This article was downloaded by: [Siauliu University Library]

On: 17 February 2013, At: 00:37

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered
office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Molecular Crystals and Liquid Crystals

Publication details, including instructions for authors and
subscription information:
http://www.tandfonline.com/loi/gmcl20

Effect of p-Type Semiconductor
Electrode on Photovoltaic Properties in
n/p Tandem-Type Dye-Sensitized Solar
Cell

Kenji Yamada ® , Ryo Fukuda ® , Kazuya Yamamoto ? , Tatsuhiko
Sonoda # , Hiroyuki Nakamura ® & Hirokazu Yamane ?

& Department of Materials Science and Chemical Engineering,
Kitakyushu National College of Technology, 5-20-1, Shii,
Kokuraminami-ku, Kitakyushu, 802-0985, Japan

Version of record first published: 12 Sep 2012.

To cite this article: Kenji Yamada , Ryo Fukuda , Kazuya Yamamoto , Tatsuhiko Sonoda , Hiroyuki
Nakamura & Hirokazu Yamane (2012): Effect of p-Type Semiconductor Electrode on Photovoltaic

Properties in n/p Tandem-Type Dye-Sensitized Solar Cell, Molecular Crystals and Liquid Crystals,

566:1, 193-201

To link to this article: http://dx.doi.org/10.1080/15421406.2012.701979

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-conditions

This article may be used for research, teaching, and private study purposes. Any
substantial or systematic reproduction, redistribution, reselling, loan, sub-licensing,
systematic supply, or distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation
that the contents will be complete or accurate or up to date. The accuracy of any
instructions, formulae, and drug doses should be independently verified with primary
sources. The publisher shall not be liable for any loss, actions, claims, proceedings,
demand, or costs or damages whatsoever or howsoever caused arising directly or
indirectly in connection with or arising out of the use of this material.



http://www.tandfonline.com/loi/gmcl20
http://dx.doi.org/10.1080/15421406.2012.701979
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Siauliu University Library] at 00:37 17 February 2013

Mol. Cryst. Lig. Cryst., Vol. 566: pp. 193-201, 2012 Tavl .
r & Franci
Copyright © Taylor & Francis Group, LLC e 'Iafc?r(&?anfslﬁmu? s

ISSN: 1542-1406 print/1563-5287 online
DOI: 10.1080/15421406.2012.701979

Effect of p-Type Semiconductor Electrode on
Photovoltaic Properties in n/p Tandem-Type
Dye-Sensitized Solar Cell

KENJI YAMADA,* RYO FUKUDA, KAZUYA YAMAMOTO,
TATSUHIKO SONODA, HIROYUKI NAKAMURA,
AND HIROKAZU YAMANE

Department of Materials Science and Chemical Engineering, Kitakyushu
National College of Technology, 5-20-1, Shii, Kokuraminami-ku, Kitakyushu
802-0985, Japan

To improve the light-to-electric energy conversion efficiency of a dye-sensitized solar
cell, a p-type semiconductor electrode was introduced to the cell so that n/p tandem-
type solar cell was composed. In the tandem cell, the TiO, adsorbed with N719 dye
molecules and the p-type semiconductor were used an anode and a cathode, respectively,
and acetonitrile solution containing iodide was done as an electrolyte. The cathode was
prepared on a surface of platinum layer formed on a FTO glass plate by plasma
spattering Cu,Bi,O. as the p-type semiconductor. Short-circuit current density and
conversion efficiency of the tandem cell were larger than those in a cathode without
the p-type semiconductor layer. The p-type semiconductor layer will be able to absorb
low energy photons passed through the anode. After ZnO particles were coated on a
surface of the p-type semiconductor layer, open-circuit voltage was increased. Such
coating of the particles will be effective to depress a back-transfer at the interface
between the p-type semiconductor layer and the electrolyte and band-bending of the
p-type semiconductor.

Keywords p-type semiconductor; titanium dioxide; zinc oxide; tandem; dye; solar cell

1. Introduction

A solar cell developed by Grizel et al. [1] has a photoactive anode and a passive cathode
which only serves as a regenerator of the redox species oxidized at the dye-sensitized nanos-
tructured photoanode. On the other hand, Lindquist et al. [2] demonstrated a tandem cell in
which both anode and cathode were dye-sensitized nanostructured photoactive electrodes.
It was shown using the cis-di(thiocyanato)-N,N-bis(2,2’-bipyridyl-4,4’-dicarboxylic acid)-
ruthenium(II)-coated TiO, anode in a tandem dye-sensitized solar cell that a combination
of erythrosine B as a dye and a nanostructured NiO thin film on a conducting substrate can
form a dye-sensitized photocathode that can be an active part in the tandem cell [2]. The
maximum open-circuit voltage will be a difference in potential between the lower edge
of the conduction band of the photoanode and the upper edge of the valence band of the
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photocathode. Higher open-circuit voltage should be possible to reach without any signifi-
cant drop in the photocurrent compared to the best photoanode DSC by avoiding spectral
overlap between the two dyes. A tandem cell comprising TiO, anode and NiO cathode
prepared as porous nanostructures films exhibited actually a high open-circuit voltage of
092V [3].

In this work, p-type semiconductor electrode was noted in n/p tandem-type dye-
sensitized solar cell, in which TiO, adsorbed with N719 dye molecules and Cu,Bi,O, as
a p-type semiconductor were used an anode and a cathode, respectively, and acetonitrile
solution containing iodide was done as an electrolyte. The cathode was prepared on a
surface of platinum layer formed on a FTO glass plate by plasma spattering Cu,Bi,O,. Ef-
fects of plasma sputtering condition and CuyBiyO, composition on light-to-electric energy
conversion efficiency were investigated in the tandem cells.

2. Experimental Methods

2.1 Preparation of TiO; electrode

To prepare TiO, paste, TiO, particles (P-25, supplied by Degussa Co., Dusseldorf,
Germany) with an average diameter of ca. 28 nm and specific surface area of 50 m?g~"! were
dispersed in 1M acetic acid solution to obtain a TiO, concentration of 30 wt% and then
mixed with polyethylene glycol (PEG) with a weight-average molecular weight of 20,000
under ultrasonic agitation to obtain a PEG/TiO, weight ratio of 2/5. A thin film of the paste
was coated in air at room temperature on a conductive glass plate that had been coated
with a fluorine-doped stannic oxide layer (sheet resistance of 25 Q per square), using a
spin-coating technique. The speed of the spin-coating was 4,000 rpm and the spin-coating
time was 20 sec. The film was sintered in air at 723 K for 30 min and then cooled to
room temperature. The process of coating and sintering was repeated one to three times to
prepare TiO, electrode.

2.2 Fixation of dye molecules to the TiO, electrode

The TiO, electrode was immersed for two days in an ethanol solution contain-
ing 0.3 mM ruthenium dye, cis-bis(isothiocyanato)bis(2,2’-bipyridyl-4,4’-dicarboxilato)
ruthenium(II)bis-tetrabutylammonium, (N719, supplied by Peccell Technologies, Inc.,
Kanagawa, Japan). The electrode was then rinsed with acetonitrile and dried in a vac-
uum at room temperature.

2.3 Preparation of p-type semiconductor electrode

To prepare p-type semiconductors as raw materials for plasma spattering, CuO particles
of 2 um average diameter were mixed with Bi,O3 particles of 2 um average diameter in
a mortar thoroughly at full hand force. The molar ratios of CuO/Bi,O3 in the mixtures
were 90/10 and 50/50. The mixtures were sintered in air at 973 K for 24 h to prepare
Cu,BiyO, materials as p-type semiconductors. UV-vis diffuse reflectance spectra of the
p-type semiconductors were measured with a JASCO V-500 UV-vis spectrophotometer
(JASCO International Co., Tokyo, Japan) equipped with an integral-sphere attachment to
measure light absorbance behavior.
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To form a cathode, the p-type semiconductor layer was formed on a conductive glass
plate having a platinum layer 50 nm thick with argon plasma sputtering of Cu,Bi,O, ma-
terials, using magnetron-type plasma reactor. The plasma was generated in an atmosphere
of 15 Pa argon at 200 W discharge power. The p-type semiconductor layer was annealed in
air at 723 K for 30 min after the sputtering. The surface of the p-type semiconductor layer
was covered with ZnO particles with an average diameter of ca. 20 nm by spin-coating in
air at room temperature, using pure water dispersed with 0.5 wt% of the ZnO particles, and
then dried in air at 673 K for 2 h. The speed of the spin-coating was 6,000 rpm and the
spin-coating time was 10 sec. Surface morphology of the p-type semiconductor layer cov-
ered with ZnO particles was observed with a Seiko SPI3800N scanning probe microscope
(Seiko Instruments, Inc., Chiba, Japan).

2.4 Solar cell assembly

The electrolyte solution for the tandem cell was composed of 40 mM iodine, 500 mM
lithium iodide, and 580 mM 4-tert-butylpyridine dissolved in acetonitrile (all the chemicals
were purchased from Wako Pure Chemical Industries, Ltd., Osaka, Japan). The p-type
semiconductor electrode was placed directly on top of the dye-coated TiO, electrode.
Both electrodes were clamped tightly together. A thin layer of the electrolyte solution was
attracted into the interelectrode space by capillary forces. The dye-coated TiO, electrode
was illuminated through the conductive glass plate. Photovoltaic properties of the tandem
cells were characterized in air at room temperature by current-voltage characteristics under
illumination with AM 1.5G simulated solar light with 100 mWcm ™2 using a Peccell solar
simulator PEC-L11 (Peccell Technologies Co., Kanagawa, Japan).

3. Results and Discussion

3.1. Characterization of p-type semiconductor

According to XRD analyses on the p-type semiconductors of molar ratio CuO/Bi,O3 =
50/50 and CuO/Bi,03 = 90/10, CuyBi,O, prepared with CuO/ Bi, O3 = 50/50 was com-
posed of CuBi, 0y crystallites and two crystalline phases composed of CuBi,O4 and CuO
crystallites were formed in CuyBi,O, prepared with CuO/ Bi,O3 = 90/10 [4]. Figure 1
shows diffuse reflectance UV-vis spectra of CuO, CuO/ Bi,O3 = 90/10, CuBi,0y4, and
Bi,03. Absorbance in wavelength range above 460 nm increased with increasing CuO
content in Cu,Bi,O,.

3.2. p-type semiconductor of CuBi,0y

Figure 2 shows photocurrent density-voltage curves for dye-sensitized solar cells without
and with CuBi;04 as the p-type semiconductor, respectively. The TiO, electrode was
prepared with one spin-coating time. The p-type semiconductors were prepared with plasma
spattering CuBi,O,4 for 5 min and then annealed in air at 723 K for 30 min. Table 1 shows
the values of short-circuit current density Jg., open-circuit voltage V., fill factor FF, and
light-to-electric energy conversion 7 in Figure 2. J. and n were increased with the formation
of the p-type semiconductor layer in the tandem cell. It can be confirmed that the p-type
semiconductor layer is able to absorb low energy photons passed through the anode. The
hole transport in the p-type semiconductor layer will be improved with an increase in the
crystallinity of CuBi,O4 which is originated by the annealing, since the amounts of J;. and
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Figure 1. UV-vis diffuse reflectance spectra of CuO, Cu,Bi,O,(CuO/Bi, O3 = 90/10), CuBi,04 and

Bi,0;.

n were decreased by introduction of the p-type semiconductor without the annealing. Since
the amount of J, in the p-type semiconductor electrode was higher than that in platinum
electrode, it is assumed that the reductive ability of the p-type semiconductor electrode is
higher than that of platinum electrode. The redox potential of I7/I3~ of +0.44 V (versus
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Figure 2. Photocurrent density-voltage curves for dye-sensitized solar cells without and with
CuBi,0,4 as the p-type semiconductor, respectively. The TiO, electrode was prepared with one
spin-coating time. The p-type semiconductors were prepared with plasma spattering CuBi, O, at
discharge powers of 200 W for 5 min and then annealed in air at 723 K for 30 min.
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Table 1. Characteristics of the solar cell in Figure 2.

CuBi, 04 T (mAcm™2) Voo (V) FF 1 (%)
unused 3.27 0.694 0.639 1.45
used 5.35 0.665 0.613 2.18

NHE) [1,5] will be higher than that of the Fermi potential of the p-type semiconductor and
therefore the band bending of the p-type semiconductor is formed so that the Fermi level
of the p-type semiconductor will coincide with the redox potential of I7/I3~. Therefore an
electron photo-excited to the conduction band of the p-type semiconductor can be easily
reduced iodide ion in the electrolyte solution, if an electron transported from the anode to
the p-type semiconductor through outer circuit is smoothly combined with a hole in the
valence band of the p-type semiconductor.

The amount of Ji. was largely decreased by adsorbing N719 dye on the surface of
the p-type semiconductor. Figure 3 shows energy diagram in the solar cell composed of
CuBi; Oy electrode adsorbed with N719 dye. Since LUMO energy level of the dye is higher
than the lowest level of the conduction band of the p-type semiconductor, an electron
photo-excited to the conduction band of the p-type semiconductor can not reduce iodide
ion in the electrolyte and therefore preferentially recombine with a hole in the valence band
of the p-type semiconductor. It is supported from the adsorption of the dye to the p-type
semiconductor that the photo-excited p-type semiconductor contribute to an increase in J.

It is expected in the tandem cell that the amount of open-circuit voltage V,. may be
1.5V, since a difference in Fermi level between TiO, and CuBi,O4 is 1.5 V. However the
measured amount of V. was less than 0.7 V. Therefore it will be considered that the Fermi
level of the p-type semiconductor becomes almost equal to the redox potential of I7/I3~.

Figure 4 shows photocurrent density-voltage curves for dye-sensitized solar cells with-
out and with CuBi, 04 as the p-type semiconductor, respectively. The TiO, electrode was
prepared with three spin-coating times. The p-type semiconductors were prepared with

Anode Electrolyte  Cathode

| L |
[ | | LI | 1

N719 N719
TiO; -0.74v -0.74v CuBi 0,
-0.5Vv -0.5V
1.6eV Kl 1.6eV
+0.44V 1.5eV
+0.86V +0.86V
+1.0V
3.2eV

+2.7V

Figure 3. Energy diagram in the solar cell composed of CuBi,O4 electrode adsorbed with N719 dye.
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Figure 4. Photocurrent density-voltage curves for dye-sensitized solar cells without and with
CuBi,0, as the p-type semiconductor, respectively. The TiO, electrode was prepared with three
spin-coating times. The p-type semiconductors were prepared with plasma spattering CuBi,O,4 at
discharge power of 200 W for 20 min and then annealed in air at 723 K for 30 min.

plasma spattering CuBi;O4 for 20 min and then annealed in air at 723 K for 30 min. Table 2
shows the values of Jg., V., FF, and 5 in Figure 4. It becomes apparent from Figures 2 and
4 that Js. and n were increased with increasing spin-coating time of the TiO; electrode in
the cathode without the p-type semiconductor layer. The Ji. and n of the tandem cell were
increased with increasing discharge time and then decreased in the discharge time above
20 min. The number of photons absorbed in the anode is higher than that in the cathode
prepared with the discharge time below 20 min. Such a difference in the absorbed photons
between the anode and the cathode results in decreases in Js. and 7. It is considered in
cathode prepared with the discharge time above 20 min that the number of holes reached
on the platinum layer depresses with increasing the thickness of the p-type semiconductor
layer.

3.3. Surface modification of p-type semiconductor electrode

Figure 5 shows photocurrent density-voltage curves for dye-sensitized solar cells without
both CuxBiyO, and ZnO, With Cu,Bi,O,, and with both CuyBi,O, and ZnO, respectively.
The TiO, electrode was prepared with one spin-coating time. The p-type semiconductors

Table 2. Characteristics of the solar cell in Figure 4.

CuBi, 04 J (mAcm?) Vee (V) FF n (%)

unused 10.09 0.637 0.566 3.64
used 9.37 0.625 0.476 2.79
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Figure 5. Photocurrent density-voltage curves for dye-sensitized solar cells without both Cu,Bi, O,
and ZnO, with Cu,Bi,O,, and with both Cu,Bi,O, and ZnO, respectively. The TiO, electrode was
prepared with one spin-coating time. The p-type semiconductors were prepared with plasma spattering
Cu,Bi,O,(CuO/Bi, 03 = 90/10) at discharge power of 200 W for 10 min and then annealed in air at
723 K for 30 min.

were prepared with plasma spattering Cu,Biy O, (CuO/Bi; O3 = 90/10) for 10 min and then
annealed in air at 723 K for 30 min. ZnO layer as a n-type semiconductor was formed
on a surface of the Cu,BiyO, layer by means of spin-coating method. Table 3 shows
the values of Jy., Vo, FF, and n in Figure 5. The J in the tandem cell was increased
by the formation of the CusBiyO, layer. It is considered that the p-type semiconductor
layer is able to absorb low energy photons passed through the anode. Figure 6 shows
energy diagram in the solar cell composed of CuBi,O4 electrode covered with ZnO. The
highest levels of valence bands of the p-type semiconductors CuBi,O4 and CuO are +1.0V
(versus NHE) [6] and 4-0.98 V (versus NHE) [7], respectively, whereas the lowest levels
of conduction bands of them are —0.5 V (versus NHE) [6] and —0.37 V (versus NHE) [7],
respectively. The highest level of valence band and the lowest level of conduction band
in ZnO are +3.0 V (versus NHE) and —0.2 V (versus NHE), respectively [8]. Since the
crystalline phases composed of CuBi,O4 and CuO crystallites are formed in the p-type
semiconductor Cu,Bi,O,(CuO/Bi,O3 = 90/10), it is expected that an electron generated
under light irradiation in the p-type semiconductor can smoothly transfer to the electrolyte
through the conduction band of ZnO to avoid the recombination of electron and hole in the

Table 3. Characteristics of the solar cell in Figure 5.

Cu,Bi, 0, ZnO T (mAcm™?) Voo (V) FF n (%)
unused unused 3.29 0.693 0.636 1.45
used unused 4.66 0.678 0.415 1.31

used used 4.35 0.744 0.501 1.62
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Figure 6. Energy diagram in the solar cell composed of CuBi, 0O, electrode covered with ZnO.

p-type semiconductor, and a back-transfer from the electrolyte to the p-type semiconductor
is depressed. Figure 7 shows AFM images of the p-type semiconductor layer before and after
coating with the ZnO particles. It is confirmed that the p-type semiconductor electrode was
coated with the ZnO particles. The open-circuit voltage V. was increased by the formation
of the ZnO layer in the tandem cell. Since the value of V,. was clearly increased by the
formation of the ZnO layer, it is considered that the back-transfer is depressed by the ZnO
layer and the band-bending is also depressed, since the p-type semiconductor is depressed
to contact with the electrolyte solution by the ZnO layer. The Fermi level of ZnO is higher
than that of the redox potential of I7/I3~ and therefore space charge layer will be formed
in ZnO layer. If photo-excited electrons of the p-type semiconductor are transformed to the
conduction band of ZnO, the space charge layer may be disappeared and then the electrons

=

400 [rm]

0

(a) before ZnO-coating (b) after ZnO-coating

Figure 7. AFM images of the p-type semiconductor layer (a) before and (b) after coating with the
ZnO particles.
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may be smoothly able to reduce I3~ ions in the electrolyte solution without a significant
decrease in Jg..

4. Conclusion

The p-type semiconductor of CuBi, O, introduced into the cathode can absorb low energy
photons which are not able to absorb with N719 dye adsorbed on the TiO, electrode and
is effective on an increase in conversion efficiency. The ZnO layer formed on the p-type
semiconductor of Cu,Bi,O, will depress the back-transfer from the electrolyte to the p-type
semiconductor and the band-bending of the p-type semiconductor, so that an increase in
open-circuit voltage becomes effective. It is necessary to optimize the thicknesses of the
ZnO and the p-type semiconductor layers to obtain higher conversion efficiency.
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