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Abstract Transparent ZnSe/SiO, nanocomposites were
prepared using a sol-gel technique which was followed
by a reductive thermal treatment. The several approaches
for avoiding the aggregation of ZnSe nanocrystals (NCs)
doped in silica gel-glass were presented and adopted
compositely during the preparation process. Transmission
electron microscopy (TEM), X-ray diffraction (XRD), UV—
Vis optical absorption, and Raman scattering were used to
study the microstructural properties of the nanocomposites.
All nanocomposites were found to show significant finite
size effects as characterized by the broadened XRD peaks,
blueshifts of the interband optical absorption edge, and the
asymmetric broadening of the Raman scatterings. The
structure and properties were correlated and discussed.
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Nanocomposite

1 Introduction

Recently, there has been extensive interest in synthesizing
nanocomposites by dispersing the nanocrystals (NCs) in
silica glass due to the enhanced optical, electrical, and
magnetic properties [1, 2]. The physical properties of the
nanocomposite are mainly dominated by the quantum size
effect of NCs, which can change radically the electronic
structures of the materials. A key to the property tailoring is
to explore new nanocomposite methodologies. Several
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methods have been developed to fabricate nanocomposite
structures, including sol-gel [3], supersaturated glass solu-
tion [4], RF-sputtering [5], pulsed laser deposition [6] and so
on. All these techniques allow a deep understanding of the
quantum size effects of the well dispersed nanoparticles.
Several methods are used to characterize the nanoparticle
size of gel-glass nanocomposite, including transmission
electron microscopy (TEM), X-ray diffraction pattern
(XRD), optical absorption, Raman scattering and etc. TEM
is a direct characterization method which is suitable to
observe nanoparticle shapes and distribution. The other three
methods (XRD, Absorption and Raman) belong to the
indirect survey methods that involve the light diffraction,
quantum dot confinement and phonon confinement effects,
respectively. A lot of papers have reported the preparation of
gel—glass nanocomposites [7], however the microstructure of
the gel-glass nanocomposites are barely reported using both
direct and indirect characterization method at one time,
which have an important effect on the understanding of the
quantum size effects of the semiconductor nanocomposites.
In this paper, we report on the nanocomposite prepara-
tion of ZnSe nanocrystals in silica gel-glasses. The size and
size distribution of ZnSe nanocrystals were both shown by
a theoretical analysis based on light diffraction effect,
quantum confinement effect, and phonon confinement
effect. Theoretical calculations were compared with the
experimental results of Raman spectrometry and high-
resolution TEM (HRTEM) observations to verify the size
estimations deduced from the theoretical calculations.

2 Preparation and characterization

ZnSe/Si0, nanocomposites were prepared by employing
the methods reported by the article [8]. Zinc selenate
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Fig. 1 XRD patterns of ZnSe/SiO, gel-glass (a) and crystalline ZnSe
powder (b)

(ZnSeQy,) solution as the dopant phase was introduced to
the hydrolyzed solution of tetracthoxysilane (TEOS). We
have tried several different strategies to avoid aggregation
of ZnSe NCs doped in silica gel-glass. The comparatively
effective approaches to avoid the aggregation include (a)
delaying the introduction of the dopant phase in order to
use the sol-gel matrix as a fixative agent, (b) aging the sol
in Petri dishes tightly covered by filter paper to slower the
volatilization of the water and alcohol in the sol-gel
solution, (c) performing two-step thermal treatments re-
spectively in air and then reductive atmosphere of carbon
monoxide just after the formation of the sol-gel, (d)
avoiding the diffusion of Se in the gel-glasses with putting
some ZnSe powders in tube atmosphere furnace during
reductive thermal treatment.

The samples were analyzed by the transmission electron
microscopy (Tecnai F30). XRD patterns of the samples
were measured with D/max-RB diffractometer using Cu
radiation as a source, with voltage 40 kV, current 200 mA,
wavelength 0.1532 nm, scanning velocity 10 °C/min.
Absorption spectrum is measured by Jasco v-570 spec-
trometer in the range of 340-800 nm at room temperature.
Raman spectrum was performed by an Ar+ laser with the
wavelength of 514.5 nm in back scattering at room
temperature.

3 Results and discussion

To demonstrate the formation of ZnSe nanocrystals within
the gel-glasses, we choose the gel-glasses containing 6%
molar ratio of ZnSe dopant as an X-ray diffraction sample.
The XRD pattern of crystalline ZnSe powder is also shown
in Fig. 1 for comparison. From Fig. 1, the peaks of
noncrystalline silica glass and ZnSe can be clearly
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distinguished. The ZnSe nanocrystals were refined as a
zinc-blend structure, while the broadening diffraction peaks
are associated with the size reduction to nanoscale regime.
The mean size of the ZnSe nanocrystal was estimated by
Scherrer formula. It is found that the peak of (220) at 2=
45.2° is influenced little by the diffuse of silica and has less
measurement error compared with other two peaks. So the
peak of (220) is selected to calculate the mean size of ZnSe
NCs. With the Gauss fit, the full width at half maximum B
is 2.19°, 03=22.6°. Calculated by Scherrer formula, the
mean diameter of the nanocrystals is 4.2 nm.

More precise particle size evaluation was performed by
HRTEM. The observed samples were prepared by grinding
and then milling. Figure 2 shows the HRTEM image of
ZnSe NCs in silica gel-glass matrix. It can be seen that
ZnSe NCs with well-defined spherical shapes were formed.
The corresponding fast Fourier-transform (FFT) of the
indicated region was shown in the inset of Fig. 2. The
high-resolution image provides insight into the structure
details of the ZnSe NCs. The characteristic size of the
particles in the 6% sample was about 5 nm. From Fig. 2,
the mean size of ZnSe NCs is affected by the concentration
doped in silica gel-glass. The lower doping concentration
may give rise to the smaller sizes of the NCs. If the ZnSe
NCs concentration is low, the particles tend to be very well
dispersed, and the NCs embedded in the silica could exhibit
narrow size distribution.

Figure 3 shows the absorption spectrum of ZnSe/SiO,
gel-glasses with different molar ratio of ZnSe dopant. The
absorption edge of the ZnSe NCs is shifted to higher
energies than that of bulk ZnSe (2.58 eV) due to the
quantum confinement effects. In addition, as the ZnSe/SiO,
molar ratio decreases, the absorption edge shifts substan-
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Fig. 2 HRTEM image of the ZnSe NCs doped in silica gel-glass.
Inset shows the FFT patterns of the corresponding HRTEM image
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Fig. 3 Optical absorption spectra of ZnSe/SiO, molar ratio: (a) 6%;

(b) 4%; (¢) 2%; (d) 1%. Inset shows the relationship between size of
nanocrystal and the lowest exciton by theory EMA

tially to higher energies, which indicates a decrease of NCs
mean size. The absorption of sample a, b and ¢ increases
sharply beyond the absorption edge and no feature could be
seen at higher photon energies. The absorption spectrum of
sample d shows a shoulder around 3.07 eV. Our explanation
is that absorption of sample d is small enough to show more
fine features. According to the effective mass approxima-
tion (EMA), also considering the effect of Coulomb
interaction energy, the whole change of transition energy
of ZnSe nanocrystals is as follows [9]:

w1 1 1.8¢2
Ey=Eg 4+ | —+— | = 1
T <m:‘ * my, ) &R (1)

Here, R is the radii of nanocrystal. For ZnSe, dielectric
constant £,=8.1, electron effective mass me*:0.16m0, hole
effective mass my, =0.7mq, where my, is free electron mass.
In the right side of Eq. (1), the first term is the energy gap
of bulk ZnSe, Ey=2.58 eV, the second term is the
confinement energy, the last term indicates the Coulomb
interaction energy. According to Eq. (1), the relation
between the lowest exciton transition energy E, and the
radius of ZnSe nanocrystal can be obtained, which is
showed in the inset of Fig. 3. When the radius of ZnSe
nanocrystal is below 10 nm, the absorption edge shifted
toward higher energy with size reduction. The blueshift of
absorption edge can be used to judge whether the NCs are
in the strongly confined regime.

Figure 4 shows the Raman spectra of the nanocomposite
with molar ratio 6% of ZnSe dopant. The peak around
257 ecm ' is the first-order longitudinal optical (1LO)
phonon Raman spectra of ZnSe NCs doped in silica gel-
glass. The asymmetric broadening of 1LO phonon peak
was related with the size of the ZnSe nanocrystal by the

spatial correlation model [10], or phonon confinement
effect. A Gaussian localization factor exp(—¢>L*/4) is
introduced into the phonon wave function, where L is the
correlation length and ¢ is phonon wave vector. The Raman
intensity at w frequency can be written as:

: 272 d’q
exp(—q°L
AR Ry

(2)

The dispersion relation of optical phonon is derived from a
one-dimensional linear chain model [11]:

W?(q) = A+ [4* — B(1 — cosq)]"? (3)

where two constants 4 and B are chosen according to the
reference [11].

By using Egs. (2) and (3) and Ip=4.8 cm ', 4=3.2x
104 cm 2, B=4.5x108 cm * for ZnSe, the theoretical line
shape /(w) could be calculated for different values of L.
This in turn gives the calculated line width T and ratio
T,/Ty,, where T is the full width at half maximum of the line
shape, T, and Ty, are the left and the right half widths at half
maximum of the line shape, respectively. The predicated
relations between L, T,/Ty, and T could be obtained. The
fitting value of L to the observed T and T,/Tj, is correspond
to 4.2 nm, a value very close to the one obtained by
HRTEM analysis. The model also predicts a redshift of
1LO peak as a function of particle size L. But the
experiment results for our samples are blueshift, which is
different from the redshift predicted by the phonon
confinement model. The theory can’t explain the Raman
spectrum properties of ZnSe NCs properly, there could be
some other affections such as surface stress and lattice
parameters potty change, which is not clear yet and need
further study.
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Fig. 4 Raman spectrum of ZnSe nanocrystals doped in gel-glass in
the vicinity of the LO phonon
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4 Conclusions

The ZnSeQ, solution as dopant phase could be introduced
to the hydrolyzed solution of TEOS to get the homoge-
neously doped sol and the dry gel. A subsequent reductive
thermal treatment led to ZnSe nanocrystals in-situ grown
in gel-glass and the formation of transparent, homoge-
neous and yellow color ZnSe/SiO, gel-glasses. The
comparatively effective approaches for avoiding the
aggregation of ZnSe NCs doped in silica gel-glass during
the preparation process were presented for the first time.
The broadening of XRD peaks, the blueshifts of the
interband optical absorption edge and the change of
Raman spectrum were observed.
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