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ABSTRACT

In this study, zinc oxide (ZnO) nanorods were synthesized on indium-tin-oxide (ITO) glass
substrates by a hydrothermal process using various molar concentrations  of
Zn(NO3),*6H,0+C¢H1,N4. Subsequently, scanning electron microscopy (SEM), energy dispersive
spectroscopy (EDS), and x-ray diffraction (XRD) were used to obtain the surface morphology,
chemical composition, and crystallographic structure of the nanorods. These nanorods were then
submerged in a dye solution and used as the working electrode for a dye-sensitized solar cell (DSSC).
The I-V and optoelectronic characteristics of DSSCs using the nanorods prepared by various
concentrations of Zn(NOs),*6H,0+CgH;,N, as the electrodes were measured to obtain their fill
factors and conversion efficiency. The experimental results revealed that the ZnO film prepared by
0.2M of this compound exhibits a uniform distribution of dense nanorods whose shape and
microstructure are beneficial to dye adsorption and carrier transport. Therefore, the DSSC fabricated
with the nanorods prepared by the 0.2M process has an improved short-circuit current, fill factor, and
conversion efficiency.
Key Words: zinc oxide (ZnO) nanorods, dye-sensitized solar cell (DSSC)
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I. INTRODUCTION

Zinc oxide (ZnO) is a wide-bandgap I1-VI compound
semiconductor with a direct bandgap of 3.37 eV at room
temperature. With an electron binding energy of 60 meV [22]
and the superior properties such as anti-oxidation and chemical
stability, ZnO is a promising optoelectronic material with great
potential in applications for optical detector [13], gas sensor
[6], solar cell [10], short-wavelength UV laser, and blue or
green optoelectronic devices [2]. In the present time, the
synthesis of ZnO with novel shapes (e.g. wire, rod, lamina, and
tube) has attracted widespread attention.

Many processes have been used to prepare ZnO
including thermal evaporation [11, 15], pulsed laser deposition
(PLD) [4], magnetic enhanced sputter [12], metal-organic
chemical vapor deposition (MOCVD) [16], and chemical vapor
deposition [23]. However, the processes stated above not only
require expensive equipment but also are not suitable for
batch-type production. In comparison, using chemical solution
to prepare ZnO has several advantages over the processes
stated above. Not only it is an inexpensive process with
low-cost equipment, but also ZnO with excellent crystallinity,
chemical stability, and thermal stability can be attained with
this process. The relative merit of using hydrothermally grown
nanorods in DSSC application has been thoroughly studied by
Hsu [7].

ZnO was used to fabricate electrode much earlier than
TiO,. Early in 1969, Gerischer et al. [5] studied the feasibility
of using crystalline ZnO electrode in dye-sensitized solar cell
(DSSC); Tsubomura and coworkers [19] presented a report on
the research of the optoelectronic characteristics of DSSC with
ZnO electrode in 1976; Matsumura and coworkers [14] used
porous ZnO as the electrode to achieve a conversion efficiency
of 2.5% at the wavelength of 562 nm in 1980. In 1994,
Redmond et al. [17] used ruthenium as the dye to obtain a

monochromatic  conversion efficiency of 13% at the

wavelength of 520 nm and a conversion efficiency of 0.4%
In 1997, Rensmo et al. [18] reported a
monochromatic conversion efficiency as high as 58% and a
conversion efficiency of 2% under sunlight. These results

under sunlight.

clearly demonstrated the plausibility of using ZnO in the high
efficiency DSSC. In the study by Keis and coworkers [9] in
2002, the conversion efficiency of ZnO solar cell under direct
sunlight (100 W/m?) was 5%. And the highest conversion
efficiency reported by Kakiuchi and coworkers [8] for ZnO
solar cell under full sunlight (AM-1.5, 100 mW/cm?) is 4.1%.
The incorporation of crystalline
nanowires can effectively lower the potential barrier at the

semiconductor

grain boundary and reduce the loss of electron transport.
Therefore, transport property of carrier is improved and the
conversion efficiency of solar cell is increased [1]. Hence, they
have become the material selection for electrode in DSSC
device application. ZnO nanorods were
synthesized with an inexpensive hydrothermal process. The

purpose of using ZnO nanorods as the working electrode

In this study,

(anode) in a DSSC was to increase its carrier transport
capability. ZnO nanorods were used with the intention to
increase the adsorption of dye thereby increasing the optical
absorption and rendering higher conversion efficiency for the
DSSC. The I-V characteristics of DSSCs using ZnO nanorods
prepared by  various molar concentrations  of
Zn(NO3),*6H,0+C¢H,N, as the working electrode (anode)
were measured and investigated to study their effects on the
conversion efficiency of solar cell.

I1. EXPERIMENTAL DETAILS
In this work, ZnO nanorods prepared by a simple
hydrothermal process were used to fabricate the working
(anodes) for DSSC applications. First, an
indium-tin-oxide (ITO) glass substrate was cut into 2cm x 2cm
pieces, and then rinsed with acetone, methanol and deioniz

electrodes
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water. After cleaning, the ITO glass substrates were blown with
nitrogen to dry. Transparent tapes were adhered along the
peripheral of ITO glass substrate. Thus, only the central area of
lcm x 1cm was reserved for the growth for ZnO nanorods. In
addition to ITO substrates,
synthesized on silicon substrates since they are more suitable
for SEM and EDS measurements. Second, deionized water was
added to zinc nitrate hexahydrate (Zn(NOs),*6H,0) and
hexamethylenetetramine (Cg¢H;,N4,, HMT) to obtain the
reagents for the growth of ZnO nanorods. These two solutions

ZnO nanorods were also

were mixed at the ratio of 1:1. The mixed solution was
vigorously stirred for 20 minutes at room temperature to ensure
full and uniform mixing. The mixture was heated indirectly
through water at 80-85°C. After the temperature of mixture was
stabilized, ITO glass substrates were submerged in the mixture
with ITO facing upwards. After 1 hour of high temperature
process, samples were removed from the beaker and were
rinsed with deionized water for 20 minutes to halt the growth
process of ZnO nanorods. Finally, the synthesized ZnO
samples were placed into a box for 5 hours so that they can dry
naturally. After the working electrodes using ZnO nanorods
prepared by various
Zn(NO3),#6H,0+CsH1,N,4
submerged in dye solution for 8 hours so that dyes can be fully
adsorbed by ZnO nanorods. Subsequently, the working

concentrations of

were fabricated, they were

electrodes were assembled with the counter electrode of Pt
film/ITO glass and electrolyte was injected to form the DSSC.
The purpose of this work is to study the surface
morphology, chemical composition, and microstructure of the
ZnO nanorods prepared by various molar concentrations of
Zn(NO3),26H,0+CgH1,Ny.
(SEM), energy dispersive spectrometry (EDS), and x-ray
diffraction (XRD) were used to obtain the surface morphology,
chemical composition, and crystallographic structure of ZnO

Scanning electron microscopy

nanorods. Afterwards, I-V characteristics of the DSSCs using
ZnO nanorods prepared by various molar concentrations of
Zn(NO3),*6H,0+CgH 1N, their
open-circuit voltage, short-circuit current, fill factor, and
conversion efficiency were determined.

were  measured, and

I1l. RESULTS AND DISCUSSION

In this study, ZnO were prepared with zinc nitrate
hexahydrate (Zn(NO3),*6H,0) and hexamethylenetetramine
(CeHN4, HMT) in a hydrothermal process. These two
reagents were mixed at the ratio 1:1 in water. The molar
concentration ratio of Zn(NOs),*6H,0 and C¢H;,N4 was 1:1 as
proposed by Vayssieres [20]. HMT is non-toxic and its
water-soluble polymer ring dissolves in the acidic solution into

functional groups to form NH3. Zn(NOs), can react with HMT
in water to synthesize ZnO nanorods. The chemical reactions
involved in the growth of ZnO nanorods are: [3, 21, 24]

C6H12N4 + 6H20 — 6HCHO +4NH3 (1)
NH; + H,0 — NHj + OH~ @)
20H™ +Zn?*" - ZnO+H,0 ©)

First, CgHi,N, was disintegrated into formaldehyde
(HCHO) and ammonia (NH3) as shown in equation (1).
Ammonia tends to disintegrate water to produce OH anions
(equation 2). Finally, OH anions react with Zn*" cations to
synthesize ZnO (equation 3). In the growth process of ZnO
nanorods, the concentration of OH anions is the dominant
factor. Therefore, C¢H;,N, that supplies OH ™ anions plays a
key role in the growth of ZnO nanorods. The hydrolysis rate of
CeH1oN, is low and thus can provide OH  anions at a steady
rate rendering a solution with a constant concentration of OH™
anions. At low concentrations of C¢H1,N, and Zn(NO3),*6H,0,
the reaction rate of OH anions is low; on the other hand, at
high concentrations of CgHy;N, and Zn(NOs),#6H,0, the
chemical reaction rate and the growth rate of ZnO nanorods is
high. In this study, the molar concentration of mixture was
varied to study its effect on the surface morphology, chemical
composition, and optoelectronic properties of the synthesized
ZnO nanorods.

Figure 1 shows the top-view SEM images of the ZnO
prepared by
Zn(NO3),*6H,0+C¢H1,N4. The enlarged images are shown in

nanorods various  concentrations  of
Figure 2. The magnification is 1x10° for Figure 1 and is 3x10*
for Figure 2. The growth parameters are listed as follows: the
growth temperature was 80-85°C, growth time was 1 hour, and
the molar concentrations of Zn(NOs),*6H,0+CgH1,N, were
0.025M, 0.05M, 0.1M, 0.2M and 0.3M. In Figure 1(a), ZnO
nanorods are distributed sparsely on the substrate and the
underlying substrate can be clearly seen. For ZnO nanorods
prepared with 0.05M Zn(NO;),*6H,0+C¢H,N,, the surface
density of ZnO nanorods become higher, but a portion of the
substrate still exposes. The substrate is completely covered by
ZnO nanorods as the molar concentration  of
Zn(NO3),*6H,0+CeH1,N, is increased to 0.1M or higher as
seen in Figures 1(c), (d), and (e). The average diameters
(distance between any two parallel sidewalls) of ZnO nanorods
prepared by various concentrations of
Zn(NO3),*6H,0+CgH;,N, are shown in Figure 3. The average

diameter of nanorods increases linearly from ~385 nm for the
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Fig. 1. The top-view SEM images of ZnO nanorods
prepared by various concentrations  of

Zn(NO3),*6H,0+C¢H,N,.  The  magnification
factor is 1x10°.
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Fig. 2. The enlarged top-view SEM images of ZnO
nanorods prepared by various concentrations of
Zn(NO3)»*6H,0+CgH,N,.  The  magnification
factor is 3x10%,
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Fig. 3. Average diameter of ZnO nanorods prepared by

various  concentrations of = Zn(NOs),*6H,0
Zn0O nanorods prepared by 0.025M of

Zn(NO3),*6H,0+CgH15N, to ~755 nm for the ZnO prepared by
0.3M of Zn(NOj3),*6H,0+CgH1,N,.

It is worth noting that the diameter near the tip of
hexagonal pillar may not be the same as that near the bottom.
As seen in Figure 2(a), the diameter near the tip of hexagonal
pillar is smaller than that near the bottom for the ZnO nanorods
prepared by 0.025M of Zn(NO;),*6H,0+CgH1,N,. In contrast,
the diameters near the tip and the bottom of hexagonal pillar
are almost the same for the ZnO nanorods prepared with 0.05M
and 0.1M of Zn(NO;),*6H,0+CgH15N,.
concentration of Zn(NOs),*6H,0+C¢H,N, is increased to
0.2M and 0.3M, the synthesized ZnO nanorods become short

As the molar

and wide. Therefore, it can be deduced that the increase in the
growth rate on the six sidewalls is higher than that on the tip
surface. And it is reasonable for the shape of ZnO nanorods to
become short and wide as the molar concentration of
Zn(NO3),*6H,0+CgH1,N,4 is increased. Since the surfaces of
ZnO nanorods films are rough, their thickness can only be
estimated from the side-view SEM images (not shown here).
Figure 4 shows the relationship between the estimated film
thickness of ZnO nanorods and the molar concentration of
Zn(NO3),*6H,0+CgH15N, used in the growth process. A linear
relationship is obtain between the film thickness of ZnO
nanorod film and the molar
Zn(NO3),#6H,0+CgH1,N,.

In this study, EDS was used to measure the chemical
composition of ZnO nanorods prepared by various molar
concentrations of Zn(NO3),*6H,0+C¢H1,N, which is listed in
Table 1. As observed in the EDS analysis, the atomic content
of silicon in the ZnO nanorods prepared by 0.025M of
Zn(NO3),*6H,0+CgH1,N, is 32.82%. Since no

concentration  of
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Fig. 4. Film thickness of ZnO nanorods prepared by various
concentrations of Zn(NO3),*6H,0+CgH1,Nj,.

Table 1. Chemical composition for the ZnO nanorods
prepared by various molar concentrations of
ZNn(NO3),*6H,0+CgH1,N,

Atomic percentage (%)
0.025M 0.05M 0.1M 0.2M 0.3M
0 60.63 72.03 77.82 74.35 61.95
Si 32.82 17.26 2.80 0.00 0.00
Zn 6.55 10.71 19.37 25.65 38.05
Zn.0 1:9.26 1:6.73 1:4.02 1:2.90 1:1.62

silicon-containing reagent was used in the growth process, the
detected silicon content is caused by silicon atoms on the
substrate. Obviously, the ZnO nanorods are not dense enough
to completely cover the entire substrate and a portion of the
substrate is exposed. The atomic percentage of silicon drops
t017.26% and 2.8% as the concentration  of
Zn(NO3),*6H,0+CgH1,N, is increased to 0.05M and 0.1M.
This is a clear indication that more ZnO nanorods were
synthesized on the substrate and their distribution become more
uniform and  denser. As the concentration  of
Zn(NO3),*6H,0+CgH;1,N, is further increased to 0.2M and
0.3M, the atomic percentage drops to zero indicating that
substrate is completely covered by ZnO nanorods. These results
are consistent with those obtained from SEM images as shown
in Figure 1. This is beneficial to the uniform adsorption of dye
molecules.

The chemical composition for ZnO nanorods prepared by
various concentrations of Zn(NOs),*6H,0+CsH;,N4 can be
clearly seen in Table 1. The atomic ratio of zinc to oxygen
with  the
Zn(NO3),*6H,0+CgH;,N,. The atomic ratio of zinc to oxygen
on the surface of nanorods is 1:9.26 for ZnO nanorods prepared
by 0.025M of Zn(NOs3),*6H,0+C¢H;1,N4. Whereas this atomic
ratio decreased to 1:1.62 for ZnO nanorods prepared by 0.3M

decreases increasing  concentration  of

of Zn(NO3),*6H,0+C¢H1,N, which is close to the theoretical
value of 1 as is expected for ZnO.

Figure 5 shows the XRD spectra for the ZnO nanorods
prepared by  various molar concentrations  of
Zn(NO3),*6H,0+CH N, All - spectra exhibit
characteristic peaks. The diffraction peaks located at diffraction
angles of 20 = 31.77°, 34.42° and 36.25° are more pronounced.
These 3 peaks correspond to (100), (002) and (101) directions
of crystallization of wurtzite ZnO nanorods, i.e., the growth
along the directions of a, b, and c-axis of nanorod hexagonal

five

structure, respectively. Also found in the diffraction spectra are
two additional smaller characteristic peaks corresponding to
(102) and (110) directions,
polycrystalline structure of ZnO nanorods.

Intensities of characteristic peaks in XRD spectra for the
ZnO nanorods prepared by various molar concentrations of
Zn(NO3),*6H,0+CeH,N, are listed in Table 2. In the
diffraction spectra, the intensity ratio in the direction of a axis
and ¢ axis (Z,/1.) and the intensity ratio in the direction of a axis

respectively, indicating the

and ¢ axis (,/1.) are useful. The values of 1,/I. and I,/I. increase
with the molar concentration of Zn(NO3),*6H,0+CgH;,N,. The
value of I/I. increases 1.18 to 1.47, and I,/I. increases from
1.74 to 2.02. The aspect ratio of nanorod also increases with the
molar concentration of Zn(NQs;),*6H,0+CgH1,N,4 used in the
growth process. At low concentrations of
Zn(NO3),*6H,0+CgH1,N,, the growth rate on the (002) surface
is the fast and hence is the preferential direction for growth.
However, at 0.2M of Zn(NO3),*6H,0+CgH1,N,, the increase in
the growth rate on the (100) and (101) surfaces of ZnO
nanorods are higher than that on the (002) surface. Hence, ZnO
nanorods become short and wide at high concentrations of
Zn(NO3),*6H,0+CgH1,N, as can be verified by the SEM image
shown in Figure 1(d) and (e).

(002) | (101)

r (100)

L (102) (110)

L (0.3M)
% L
% : (0.2Mm)

: (0.1M)

r \ U\ (0.05M)

- B UV NNy N

[ e (0.025M)

ZIO 3'0 4‘0 5‘0 6‘0

20(degree)

Fig. 5. XRD spectra for the ZnO nanorods prepared by
various concentrations of Zn(NOs),*6H,0+C¢H1,N,.
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Table 2. Intensities of characteristic peaks in XRD spectra
for the ZnO nanorods prepared by various molar
concentrations of Zn(NO3),*6H,0+CgH,N,

a axis ¢ axis b axis Ll L.
0.025M 391 266 384 1.09 1.44
0.05M 440 389 630 1.13 1.62
0.1M 602 511 893 1.18 1.74
0.2M 1058 856 1413 1.23 1.88
0.3M 1270 1015 2055 1.25 2.02

Figure 6 shows the J-V characteristics of the DSSCs
fabricated with ZnO nanorods prepared by various molar
concentrations of Zn(NO3z),*6H,0+C¢H;,N4. Their open-circuit
voltage (V,.), short-circuit current (Z,.), and fill-factor (FF) are
tabulated in Table 3. For the DSSCs fabricated with ZnO
nanorods  prepared by 0.025M and 0.05M  of
Zn(NO3),*6H,0+CgH;,N,, short-circuit current and fill factor
are very low. In sharp contrast, the DSSCs fabricated with ZnO
nanorods prepared by 0.2M 0.3M of
Zn(NO3),*6H,0+CgH15N, exhibits improved
short-circuit current and fill factor, and hence a much higher

and
much

conversion efficiency.
For the ZnO nanorods prepared by 0.025M and 0.05M of

0.00005
N,\ v
E 0.00000 |- (0025M) emasatiiommmen 7
< 0.00005 M) J
2 (0.1M) J
2 -0.00010 J
o v
£ -0.00015 | v
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3 (0.3M) vyy
-0.00025 - [
(0.2M) -
-0.00030F
1 1 1 1 1 1
0.0 0.1 0.2 0.3 0.4 05 0.6
Voltage (V)
Fig. 6. J-V characteristics of the DSSCs using ZnO

nanorods prepared by various concentrations of
Zn(NO3),*6H,0+C¢H;,N,4 as the working electrode.

Table 3. Open-circuit voltage (Vo), short-circuit current
(Isc), and fill factor (FF) for the DSSCs using ZnO

nanorods  prepared by various molar
concentrations of Zn(NOs),*6H,0+CgH,N,

Voe (V) L. (A) FF (%)
0.025M 0.32 1.537x10° 33.217
0.05M 0.37 2.491x10° 35.546
0.1M 0.44 9.812x10° 53.101
0.2M 0.48 2.869x10* 63.862
0.3M 0.51 2.382x10* 57.989

Zn(NO3),*6H,0+C¢H1,Ny, the distribution of nanorods on the
ITO glass substrate is sparse and non-uniform. Lots of voids
and vacancies are found in the ZnO film so that dye molecules
can not uniformly adsorbed in the film. Therefore, the DSSC
fabricated with the ZnO nanorods prepared by 0.025M and
0.05M molar concentrations of Zn(NO3),*6H,0+CgH1oN,
exhibit poor I-V characteristics. The distribution of ZnO
nanorods prepared by 0.1M of Zn(NOs),*6H,0+CgH;,N, is still
non-uniform indicating that there are still some voids and
vacancies in the ZnO film. This can affect the adsorption of dye
molecules so that only slight improvement in the -V
characteristics of DSSC can be achieved. For the DSSCs using
ZnO and 0.3M molar
concentrations of Zn(NOs),*6H,0+CgH;,N,, improvement in
their I-V characteristics can be clearly seen. Compared with the
DSSC fabricated with ZnO nanorods prepared by 0.025M of
Zn(NO3),*6H,0+C¢H1,N,4, short-circuit current increases by
more than one order of magnitude, fill factor also increase, and
a large increase in conversion efficiency is achieved. From the

nanorods prepared by 0.2M

atomic ratio of zinc to oxygen in EDS analysis, the structure of
the ZnO nanorods prepared by 0.2M and 0.3M of
Zn(NO3),*6H,0+C¢H1,N, is much better than that of the ZnO
nanorods prepared by 0.025M of Zn(NOjz),*6H,0+CgH1oN,.
Much fewer voids or bonding vacancies are present in the
nanorods. Therefore, electrons are easier to travel in these films
and the conversion efficiency of DSSC is increased.

However, the I-V characteristics for the DSSC fabricated
with ZnO nanorods prepared by 0.3M of
Zn(NO3),*6H,0+CeH,N, are inferior to those of the DSSC
prepared with ZnO nanorods prepared by 0.2M. Short-circuit
current and fill factor are lower, and hence a lower conversion
efficiency is achieved. The reason for the degradation in the I-V
characteristics as found in the DSSC prepared with ZnO
nanorods prepared by 0.3M of Zn(NOj3),*6H,0+CgH1oN, is
presumably caused by the larger thickness of ZnO film. The
distance that electrons have to travel through the ZnO film is
increased, and electron-hole recombination is more likely to
take place. Hence, photocurrent is decreased accordingly.
Besides, the average diameter of ZnO nanorods becomes larger
for the ZnO nanorods prepared by 0.3M molar concentration of
Zn(NO3),*6H,0+CgH1,N, so that the aspect ratio of nanorods
increases and nanorod become short and wide. The voids and
vacancies lying between nanorods become larger, and an
intimate contact between nanorods is unlikely now. This results
in an increase in the internal resistance of working electrode.
Fill factor and conversion efficiency are decreased drastically
and the operating characteristics of DSSC are severely
degraded.
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IV. CONCLUSIONS

In this study, ZnO nanorods prepared by various molar
concentrations of Zn(NO3),*6H,0+CgH,N, were used as the
working electrodes for DSSCs. Experimental results reveal that
the average diameter of ZnO nanorods increases with the molar
Zn(NO3),*6H,0+C¢H N, As  the
concentration of Zn(NOjz),*6H,0+C¢H,N, is increased, the
shape of the synthesized ZnO nanorods varies from long,
slender hexagonal pillars to short, wide As the
concentration of Zn(NOs),*6H,0+C¢H1,N, is increased to
0.2M, substantial improvement in the open-circuit voltage,
short-circuit current, and conversion efficiency of DSSC are
achieved. However, as the molar concentration of
Zn(NO3),*6H,0+CgH1,N, is further increased to 0.3M, the
average diameter of nanorods increases to lower the specific
surface area. Less dye molecules are adsorbed which make the

concentration  of

rods.

photocurrent decrease. Another possible factor is the increase
of internal resistance in the ZnO nanorod working electrode
which can lower fill factor and conversion efficiency.
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