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solar cells
Krishna P. Acharya,1,2,a兲 Himal Khatri,3 Sylvain Marsillac,3 Bruno Ullrich,1,2
Pavel Anzenbacher,1,4 and Mikhail Zamkov1,2
1

The Center for Photochemical Sciences, Bowling Green State University, Bowling Green,
Ohio 43403, USA
2
Department of Physics, Bowling Green State University, Bowling Green, Ohio 43403, USA
3
Wright Center for Photovoltaic Innovation and Commercialization, University of Toledo,
2801 W. Bancroft Street, M. S.111, Toledo, Ohio 43606, USA
4
Department of Chemistry, Bowling Green State University, Bowling Green, Ohio 43403, USA

共Received 7 September 2010; accepted 25 October 2010; published online 18 November 2010兲
We report on pulsed laser deposition of graphite onto flexible plastic and conductive glass substrates
for use as a counter electrode in dye-sensitized solar cells. The efficiency of as-prepared graphite
electrodes was tested using CdS-sensitized solar cell architecture resulting in external quantum
efficiency comparable to that of conventional platinum counter electrodes. This work highlights the
possibility of using pulsed laser deposited graphite as a low-cost alternative to platinum, which
could be fabricated both on flexible and rigid substrates. © 2010 American Institute of Physics.
关doi:10.1063/1.3518481兴
Dye-sensitized solar cells 共DSSC兲 are promising candidates for the development of third-generation photovoltaic
共PV兲 technologies that enable low-cost solution processing
of active layer materials.1 Remarkable power conversion
efficiency of up to 11.1% has already been demonstrated
for prototype DSSC cells paving the way for their
commercialization.2 On the other hand, an ongoing research
on quantum dot-sensitized solar cells 共QDSSC兲 is continuously improving the PV performance of these devices
through the development of noncorrosive, solid
hole-conductors3–5 and optimization of working electrode
morphologies.6 To ensure a seamless transfer of DSSC and
QDSSC technologies into mass production of PV modules,
all the device components should be constructed from inexpensive, nontoxic, and widely available materials. At present,
the working electrode architecture utilizing wide band gap
metal oxides such as TiO2, ZnO, and SnO2 meets these requirements. Meanwhile, the common selection of counter
electrode materials used in DSSC and QDSSC cells would
benefit from low-cost alternatives.
Platinum is often chosen as a counter electrode material
in DSSC due to its inertness, excellent conductive properties,
and the ability to reduce iodine electrolyte with minimal
overpotential.7 The incorporation of platinum coatings in
mass production of solar cells, however, is hindered by its
limited availability and high costs. Furthermore, several recent reports have indicated that DSSCs utilizing platinum
counter electrode bear efficiency losses due to an increased
in-series resistance,8 as well as oxidation and dissolution of
platinum by the electrolyte and dye molecules.9 It should
also be noted that solution-based sintering of platinum onto
indium tin oxide 共ITO兲-covered glass requires heating of the
platinum precursor to above 300 ° C, which prevents the
deposition of platinum electrodes onto plastic substrates for
use in flexible DSSCs.
a兲
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As a viable alternative to platinum, several groups have
been investigating carbon-based thin films for the regeneration of holes.8,10–12 In addition to the wide availability of this
element in nature and its low processing costs, carbon-based
materials, such as graphite and nanotubes exhibit a number
of promising PV characteristics, including good carrier mobility, resistance to corrosion, and the ability to reduce common electrolytes.13 A few recent reports have demonstrated
that the performance of solar cells utilizing double-, or multiwalled carbon nanotube 共CNT兲, or hard carbon spherules, is
comparable to those based on platinum.8,10–12 Further improvement in the catalytic activity of graphite is also possible
through the use of porous architectures that increase the
electrolyte/electrode interfacial area.14
To date, preparation of carbon-based counter electrodes
relies on the direct coating of the substrate with the CNT
paste or a blend of colloidal suspension of carbon nanoparticles with TiO2 or SnO2,15 which makes it difficult to control the thickness and the quality of deposited films. As an
alternative, in this work we explore the use of pulsed laser
deposition 共PLD兲 route to the preparation of graphite counter
electrodes. PLD is a promising low-cost method for the
preparation of thin films on a wide range of substrates. This
method benefits from multiparameter tunability of film properties available via judicious tuning of experimental variables such as laser pulse width, wavelength, ablation time,
substrate-target distance, laser fluence, and inert gas
pressure.16 The present study demonstrates that a PLD layer
of graphite deposited onto ITO-covered glass or flexible
plastic substrates can be utilized in nanocrystal-sensitized solar cells leading to PV performance, which is comparable to
that of platinum-based devices.
Thin films of graphite on ITO-covered glass and polyethylene terephthalate 共PET兲 plastic substrates were fabricated according to the procedure, previously developed in
our group.17 Briefly, PLD was carried out using Spectron
SL456G 共Rugby, Great Britain兲 Q-switched Nd:yttrium aluminum garnet laser 共532 nm, 6 ns, 10 Hz兲 with
2.2⫾ 0.12 J / cm2 fluence, resulting in a deposition of ap-
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FIG. 2. 共Color online兲 共a兲 Development of absorption spectra of CdSsensitized TiO2 at different coating cycles; the inset shows the progressive
darkening of the CdS/ TiO2 film upon the increasing number of coating
cycles. 共b兲 A schematic diagram of the device layer. 共c兲 IPCE spectra of the
two solar cells using platinum and graphite counter electrodes. 共d兲 J-V characteristics of CdS-sensitized solar cells using platinum and graphite as
counter electrodes.

FIG. 1. 共Color online兲 共a兲 An optical image of the PLD graphite film on
PET. 共b兲 PET only. 共c兲 AFM topographic image of the graphite film on
ITO/glass. 共d兲 AFM of the graphite film on PET.

proximately 500 nm graphite layer in 20 min. An apparent
change in the substrate color from clear to black associated
with the film deposition is illustrated in Figs. 1共a兲 and 1共b兲.
The developed film is strongly adherent to the substrate, and
structurally uniform with no visible damage to either plastic
or ITO substrates due to the laser-induced plumes. The absence of any visible peeling of the film due to bending or
twisting of plastics implies its sufficient flexibility 关see Fig.
1共a兲兴.
The surfaces of graphite films on ITO-covered glass and
PET substrates were investigated using atomic force microscope 共AFM兲 共Veeco NanoMan, Plainview, New York兲 关Figs.
1共c兲 and 1共d兲兴. Analysis of AFM topographic images has
shown that the overall quality of the deposited graphite layer
is dependent on the substrate material. For instance, a typical
root-mean-square 共rms兲 roughness value of the graphite film
on plastic was 6.5 nm, which exceeds the rms roughness of a
bare plastic substrate 共2.6 nm兲. On the other hand, rms
roughness of graphite film on ITO/glass is 4.5 nm, which is
almost similar to that of bare ITO/glass 共4.7 nm兲. Interestingly, the ITO-supported films consisted of grains that were
thicker at their bases and taper toward the summit, which
was not the case for the plastic substrates.
The performance of graphite counter electrodes was
tested using a CdS-sensitized prototype solar cell, con-

structed according to a previously reported methodology.18,19
First, the working electrode was prepared by screen printing
Degussa P25 TiO2 paste onto ITO-covered glass followed by
sintering the TiO2 film at 450 ° C for 1/2 h to improve carrier
mobility.20 The deposition of CdS on TiO2 was carried out in
situ through nine cycles of successive ionic layer adsorption
and reaction 共SILAR兲,18 and was monitored by recording
progressive absorption spectra of the composite CdS/ TiO2
film after each deposition cycle 关Fig. 2共a兲兴. An apparent
increase in the optical density near the band gap of CdS
共 ⬇ 450 nm兲 confirms the growth of CdS nanoparticles,
while the onset of the absorption at higher wavelengths
共 ⬎ 550 nm兲 attests the formation of type II CdS/ TiO2
heterostructures.21 The increase in the absorption below the
band gap of CdS is attributed to the excitation of intermediate states that exist at the junction of both materials.22 It
should also be noted that a greater rate of the absorption
change during early stages of the SILAR process is generally
expected due to a larger TiO2 surface area available for CdS
growth, which is later reduced due to pore filling effect.
PV characteristics of CdS/ TiO2 films were measured using a polysulfide redox couple 共S2− / Sx2−兲 prepared by mixing 0.5M Na2S, 1.5M sulfur, and 0.2M KCl in methanol and
water 共7:3兲.19 Iodine-based electrolyte 共I− / I−3兲, which is
commonly used for the DSSC, was not employed in this
work due to the strong corrosive action of this material toward most inorganic semiconductors. For comparative tests,
platinum counter electrodes were also prepared by spreading
few drops of 5 mM chloroplatinic acid in 2-propanol on the
ITO/glass and heating the electrode to 400 ° C for 1 h.
The performance of graphite films was investigated in a
two-electrode electrochemical cell comprising a CdS/ TiO2
working electrode, redox electrolyte, Parafilm™ spacer
共thickness 125 m兲, and the graphite/ITO electrodes, as
shown in Fig. 2共b兲. For comparison, a similar cell was assembled using a platinum-coated ITO slide as a counter electrode. The incident photon to charge-carrier efficiency
共IPCE兲 was measured with the monochromatic excitation
from xenon arc lamp using a setup from PV Measurements,
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TABLE I. Parameters measured in I-V curve using platinum and graphite
counter electrode.

Counter electrode
Platinum
Graphite



Jsc
共mA/ cm2兲

Voc
共V兲

Fill factor
共%兲

共%兲

3.69
2.13

0.559
0.575

25.62
31.16

0.51
0.37

Inc 共Boulder, Colorado兲. The measurements were carried out
shortly after the cell assembly to avoid solvent evaporation
and possible deterioration of the CdS sensitizer. Figure 2共c兲
compares characteristic IPCE spectra of the two cells comprising PLD graphite and platinum-coated counter electrodes. For both cell types, photocurrent spectra cover most
of the visible range, which is consistent with the absorption
profile of CdS NCs, and reach their highest values near 475
nm. The maxima of IPCE recorded at this wavelength were
40% and 50% for graphite and platinum-based counter electrodes, respectively.
Current-voltage characteristics were measured under air
mass 1.5 G 共100 mW/ cm2兲 solar simulator using I-V data
acquisition system from PV Measurements, Inc. by illuminating the 0.88-cm2-device on the working electrode side.
J-V characteristics of typical CdS-sensitized solar cells utilizing platinum and graphite counter electrodes are compared
in Fig. 2共d兲. The power conversion efficiency 共PCE兲 of a
best-performing platinum-electrode cell was 0.51% 共see
Table I兲, which is in good agreement with the measurements
reported for CdS/ TiO2 devices by other groups,23 while a
champion graphite-electrode cell showed a PCE value of
0.37%, reflecting a somewhat reduced short circuit current
density 共Jsc兲 compared to that of platinum. The observed
difference between Jsc values for the two cells is not surprising since the morphology of the graphite film was not optimized for highest current density. It is expected that a careful
adjustment of PLD parameters for the deposition of graphite
films will increase the value of Jsc for graphite-electrode
cells. Overall, the measured PV characteristics of graphite
electrodes 共IPCE and PCE兲 were found to be nearly comparable to those of platinum, which, based on the relative costs
of graphite and platinum materials implies that the cost of
solar energy conversion in graphite-based solar cells can potentially become lower than that of platinum-based devices.
In conclusion, we have demonstrated a simple method
for growing graphite films onto conductive transparent substrates for use as low-cost counter electrodes in dye- and
nanocrystal-sensitized solar cells. The performance param-

eters of fabricated graphite electrodes were measured using a
prototype CdS-sensitized solar cell and found to be similar to
those of conventional platinum electrodes, indicating that the
PLD development of graphite films on ITO may potentially
enable lower costs of the solar energy production in DSSC
and QDSSC devices.
We gratefully acknowledge Bowling Green State University for financial support 共Grant Nos. SF07, RIC2009, and
RCE2008兲.
D. Ginley, M. A. Green, and R. Collins, MRS Bull. 33, 355 共2008兲.
Y. Chiba, A. Islam, Y. Watanabe, R. Komiya, N. Koide, and L. Han, Jpn.
J. Appl. Phys., Part 2 45, L638 共2006兲.
3
H. J. Lee, P. Chen, S. J. Moon, F. Sauvage, K. Sivula, T. Bessho, D. R.
Gamelin, P. Comte, S. M. Zakeeruddin, S. I. Seok, M. Gratzel, and M. K.
Nazeeruddin, Langmuir 25, 7602 共2009兲.
4
T. C. Li, A. M. Spokoyny, C. She, O. K. Fahra, C. A. Mirkin, T. J. Marks,
and J. T. Hupp, J. Am. Chem. Soc. 132, 4580 共2010兲.
5
S. Hattori, Y. Wada, S. Yanagida, and S. Fukuzumi, J. Am. Chem. Soc.
127, 9648 共2005兲.
6
D. Zhang, T. Yoshida, T. Oekermann, K. Furuta, and H. Minoura, Adv.
Funct. Mater. 16, 1228 共2006兲.
7
M. Gratzel, in Nanostructured and Photoelectrochemical System for Solar
Photon Conversion, edited by M. D. Archer and A. Nojik 共Imperial College, London, 2008兲, p. 510.
8
B.-K. Koo, D.-Y. Lee, H.-J. Kim, W.-J. Lee, J.-S. Song, and H.-J. Kim, J.
Electroceram. 17, 79 共2006兲.
9
S. Yanagida, Y. Yu, and K. Manseki, Acc. Chem. Res. 42, 1827 共2009兲.
10
D. W. Zhang, X. D. Li, S. Chen, F. Tao, Z. Sun, X. J. Yin, and S. M.
Huang, J. Solid State Electrochem. 14, 1541 共2010兲.
11
W. J. Lee, E. Ramasamy, D. Y. Lee, and J. S. Song, Appl. Mater. Interf. 1,
1145 共2009兲.
12
Z. Huang, X. Liu, K. Li, D. Li, Y. Luo, H. Li, W. Song, L. Chen, and Q.
Meng, Electrochem. Commun. 9, 596 共2007兲.
13
H. S. Wroblowa and A. Saunders, J. Electroanal. Chem. Interfacial Electrochem. 42, 329 共1973兲.
14
A. Kay and M. Gratzel, Sol. Energy Mater. Sol. Cells 44, 99 共1996兲.
15
J. Chen, K. Li, Y. Luo, X. Guo, D. Li, M. Deng, S. Huang, and Q. Meng,
Carbon 47, 2704 共2009兲.
16
Laser Ablation and Desorption, edited by J. C. Miller and R. F. Haglund
共Academic, San Diego, 1998兲.
17
K. P. Acharya, A. Erlacher, and B. Ullrich, J. Appl. Phys. 102, 073107
共2007兲.
18
H. Lee, H. C. Leventis, S.-J. Moon, P. Chen, S. Ito, S. A. Haque, T. Torres,
F. Nuesch, T. Geiger, S. M. Zakeeruddin, M. Grätzel, and M. K. Nazeeruddin, Adv. Funct. Mater. 19, 2735 共2009兲.
19
Y. L. Lee and C. H. Chang, J. Power Sources 185, 584 共2008兲.
20
See http://www.nd.edu/~pkamat/ for TiO2 film preparation.
21
K. P. Acharya, T. R. Alabi, N. Schmall, N. N. Hewa-Kasakarage, M.
Kirsanova, A. Nemchinov, E. Khon, and M. Zamkov, J. Phys. Chem. C
113, 19531 共2009兲.
22
A. Nemchinov, M. Kirsanova, N. N. Hewa-Kasakarage, and M. Zamkov,
J. Phys. Chem. C 112, 9301 共2008兲.
23
C.-H. Chang and Y.-L. Lee, Appl. Phys. Lett. 91, 053503 共2007兲.
1
2

Downloaded 10 Oct 2013 to 129.1.62.221. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions

