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Abstract

Organic solar cells using poly (copper phthalocyanine), copper tetrakis (4-cumylphenoxy) phtha-
locyanine, copper phthalocyanine and titanyl phthalocyanine were fabricated and characterized.
Photovoltaic properties of the solar cells with inverted structures were investigated by optical
absorption, current density-voltage characteristic and incident photon to current conversion effi-
ciency. These phthalocyanines absorbed light with wavelength longer than 500 nm. A carrier
transport mechanism is proposed based on the energy level diagram.
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1. Introduction

Organic solar cells based on organic semiconductors have been widely studied due to their low cost and easy fa-
brication process. Phthalocyanines have a great advantage for carrier mobility and photo-properties by changing
modification of molecular structures with various central metal and chemical substitution. Recently, phthalocya-
nine/fullerene solar cells have been investigated, and the conversion efficiency of ~2% was obtained [1] [2].
Phthalocyanines have a photovoltaic property, heat-resistance, light-stability, and high optical absorption in the
visible range, and are applied for semiconducting devices, catalyst for fuel cells and solar cells [3]-[6]. Many
studies on the modified phthalocyanine with various central metal atoms and chemical substitutions have been
reported to optimize electronic structures for improving photovoltaic performance, such as open circuit voltage
and conversion efficiency [7]-[10]. For example, the poly (copper phthalocyanine) (PolyCuPc) has high conduc-
tivity [11] [12]. The titanyl phthalocyanine (TiOPc) shows phase transition from H-aggregate (phase 1) to
J-aggregate (phase 1) that absorbs at longer wavelengths by exposure vapor toluene to TiOPc over a 1 h period,
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which is a practical method to convert Phase | to Phase 11 [13]-[16].

In spite of easy fabrication, organic solar cells are reported to be unstable because of photo-induced diffusion
of O, into Cg, or the reaction of Al electrodes with oxygen and water [17]. Solar cells incorporating non-corro-
sive Au electrodes have been recently developed to overcome the instability. Such solar cells have an inverted
device structure compared with the normal structure, in which photo-generated electrons flow through an exter-
nal circuit from the transparent working electrode to Au electrode [18].

The purpose of the present work is to fabricate organic photovoltaic cells with PolyCuPc, copper tetrakis (4-
cumylphenoxy) phthalocyanine (Tc-CuPc), copper phthalocyanine (CuPc) and TiOPc as donor materials and
[6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM) as an accepter material [19] [20]. Light-induced charge se-
paration was investigated, and a mechanism of the photovoltaic properties was discussed on the basis of experi-
mental results. The present work will suggest a guideline for optimizing the photovoltaic properties of inverted
organic solar cells using PCBM/phthalocyanine.

2. Experimental Procedures

Inverted bulk-heterojunction organic solar cells were fabricated as a following process. Indium tin oxide (ITO)
substrates (Xin Yan Technology, ~10 ©/o) were cleaned by an ultrasonic bath with acetone and methanol, and
were dried by nitrogen gas. The TiO, precursor solution was prepared by adding titanium isopropoxide (TTIP,
0.46 ml) to 2-methoxyethanol (2.5 ml) and acetylacetone (0.61 ml). The TiO, precursor solution was spin-coated
on ITO glass plates and annealed at 150°C for 60 min. The active layer was fabricated with a mixture of Poly-
CuPc (Sigma Aldrich Corp.) or Tc-CuPc (Sigma Aldrich Corp) and PCBM (American Dye Source, Inc) at
weight ratio of 1:2 in 1 mL o-dichlorobenzene on a TiO, layer by spin-coating method, and annealed at 140°C
for 20 min. A thin layer of poly(3,4-ethylenedioxy-thiophene):poly(4-styrene sulfonic acid) (PEDOT:PSS) was
spin-coated on the active layer. Gold (Au) was evaporated thermally as a top electrode under vacuum condition,
resulting in cells with an active area of 16 mm?,

CuPc and TiOPc-based solar cells were fabricated as a following process. PCBM as an acceptor material was
spin-coated on TiO, layer, and phthalocyanines as a donor material were evaporated in vacuum on the acceptor
layers. A TiOPc (Sigma Aldrich Corp.) film was spin coated by toluene, which changed Phase | to Phase Il [13].
A thin layer of PEDOT:PSS was spin-coated on the active layer. Au was evaporated as a top electrode in a va-
cuum. Structure models of the starting materials are shown in Figure 1(a). Schematic structures of the inverted
organic solar cells are shown in Figure 1(b) and Figure 1(c). The current density-voltage (J-V) characteristics
of the photovoltaic solar cells were measured both in the dark and under illumination at 1200 mW-cm™2 by using
AM 1.5 solar simulator (San-ei Electric, XES-301S) and potentiostat (Hokuto Denko Co., HSV-110).

The photovoltaic power conversion efficiency of solar cell is determined by following formula.

V, xJ, xFF

= Voo X X 1002\, xJ, xFF
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V. is the open circuit voltage, J is the short circuit current density and FF is the fill factor. Light intensity is
standardized at 100 mW/cm? of AM 1.5 spectrum. V. and Jnq are the voltage and current at the maximum
power point.

Optical absorption was investigated by means of ultraviolet-visible-near-infrared spectroscopy (Jasco V-670).
The incident photon-to-current efficiencies (IPCE) of the solar cells were obtained from the short-circuit photo-
currents under irradiation of monochromatic light.

3. Results and Discussion

Figure 2 shows X-ray diffraction patterns of TiOPc Phase | and TiOPc Phase Il films. No diffraction peak of
TiOPc Phase | at 26.3° was observed.

On the other hand, after the spin coated by toluene, a 010 diffraction peak at 26 = 7.58" (1.17 nm) due to
Phase Il is observed, and the crystallite size was calculated to be 34 nm by using using Scherrer’s formula.
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Figure 1. Structures of (a) starting materials, (b) bulk-heterojunction
and (c) heterojunction solar cells.
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Figure 2. X-ray diffraction patterns of TiOPc Phase | and TiOPc Phase
11 films.

Therefore, TiOPc was transformed from Phase | to Phase Il by toluene. The schematic illustrations of Phase |
and Phase Il structures are shown in Figure 3.

Figure 4 shows absorption spectra of PolyCuPc, Tc-CuPc, CuPc, TiOPc Phase | and TiOPc Phase 11 thin films.
The measurement region is in the range of 300 - 1000 nm. The optical absorptions at 370, 400, 340, 350 and 360
nm correspond to those of Soret band of PolyCuPc, Tc-CuPc, CuPc, TiOPc Phase | and TiOPc Phase 11, respec-
tively.

Figure 5 shows measured J-V characteristic curves of PCBM:PolyCuPc, PCBM:Tc-CuPc, PCBM/CuPc,
PCBMI/TiOPc Phase | and PCBM/TiOPc Phase Il solar cells. Measured parameters of the solar cells under illu-
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Figure 3. Schematic illustrations of Phase | and Phase II.

Wavelength (nm)

0.8
PolyCuPc
07 F '\ === Tc-CuPc
Py e CuPc
06 + " ‘ TiOPc Phase |
= . = - «TiOPc Phase Il
S | |
g 0.5 F 3
€ 1
8 4 7\
- (i }
o 04 -I’ ) ] N\ .
3 o '. / . / \
é .‘ o -, L “
b .
4 .
.
[N 5
'Ilﬁ ‘\-.»w...--"..,, Sl -l
0 L In L St N N k)l P P
300 400 500 600 700 800 900 1000

Figure 4. Absorption spectra of phthalocyanine thin films.

mination are summarized in Table 1. A solar cell with a PCBM:PolyCuPc structure showed the highest power
conversion efficiency (7). The PCBM:PolyCuPc solar cell provided 5 of 2.6 x 107%%, fill factor (FF) of 0.32,
and short-circuit current density (Jsc) of 0.23 mA-cm 2 and open-circuit voltage (Voc) of 0.35 V.

IPCE spectra of solar cells are shown in Figure 6. IPCE peaks at 350 and 550 - 950 nm correspond to the
PCBM and phthalocyanines, respectively. However, no special IPCE peak was observed from PolyCuPc, as
shown in Figure 6.

On the other hand, a strong IPCE peak at 350 nm was observed for the PCBM/PolyCuPc solar cell, which
would be due to the PCBM. It is thought that PolyCuPc with high conductivity did not work as p-type semicon-
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Table 1. Measured parameters of the present solar cells.

Device Structure Jsc (MA-cm?) Voc (V) FF 7 (%)
PCBM:PolyCuPc 0.23 0.35 0.32 0.026
PCBM:Tc-CuPc 0.033 0.20 0.32 0.0022
PCBM/CuPc 0.027 0.29 0.23 0.018
PCBMI/TiOPc Phase | 0.068 0.50 0.33 0.011
PCBM/TiOPc Phase Il 0.076 0.31 0.42 0.010
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Figure 5. J-V characteristics of the present solar cells.
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Figure 6. IPCE spectra of the present solar cells.

ductor but worked as carrier transport of PCBM. An IPCE peak of TiOPc was enhanced by phase changing from
I to Il. Therefore, the Jsc of PCBM/TiOPc Phase Il was higher than that of PCBM/TiOPc Phase I.

An energy level diagram of the present solar cells is summarized as Figure 7. Previously reported values were
used for the energy levels of the figures by adjusting to the present work [21]-[23]. In the cell with the inverted
structure, electrons are transported to the 1TO substrate, and holes are transported to the Au electrode. Voc of
organic solar cells is related with energy gap between highest occupied molecular orbital (HOMO) of phthalo-
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Figure 7. Energy level diagram of the present solar cells.

cyanine and lowest unoccupied molecular orbital (LUMO) of PCBM, and control of the energy levels is impor-
tant to improve the photovoltaic performance. Control of HOMO and LUMO is possible by exchange of a cen-
tral metal and introduction of a substituent group.

Most of heterojunction organic solar cells using phthalocyanines and Cg, were fabricated by a vacuum deposi-
tion method. In the present work, soluble phthalocyanine and PCBM were spin-coated by the solution process.
The present method without vacuum condition is low cost and easy fabrication process. PolyCuPc was reported
to provide high electronic conductivity [12], and no data was reported on solar cells. The efficiency of PolyCuPc
was higher than that of monomer CuPc and Tc-CuPc, and the PolyCuPc would be suitable for solar cells device
application. The TiOPc Phase Il with the shuttle cock-type structure also provided higher IPCE and FF as com-
pared with Phase I, which would be suitable for the solar cell application [23].

4. Conclusion

Organic solar cells using PolyCuPc, Tc-CuPc, CuPc or TiOPc were fabricated and characterized. These phtha-
locyanines absorbed light with wavelength longer than 500 nm, and the transition of TiOPc from Phase | to
Phase Il accelerated by exposure to toluene extended the absorption wavelength up to 950 nm. A device with an
inverted structure using PCBM:PolyCuPc provided Voc of 0.35 V, Jsc of 0.23 mA-cm 2, FF of 0.32, and 5 of
0.026%. A carrier transport mechanism is proposed based on the energy level diagram.
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