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ZnO nanorods with controlled-surface density have been successfully obtained by simply varying the
concentration of the growth solution. It was found that the variation in the growth solution
concentration may vary the surface density of the ZnO nanorods arrays grown on the surface. The
lowest concentration produces the lowest nanorods surface density. The photoinduced second
harmonic generation was studied for the nanosecond Er:glass lasers at wavelength 1540 nm and
induced by bicolour treatment at 1540/770 nm wavelengths. The nonlinear dependence on the Ag NP
presence was observed. And it s was substantially higher than for the pure ZnO nanoparticles.
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1. INTRODUCTION

The ZnO nanoparticles cause recently enhanced interst as promisng materials for nonlinear
otpics [1]. This is caused by a very specific features of their interfaces which give additional
contribution to the corresponding hyperpolarizablities. Particular interest presents second-order optical
susceptibilities like second harmonic generation [2] described by third-order tensor components. It
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was established that the correspond effects were very sensitive to the sizes and the topology of
nanorods [3]. Particular interest present the ZnO nanoparticles with attached noble metallic
nanoparticles [4]. Due to presence of surface plasmon resonances one can expect a possibility of
occurrence of enhanced second-order optical effects which may be additionally stimulated by external
laser light. As a consequence in the present work we will perform studies of the photoinduced second
harmonic generation in the ZnO nanorods doped with the different content of silver nanoparticles.

2. METHODOLOGY

2.1 Preparation of Ag nanoparticles-loaded ZnO nanorods (Ag-ZnO nanorods)

Ag nanoparticles-loaded ZnO nanorods array were grown on a FTO substrate surface via a
two-step processes. Namely growth of ZnO nanorods array on FTO surface and attachment of Ag
nanoparticle onto the ZnO nanorods surface. ZnO nanorods array were prepared using a two steps wet-
chemical processes, namely seeding and growth processes [5-7]. Seeding process is the process of
attachment of ZnO nanoseed (size approximately 5-10 nm) on the substrate surface that was achieved
using an alcholthermal approach, our previously reported method [8-10]. In typical procedure, an
ethanoloic solution of zinc nitrate hexahydrate (Sigma Aldrich) with concentration of 0.01 M was
firstly prepared. After that, 90 uL of the solution was spin-coated onto the FTO substrate at 3000 rpm
for 30 sec. The sample was then baked on a hot plate at 100 °C for 15 min to facilitate a proper
attachment of zinc salt precursor on the surface. These procedures were repeated 3 times to obtain a
homogeneous layer of chemical precursor on the FTO surface. The sample was then transferred into an
electrical oven for annealing process in air at 350 °C for 1 hour. Using these procedures, high-density
ZnO nanoseed with size dimensions approximately equal to 5 to 10 nm can be realized on the surface.
The ZnO nanorods were then projected from the attached nanoseed via a microwave-assisted
hydrolysis method, using a 5 mL aqueous growth solution that consists of equimolar (0.04 M) of zinc
nitrate hexadehydrate and hexamethylenetetramine (HMT, Sigma Aldrich). In typical growth process,
the nanoseed —attached FTO substrate was transferred into a Teflon sealed glass vial containing the
growth solution. The reaction was then put into a Panasonic inverted home application microwave
oven and irradiated with 1100 W of microwave for 20 seconds. The sample was then taken out, rinsed
with copious amount of pure water and finally dried with a flow of nitrogen gas. Using this approach,
white fluffy colour was noticed on the FTO surface, indicating the formation of ZnO nanorods array on
the surface. The ZnO nanorods array sample with a different surface density was obtained by simply
preparing the sample in a growth solution with different concentrations, namely from 0.01 to 0.05 M.

Finally, the Ag nanoparticles was attached onto the surface of the ZnO nanorods array using
our previously reported method [11] by simply immersing the sample into a 20 mL agueous solution of
equimolar (0.25 mM) of silver nitrate (Sigma Aldrich) and Trisodium citrate (Wako Pure Chemicals,
Ltd.). The process was left undisturbed for 30 min. After that, 0.5 mL of 0.1 M ice-cooled NaBH,
(Wako Pure Chemicals, Ltd.) was added into the solution. At this stage, the colour of the solution
change from transparent to yellow, inferring the formation of Ag nanoparticles both in the solution and
on the surface of ZnO nanorods array. These systems were then kept undisturbed for an hour at room
temperature (ca. ~25 °C). The sample was then taken out, rinsed with copious amount of pure water
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and finally dried with a flow of nitrogen gas. A yellowish colour was noticed on the substrate surface,
indicating the successful attachment of Ag nanoparticles on the ZnO nanorods surface. Finally, the
sample was then annealed in air at 200 ° C for 1 h to remove any organic residues on the surface.

2.2 Characterisations

The morphology of Ag nanoparticle-loaded ZnO nanorods arrays was examined using field
emission electron microscope (FESEM, Hitachi S-4800) that operates at accelerating voltage of 2 kV.
The optical absorption properties of the sample was obtained from UV-Vis- NIR Spectrometer (Perkin
Elmer, Lambda 900).

3. RESULTS AND DISCUSSION

3.1 Ag-ZnO nanorods preparation and characterization

Figure 1. (A) is typical FESEM image of ZnO nanorods without Ag nanoparticles loading that
prepared using the growth solution with concentration of 0.03 M. FESEM images of Ag-ZnO
nanorods with different ZnO nanorods surface density that are prepared using the growth
solution containing equimolar of zinc nitrate hexahydrate and hexamethylenetetramine of 0.01
M (B), 0.02 M (C), 0.03 M (D), 0.04 M (E) and 0.05 M (F). Red circle in the B to F are
showing typical Ag nanoparticle attached on the ZnO nanorods. Scale bars are 100 nm.
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Figure 1 shows typical FESEM images of Ag nanoparticles-loaded ZnO nanorods with several
nanorods surface density obtained using the present method. As seen from the Figure 1 A-E, Ag
nanoparticle with size approximately 5 + 1.0 nm have been effectively attached onto the surface of the
ZnO nanorods (see red circle in corresponding image). The FESEM image of ZnO nanorods without
Ag nanoparticles loading is shown in Figure 1F for comparison. Following the Figure 1 at least 5 Ag
nanoparticle attached onto the surface of the nanorods. Based on our previous study, the attachment
characteristic of organic-capped metallic nanostructures, such as used in the present work, only involve
weak van der Waals interaction instead of strong chemical bonding with the substrate surface. This
condition may produce novel and unique optical and electrical properties and has shown a prospective
performance in non-linear optical [12], sensing [13] and catalysis applications [14].

As also judged from the image in Figure 1, a controlled-surface density of ZnO nanorods have
been successfully obtained by simply varying the concentration of the growth solution. It was found
that the variation in the growth solution concentration may vary the surface density of the ZnO
nanorods arrays growth on the surface. For example, the lowest concentration (see Figure 1A)
produces the lowest in the nanorods surface density. Surface analysis using image of software on this
result has shown that the surface density of the nanorods is as high as approximately 200 nanorod/

um?.
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Figure 2. UV-VIS spectra of Ag nanoparticle-loaded ZnO nanorods grow on the FTO substrate with
different nanorods surface density.
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The density effectively increased to 250, 290, 300 and 320 nanorods per pum® when the

concentration was increased from 0.01 M to 0.02, 0.03, 0.04 and 0.05 M, respectively. Similar to the
variation on the surface density, the change in the growth solution concentration also modified the
diameter of the nanorods array. In typical process, the lowest concentration was found to produce
nanorods with diameter of approximately 11.0 = 1.0 nm. The nanorods diameter increased with the
increasing of growth solution concentration, namely to 21.0 + 1.5, 25.0 = 0.4, 34.0 + 1.7 and 38.00 +
1.0 nm when the concentration increased to 0.02, 0.03, 0.04 and 0.05 M, respectively. The nanorods
diameter adopted the Gaussian distribution function.

The variation in the surface density and the diameter of the nanorods upon growth solution
concentration change can be associated with the effect of competitive growth process of the nanoseed
under a highly kinetic nature of the growth process [15-17]. As has been mentioned earlier, in the
growth process, relatively similar nanoseed surface density on the substrate surface was used to project
the nanorods growth. Under a kinetic growth process and a highly competitive nature, every nanoseed
may have similar opportunity but competitive to project the nanorods growth. Therefore, the diameter
as well as the nanorods surface density increases with the increasing of the growth solution
concentration. However, at relatively low concentration, such competitive nature of the growth process
Is quite intense. This condition only facilitates a quicker growth of the growing site instead of every
nanoseed on the surface. Thus, scarce nanorods formation on the surface was obtained.

While FESEM image show the unique Ag-ZnO nanorods structural growth with different
surface density on the substrate surface, the UV-Vis optical absorption spectra exhibits a peculiar
optical absorption properties of the structure, the result of effective Ag nanoparticle loading on the
ZnO nanorods array. The results are shown in Figure 2. As the Figure 2 shows, the entire sample
exhibits the presence of two absorption bands in the spectrum csituated at 361 and 419 nm. The higher
energy band can be easily associated with the excitonic optical absorption band of ZnO. Meanwhile,
the lower absorption band is the surface Plasmon resonance absorption band of Ag nanoparticles. As
also can be seen from the Figure 2, the absorbance of the samples, independent of the wavelength,
increase with the increasing of nanorods surface density. However, interestingly, the absorption peak
position is un-shifted with the increasing of the nanorods surface density. This is a clear evidence of
the effective improvement of the nanorods surface density instead of increasing the nanorods
aggregation on the surface [18]. Thus, no shift in the absorption peak position of the sample observed
when the nanorods surface density increased. Similar phenomenon is also observed in the surface
Plasmon band of the Ag nanoparticles. The increase in the nanorod surface density also produce the
increase in the surface density of Ag nanoparticles loading. However, the Ag nanoparticles aggregation
is also predicted to be limited. This condition might produce peculiar performance in linear and non-
linear optical applications.

The photoinduced SHG was performed in the reflected regime . As a source laser 15 ns Er-
glass laser was used. The optimal ratio between the fundamental and the doubled frequency beams was
equal to 6:1. The phototreatement by the bicolor laser beams was performed using from 2 up to 4 min.
up to the achievement of the maximal SHG. The latter was detected by red interference filter at 770
nm. The detection was performed by photomultiplier with Hamamatsu photomultiplier and using the
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Tectronix oscilloscope. The reference signal was obtained for the ZnO NP with sizes about 30 nm and
is present ion the Fig. 3.
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Figure 3. Photoinduced dependence of the second-order susceptibilities for the Ag/ZnO NP versus the
bicolor treatment by 1540 nm/770 nm nanosecond Er-glass laser pulses.

The presented data unambiguously show that there exists substantial influence of the Ag on the
output SHG. The maximal signal was obtained for the nanocomposites 0.02 Ag/ZnO. The maximal
SHG output was achieved at power densities about 720 MW/cm?. The further decrease may be caused
by photo thermal destroying of the photoinduced gratings which also is related to the large number of
nano-trapping levels.

4. CONCLUSIONS

It was found that the variation in the growth solution concentration may vary the surface
density of the ZnO nanorods arrays growth on the surface. The lowest concentration produces the
lowest in the nanorods surface density. The photoinduced SHG was performed in the reflected regime .
As a source laser 15 ns Er-glass laser was used. The optimal ratio between the fundamental and the
doubled frequency beams was equal to 6:1. The phototreatement by the bicolor laser beams was
performed using from 2 up to 4 min. up to the achievement of the maximal SHG. The latter was
detected by red interference filter at 770 nm. there exists substantial influence of the Ag on the output
SHG. The maximal signal was obtained for the nanocomposites 0.02 Ag/ZnO. The maximal SHG
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output was achieved at power densities about 720 MW/cm?. The further decrease may be caused by
photo thermal destroying of the photoinduced gratings which also is related to the large number of
nano-trapping levels.
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