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ABSTRACT To enhance the performance of organic photovoltaic (OPV) cells, preparation of organic nanometer-sized pillar arrays is
fascinating because a significantly large area of a donor/acceptor heterointerface having continuous conduction path to both anode
and cathode electrodes can be realized. In this study, we grew cupper phthalocyanine (CuPc) crystalline nanopillar arrays by
conventional thermal gradient sublimation technique using a few-nanometer-sized trigger seeds composed of a CuPc and 3,4,9,10-
perylene-tetracarboxylic-dianhydride (PTCDA) stacked layer. We optimized the pillar density by tuning crystal growth condition in

order to apply it to OPV cells.
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INTRODUCTION
ecently, the power conversion efficiency (17pcg) of

organic photovoltaic (OPV) cells has been increased

dramatically (1—6). However, their #pce values are
still lower than those of inorganic cells. To enhance the 17pce
of OPV cells, morphological control of organic donor/accep-
tor interfaces achieved by introducing nanostructures is
thought to be crucial because the exciton diffusion length
of organic materials is quite short, typically less than 10 nm
(7). For example, it has been well-established that bulk
heterojunction OPV cells containing codeposited low mo-
lecular weight materials (2, 3) or phase-separated polymer
materials (4, 5) show higher #pce than OPV cells with
conventional simple planar heterojunction structures. This
is because the more complex structures provide a donor/
acceptor heterointerface of larger area. However, the un-
controlled random distribution of donor and acceptor units
would result in the formation of locally discontinuous carrier
conduction pathways, leading to the formation of carrier
trapping sites and a low carrier collection efficiency. To
maximize carrier separation and collection efficiencies, well-
controlled donor/acceptor heterointerfaces composed of
artificial nanostructures are required. In particular, 20—30
nm sized pillar arrays are ideal for this concept (8—11)
because these structures provide high-efficiency exciton
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dissociation with efficient carrier transport to both the
cathode and anode.

Nanopillar arrays have been formed by both top-down
and bottom-up approaches. Nanoimprinting has been widely
used as a top-down process (9, 10). However, because the
application of this technique to produce organic thin films
using 100 nm sized fine molds is problematic, particularly
the delamination process, bottom-up approaches are more
realistic for practical device fabrication to obtain a uniform
large area. In this paper, we report the formation of crystal-
line nanopillar arrays using a completely dry fabrication
process and the application of these arrays in OPV cells.

EXPERIMENTAL METHODS

For nanopillar formation, a simple seeding technique was
used. Nanopillars were grown by conventional thermal gradient
sublimation (12) on a layer of tiny seed crystals with a size of
several tens of nm. Here, copper phthalocyanine (CuPc) was
used as an electron donating material for pillar formation.
Because CuPc single crystals usually show needlelike structures,
nanopillar arrays were anticipated to form on a seed layer. To
grow CuPc nanopillar arrays on a substrate, we first prepared a
seed layer composed of 3,4,9,10-perylene-tetracarboxylic-di-
anhydride (PTCDA) (3 nm)/CuPc (3 nm), which was formed by
conventional vacuum deposition. When the seed layer is com-
posed of CuPc alone, the growth direction of CuPc crystals was
along the plane of the substrate (Figure 1a) because the CuPc
seeds had an edge-on orientation on the substrate (13). In
contrast, when a PTCDA/CuPc stacked layer was formed, the
first layer of deposited PTCDA molecules showed a face-on
orientation on the substrate and the successive CuPc layer
showed a horizontal orientation (13—17), resulting in the face-
on orientation of the CuPc layer during growth of the CuPc
pillars. Thus, the CuPc molecules showed a face-on orientation
in the pillars (Figure 1a), which is the ideal structure in terms of
carrier transport.
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FIGURE 1. Schematic illustration of (a) CuPc pillar growth charac-
teristics with each seed layer and (b) sublimation system for
crystalline pillar formation.

FIGURE 2. SEM images of (a) the PTCDA/CuPc seed layer and CuPc
crystals (b) on a CuPc seed layer and (c) on a PTCDA/CuPc seed layer
at source temperature of Ts = 370 °C and a growth temperature of
T = 215 °C.

The PTCDA, CuPc, and bathocuproine (BCP) used in this
study were purchased from Tokyo Chemical Industry and were
purified twice by conventional sublimation. For device fabrica-
tion, indium tin oxide (ITO)-coated glass substrates were first
washed with neutral detergent and organic solvent and cleaned
by UV/O5 treatment. Then, 3 nm thick PTCDA and 3 nm thick
CuPc stacked seed layers were formed by vacuum deposition
under a vacuum of <1 x 107> Pa on the ITO substrate with a
deposition rate of ~0.01 nm/s. The substrate was transferred
into a vacuum sublimation chamber with unavoidable exposure
to the air. CuPc pillar arrays were grown on the substrate in a
quartz tube under vacuum (~1 x 1072 Pa) as shown in Figure
1b. The source temperature (Ts) and growth temperature (7¢)
were kept at 355—380 °C and 85—215 °C, respectively. After
crystal growth, the substrate was transferred into a glovebox
with re-exposure to the air. An acceptor layer of 6,6-phenyl-Ce;-
butyric acid methyl ester (PCBM) was applied by spin-coating.
PCBM was dissolved in chlorobenzene (30 mg/mL) and spun
onto the CuPc layer (2500 rpm, 60 s). The substrate was then
baked at 120 °C for 3 min. The substrate was transferred into
a vacuum chamber and a BCP layer with a thickness of 10 nm
was deposited on the active layer to act as a hole-blocking layer.
Finally, an Ag top electrode (50 nm) was deposited onto the
organic layer through a shadow mask with circular openings of
I mm diameter. 7pce and current density—voltage (J—V) char-
acteristics were measured under AM 1.5 G illumination at 100
mW/cm?, which was supplied by a solar simulator (OTENTO-
SUN II, Bunko-Keiki Co.), using a semiconductor parameter
analyzer (4156C/41501B, Agilent Co.). All measurements were
conducted under vacuum. The molecular orientation of CuPc
was measured by X-ray diffraction (XRD, Ultima IV, Rigaku Co.,
Cu—Ka, 4 = 1.54 A), and the CuPc nanopillar arrays were
characterized by field-emission scanning electron microscopy
(FE-SEM, JSM-6701F, JEOL Co.).

RESULTS AND DISCUSSION
Figure 2a shows the PTCDA (3 nm)/CuPc (3 nm) stacked

layer on a SiO; substrate, which exhibit small island struc-
tures. CuPc pillar structures were grown using this seed
layer. Although flake-like CuPc crystals possessing a parallel
orientation to the substrate were obtained on a CuPc seed

www.acsami.org

= POy o 23F
=F 5 =ik ] .
g YR

£ s = 3 | | ¢
g 28 =% ‘.'\ |- |
2 § & J I
2 E| AN
%’ i 2 25 U ]
- 24 (deg.)
s InO: .(21 1) In0: (222) i
1 9 I SR S
g with CuPc seeds layer H '
8 i

with PTCDA/CuPc seeds Iay.eri ‘

10 20 30 40

29 (deg.)

FIGURE 3. XRD patterns of CuPc crystals on CuPc and PTCDA/CuPc
seed layers. Inset: Schematic view of the growth direction of CuPc
crystals. Inset: Close-up XRD pattern of CuPc crystals on PTCDA/
CuPc seed layer and Miller indices of peaks.

layer (Figure 2b), ideal wirelike CuPc pillar arrays that grew
perpendicular to the substrate were obtained using the
PTCDA/CuPc seed layer (Figure 2c).

The XRD patterns of the two obtained structures provided
further confirmation of these differences. Figure 3 shows the
XRD patterns of the CuPc nanopillar arrays grown on CuPc
and PTCDA/CuPc seed layers. With a CuPc seed layer, a
diffraction peak at 260 = 7.02° was obtained and its d spacing
was d = 0.704 nm, which corresponds to the $(001) plane
(18), indicating that the b-axis of the CuPc molecules was
parallel to the substrate. On the other hand, with a PTCDA/
CuPc seed layer, the diffraction peak at 20 = 7.02° disap-
peared and other diffraction peaks at 24.03, 24.92, 26.35,
26.70, and 27.67° were obtained. Their d specings were d
=0.370, 0.357, 0.338, 0.333, and 0.322 nm, respectively,
and they corresponded to the a(11—1), o(11—2), f(41—2),
a(31—2), and o(31—3) planes, respectively (18). This indi-
cates that the b-axis of the CuPc molecules was perpendicu-
lar to the substrate. Thus, the growth of CuPc nanopillar
arrays was successfully achieved by the use of a PTCDA/
CuPc seed layer.

Because the obtained CuPc nanopillars were rather long,
the crystal growth conditions were optimized for application
of the nanopillar arrays in OPV devices. SEM images of the
nanopillar arrays obtained under controlled growth condi-
tions are shown in Figure 4a—d. In the conditions used to
produce the film shown in (a), the growth temperature was
kept at Ts = 355 °C and Tg = 150 °C and heating was
maintained for a short time of a few minutes. Although the
length of each pillar was well controlled between several tens
of nanometers and several hundred nanometers, the dis-
tance between the adjacent pillars was around 100 nm,
which is rather wide compared with the exciton diffusion
length of a PCBM layer (>5 nm) (19). Here, we supposed that
aggregation of the seeds occurred during heat annealing.
Thus, pillar arrays were grown at the lower temperature of
Tg = 85 °C. Figure 4b shows an SEM image of the CuPc
nanopillar arrays grown at Ts = 380 °C and T¢ = 85 °C.
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FIGURE 4. SEM images of CuPc crystalline pillar structures grown on an ITO substrate. (a) Ts = 350 °C and Tg = 150 °C, (b) Ts = 380 °C and
Tc = 85 °C, (c) Ts = 380 °C and T; = 85 °C on a MoOx/PTCDA/CuPc layer, (d) cross-sectional view of c, (e) Ts = 380 °C and Tg = 85 °Con a
MoOx/CuPc layer, and (f) OPV active layer fabricated by deposition of PCBM on the array shown in d.

FIGURE 5. TEM images of active layer.

Here, to prevent leakage current, a 3 nm thick MoOx buffer
layer was deposited on the ITO substrate, with the aim of
producing an OPV device (20). Thus, the PTCDA/CuPc seed
layer was deposited on an MoOx buffer layer and the CuPc
pillar structures were grown on it (Figure 4c). The cross-
sectional SEM image of these CuPc crystalline nanopillar
arrays (Figure 4d) shows that high-density CuPc pillar arrays
were obtained with pillars 30 nm in diameter and 10—100
nm in length. In the case of the MoOx/CuPc layer as a seed
layer, CuPc nanopillar arrays could not be obtained (Figure
4e) because CuPc molecules in the seed layer showed edge-
on orientation.

To confirm the existence of voids at the CuPc/PCBM
interface, we obatined the TEM image. Figure 5 shows the
TEM image of an ITO/MoOy/nanopillar arrays/PCBM layer.
From this image, CuPc nanopillar arrays were clearly ob-
served and there were no voids at the interface. Thus, we
conclude that the infiltration of PCBM into the CuPc pillars
occurred sufficiently using our spin-coating method.

Finally, the nanopillar arrays were applied to OPV cells.
Figure 6 shows the J—V characteristics of OPV cells contain-
ing the CuPc nanopillar arrays grown on CuPc and PTCDA/
CuPc seed layer under illumination and in the dark. In the
case of a CuPc seed layer, the cell exhibited the short circuit
current of jsc = —1.54 mA/cm?, the open circuit voltage of
Voc = 0.60V, the fill factor of FF = 0.44, and pce = 0.40 % .
In the case of a PTCDA/CuPc seed layer, the cell gave Jsc =
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FIGURE 6. J—V characteristics of OPV cells using MoOx/PTCDA/CuPc
(red) and MoOy/CuPc (black) seed layers under illumination (open
circles) and in the dark (filled circles). Inset: Cell performance of
the devices.

—1.44 mA/cm?, Voc = 0.55 V, FF = 0.43, and npce = 0.34 % .
The devices showed almost the same Jsc and 7pce, even
though the device containing a PTCDA/CuPc seed layer
possessed a donor/acceptor heterointerface with a larger
area. While the detailed mechanism of operation is unclear,
we suppose that the adsorption of moisture and oxygen onto
the donor/acceptor heterointerface during the device fabri-
cation process significantly degraded the device perfor-
mance. To obtain better device performance, we require
control over the pillar length and a fabrication process that
does not expose the device to air. Another reason for the
similar Jsc and #pce could be related to the electronic char-
acteristics of the PTCDA template layer, which would act as
a carrier trapping site between the ITO and CuPc layers due
to its deep HOMO level (~6.8 €V) (21). Furthermore, the
active layer has a rather rough surface due to the presence
of nanopillars of different length, which would lead to
deterioration of OPV performance (Figure 4f). Additionally,
we suppose exciton dissociation efficiency at the donor/
acceptor interface is different between the reference and
nanopillar cells. Since the direction of built-in electrical field
(E) at the interface is different in these devices, i.e., lateral
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direction of E in the pillar device and vertical direction of E
in the reference device, it will also influence the device
performance.

CONCLUSION
In summary, CuPc crystalline nanopillar arrays were

formed using a PTCDA/CuPc seed layer. The density and
length of the nanopillar arrays were well-controlled by
tuning the crystal growth temperature, and the structures
were applied in OPV cells. Although a significant improve-
ment in device performance was not obtained, better
control over the pillar length along with an improved
fabrication process will allow efficient OPV cells to be
realized using this design.
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