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In this study, we investigated the structures, photoluminescence (PL), and lasing characteristics
of the ZnO nanorods prepared by using chemical bath deposition. The continuous-wave HeCd laserexcited PL spectra of the ZnO nanorods exhibited two emission bands, one in the UV region and the
other in the visible region. The UV emission band has its peak at 3.25 eV with a bandwidth of 160
meV. However, the PL spectra under 355-nm, 35-ps pulse excitation exhibited a spectrally-narrowed
UV emission band with a peak at 3.20 eV and a spectral width of 35 meV. The lasing phenomena
were ascribed to the amplified spontaneous emission (ASE) caused by coupling of the microcavity
effect of ZnO nanorods and the high-intensity excitation. Above the lasing threshold, the ASE peak
intensity exhibited a superlinear dependence on the excitation intensity. For an excitation pulse
energy of 3 mJ, the ASE peak intensity was increased by enlarging the length of the ZnO nanorods
from 1 µm to 4 µm. In addition, the PL spectrum under 800-nm femtosecond pulse excitation
exhibited second harmonic generation, as well as the multiphoton absorption-induced UV emission
band. In this research, ZnO nanorods were grown on seed layers by using chemical bath deposition
in an aqueous solution of Zn(NO3 )2 and hexamethyltetramine. The seed layers were prepared on
conducting glass substrates by dip coating in an aqueous colloidal dispersion containing 50% 70nm ZnO nanoparticles. Scanning electron microscopy clearly revealed that ZnO nanorods were
successfully grown on the seed layers.
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I. INTRODUCTION
Photon localization has been of intense interest since
it was first proposed as the analogue of electron localization [1]. Nanostructured materials have unique physical
and chemical properties as a result of their small size
[2]. These properties differ largely from those of the corresponding bulk materials. Experimentally, there have
been many research efforts addressing the physical properties of low-dimensional structures, such as nanoparticles, nanowires, nanotubes, quantum dots, and quantum
wells [3–9]. Furthermore, semiconductor nanostructures
have drawn considerable attention due to their various
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potential applications, such as light emitting devices,
nanolasers, photodetectors, solar cells, biomedical imaging devices and so on [10,11].
ZnO has emerged as a promising optoelectronic material due to its large exciton binding energy of 60 meV
and wide bandgap of 3.37 eV [12]. ZnO nanostructures, as well as ZnO films, have gathered considerable attention because of their large nonlinearity, good
piezoelectric characteristics, high energy-conversion efficiency, photoluminescence (PL) enhancement, and efficient ultraviolet (UV) lasing [13–17]. ZnO nanostructures can be fabricated by using various methods, such
as electro-deposition, chemical bath deposition, chemical vapor deposition, metal-organic chemical vapor deposition, glancing angle deposition, vapor-liquid-solid
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growth, and molecular scale imprinting [18–20]. Among
these fabrication methods, chemical bath deposition is
widely used for the fabrication of ZnO nanostructures
owing to its simplicity of preparation, satisfactory stability, low-cost equipment, low deposition temperature,
and good compatibility with flexible substrates.
In this research, we investigated the structures, PL,
and lasing properties of vertically aligned ZnO nanorods.
ZnO nanorods were grown on seed layers, by using
chemical bath deposition, in an aqueous solution of
Zn(NO3 )2 and hexamethyltetramine (HMT). The morphologies and the structures of the ZnO nanorod films
were investigated by using scanning-electron microscopy
(SEM) and X-ray diffraction (XRD). The optical characterization of the ZnO nanorod films was performed
by using UV-visible absorption spectroscopy and linear/nonlinear PL spectroscopy.

II. EXPERIMENTAL DETAILS
Generally, the growth of ZnO nanorods needs nucleation seeds, and their controlled growth requires the
spatially-selective modification of the seed layer. According to the literature [21, 22], ZnO films can be used as
seed layers for the growth of ZnO nanorods. In this research, the seed layers were prepared on fluorine-doped
tin-oxide (FTO) and indium-tin-oxide (ITO) glass substrates by dip coating in an aqueous colloidal dispersion
containing 50% 70-nm ZnO nanoparticles (Alfa Aesar,
1314-13-2). The FTO glass substrates were used in most
of the experiments, such as the growth of ZnO nanorods,
the PL characterization, and the lasing investigation, but
the ITO glass substrates were used for absorption spectroscopy of the seed film and the ZnO nanorod films.
The ZnO nanorods were grown on a seed layer, by using chemical bath deposition, in an aqueous solution of
Zn(NO3 )2 and HMT [23,24]. Prior to chemical bath deposition, the seed layers were cleaned by using an ultrasonic cleaner for 15 min in soap water, 15 min in distilled
water, 15 min in acetone, and 15 min in 2-propanol. The
substrate containing the seed layer was placed vertically
in a sealed falcon tube containing a 50-m` aqueous solution of Zn(NO3 )2 (0.1 - 0.05 M) and HMT (0.1 - 0.05 M).
The growth of ZnO nanorods was performed for up to 2
days at 70◦ C. In order to evaporate the solvent and to
remove organic residuals [25], we heat-treated the ZnOnanorod samples at 300 ◦ C for 1 h.
The morphologies of the ZnO nanorod films were investigated by using SEM (Hitachi, S-4800). The XRD
patterns of the ZnO nanorod films were recorded using
an X-ray diffractometer (Rigaku, D/MAX-2500) with
monochromatized Cu Kα radiation (λ = 1.56 Å) operated at a voltage of 40 kV and a current of 100 mA.
The data were collected in a range of 10◦ ≤ 2θ ≤ 80◦ in
the θ/2θ mode with a 2θ scanning rate of 0.05◦ /s. The
transmittance spectra of the ZnO nanorod films were
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measured by using a UV-visible-NIR spectrophotometer (Varian, Cary 500). In order to study the linear
PL properties of the ZnO nanorod films, we measured
the PL spectra of all the samples at room temperature by using the 325-nm line of a He-Cd laser (Kimmon laser, IK5652R-G) as an excitation light source.
In the continuous wave (cw) HeCd laser-excited PL experiment, excitation and collection were normal to the
film surface through a microscope objective, and the
tight focusing condition was used to increase the excitation beam intensity. The lasing properties of the vertically aligned ZnO nanorods were studied by using highintensity excitation with a 355 nm picosecond laser pulse
from the third harmonic of a mode-locked neodymiumdoped yttrium-aluminum-garnet (Nd-YAG) laser. The
nonlinear PL spectra were recorded by using a chargecoupled-device (CCD) spectrometer (CVI laser optics,
SM-240). The femtosecond PL spectra were obtained by
using high-intensity excitation with a 800-nm femtosecond laser pulse from a regeneratively-amplified titanium
(Ti): sapphire laser.

III. RESULTS AND DISCUSSION
Figure 1(a) shows a plan-view SEM micrograph of the
ZnO nanorod film grown on the seed layer by using chemical bath deposition. The SEM micrograph clearly reveals that ZnO nanorods were succesfully grown on the
seed layer by using chemical bath deposition. According to the SEM micrograph and its analysis, the average rod diameter of the ZnO nanorods was about 330
nm, and the density of the ZnO nanorods was 8.4 ×
108 /cm2 . In case of the ZnO nanorods grown for 40 h,
the average rod length of the ZnO nanorods was about
1 µm. Figure 1(b) shows the XRD pattern of the ZnO
nanorod film. The (002) diffraction peak is located at
33.9◦ , and its full width at half maximum is as small as
0.98◦ . This indicates that the crystallization of the ZnO
nanorods occurred along the c-axis direction. For the
ZnO nanorods prepared by using chemical bath deposition and post theraml annealing, their morphologies,
crystallinities, sizes, and shapes can be influenced by
various factors, such as the deposition conditions of the
seed layer, the process parameters of the chemical bath
deposition, and the post-annealing conditions. Figure
1(c) presents the absorption spectrum of the vertically
aligned ZnO-nanorod array film. The absorption band
edge of the ZnO-nanorod array film is red-shifted with
respect to that of the ZnO film. This shift is caused by
the optical confinement effect due to the formation of
nanorods.
Figure 2 shows the PL spectra of the ZnO nanorod film
under cw laser excitation at 325 nm. These PL spectra
were measured using four-different excitation intensities.
In general, the quantum yield of the PL from an amorphous ZnO film is small. However, the PL intensity can
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Fig. 2. Continuous-wave HeCd laser-excited PL spectra of
the 1-µm ZnO nanorod film for excitation laser powers of (a)
0.6, (b) 1.5, (c) 5.3, and (d) 11 mW. The PL spectra were
obtained by using the 325-nm line of a He-Cd laser as an
excitation light source.

Fig. 1. (a) Typical plan-view SEM micrograph, (b) XRD
pattern, and (c) absorption spectrum of the ZnO nanorod
film prepared by using chemical bath deposition.

be enhanced by the formation of low-dimensional structures [13]. Therefore, the formation of crystalline ZnO
nanorods results in an enhanced PL as compared with
the PL from a ZnO film. Theoretically, the PL spectra
of ZnO films or ZnO nanorods consist of two major contributions: One is due to near-band-edge emission that
originates from an exciton transition, and the other is
the broad visible band due to defect emission that originates from structural defects or impurities [26, 27]. As
shown in Fig. 2, the cw HeCd laser-excited PL spectra

of the ZnO nanorod film exhibited two emission bands,
one in the UV region and the other in the visible region.
The UV emission band has its peak at 3.25 eV with a
full width at half-maximum (FWHM) of 160 meV. The
UV band is thought to be ascribed to an efficient exciton emission caused by the formation of a verticallyaligned, closely-packed ZnO nanorod array. Meanwhile,
the visible band showed a broad bandwidth of 560 meV.
The visible band may related to structural defects. Variation of the ratio of the UV to the visible PL intensities by increasing the excitation laser beam intensity
from 0.02 MW/cm2 to 0.4 MW/cm2 is small. Here, a
beam intensity of 0.4 MW/cm2 was obtained by tightly
focusing a 11-mW laser beam with a 36× microscope
objective. These results mean that a beam intensity of
∼0.4 MW/cm2 is insufficient to produce amplified spontaneous emission (ASE) or stimulated emission in our
ZnO nanorods. In order to generate ASE or stimulated
emission within the lifetime of excitons in ZnO nanorods,
an ultrashort pulse laser must be employed as an excitation beam.
Figure 3(a) shows the PL spectra of the 1-µm ZnO
nanorod film under excitation by 355-nm picosecond
pulses with various excitation pulse energies. These PL
spectra were obtained using a picosecond laser pulse with
a pulse width of 35 ps, pulse energies from 1 to 3 mJ,
and a beam diameter of 8 mm. Under our experimental
conditions, a pulse energy of 1 mJ corresponds to a beam
intensity of 37 MW/cm2 . In the picosecond laser-excited
PL experiment, the excitation and the collection angles
were 50◦ and 0◦ , respectively. Theoretically, light emission from ZnO nanorods is well known to be the most
efficient when the excitation light is polarized along the
axial direction of the nanorod [28, 29]. Therefore, a ppolarized wave under an oblique incidence geometry al-
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Fig. 3. (Color online) (a) Picosecond pulse-excited PL
spectra of 1-µm ZnO nanorod film for various excitation pulse
energies. (b) PL peak intensity and PL linewidth as a function of the excitation pulse energy. The PL spectra were
obtained by using the 355-nm, 35-ps pulse excitation.

lows more efficient excitation. As shown in Fig. 3(a),
ZnO nanorods exhibited a spectrally narrowed emission
band with a peak at 3.20 eV and a spectral width of 35
meV. While low-intensity excitation produced a broad
UV emission band, high-intensity excitation exhibited a
spectrally narrowed UV emission band. The lasing phenomena were ascribed to the ASE caused by coupling
of the microcavity effect of ZnO nanorods and the highintensity excitation.
Figure 3(b) shows the PL peak intensity and the PL
linewidth as functions of the excitation pulse energy. The
excitation intensity-dependent PL spectra can be summarized as follows: i) As the excitation pulse energy
increased beyond the threshold, the PL linewidth decreased from 240 meV to 35 meV. ii) As the excitation
pulse energy increased beyond the threshold, the depen(peak)
dence of the PL peak intensity (IP L ) on the excitation pulse energy (Einc ) changed from a linear intensity
(peak)
dependence (IP L
= a + b*Einc ) to a superlinear in(peak)
6.8
tensity dependenc (IP L
= a + b*Einc
). The lasing
threshold pulse energy was found to be 2.6 mJ. To summarize, the PL spectra exhibited lasing effects for exci-
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Fig. 4. (Color online) (a) PL spectra of 1-µm and 4-µm
ZnO nanorod films under 355-nm picosecond pulse excitation.
(b) Normalized PL spectra of 1-µm and 4-µm ZnO nanorod
films under 355-nm picosecond pulse excitation. The excitation pulse energy was 3 mJ.

tation pulse energies higher than the threshold.
Figure 4(a) shows the picosecond pulse-excited PL
spectra of the 1-µm and 4-µm ZnO nanorod films for
an excitation pulse energy of 3 mJ. Figure 4(b) presents
the normalized PL spectra of the 1-µm and 4-µm ZnO
nanorod films. The PL peak intensity of the 4-µm ZnO
nanorod film was larger than that of the 1-µm ZnO
nanorod film. According to the excitation-pulse energydependent PL spectra, the threshold pulse energies of
the lasing effects in 1-µm and 4-µm ZnO nanorod films
were 2.6 mJ and 1 mJ, respectively. These results are
due to the decreased threshold gain (Gth ) given by the
folowing expression [30]:


1
1
Gth = α +
ln
.
(1)
2L
R1 R2
Here, L is the length of the nanorod, α is the absorption
loss, and R1 and R2 are the reflectivities of the end faces.
Figure 5 shows the PL spectrum of the ZnO nanorod
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lasing phenomena were ascribed to the ASE caused by
coupling of the microcavity effect of ZnO nanorods and
the high-intensity excitation. Above the lasing threshold, the ASE peak intensity exhibited a superlinear dependence on the excitation intensity. For an excitation
pulse energy of 3 mJ, the ASE intensity was increased by
enlarging the length of the ZnO nanorods from 1 µm to
4 µm. In addition, the PL spectrum under 800-nm femtosecond pulse excitation exhibited second harmonic generation, as well as the multiphoton absorption-induced
UV emission band.
We expect this research to provide experimental
confirmation of the theoretical predictions that ZnO
nanorods will exhibit lasing action under high-intensity
excitation.
Fig. 5. PL spectrum of 1-µm ZnO nanorod film under
800-nm femtosecond pulse excitation. The excitation pulse
energy was 15 µJ.

film under 800-nm femtosecond pulse excitation. The PL
spectrum was obtained using a 15-µJ laser beam. The
PL spectrum exhibited second harmonic generation, as
well as an UV emission band. In this experiment, the
exciton emission in the UV region was induced by three
photon absorption of the fundamental wave. Meanwhile,
the second harmonic wave is thought to be generated
from the large optical nonlinearity of the ZnO nanorods.
Precise characterization of the PL properties of the
ZnO nanorods, as well as a clear explanation of the lasing mechanism in the ZnO nanorods, have not been satisfied completely so far. In order to further understand
the lasing phenomena of ZnO nanorods, it is desirable
to perform excitation-power-dependent and excitationwavelength-dependent PL studies.
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