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Abstract. Applying a bicolor coherent treatment of a Nd-YAG laser with wavelength 1.32 µm and 

its second harmonic generation, we have investigated photoinduced SHG in Au nanoparticle-
deposited ZnO nanocrystallinne (NC) films. We have established that coexistence of the such 

crystallites gives substantially better results compared to the pure ZnO NC deposited onto the  glass 

substrate. It was shown that the value of the second order susceptibility obtained for the large 

incident angles of the fundamental and writing beams is equal to about 23 pm/V. The better results 

are obtained during the phototreatment at temperatures near the 60 
o
C for the Au doped samples and 

is almost non-sensitive to temperature for the pure samples. The further increase of the temperature 

leads to decay of the optical second harmonic generation 

Introduction 

Recently one can observe an enhanced interest to ZnO films and nanocrystallites during search and 

design of new materials for quantum electronics [1-4]. However in all the investigations the second 

order optical effects, particularly optical second harmonic generation were related with the degree 

of orientation of the ZnO films or versus the substrate.  

Among the numerous nonlinear optical materials [5] ZnO seems to be more promising due to the 

excellent optical and photomechanical properties, possibility to deposit the layers on the different 

kinds of substrates [6]. Moreover, the measurements performed for the thin ZnO films of different 

crystallinity [7] have shown relevant second order susceptibility (up to 10 pm/V) at wavelength 

1060 nm. It was shown that this parameter is crucially dependent on the degree of the film 

crystallinity and the grain boundaries and interfaces play in this case a principal role. It is 

interesting to note that the moderate SHG signals were obtained even for the films deposited by a 

simplified and chip spray technology [10]. It was typical that most of the first experiments were 

performed for the case when the wurtzite-like c-axis was oriented perpendicularly to the substrate 

plane [11-13]. There were different approaches directed on the enhancement of the second order 

susceptibilities. In particular, one of the approaches consisted in the deposition of the hexagonal 

films with c axis orientation lying intra the substrate plane [14] that allowed enhancing the 

corresponding susceptibility up to 30 pm/V. Another approach has applied critical resonance 

frequencies approaching the energy gap. The maximal value of the second order susceptibility was 

found to be equal about 83 pm/V that is 14 times larger than in the bulk materials and is the highest 

among the reported for today. One of the approach consisted in the doping of the ZnO film by the 

highly polarized F ions that allowed receiving the value of the linear electrooptic coefficient equal 

to about 17 pm/V in the blue spectral range. In the Ref. [15] it was established that decreasing of the 
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film thickness is followed by the substantial enhancement of the SHG independently on the 

technology. However it contradicts to the data of other researches showing that using of the rf-

magnetron sputtering or plasma-enhanced chemical vapor deposition may influence crucially the 

values of the SHG. Moreover, using the bicolor optical treatment [16] it was shown the substantial 

influence of the substrate on the induced optical susceptibilities. In the present work we apply our 

previous method of UV-induced SHG to explore SHG behavior [17]. In the present work we 

propose to enhance the susceptibilities by> formation of the nanocomposites possessing coexistence 

of the> semiconducting ZnO nanocrystlalties and metallic Au nanoparitlcesThe ZnO is necessary as 

an excellent nonliner optical materials whichis good fitted to surface plasmon resonances of the 

gold NP. 

Experimental 

Sample Preparation. ZnO thin films were prepared on glass supports (a piece of soda-glass, 15 

mm × 15 mm) by a linear source ultrasonic spray chemical vapor deposition (LS-CVD) method [18, 

19]. Briefly, an ethanol-water solution containing 0.05 M zinc acetate, Zn(CH3COO)2·2H2O, was 

sprayed as the mist that was composed of super-liquid-particles (ca. 1 µm) by an ultrasonic 

transducer. The mist was carried onto the surface of the substrate, and pyrolysis was performed to 

form the ZnO nanocrystallite films. To achieve a constant supply of source mists, dual N2 gas flow 

systems were used, i.e., one flow for the direct supply of source mists at 1.0 L/min, and the other 

flow as a carrier at 7.0 L/min. The temperature to grow ZnO films was 500 
o
C, and the pyrolysis 

time was 10 min. 

For attaching Au nanoparticles on the surfaces of ZnO, we used a seed-mediated growth method 

for the surface modifications [20]. This method was developed following the the seed-mediated 

growth method for preparing Au nanorods in aqueous solution by Murphy and coworkers [20, 21]. 

As the actual procedures, prior to the modification, a piece of ZnO coated glass, whose size was ca. 

7 mm × 7 mm, was rinsed with water and dried with a stream of nitrogen.  Then, the ZnO was 

immersed in the seed solution that contained gold nanoparticles of ca. 4 nm, which was prepared by 

adding 0.5 mL of cooled aqueous solution of 0.1 M NaBH4 into 19.5 mL of aqueous solution 

containing 0.25 mM HAuCl4 and 0.25 mM trisodium citrate [22]. After leaving 2 hrs., the ZnO 

substrate was then taken out and washed with flushing pure water. After drying the ZnO surface, it 

was immersed in the growth solution and left undisturbed for 1 hr. The growth solution was 

prepared by adding aqueous solutions of 2.5 mL of 0.01 M HAuCl4, 0.5 mL of 0.1 M ascorbic acid, 

and 0.5 mL of 0.1 M NaOH, into 90 mL of aqueous solution of 0.1 M cetyltrimethylammonium 

bromide (CTAB) [23]. Finally, the substrate was washed again with distilled water and then dried 

with nitrogen.  

With these treatments, in particular, in the first immersion into the seed solution, Au and Ag 

nanoparticles were found to attach on the ITO surfaces [24]. It is considered that small 

nanoparticles tend to attach via physi-sorption on the surfaces judging from the experimental results. 

Such attachment of small nanoparticles is known as a precursor method in the field of catalysis [23, 

24].  

While we reported optical properties of metal nanoparticle-attached ITO prepared with this seed-

mediated growth method for surface modification [18], it was applied to the modification of ZnO in 

the present work.  For modifying the ITO surfaces, we left the samples in the growth solution for 24 

hrs. However, in the case of the present ZnO, the immersion for 24 hrs caused the removing of ZnO 

films. Thus, we adopted the growth time of 1 hr, though the grown size of Au nanoparticles were 

smaller than those prepared in the case of ITO [23]. The color of the ZnO substrate prepared in the 

seed-mediated growth procedure was red-purple as mentioned later, and the color was much thicker 

than that of ZnO prepared by immersing just in the seed solution.  So, we used the ZnO samples 

prepared by treating in the seed solution first, and then in the growth solution for 1 hr., in this work. 

The JEOL JSM-7400F field emission scanning electron microscopy (FE-SEM) was used to 

characterize the surface morphology of ZnO films.   

32 Journal of Nano Research Vol. 2



 

 

 

Fig. 1. Principal schema of measurement set-up. 

 

Optical set-up. The photoinducing pulsed Nd :YAG laser providing the 1320 nm wavelength 

operates with a pulse duration of 40 ps and a frequency of 100 Hz (see Fig. 1). The optical second 

harmonics are generated by a single phase-matched β-BBO crystal.  The pumping beam consists of 

a combination of the fundamental and the doubled frequency wavelengths. The ratio (r) of their 

intensities is changed from 6 to 90 by varying the KTP crystal angle from 5 to 28 degree with 

respect to the incident fundamental beam. A beam-splitter is used for the independent control of the 

incident light from the fundamental Nd :YAG laser. The polarisation of the incident bicolour 

coherent light on the sample is performed by Glahn polariser. A synchronisation of the chopper 

with the Nd-YAG laser is ensured for a simultaneous light interruption. At the same time, the light 

source supplies a probing non-monochromatic beam slavered to the chopper whose desired 

frequency can attain 100 kHz The polarisation of the incident light is done with the polariser before 

irradiation of the sample. The monitoring of changes in the optical transmission spectrum is 

performed with the monochromator of about 2 nm spectral resolution directly connected with the 

CCD camera. 

Results and discussion 

FE-SEM observation of ZnO surfaces. Figure 2 shows the typical FE-SEM images of ZnO before 

and after the seed-mediated growth treatment. Compared with the surface image observed before 

treatment (Fig. 2a), small dots of ca. 20 nm were observed to attach at the vicinities of ZnO 

nanoclystallites after the seed mediated growth treatment. The dots were apparently brighter 

compared with the crystals of ZnO in the direct operations of FE-SEM. While the original ZnO 

sphere crystals near 50 nm were observed with bright contract in Fig. 2a, the brightness observed in 

the operations was different from those of the small dots in Fig. 2b. Thus, the small dots in Fig. 2b 

are considered to be attached and grown Au nanoparticles on the ZnO surface, which would be 

reasonably deduced from the results of the modification of ITO. Furthermore, the result of eye 

inspection also supported the attachment of Au nanoparticles because the pinkish color was 

observed after treating in the seed solution, and the color become denser after treating in the growth 

solution.  Although the grown size of Au nanoparticles was limited to small (ca. 20 nm) due to the 
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reason mentioned in the experimental section, i.e. the removal of ZnO film, we used the Au 

nanoparticles attached ZnO samples as in Fig. 2b for the optical measurements. The changes in the 

appearance of the ZnO nanocrystallite film are inferred to be caused by the dissolution in the 

growth solution.  

 

 

 

Fig. 2. FE-SEM images of ZnO surfaces. (a) ZnO surface before the treatment. (b) Au nanoparticles 

attached ZnO surface after the seed-mediated growth treatment. 

 

Principal non-linear optical features. In the Fig. 3 principal results concerning the time 

dependence of the output photoinduced second order optical susceptibilities are presented. We have 

found that the optimal angle between the incident seeding beams with fundamental (ω) and doubled 

frequency beams are equal to about 72 degree. So we deal with the slipping propagation of the 

incident beams. The maximal output photoinduced SHG corresponds to the 50 deg. As a reference 

sample we have taken the LiNbO3 films with the known parameters of the second-order optical 

susceptibility. Angle between the two mentioned beams was equal to about 24 degree and their 

polarizations were perpendicular. The effective non-linear grating is formed within the films and on 

the interfaces with thickness about 20-30 nm separating the ZnO-Au film composites and the ITO. 

To confirm the non-liner optical features of the SHG we have performed the measurements for the 

different incident fundamental dependences after interruption of the writing beams and we have 

found the logarthimitic slopes with indices varying within 1.85-1.89. Moreover the decay time of 

the SHG was equal to about 1.5-2.0 ps, which is substantially different to the different kinds of 

fluorescence emission. We have also studied independently non-linear optical absorption and the 

changes of the refractive indices, which  were less than 10
-5
 and the two-photon absorption was 

about 0.15 cm/GW. So the main role for the second order hyperpolarizability is proved here. 

Optimal ratio of power densities fundamental/doubled frequency was about 18.  

In the Fig. 4 are given the corresponding temperature dependences of the output SHG versus the 

temperature. One can clearly see that for the samples possessing Au nanoparticles the values of the 

SHG substantially increases near the 60
o
C achieving about 25 pm/V. At the same time the ZnO 

samples without Au doping do not show any temperature singularities. Such behaviour may be 

explained by a specific charge transfer occurring due to introduction of the Au atoms in the ZnO.  

Such effect may be considered like a rare possibility of enhancement of the second order optical 

effects ion the ZnO films.  
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Fig. 3. Dependence of the output second order susceptibilities versus the time of the treatment for 

the pure and Au doped ZnO films.  

 

 

Fig. 4.  Temperature dependence of the output second order optical susceptibility for the Au doped 

ZnO and for the pure ZnO nanocrystals. 

 

 

 

One can expect appearance of reconstructed near-the-surface structure possessing structural 

fragments  corresponding to thermodynamically metastable (or even unstable) states. Usually 

optimization of the structure with inclusion of different molecular dynamics method consists in 

variation of principal structural parameters (bond lengths, angles, torsion angles etc.) to find a 

structural conformation corresponding to minimum of total energy. For the case of the ZnO we have 

the bulk-like perfect crystallites to which one can apply principles of long-range ordered translation 

symmetry. However, the long-range ordering usually is break in the interface region. 
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Fig. 5. (a) Charge density distribution for the ZnO nanocrystallites simulated by Langevin 

Dynamics and calculated within the LDA DFT method. The grid corresponds to a scale 0.1 e/Ω.  

(b) Appearance of the charge density non-centrosymmetry due to introduction of the Au atoms. The 

different colors determine the deviations of the electrostatic charge from the equilibrium positions. 

 

 

To perform structural optimization of such structure we have done the appropriate MD 

simulations following Ref. 25. The basic principle of approach in a use of  equilibrium 

thermodynamics with non-equilibrium perturbation created by surrounding disordered background 

and are described in the Ref. 25. The method may be applicable for many semiconductors and take 

into account  a superposition of several structural fragments renormalized by appropriate weighting 

factors. Main principle of the approach consists in a choosing of several coordinated layers (usually 

not more than 6 nm) possessing perfect long-range ordering. To the border crystalline layers are 

added 2-3 layers which are structurally disordered. The geometry optimization is performed 
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between the ordered crystalline layer and disordered ones assuming a fixed atomic positions for the 

crystalline layers. 

From the Fig. 5 one can clearly how introduction of the Au atoms would change the principal 

parameters of the NC charge density distribution. The occurrence of the temperature maximum may 

indicate on the several softening of the ZnO structure which allows to perform more slightly the 

observed modifications. Moreover substantial role also may play band energy flattering typical for 

the semiconducting nanaocrystallites [26]. 

Summary 

Using coherent bicolor interactions we have investigated the photoinduced SHG in Au nanoparticle-

deposited  ZnO nanocrystallite films. We have found that introduction of the Au would lead to 

appearance of substantial redistribution of the charge density. The maximum second-order optical 

susceptibility was achieved at about 65 
o
C and it may reflect several softening of the structures in 

this temperature range. The performed band energy calculations explain the obtained dependences 

following the occurrence of the charge density non-centrosymmetry due to incorporation of the Au 

atoms.  
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