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Abstract: The nonlinear optical properties of single, double and multiple
ZnO nanorods (NRs) were investigated by using a focused femtosecond (fs)
laser beam. The excitation wavelength of the fs laser was intentionally
chosen to be 754 nm at which the energy of two photons is slightly larger
than that of the exciton ground state but smaller than the bandgap energy of
Zn0O. Second harmonic generation (SHG) or/and two-photon-induced
luminescence (TPL) were observed and their dependences on excitation
density were examined. For single ZnO NRs, only SHG was observed even
at the highest excitation density we used in the experiments. The situation
was changed when the joint point of two ZnO NRs perpendicular to each
other was excited. In this case, TPL could be detected at low excitation
densities and it increased rapidly with increasing excitation density. At the
highest excitation density of ~15 MW/cm’, the intensity of the TPL became
comparable to that of the SHG. For an ensemble of ZnO NRs packed
closely, a rapid increase of TPL with a slope of more than 7.0 and a gradual
saturation of SHG with a slope of ~0.34 were found at high excitation
densities. Consequently, the nonlinear response spectrum was eventually
dominated by the TPL at high excitation densities and the SHG appeared to
be very weak. We interpret this phenomenon by considering both the
difference in electric field distribution and the effect of heat accumulation.
It is suggested that the electric field enhancement in double and multiple
NRs plays a crucial role in determining the nonlinear response of the NRs.
In addition, the reduction in the bandgap energy induced by the heat
accumulation effect also leads to the significant change in nonlinear
response. This explanation is supported by the calculation of the electric
field distribution using the discrete dipole approximation method and the
simulation of temperature rise in different ZnO NRs based on the finite
element method.
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1. Introduction

As a semiconductor with wide bandgap (E, ~3.37 eV) and large exciton binding energy (~60
meV), ZnO has attracted great interest in the last two decades due to its potential applications
in the fabrication of various functional devices [1-6]. With the rapid development of
nanometer science and technology, ZnO nanoobjects in different fashions have been
successfully synthesized or fabricated by various chemical or physical methods. These ZnO
nanoobjects, including nanoclusters [7-10], nanowires [11-14], nanotubes [15,16], nanorods
(NRs) [17-19], and nanoflowers [20-22], have received intensive and extensive studies due
to their unique electric, thermotic, cytalytic, mechanical, magnetic and optical properties
originating from surface effect or quantum size effect. Among these properties, the optical
properties of ZnO nanowires or NRs have been the focus of many studies because this kind of
nanoobjects can be easily synthesized and has potential applications in making optoelectronic
devices. In recent years, the nonlinear optical properties of ZnO nanoobjects have attracted
much attention owing to their possible applications in the field of biophotonics [23-25].
Under the excitation of a femtosecond (fs) laser in the near infrared region, upconverted
signals such as second harmonic generation (SHG) [26] and two-photon-induced
luminescence (TPL) [27-29] can be generated in ZnO nanoobjects, making them attractive
and promising candidates for bioimaging.

In most cases, SHG and TPL are simultaneously present in ZnO nanoobjects excited by fs
laser [30, 31]. It implies that some energy of the fs laser is converted to SHG and some is
transferred into TPL. Basically, SHG is a second-order nonlinear process and TPL is a third-
order one [32]. However, both of them scale quadratically with the intensity of the incident
light, making the situation more complicated. Therefore, it is expected that there exists a
competition between these two nonlinear optical processes. Very recently, we have
investigated the nonlinear optical response of gold (Au) nanoparticles with much different
sizes and found a size dependent competition between SHG and TPL [33]. It is revealed that
TPL is dominant in small-sized Au nanoparticles in which absorption is much larger than
scattering while SHG is dominant in large-sized Au nanoparticles in which scattering is much
larger absorption.

Being as a semiconductor, the physical properties of ZnO appear to be much different
from those of Au. For example, the wide bandgap plays an important role in determining the
electronic transition of carriers and thus the multiphoton-induced absorption in ZnO. In
addition, the melting point of ZnO is much higher than that of Au, making it possible to
investigate the nonlinear optical properties of ZnO nanoobjects at high excitation densities
that may be modified at high temperatures. All these features make the investigation of the
nonlinear optical response of ZnO nanoobjects very interesting.
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In this article, we will study experimentally the nonlinear optical responses of single,
double and multiple ZnO NRs by using a focused fs laser beam. The excitation wavelength of
the fs laser was intentionally chosen to be 754 nm at which the energy of two photons is
slightly larger than that of the exciton ground state but smaller than the bandgap energy of
ZnO. The purpose is to find out the underlying physical mechanism that determines the
competition between SHG and TPL. The article is organized as follows. In section 2, we
describe the synthesis of ZnO NRs and the experimental setup used to study the nonlinear
optical responses of ZnO NRs under the excitation of the fs laser. In section 3, the nonlinear
optical properties of single, double and multiple NRs are described in detail. In addition, we
compare the electric field distributions in single, double and multiple NRs calculated by using
the discrete dipole approximation (DDA) method and discuss their influences on nonlinear
optical response. Also, the temperature rise in different ZnO NRs induced by the heat
accumulation effect is calculated by using the finite element method and its influence on
nonlinear optical response is analyzed. Finally, the main findings of our research work are
summarized.

2. Sample preparation and experimental setup
2.1 Synthesis of ZnO NRs

The ZnO NRs used in our study were synthesized by using the method reported previously
[34]. The synthesis process for ZnO NRs can be described in three steps. First, 250-mL
aqueous solutions of zinc acetate (ZnAc,-2H,0) and triethanolamine (TEC, N(CH,CH,OH)s)
with molar ratio of 1: 2 were prepared and put inside two dropping funnels. Then, the two
solutions were dropped within 2 hours into a three-neck flask filled with water and subjected
to a bath at 90°C. Subsequently, the above suspension was continuously stirred for 1 hour.
Finally, the suspension containing ZnO seeds was aged for 12 hours at room temperature.
After filtration, the residue was washed three times with a lot of acidic and deionized water
and dried at 80°C for 24 hours to obtain ZnO NRs. The SEM image of the synthesized ZnO
NRs and the TEM image of a single ZnO NR are shown in Figs. 1(a) and 1(b), respectively.
The average diameter and length of ZnO NRs were measured to be ~200 nm and ~2 um.

(b)

Fig. 1. SEM image of an ensemble of ZnO NRs (a) and TEM image of a single ZnO NR (b).

2.2 Experimental setup

For the characterization of nonlinear optical properties, ZnO NRs were uniformly distributed
on a cover glass slide by dropping and dying the aqueous solution of ZnO NRs on the glass
slide. The fs laser light from a Ti: sapphire oscillator (Mira 900S, Coherent) with a pulse
duration of 130 fs and a repetition rate of 76 MHz was focused on ZnO NRs by using the
objective lens (100 x ; NA = 1.43) of an inverted microscope (Axio Observer Al, Zeiss). The
diameter of the excitation spot was estimated to be ~1 um. The excitation wavelength of the
fs laser was chosen to be 754 nm at which the energy of two photons is slightly larger than
that of the exciton ground state but smaller than the bandgap energy of ZnO. All the
excitation densities given in the following are the averaged power densities. The peak power
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densities can be readily deduced and they are several orders of magnitude larger than the
averaged power densities. The emitted nonlinear optical signals (SHG and TPL) were
collected by using the same objective lens and directed into a spectrometer (SR-500i-B1,
Andor) equipped with a charge-coupled device (CCD) for spectrum analysis. Another CCD
connected to the microscope was used to examine the morphology of ZnO NRs and the
location of the excitation spot. In all measurements, we have carefully compared the
nonlinear optical signals detected at the place with ZnO NRs with those at the place without
ZnO NRs (bare glass slide). Under the highest excitation density we used in the experiments,
we did not observe any obvious SHG and TPL from the glass slide, indicating that the
nonlinear optical response of the glass slide can be neglected. The vertical resolution of the
microscope is 200 nm and the maximum nonlinear optical signals were found when the laser
light was focused slightly above the glass slide where ZnO NRs were located.

3. Results and discussion

In order to compare the nonlinear optical responses of single, double and multiple ZnO NRs,
the as-prepared ZnO NRs were uniformly dispersed in deionized water and dropped on a
glass slide. After the evaporation of water, we could easily find single, double and multiple
ZnO NRs on the glass slide and a typical example is shown in Fig. 2. The morphologies of the
single, double and multiple NRs, whose nonlinear optical properties are presented in the
following, are very similar to the typical ones shown in Fig. 2.

BATCSIOW Mg WDKK ECHU  Tee 1100
WA Pt st SEWATSE  Dee el

Fig. 2. SEM images of typical single (a), double (b) and multiple (c) ZnO NRs.

3.1 Nonlinear optical response of single ZnO NRs

The CCD image of the single ZnO NR we studied is shown in Fig. 3. The bright spot
indicates the position of the excitation spot where the strongest nonlinear optical signal is
generated. The nonlinear response spectra of the NR measured at different excitation densities
are presented in Fig. 4. In all cases, a narrow peak with a linewidth of ~2.5 nm was observed
at 377 nm which was half of the excitation wavelength. The peak wavelength was shifted
accordingly when we tuned the excitation wavelength around 754 nm. In addition, the optical
signal disappeared completely if we moved the excitation spot out of the NR. Thus, the
optical signal at 377 nm was ascribed to the SHG of the NR. This assignment was further
confirmed by the excitation density dependent intensity of the optical signal which exhibits a
slope of ~1.98, as shown in Fig. 5. Although the energy of two photons at 754 nm is larger
than that of the exciton ground state in ZnO, we did not observe any obvious TPL in the
nonlinear response spectra even at the highest excitation density of 15 MW/cm?. Similar
results were found at other positions of the NR or in other NRs, indicating that the nonlinear
response spectrum of single ZnO NRs is dominated by SHG even in the case when the
excitation of TPL is allowed.
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Fig. 3. CCD image of the single ZnO NR we studied. The inset shows the magnified image in
which the bright spot (indicated by the arrow) gives the center of the excitation spot where the
strongest nonlinear signal was generated.
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Fig. 4. Evolution of the nonlinear response spectrum of the single ZnO NR with increasing
excitation density.
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Fig. 5. Excitation density dependent SHG for the single ZnO NR.

3.2 Nonlinear optical response of double ZnO NRs

Now let us examine the nonlinear optical response of two ZnO NRs that are occasionally
aligned to be perpendicular to each other, as shown in Fig. 6. The excitation position, which is
the bright spot in the image, was chosen at the joint point of the two NRs. The evolution of
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the nonlinear response spectrum with increasing excitation density is presented in Fig. 7. In
contrast to the narrow SHG peak observed for the single NR, weak TPL was found in the
nonlinear response spectrum even at a low excitation density of 1.0 MW/cm®. Due to the
existence of the TPL, the linewidth of the SHG peak located at 377 nm was broadened to be
~6.0 nm. The TPL became obvious at 4.0 MW/cm® with a small peak appearing at ~385 nm.
At the highest excitation density of 15 MW/cm®, the intensity of the TPL became comparable
to that of the SHG, as can be seen in Fig. 7(f).

In Figs. 7(a)-7(d), one can see a small peak appearing at ~380 nm, as indicated by the
arrows. Since the energy of two photons for the pump light was slightly larger than the energy
of the exciton ground state, the excitation of excitons into the exciton states was allowed
through two-photon absorption (TPA). Most generated excitons first relaxed to the ground
state and then to the defect states. Some excitons, however, might recombine radiatively at
the ground state. Therefore, TPL is usually composed of the emissions from the exciton
ground state and the defect states. In our case, we think that the small peak appearing at ~380
nm was the emission from the exciton ground state. For the single NR, the nonlinear response
spectrum was dominated by SHG and the exciton emission was not observed. It is probably
due to the resonant energy transfer from exciton emission to SHG proposed in Ref. [35]. For
the double NRs, such resonant energy transfer was weakened, leading to the appearance of
the exciton emission at low excitation densities.

By fitting the nonlinear response spectra with multiple Gaussian peaks, we were able to
extract the integrated intensities of the SHG and TPL at different excitation densities and plot
their excitation density dependences, as shown in Fig. 8. Within the excitation density range
we used in the experiments, the relationship between the nonlinear optical signals (SHG or
TPL) and the excitation density can be classified into three different regimes in which the
excitation density dependent nonlinear optical signals exhibit different slopes. In the low
excitation density regime (1.0-6.0 MW/cm?), a slope of ~1.72 was observed for the SHG
while a slope close to 2.0 was found for the TPL. In the moderate excitation density regime
(6.0-12 W/em®), the slope for the SHG was decreased slightly to ~1.53 while that for the TPL
was increased rapidly to ~3.23. A gradual saturation of the SHG was observed in the high
excitation density regime (12—15 W/cm?). In sharp contrast, one can see a dramatic increase
of the TPL with a slope as large as ~6.30. This phenomenon indicates that the nonlinear
optical response of the double NRs is completely different from that of the single NR. In
addition, it clearly shows that there exists a competition between SHG and TPL which is
dependent strongly on the excitation density although both of them are expected to scale
quadratically with the excitation density. The TPL of the double ZnO NRs appearing at ~385
nm is thought to originate from the recombination of electrons with holes in an electron-hole
plasma at high excitation densities [3]. It is completely different from the broad emission
band centered at ~530 reported previously for other ZnO nanostructures, which is related to
the defects levels of oxygen vacancies [35, 36]. It indicates the absence of such defects levels
in our ZnO NRs. On the other hand, the energy transfer from SHG to TPL (i.e., the
reabsorption of SHG) may occur at high excitation densities.

In Fig. 9, we present the evolution of the ratio of the integrated intensity of the TPL to that
of the SHG with increasing excitation density for the double NRs. It can be seen that the ratio
begins to increase rapidly at an excitation density of 13 MW/cm®. At the highest excitation
density of 15 MW/cm?, the integrated intensity of the TPL is nearly one order of magnitude
larger than that of the SHG.
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Fig. 6. CCD image of the double ZnO NRs we studied. The inset shows the magnified image
in which the bright spot (indicated by the arrow) gives the center of the excitation spot where
the strongest nonlinear signal was generated.
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Fig. 7. Evolution of the nonlinear response spectrum of the double ZnO NRs with increasing
excitation density.
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Fig. 8. Excitation density dependent SHG (a) and TPL (b) for the double ZnO NRs.
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Fig. 9. Evolution of the ratio of the integrated intensity of the TPL to that of the SHG with
increasing excitation density for the double ZnO NRs.

3.3 Nonlinear optical response of multiple ZnO NRs

We have seen that the single and double ZnO NRs respond to the excitation of fs laser in
completely different ways. The SHG, which is completely dominant in the single NR, is
greatly suppressed in the double NRs at high excitation densities. This change in nonlinear
optical response makes it interesting to see the nonlinear optical response of multiple NRs.
The morphology of the multiple NRs we investigated is shown in Fig. 10. It can be seen that
the multiple NRs are composed of several closely packed NRs. Similarly, the bright spot
indicates the center of the excitation spot.

Fig. 10. CCD image of the multiple ZnO NRs we studied. The inset shows the magnified
image in which the bright spot (indicated by the arrow) gives the center of the excitation spot
where the strongest nonlinear signal was generated.

The evolution of the nonlinear response spectrum of the multiple NRs with increasing
excitation density is shown in Fig. 11. At the lowest excitation density of 1.0 MW/cm’,
neither SHG nor TPL was observed. It is thought that the SHG generated in this case is
reabsorbed due to the significantly increased absorption cross section in the multiple ZnO
NRs. At low excitation densities, the nonlinear response spectra are quite similar to those of
the double NRs in which both SHG and TPL are simultaneously present. However, the
increase of the TPL with increasing excitation density appeared to be much faster in the
multiple NRs than that in the double NRs and the spectrum became dominated by the TPL at
an excitation density of 7.0 MW/ecm® In Fig. 11, it can be seen that the SHG almost
disappeared at high excitation densities and the spectrum was governed by the TPL with a
broad band. The excitation density dependent SHG and TPL shown in Fig. 12 clearly
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indicates the rapid saturation of the SHG and the dramatic increase of the TPL with
increasing excitation density. The slope of the SHG is significantly reduced from 1.72 to 0.34
while that of the TPL is increased dramatically from 2.28 to 7.55. If we examine the evolution
of the ratio of the integrated intensity of the TPL to that of the SHG with increasing excitation
density which is shown in Fig. 13, it is found that the ratio increases from ~5.0 at the lowest
excitation density to ~140 at the highest excitation density, implying that the nonlinear
response spectrum is completely governed by the TPL.

We think that the weakening of SHG in multiple NRs is not due to the breaking of
centrosymmetry because very strong SHG can still be observed in multiple NRs if we choose
a longer excitation wavelength at which the excitation of excitons through TPA is not allowed
(for example > 770 nm). In this case, the nonlinear response spectrum becomes dominated
again by SHG. Therefore, we think that the significant enhancement of local field intensity in
multiple ZnO NRs is the main reason responsible for the weakening of SHG, as confirmed by
the numerical calculation given in the following.

(a) 1.0 MW/em®
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Fig. 11. Evolution of the nonlinear response spectrum of the multiple ZnO NRs with increasing

excitation density.
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Fig. 12. Excitation density dependent SHG (a) and TPL (b) for the multiple ZnO NRs.
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Fig. 13. Evolution of the ratio of the integrated intensity of the TPL to that of the SHG with
increasing excitation density for the multiple ZnO NRs.

3.4 Electric field distributions in single, double and multiple ZnO NRs

In order to find out the physical mechanism that is responsible for the change in nonlinear
optical response, we have calculated the electric field distributions at the excitation
wavelength for single, double, and multiple ZnO NRs by using the discrete dipole
approximation (DDA) method [37] and compared them in Fig. 14. For the multiple ZnO NRs,
we fixed the number of NRs at 8 and assumed a random distribution of the NRs, as shown in
Fig. 14(e).

In the calculation of electric field distribution, the polarization of the incident light was
chosen to be along the Y direction, which is the same as that in the experiments. It can be
seen that the maximum electric field intensity in the single NR is much weaker as compared
to those in the double and multiple NRs. The strongest electric field intensity is achieved in
the multiple NRs which is reflected in the large number of “hot spot”. Since TPA which leads
to TPL is proportional to the fourth power of the local electric field (e< E*), it is expected that
a significant enhancement in TPA and thus in TPL can be achieved in the multiple NRs.

When we compared the local electric field intensities (E”) for the single and double NRs
shown in Fig. 14, an enhancement factor was found to be ~2. Since TPL is quadratically
dependent on the intensity of the input light (or the local electric field intensity E?), the TPL
intensity observed at 15 MW/cm? for the single NR is expected to be similar to that observed
at 4 MW/cm’ for the double NRs. However, we did not observe such a phenomenon in the
experiments. From the competition between SHG and TPL described above, one can see that
for double and multiple NRs the saturation of SHG is accompanied by the rapid increase of
TPL with a slope much greater than 2.0. For the single NR, the nonlinear optical response is
completely dominated by SHG, implying that TPL is greatly suppressed. At the highest
excitation density of 15 MW/cm?, we can see TPL at the long-wavelength side of the SHG
although its relative intensity is still much weaker as compared to that of the SHG. In
comparison, TPL is enhanced to some extent in the nonlinear optical response of the double
NRs. As a result, we began to observe strong TPL even at a low excitation density of 4.0
MW/cm®.

In the calculated electric field intensities for the single, double and multiple NRs shown in
Fig. 14, we can find some hot spots where the large enhancements in electric field intensity
are observed. Such hot spots may be resolved by using scanning near field microscope or
confocal scanning microscope [14].
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Fig. 14. Calculated electric field intensity distributions in the single, double and multiple ZnO
NRs.

3.5 Heat accumulation in single, double and multiple ZnO NRs

Another possible origin that leads to the change in absorption cross section is the temperature
rise in the focal volume induced by the heat accumulation effect. The energy carried by the fs
laser light is absorbed by ZnO NRs and converted either to photons or to heat through
electron-phonon coupling. The heating of ZnO NRs will result in the reduction of bandgap
energy and thus the increase in absorption because the excitation of carriers via TPA will
occur at high-energy states with large density of states [38]. The increase in absorption will
lead to the generation of more heat and the positive feedback results in an avalanche process.
In order to evaluate the influence of heat accumulation on the absorption of ZnO NRs, we
have calculated the steady temperature distributions on the focal plane at the highest
excitation density of 15 MW/cm” by using the finite element method [39], as shown in Fig.
15. In the calculation of heat diffusion and temperature distribution, the diameter of the laser
spot was assumed to be 1.0 um and the thermal conductivities of air and ZnO were chosen to
be 0.0317 W/m'K and 11 W/m-K [40, 41], respectively. ZnO NRs were assumed to be
cylinders with a diameter of 200 nm and a length of 2.0 um. For the double NRs which are
perpendicular to each other, the gap between the two NRs was set to be 100 nm. For the
multiple NRs, we chose eight randomly distributed NRs, as shown in Fig. 15(c). Since the
thermal conductivity of ZnO is much larger than air, each NR can be considered as a heat
source with a constant temperature. The heat released by each NR was determined by the
position of the NR and it was proportional to the square of the local laser light intensity. The
temperature at the boundary of the calculation region was assumed to be the same as room
temperature (300 K). The steady temperature distribution was obtained by numerically
solving the heat diffusion equation.

The calculated dependences of temperature rise on excitation density for the single,
double and multiple ZnO NRs are presented in Fig. 16. It can be seen that the increase in the
number of NRs results in a faster increase in temperature with increasing excitation density
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due to the heat accumulation effect. It implies that much higher temperature can be achieved
in the multiple NRs as compared to the double or single NRs. As a result, the reduction in
bandgap energy is larger for the multiple NRs than that in the double or single NRs. This
large decrease in bandgap energy will lead to a significant increase in absorption and thus the
strong TPL observed in the experiments. On the other hand, more SHG will be reabsorbed
through single photon absorption with the decrease of bandgap energy and converted to
luminescence.

650K
550K
450K

350K

250K

Fig. 15. Heat diffusion and temperature distribution calculated for the single (a), double (b)
and multiple (c) ZnO NRs at an excitation density of 15 MW/cm®.
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Fig. 16. Excitation density dependent temperature rise induced by the heat accumulation effect
for the single, double and multiple ZnO NRs.

4. Summary

We have systematically investigated the nonlinear optical responses of single, double and
multiple ZnO NRs under the excitation of fs laser. It was found that for single ZnO NRs only
SHG was observed even at the highest excitation density we used. In sharp contrast, a rapid
increase in TPL was observed in the double and multiple ZnO NRs and their nonlinear
response spectra became completely dominated by TPL at high excitation densities. The
difference in nonlinear optical response can be explained by considering both the electric
field distribution and the heat accumulation effect. The significant enhancement in electric
field intensity in the multiple ZnO NRs, which was confirmed by the DDA calculation, was
thought to be responsible for the enhancement in TPA and TPL. On the other hand, the
increase in absorption due to the reduction in the bandgap energy induced by the heat
accumulation effect also contributed to the significant enhancement in TPL observed at high
excitation densities. The understanding of the nonlinear optical processes and the competition
between them are helpful for controlling and engineering the nonlinear optical properties of
ZnO NRs for device application.
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