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ABSTRACT

[6,6]-phenyl Cg;-butyric acid methyl ester: poly (3-hexylthiophene) bulk heterojunction solar cells doped with germa-
nium phthalocyanine or germanium naphthalocyanine 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 efficiency. These germanium phthalocyanine and germanium naphthalocyanine
blended as the third component absorbed light with wavelength longer than 700 nm. Morphology of solar cells was in-
vestigated by atomic force microscopy, and energy levels of the solar cells were discussed for power conversion effi-

ciency.
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1. Introduction

Solar cells are expected to solve problems of environ-
mental pollution and exhaustion of fossil fuel, and de-
velopment and practical use of the solar energy are
needed. Organic solar cells have an advantage for re-
newable energy resources due to their low cost, light
weight and flexible, and they are fabricated at low tem-
peratures by spin-coating and printing methods [1-3].
Recently, polymer solar cells using poly (3-hexylthio-
phene) (P3HT) and [6,6]-phenyl Cg -butyric acid methyl
ester (PCBM) have been investigated, and the conversion
efficiency of ~5% was obtained [4-6].

Metal phthalocyanines (MPc) and naphthalocyanines
(MNc) are group of small molecular materials with Q-
band absorption in the red to near-infraded range, and
they have high optical, chemical stability and photo-
voltaic property. Therefore, they are used for donor ma-
terials of organic solar cells. The heterojunction solar
cells using copper phthalocyanine and fullerene have
been fabricated by evaporation method, and its power
conversion efficiency was ~3% [7]. The characteristics
such as electronic conductivity, crystalline structure and
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absorption range change by changing a central metal
[8-11].

The organic solar cells such as using P3HT and PCBM
exhibit incident good photon to current conversion effi-
ciency (IPCE) and fill factor (FF). The device perform-
ance of such polymer solar cells can be enhanced by
preparation condition such as annealing temperature,
concentration and film thickness [12-15].

Addition of the third components such as phthalocya-
nine, naphthalocyanine and low bandgap polymers, is
expected to absorb light with wavelength that the P3HT
and PCBM cannot collect. Especially, phthalocyanines
absorb near-infrared region of light, and are used widely.
MPc and MNc are dissolved into organic solvents. Ap-
plication to the device process using a spin-coating
method is possible for the solubilization.

The purpose of the present work is to fabricate and
characterize bulk heterojunction polymer solar cells with
inverted structures using PCBM, P3HT and soluble
tetrakis(tert-butyl)[bis(trihexylsiloxy)germanium 2,3 ph-
thalocanine] (GePc) or tetrakis(trimethylsilyl)[hydroxyl-
gerumanium-2,3-naphthalocyanine] (GeNc). GePc and
GeNc were added as the third component for PCBM:
P3HT solar cells. Photovoltaic mechanism, the light in-
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duced charge separation and charge transfer of the solar
cells with inverted structures ware discussed on the basis
of light-induced current density-voltage (J-V) curves,
IPCE and optical absorption. Surface structures of thin
films were also investigated by atomic force microscopy
(AFM), and an energy level diagram of the present solar
cells was discussed for power conversion efficiency.

2. Experimental Procedures

Organic semiconductor materials used in present work
are shown in Figure 1. Solar cells with an inverted struc-
ture were fabricated by a following process. Indium tin
oxide (ITO) substrates (Xin Yan Technology, ~10 Q/o)
were cleaned by an ultrasonic bath with acetone and
methanol, and were dried by nitrogen gas. The TiOy
precursor solution was prepared from titanium isopro-
poxide (TTIP), 2-methoxyethanol and acetylacetone.
TTIP (0.46 ml) was added to 2-methoxyethanol (2.5 ml)
and acetylacetone (0.61 ml). The TiOx precursor solution
was spin-coated on the ITO substrate. After annealing at
140°C in air, an organic layer was prepared on a TiOx
layer by spin-coating using a mixed solution of P3HT
(Merck KGaA), PCBM (American Dye Source), GePc
(Orient Chemical Industries) or GeNc (Orient Chemical
Industries) in 1 ml o-dichlorobenzene. The weight ratio
of PCBM:P3HT(GePc or GeNc) was 15:10:1. Then, a
PEDOT:PSS layer was spin-coated on the organic layer.
Finally, gold (Au) metal contacts were evaporated as top
electrodes. Layered structures of bulk heterojunction so-
lar cells with the inverted structure were denoted as
ITO/TiOx/PCBM:P3HT(GePc or GeNc)/PEDOT:PSS/
Au, as shown in a schematic illustration of Figure 2.
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Figure 1. Molecular structures with (a) P3HT (b) PCBM,
(c) GePc and (d) GeNc.
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Current density-voltage (J-V) characteristics (Hokuto
Denko, HSV-110) of the solar cells were measured both
in the dark and under illumination at 100 mW/cm?® by
using an AM 1.5 solar simulator (San-ei Electric, XES-
301S). The solar cells were illuminated through the side
of the ITO substrate, and the illuminated areas were 0.16
cm’. Optical absorption of the solar cells was investi-
gated by means of ultraviolet-visible-near-infrared spec-
troscopy (Jasco, V-670ST). The photocurrent spectra
were converted to IPCE spectra using a photocurrent
spectrum of a calibrated Si-photodiode upon the same
irradiation (Peccell Technologies, PEC-S20). The surface
morphology of thin films was observed by AFM (SII
Nano Technology, SPA400-AFM).

3. Results and Discussion

Figure 3 show absorption spectra of PCBM:P3HT
(GePc) and PCBM:P3HT(GeNc) thin films. The meas-
urement region is in the range of 300 to 800 nm. The
optical absorption at 350 nm corresponds to that of Soret
band of GePc and GeNc. Absorption in the range of 680 -
720 nm and 700 - 760 nm correspond to Q-band for
GePc and GeNc, respectively. Absorption at ~400 nm is
attributable to PCBM. The absorption wavelength of the
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Figure 2. Schematic structure of the present solar cells.
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Figure 3. Optical absorption spectra of PCBM:P3HT(GePc)
and PCBM:P3HT(GeNc) thin films.
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organic layer was able to be expanded by adding GePc or
GeNc to PCBM:P3HT. Since the absorption was ob-
served in the whole region, it is considered that the sun-
light is efficiently absorbable.

Figure 4 show measured J-V characteristic curves of
PCBM:P3HT(GePc) and PCBM:P3HT(GeNc) solar cells.
Measured J-V characteristic parameters of solar cells
under illumination are summarized in Table 1. Device
performance of the solar cell doped with GePc or GeNc
decreased.

IPCE spectra of solar cells are shown in Figure 5. An
IPCE peak was observed around 700 nm for the solar cell
with GePc. However, an IPCE peak was not observed in
the solar cell with GeNc, which would be due to cohe-
sion of GeNc in the organic layer. If GeNc aggregates
exist in P3HT domain, charge separation does not occur.
If the GeNc exists in PCBM domain, charge transfer
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Figure 4. J-V characteristic of PCBM:P3HT(GePc) and
PCBM:P3HT(GeNCc) solar cells.
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Figure 5. IPCE spectra of PCBM:P3HT(GePc) and PCBM:
P3HT(GeNc) solar cells.
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does not occur. It was thought that the power conversion
efficiency would be improved only when GeNc exists at
the PCBM:P3HT interface. Since, a peak of IPCE for
GePc was observed at 700 nm, GePc would exists at the
PCBM:P3HT interface. Since GePc has a perpendicular
structure compared to GeNc, it would be hard to con-
dense.

Internal quantum efficiencies (IQE) of PCBM:P3HT,
PCBM:P3HT(GePc) and PCBM:P3HT(GeNc) solar cells
were calculated from the IPCE as shown in Figure 6.
High IQEs are observed for the GePc and GeNc, which
would be effective for photovoltaic properties.

Figures 7(a)-(c) show AFM images of PCBM:P3HT,
PCBM:P3HT(GePc) and PCBM:P3HT(GeNc) thin films,
respectively. The root-mean-square (RMS) surface rough-
ness of PCBM:P3HT, PCBM:P3HT(GePc) and PCBM:
P3HT(GeNc) are 0.96, 0.29 and 0.96 nm, respectively.
The PCBM:P3HT(GePc) film indicated a rather smooth
surface compared to those of PCBM:P3HT and PCBM:
P3HT(GeNc).

An energy level diagram of PCBM:P3HT(GePc) solar
cells is summarized as shown in Figure 8. Previously
reported values were used for the energy levels of the
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Figure 6. IQE spectra of PCBM:P3HT, PCBM:P3HT(GePc)
and PCBM:P3HT(GeNc) solar cells.

Table 1. Experimental parameters of PCBM:P3HT(GePc or
GeNc) solar cells.

Sample Voc (V) Isc (mA-em™?)  FF 5 (%)
PCBM:P3HT 0.57 4.2 057 1.4
PCBM:P3HT(GePc) 0.51 3.1 042  0.66
PCBM:P3HT(GeNc)  0.56 3.6 0.50 1.0
MSA
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Figure 7. PCBM:P3HT (GePc) and (c) PCBM:P3HT(GeNc)
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figures by adjusting to the present work [16-20]. In the
cell with the inverted structure, electrons are transported
to an ITO substrate, and holes are transported to an Au
electrode. In the present work, it is considered that GePc
exists at the PCBM:P3HT interface. Electrons could be
transported only when it is a value of LUMO for GePc
(XeV)is—3.7eV<XeV < —3.2¢V, and holes could be
transported only when a value of HOMO for GePc (Y
eV)isYeV<-52¢eV.

It is thought that control of HOMO and LUMO of the
phthalocyanine is required for introduction to the poly-
mer solar cells. Since a molecule exists in monomeric, a
bulky molecular structure is required. Control of HOMO
and LUMO becomes possible by exchange of a central
metal and introduction of a substituent group.

4. Conclusion

PCBM:P3HT bulk heterojunction solar cells doped with
GePc or GeNc were fabricated and characterized. The
absorption wavelength was able to be expanded by add-
ing GePc or GeNc to PCBM:P3HT. The RMS roughness
of PCBM:P3HT(GePc¢) film is the smaller than others.
The decrease of conversion efficiency by the GePc or
GeNc addition was considered from energy level dia-
gram of the solar cells. IPCE spectra of the PCBM: P3HT-
(GePc) solar cell showed a peak around wavelengths of
700 nm. Furthermore, IQE spectra of the PCBM: P3HT-
(GePc) and PCBM:P3HT(GeNc) solar cells showed high
values at wavelengths longer than 700 nm, which indi-
cated that the enhancement of the solar cell performance
would be possible by the GePc or GeNc addition.
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