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The studies of the photoinduced second harmonic generation were performed for the Ag-loaded
poriferous TiO2 microtablets deposited on an ITO substrate. The poriferous TiO2 microtablets on
a pre-cleaned ITO substrate (Kaivo, China, sheet resistance of ca. 10 Ω/square) were prepared by
simply immersing the ITO substrate vertically into the growth solution that contains 5 ml of
0.5 M (NH4)2TiF6 (Sigma-Aldrich) and 5 ml of 1.0 M H3BO3 (R.M. Chemicals) for 15 h at room
temperature. The samples were obtained from the growth solution with concentration of 0.4, 0.5
and 0.6 M. We have found that maximal second harmonic generation signal was achieved for
the samples with concentration 0.5 M. 
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1. Introduction

The studies of photoinduced nonlinear optical effects in different disordered solid
states present an important topic of modern optoelectronic and nonlinear optics [1].

Among the disordered materials are the nanocomposites which are very promising
candidates that possess highly localized states contributing to the corresponding
nonlinear optical constants [2]. The morphology of interfaces defining the correspond-
ing nonlinear optical constants as well as the local dielectric fields play the principal
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role. The phonon states which effectively interact with the trapping levels play an ad-
ditional role [3].

Among the disordered materials very crucial are the sol-gel materials [4]. The con-
sidered materials were used first of all as holographic materials. In [5] the photoinduced
second-order susceptibility of germanosilicate glasses on the GeO2-SiO2 composition
was explored by a coherent superposition of coherent 800-nm fundamental and 400-nm
doubled frequency light of a femtosecond laser. It was established that laser-stimulated
optical nonlinearity increased with increasing GeO2 content. Photoinduced picosecond
nonlinear optics was in details explored in [6]. The role of the picosecond Raman scat-
tering is studied. The infrared stimulated second harmonic generation (SHG) was also
discovered in the chalcogenide glasses [7] and the principal role of the anharmonic pho-
nons was found. The photoinduced SHG was substantially enhanced in the nanocrys-
tallites [8, 9] and the principal role here plays the flattering of the bands [10], multi-
photon processes [11], partial crystallization [12]. 

Moreover, these materials do not possess such high SHG efficiency as traditional
inorganic crystals [13]. They allow to perform the continuous tuning of their suscep-
tibilities. The simultaneous presence of semiconductor and silver nanoparticles may
be very promising for this goal.

In the present work we develop a novel technique of synthesizing TiO2 nanopar-
ticles with the aim to use these nanoparticles as promising materials in photoinduced
nonlinear optics.

2. Experiment 

2.1. Ag-loaded poriferous TiO2 microtablet preparation

Ag-loaded poriferous TiO2 microtablets (Ag-PTM) on an ITO substrate were prepared
by a two-step process, i.e., PTM growth and Ag nanoparticle loading onto the PTMs
structure. The PTMs were prepared by using our previously reported technique, name-
ly a liquid phase deposition [14, 15]. Briefly, the PTMs on a pre-cleaned ITO substrate
(Kaivo, China, sheet resistance of ca. 10 Ω/square) were prepared by simply immers-
ing the ITO substrate vertically into the growth solution that contains 5 ml of 0.5 M
(NH4)2TiF6 (Sigma-Aldrich) and 5 ml of 1.0 M H3BO3 (R.M. Chemicals) for 15 h at
room temperature. The PTMs-coated ITO was then taken out from the growth solution
and washed using a copious amount of pure water. After that, it was dried using a flow
of nitrogen gas before being annealed for 1 h in air at 400°C using a split-tube furnace
system (Thermcraft, USA). From this procedure, high-density PTMs structure on
the ITO substrate with an anatase phase (confirmed by XRD result) will be obtained. 

In this study, three different PTMs densities on the ITO substrate surface were syn-
thesized by simply varying the Ti+ precursor, i.e., (NH4)2TiF6, into three concentra-
tions, namely 0.4, 0.5 and 0.6 M. Other reagents and the procedure were kept
unchanged.
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The Ag nanoparticle-loaded PTMs (Ag-PTMs) were prepared by firstly immersing
the PTM-coated ITO substrate into a 20 ml aqueous solution that contains 0.5 ml of
0.01 M AgNO3 (Sigma-Aldrich) and 0.5 ml of 0.01 M trisodium citrate (WAKO
Chemical) [16–18]. The sample was kept undisturbed for 30 min. Then, a 0.1 ml of
ice-cooled NaBH4 (0.1 M) was injected into the solution. At this stage, the solution
color changed from colorless to yellow, indicating the formation of Ag nanoparticles
both in the solution and on the PTMs surface. After that, the sample was taken out from
the solution, washed with pure water and then dried with a flow of nitrogen gas. Finally,
the sample was annealed in air at 200°C for 1 h to remove any organic residue.

2.2. Characterizations

The morphologies of the unloaded and Ag-loaded PTMs were obtained using a field
emission scanning electron microscopy (FESEM) ZEISS SUPRA 55VP FESEM ap-
paratus. The dimension and the surface growth density of the PTMs were obtained from
the ImageJ software analysis. The phase and the structural property of the unloaded
and Ag-loaded PTMs were characterized by X-ray diffraction (XRD) measurements
using a Bruker D8 Advance apparatus with CuKα irradiation (λ = 1.541 Å). The optical
absorption of the PTM was collected using a UV–vis spectrophotometer (Lambda 900
Perkin Elmer) with spectral resolution 0.5 nm.

3. Results and discussion

Poriferous TiO2 microtablets (PTMs) with three different surface densities have been
successfully prepared on the ITO substrate that was achieved by simply varying the
concentration of the growth solution. Figures 1a–1c shows the typical FESEM image
of the PTMs that was obtained from the growth solution with concentration of 0.4, 0.5
and 0.6 M (see Section 2 for detailed information of the growth solution). As can be
seen from Figs. 1a–1c, the PTMs have been effectively grown on and covered the sub-
strate surface with their density increasing with the increase in the growth solution con-
centration. As also can be seen from the image, the PTMs prepared using the lower
growth solution concentration (see Fig. 1a) produce dispersed PTMs. However, at high
growth solution concentration, high-density and highly overlapped PTMs were ob-
tained. According to the ImageJ software analysis, the PTMs surface densities were
estimated to be approximately 5, 20 and 150 PTMs/10 μm2 for the samples prepared
using the growth solution of 0.4, 0.5 and 0.6 M, respectively. As Fig. 1a shows,
the PTMs feature morphology is of circular shape. Nevertheless, in some cases,
PTMs with quasi-square morphology were also obtained. The diameter of the PTMs
is ranging from 5 to 15 μm. Meanwhile, the thickness is ranging from 1 to 3 μm. It
was observed that the dimension of the PTMs seems to be independent of the growth
solution concentration used. As has been mentioned previously, the growth solution
concentration only influences the surface density of the PTMs growth. 
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While Figs. 1a–1c show the growth characteristics and dispersion of the PTMs on
the surface, Figs. 1d and 1e show a detailed structure of the PTMs, i.e., the surface
and the inner side structures. As can be seen from the image, the PTMs surface is dec-
orated by small nanowires of dimension approximately 200 and 100 nm in length and
diameter. Meanwhile, the inner structure of the PTMs is constructed by nanocuboids
that are arranged in a brick-like formation. The nanocuboids width, length and thick-
ness are approximately 10, 20 and 5 nm, respectively. 

The PTMs growth on the surface with unique surface distribution as well as its pe-
culiar individual structure with hairy surface and poriferous and being constructed by
nanocuboid in the inner structure may promise distinguished optical properties to be
used in linear and nonlinear optical applications [16–22]. 

Figure 2 shows the typical higher resolution FESEM image of the PTMs of differ-
ent surface densities as shown in Fig. 1 that are loaded with Ag nanoparticles. As
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Fig. 1. FESEM micrograph for PTMs with different surface density prepared using different concentration
of  Ti+ precursor molarities, namely 0.4 M (a), 0.5 M (b) and 0.6 M (c) of (NH4)2. High-resolution
FESEM image of the surface (d) and inner side (e) structures of the PTMs. 
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Figure 2 shows, the Ag nanoparticles have been successfully attached onto the PTMs
structure. The Ag nanoparticles are indicated with the spherical bright spots (see white
circle). It was observed that the Ag nanoparticles are well-dispersed on the surface of
PTMs without the presence of aggregation amongst them. This condition may preserve
the unique localized-plasmon resonance properties of the Ag, which may be potentially
used in optical applications. The size of Ag nanoparticle is in the range of 15–40.
Because the Ag nanoparticles size is larger than the size of the nanowires decorating
the PTMs surface, Ag nanoparticles are indeed attached on the tip of the nanowires.
This condition may further promise novel optical properties due to having a nano-
structured substrate of nanowires of TiO2. Thus, unusual linear and nonlinear optical
effects are expected to be produced from this system. 

While FESEM image in Figs. 1 and 2 confirm the formation of PTMs and Ag nano-
particle-loaded PTMs, the X-ray diffraction spectrum further proves the formation of
Ag nanoparticles-loaded PTMs phase on the ITO substrate surface. The result is shown
in Fig. 3. As Figure 3 shows, seven diffraction peaks, namely at 2θ  of  25, 37, 38.2,
46, 47.5, 54 and 56 deg are observed in the spectrum along with the peaks attributed
to the ITO substrate. According to the JCPDS file no. 21-1272, the peaks at 2θ  of 25,
37, 47.5, 54 and 56 deg can be associated with the Bragg planes of (101), (004), (200),
(105) and (215) anatase TiO2, respectively. Meanwhile, the diffraction peak at 2θ  of
38.2 and 46 deg can be related to the (111) and (200) planes of fcc Ag nanoparticles
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Fig. 2. FESEM images of PTMs with three different surface densities loaded with Ag nanoparticles. Insets
figures are the related high-resolution image of the PTMs surface showing Ag nanoparticles (bright spot).
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(judging from the JCPDS file no. 04-0783). Thus, these results confirm the formation
of Ag and TiO2 nanocrystalline phases on the substrate surface. Moreover, on the
Ag nanoparticles diffraction peaks, as can be seen from the figure, they are relatively
small compared to the TiO2. This could be related to the small crystallite size of
the Ag nanoparticles, which is also confirmed by the FESEM image as shown in Fig. 2.
Such small crystallite size seemed to be further confirmed by the UV–vis optical ab-
sorption spectra of the samples, indicating the presence of small surface plasmonic
character of the Ag nanoparticles. 

Optical absorption spectroscopy has been carried out on the sample. The result
is shown in Fig. 4. As can be seen from the curves, the spectra are dominated by
the TiO2 layer profile. It can be related to the high thickness of the PTMs on the surface.
Thus, light scattering by the PTMs is relatively high. In spite of that fact, the profile
of surface plasmon resonance of the Ag nanoparticle can be recognized from the curves,
which is located approximately at 475 nm. This is because the light scattering is too
high as the result of large thickness of the PTMs on the surface. This effect is much
pronounced at the higher surface density of PTMs (see curves b and c). Despite a low
signal of Ag nanoparticle surface plasmon resonance (SPR) recorded by the UV–vis
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Fig. 3. Typical XRD spectrum of Ag nanoparticle-loaded PTMs. 
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Fig. 4. UV–vis spectra of Ag nanoparticle-loaded PTMs. Dashed-line indicating the position of SPR
character of Ag nanoparticles (see text for explanation).
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spectroscopy technique, unusual SHG may probably be obtained from the system due
to the unique composite structure of Ag nanoparticles and PTMs on the substrate surface.

The photoinduced SHG was measured similarly to the described in [23]. The cor-
responding results are presented in Fig. 5.

Following Fig. 5, it was shown that the samples with 0.5 M demonstrate the max-
imal values of the photoinduced SHG. To avoid substantial inaccuracy, the measure-
ments were performed for many points along the sample’s surfaces. It was established
that to achieve a good reproducibility of absorption, it is necessary to do the measure-
ments at 50–60 points and for the SHG up to 150 points. So the SHG was more sen-
sitive to the sample’s nonhomogeneity. It should be added that the addition of silver
favors the enhancement of the SHG up to 20%. This fact may be of great importance
for the further optimization of the technology for production of the TiO2 nanocom-
posites.

Following the obtained data, one can conclude that the studied materials may be
promising for the optically operated triggering because the absolute increase in the SHG
is up to 2 times.

4. Conclusions

The measurements of the photoinduced second harmonic generation were performed
for the Ag-loaded poriferous TiO2 microtablets (Ag-PTM) deposited on an ITO sub-
strate. The PTMs on a pre-cleaned ITO substrate (Kaivo, China, sheet resistance of
ca. 10 Ω/square) were prepared by simply immersing the ITO substrate vertically into
the growth solution that contains 5 ml of 0.5 M (NH4)2TiF6 (Sigma-Aldrich) and 5 ml
of 1.0 M H3BO3 (R.M. Chemicals) for 15 h at room temperature. Thus, light scattering
by the PTMs is relatively high. In spite of that fact, the profile of surface plasmon res-
onance of the Ag nanoparticle can be recognized from the curves, which is located
approximately at 475 nm. This is because the light scattering is too high as the result
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Fig. 5. Dependence of the optical second harmonic generation vs. the photoinduced power density.
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of large thickness of the PTMs on the surface. This effect is much pronounced at
the higher surface density of PTMs (see curves b and c, Fig. 4).The samples were ob-
tained from the growth solution with concentration of 0.4, 0.5 and 0.6 M. We have
found that maximal SHG signal was achieved for the samples with concentration 0.5 M.
This fact reflects a principal role for the nanointerfaces in the observed features [24].
The obtained results show the huge potential of the material as optical triggers.
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