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a b s t r a c t

We report the room-temperature photoluminescence (PL) and broadband nonlinear optical (NLO)

responses from high-quality ZnO nanorods grown by hydrothermal deposition. Based on the PL

measurements, we find that the optical quality of ZnO nanorods critically depends on the packing and

alignment of the rod structures. Our ZnO nanorods exhibit very strong third harmonic generation with

1060–2120 nm. Our results imply that ZnO nanostructures can potentially be utilized for various

optoelectronic applications involving third-order NLO processes.

& 2012 Elsevier Ltd. All rights reserved.
One-dimensional semiconducting nanorod and wire structures
are potentially important for nanoscale electronic and photonic
applications [1,2]. In particular, ZnO nanorods have attracted
special interest in connection with high-efficiency optoelectronic
applications working in a blue–UV regime at room temperature
[2–4]. Renewed interest in ZnO-based nanostructures has
recently been generated from the perspective of solar-cell appli-
cations and the relevant photovoltaic efficiency turns out to
depend critically on having high crystallinity in the active
medium [5]. The photoluminescence (PL) technique has been
employed not only to investigate defect levels in ZnO [6], but also
to demonstrate room-temperature stimulated emission in various
ZnO nanostructures [2,7–9]. In addition, the nonlinear optical
(NLO) properties of ZnO are also promising [10–18]. It is known
that ZnO films exhibit strong second harmonic generation (SHG)
through a large second-order susceptibility wð2Þ [10–13]. Also, the
third-order NLO properties of ZnO films have been characterized
using the Z-scan technique and third harmonic generation (THG),
however only within a limited wavelength range [12–17]. Here,
we report both PL and anomalous NLO responses obtained from
hydrothermal-grown ZnO nanorods using a widely tunable
pulsed laser.

Our ZnO nanorods were grown by hydrothermal deposition
[19,20] at 90 1C on the surface of a seed layer, spin-coated on the
fluorine-doped tin oxide (FTO)-coated glass substrate [21]. Two
different precursors containing 750 mM (sample 1) and 50 mM
ll rights reserved.
(sample 2) of zinc acetate were employed to deposit the seed
layers. The seed-layer condition is critical for the vertical growth
of the c-axis oriented ZnO hexagonal nanorods since it contains
crystallites that can promote the textured growth [22]. The
thickness of both samples was about 1:5 mm. The microstructures
of the as-deposited ZnO nanorods were characterized using a
field-emission scanning electron microscope (SEM). Fig. 1 shows
the SEM images of ZnO hexagonal nanorods from (a) sample
1 and (b) sample 2, respectively. Sample 1 yielded a more packed
and aligned rod structure than sample 2 due to the larger number
of nucleation sites. In contrast, the seed for sample 2 rendered a
fewer number of nucleation sites, resulting in less alignment with
disordered bundling. A higher degree of alignment for sample
1 was also confirmed by X-ray diffraction [21]. Also, the measured
photovoltaic efficiencies are 2.3% (sample 1) and 1.2% (sample 2),
respectively, which is consistent with Ref. [5].

In order to observe PL from the samples at room temperature,
we employed one-photon band-to-band transitions using the
frequency-tripled output of a mode-locked Nd:YAG laser
(355 nm) with a pulse width of 30 ps and a repetition rate of
10 Hz. The corresponding excitation fluence P was varied from
0.2 mJ/cm2 to 20 mJ/cm2. The same laser was also used to pump
an optical parametric amplifier (OPA) to generate idler pulses in
the range of 1060–2120 nm. We monitored SHG and THG
responses as a function of the incident wavelength l at a fluence
of P¼150 mJ/cm2; a low-pass filter was employed, thereby
ensuring that only NLO signals are transmitted. The PL (NLO)
signal was collected in a reflection (transmission) geometry from
the samples and focused onto a fiber-optic bundle. The output of
the fiber-optic bundle was coupled to the entrance slit of a Spex
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Fig. 1. Top-view SEM images of the ZnO nanorods grown from (a) sample 1 (750 mM seed layer) and (b) sample 2 (50 mM seed layer), respectively.

Fig. 2. (Color online) Time-integrated room-T PL spectra from (a) sample 2 for

P¼2.4–14.4 mJ/cm2, showing a series of random lasing peaks and (b) sample 1 for

P¼4.8–12.7 mJ/cm2. Inset: Power dependence of P-band intensities from

sample 1.
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500 M spectrometer and detected using a nitrogen-cooled Spec-
trum One CCD camera.

At the lowest excitation (P¼0.2 mJ/cm2), the PL band from
both samples is broad and asymmetric [see the blue trace in
Fig. 3(a)], arising from the radiative recombination of free exci-
tons both directly and indirectly via emission of longitudinal
optical phonons (X-band) [23]. On increasing the excitation level,
the so-called P band appears and the emission intensity builds up
superlinearly, indicating radiative recombination of photon-like
excitons near the polariton bottleneck due to efficient exciton–
exciton scattering [24]. Fig. 2(a) plots several PL spectra obtained
from sample 2, when P is varied from 2.4 mJ/cm2 to 14.4 mJ/cm2,
showing a series of sharp peaks in the range of 3150–3250 meV.
This random lasing is typical of ZnO bulk, pellet, film, and
nanocrystals with moderate impurity levels [8,25–27]. This
indicates that sample 2 contains sufficient random scatterers,
which presumably arise from a varying alignment and spacing of
the nanorods, as further evidenced by the absence of random
lasing from sample 1.

We plot the time-integrated PL spectra from sample 1 in
Fig. 2(b) for P¼4.8–12.7 mJ/cm2. Note first that no random lasing
is observed; the minor ripples around 3150–3200 meV at
P¼12.7 mJ/cm2 arise from coherent interference of scattered light
inside our detection system due to very strong P-band emission.
Also, stimulated P-band emission occurs below 5.0 mJ/cm2 and
this P band quickly saturates our CCD camera for P49:0 mJ=cm2.
Since P-band emission arises from scattering of two thermal
excitons, the process is proportional to the square of the exciton
density and has a threshold behavior. The circles in the inset
correspond to the measured P-band intensities from sample 1 as a
function of P. The solid curve is an empirical fit to the data
with the quadratic form ðP�PcÞ

2, yielding a critical fluence of
Pc ¼ 4:1 mJ=cm2. The corresponding Pc of sample 2 at room
temperature was found to be about 7.5 mJ/cm2, indicating that
the alignment of nanorods can play a significant role in reducing
the threshold value of Pc. Together with no random lasing
behavior, this may suggest that sample 1 has a better structural
quality with minimal imperfection compared with sample 2 and
other ZnO-based materials.

We now describe the wavelength-dependent second- and
third-order NLO properties of samples 1 and 2 obtained at room
temperature for l¼ 106022120 nm; the corresponding SHG and
THG wavelength ranges are l=2¼ 53021060 nm and l=3¼ 353:3
2706:7 nm, respectively. However, due to a limitation of our low-
pass filter, only transmitted light with a wavelength less than 800
nm was available, and therefore, we could not monitor the SHG
intensities with l=24800 nm. Our technique is quite unique in
that previous works [3,10–13,15,16] involved fixed or limited
wavelength sources: conventional Nd:YAG or Ti–Sapphire lasers.
We confirmed that any NLO signal from the substrate is negligible
in our experimental range.

The series of red traces in Fig. 3(a) shows the observed THG
intensities from sample 1 as l varies in our experimental range.
The corresponding data collection time was 5 s. The blue trace
denotes the PL spectrum under our lowest excitation. First, note
that the THG signals plummet when l=3 approaches the bandgap
of ZnO (368 nm). This arises due to strong absorption of the THG
light near the bandgap. However, it is interesting that the THG
intensity at l=3¼ 374:1 nm (cyan peak) is noticeably stronger
than other peaks near the bandgap. This wavelength corresponds
to 3313 meV, which is very close to the free-exciton energy at
room temperature [23]. Therefore, we attribute this enhancement
of the THG signal to a resonance effect in which the energy
denominator of the associated wð3Þ tensor is significantly reduced
due to the existence of the free-exciton level. The green traces in



Fig. 3. (Color online) Wavelength-dependent THG responses from (a) sample

1 and (b) sample 2, respectively. (c) Corresponding SHG wavelength scan from

sample 1.
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Fig. 3(b) show the measured THG responses from sample 2 under
the same conditions. The observed THG scan from sample 2 is
very similar to that from sample 1 except for rather decreased
THG signals around l=3¼ 700 nm; this is presumably caused by
some deep impurity levels in sample 2 located at this wavelength.
Based on essentially the same THG responses observed from
samples 1 and 2, however, we believe that the third-order
nonlinearity arises primarily from the bound electronic response
of ZnO, with minimal dependence on the vertical alignment of the
nanorod structures; but the diameter of nanorods could poten-
tially affect THG responses. We plan to conduct wavelength-
dependent Z-scan measurements and precisely determine the
absolute value of wð3Þ in the range where strong THG responses
occur without bandgap absorption.

The pink traces in Fig. 3(c) correspond to the SHG scan
obtained from sample 1 under the same conditions for THG. Most
interestingly, we found that the corresponding SHG signals from
both samples are very small compared with the THG signals; note
that the SHG intensities in Fig. 3(c) are scaled by a factor of 120.
Considering the large value of wð2Þ, about 14.3 pm/V [10,11], it is
very surprising that the higher-order THG signals are several
orders of magnitude stronger than the lower-order SHG counter-
part. In fact, Wang et al. [11] observed a thickness-dependent wð2Þ
in ZnO films, which is explained based on a model of stacking
faults in the hexagonal ZnO lattices that presumably tend to
cancel the overall SHG dipole moments for a micron-sized ZnO
film. However, more studies should be conducted to confirm the
model based on independent methods such as piezoelectric
response, etc. Regardless of its microscopic origin, the strongly
suppressed SHG can be viewed positively in that the third-order
responses can then be exploited without the competition from
SHG. In fact, ZnO has not been seriously considered for active
optoelectronic applications involving third-order NLO processes.
However, our results clearly suggest numerous third-order NLO
applications working at near UV to mid-IR optical ranges, where
the latter is especially important for stimulated Raman amplifica-
tion and Kerr-effect-based all-optical switches in the mid-IR
telecommunication [28].
In summary, we have conducted a series of optical measure-
ments, including PL and wavelength-dependent NLO responses,
on ZnO nanorods (samples 1 and 2) at room temperature. Based
on the absence of random lasing and significantly lower Pc, also
supported by the SEM image, we conclude that sample 1 has
better optical and structural qualities for further optoelectronic
and photovoltaic applications. Both samples exhibit very strong
THG responses with suppressed SHG in our experimental range.
Our results imply that ZnO nanostructures can be utilized for
third-order NLO applications, without complications arising from
second-order processes.
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