Materials Science-Poland, Vol. 28, No. 1, 2010

Enhancement of photovoltaic performance
of quasi-solid state dye sensitized solar cell
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The presence of a hole conducting agent in a quasi-solid state dye sensitized solar cell (DSSC) may
improve cell parameters. The paper reports on the photovoltaic properties of two types of cells, one con-
taining a layer of Cul on a dye coated ZnO electrode (cell A) and the other with Cul dispersed in a gel
electrolyte (cell B). The cell A generated a short circuit current density of 7.45 mA-cn™>, an open-circuit
voltage of 0.56 V, a fill factor of 0.54 and an overall power conversion efficiency of 2.26% under
100 mW-cm™ (air mass: 1.5). In cell B, an enhancement in its performance was observed. The cell
showed 2.67% efficiency with a short circuit current density of 8.75 mA-cm™, an open-circuit voltage of
0.59 V and a fill factor of 0.52. The increase in the performance is attributed to the improvement in the
hole transport in the electrolyte. The efficiency of cell B was further increased to 3.38% by introducing
a compact layer of ZnO 106 nm thick.
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1. Introduction

Dye sensitized nanocrystalline solar cells have intensively been investigated, as
they offer an attractive alternative to conventional p-n junction solar cells, because of
their high efficiency, simple fabrication process and low production cost [1, 2]. In
solid state versions, the electrolyte present in the pores of a mesoporous oxide film is
replaced by a large band gap p-type semiconductor [3—6]. Light is absorbed by the dye
adsorbed on the oxide surface. Upon excitation, the dye injects electrons into the con-
duction band of the oxide and is regenerated by injection of holes into the p-type con-
ductor. A great advantage of such systems with regard to conventional p-n junctions is
that only majority carriers are involved in the photoelectric conversion process.
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TiO, based quasi-solid state dye sensitized solar cell (DSSC) produce energy con-
version efficiencies as high as ca. 11%, Typical DSSC are normally arranged in
a sandwich configuration, that is the space between dye sensitized semiconductor
(e.g., TiO,) and counter electrodes is filled with an organic solution containing /I~
redox couple as a cell electrolyte. Problems such as leakage and solvent evaporation
associated with liquid electrolyte results in lower long-term stability and a decrease in
cell performance. Many efforts have been made to replace liquid electrolytes with
solid state or quasi-solid state ones such as inorganic p-type semiconductors [7], or-
ganic hole conductors [8], polymer/polymer gels [9, 10] and other new materials
[11, 12]. Inexpensive ZnO powder is expected to be an alternating wide bandgap
semiconductor because of its many important physical properties, such as large exci-
ton binding energy of 60 meV at room temperature and good electrical conductiv-
ity [13]. Recently we reported results on ZnO based quasi-solid state DSSC fabricated
using the sol-gel derived ZnO powder [14].

Solid state cells comprising Cul as a p-type semiconductor, to conduct away the
holes, exhibit low conversion efficiencies [15], compared with the liquid version due
to the low conductivity of charge carriers in the electrolytes and incomplete penetra-
tion of the solid electrolyte in the voids of the porous electrode. Therefore, quasi-solid
state cells have received much attention because they have higher conductivities and
higher conversion efficiencies compared with solid state cells. There are a number of
reports on the use of organic or inorganic fillers in gel electrolytes in order to increase the
efficiency of quasi-solid state dye sensitized solar cells. For example, Wang et al. [16]
obtained a quasi-solid state electrolyte by solidifying the ionic liquid (1-methyl-3-
propylimidazolium iodide) electrolyte with fluorine polymer (poly(vinylidenefluoride-
co-hexafluoropropyl-ene)), achieving 5.3% overall conversion efficiency of the cells.
Usui et al. [17] found improved conversion efficiency by dispersing TiO, nanoparti-
cles in a ionic gel electrolyte. Kubo et al. [18] studied a quasi-solid state electrolyte by
mixing the gelator with low molecular weight ionic liquid and achieved a cell with the
conversion efficiency of 5%. Wang et al. reported DSSC with an ionic gel electrolyte
containing dispersed silica nanoparticles [19]. The dispersion of various agents such as
CNT, TiO,, carbon black and graphite in ionic gel electrolyte enables the use of
nanoparticles as “gelators” to solidify ionic liquid-based electrolytes and also increase
the photovoltaic output [17].

In this paper, the authors have studied the effect of dispersion of hole conducting
materials such as Cul in gel electrolyte to increase the photovoltaic performance of
ZnO based quasi-solid state dye sensitized solar cells. The solar cell containing Cul as
a layer on dye coated ZnO electrode and Cul dispersed in gel electrolyte were formed.
The purpose of this work is to investigate various technologies which affect the
photovoltaic performance, such as the application of Cul in various forms (layer or
dispersion) to collect holes. The effect of a ZnO compact layer on photovoltaic per-
formance was also investigated.
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2. Experimental

Preparation of the polymer gel electrolyte. The polymer gel electrolyte was syn-
thesized as follows: 3.0 g of poly ethylene glycol (PEG MWgq), 0.03 g of tetra propyl
ammonium iodide (TPAI), 0.003g of I, 0.15 g of ethylene carbonate (EC): propylene
carbonate (PC) 1:1 in 25 cm’ acetonitrile were used. TPAI and I, were firstly dis-
solved in a binary organic solvent mixture containing EC and PC (1:1) Then PEG was
added and the solution was heated at 75—-80 °C under vigorous stirring until a viscous
gel was obtained, followed by cooling to room temperature.

Dispersion of Cul in polymer gel electrolyte. A composite polymer gel electrolyte
was formed by dispersing 0.3 cm’ of filtered acetonitrile solution of Cul (0.16 M) in
the polymer gel electrolyte, prepared as above (0.9 cm’) at 60 °C under continuous
stirring. A DSSC using the dispersed Cul polymer gel-electrolyte was fabricated by
spreading the composite electrolyte on a dye coated ZnO electrode and then applying
a counter electrode.

Preparation of ZnO electrode and treatment with the dye. Porous ZnO films, pro-
duced using nanocrystalline ZnO powder, were deposited on indium tin oxide (ITO)
coated glass from the synthesized ZnO powder by the doctor blade technique [14].
Rose Bengal (RB) dye was used to sensitize the ZnO film. RB is an organic dye in the
xanthene class. It absorbs a wide spectrum of solar energy and energetically matches
the ZnO and iodine/iodide redox couple for DSSC application [20, 21]. Thus ZnO
performs particularly well when sensitized with Rose Bengal [22]. Being an organic
dye, there are no concerns about environmental damage, as it does not contain any
noble metal, such as ruthenium. RB dye has been successfully used by several groups
for DSSCs structures. It has high extinction coefficients and its molecular structure
contains anchoring groups that can be adsorbed onto the oxide surface [23]. For the
particular case of ZnO—-RB (or other anionic xanthenes dyes), it is highly probable that
the dye is directly bound to the surface of a zinc ion. Such bonding will not only make
the adsorptivity high but also facilitate the electron injection process by a strong over-
lap between the electron molecular orbitals of the dye and those of the conduction
band of the semiconductor [22]. The ZnO film was immersed in a 0.3 mM solution of
Rose Bengal dye in ethanol for 24 h. To minimize the adsorption of impurities from
moisture in the ambient air, the electrodes were dipped in the dye solution while they
were still warm (ca. 80 °C). The dye covered electrodes were then rinsed with ethanol,
to remove excess dye on the surface, and dried at room temperature.

Formation of Cul layer. A solution of Cul (0.16 M) was prepared by dissolving
0.3 g of Cul in 10 cm’® of moisture free acetonitrile. The dye coated ZnO electrode was
placed on a hot plate (80-100 °C) and filtered (0.3 cm’) acetonitrile Cul solution was
spread over the dye coated ZnO electrode.
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Preparation of ZnO compact layer. The ZnO compact layer was prepared by the sol-
gel technique. Sols were prepared by dissolving zinc acetate (Zn(CH;COO),2H,0, 99.0%
purity) in methanol to form 0.2 M solution. The mixture was stirred with an ultrasonic
and magnetic stirrer at 25 °C for 120 min until a clear solution was formed. The sol
prepared was found to be stable and transparent with no precipitate or turbidity.
Monoethanolamine (MEA) was further added to the sol to achieve the pH of ca. 9.
The modified sols were stirred ultrasonically for 60 min at room temperature. The sols
were then kept for 48 h for aging in order to convert the sol into gel. The conductive
glass substrate (ITO) was cleaned using acetone, methanol and distilled water in an
ultrasonic bath. The ZnO film was spin coated on the substrate at a spinning speed of
3000 rpm for 20 s. The desired thickness of the ZnO compact layer was varied by
repeatedly applying the appropriate number of coatings. The films were dried on a hot
plate at 300 °C for 10 min in between each successive layer deposition. Since the boil-
ing point of MEA and temperature of thermal decomposition of zinc acetate are
170 °C and 240 °C respectively [24], a preheat treatment temperature of 300 °C is
sufficient for the complete evaporation of organics. The deposited ZnO compact layer
films were annealed in air at 400 °C for 1 h. The thickness of the film was measured
by the reflectance method.

Solar cell assembly. The assembled solar cells are: cell A: Cul in a layer form
(ITO/ZnO/Rose Bengal/Cul layer/gel electrolyte/Pt), and cell B: Cul dispersed in a gel
electrolyte (ITO/ZnO/Rose Bengal/dispersed Cul gel electrolyte/Pt). Pt sheet was used
as a counter electrode. The active electrode area was typically 1 cm’.

Characterization and J-V measurement. The crystalline nature of ZnO powder
and ZnO electrode was determined by X-ray diffraction (XRD) using a Philips ana-
lytical Model No.-PW1830 with a CuK, incident beam (A = 1.54 A). The presence of
Cul on the ZnO surface and in gel electrolyte was confirmed by X-ray diffraction. The
surface morphology of the ZnO electrode was analyzed by using a scanning electron
microscope (SEM) (LEO 435 Vp, variable pressure scanning electron microscope,
Cambridge UK). The absorbance of the ZnO electrode, sensitized with Rose Bengal
dye was measured using a UV-VIS-NIR spectrophotometer (SolidSpec-3700, Shima-
dzu, Japan). The spectrophotometer was equipped with an integrating sphere which
enabled recording the reflectance. The absorbance is obtained by transforming the
diffused reflectance data using the Kubelka—Munk function.

The solar energy conversion efficiency (J/—F) curve was measured by using
a computerized digital Keithley source meter (Model 2400) and a tungsten halogen
lamp as the light source. The lamp was calibrated close to AM1.5 SUN conditions
from National Physical Laboratory (NPL, New Delhi). The IR radiation was attenu-
ated using a water filter. A tungsten halogen lamp does not assure AM conditions
since its source of light contains insufficiently small amounts of UV light. Therefore
generally xenon arc lamps are used in solar simulators. Although in such a case the
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absolute value of solar cell parameters would slightly differ from the actual one but
this would not significantly affect the comparative study [25, 26].
Based on the J-V curve, the fill factor (FF) is defined as:

IV
FF — max max

1V

sC” ocC

where [,,x and V.« are the photocurrent density and photovoltage for maximum power
output (Pma), Isc and V. are the short-circuit current density and open circuit voltage,
respectively. The overall energy conversion efficiency 77 is defined as:

1V, FF

SC° OC

P

in

where P, is the power of the incident light.

The incident photon-to-current density conversion efficiency (IPCE) gives the ra-
tio between the number of generated charge carriers contributing to the photocurrent
density and the number of incident photons, and is given by

IPCE = %%

in

where j,. [mA/cm’] is the short circuit current density, P;, [mW/cm?] is the light power
density and A [nm] is the wavelength. j;. of the cells was determined from the J—V
characteristics of the cells obtained at various wavelengths of light using narrow
bandwidth (10-12 nm) interference filters (Vin Karola Instruments, USA). The inten-
sity of the incident monochromatic radiation was kept constant and measured using an
optical power meter (Model 1815-C, Newport USA).

3. Results and discussion
3.1. Structural characterization

Figure 1 shows a SEM image of synthesized ZnO powder. Microstructural homo-
geneities are visible in the morphology of ZnO powder. The diameter of ZnO particles
is approximately 1 um. Figure 2 shows the SEM micrograph of the ZnO film on ITO
sintered at 400 °C. The film is porous with a homogeneous distribution of particles,
tightly packed with good connectivity between them.

Figure 3a shows the XRD pattern of synthesized ZnO powder. The powders
showed their crystalline nature, with peaks corresponding to the (100), (002) and (101)
planes. The preferred orientation corresponding to the (101) plane is observed for ZnO
powder. The spacing values and relative intensities of the peak coincide with the
JCPDS card No. 36-1451 for ZnO powder.
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Fig. 1. SEM images of ZnO powder Fig. 2. SEM image of the ZnO film
on ITO sintered at 400 °C
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Crystallite size D was obtained from the full width at half maximum £ of (101)
peak using the Debye—Scherrer formula [27, 25]

D= 0.944
Pcosb

where A is the wavelength of CuK, radiation and 8 is the angle obtained from the 26
value corresponding to the maximum intensity peak in the XRD pattern. The crystal-
lite size of ZnO powder was found to be ca. 28 nm.
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Fig. 3. XRD patterns of a synthesized ZnO powder (a), ZnO film
on ITO (b), and after deposition of Cul layer on ZnO film(c)

Figure 3b shows the XRD pattern of ZnO films on ITO sintered at 400 °C. The film
shows the polycrystalline nature with a preferred orientation corresponding to (101). Fig-
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ure 3¢ shows the XRD pattern of ZnO electrode after deposition of Cul. It contains the
peaks of both ZnO and Cul. Cul crystallizes in the zinc blende structure with y-phase
while the preferential orientation is the (111) direction.

To show the presence of Cul in gel electrolyte, films of gel electrolyte were de-
posited on Corning glass (7059) by the spin coating unit. Figure 4 shows the XRD
pattern of the films before and after dispersion of Cul in gel electrolyte. It shows the
presence of Cul in gel electrolyte with the preferential orientation in (111) direction.

Cul(111) b)

Cul (220)

— Cul (311)

=}

S,

= AN

2 40 50 a)
o

IS

AN AN A A A M AN et

20 30 40 50 60
26 [deg]

Fig. 4. XRD patterns of a gel electrolyte (a) and dispersed Cul (b) in gel electrolyte
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Fig. 5. UV-VIS absorption spectra of the Rose Bengal dye on ZnO surface



288 S. RANI et al.

The absorbance of a ZnO electrode with and without dye is shown in Fig. 5. The
absorption spectrum shows that the dye absorbs visible light in the 400670 nm range
with the maximum absorption at 564 nm. A broader absorption spectrum of the dye on
the porous layer of ZnO is observed as compared with that in ethanol.

3.2. Effect of dispersion of Cul particles in gel electrolyte (J—} measurement)

Figure 6 shows the J—V characteristics of cells A and B. The J-V characteristic of
a solar cell without Cul is also shown in the figure. The obtained solar cell parameters
are given in Table 1. The cell made without the use of Cul was characterized by
Jse = 6.21 mA, V,. = 0.58 and 1 = 1.92%. Enhancement in the photovoltaic perform-
ance is observed when Cul was used in the cell structure, and the increment in per-
formance depends on the fabrication technique (layer or dispersed form). The Jy, V.,
FF, and 7 for the cell A having Cul in a layer form were found to be 7.45 mA-cm 2,
0.56 V, 0.54, and 2.26% respectively while the solar cell B with Cul in a dispersed
form by J,. = 8.75 mA-cm 2,V = 0.59 V, FF = 0.52 and 77 = 2.67%. It may be men-
tioned that various cells were fabricated under identical conditions. There was no sig-
nificant change in the J-V characteristics, including the value of V. and J.
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Fig. 6. J-V characteristics of solar cells showing the effect
of addition of Cul on photovoltaic performance

Table 1. Photovoltaic parameters of DSSC employing Cul in various forms

Jsc Voc n
Solar cell [mA/cm?] V] FF (%]
Without Cul 6.21 0.58 0.53 1.92
Cul in a layer form 7.45 0.56 0.54 2.26
Cul in a dispersed form 8.75 0.59 0.52 2.67
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Figure 7 shows the influence of Cul concentration on the performance of DSSC.
When 0.3 cm® of Cul (0.16 M) was added to 0.9 cm’ of gel electrolyte (the ratio of
Cul to gel electrolyte was 1/3), V., Js. and 17 were found to have maximum values. V.
decreases as the ratio of Cul/gel increases. J;. and 77 also showed the same trend.
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Fig. 7. Influence of the Cul concentration in gel electrolyte on the performance of DSSC
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Fig. 8. Effect of layered and dispersed Cul on IPCE of a solar cell

Figure 8 shows the IPCE of the two solar cells A and B. Cells A and B show
a maximum IPCE of ca. 14% and 20% at 564 nm, respectively. The peak in IPCE spectra
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at ca. 564 nm is close to the observed peak in the absorbance of the ZnO electrode sensi-
tized with RB dye. One of the recent papers also reports that the sensitization of TiO, layer
with RB causes a widening of the spectral response covering the visible region, and results
in high value of IPCE [28]. In the present case, also this could be the reason for a high
value of IPCE in the range of 400470 and 600—650 nm.

The IPCE is expressed in terms of the light harvesting efficiency of the dye
(LHE), the quantum yield of electron injection (7)) and the efficiency of collecting
the injected electrons (7..) at the transparent back contact, as described in [29]:

A high IPCE is the result of either efficient light harvesting by the dye, efficient
charge injection into ZnO, or efficient collection of injected electrons.

In the present case, only the conducting property of the electrolyte has been modified.
The observed increase in the value of IPCE with the dispersion of Cul in TPAI+PEG gel
electrolyte indicates an efficient collection of holes at the back contact.

3.3. Mechanism for achieving higher photocurrent density

Several workers have attempted to improve the properties of electrolytes by add-
ing nanofillers such as TiO, particles, MWCNT and carbon black [17, 30-32]. It has
been shown that the addition of nano fillers in the ionic liquid electrolyte reduces the
resistance of the electrolyte and increases the redox couple mobility. Recently, Chen
et al. [33] used Cul as an additive in an ionic liquid electrolyte (HMImI). It has been
shown that Cul dissolves in HMImI and exists as Cu" and I in the electrolyte. Cu"
1ons are adsorbed on TiO, which results in the increase in /.. and the decrease in V.
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Fig. 9. Mechanism of hole transport in dispersed Cul gel electrolyte



Quasi-solid state dye sensitized solar cell with dispersion of a hole conducting agent 291

In the present case (Cell B), the dispersion of Cul in the gel electrolyte
(TPAI + PEG) resulted in the increase in /. without affecting V.. unlike the values
obtained for Cell A which had a layer of Cul on the ZnO electrode. It is assumed that
the dispersed Cul dissociates into Cu” and I" ions in the gel electrolyte and forms
Cu'/I'/ I3 complexes, thereby introducing local ordering of the redox couple as shown
in Fig. 9. This local ordering facilitates the hole conduction at back electrode which
results in the higher conversion efficiency of the solar cell B. The efficiency of DSSC
increased from 1.92 to 2.67% (Table 1) by the introduction of hole conducting agent
Cul to the gel electrolyte (TPAI + PEG). Figure 9 illustrates the hopping of positive
charges (holes) between I /I;”and Cu’".

3.4. Effect of ZnO compact layer on photovoltaic performance

The photovoltaic properties of fabricated solar cell B was further improved by ap-
plying ZnO compact layer on a conductive glass substrate. The introduction of a thin,
ZnO compact layer in a dye sensitized solar cell can prevent a short circuit in the cell
and therefore may inhibit the back transfer of electrons by blocking direct contact
between the electrolyte and the conductive glass substrate [6]. Figure 10 shows the
photocurrent density—voltage characteristics of solar cells, and the cell parameters are
given in Table 2.
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Fig. 10. S~V characteristics of a dispersed Cul solar cell
with various numbers of compact layer coatings

When a ZnO compact layer was applied to cell B, the cell was found to exhibit an
increase in efficiency from 2.67 to 3.38%. On applying 3 coatings of compact layer
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(thickness ca. 42 nm), the efficiency increased from 2.67 to 3.06%. Efficiency was
found to increase up to 3.38% with 7 numbers of coatings of compact layer corre-
sponding to the thickness of 106 nm. With 11 coatings of compact layer (~140 nm) the
efficiency decreases from 3.38% to 3.12%. At the thickness of 140 nm, the compact
layer becomes thick enough to hinder the electrons from reaching the anode, which in
turn worsens the performance of a solar cell [34].

Table 2. Photovoltaic parameters of DSSC with a ZnO compact layer

No. of Thickness Jse Ve FF n
compact layers [nm] [mA/cm’] [V] [%]
Without layer 0 8.75 0.59 0.52 2.67
3 42+1 9.66 0.59 0.54 3.06
7 1061 10.83 0.59 0.53 3.38
11 140£1 11.34 0.58 0.48 3.12

Fig. 11. SEM images of compact layers
of the following thicknesses: a) 3 layers,
b) 7 layers, c) 11 layers

Figure 11 shows the surface morphology (SEM images) of the compact layers 42,
106 and 140 nm thick. Uniformly tight packed grains of ZnO (Fig. 11a, b) convert into
a tetrapod-like textured surface with sharp boundaries.

4. Conclusions

Dispersion of Cul in a gel electrolyte improves the cell parameters. It is envisaged
that the dispersion of Cul in the gel electrolyte results in the formation of Cu'/I /15~
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complexes thereby, introducing local ordering of the redox couple. This local ordering
facilitates the hole conduction towards the back electrode, thereby improving the con-
version efficiency of the DSSC. Use of a ZnO compact layer in ZnO/Rose Ben-
gal/dispersed Cul gel electrolyte cell further increases the efficiency of the solar cell,
due to prevention of back transfer of electrons by blocking direct contact between the
electrolyte and the conductive substrate.
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