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ABSTRACT: We report that the crystallinity of C,y is
improved significantly if Cul is used as a templating layer,
leading to remarkable enhancement of hole mobilities from
8.32 X 107 to 3.26 X 10™° cm?/(V s). As a result, the use of
the templating layer in C,y-based solar cells with low donor
concentration resulted in significant improvement of the fill
factor from 0.51 to 0.57 and the power conversion efficiency
from 5.56% to 6.23% under simulated AM 1.5G, 1 sun
irradiation. This result demonstrates that the Cul templating
layer is effective at improving the crystallinity of the fullerene
derivatives as well as the donor materials.
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1. INTRODUCTION

Small-molecule organic photovoltaic cells (OPVs) have been
highlighted because of their advantages of ease of processing,
low cost, high purity, flexibility, and easiness to control their
molecular properties by synthesis."”” For highly efficient OPVs,
fullerene derivatives are used as common acceptor materials
because of high electron mobility’ and their energy levels to
form charge-transfer states with various donor materials.*
Among them, C,;, as well as C4 is known to form
intermolecular charge-transfer excitons between the molecules
in solid films. The formation of a charge-transfer exciton results
in extra absorption from 400 to 700 nm, leading to more
photocurrent generation.'”"! In addition, the charge-transfer
exciton can be dissociated easily by doping a small amount of
donor materials, such as 1,1-bis[4-bis(4-methylphenyl)-
aminophenyl]cyclohexane (TAPC),"” tetraphenyldibenzoperi-
flanthene,">'* and tris[4-(5-phenylthiophen-2-yl)phenyl]-
amine.'* With this property of C,, OPVs with low donor
concentration have been highlighted showing high short-circuit
current density (Jsc) and open-circuit voltage (Voc). > In
this system, the electron mobility is high enough to extract the
electrons because of the large portion of fullerene, which
possesses an n-type property.'®~'* However, the hole mobility
is relatively low, which causes a reduction of the fill factor (FF)
due to the unbalanced electron and hole mobilities.”**' The
increase of the hole mobility is a critical factor in obtaining a
higher power conversion efficiency (PCE) with improving FF.
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In organic films, the optical and electrical properties are
significantly influenced by the molecular orientation, crystal
structure, and crystallinity. The transition dipole moment has
an intimate relationship with the molecular orientation, and
control of the molecular orientation can result in a remarkable
increase of the photocurrent coming from the increased
absorption coefficient.”> >’ The charge mobilities in a
molecular film are also influenced by the molecular orientation,
crystallinity, and crystal structure. High crystalline films possess
low defect density, leading to high charge mobility.”* ' There
has been a large effort to increase the crystallinity, especially in
planar heterojunction solar cells. Among them, the use of a
templating layer has been widely studied as an effective way,
and Cul is known as an effective templating material for organic
donor materials to improve the PCE combined with controlling
the crystal structure and molecular orientation for organic
materials.”>~>” Unfortunately, however, there are few reports
on control of the crystallinity of fullerene derivatives using a
templating layer. Pentacene””* and diindenoperylene®"**
reported to increase the crystallinity of C4, for n-type
transistors. However, their high highest occupied molecular
orbital (HOMO) energy may reduce Vo if adopted in solar
cells.
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In this study, we report that the crystallinity of C,, is
improved significantly if Cul is used as the templating layer,
leading to remarkable enhancement of hole mobilities in the
layers. The grazing-incident X-ray diffraction (GIXRD) patterns
show significant enhancement of the crystallinity of a (111)-
oriented FCC phase of C;, when Cul is inserted as the
templating layer on an indium—tin oxide (ITO) substrate. The
use of the templating layer also causes an increase of the hole
mobility from 8.32 X 107 to 3.26 X 10™° cm*/(V s). As a
result, the use of the templating layer in C,y-based solar cells
with low donor concentration resulted in a significant
improvement of the FF from 0.51 to 0.57 and the PCE from
5.56% to 6.23% under simulated AM 1.5G, 1 sun irradiation.

2. EXPERIMENTAL SECTION

The ITO-coated glass substrates were cleaned with acetone and
isopropyl alcohol and exposed to UV—0O; for 10 min before use. ReO;
and Cul were used as interfacial layers and deposited using thermal
evaporation onto the substrate at a base pressure of ca. 107 Torr with
a rate of 0.1 A/s. TAPC and C,, were also deposited using thermal
evaporation onto the substrate with different rates of 0.1 and 1.9 Ass
in order to form a 5% TAPC-doped C,, layer. The exciton blocking
layer, bathocuproine (BCP), and aluminum metal cathode were
deposited with rates of 1.0 and 4.0 A/s, respectively. All of the layers
were successively evaporated without breaking the vacuum, and all
devices were encapsulated in N, ambient before photocurrent
measurements. The photovoltaic properties of the devices were
measured with an AM 1.5G 100 mW/cm? solar simulator (300 W
Oriel 69911A) light source and a source measurement unit (Keithley
237). The measurement setup was calibrated with a National
Renewable Energy Laboratory certified reference silicon solar cell
covered with a KG-S$ filter before measurement. More than six devices
with the cell area of 2 X 2 mm?® were averaged to calculate the cell
performance. The crystalline structures were investigated by
synchrotron X-ray diffraction measurements at the SA X-ray scattering
beamline for materials science at Pohang Light Source II (PLS-II). The
X-ray wavelength was 1.072 A (11.57 keV) at an incident angle of 0.2°.

3. RESULTS AND DISCUSSION

Figure 1 shows the GIXRD patterns of the C,, films doped
with 5% TAPC (active layers). The organic films are deposited
on the ITO substrate covered with a 1-nm-thick ReOj layer for
GIXRD samples because active layers of the solar cells are
grown on the substrate. The diffraction pattern of the 5S0-nm-
thick C, film doped with 5% TAPC shows four peaks, which
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Figure 1. GIXRD patterns of 5% TAPC-doped C, films. The film
structures are ITO (150 nm)/ReO; (1 nm)/with or without Cul (1
nm)/5% TAPC-doped C,o (50 nm), and the incident angle is 0.2°.
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Figure 2. Current densities against the applied voltage for hole-only
devices of the 5% TAPC-doped C,, film to extract hole mobilities.
Device structures are ITO (150 nm)/ReO; (1 nm)/with or without
Cul (1 nm)/5% TAPC-doped C,, (500 nm)/ReO; (S nm)/Al (100
nm). The open symbols are experimental J—V characteristics for the
single carrier devices, while the solid lines are fits using the SCLC
model.

can be assigned as the (111)-oriented (Q = 0.74 A™'), the
(220)-oriented (Q = 1.20 A™'), the (311)-oriented (Q = 1.42
A7), and the (222)-oriented (Q = 1.50 A™") FCC phases of
the C., respectively.”® The (111) and (222) peaks have high
peak intensities compared to other peaks. When the 5% TAPC-
doped C, film is grown on the 1-nm-thick Cul deposited on a
ReO;/ITO substrate, the intensity of the (111) peak is
remarkably increased compared to the film grown on ReOj;,
indicating that the crystallinity increases significantly with Cul.
The pattern also shows a shoulder at Q = 0.8 A™!, which is not
shown from the sample without Cul in addition to the (111)-
oriented FCC phase of Cul.>* The shoulder can be assigned as
the (101)-oriented HCP phase of C,, originating from the
stacking fault of the (111)-oriented FCC phase of C,,.>> The
peak of the stacking fault is very broad compared to other peaks
because of the anisotropic property of Cy,.*® Including the
stacking fault, the crystallinity of the FCC phase was increased
remarkably, especially the (111)-oriented FCC phase. The
results clearly indicate that the templating layer significantly
improves the crystallinity of the C,, film doped with 5% TAPC
on the ITO substrate. Interestingly enough, the morphology
did not change much even though the crystallinity in the grains
increased significantly by introducing the Cul layer (Figure S4
in the Supporting Information, SI).

Hole mobilities in the active layer were extracted from the
current density—voltage (J—V) curves of hole-only devices in
the space-charge-limited current (SCLC; Figure 2). The device
structures are ITO (150 nm)/ReO; (1 nm)/with or without
Cul (1 nm)/5% TAPC-doped C,, (500 nm)/ReO; (S nm)/Al
(100 nm). The ReOj layers were used in the devices to form an
ohmic contact for hole injection at the anode side and to block
electron injection at the cathode side. The built-in potential in
the device was expected to be negligible because of the ReO;
layers. In contrast, the built-in potential in the active layer
cannot be negligible when the 1-nm-thick Cul layer was
inserted between ReOj; and the active layer because Cul has a
different work function from ReO;, leading to modification of
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Figure 3. (a) J—V characteristics with and without the Cul templating
layer under AM 1.5G illumination. The device structures are ITO/
ReOj; (1 nm)/with or without Cul (1 nm)/5% TAPC-doped C, (60
nm)/BCP (8 nm)/Al (100 nm). (b) IPCE data for the devices.

the energy level alignment. The built-in potential of the device
with the Cul layer was estimated from the difference of the
built-in potentials of the devices of ITO (150 nm)/ReO; (1
nm)/with or without Cul (1 nm)/C,, (60 nm)/BCP (8 nm)/
Al (100 nm). The built-in potentials of the devices with and
without the Cul layer were calculated as 0.986 and 0.763,
respectively, from analysis of the capacitance—voltage character-
istics using the Mott—Schottky relationship shown in Figure S1
in the SL*7** On the basis of measurements, the hole-only
device with the Cul layer was assumed to have a built-in
potential of —0.22 V. With consideration of the built-in field,
hole mobilities in the active layer from SCLC fitting increased

from 8.32 X 107 to 3.26 X 10™° cm?/(V s) when the 1-nm-
thick Cul layer was inserted between ReOj and the active layer.
The increased hole mobility was consistent with enhancement
in the crystallinity of the TAPC-doped C, film when deposited
on Cul. The electron mobility also increased from 3.4 X 107° to
5.3 X 107 cm?/(V s) upon insertion of the Cul layer, which
was measured by the time-of-flight method using the structures
of ITO (150 nm)/with or without Cul (1 nm)/5% TAPC-
doped C,, (1000 nm)/Al (100 nm) shown in Figure SS in the
SL

Figure 3a shows the J—V characteristics of the OPV cells with
the structure of ITO (150 nm)/ReO; (1 nm)/with or without
Cul (1 nm)/5% TAPC-doped C,, (60 nm)/BCP (8 nm)/Al
(100 nm) in the dark and under illumination of an AM 1.5G
100 mW/cm? solar simulated light source. Table 1 summarizes
the solar cell performance of J¢, Vo, FF, PCE, and the series
resistance (Rg) obtained by fitting the dark J—V curves with the
Shockley diode equation. The OPV cells show the same Vi
value of 0.91 V, because it was determined by the HOMO of
TAPC and the lowest unoccupied molecular orbital (LUMO)
of Cyq. Jsc of two devices also show the same value of 12.0 mA/
cm? with the same absorption spectra (shown in Figure S2 in
the SI). This value is close to the calculated photocurrent using
the transfer matrix method and the refractive indices measured
by variable-angle ellipsometry, as shown in Figure S3 in the SI.
The very good match between the experimental and calculated
Jsc values indicates that the 1-nm-thick ReOj layer acts as an
efficient hole extraction layer because of its high work function,
leading to a large built-in field distributed in the device at short-
circuit conditions. In contrast, FF increases from 51.2% to
57.1% by insertion of the Cul templating layer. It can be
understood based on the electron and hole mobilities. In spite
of the high electron mobility of the film, a low hole mobility of
the film results in an accumulation of hole carriers in the film,
leading to bimolecular recombination and reduced FF.
However, the use of the Cul layer enhances the hole mobility,
improves hole extraction, and reduces bimolecular recombina-
tion in the device, leading to an increase of the FF and PCE of
the solar cells with low donor concentration.

The incident photon-to-electron conversion efliciencies
(IPCEs) of the OPVs with and without the Cul templating
layer are shown in Figure 3b. The IPCE of the device with Cul
is slightly higher than that of the device without Cul in the
range from 480 to 700 nm. This is due to enhanced charge
extraction caused by an increase in the hole mobility. The IPCE
data were used to calculate Jsc using the AM 1.5G solar
spectrum, and the calculated Js: values of the OPV cells with
and without Cul layer were 11.7 and 11.5 mA/cm?, resulting in
the corrected PCEs of 6.10% and 5.36%.

4. CONCLUSION

The use of Cul as the templating layer in a C,y-based low-
donor-concentration organic solar cell improves the FF
significantly from 0.51 to 0.57 without any change in Jc and

Table 1. Solar Cell Performance with and without the Cul Templating Layer”

PCE (%) Jsc (mA/ sz) Voc (V)
without Cul 5.59 + 0.33 12.0 £ 0.2 091 + 0.01
with Cul 6.23 + 0.04 12.0 + 0.2 091 + 0.02

FF (%) R (Q cm?) n Js (mA/cm?)
512 + 2.5 2.17 1.51 6.59 x 107!
571+ 0.8 2.08 1.47 5.51 x 1071

“The series resistance (Rg), ideality factor (1), and dark saturation current density (Js) are obtained by fitting the dark J—V curve with the Shockley

diode equation.
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Voc to increase the PCE from 5.59% to 6.23%. It turned out
that the improvement comes from the increased crystallinity of
C, in the active layer and from an increase in the hole mobility
to get better charge extraction and less electron—hole
recombination in the active layer. This result clearly
demonstrates that not only the crystallinity of the donor
materials but also the crystallinity of fullerene derivatives is
important in organic solar cells especially in low-donor-
concentration organic solar cells, and the use of Cul as a
templating layer is effective to increase the crystallinity of
fullerene derivatives as well as the donor materials.
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Capacitance—voltage characteristics of Schottky solar cells,
calculated Jsc of the solar cell by a transfer matrix method,
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