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Cost effective, ruthenium metal free rhodamine B dye has been chemically adsorbed on ZnO films consist-
ing of nanobeads to serve as a photo anode in dye sensitized solar cells. These ZnO films were chemically
synthesized at room temperature (27 °C) on to fluorine doped tin oxide (FTO) coated glass substrates
followed by annealing at 200 °C. These films consisting of inter connected nanobeads (20-40 nm) which
are due to the agglomeration of very small size particles (3-5nm) leading to high surface area. The
film shows wurtzite structure having high crystallinity with optical direct band gap of 3.3 eV. Optical
absorbance measurements for rhodamine B dye covered ZnO film revealed the good coverage in the visi-
ble region (460-590 nm) of the solar spectrum. With poly-iodide liquid as an electrolyte, device exhibits
photon to electric energy conversion efficiency (1) of 1.26% under AM 1.5G illumination at 100 mW/cm?.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The sensitization of wide band-gap semiconductors with dyes
have been intensively investigated in solar energy conversion sys-
tems, especially since Gratzel and co-workers reported a highly
efficient solar cell with a ruthenium (II) bipyridyl complex adsorbed
on porous nanocrystalline TiO; electrodes [1]. Dye-sensitized solar
cell (DSSC) is one of the most alternative low-cost and high-
efficiency solar cells with lower production cost compared to
traditional silicon based solar cells. Selected literature with remark-
able results emerged about DSSCs efficiencies includes different
types of semiconductor materials like TiO, with N3 dye showed
11.18% efficiency [2], 8% efficiency with Sn0O,/Zn0O using N3 dye as
a sensitizer [3], Nb,O5 shows 2% efficiency using N3 dye [4] and
5% efficiency was achieved for ZnO sensitized with N719 metal dye
[5]. Among this, ZnO has shown a great deal of research interest
in DSSCs due to some of its fascinating properties. Compared to
other semiconductors, ZnO has unique properties such as, higher
binding energy (60 meV) at room temperature, direct wide band
gap (3.37 eV) showing non centro-symmetry in the wurtzite struc-
ture [6], high breakdown strength, cohesion, and exciton stability.
Moreover, ZnO is one of the hardest materials in the family of
[I-VI semiconductors. Electron mobility in ZnO is more than that
in TiO, making the former suitable for DSSCs [7-9]. Due to these
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properties of ZnO, it is promising material for optoelectronics and
piezoelectric applications. Jiang et al. and Guo et al. have reported
synthesis of ZnO using hydrothermal method and achieved 1.9%
[10] and 2.4% [11] efficiencies for N719 and N3 Ru-metal dyes,
respectively. Ku et al. by hydrothermal and Wu et al. by chemical
vapor deposition (CVD) methods have been used to synthesize ZnO
thin film and achieved 3.2% [12] and 0.83% [13] efficiencies using
ruthenium metal free mercurochrome dye as a sensitizer. Over the
past few years, many methods such as spray pyrolysis, electrode-
position, magnetron sputtering, chemical vapor deposition, pulsed
laser deposition, sol-gel and hydrothermal [14-20] etc. have been
developed to synthesize nanostructured ZnO thin films.

Most of the dyes used up till now are ruthenium based and
which are expensive. Also, most reported methods to deposit ZnO
includes expensive equipments and hence, there is prevailing need
to use low cost ruthenium metal free dyes along with efficient,
low temperature and cost effective vacuum free deposition method
for the technological application. Chemical bath deposition (CBD),
one of the solution growth methods has been well developed to
fabricate large-area semiconductor thin films in view of its sev-
eral advantages: it does not require sophisticated instruments;
the starting chemicals are commonly available and cheap; the
preparative parameters are easily controlled. Thus, this method
becomes preferred option over the other expensive techniques.
Considering the current interest in the nanoparticles, CBD is an
excellent method to deposit nanostructured films. In CBD, small
degree of supersaturation of the solution causes the heterogeneous
nucleation of the metal oxide on the substrates. The solubility of
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the solutes can change as a result of chemical reactions in the
solutions. When the solution reaches supersaturation, solid parti-
cles are formed through the nucleation and crystal growth process.
The detail reaction mechanism occurred during CBD has been
explained in detail by Lokhande et al. [21]. There are many pre-
vious studies on the synthesis of ZnO by chemical method for
several applications. Very few reports are emerged out for low
temperature (~90°C) chemically synthesized ZnO for DSSC appli-
cation, although the deposition temperature was less than 100°C
but the sintering temperature was above 300°C. Baxter et al.
have reported synthesis of ZnO nanowires using hydrothermal and
MOCVD with N719 dye as a sensitizer and achieved 0.3% and 0.5%
efficiency, respectively [22,23]. Mehra et al. reported enhancement
in efficiency from 0.7 to 1.9 for metal free Eosin-Y dye on ZnO
film deposited using doctor blade technique [24]. Gan et al. was
achieved 0.21% efficiency using structure ZnO/Eosin-Y (dye) hybrid
thin film synthesized by electrochemical deposition technique at
70°C[25]. However, the room temperature synthesis of ZnO is still
a remarkable challenge along with the reduction in post annealing
temperature.

Present article emphasis on the deposition of ZnO thin films
at room temperature (27 °C) by using chemical synthesis method
on fluorine doped tin oxide coated (FTO) glass substrate followed
by air annealing at relatively low temperature (200°C) to remove
hydroxide phase. An aqueous alkaline bath containing zinc salt
with ammonia as a complexing agent was used for the synthesis.
The preparative parameters were controlled to get interconnected
nanobeads of ZnO leading to porous films enabling high surface
area. This film was used to adsorb ruthenium metal free rhodamine
B dye as a sensitizer and used as a photo anode for dye sensitizer
solar cells application.

2. Experimental
2.1. Deposition of ZnO thin film

Chemical bath deposition (CBD) is a method of growing thin films on a substrate
immersed in aqueous solutions containing appropriate reagents at relative low tem-
peratures (room temperature up to 27 °C). The nano structured films were deposited
on FTO coated glass substrate using a beaker placed at room temperature during the
growth process under normal environmental condition. Before the deposition, the
substrates were cleaned in dilute HNOs for few second, and then rinsed in doubled
distilled water (DDW). The cleaned substrates were immersed in an aqueous solu-
tion bath for specific time period in order to deposit films of desired thicknesses.
Films of pure ZnO were deposited on substrates from aqueous solution containing
zinc-complex containing a mixture of zinc acetate dihydrate {(C;H30),-Zn-2H,0}
and hexamethylenetetramine (HMTA) {(CH2)sN4}, and 25% ammonia {(NH3)} as a
complaxing agent. All the chemicals were purchased from Qualigens (Glaxo) and
were used without further purification. The zinc concentration of the complex solu-
tion was prepared in the chemical bath containing an equimolar (30 mM/L) solution
of zinc acetate and HMTA in double distilled water (100 ml). Initially the precipitate
was formed with slow addition of ammonia and then dissolved by further addition
of excess ammonia (~13 ml) with the formation of clear zincate solution having
resultant pH ~12. The solution was stirred for few seconds and then transferred
into the another beaker containing cleaned FTO coated glass substrate (sheet resis-
tance 15 cm) placed vertically in the beaker kept at room temperature (27 °C).
After the deposition, the substrate coated with ZnO thin films were taken out with
suitable time intervals (5-25h), washed with double distilled water, dried in air.
We observed that the uniform film growth was takes place after 20 h on the surface
of the FTO as well as on the wall of the beaker. As deposited films were annealed at
200°C for 1 h in air and used for further characterizations as well as for the device
application.

2.2. Characterizations

The crystallinity and orientations of the films were assessed by X-ray Diffrac-
tometer (XRD) (Riguku D/max 2500) utilizing CuK,, irradiation (A =1.5406A) in 20
range from 10° to 80°. The surface morphology and the cross-sectional interface of
the films were characterized by using scanning electron microscopy (SEM, S-4800,
Hitachi, 15kV). The optical absorptions were measured by recording the spectra in
the wavelength range between 300-800 nm using UV-Vis-NIR (Shimadzu model-
UV 1601) spectrophotometer.

Dye-loading on the ZnO film was performed by immersing the ZnO film in a
0.5 mM ethanolic solution of rhodamine B having -COO~Na* functional group from
xanthene class for over night (12 h) under the dark condition at room temperature
(27°C). To minimize adsorption of impurities from moisture in the ambient air, the
ZnO films were dipped in the dye solution while they were still warm 80°C. Dye
loaded ZnO thin films were taken out from dye solution and then rinsed carefully
in ethanol to remove unabsorbed dye molecules. The ZnO/rhodamine B photoan-
ode thus fabricated was then assembled into a sandwich-type open cell using a flat
platinum plate as a counter electrode. The photoanode and the counter electrode
were spaced by tixo tape of 3 wm thickness over ZnO film as spacer and pressed by
clamps. A drop of liquid electrolyte was introduced between the sensitizer and the
counter electrode by capillary action. An electrolyte solution composed of 0.1 mol/L
iodine and 0.5 mol/L tetra-n-propylammonium iodide in an ethylene carbonate, and
acetonitrile mixed solvent (20:80 by volume) was used. The current-voltage (I-V)
characteristics were measured by using a potentiostat/galvanostat (EG&G, Prince-
ton Applied Research, Model 273) with exposed area of 0.2 cm? under illumination
of the simulated sunlight (1 sun) at standard condition of 1.5 AM, 100 mW/cm? sup-
plied from a solar simulator [Oriel, 91160-1000 91192, Passivated. Emitter and Rear
Contacts (PERC) cell Technologies].

3. Results and discussion
3.1. Growth mechanism

The growth mechanism of the ZnO nanobeads prepared by the
CBD method with general chemical reaction in the precursor solu-
tion can be speculated as follows

(C,H30,)2Zn — Zn?** 4+ 2CH3C00~ (1)
CH3CO0~ +H,0 + 2e~ — CH3CO~ +20H" (2)
Zn?* 4+ 20H™ +2H,0 — Zn(OH)4%~ +2H* (3)
Zn(OH)4%~ +2H* — Znocluster 4 3H,0 (4)

Zn(OH), — [Zn?** 4+2(0% +HH)Pld . [Zn?*t + 0%7]
+ [02~ +2H*] - [znOJ*°ld + H, 08 (5)

In a present report, it is suggested that the role of HMTA in the
chemical bath is primarily to provide OH~ ions while undergo-
ing slow thermal decomposition into ammonia [26]. If the slow
degradation of HMTA at elevated temperatures, and the consequent
slow rise in pH, was an important factor that contributes to the
anisotropy of the nanobeads ZnO. In the chemical solution method,
the HMTA is first hydrolyzed, and free electrons are released at
the same time. Therefore, the CH3COO™ ions can acquire electrons
to be reduced to CH3CO~ ions, inducing the increase of OH™ con-
centration in the solution (Eq. (2)). More and more OH~ ions will
combine with Zn%* ions to form an intermediate growth unit of
Zn(OH)42~ (Eq. (3)) [27]. Due to heat convection, diffusion of ions,
and deregulation movement among molecules and ions in solu-
tion, ZnO clusters are formed by the dehydration reaction between
OH~ and H* ions (Eq. (4)). It is well-known that super saturation is
a prerequisite for crystal growth in solution and is also intimately
connected with growth processes involved in the evolution of crys-
tal morphology. As the reactions continue (Egs. (3) and (4)), more
and more ZnO clusters appear in the solution. When the solution is
super saturated, nucleation begins, and then, ZnO nanocrystallites
form on the substrate as well as in the solution. From literature sur-
vey, itis observed that the low temperature chemically as deposited
film consist of mixed phases of Zn(OH), and ZnO [28]. For the con-
version of mixed phases to pure ZnO it is necessary to anneal the
film in air at 400°C for 2 h, to improve the crystallinity of the film
and the interfacial structures [29]. The reaction (Eq. (5)) predicts the
conversion of hydroxide phase to pure ZnO by annealing [30,31].

3.2. Structural characterization

The X-ray diffractogram (XRD) for as-deposited film on FTO
coated glass substrate prepared by CBD method at room temper-
ature comprised of mix phases [hydroxide and oxide] is shown in
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Fig. 1. (a) X-ray diffraction pattern of as-deposited ZnO thin prepared by CBD
method at low temperature film on FTO coated glass substrate and (b) for air
annealed film at 200°C for 1 h.

Fig. 1(a). The as-deposited phase shows orthorhombic crystal struc-
ture [JCPDS card no. 89-0138]. After annealing at 200 °C the mixed
phase is then converted to pure oxide phase (ZnO) as depicted in
Fig. 1(b). All the diffraction peaks can be indexed as the pure ZnO
phase showing hexagonal (wurtzite) crystal structure with lattice
constants a=3.249 and c=5.206 A, which are consistent with the
values in the standard card [JCPDS card no. 36-1451]. The measured
“c/a” ratio of 1.6023 showed good match with the value 1.6330 for
ideally close packed hexagonal structure. Compared to the standard
card, the [101] peakis stronger, revealing the [002] and [1 0 0] ori-
ented growth of the ZnO nanostructure. It is seen that crystallites
grow much fasterin[10 1] plane compared to the other planes[32].
Even if fabricated and sintered at the low temperature, the ZnO
nanostructures crystallized was well accordance to the standard
XRD pattern. This supports complete removal of Zn(OH);, phase and
its conversion to pure ZnO by the air annealing of the as deposited
films at comparatively low temperature (200°C).

3.3. Morphological studies

By using the same precursor’s solution and by depositing the
films for about 40h, we have previously reported ZnO films

consisting of flower-like surface morphology [33]. In present study,
the deposition parameters and rate of reactions were controlled by
complexing agent (ammonia) in the bath and the reaction was car-
ried out for 20 h instead of 40 h. This leads to the formation of small
size nanoparticles (3-5nm) at the FTO interface and then turns to
bigger size particles (nanobeads, 20-30 nm) due to agglomeration
of smaller once and limits flower like morphology which was due
to secondary growth as reported previously.

Fig. 2(a) shows surface morphology of the annealed ZnO thin
film. The surface morphology consists of porous structure having
nanobeads. Furthermore, the interconnected nanobeads consisting
of small size particle (3-5nm) resulted in agglomeration to form
bigger ones. This can offer large surface area as shown in magnified
SEM image (inset). Part (b) shows the cross-section of nanobeads
ZnO thin film showing thickness of 2 wm deposited over FTO sub-
strate. Such novel surface morphology can find application in dye
sensitized solar cell with high surface area which is basic need of
DSSC.

3.4. Optical measurement

Optical absorption was measured on a Shimadzu model-UV
1601 UV-Vis NIR spectrophotometer over the range from 350 to
700nm as shown in Fig. 3, without taking into considerations of
reflection and transmission losses. Annealed ZnO films have low
absorbance (at) in the visible region of the solar spectrum (open
triangle). The absorption spectrum of rhodamine B dye in ethano-
lic solution (open circle) and dye coated ZnO thin film with ZnO film
as areference (open square) were studied at room temperature. The
absorption spectra for rhodamine B dye shows maxima at 532 nm
with the broader coverage (460-590 nm) in the visible region of the
solar spectrum. The obtained absorption maxima spectrum for rho-
damine B dye isin good agreement with the reported one [34]. Fig. 3
(open star) shows the quantum efficiency (QE) measurement curve
showing spectral coverage in visible region from 460 to 600 nm
with more intense absorption peak at 530 nm, which is similar to
that of optical spectrum of rhodamine B dye. The QE curve also
shows the less intense absorption peak at ca. 385 nm which was due
to ZnO. Fig. 3 (inset) shows the chemical structure of rhodamine B
dye having -COO~Na* as a functional group. The linear variation of
(ahv)? versus hv at the absorption edge, confirmed the semicon-
ducting behavior of the film with direct band gap 3.3 eV and is in
well agreement with reported value which is shown in Fig. 4 [28].

Fig. 2. (a) The surface morphology of ZnO film annealed at 200 °C using scanning electron microscopy. Inset indicates the agglomerated ZnO nano particles at high resolution

and (b) the cross-section of the same film.
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Fig.3. The variation of optical absorbance («t) with wavelength (1) for annealed ZnO
thin film on FTO (open triangle). The optical absorption spectra in visible spectral
region for ethanolic solution of rhodamine B dye (open circle), dye covered ZnO
film with ZnO film as a reference (open square) and open star represents spectral
response of quantum efficiency measurement. Inset shows the chemical structure
for rhodamine B dye.

3.5. Device performance

Photocurrent density (J) verses photovoltage (V) charac-
teristic of the DSSC with structure FTO/ZnO/rhodamine B
dye/electrolyte/back contact were measured with an active area
of 0.2 cm?, regulated by mask under the standard AM 1.5G condi-
tions with 100 mW/cm? (1 sun). Fig. 5 shows the J-V characteristic
for DSSC under dark condition (closed circle). After illumination of
device with standard condition (1 sun), we observed photovoltaic
performance of the device (open circle). The short circuit current
density (Jsc), open circuit voltage (Voc), fill factor (F.F), and the
overall photovoltaic conversation efficiency (1) are 4.61 mA/cm?,
449 mV, 61%, and 1.26%, respectively.

Inset of Fig. 5 illustrates the currently accepted mechanism of
photosensitization of a wide-band gap semiconductor (ZnO) by an
adsorbed dye (rhodamine B). Irradiation to the dye promotes elec-
tron from ground state to an excited state. If the oxidation potential
of the excited state is located at a more negative potential than the
semiconductor conduction band edge, the excited dye transfers
an electron to conduction band of the semiconductor, producing
oxidized dye. The oxidized dye is reduced to the ground state by
electron donor I~ from electrolyte. Vyc is thus expressed as the
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Fig. 4. The plot of (a«hv)? verses hv for ZnO film on FTO coated glass substrate
annealed at 200°C.

2
- Voc = 449 mV *o
£ Jsc=4.61 mA/em’ ¢ D.a e 2
L FF = 6115 % & Lgat ®
E 5 n=126% !' o
3 —- Load o
.a B | ] LUMO J-
= Y, o
3
w -2} a
c g :
@ % ; °
= £ H o
3
o o
8 g
o 4}
£
o eocoohooooacoong #
1 " 1 " 1 " " 1 2 1
-600 -400  -200 0 200 400
Voltage (mV)

Fig. 5. Photocurrent density-photovoltage (J-V) characteristic of DSSC device with
structure FTO/ZnO/Rhodamine B dye/electrolyte/contact in the dark (closed circle)
and under illumination of the simulated sunlight at AM 1.5G with 100 mW/cm?
(open circle). Energy level diagram indicating the band positions for complete DSSC
device (inset).

difference between the I-/I3~ redox potential and the flat band
potential close to the n-type semiconductor conduction band.

4. Conclusions

We have fabricated DSSCs by using ZnO nanobeads consisting
of agglomerated nanoparticles (3-5 nm), deposited by simple and
environmentally friendly; chemical bath deposition method. The
deposition was carried out at room temperature (27 °C) followed
by air annealing at relatively low temperature (200 °C) for conver-
sion of mixed phase to the pure ZnO. This method is suitable for
the preparation of large surface area thin films. In addition, we
have used low cost organic dye, namely rhodamine B from xan-
thene series, as a photo sensitizer which provides an alternative
over conventional ruthenium complex-based DSSCs. The power
conversion efficiency of 1.26% was achieved for chemically grown
ZnO nanobeads structure sensitized with metal free rhodamine B
dye.
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