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H I G H L I G H T S
� Photoinduced nonlinear optics for ZnS/PVA nanocomposites is studied.

� Te aggregation does not play principal role in the SHG and TPA.
� The sizes define all the photoinduced optical properties.
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a b s t r a c t

We have found a correlation between ZnS nanocomposite nonlinear optical features and technological
processing using electrolytic method. In the earlier researches this factor was neglected. However, it may
open a new stage for operation by photovoltaic features of the well known semiconductors within a wide
range of magnitudes. The titled nanostructured zinc sulfide (ZnS) was synthesized by electrolytic
method. The obtained ZnS nano-crystallites possessed nano-particles sizes varying within 1.6 nm…

1.8 nm. The titled samples were analyzed by XRD, HR-TEM, STEM, and nonlinear optical methods such as
photo-induced two-photon absorption (TPA) and second harmonic generation (SHG). For this reason the
nano-powders were embedded into the photopolymer poly(vinyl) alcohol (PVA) matrices. Role of ag-
gregation in the mentioned properties is discussed. Possible origin of the such correlations are discussed.

& 2016 Elsevier B.V. All rights reserved.
1. Introduction

In the last decades, the study of novel composites based on
semiconductor nano-crystals has attracted extensive scientific and
industrial interests due to their strong size-dependent properties
defining exceptional electronic and optical features [1–4]. Fabri-
cation and characterization of these II – VI nanostructured semi-
conductors are recent area of enhanced scientific interest. Zinc
sulfide (ZnS) is one of the most important group II–VI semi-
conductor with a wide band gap about 3.7 eV at ambient tem-
perature with many excellent chemical and physical properties,
which has promising applications in a lot of technical fields
including photo-luminescence [5,6], electro-luminescence [7],
nonlinear optical devices and fast optical switches [8,9]. Tables 1a,
1b, 2a, 2b.

It is well known that the ZnS nano-particles are promising for
non-linear optics [10,11]. However, there is still a problem of ob-
taining the samples with sizes below 3 nm where simultaneously
exists good long-range ordering and local interface disorder. There
are different technological approaches to obtain the low-dimen-
sional ZnS nano-crystallites, particularly by chemical method
using PVP (polyvinylpyrrolidone) as a capping agent in aqueous
solution [12,13] under ultrasonic radiation [14], by high-tem-
perature chemical route [15] and other. However, the main re-
straining factor is a complicated methodology and bad reprodu-
cibility of the technology. At the same time it is important to ob-
tain the nano-crystallites which may be operated by external laser
light [16–18].

www.sciencedirect.com/science/journal/13869477
www.elsevier.com/locate/physe
http://dx.doi.org/10.1016/j.physe.2016.03.041
http://dx.doi.org/10.1016/j.physe.2016.03.041
http://dx.doi.org/10.1016/j.physe.2016.03.041
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physe.2016.03.041&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physe.2016.03.041&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physe.2016.03.041&domain=pdf
mailto:iwank74@gmail.com
http://dx.doi.org/10.1016/j.physe.2016.03.041


Table 1a
Theoretical (t) and experimental (e) data for different crystallographic planes which
were used for evaluations of the structure; Δ – deviation parameter.

crystallographic parameters h k l 2-theta (e) 2-theta (t) Δ

space group P63mc 0 1 0 31.864 31.879 �0.015
a (Å) 3.2520(4) 0 0 2 34.568 34.556 0.012
c (Å) 5.206(1) 0 1 1 36.374 36.365 0.008
radiation source CuKα 0 1 2 47.642 47.651 �0.009
wavelength 1.540562 1 1 0 56.678 56.674 0.003
LD 0.30(2) 0 1 3 62.964 62.965 �0.001

0 2 0 66.442 66.440 0.002
1 1 2 68.026 68.025 0.001
0 2 1 69.148 69.150 �0.002

Table 1b
Parameters 2-theta for h k l and interlayer distance d evaluated from experiment.

h k l 2-theta d

0 1 0 31.959 2.79808
0 0 2 34.102 2.62695
0 1 1 36.347 2.469674
0 1 2 47.432 1.915176
1 1 0 56.955 1.615472
0 1 3 62.515 1.484503
0 2 0 66.814 1.39904
1 1 2 68.079 1.37609
0 2 1 69.468 1.351929
0 0 4 71.811 1.313475
0 2 2 77.187 1.234837
0 1 4 80.759 1.188991
0 2 3 89.610 1.093075
1 2 0 93.496 1.057575
1 2 1 95.968 1.036779
1 1 4 98.195 1.019127

Table 2a
The same as in the Table 1a for the Fig. 2.

crystallographic parameters h k l 2-theta (e) 2-theta (t) Δ

space group P63mc 0 1 0 31.891 31.887 0.004
a (Å) 3.251(1) 0 0 2 34.597 34.592 0.005
c (Å) 5.201(3) 0 1 1 36.393 36.381 0.012
radiation source CuKα 0 1 2 47.677 47.684 �0.007
wavelength 1.540562 1 1 0 56.686 56.688 �0.002
LD 0.30(7) 0 1 3 63.006 63.019 �0.014

0 2 0 66.427 66.457 �0.029
1 1 2 68.086 68.059 0.027
0 2 1 69.184 69.172 0.013

Table 2b
The same as in the Table 1b
for 2-theta axis.

h k l 2-theta d

0 1 0 31.891 2.803879
0 0 2 34.597 2.5905
0 1 1 36.404 2.465925
0 1 2 47.761 1.902729
1 1 0 56.827 1.61882
0 1 3 63.180 1.470454
0 2 0 66.657 1.401939
1 1 2 68.264 1.372814
0 2 1 69.389 1.353271
0 0 4 72.982 1.29525
0 2 2 77.327 1.232963
0 1 4 81.852 1.17585
0 2 3 90.094 1.08845
1 2 0 93.245 1.059767
1 2 1 95.786 1.038268
1 1 4 99.216 1.011361
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From this point of view very promising may be relatively
simple electrochemical method in order to obtain very low-di-
mensional nano-crystallites with sizes below 2 nm possessing
high degree of size dispersion. One of the principal problem is to
separate contribution from separate particles and of the grains
caused by a some aggregation. We will try to resolve this problem
following the analysis of the microscopic, structural and nonlinear
optical data in the electrochemically synthesized ZnS nano-
particles.

In the present work we explore the such prepared ZnS nano-
particles embedded into the PVA photopolymers using photo-in-
duced nonlinear optics. Earlier it was shown very promising ap-
plications of the such kind nano-particles as embedded into the
different organic matrices including PVA [19–22]. The initial nano-
particles were controlled using XRD, STEM and RH-TEM methods.
Particular interest presents the photoinduced SHG which allow to
study macroscopically disordered materials. However, in the re-
search situation we will additionally control the sizes of the ag-
gregates which may play some role in their nonlinear optical
properties.

In the Section 2 are presented experimental methods including
sample preparation and photo-induced nonlinear optical methods
preparation. Section 3 is devoted to presentation of the principal
results of the structural parameters of the nano-pawders and their
photo-induced nonlinear optical features, including two photon
absorption and photo-induced second harmonic generation. The
discussion of the results is presented.
2. Materials and methods

2.1. Sample preparation conditions

Nanostructured ZnS is obtained by the electrolytic method in a
glass electrolyzer using zinc electrodes of 8 mm diameter and 200
mm height. The solution of sodium thiosulfate in distilled water of
12.5 g/l of 39.1 g/l concentration is used as electrolyte. The elec-
trolyte temperature varies in different experiments from room to
100 °C. The experiment duration is 2 h, with the current density of
1.21�10�2 or 2.30�10�2 A/cm2. Regulated stabilized direct cur-
rent is used as a power source. Uniform identical use of each zinc
electrode is ensured by reversing the current direction every
30 min. The obtained ZnS nano-crystallites are ranged between
1.6 and 1.8 nm. In the present study, 8 samples of different de-
position electrolyte temperatures (Td) are used for the sample
formation, namely: Zn-23:3 h (Td¼23 °С) with longer time of
process – 3 hours, Zn-23 (23 °С), Zn-60 (60 °С), Zn-75 (75 °С), Zn-
85 (85 °С), Zn-90 (90 °С), Zn-94 (94 °С) and Zn-98 (98 °С).

Such prepared nano-powders are embedded in the poly(vinil)
alcohol (PVA) photopolymers at lower temperatures [23] on
quartz substrate using a spin-coating method similar to the one
described in ref. [24]. The optimal content of the nano-powder in
PVA matrix is equal to about 8% in weight units.

2.2. Technical analyses

After finishing the electrolysis, the electrolyte is filtered
through filter paper. The obtained powder is washed with a 5-fold
volume of distilled water. The samples are air-dried at room
temperature. XRD is performed using a DRON 4–13 X-ray dif-
fractometer with CuKα radiation at room temperature. Anode
voltage and current are 41 kV and 21 mA, respectively. The scan
step of the diffraction patterns is 0.05°, with 5 s exposure in each
point.

Microscopy analyses of the as-prepared ZnS powder are per-
formed in a dual acquisition mode using a JEOL 2100 F system
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operating as a scanning Transmission Electron Microscope (STEM)
and a high resolution Transmission Electron Microsccopy (HR-
TEM). This system is used under a 200 kV voltage. The STEM mi-
crographs are obtained with an electron probe of 1 nm size. They
are recorded from an annular dark field detector (Gatan Ltd). The
HR-TEM images are recorded from a GIF quantum CCD sensor. The
system is also equipped with an energy dispersive X-ray spectro-
meter (EDS), the related spectra being recorded with a JEOL SDD
detector.

The samples are measured by SHG in the PVA photo solidified
films at different dc-electric fields. The dc-electric field is applied
similarly to the method described in the ref. [25]. The fundamental
laser beam is formed by a 18 ns Nd: YAG laser with a frequency of
about 10 Hz. The variation of the maximal power densities is
performed with a Glann polarizer up to 1 GW/cm2 and the pho-
toinduced beams formed by additional doubled frequency signal.
The photoinduced treatment is performed before the measure-
ments of the output SHG using a green 532 nm interferometric
filter. The two-photon absorption is measured by intensity de-
pendent transparency using the 1064 nm Nd: YAG laser as fun-
damental beam and applying extrapolation method described in
the ref. [26]. The performed nonlinear optical methods give in-
formation about the nano-powder surface morphology which
contributes substantially to the output nonlinear optics.
Fig. 1. X-ray diffraction patterns of samples produced at the electrolyte tempera-
ture 23 °С (a) and 98 °C (b) (sodium thiosulfate concentration was 39.1 g/l).
3. Results and discussion

3.1. Evolution of the crystal lattice parameters

Zinc sulfide may crystallize in either cubic sphalerite structure
(Td2) or hexagonal wurtzite structure (C3

6V). Depending on the
conditions, its color may vary from white to yellow-white. In our
case, we obtained white powders.

Diffraction patterns of Fig. 1 correspond to the samples ob-
tained in 2-hr experiment with a reversing of the dc direction
every 30 min for the electrolyte temperature of 23 °С (а) and
98 °С (b) and the sodium thiosulfate concentration of 39.1 g/l. The
obtained experimental patterns are decomposed into Gaussian
oscillators. We have thus yielded the following information on the
reflection parameters: angle 2θ, FWHM β (width of the reflection
at half its height) and integral intensity.

The diffraction pattern in Fig. 1a features three wide reflections
which indicate small sizes of the produced particles. The calcula-
tions using Wolf-Bragg formula 2d sinθ ¼ kλ determined that the
reflections correspond to planes (111) (2θ¼29.2°), (220)
(2θ¼48.7°), (311) (2θ¼56.6°). This is typical of the cubic structure
of the sphalerite type. Calculations of the diffraction pattern in
Fig. 1b determined that the featured reflections are characteristic
of zinc oxide from the planes with Miller indices (100), (002),
(101), (102), (110), (103), (200), (112), (201) which correspond to
2θ angles 31.9°; 34.6°; 36.4°; 47.7°; 56.7°; 63.0°; 66.5°; 68.1°; 69.2°,
respectively. These correlate well with the data obtained in [27] on
the investigation of zinc oxide nano-particles produced by elec-
trolytic method. Additionally, Fig. 1b features low-intensity wide
bands similar to those in Fig. 1a. Therefore, electrolyte temperature
of 23 °С yields ZnS nano-crystals with the cubic structure, and a
mixture of zinc oxide and sulfide are produced at 98 °С.

For more detailed reasons below is presented information
concerning the principal structural parameters of the crystals. In
the Table 1 are presented the evaluated parameters.

In Fig. 2 are given the same diffraction patterns (similarly to the
Fig. 1) but for the samples prepared at the same conditions except
the sodium thiosulfate concentration that is here equal to 12.5 g/l.
Diffraction patterns show that the decrease of sodium thiosulfate
concentration in the electrolyte to 12.5 g/l does not affect
substantially the results. ZnS is still produced when the electrolyte
temperature is 23 °С, and the mixture of ZnS and ZnO at 98 °C; but
the relative intensity of ZnO reflections is higher than that of ZnS
indicating higher content of zinc oxide in obtained powders.

The size of obtained nano-particles of zinc oxide and sulfide is
determined by X-ray structure analysis using Debye-Scherrer for-
mula [28]:

λ
β θ

=
( )

D
k
cos 1

where k is the particle shape coefficient (k¼0.89); λ is the X-ray
wavelength; β is the physical value of FWHM (full width at half
maximum) of X-ray reflection; 2θ is the position of X-ray
reflection.

The physical value of FWHM was calculated as:

β β β= − ( )21
2

2
2

where β1 is the experimental value of FWHM of X-ray reflection;
β2 is the instrumental contribution to FWHM of X-ray reflection.

We have found a good agreement with compound PDF-4þ
(ICDD) No 04-008-7254 [29] (see Fig. 2c).

The instrumental value of FWHM of X-ray reflections was de-
termined from the analysis of the diffraction patterns of the
standards, the powders of silicon and Al2O3, that were recorded
under the same conditions. The calculations show that different
reflections yield different results, and their average values are on



Fig. 2. X-ray diffraction patterns of samples produced at the electrolyte tempera-
ture 23 °С (a) and 98 °C (b) (sodium thiosulfate concentration was 12.5 g/l). (c)
Comparison of the XRD spectra with the reference compounds.

Fig. 3. Typical Williamson-Hall analysis of size effect and mechanical strain in zinc
sulfide sample Zn-4 shown in Fig. 1a.

Fig. 4. Williamson-Hall analysis of size effect and mechanical strain in the sample
the diffraction pattern of which is shown in Fig. 1b: a – ZnS, b – ZnO.
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the order 1.8 nm for zinc sulfide (Fig. 1а), and 1.6 nm for zinc
sulfide and 38 nm for zinc oxide (Fig. 1b). A presence of sharp peak
in XRD indicates on an additional aggregation of the ZnS nano-
particles into the grains.

An assumption was made that the FWHM value is affected, in
addition to the size effect, by the defects of the crystal structure
which produce mechanical strains. These are described by the
formula [30]:

ε β
θ

=
( )tg4 2a

where ε is the relative deformation; β is the physical value of
FWHM.
Therefore the physical value of FWHM, in case if both factors
are active, is described as:

β λ
θ

ε θ= + ⋅ ( )
k

D
tg

cos
4 3



Fig. 5. Williamson-Hall analysis of size effect and mechanical strain in zinc oxide
sample Zn-8 shown in Fig. 2b.
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Williamson-Hall analysis [3] that is based on Eq. (3) is used to
separate the two factors that affect the FWHM value. Eq. (3) is
modified as:

β θ ε θ λ= + ( )
k
D

cos 4 sin 4
Fig. 6. Structural and compositional features of of ZnS samples obtained from electrolyte
sample powder particle; c) EDS spectrum of the sample.
and this dependence is viewed in coordinates (4sinθ, βcosθ).
Clearly, such a choice of coordinates makes Eq. (4) into a linear
function. Therefore, the values of D and εmay be determined from
reliable experimental data using, for instance, least-squares
method [31].

The results of Williamson-Hall analysis of zinc sulfide (dif-
fraction pattern in Fig. 1a) that was obtained by the electrolytic
method at 23 °С and electrolyte concentration of 39.1 g/l are
presented in Fig. 3. A spread of experimental points around a line
may be seen. Least-squares calculations yield the following values
of D¼3.9 nm, ε¼0.025. The angular coefficient of the line is po-
sitive which indicates the presence of stretching strains in the
sample.

The results of Williamson-Hall analysis of zinc sulfide and zinc
oxide sample that was obtained similarly to the previous case at
98 °С and electrolyte concentration of 39.1 g/l are shown in Fig. 4.
The least-squares calculations have given the following magni-
tudes of D¼8.8 nm, ε¼0.047 for zinc sulfide and D¼75 nm,
ε¼0.00084 for ZnO. Similar to the previous case the angular
coefficient of the line is positive.

In the Fig. 5 are presented analogous results for zinc oxide
powder at 98 °С and the electrolyte concentration of 12.5 g/l. The
similar simulations have given the following values: D¼72 nm and
ε¼9.6�10�4. The authors of [32] performed Williamson-Hall
analysis of the samples of CdS obtained by chemical precipitation
from cadmium salts and sodium sulfide. Their data indicate
temperature 23 °C: a) HR-TEM micrograph; b) Dark field - STEM micrograph of the



Fig. 7. Structural and compositional features of of ZnS samples obtained from electrolyte temperature 98 °C: a) HR-TEM micrograph; b) FTT diffractogram picture of the
sample; c) Dark filed-STEM micrograph of the sample powder particle; d) EDS spectrum of the sample.
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contracting strains (negative angular coefficient of the line). The
investigation of zinc oxide obtained by chemical precipitation
from the solutions of Zn(CH3COO)2�2H2O and KOH in methanol
at 52 °С produced the values of D¼35 nm and ε¼0.00131 [3]. In
this case data indicate the stretching strains in the nano-particles
(positive angular coefficient).

The study of the samples by transmission electron microscopy
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shows that their structural and compositional features are mainly
affected by their deposition electrolyte temperature used during
their formation stage (Td). In actual fact, the differences observed
in the results of the samples (Zn-23) and (Zn-23:3 h) respectively
obtained after 2 and 3 hours at Td¼23 °C appeared very marginal.
Although all of them are more or less crystallized, the degree of
the crystalline feature is increasingly marked with the increase of
Td value. It is principal that following the data presented one can
see clear coexistence of the low-dimensional nano-structures
(about few nanometers) and higher grains formed by the nano-
crystallites.

Fig. 6 reports the characteristics of the sample obtained at
Td¼23 °C (Zn-23) while those of sample (Zn-98) obtained at
Td¼98 °C are proposed in Fig. 7. The micrographs of the dark field-
STEM proposed in Figs. 6b and 7c clearly show that the powder
particles of the sample obtained at Td¼23 °C (Zn-23) are less
condensed than those obtained at Td¼98 °C (Zn-98).

A more refined examination of the particles by HR-TEM ana-
lysis highlights the microstructure differences due to Td values of
each sample. It can be observed that the lattice orientations of the
sample (Zn-98) obtained at Td¼98 °C are more defined in the
micrograph of Fig. 7a than those of Fig. 6a related to the sample
(Zn-23) obtained at Td¼23 °C. These TEM observations concur
quite well with the results of the X-ray diffractograms of
Figs. 1 and 2 proposed above for which the main peaks of this
material correspond to the higher electrolyte temperature.

It can be also deduced from the HR-TEM micrograph of Fig. 7a
that sample (Zn-98) corresponding to Td¼98 °C exhibits a real
polycrystalline form since the related image depicts various
Fig. 11. Second anion coordination of oxygen atoms (a) and sec
orientations of the unit lattice which is clearly represented in the
FTT micrograph of Fig. 7b. The results of the samples obtained at
Td¼23 °C (Zn-98 and Zn-23) are less convincing in this particular
aspect since the material crystallization seems incomplete.

The chemical analysis of the samples by EDS technique as
proposed in Figs. 6c and 7d indicate the presence of some common
impurities like Ca, Cl and Na in ZnS spectra. They might be the
residues of the precursor materials used for the electrolyte pre-
paration. Some side impurities like Cu come from the holder grid
of the TEM while Si is likely to result from the glass substrate
material.

A comparison of both EDS spectra indicates that the main peaks
of Zn and S elements are present in both considered samples.
However, it can be seen in Fig. 7d that the qualitative ratio of S
element in the sample obtained at Td¼98 °C is clearly higher than
the one of O element. The opposite situation is obtained in Fig. 6c
related to the sample obtained at Td¼23 °C. Although a quantita-
tive analysis remains necessary for accurate measurements, it can
be deduced that ZnS material is mainly obtained at Td¼98 °C
while ZnO is predominant in the sample obtained at Td¼23 °C. In
any case, the presence of both materials concurs with the results of
X-ray diffractommetry of some samples.

3.2. Nonlinear optical properties

The dependences of the SHG output efficiency of ZnS NP in-
corporated into PVA matrices has been investigated versus dc-
electric for the samples synthesized at different deposition elec-
trolyte temperature Td. The results of Fig. 8 show that the optimal
content of ZnS NP in the PVA corresponds to nearly 8% in weight
units. The main increase of the effective SHG signal is obtained
from the dc-electric field higher than 0.8 kV/cm, regardless of the
sample considered. The saturation of the output susceptibilities
observed afterwards is a consequence of the formation of the
macroscopically aligned materials depicted by substantial en-
hancement of the second-order susceptibilities. This result concurs
quite well with the formation of the acentric grating and the oc-
currence of the saturation processes. It is also clearly shown that
the maximal SHG is only achieved for the electrolytic treatments
Td¼85 °C. Further increase or decrease of Td from that value leads
to less deff magnitudes. Here the main role begins to play an in-
teraction between the photopolarized alignment and the dis-
ordering factor destroying the alignment. Some role also may play
the ZnS NP aggregations which occur during the embedding pro-
cess. The output SHG is degraded after 48 hours up to 30% with
respect to initial maxima.

To evaluate a role of aggregations we have chosen the com-
posites with different effective aggregate sizes and studied their
SHG. The nano-crystals which were embedded were separated
ond coordination of Zn atoms (b) for ZnO structural type.
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following the TEM method of the polymer nanocomposites as
described in the ref. [33]. The corresponding results are presented
in the Fig. 9 for the nano-particle with the same sizes. One can see
that there is not observed an evident correlation with the size of
aggregates contrary to the nano-particle sizes. The size dispersion
did not exceed 13%.

It is well known that the nonlinear optical hyperpolarizabilities
directly related to the corresponding hyperpolarizabilities. The
polarizability of the nano-particles during treatment by electro-
magnetic field possesses two terms: linear PiL and non-linear PiNL:

α β γ

α α β γ

→
=

→
+

→
= + +

→

=
→

= + + ( )

ω ω ω ω ω ω

ω ω ω ω ω ω ω

( ) ( ) ( ) ( ) ( ) ( )
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Here αij, βijk and γijkl are hyperpolarizabilites which define macro-
scopic susceptibility χijk by equations:

χ α χ β χ γ= = = ( )
ω ω ω ω ω ω ω ω ω ω ω ω( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )L L L L L L L L L, , 6ij ij i j ijk ijk i j k ijkl ijkl i j k l

where i, j, k are Cartesian components of the local Lorenz elec-
trostatic field described by Li,j,k. In the semi-empirical approach the
microscopic hyperpolarizabilities can be presented as:
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where μ→i j, are transition matrix dipole moments and

Δμ Δμ Δμ→ = → − →( ) ( )
k l k l

ex
k l

gr
, , , are principal differences between excited

and ground dipole moments.
The dipole moment vector possesses two principal part: elec-

tronic and phonon: μ μ μ→ = → − →
el ph, where μ→el: is electronic dipole

moment being less dependent versus temperature and μ→ph: is di-
pole momentum's phonon part of which is sensitive to tempera-
ture and related anharmonic electron-phonon interactions. Such
interactions are determined by the third-order space derivatives of
the anharmonic potentials:

γ = ∂
∂ ∂ ∂ ( )

U
x x x 8ijkl

i j k

3

which is expressed in a form:
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4 9ij ijk ijkl

2 3 4

where U represents the total electrostatic potential. The second
and third terms determine the anharmonic interaction. For the
study of the nano-crystallites, we should consider three main parts
which are: the long-range ordered crystallites, the interfaces and
the surrounding amorphous-like background.

The calculations are performed by the norm-conserving pseu-
do-potential method as described in the ref. [34] where it is shown
that the dipole moments of the interfaces are almost one order
higher compared to the long-range ordered and amorphous like
states. So the nano-interfaces will here play main role.

To evaluate the influence of the structures on the nano-crys-
tallites optical properties, we have performed the study of the
photo-induced TPA using a simple intensity dependent method
[35] the photo- induction being performed similarly to the one
described in the ref. [36].

The illumination was done by the bicolor 1064 nm/532 nm la-
ser as described in the ref. [37] (see some examples in the Fig. 10).
One can see that the pump powered dependence is substantially
opposite. For the sample obtained at electrolyte temperature 98 °C
we observe a maximum and for the sample at 23 °C after less
maximum about 190 MW/cm2 one can see a huge decrease at
250 MW/cm2. It may reflect a different feature of the samples
versus the external light and a competition between the polar-
ization and the thermal effects.

Following the ref. [38–40] s anion coordination [41] of the
oxygen atoms for the atoms in the structural types of ZnO may be
presented in a form of hexagonal analogous of cubooctahedra,
where Zn atoms occupy half of tetrahedral voids as shown in the
Fig. 11a. At the same time yet 6 voids remain unoccupied. For the
second cationic coordination of Zn atoms, the features of co-
ordination polyhedral remain unchanged (see Fig. 11b). A similar
situation is considered for the shape and sizes of voids by the
oxygen atoms. For ZnS nano-particles, the situation is the same
than for the wurtzite-like structure. The presented data un-
ambiguously show that despite existence of aggregates, the grains
formed by the low-dimensional nanostructures do not play the
crucial role in the observed photoinduced SHG.

The discovery of principal role of the microscopic structure of
nano-crystallites in the NLO is shown. Such finding may be used
for design of novel polymer nanocomposites.
4. Conclusions

For the first time we have established a substantial enhance-
ment of the photo-induced second and third order susceptibilities
of the nanostructured zinc sulfide (ZnS) crystallites synthesized by
electrolytic method. Contrary to the previous work where such an
influence was as a rule neglected we have shown a possibility of
operation by optical and nonlinear optical susceptibility in wide
range of magnitudes which also is important for photovoltaic
operations. The presented data unambiguously show that, despite
the existence of the aggregates, the grains formed by the low-di-
mensional nanostrcutures do not play a crucial role in the ob-
served photo-indcued SHG. The optimal achieved SHG is observed
at 85 °C electrolytic treatments. Further increase deposition elec-
trolyte temperature leads to less deff magnitudes. The output SHG
is degraded up to 30% after 48 hours with respect to initial max-
ima. Additionally, we have found a substantially opposite depen-
dence of the TPA.
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