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Molecular orientation, morphology of donor (D)/acceptor (A) interface and photoabsorptivity in organic bilayer
solar cells were controlled using Au nanodots with an ~20 nm diameter inserted between the bottom electrode
and the organic layer. Copper phthalocyanine (CuPc) molecules deposited onto the Au nanodot-coated electrode
were mostly oriented face-on with large surface roughness, which is beneficial for photoabsorption, charge sep-
aration and transport. Furthermore, Au nanodots exhibit blue-shifted plasmon bands so that CuPc absorbs light
Keywords: more efficiently than that on thin Au layer. Bilayer Cgo/CuPc solar cells containing Au nanodots exhibited 1.4
Copper phthalocyanine times higher photoelectric conversion efficiency than those without Au nanodots. Factors for the enhanced
Ceo efficiency are (i) improvement of the optical absorption characteristics by face-on orientation of CuPc and
Organic photovoltaics (ii) increase of the D/A heterointerface area. In addition, the shift of the plasmon absorption band of Au by the
Optical properties formation of nanodots makes absorption of the CuPc layer much more efficiently, resulting in better photovoltaic

Electronic properties output.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Organic solar cells (OSCs) have recently gained increasing attention
due to their advantages, which include reduced weight, mechanical
flexibility and cheap and simple fabrication [1]. In particular, organic
thin film solar cells have been vigorously developed and power conver-
sion efficiencies (PCEs) as high as 10% were recently achieved [2,3]. In
organic thin film solar cells, the interface between electron donor (D)
and acceptor (A) molecular layers plays an important role, where a
large D/A interface area is required for high charge separation efficiency,
leading to better PCE [4-8]. Charge transport and collection properties
as well as photoabsorption properties of the organic layers are crucial
for the device performance [9-12].

In this study, we investigate the control of the molecular orientation,
morphology of the D/A interface and the photoabsorptivity of the or-
ganic layer for the purpose of enhancing PCE of bilayer OSCs (Fig. 1a)
[13,14]. Copper phthalocyanine (CuPc) and Cgo-fullerene are used as or-
ganic D and A layers, respectively (Fig. 1b). CuPc is known to form a thin
film with an edge-on orientation on SiO,-covered Si, indium-tin-oxide
(ITO), and PEDOT:PSS-coated substrate surfaces (PEDOT = poly(3,4-
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ethylenedioxythiophene), PSS = poly(styrenesulfonate)) [15-17].
However, this edge-on orientation is not appropriate for charge carrier
transport in sandwich-type OSCs, since the direction of charge transport
is perpendicular to the surface of the substrate. On the other hand, on Au
surfaces, CuPc tends to stack with a face-on orientation [18-20], which
is better for charge transport in OSCs. Here, we utilize a thin layer of Au
between the ITO electrode and the organic layer. For increasing Cgg
(A)/CuPc (D) interface area, we fabricated a dot-like structure of Au
with an average diameter (d,,) of 18 nm, which is close to the exciton
diffusion length (~20 nm). We found that CuPc, deposited on the Au
dot-coated ITO electrode, has face-on orientation, and that Cgo/CuPc bi-
layer photovoltaic (PV) cells using the Au nanodots exhibit 1.4 times
higher PCE values than those without the Au nanodot layer.

2. Experimental details

For the preparation of Au dots, a thin Au layer (2 nm) was deposited onto
a flat ITO glass substrate (Geomatec Co. Ltd.). The Au film was annealed at 800
°C for 10 min under an inert atmosphere (0.5 L min~' N, gas flow) using an
infrared lamp annealer. The resultant Au nanodots were characterized by
scanning electron microscopy (SEM, Hitachi model S-4800 field-emission
scanning electron microscopy, operation voltage: 10 kV) and atomic force mi-
croscopy (AFM, SlI-Nanotechnology model S-image scanning probe microsco-
py). Compounds, CuPc, Cgp and bathocuproin (BCP) [21,22], were purchased
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Fig. 1. (a) Schematic representation of the device structure of Al/BCP/Cgo/CuPc/Au (dots)/
ITO photovoltaic cell. (b) Molecular structures of Cgo and CuPc.

from Aldrich Chemical Co. Ltd. and CuPc was purified twice by thermal subli-
mation in a reduced pressure (<5.0 x 10~ Pa). For the fabrication of organic
bilayer solar cells, CuPc (20 nm), Cgo (40 nm) and BCP (10 nm) were subse-
quently deposited onto an ITO glass substrate (width of ITO electrode line:
2 mm) with and without the Au layer (2-nm-thick film or nanodots). The de-
position rate, substrate temperature and background pressure were 0.2 As™1,
25°Cand 5.0 x 10~ Pa, respectively. Then, an Al top electrode (40 nm-thick,
0.5 mm-width) was deposited onto the organic layer. Electronic absorption
spectroscopy was measured at 25 °C with a JASCO model V-570 UV/vis/NIR
spectrophotometer, where the background absorption by the ITO glass sub-
strate was subtracted. X-ray diffraction (XRD) measurements were performed
at 25 °C with a RIGAKU model Miniflex 600 diffractometer (wavelength:
1.5406 A), equipped with a model D/Tex Ultra2-MF high-speed 1D detector.
Photovoltaic properties were evaluated at 25 °C under an atmosphere using
a Keithley 4200-SCS semiconductor parameter analyzer, where
photoillumination was performed with a SAN-EI model XES-502S solar simu-
lator (AM1.5G, 100 mW cm™2). The light power density was measured using
an EKO Instruments model ML-020 silicon photodiode. Dark-field cross-
section scanning transmission electron microscopy (XSTEM) was performed
with an FEI model Helios NanoLab DualBeam microscope operating at
30KkV and 22 pA. For the sample preparation, an area of 10 x 5 um? is covered
with 3 pum of Pt from a precursor gas. The first 500 nm is deposited by only
using the electron beam before turning on the Ga focused ion beam (FIB) to
avoid ion implantation. The surrounding material is then removed by milling
10 pum deep trenches using the FIB and the uncovered piece is attached to a
micro-manipulator by using FIB Pt deposition. The base is then removed by
the FIB and the isolated piece is attached to a copper grid. For XSTEM, the
cross-section is thinned using the FIB to about 100 nm. During the thinning,
the ion beam current is gradually decreased, which reduces surface roughness
and Ga accumulation. The final dimension of the cross-section is about
10 x 5 x 0.1 pm?>,

3. Results and discussion

Fig. 2a shows SEM images of an Au thin layer on an ITO substrate be-
fore annealing, displaying that the Au layer consists of fused small dots
with d,, of 6-8 nm. When annealed at 400 °C, the morphology of the Au
film hardly changed. However, as the annealing temperature increased
above 600 °C, the dots gradually aggregated, and, after 800 °C anneal-
ing, the dot size increased to ~18 nm and each dot became separated
(Fig. 2c) [23]. By means of AFM, we determined an increase in the
maximum height (hyax) by 6.1 nm (12.9 — 19.0 nm; Table 1) after an-
nealing, and a significant increase in the root-mean-square (RMS)
roughness of the surface (Table 1, Fig. 2b and d). In addition to the mor-
phological change, the photoabsorption maximum, related to the Au
plasmon, blue-shifted from 650 to 550 nm because of the formation of
isolated nanodot structures (Fig. 3a, inset) [24,25]. Noteworthy, the
ITO electrode was hardly damaged by the short-time annealing at
800 °C, accompanying a slight increase of the resistance (roughly
twice).

Fig. 3b shows XRD patterns of these films. The CuPc thin film, depos-
ited directly onto the ITO glass substrate, exhibited a diffraction
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Fig. 2. SEM (a, ¢) and AFM (b, d) images of Au films (2 nm, a, b) and Au nanodots (c, d) on
ITO glass substrates. AFM images of CuPc thin films deposited on ITO (e), Au (film)/ITO
(f) and Au (dot)/ITO (g).

maximum at 20 = 6.8°, corresponding to the (200) peak of a-CuPc
[26]. This indicates that CuPc aligns with an edge-on orientation. In con-
trast, the CuPc thin film on Au film displayed significantly smaller dif-
fraction intensity, indicating that CuPc mostly orients in a face-on
manner. Furthermore, the intensity of the (200) diffraction for CuPc
thin film on Au nanodots is not as strong as for CuPc on ITO, but larger
than for CuPc on Au thin film. Therefore, CuPc most likely aligns with
a face-on orientation on Au nanodots and with an edge-on orientation
on the ITO surface, as depicted in Fig. 1a. According to AFM images,
the surface morphology of CuPc thin films on Au dot-coated ITO was
clearly different from those on Au thin film or on bare ITO (Fig. 2e-g).
For example, hyax and RMS roughness of CuPc thin film on ITO
(Fig. 2e) were 10.8 and 1.9 nm, respectively, while the corresponding
values for CuPc on Au dot-coated ITO (Fig. 2g) were 20.8 and 3.4 nm,

Table 1
Maximum height (hnax), average diameter (d,,) and RMS roughness of ITO, Au (film)/ITO,
Au (dot)/ITO, CuPc/ITO, CuPc/Au (film)/ITO and CuPc/Au (dot)/ITO determined by AFM.

Hmax (Nm) day (Nm) RMS (nm)
ITO 11.7 - 18
Au (film)/ITO 129 - 19
Au (dot)/ITO 19.0 18.0 29
CuPc/ITO 108 58.1 19
CuPc/Au (film)/ITO 146 337 20
CuPc/Au (dot)/ITO 208 399 34
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Fig. 3. (a) Electronic photoabsorption spectra of CuPc/ITO (black), CuPc/Au (film)/ITO
(blue) and CuPc/Au (dot)/ITO (red). For all spectra, the contributions to the
photoabsorption from the ITO glass substrate and the Au (film, dot) were subtracted.
Inset shows electronic photoabsorption spectra of a thin Au film (blue) and Au nanodots
(red) on ITO glass substrates. (b) XRD patterns of CuPc thin films on ITO (black), Au
(film)/ITO (blue) and Au (dot)/ITO (red).

respectively (Table 1). Remarkably, the RMS roughness of the CuPc thin
film on Au nanodots (Fig. 2g) was even larger than that of CuPc on Au
nanodots (2.9 nm, Table 1 and Fig. 2d). This can be explained by the
fact that the face-on oriented CuPc on the Au dots grows faster than
the edge-on oriented CuPc on ITO, as schematically depicted in Fig. 1a
[10].

The PV properties of the organic bilayer cells (Al/BCP/Cgo/CuPc/(Au
film or dots)/ITO) were investigated. Fig. 4 shows the current density
(J)-voltage (V) profiles, where the PV cells with Au nanodots displayed
open-circuit voltage (Voc), short-circuit current (Jsc), and fill factor (FF)
0f 040V, 7.2 mA cm™—2 and 0.38, respectively. The PCE value was 1.10%
(Table 2), which was 1.4 times higher than that of the sample prepared
on bare ITO (PCE = 0.80%) and 1.5 times higher than that of the sample
prepared on a thin Au layer (PCE = 0.74%, Table 2).

We consider that the following two factors contribute to the
PCE enhancement in the PV cells with Au nanodots: (i) enhanced
photoabsorption properties of CuPc caused by the face-on orientation
of CuPc and by an absorption shift of Au accompanied by a formation
of nanodots and (ii) increased D/A interface area caused by the surface
corrugation. Regarding point (i), the transition dipole moment of CuPc
lies in the plane of the molecular disk, therefore the face-on orientation
of CuPc will show a higher absorbance than the edge-on orientation. In
fact, CuPc on Au nanodot-coated ITO exhibits a larger net absorbance
than CuPc on bare ITO (Fig. 3a). On the other hand, the incorporation
of Au has a disadvantage, as the Au layer absorbs or reflects light,
which reduces the light intensity reaching the organic layer. In this
regard, the Au nanodots have an advantage over the continuous Au
layer, since the Au nanodots show blue-shifted plasmon bands (650
— 550 nm, Fig. 3a, inset) so that the overlap of the plasmon absorption
with the Q-band of CuPc (550-800 nm: Fig. 3a) is reduced. As the result,
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Fig. 4. -V characteristics of Cgo/CuPc/ITO (black), Cso/CuPc/Au (film)/ITO (blue) and Cgo/
CuPc/Au (dot)/ITO (red) photovoltaic cells under illumination with an AM1.5G solar
simulator.

Table 2

Voc, Isc, FF and PCE of PV cells consisting of Cgo/CuPc/ITO, Cgo/CuPc/Au (film)/ITO and
Cgo/CuPc/Au (dot)/ITO upon illumination with an AM1.5G (100 mW cm™?2) solar
simulator.

Voc (V) Jsc (MA cm™2) FF PCE (%)
Ce0/CuPc/ITO 039 48 043 0.80
Ceo/CuPc/Au (film)/ITO 039 5.0 038 0.74
Ceo/CuPc/Au (dot)/ITO 040 72 038 1.10

. -— o — [

- L ~<~— BCP —>

CGD

~«— CuP¢ —>
- Ay —»=

© 20nm
—

20 nm
e

- [TO —

Fig. 5. Dark-field XSTEM images of the Cgo/CuPc bilayer PV devices on Au (film)/ITO
(a) and Au (dot)/ITO (b). The broken lines indicate the interface between Cgo and CuPc.

Jsc of the PV cell using Au nanodot (7.2 mA cm™2) displays the higher
values than that without Au dots (4.8 mA cm™2) and even with Au
film (5.0 mA cm~2). Regarding point (ii), the RMS roughness of the
CuPc layer is 1.8 times increased by inserting the Au nanodot layer
(1.9 — 3.4 nm, Table 1), which results in an increase of D/A interface
area. As a consequence, excitons can readily reach the D/A interface,
leading to an enhancement of the charge separation efficiency. XSTEM
experiments show that the Cgo/CuPc interface is more corrugated in
the cell with Au nanodots (Fig. 5b) than in that with Au film (Fig. 5a).
On the other hand, FF is reduced when the Au layer (film or dot) is
inserted between CuPc layer and ITO electrode (0.43 — 0.38). We ini-
tially anticipated that the face-on orientation of CuPc might enhance
the charge transport properties in CuPc layer [27], which will lead to
the better FF values. It is likely that the charge collection properties be-
come worse when an Au layer is inserted between CuPc layer and ITO
electrode. Overall, these factors contribute to the increase of the total
PCE for PV cells with an inserted Au nanodot layer. Note that the effect
of charge separation by a strong electric field generated by the surface
plasmon of the Au dots [28-32] is likely small because, in bilayer PV
cells, the direction of the enhanced electric field is perpendicular to
the stacked direction of the bilayers.

4. Conclusion

We fabricated organic bilayer photovoltaic cells with inserted Au
nanodots between the transparent electrode and the organic layer.
Due to the well-optimized photoabsorption, donor/acceptor interface
and molecular orientation, the photovoltaic device exhibited 1.4 times
higher power conversion efficiency than a reference sample without
Au dot layer. This study proves the importance of the molecular orienta-
tion that influences the absorptivity of the organic layer in organic pho-
tovoltaics. Au nanodots are also useful to corrugate and enlarge the
donor/acceptor interface, which contribute to the enhancement of
charge separation efficiency.
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