(b)). The
interface of donor grains and acceptor grains was clearer
than those of reference device. However, the root mean
square roughness (o,,s) of pentacene device was 7.95 nm,
a little larger than the o, of reference device without
pentacene, 7.48 nm. The increase in o,,,; of pentacene de-
vices indicated that the pentacene highly modified the mor-
phology of the active layer. There are many crystallites of
PCBM (see Figure S1-S2 in the Supporting Information)
on the surface of reference active layers, but no crystallite
of PCBM on the active layer of pentacene devices was
seen. Pentacene devices without PCBM crystallites both
in AFM images and optical microscopy images supported
that the inclusion of pentacene in the device can enhance
the morphology of active layer. It is very effective to im-
prove the thermal stability of OPV device with pentacene.

Table I. Photovoltaic parameters of the reference and pentacene devices.

Materials Jsc [mA/ecm?] Voc V] FF PCE [%]

Reference 12.23 (£0.45) 0.60 (+0.00) 0.56 (+0.02) 4.08 (£0.15)
1:1:0.1 Pentacene 11.91 (£0.24) 0.63 (x0.00) 0.54 (£0.01) 4.08 (£0.13)
1:1:0.2 Pentacene 12.31 (x0.32) 0.64 (+0.00) 0.55 (x0.01) 4.30 (x0.11)
1:1:0.3 Pentacene 12.26 (+0.48) 0.64 (+0.01) 0.53 (+0.01) 4.12 (+0.21)

FF, fill factor; PCE, power conversion efficiency.

The values in the brackets represent standard deviation of 20 devices.

Int. J. Energy Res. (2015) © 2015 John Wiley & Sons, Ltd.
DOI: 10.1002/er



F. Yang et al.

Improved performance of inverted polymer solar cells

Figure 3. Optical microscopy images of (a) reference device (without pentacene) and (b) pentacene device. Scale bar =30 pm.

nm
20—

15

Figure 4. Atomic force microscopy topography images of active layers after thermal treatment at 160 °C for 10 min, (a) reference de-
vice (without pentacene) and (b) pentacene device.

The effect of pentacene on active layer was also charac-
terized using the UV-visible absorption spectra in Figure 5.
The low absorption in the reference device (open square) at
a wavelength of 336 nm, the lowest energy absorption fea-
ture for PCBM, indicates migration of the isolated PCBM
molecules to join large PCBM crystallites [10]. The effect
of pentacene on crystallization of PCBM is evident from
the active layer before any thermal treatment, which had
a higher absorbance at 336 nm (closed square). However,
after annealing at 160 °C for 10 min, the absorbance at
400-600nm in reference device slightly increased (open
circle), which represents the absorption region of P3HT,
denoting the harvesting of incident light. There are many
needle-like crystallites of PCBM on the surface of active
layer of the reference device. The thickness of these
needle-like crystallites is around 400 nm (see Figure S1-S2
in the Supporting Information). The increase in absorption
(especially at 650700 nm) is expected as these large PCBM

Int. J. Energy Res. (2015) © 2015 John Wiley & Sons, Ltd.
DOI: 10.1002/er
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Figure 5. Ultraviolet-visible absorption spectra of different
layers of organic photovoltaics devices before and after thermal
annealing for 10 min at 160 °C.
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Figure 6. J-V characteristics of (a) hole-only devices and (b) electron-only devices, in the dark. ITO, indium tin oxide.

crystallites will confront or scatter the incident light,
resulting in higher absorbance background [10].

The absorption of the two complete devices shows al-
most same properties, except for the two points in penta-
cene device. The first point is the increase in absorption of
pentacene device (solid triangle) at 336 nm compared with
the reference device (opened triangle). The increase con-
firmed that the crystallization of PCBM in pentacene device
has been suppressed much. The second point is the decrease
in pentacene device at 605 nm, which indicates that the
crystallization of P3HT was also suppressed a little. Sup-
pressing the crystallization of P3HT makes the highest oc-
cupied molecular orbital deeper [26], which is beneficial
for higher Voc. We imply that both of the two points con-
tribute to the improvement in Voc. The weak absorbance
background of pentacene device after 650 nm will be bene-
ficial to design tandem solar cells in the future. In tandem
solar cells, the absorption spectra of whole cell can be ex-
panded by using complimentary donor materials in the
two subcells. Pentacene-added front subcell would let more
light go through real subcells, which can be beneficial for
high PCEs of tandem solar cells [27,28].

To analyze the electrical characteristic of charge trans-
port, we fabricated the hole-only devices with structures
of ITO/PEDOT:PSS/Active layer/PEDOT:PSS/Au and
electron-only devices of structure ITO/ZnO/Active
layer/Ag. As shown in Figure 6(a), the current density of
pentacene hole-only device is a little lower than that of
the reference. The current density decreased by 10% dur-
ing hole transport in pentacene device. Meanwhile, the cur-
rent density of the pentacene electron-only device was
much lower than that of the reference, as shown in Figure 6
(b). The low electron transport of the electron-only penta-
cene device comes from the less surface ratio between
crystalline PCBM and silver. The effect of pentacene on
the crystallization of PCBM between active layer and sil-
ver resulted in lower electron transport. However, the Jsc
of pentacene devices is almost the same as the reference
device as shown in Table I. We suggest that the Jsc of

pentacene device remained similar because of the single
fission process within pentacene. Unfortunately, there is a
competition between single fission and traditional photo-
induced electron transfer [21]. In the bulk heterojunction,
there are many donor—acceptor interface for singlet exci-
tons dissociation and very few chances for singlet fission
into two triplet excitons. Therefore, the single fission pro-
cess could not improve the Jsc much. Nevertheless, or-
ganic solar cells with pentacene did not lose the Jsc
much and achieved a good PCE.

The thermal stability of inverted polymer solar cells with
pentacene was also enhanced. The normalized PCE of penta-
cene devices as a function of aging time at 120 °C is shown
in Figure 7. The PCE of pentacene devices was thermally
stable during the aging process while that of reference de-
vices dramatically decreased. The thermal stability increased
with increasing pentacene content in the active layer. The
1:1:0.3 pentacene devices showed the best thermal stability.

|—®— Reference
]—e—1:1:0.1 Pentacene
20 {—v—1:1:0.2 Pentacene
10 _ —p—1:1:0.3 Pentacene

1Aging the devices in a thermal oven at 120 C
N T T N T T T

0 5 10 15 20 25
Time (hours)

Normalized PCE (%)

Figure 7. Normalized power conversion efficiency (PCE) of ref-
erence and pentacene-based organic photovoltaics devices as
a function of aging time at 120 °C.

Int. J. Energy Res. (2015) © 2015 John Wiley & Sons, Ltd.
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Figure 8. Photovoltaic parameter, (a) power conversion efficiency (PCE), (b) Jsc, (¢) Voc, (d) fill factor (FF), of non-encapsulated organic
photovoltaics devices based on reference, 1:1:0.2 pentacene and 1:1:0.3 pentacene as a function of time under the air.

We also studied the long-term stability [4,29,30] of non-
encapsulated inverted polymer solar cells (four devices for
each case). Pentacene devices and reference devices with-
out any encapsulation were kept in ambient air for about
Smonths. All the photovoltaic parameters for long-term
stability versus time are highlighted in Figure 8(a)—(d).
The degradation of PCE and Jsc has the same trend for both
pentacene devices and reference devices (Figure 8(a) and
(b)). The Vo was essentially stable for all the devices as
shown in Figure 8(c). In Figure 8(d), the FF slightly
increased for reference devices and 1:1:0.3 pentacene
devices. The PCE of pentacene devices (1:1:0.3) reduced
by about 25% within 4 months (see Figure S3 in the
Supporting Information). The PCE and Jsc of pentacene
devices were higher than those of reference devices during
120 days. However, pentacene is more sensitive to the air
compared with P3HT and PCBM. The relatively fast drop
in performance of pentacene device (1:1:0.2) after 90 days
should come from the degradation of pentacene in the
active layer, and the decrease in its FF after 90 days also
confirmed this. The pentacene in the active layer seems to

Int. J. Energy Res. (2015) © 2015 John Wiley & Sons, Ltd.
DOI: 10.1002/er

protect the P3HT and PCBM from the air. As a result, the
inverted polymer solar cells with pentacene will have a
long-term lifetime when encapsulated.

4. CONCLUSION

We investigated the role of pentacene in inverted polymer
solar cells based on P3HT and PCBM. The pentacene in
active layer modified the crystallization of P3HT and
PCBM. The donor—accepter interfaces of devices with
pentacene were found to be more stable than that without
pentacene. A high thermally stable and long lifetime de-
vice in ambient air was obtained by introducing pentacene
into the active layer. Although both the carrier transport
decreased (holes and electrons), the pentacene devices
did not lose the Jsc and achieved a good PCE. The PCE
of non-encapsulated pentacene device was only reduced
by about 25% within 4 months in the ambient air. Overall,
the inverted polymer solar cells with pentacene achieved
good thermal and long-term lifetime stability without
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highly decreasing the efficiency. Based on this work, the
organic solar cells could have a better performance and
be more possible for mass production.
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