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a b s t r a c t

In this work, ZnO nanopowders were synthesized by microwave assisted hydrothermal method. To
measure the photoelectrochemical properties of the obtained ZnO nanopowders, ZnO film was coated on
FTO by using doctor blade method and the dye solution consisting N719 was used. For the investigations
of structural and morphological properties, X-ray diffraction (XRD) measurements and scanning electron
microscopy (SEM) analysis were carried out. The optical reflectance of the ZnO films with and without
dye were recorded using spectrophotometer and by using Kubelka-Munk function, the two optical band
gaps were detected at about 3.25 eV (direct band gap of ZnO) and 2.20 eV. The currentevoltage (IeV)
characterizations of fabricated ZnO-DSSCs were performed for three consecutive days and the best
performance was obtained from the cell at 2 h loading time and 2 day standbye time, with their
photovoltaic parameters were the Jsc of 1.62mAcm!2, Voc of 0.64 V, FF of 0.62, and n% of 0.64%,
respectively.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

The fact that the sun is a constant source of energy has enabled
us to benefit from its energy by converting it into heat and electric
energy. In today’s conditions, technological and scientific changes
in the world have made solar energy popular and electricity pro-
duction from it. Dye sensitized solar cells (DSSCs) are important
devices because they respond to many environmental and energy
problems. DSSC is one of the most promising candidates for
achieving efficient solar energy conversion because it is flexible,
inexpensive and easy to manufacture. In the years to come, dye
sensitized solar cells (DSSCs), an alternative energy source is ex-
pected to increase its contribution to overall energy production [1].
DSSC, also known as Graetzel cells, was first discovered in 1988 by
M. Graetzel and Brian O’Regan [2] in UC Berkley and subsequently
developed by the same individuals in 1991 at the !Ecole Poly-
technique F!ed!eralede in Lausanne (EPFL).

In the early 1970s, TiO2 from photoelectrochemical cells was
found to split water with small bias voltage when exposed to light.

However, TiO2 is transparent for visible light due to wide band gap.
Therefore, the conversion efficiency was low when the sun was
used as an illumination source. Nowadays, ZnO, which is a metal
oxide material with direct band gap (3.37 eV) and crystallized in
hexagonal wurtzite structure, is used as an alternative material
instead of TiO2. Due to its large bandgap, ZnO is an excellent
semiconductor material such as GaN and SiC, as well as other wide-
bandmaterials. The band gap value of ZnOmaterials is very close to
TiO2. In addition, electron mobility and electron diffusion coeffi-
cient of DSSC application is very important. If we compare these
values for both materials, the electron mobility (205e300 cm2V-

1s-1 for bulk ZnO) and electron diffusion coefficient (5.2 cm2s-1 for
bulk ZnO) of ZnO are higher than the electron mobility (0.1e4
cm2V-1s!1 for bulk TiO2) and electron diffusion coefficient (0.5 cm
cm2s!1 for bulk TiO2) of TiO2 [1]. Due to these outstanding features
of ZnO, ZnO-based DSSC technology is being extensively explored.
R. Vittal and K. Chuan Ho [3] compared ZnO and TiO2 as semi-
conductor material, in DSSCs, in their review and they stated that
ZnO is the closest alternative to TiO2. The authors also stated that
the performance of a ZnO-based DSSC is closely related to the dye
used and the parameters used in the dye.

In the literature, techniques such as solution composition [4],
hydrothermal [5,6], sol-gel method [7], spraying [8], microwave* Corresponding author.
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assisted hydrothermal (MW-HT) [9,10] are used to obtain ZnO
nanopowder. Among these methods, MW-HT has many advan-
tages. Due to its unique properties, such as energy saving, short
reaction time, advanced reaction selectivity, rapid volumetric
heating and high product yield, the synthesis of ZnO nanoparticles
by MW-HT method is rapidly increasing.

Many factors affect the performance of DSSC, such as the
morphology and thickness of the electrode and the type of dye. In
order to increase DSSC yield, many studies have been done based
on changing ZnO morphology and thickness. Although DSSCs are
manufactured successfully, another problem is the dye loading
process. It usually takes a few hours. There are only a few studies
working the effect of dye loading time on DSSC performance. Some
researchers also investigated the effect of dye loading time on
conversion efficiency (n%) [11,12]. One of these studies [11] was
published by A. Singh et al. In the study, they used N719 dye to form
the dye solution. They investigated the effects of different dye
loading times (6 h and 12 h) on energy conversion efficiency. They
reported that energy conversion efficiency increased from 0.38% to
0.44% depending on the increased dye loading times. Similarly, S. S.
Khadtare et al. [12] fabricated ZnO based DSSC and investigated the
effect of dye loading time (5, 14 and 20 h) on energy conversion
efficiency. The authors used Lawsone, the dye that was extracted
from the henna, in their work and the reported energy conversion
efficiencies are 0.22%, 0.19% and 0.51% for 5 h, 14 h and 20 h,
respectively. As shown from the results, the dye loading for 20 h
allowed them to achieve the highest power conversion efficiency.

For this reason, in our study, the effect of both dye loading time
and stand-by time stability on the performance of ZnO-DSSCs has
been investigated. Firstly, ZnO films were obtained by doctor blade
method using ZnO nanopowders synthesized by MW-HTS method
and then it was successfully applied as photoanode for the fabri-
cation of DSSCs. The phases and morphologies of both ZnO nano-
powders and films were investigated using X-ray diffraction (XRD)
and scanning electron microscopy (SEM), respectively. The optical
band gap values of the ZnO films with and without dye were also
compared to each other. The short current (Isc), open circuit voltage
(Voc), conversion efficiency (n%) and fill factor (FF) values of ZnO-
DSSCs were determined. ZnO DSSCs were kept for different (1e3)
day to test the efficiency and the measurements were repeated.

2. Experimental details

2.1. Deposition of ZnO nanopowder

ZnO nanopowders were synthesized by microwave assisted
hydrothermal (MW-HT) method. For this, the aqueous solutions of
zinc acetate dihydrate (ZnAc; 0.15M) and sodium hydroxide
(NaOH; 4M) were prepared as precursor materials. The solutions
were stirred for 20min at room temperature in a magnetic stirrer
and then placed in amicrowave oven (CEMMars 6). These solutions
were irradiated with microwaves at 300W for 10min. The pre-
cipitates formed after the microwave process were filtered and
washed with washed with deionized water and ethanol for several
minutes. The final nanopowders were dried in an oven at 60"C for
24 h and then calcined in air at 500"C for 2 h.

2.2. DSSC fabrication

Fluorine-doped tin oxide (FTO) substates to be spread onto ZnO
paste were firstly cleaned in ultrasonic bath of acetone solution for
15min and then rinsed with distilled water. And then, the sub-
strates dried at nitrogen ambiant. The ZnO paste was prepared by
mixing the ZnO nanopowder, Triton-X 100 and acetyl acetone. The
resulting pastes were spread onto the FTO glass by doctor-blade

method. In this process, the ZnO film was prepared by squeezing
the paste onto the FTO substrate using plastic tapes and then it was
annealed for 1 h at 400"C in air and then cooled. The thickness of
the ZnO film is about 4.5 mm. And then, The ZnO films were
immersed into a 0.5mM N719 (ruthenizer 535 bis-TBA, Solaronix)
for 1 and 2 h. Later, the dye loaded ZnO films on FTO substrate were
assembled by fixing with Pt counter electrode to form a sandwich-
type DSSCs. Finally, iodide/tri-iodide redox couple electrolyte
(Iodolyte Z, Solaronix) was injected into the DSSC. The active area of
the DSSC was about 0.36 cm2. The solar cells loaded in the dye for 1
and 2 h were named ZnO-DSSC1 and ZnO-DSSC2, respectively. The
schematic diagram of ZnO-DSSC is given in Fig. 1.

2.3. Characterization of ZnO and DSSCs

BRUKER D2 PHASER CuKa X-ray powder diffractometer was
used to determine the crystalline nature, crystallite size and phase
purity of ZnO film and powder. For surface morphology studies of
ZnO powder and film, ZEISS Ultraplus SEM was used. SCHIMADZU
UV spectrophotometer was used for reflectance measurements.
The currentevoltage (IeV) characteristics of the ZnO-DSSCs were
recorded by a solar cell measurement system (FYTRONIX
OPTOSENSE).

3. Results and discussion

XRD, a powerful and non-destructive technique, is used to
characterize crystal materials. XRD spectra provide information on
structural parameters such as crystal orientations, average grain
size, crystallinity and crystal defects. XRD spectra for ZnO powder
and film as a function of diffraction angle q are taken by using an X-
Ray powder diffractometer, and shown in Fig. 2. The XRD pattern of
the ZnO film is no different from the powder. Both are highly
crystallized in the hexagonal wurtzite structure (JCPDS No.
0036e1451). The basic five peaks of ZnO are found in both spectra.
The interplanar spacings (d) and diffraction peaks belong to (100),
(002), (101), (102) and (110) planes are well matched to the stan-
dard diffraction pattern of wurtzite ZnO (JCPDS reference
36e1451). The 2q and d values are given in Table 1. The crystallite

Fig. 1. Schematic representation of a DSSC based on ZnO nanostructure.
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size of the ZnO powder and filmwere calculated using the Scherrer
Equation [13] and is given in Table 1. As seen in Table 1, the crys-
tallite size calculated for ZnO film is larger than that of calculated
for the powder. This difference between the film and the powder of
ZnOmay be caused by the annealing process applied at 400 "C after
the film formation.

Fig. 3 shows the SEM images of ZnO powder and film that were
taken at different magnifications. The highly dense and uniform
flower like morphology of the ZnO powder is seen in Fig. 3(a). The
length of rods formed flower like stucture has about 2 mm and
diameter is 200 nm. The image of ZnO film is shown in Fig. 3(b). As
seen from this figure, there is no change in the morphological
structure of ZnO after the film is formed.

In Fig. 4, the absorption spectra of the without and dyes loaded
ZnO films are illustrated. As shown in this figure, the absorbance
values increase as the dye loading time increases in 400e800 nm
region. The loaded time of 2 h was sufficient for the dye to be
adsorbed onto the ZnO surface. The absorption spectrum of the dye
loaded ZnO shows a broad peak around 500 nm, corresponding to
the pep* orbital transition, and the intensity of 2 h loaded one is
higher than that of 1 h.

Fig. 2. XRD spectra of the ZnO film and powder.

Table 1
Structural parameters of the ZnO film and powder.

(h k l) 2qðdegreeÞ D (Å) D (nm)

Powder (100) 31.041 2.88101
(002) 33.706 2.65911
(101) 35.527 2.52687 34
(102) 46.836 2.80752
(110) 55.898 1.64487

Film (100) 31.095 2.87616
(002) 34.507 2.81111
(101) 36.325 2.47320 46
(102) 47.616 1.90978
(110) 56.657 1.62461

Fig. 3. SEM images of the ZnO film and powder.

Fig. 4. Absorbance spectra of the bare and dye loaded ZnO film.
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The optical reflectance measurements, which were carried out
at room temperature by using a BaSO4 powder as reference, were
used to determine the optical band gap of the ZnO film. The band
gap values of ZnO film were determinde by the use of Kubelka-
munk function. Kubelka Munk function F(R) [14],

K
S
¼

ð1! RÞ2

2R
¼ f ðRÞ (1)

where K is absorption coefficient and S is scattering coefficient. In
order to calculate the band gap, the reflection values must be
converted to absorbance using the Kubelka-Munk function. The
above equation was changed and rewritten with the relationship
given below

!
FðRÞhy

d

"2
¼ A

#
hn! Eg

$
(2)

where Eg is the optical band gap, d is the film thickness, A is the
constant and hn is the photon energy. The diffuse reflectance
spectra of without dye and dye loaded ZnO film are given in Fig. 5.
The bare ZnO film has an average reflectivity of 70% in the UV re-
gion. Therefore, ZnO’s superior light-scattering ability is high. This
shows that the ZnO film is well crystallized. It is also shown that the
reflectance value of the ZnO film decreases with increasing dye
loading.

The optical band gap values of without dye and dye loaded ZnO
film were determined from the point that cuts the energy axis of
the linear part of the graph given in Fig. 6. This graph are charac-
terised by the presence of two bands. The band at approximately
3.25 eV in each of the three spectra corresponds to the optical band

gap of ZnO. The other band located in the 2.20 eV is associated with
the high-energy pep* orbital transition which belongs to the
ruthenium. Based on these results, it is proposed that the ruthe-
nium complex was excited to the metal to ligand charge transfer
(MLCT) excited state, from which an electron is injected directly to
the ZnO conduction band [15].

The energy band diagram of DSSC which includes HOMO/LUMO
levels of N719 dye, conduction band (CB) and valence band (VB) of
ZnO, the work function of FTO and reduction potential of the
electrolyte is illustrated schematically in Fig. 7. As seen in this
figure, the CB and VB energy levels of ZnO are lower than the LUMO

Fig. 5. Reflectance spectra of the bare and dye loaded ZnO film.

Fig. 6. Kubelka munk function of bare and dye loaded ZnO film.

Fig. 7. Schematic energy band diagram for FTO, ZnO and N719 dye.
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and HOMO energy levels of the N719 dye. Therefore, the photo-
generated electrons in dye can be collected from ZnO and trans-
ferred rapidly to the FTO.

Several photovoltaic parameters can be derived from IeV curves
of DSSC. When the voltage applied on the cell is 0 V, the measured
current is the short circuit current (ISC). The maximum measured
voltage is the open circuit voltage (Voc) while no current flows
through the circuit. The fill factor (FF) is a measure of the quality of
the cell as a power source. It is the ratio of maximum power to open
circuit voltage and short circuit voltage circuit current multiplica-
tion. The general formula for the FF is:

FF ¼ ImaxxVmax

IscxVoc
(3)

The power conversion efficiency (n%) is the ratio between
maximum generated power (Pmax) and electrical input power (Pin)
from the light source and found to be following equation

nð%Þ ¼ FFxIscxVoc

ImaxxVmax
x100 (4)

The current density-voltage (J-V) graphs obtained for ZnO-1-
DSSC and ZnO-2-DSSC are shown in Fig. 8 and Fig. 9. From the J-V
graphs, DSSC parameters such as Voc, Jsc, FF and n% values are esti-
mated using Equations (3) and (4) [16] and given in Table 2. It can
be seen in these figures that the dye loading time and standby time
have an important effect on the photovoltaic performance of the
DSSCs. As shown in Table 2, the JSC and n% values are in similar trend
with dye loading time for both ZnO-DSSCs. Also, the Voc tends to
increase when increasing the dye loading time to the highest value.
The highest conversion is the conversion of ZnO-DSSC2-2 and also
the ideal dye loading time was optimized to be 2 h. While an
increment in efficiency in ZnO-DSSC-1 was observed in measure-
ment performed after 1 day standby time in the case of 1 h loading
time in the dye, similar increase for the ZnO-DSSC-2 having 2 h
loading timewas observed in measurement performed 2 days later.

There are some factors such as crystal structure, energy gap,
morphology, porosity, surface area and number of film layers that
affect the efficiency of photovoltaic cells. In addition, the factors
such as film thickness and dye loading time also affect the con-
version efficiency. In general, if the film thickness is fixed, photo-
voltaic performance increases with increase dye loading time.
However, the dye loading time causes a decrease in performance

due to dye agglomeration after a while [17]. That is, the observed
decrease in the conversion efficiency values after an optimum
loading time can be a result of both the deterioration of the semi-
conducting film and the presence of aggregates in the pores.

4. Conclusions

The crystal structure and surface morphologies of both ZnO
nanopowders synthesized by MW-HT method and obtained films
using these powders were investigated and these results showed us
the highly crystallized hexagonal stucture and nanoflower struc-
tures decorated with rods. The optical band gaps of the ZnO films
were evaluated by using Kubelka-Munk function and two optical
band gaps were detected at about 3.25 eV and 2.20 eV associated
with ZnO and ruthenium. As a result of electrical measurements of
ZnO-DSSCs fabricated by using dye solution consisting N719 per-
formed under 100mW/cm2 simulated sunlight, it was determined
that the performance of the ZnO-DSSCs depend on both loading
time and standbye time. The best performance was obtained for 2 h
loading time and 2 days standby time. This cell performed with the
highest short-circuit density of 1.62mA/cm2; efficiency of 0.64%;
open circuit voltage of 0.64 V and fill factor of 0.62.
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Fig. 9. J-V graph of ZnO-DSSC-2.

Table 2
The photovoltaic parameters of ZnO-DSSCs.

DSSC Voc (V) Jsc (mA/cm2) FF n%

ZnO-DSSC1 0.53 1.18 0.25 0.16
ZnO-DSSC1-1 0.58 1.16 0.35 0.25
ZnO-DSSC1-2 0.52 1.05 0.28 0.14
ZnO-DSSC2 0.46 1.55 0.32 0.23
ZnO-DSSC2-1 0.61 1.18 0.62 0.44
ZnO-DSSC2-2 0.64 1.62 0.62 0.64
ZnO-DSSC2-3 0.64 1.21 0.66 0.51
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