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We investigated the second and third harmonic generation (SHG and THG) in ZnO nanorods (NRs) by
using a femtosecond laser (optical parametric amplifier with tunable wavelengths) with a long excitation
wavelength of 1350 nm and a low repetition rate of 1 kHz. The damage threshold for ZnO NRs in this case
was sufficiently large, enabling us to observe the competition between SHG and THG. The transition
from red to blue emission and the mixing of red and blue light with different ratios were successfully
demonstrated by simply varying excitation intensity, implying the potential applications of ZnO NRs in
all-optical display. © 2014 Optical Society of America
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1. Introduction

As a semiconductor with wide bandgap and large
exciton binding energy, ZnO has attracted great
interest in the past decade due to its potential appli-
cations in the fabrication of optoelectronic devices
[1,2]. In particular, ZnO nano-objects have been
synthesized or fabricated by various chemical and
physical methods, and their physical properties have
received intensive and extensive studies [3,4].
Among these nano-objects, ZnO nanorods (NRs) have
been the focus of many studies because of their
unique mechanical, thermionic, catalytic, electrical,
optical, and magnetic properties. As compared to
the other properties, much effort has been devoted
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to the investigation of the optical properties of
ZnO NRs [5-7]. In recent years, the nonlinear optical
properties of ZnO, such as the second harmonic gen-
eration (SHG) [8-10], third harmonic generation
(THG) [11,12], and two-photon-induced lumines-
cence (TPL) [13-15], have attracted the interest of
many researchers because of their potential applica-
tions in various fields of science and technology. The
SHG in ZnO has been extensively studied, including
bulk material [16], thin films [17,18], nanowires [19],
nanobelts [20], and other nano-objects [10,21]. It has
been shown that ZnO nanowires can be applied
as miniaturized frequency converters for optical
communication [22]. The second-order nonlinear sus-
ceptibility for bulk ZnO was measured to be )((323) =
14.31 £ 0.4 pm/V [16]. In addition, it was found
that the second-order susceptibility of ZnO films
increased with decreasing thickness [18]. In most
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studies, however, the nonlinear optical signals of
Zn0O NRs are generated using a femtosecond (fs)
laser at wavelengths ranging from 700 to 800 nm.
As a result, only SHG and TPL are observed in
the nonlinear optical response of ZnO NRs. For ex-
ample, enhanced SHG was observed in ZnO NRs
when the excitation wavelength was tuned to the
exciton ground state [23]. Very recently, we demon-
strated the competition between SHG and TPL
observed in gold nanoparticles (NPs) [24] and in
single, double, and multiple ZnO NRs [25], implying
that their nonlinear optical properties depend stron-
gly on the absorption and scattering properties of
gold NPs or ZnO NRs. In addition, it was revealed
that the strong TPL related to the generation of real
carriers led to a significant temperature rise in gold
NPs and ZnO NRs.

As compared to SHG and TPL, the investigation of
THG in ZnO NRs is very rare possibly because of
several reasons. First, the third-order nonlinear
susceptibility of ZnO is about 10 orders of magnitude
smaller than the second-order one [26,27], and its in-
tensity is quite weak when a fs oscillator with a high
repetition rate is employed. Second, the THG of ZnO
NRs appears in the ultraviolet region where the
detection is not easy when an excitation wavelength
of ~800 nm is used. Finally, the temperature rise
accompanied with the TPL leads to the damage of
ZnO NRs at high excitation intensities. Recently,
the spatial distributions of SHG and THG in single
Zn0O nanowires were investigated by using scanning
near-field microscopy [19]. It was also proposed that
under certain experimental conditions, THG with
intensity comparable to that of SHG can be observed
in ZnO thin films. However, the demonstration of a
dynamical competition between SHG and THG is
still lacking.

For materials with centrosymmetry such as sili-
con, SHG is not allowed for bulk material but is pos-
sible at interfaces where the symmetry is broken. In
this case, the intensity of THG may be stronger than
that of SHG at low excitation intensities [28]. For
materials with large second-order susceptibilities
such as ZnO, it is easy to observe SHG whose inten-
sity is generally stronger than THG. In rare cases,
the THG can be much stronger than SHG even at low
excitation intensities [11].

Basically, the intensity of SHG scales quadrati-
cally with the intensity of the excitation light while
that of THG exhibits a cubic dependence on the ex-
citation intensity. Therefore, it is expected that there
exists excitation-intensity-dependent competition
between these two nonlinear optical processes. While
SHG is dominant at low excitation intensities, the
nonlinear response will eventually be governed by
THG at high excitation intensities. In order to ob-
serve such a competition, the damage threshold for
7ZnO NRs needs to be large enough so that the inten-
sity of THG can exceed that of SHG. However, the
excitation intensity at which the intensity of THG
becomes equal to that of SHG is generally quite
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large. The heat generated by multiphoton absorption
processes will lead to damage of ZnO before such an
excitation intensity is reached. Therefore, it is neces-
sary to suppress the multiphoton absorption proc-
esses in order to observe the competition between
SHG and THG. In addition, single-photon absorption
of the third harmonic must be avoided. For this rea-
son, an excitation wavelength much longer than
800 nm is preferred.

In this article, we report on the simultaneous pres-
ence of SHG and THG in ZnO NRs by using a fs laser
at 1350 nm. The competition between them was suc-
cessfully demonstrated by either moving the focusing
lens or simply changing the power of the fs laser. It
was clearly reflected in the transition of the emission
light color from red to blue, implying that the color of
the emission light can be easily controlled by focus-
ing (or defocusing) the laser beam or adjusting the
laser power, making ZnO NRs promising candidates
for all-optical display.

2. Experimental Section

The ZnO NRs used in our study were synthesized by
using the method reported previously [25,29]. The
detailed synthesis process and scanning electron mi-
croscope images of ZnO NRs can be found in our pre-
vious publications [29,30]. The average diameter and
length of ZnO NRs were measured to be ~250 nm
and ~2 pm. They were compressed as a thin film with
a thickness of ~100 pm for optical measurements.
For the characterization of the SHG and THG in
Zn0O NRs, we employed an optical parametric ampli-
fier (OPerA Solo, Coherent) with a repetition rate of
1 kHz. The excitation wavelength (1.,) was chosen to
be 1350 nm so that SHG and THG gave rise to typical
red and blue emissions, respectively. In addition, sin-
gle-photon absorption of the third harmonic was
avoided and only four-photon absorption (4PA) with
a very small absorption coefficient was allowed be-
cause the energy of three photons was still smaller
than the energy of the exciton ground state. In this
case, the possibility for real carrier generation was
quite small, leading to a large damage threshold
for ZnO NRs. As schematically shown in Fig. 1, the
fs laser light was focused on the ZnO sample by using
a lens with a focusing length of ~150 mm at an angle
of 45°, while the generated nonlinear optical signals
were collected by using another lens and directed to
a spectrometer for analysis. In the experiments
described in the following, the sample was placed
2 and 1 cm away from the focus and the diameters
of the excitation spot were estimated to be ~187
and 125 pm, respectively. A lock-in amplifier was
used to enhance the signal-to-noise ratio. As dis-
cussed above, the competition between SHG and
THG can be observed by varying the excitation inten-
sity (Iox). In experiments, we changed the excitation
intensity of the pump light by either moving the fo-
cusing lens or adjusting the pump power, as depicted
in Fig. 1. The excitation intensities given in this
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Fig. 1. Schematic showing the experimental setup used to observe
the transition from red to blue emission resulting from the com-
petition between SHG and THG. The excitation intensity was
changed by either moving the focusing lens or adjusting the power
of the fs laser. The images of the excitation spot recorded by a cam-
era at two different positions of the focusing lens are presented.

paper are obtained by dividing the peak power of the
fs laser pulses with the excitation spot size.

3. Results and Discussion

We first examined the excitation-wavelength-
dependent SHG and THG in ZnO NRs, as shown in
Fig. 2. The sample was placed 2 cm away from the
focus, and the excitation intensity was fixed at
0.12 TW/cm?. In Fig. 2, the SHG intensities for three
excitation wavelengths were normalized in order to
compare the relative intensities of the THG. It can
be seen that the THG intensity decreased with
decreasing excitation wavelength. In particular, a sig-
nificant reduction in the THG intensity was observed
when the excitation wavelength was tuned to
1150 nm. In this case, the energy of the third har-
monic became larger than that of the exciton ground
state and the THG was reduced by reabsorption.
In addition, three-photon-induced luminescence
through three-photon absorption (3PA) also became

1o} 1.=0.12TW/em’
2 —=— 3, ~1150 nm
=
5 081 —e—2 =1230nm
S o
K
2 06
w
=
2
= 04
= o
Q
.
g 02
-
o
z
0.0
350 400 450 500 550 600 650 700 750
Wavelength (nm)

Fig. 2. Nonlinear response spectra obtained at different excita-
tion wavelengths of 1150, 1230, and 1350 nm. The ZnO sample
was placed 2 cm away from the focus, and the excitation intensity
was fixed at 0.12 TW/cm?2.

possible, although it was not pronounced. Previously,
the typical excitation wavelengths used to investigate
the SHG and THG of ZnO were 800 and 1064 nm
[12,18,26,31]. Thus, the intensity of THG was much
weaker as compared to that of SHG, making it diffi-
cult to observe the competition between these two
nonlinear optical processes. Therefore, we think
that a long excitation wavelength at which 3PA and
reabsorption of the third harmonic are avoided is pre-
ferred in order to observe the competition between
SHG and THG.

In Fig. 2, it can be seen that the intensity of SHG is
larger than that of THG at an excitation intensity of
0.12 TW/cm? because of the larger second-order sus-
ceptibility. In order to realize the reverse situation in
which THG is stronger than SHG, we need to increase
the excitation intensity. From the viewpoint of experi-
ment, a simple way to do that is to move the focusing
lens or to increase the power of the fs laser. In Fig. 3,
we present the evolution of the nonlinear response
spectrum when the focusing lens was moved from
the initial position, which was 2 cm away from the
focus, toward the focus. During the movement, we
recorded the nonlinear response spectrum with
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Fig. 3. Evolution of the nonlinear response spectrum of ZnO NRs
when the focusing lens was moved from the initial position (2 cm
away from the focus) toward the focus. The corresponding images
of the excitation spot recorded by using a camera are presented as
insets. In each case, the estimated excitation intensity and the dis-
tance between the sample and the focus (d) are provided.
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the spectrometer and took the image of the excitation
spot with a camera. The results at several positions
are shown in Fig. 3. Initially, we observed a red spot
with a circular shape and a large diameter. Then, it
was changed to a violet spot with a middle size.
Finally, a blue spot with a small diameter was ob-
served. This transition from a red spot to a blue
oneisin good agreement with the evolution of the non-
linear response spectrum presented in Fig. 3. It
should be emphasized that the emission spot size does
not reflect the real excitation spot size because it ap-
pears to be larger under higher excitation intensities.

Another way to increase the intensity of the THG is
to simply increase the power of the fs laser. In this
case, the evolution of the nonlinear response spec-
trum with increasing excitation intensity is shown
in Fig. 4(a). At a low excitation intensity of
0.10 TW/cm?2, SHG was stronger than THG. As the
excitation intensity was increased to 0.20 TW /cm?,
the difference between SHG and THG became
smaller, although the former was still stronger
than the latter. At a high excitation intensity of
0.40 TW/cm?, THG exceeded SHG and dominated
the nonlinear response spectrum. The excitation in-
tensity dependences of SHG and THG are plotted
in Fig. 4(b). The slopes derived for the excitation-
intensity-dependent SHG and THG are 1.80 and
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Fig. 4. (a) Evolution of the nonlinear response spectrum of ZnO
NRs with increasing excitation intensity. (b) Excitation-intensity-
dependent SHG and THG of ZnO NRs. Circles and squares are ex-
perimental data, and the solid lines are the fits to these data.
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2.83, which are in good agreement with the second-
order and third-order nonlinear optical processes. It
can be seen clearly that the intensity of THG becomes
equal to that of SHG at an excitation intensity of
~0.25 TW/cm?. After that, THG is stronger than
SHG. However, a gradual saturation is observed for
both SHG and THG at high excitation intensities,
which is reflected in the reduction of their slopes.

It has been shown that the intensity of THG can
exceed that of SHG by simply increasing the excita-
tion intensity. In this case, it is assumed that 4PA can
be neglected because of the small absorption coeffi-
cient. However, this assumption is no longer valid
at high excitation intensities because 4PA is ex-
pected to increase more rapidly than THG. In order
to see the competition between these three nonlinear
processes, we first moved the focusing lens so that
the ZnO sample was located 1 cm from the focus
and then increased the excitation power. In this case,
the diameter of the excitation spot was reduced to
~125 pm. The evolution of the nonlinear response
spectrum with increasing excitation intensity is
shown in Fig. 5(a). When the excitation density is in-
creased to 0.513 TW/cm?, a broad emission peaking
at 390 nm begins to appear in the spectrum. Its in-
tensity increased when the excitation intensity was
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Fig. 5. (a) Evolution of the nonlinear response spectrum of ZnO

NRs with increasing excitation intensity. (b) Excitation-intensity-
dependent SHG, THG, and 4PL of ZnO NRs. Squares, circles, and
triangles are experimental data, and the solid lines are the fits to
these data.



further increased to 0.718 TW/cm?2. This emission is
attributed to the exciton emission resulting from the
4PA in ZnO NRs. Thus, it belongs to a four-photon
luminescence (4PL).

In order to gain deep insight into the competition
between SHG, THG, and 4PL with increasing excita-
tion intensity, the excitation intensity dependences
of these nonlinear optical signals are presented in
Fig. 5(b). In each case, the excitation-intensity-
dependent signal can be classified into two regimes
in which the slopes were found to be different. For
SHG, a significant reduction of the slope from 1.95
to 0.01 was observed, indicating the saturation of
the SHG at high excitation intensities due to energy
redistribution or energy transfer. A similar phenome-
non was observed for THG, and its slope was found to
decrease from 3.01 to 0.97 in the high excitation in-
tensity regime. The transition from a large slope to a
small one occurred at the same excitation intensity
for SHG and THG. For 4PL, a decrease of the slope
from 4.07 to 1.34 was found at a higher excitation in-
tensity of 0.50 TW/cm? where the damage of ZnO
NRs might occur due to the significant temperature
rise caused by the 4PA. When we compare the exci-
tation-intensity-dependent SHG and THG shown in
Fig. 4(b) with that shown in Fig. 5(b), it is found that
the intensities of SHG and THG become equal at
nearly the same excitation intensity of 0.25 TW /cm?
in both cases. However, a rapid saturation of SHG
and THG as well as a rapid increase in 4PL is
observed in the latter case because of the smaller ex-
citation spot. It implies that the competition between
different nonlinear optical processes occurring in
nanostructures depends not only on the excitation
intensity but also on the excitation spot size. It is
thought that the excitation spot size may influence
the excitation volume and temperature rise in nano-
structures. Based on our experimental observations,
it is suggested that nonlinear optical processes with
higher orders, such as 4PL in our case, will be facili-
tated by employing a small excitation spot size. Of
course, more experiments are needed to clarify
this issue.

For practical applications, the optical damage of
ZnO NRs under high excitation intensities needs
to be considered. The damage threshold for ZnO
was reported to be ~5TW/cm? at an excitation
wavelength of 800 nm [32]. It is expected to be larger
at longer excitation wavelengths because of the sup-
pression of multiphoton absorption. The excitation
intensities used in our experiments were carefully
controlled to be much lower than the damage thresh-
old. In order to observe the competition between
SHG and THG without damaging the sample, the
excitation wavelength was intentionally chosen at
1350 nm so that the multiphoton absorption was
greatly suppressed. The reduction in the slopes of
the excitation-intensity-dependent SHG and THG
(or the saturation of SHG and THG) observed at high
excitation intensities was caused mainly by the rapid
increase in the multiphoton-absorption-induced

luminescence, not the damage of the sample. It
was confirmed by the fact that the excitation
intensity dependences of SHG and THG can be
reproduced.

Another issue that needs to be taken into account is
phase matching, which is quite important for realiz-
ing efficient SHG and THG in bulk materials. For
micro- and nanostructures, however, it has been dem-
onstrated that the efficiency of SHG and THG can be
greatly enhanced at the surfaces, especially for
closely packed micro- and nanostructures [33-35].
As a result, the excitation intensity for efficient
SHG and THG is reduced significantly. On the other
hand, one can consider a film composed of micro- and
nanostructures whose sizes are comparable to or
smaller than the wavelength of light as a composite
with an effective refractive index. The phase match-
ing in SHG and THG can still be satisfied by deliber-
ately designing the parameters of the composite.

4. Conclusion

In summary, we have demonstrated the competition
between SHG and THG in ZnO NRs by employing a
fs laser with a long excitation wavelength of 1350 nm
and a low repetition rate of 1 kHz. A transition from
red to blue emission resulting from the competition
between SHG and THG was successfully demon-
strated by simply increasing excitation intensity.
This property of ZnO NRs may find potential
applications in the fields of all-optical display and
intensity measurements.
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