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ZnO nano-crystal thin films were fabricated on Al-doped ZnO/SiO2 /Si substrates prepared by
using pulsed laser deposition with a solvothermal technique at a low temperature. The Al-doped
ZnO substrate and ZnO nano-crystal thin films were preferably oriented in the (00l) direction.
In films, nucleation can be facilitated by the presence of the substrate, which constitutes a site
for heterogeneous nucleation. ZnO nanorods were grown on Al-doped ZnO substrates in lengths of
178.8, 851.4, and 916.2 nm for growing time of 24, 48, and 96 h, respectively. The ZnO nanorod thin
film arrays with diameters of 45 ∼ 100 nm were separated by gaps of 30 ∼ 90 nm. Photoluminescence
(PL) spectroscopy using a He-Cd laser (325 nm, 40 mW) was employed to characterize the ZnO
nanorod thin films. A strong blue emission centered at 377 nm was clearly observed at room
temperature.
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thermal evaporation [7], chemical vapor deposition [8],
vapor phase transport [9], aqueous solution deposition
[10], template oriented growth [11] and electrochemical
deposition [12], etc., have been proposed to synthesize
ZnO nanorods or nanowires. However, the high processing temperatures are unfavorable for make ZnO nanorods
because of the problems with scale-up and high-energy
consumption and with the employment of catalysts or
templates that introduce impurities into the desired
products. Thus, the preparation of ZnO nanorods with
high purity and at low-cost calls for a convenient, low
temperature, and tractable method.
In this paper, we demonstrate at the high-quality ZnO
nanorod thin films can be grown on Al-doped (2 wt%)
ZnO/SiO2 /Si films by using the pulsed laser deposition
(PLD) method with a solvothermal technique at a low
temperature, and we analyze the characteristics of the
ZnO nanorod thin films.

I. INTRODUCTION
Wide-gap semiconductor materials with nanostructures, such as nanoparticles, nanorods, and nanowires,
have attracted great interest due to their importance in
both scientific research and potential technological applications. Zinc oxide (ZnO) is one such wide-gap compound II-VI semiconductor. Doped and undoped ZnO
thin films are currently under intense investigation and
development for optoelectronic [1,2] and energy conversion applications. Particularly, Al-doped ZnO (AZO)
transparent conductive oxide (TCO) films are being considered for manufacturing transparent electrodes for flat
panel displays, solar cells, and organic light-emitting
diodes due to their high luminous transmittance, good
electrical conductivity, good adhesion to substrate, and
chemical inertness [3].
To date, much work has been focused on nanostructured ZnO due to its potential applications in numerous areas such as nanoscale electronics and photonics
[4, 5], and many methods such as catalytic growth [6],
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Before the ZnO nanorod was grown, about 240
nm thick TCO, AZO films were deposited directly on
SiO2 /Si substrates at room temperature by using pulsed
laser deposition. A KrF excimer laser (wavelength
= 248 nm, pulse width = 23 ns) was used to ablate a polycrystalline AZO target (5-N, 2-inch). Then,
the ZnO nanorod thin films were grown by using a
solvothermal method as follows : Polyvinylpyrrolidone
(PVP) was dissolved in 12 mL of absolute ethanol; then,
Zn(CH3 COO)2 ·2H2 O (0.05 g, 0.23 mmol) was slowly
added the solution. The resulting reaction mixture was
stirred for several minutes, followed by the addition of
solid NaOH (0.3 g, 7.5 mmol). The solution was loaded
into a 15 mL Teflon-lined autoclave with a filling capacity of about 80 %. The substrates, AZO films, were then
inserted into Teflon-lined autoclave with a filling capacity, the autoclave was sealed and maintained at 80 ◦ C
for 24, 48, or 96 h. An AZO thin film deposited by the
PLD method was fixed in the middle position of the autoclave. When cooling to room temperature naturally,
a white precipitate fell to the bottom of the autoclave,
and the ZnO nanorod thin films were washed with distilled water and absolute ethanol for several times to
dissolve other impurities. The characteristics of the ZnO
nanorod thin films were analyzed by using X-ray diffraction (XRD: Rigaku, D/max-2400), transmission electron microscopy (TEM: Jeol, Jem-2011, KBSI-ICS), field
emission scanning electron microscopy/energy dispersion
X-ray spectroscopy (SEM/EDS: Hitachi, S-4200, KBSIICS) and photoluminescence (PL) spectroscopy using a
He-Cd laser.

III. RESULTS AND DISCUSSION
The XRD patterns of the as-obtained ZnO nanorod
precursor (after washing with distilled water and absolute ethanol for several times) and the ZnO nanorod thin
films (ZnO nanorod/AZO/SiO2 /Si) for various annealing
temperatures are shown in Fig. 1.
From Fig. 1(a), we can see that all the peaks of
the precursor can be indexed to the wurtzite structure
(hexagonal phase, space group P63mc) of ZnO (JCPDS
card no. 36-1451, a = 3.249 Å, c = 5.206 Å) and a compound ZnC2 O4 ·2H2 O (JCPDS card no. 25-1029). Fig.
1(b) shows the XRD patterns of the ZnO nanorod thin
films prepared by annealing at various temperatures. Xray diffraction measurements showed the ZnO nanorod
thin films were preferably oriented in the (00l) direction.
ZnO nanorod thin films annealed at 80 ◦ C for 1 hour
showed a residue of ZnC2 O4 ·2H2 O in Fig. 1(b). But,
those are not showed in thin films annealed at 400 and
600 ◦ C for 1 hour. The sharpness of the XRD patterns
of the ZnO nanorod thin films increased with increasing
annealing temperature.
Figure 2 shows TEM images of the ZnO nanorod
grown by using the solvothermal method. Fig. 2(a)

Fig. 1. X-ray diffraction patterns of (a) ZnO nanorod annealed at 80 ◦ C and (b) ZnO nanorod /AZO/SiO2 /Si thin
films annealed at 80, 400 and 600 ◦ C.

shows a low-magnification TEM image of a typical ZnO
nanorod. The ZnO nanorod had a length of about 140.9
nm and a thickness of about 17nm at a growth time of 24
h. The high-resolution TEM image shown in Fig. 2(b),
taken from the edge region of a ZnO nanorod, the dislocation free crystal structure can be clearly seen, and
there is no amorphous layer covering the nanorod. Fig.
2(c) depicts a fast Fourier transform (FFT) pattern correspond to the area outlined by the white square in Fig.
2(b). The corresponding FFT pattern (Fig. 2(c)) shows
that the growth was along the [00l] direction. Fig. 2(d)
exhibits a filtering lattice image revealing only the reciprocal lattice points of the white square in Fig. 2(b).
A typical high resolution image of a ZnO nanorod shows
its uniform lattice structure and single crystalline nature.
It is worthwhile mentioning that there are no detectable
crystal defects (e.g., microtwins or dislocations). In Fig.
2(d), the (002) planes are images of a hexagonal wurtzitetype crystal with a lattice spacing of 2.58 Å.
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Fig. 3. (Color online) SEM and AFM image of AZO thin
films deposited on SiO2 /Si substrates by using the pulsed
laser deposition method.

Fig. 2. (Color online) TEM image of a ZnO nanorod prepared by using the solvoethermal method: (a) low magnification image, (b) high resolution image, (c) fast Fourier transformed pattern correspond to the area outlined by the white
line in (b) and (d) filtering lattice image revealing only the
reciprocal lattice points of the white line in (b).

Figure 3 shows a FE-SEM and AFM (atomic force
microscope) image of the AZO/SiO2 /Si thin films on
substrates grown by using PLD at the room temperature. The grain size of the AZO thin films was about
60 nm. The root-mean-square (RMS) roughness of the
AZO thin films was about 6.26 nm. X-ray diffraction
measurements showed the AZO/SiO2 /Si thin films to be
preferably oriented in the (00l) direction.
Figure 4 shows a FE-SEM image of the ZnO nanorod
thin films grown on the substrate (AZO/SiO2 /Si thin
films) by using the solvothermal method. Fig. 4(a)
shows as-grown ZnO nanorod thin films, and Figs. 4(b)-

Fig. 4.
(Color online) SEM image of grown ZnO
nanorod/AZO/SiO2 /Si thin films for various annealing temperatures and cross section image of those annealed at 600
◦
C.

(d) show ZnO nanorod thin films annealed at various
temperatures. Figs. 4(e) and (f) show cross sections of
the ZnO nanorod thin films. The grown ZnO nanorods
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Fig. 5.
Energy dispersion spectra of ZnO
nanorod/AZO/SiO2 /Si thin film annealed at 80 and
600 ◦ C.

had a length of about 175.8, 851.4, and 916.2 nm at
growth times of 24, 48, and 96 h, respectively. The ZnO
nanorods tended to grow perpendicularly to the AZO
substrate surface and were oriented in the (00l) direction.
On the other hand, the ZnO nanorods had an average diameter of about 70 nm. These vertical nanorod arrays
are highly suitable for use in solar cells [13]. First, the
rod diameter, length, spacing, and orientation are appropriate for forming a high-performance bulk heterojunction by filling the vertical array with a semiconducting
polymer. In films, nucleation can be facilitated by the
presence of the substrate, which constitutes a site for heterogeneous nucleation. The epitaxial thin films can be
grown in a similar structure, i.e. less mismatch between
the coating material and the substrate structure.
Figure 5 shows a chemical analysis of the grown ZnO
nanorod/AZO/SiO2 /Si thin films. The analyses were
performed by using energy dispersive X-ray spectroscopy
(EDS). The chemical stoichiometry of the ZnO nanorod
thin films was investigated using EDS, which indeed gave
an atomic ratio of Zn:O ∼
= 1 : 1. When the ZnO nanorod
thin films were annealed at 600 ◦ C, the EDS result show
intense peaks for Zn and O (Fig. 5), confirming the
absence of impurities in the ZnO nanorod thin films.
Figure 6 shows PL spectroscopy for the ZnO nanorod
thin films grown for 72 h at 80 ◦ C. Photoluminescence
(PL) spectroscopy using a He-Cd laser (325 nm, 40 mW)
was employed to characterize the as-grown ZnO nanorod
thin films. In Fig. 6, the spectrum is composed of two
main peaks: a narrow one located at about 377 nm,
which corresponds to the near-band edge emission of the
wide band gap ZnO, and a broad asymmetric band. The
latter is usually referred to as the green emission and
is attributed to singly ionized oxygen vacancies in ZnO
where the emission results from the radiative recombination of a photogenerated hole with an electron occupying
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Fig. 6. Photoluminescence (PL) spectra of as-grown ZnO
nanorod/AZO/SiO2 /Si thin films

the oxygen vacancy [14] and residues of the starting materials. A more detailed investigation of the effect of
other structures, such as impurity defects and heterojunctions, on solar cells of ZnO nano-crystals is being
carried out.

IV. CONCLUSIONS
We have presented a seeding method for producing
vertical ZnO nanorod arrays on any flat substrate that
can survive heat treatments at low temperature. The
ZnO nanorods grown on the AZO/SiO2 /Si substrate
had lengths of about 175.8 nm and 916.2 nm at growth
times of 24 h and 96 h, respectively. The ZnO nanorods
were grown perpendicularly to the AZO substrates surface and were preferably oriented in the (00l) direction.
The arrays grown from an aqueous solution featured a
nanorod diameter, length, density, and orientation that
make them highly suitable for use as inorganic scaffolds
in efficient solar cells.
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