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The size and shape of the ZnO nanoparticles synthesized through sol-gel method were controlled by
capping with SiO,. X-ray diffraction (XRD) and field emission scanning electron microscope (FE-SEM)
and High Resolution Transmission Electron Microscope (HR-TEM) results demonstrated that the particle
growth of the ZnO nanoparticles has been restricted to 5 nm with SiO, capping. As a result, the
absorption spectra of ZnO nanoparticles capped with SiO, got blue shifted (toward lower wavelength
side) due to strong quantum confinement effects. BET (Brunauer-Emmet-Teller) surface area pore size
analyzer results showed that surface area of samples increased monotonously with increase of SiO,
concentration. It was observed that the absorption spectra of ZnO capped with SiO, broadened with
increase of SiO, concentration. Absorption and photoluminescence excitation results (PLE) confirmed
that this broadening is due to the absorption of non-bridging oxygen hole centers (NBOHC) of SiO,. These
results also indicated that ZnO nanoparticles capped with SiO, are insensitive to Raman scattering.
Maximum UV emission intensity was achieved with 353 nm excitation wavelength compared to 320 nm
in ZnO as well as in SiO, capped ZnO nanoparticles. Furthermore, there is an enhancement in the
intensities of emission peaks related to oxygen vacancies and interstitials with SiO, capping. The
enhancement in the UV intensity is attributed to the surface passivation of ZnO nanoparticles and
excitation processes in SiO,.
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1. Introduction

Materials exhibit novel and fascinating properties when their
size is reduced to nano scale. Semiconductor nanoparticles have
been widely used in optoelectronics because of their interesting
size dependent optical properties. As the size of a semiconductor
nanoparticle approaches the Bohr exciton radius, blue shift (shift to
lower wavelength) in the absorption and emission spectra occurs.
This phenomenon is called the quantum size effect. Zinc oxide
(Zn0O) is one of the promising II-VI semiconductors which has
gained much attention due to its wide and direct band gap of 3.3 eV
at 300K and large exciton binding energy of 60 meV at room
temperature [1]. Apart from these properties, ZnO is abundantly
available in nature, economical and is less toxic compared to other
semiconductors such as cadmium sulfide (CdS) and gallium
arsenide (GaAs) [2]. Because of its distinctive properties and
advantages, ZnO quantum dots (QD’s) find applications in
optoelectronics, sensors, cosmetics, catalysis, biomedical imaging,
drug delivery and protein separation and biological fluorescence
labeling [3-7]. Inspite of decades of research on luminescence of

* Corresponding author. Tel.: +91 870 2462593; fax: +91 870 2430270.
E-mail addresses: sowribabuk@gmail.com, sowribabu@gmail.com (K.S. Babu).

0025-5408/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.materresbull.2013.09.024

ZnO, the origin of the green luminescence is still in dispute. At first,
it was assigned to the divalent copper impurities, but later on,
intrinsic defects such as interstitial zinc ions or oxygen vacancies
were assumed to be responsible for green emission [8-10].
Subsequent studies of Dijken et al. showed that green emission
originated from a transition of an electron from a level close to the
conduction band edge to a deeply trapped hole in the bulk (V,**) of
the ZnO particle [11]. Most recently, it was shown that the green
luminescence originated from the hydroxyl and acetate groups
attached on the surface of ZnO nanoparticles [12]. No common
agreement has been reported as far as the emission properties of
ZnO nanoparticles are concerned.

It is well known that optical properties of ZnO nanoparticles
depend on synthesis procedures [13], defects [14], microstructure,
crystallite size, orientation, morphology, lattice strain etc. [3].
However, most of the semiconductor nanoparticles exhibit size
dependent optical properties. The main difficulties in ZnO QD’s are
uncontrollable increase in their particle size due to agglomeration
and also quenching of fluorescence efficiency with aging [15].
Researchers achieved great success in surmounting these pro-
blems by encapsulating ZnO nanoparticles in SiO, matrix [2,15-
17]. The wide use of SiO; as a matrix for QD’s is mainly due to three
advantages (i) effective control of the particle size (ii) chemical and
physical inertness and (iii) its biocompatibility [15,16]. The
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controlled particle size and stable photoluminescence have been
achieved when ZnO QD’s are endowed in SiO, matrix [16].
Moreover, the combination of ZnO with porous silicon is capable of
emitting white light [18,19]. Panigrahi et al. found 2-3 nm sized
ZnO QD’s exhibiting negative photoconductivity when they were
encapsulated in SiO, matrix [20]. Wu et al. witnessed the shift of
the emission to visible range along with increased intensity when
ZnO nanoparticles are capped with SiO, and TiO; [21]. Cao et al.
demonstrated the encapsulation of Mn/Cu/Fe-doped and co-doped
ZnS nanowires (NWs) and also ZnO quantum dots (QDs) with a
layer of mesoporous SiO, [22]. Further, the authors investigated
the effect of shell thickness of SiO, on optical properties of ZnO.
Despite the advantages of easy handling and industrial use of ZnO-
SiO, nanocomposites in powder form, the detailed studies are not
available in the literature [2]. The method adopted in this study has
an advantage of producing large quantities of samples in powder
form.

In this work, ZnO nanoparticles were prepared by a simple sol-
gel method using poly vinyl alcohol (PVA). For the preparation of
SiO, capped ZnO nanoparticles, the as prepared ZnO nanoparticles
were added to the pre-hydrolyzed SiO,. The solution was stirred
continuously during the mixing process. The particle size of the
ZnO capped with SiO, is ten times smaller than the particle size of
pristine ZnO. Consequently, absorption spectrum was seen to shift
to the lower wavelength side of the spectrum. The PL spectra of the
samples were measured with 320 and 353 nm excitation
wavelengths. Maximum UV emission intensity was observed with
353 nm excitation wavelength in ZnO as well as in ZnO capped
with SiO,. The intensity of the UV peak and emissions related to
oxygen vacancies and interstitials were enhanced with SiO,

capping.
2. Experimental procedure

The preparation of ZnO nanoparticles using PVA is as follows:
Zn (NO3),-6H,0 was dissolved in a minimum quantity of de-
ionized water and stirred for half an hour to obtain a homogenous
cationic solution. The metal nitrate to polymer (PVA) ratio was
maintained at 1:3. Required quantity of PVA was dripped slowly
into de-ionized water to produce a transparent and clear solution.
Subsequently, the cationic solution was mixed with PVA solution
under constant stirring and heating. The stirring and heating
continued until the gel like compound was formed. This gel type
sample was dried at 150 °C for about 12 h in an oven to obtain ZnO
nanoparticles in powder form. To prepare ZnO capped with SiO,,
one gram of the as prepared ZnO powder was added to the solution
containing ethanol, distilled water, ammonia and tetraethyl
orthosilicate (Sigma Aldrich; 98%) and stirred for 2 h. To study
the effect of the silica content on structural and optical properties,
the molarity of this solution was varied and it was 0.05 M, 0.15 M,
0.25 M and 0.5 M respectively. Later, the samples were filtered and
washed with ethanol two to three times. Finally, samples were
annealed in a programmable muffle furnace at 600 °C at a rate of
2 °C/min to get SiO, capped ZnO nanoparticles.

The structural analysis of samples was carried out by X-ray
diffractometer (Bruker D8) equipped with Cu K, radiation
(A =1.5408 A). The morphology, particle size and elemental
analysis of the samples were probed by Field Emission-Scanning
Electron Microscope (FE-SEM: model Carl Zeiss Ultra55) and JEOL
3010 HR-TEM operating at an accelerating voltage of 200 kV with
Energy Dispersive Spectroscopy (EDS) attachment. Absorption
spectra were acquired on Analyticazena (Specord 205) UV-vis
spectrophotometer. BET analysis of the samples was carried out by
Quantachrome NOVA 1200e surface area and pore size analyzer.
Finally, the zeta potential of the samples was measured by Malvern
Zetasizer Nano-ZS test measurement system. The influence of SiO,

capping on ZnO vibrational bands was accomplished through IR
spectroscopy, for which the samples were admixed with KBr and
pelletized. The IR spectra were measured from 400 to 4000 cm™'
with Perkin Elmer Spectrum 100 model operating at a resolution of
4cm~'. Raman spectra of samples were recorded in the
backscattering geometry at room temperature using Horiba
Jobin-Yvon LabRam HR high resolution micro-Raman spectro-
graph with 514 nm of Argon ion laser as the excitation source. PL
measurements were performed on Jobin Yuon spectrofluorometer
equipped with 450 W xenon arc lamp.

3. Results and discussion
3.1. X-ray diffraction and morphological studies

X-Ray diffraction patterns of ZnO and SiO, capped ZnO
nanoparticles prepared with different silica concentrations (0.05,
0.15, 0.25 and 0.5) are labeled as ZS1, ZS2, ZS3, ZS4 and shown in
Fig. 1. The reflection peaks corresponding to the planes (100),
(002), (101), (102), (110) and (103) confirmed the hexagonal
wurtzite structure of ZnO nanoparticles. For the sake of clarity,
only XRD patterns of pristine ZnO, ZS1, ZS3 and ZS4 are shown in
the figure, because the XRD patterns of ZS2 and ZS3 appeared to be
same. A broad hump was developed as the silica concentration
increased and it can be clearly seen in the XRD pattern of sample
ZS4. Such a hump is due to the amorphous nature of silica and it is
an indication of short range ordering of silicon atoms [17]. As the
silica content was increased, the broadening of peaks took place.
The broadening of the diffraction peaks was caused mainly due to
three reasons. They are recognized as small crystallite size, non-
uniform strain and stacking faults [23]. Based on the results of FE-
SEM and UV-vis spectra, discussed in the succeeding sections, the
broadening of the peaks may be attributed mostly to the decrease
in the crystallite size. The average crystallite size was calculated by
using the Debye-Scherrer’s formula for all the samples:

092
"~ BcosO

where D is the diameter of grain size (in A), 8 is the FWHM of the
particular peak in radians,  is the Braggs angle and A (0.15405 nm)
is the wavelength of x-rays used. The average crystallite size values
computed for ZnO, ZS1, ZS2, ZS3 and ZS4 are found to be 54 nm,
22 nm, 10 nm, 9.5 nm and 9 nm respectively. It can be seen that
there is no considerable variation in the crystallite sizes of ZS2, ZS3
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Fig. 1. X-ray diffraction patterns of ZnO nanoparticles and ZnO nanoparticles
capped with different concentration of SiO-.
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and ZS4. In addition to the peak broadening, there is a shift in the
position of peaks toward the lower angle side. For instance, the 26
value of most intense peak i.e. peak corresponding to (101) plane
was shifted from 36.40° to 36.25° with increase of silica
concentration. The shift in the 26 values occurred due to the
increase of local strain around the impurity or lattice defects [24].
But in this case, there is a gradual shift toward the lower angle side
with an increase of silica content. The shift toward lower 26 value
implies an increase in the d-spacing, indicating the presence of
tensile stress acting on the ZnO nanoparticles. So, it is assumed that
shift could be due to the strain introduced on ZnO nanoparticles by
silica network formed around them. To confirm this, the strain and
average crystallite sizes were calculated using Williamson-Hall
analysis by simplified integral breadth method for ZnO and silica
coated ZnO [25].

Bx = %+ 2¢s (insin@scale)

where D is the average particle diameter, ¢ is the strain, 8 = 8 cos 6/
A, and s = 2sin O/A. The average particle diameters were obtained
from this analysis. There is a gradual increase in the strain with
increase in the silica content. The strain values of pristine ZnO and
ZS3 based on Williamson-Hall analysis respectively are
5.29 x 10~ and 1.94 x 1073, The increase in strain with increase
of silica content confirmed that the shift in the peaks toward lower
26 values is due to the strain experienced by ZnO nanoparticles.

3.2. FE-SEM and TEM analysis

Fig. 2 depicts the FE-SEM pictures of pristine ZnO and ZnO
nanoparticles capped with SiO,. These pictures demonstrate that
the microstructure of ZnO nanoparticles is composed of
polyhedral shaped grains. The grain size of the sample was
obtained using standard deviation by counting sufficiently large
number of grains to ensure accuracy. The average grain size of
the pristine ZnO is 58 nm with standard deviation of 12.10 nm.
The size of the ZnO nanoparticles decreased from 58 nm to 11 nm
and uniform size was also attained with SiO, capping. No
considerable change in the particle size between ZS2, ZS3 and
ZS4 was found. These results are corroborated with grain size
values calculated from XRD data. Fig. 3 shows the HR-TEM
results of ZnO and SiO, capped ZnO (ZS2) nanoparticles. The
particle size values obtained for ZnO and ZS2 from the pictures
are 47.5nm and 5 nm, respectively. The particle size values
calculated from HR-TEM is smaller than the size calculated form
XRD and FE-SEM results. Fig. 3(b) indicates that the particle size
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reduced with SiO, capping. So, it is evident from these
observations that SiO, matrix completely covered the ZnO
nanoparticles rather than forming a shell around them.

3.3. Optical absorption measurements

The UV-vis absorption spectra of ZnO, ZS1, ZS2 and ZS3 were
recorded by dispersing them in ethanol, are as shown in Fig. 4. The
absorption peak for pristine ZnO is positioned at 377 nm and
originated from the fundamental absorption of excitons. The
absorption band for bulk ZnO was previously observed at 387 nm
[3]. A 10 nm shift in the absorption peak of ZnO nanoparticles
toward higher energy side can be attributed to the quantum
confinement effects or size effects. Further a blue shift of 10 nm
was exhibited by the absorption spectra of ZS2,ZS3 and ZS4. It was
shown from the FE-SEM and HR-TEM analysis that there is a
decrease in particle size for the SiO, capped ZnO nanoparticles. So,
this shift can be attributed to the decrease in the particle size of
Zn0. Moreover, there is no significant shift in the absorption peak
of SiO, capped ZnO with increase in silica content. Here, only the
absorption spectra of pristine Zn0O, ZS1, ZS2 and ZS3 are presented
because the absorption spectrum of ZS4 was found to be the same
as for ZS2 and ZS3. As can be seen from Fig. 4, as the silica
concentration is increased the broadening of the absorption peaks
is also increased. This kind of broadening is not observed by other
investigators so far for SiO, capped ZnO nanoparticles. However,
an increase in the peak width with increase in the shell thickness
has been observed in Au nanoparticles capped with TiO, and ZrO,
[26]. The increase in width is due to the confinement of free
electrons within the metal core but it is true only in the case of
small particles. So, the broadening of the absorption spectrum of
ZS1 can be attributed to the confinement of free electrons. But in
the case of samples ZS2, ZS3 and ZS4, in addition to the
confinement of electrons, some other phenomena must be
responsible for this kind of huge broadening. Obviously, SiO,
matrix contributed to the new absorption peaks in ZnO-SiO,
nanocomposites. In general, SiO, nanoparticles show at least two
absorption peaks one at 225nm and another at 275 nm
originating from E’ center and non-bridging oxygen hole centers
(NBOHC) [27,28]. Recently Nonstrend et al. observed the
absorption band of NBOHC along with the absorption band of
ZnO nanoparticles when ZnO nanoparticles were decorated with
SiO, [29]. So the broadening of the absorption spectra of ZS2, ZS3
and ZS4 can be attributed to the absorption of intrinsic oxygen
hole centers i.e. to NBOHC in SiO,. So, the absorption spectra are
composed of absorptions due to ZnO nanoparticles as well as
NBOHC in SiO,.
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Fig. 2. FE-SEM micrographs of (a) ZnO and (b) ZS2. The inset of Fig. 2(a) shows the particle size distribution histogram of ZnO nanoparticles.
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Fig. 3. HR-TEM pictures of (a) ZnO nanoparticle and (b) ZnO nanoparticles capped with SiO, (ZS2).

3.4. Surface properties

The surface properties of the samples were measured by the
BET surface area and pore size analyzer and Zeta potential
analyzer. Table 1 shows the surface area and zeta potential values
for the pristine ZnO, ZS1, ZS2, ZS3 and ZS4. The surface area
increased monotonously as the silica concentration increased. The
surface area changed drastically from ZS1 to ZS2. It indicates that
SiO, capping significantly changed the properties when its
concentration was maintained at 0.15 (ZS2). Further increase in
the concentration of SiO, contributed to the enhancement in the
surface area. It can be understood that in the case of ZS1, a very thin
layer of SiO, would be formed over the surface of ZnO
nanoparticles for 0.05 concentrations. The high surface area of

ZS3
ZS2 ZS1

Zn0O

Absorbance (a.u)

200 250 300 350 400 450 500 550
Wavelength (nm)

Fig. 4. UV-vis absorption spectra of ZnO (a), ZS1 (b) and ZS2 (c), ZS3 (d).

SiO, capped ZnO nanoparticles indicates the porous nature of the
samples. The zeta potential values of ZnO and SiO, capped ZnO
nanoparticles are shown in Table 1. The zeta potential is negative
for all the samples and SiO, capped ZnO nanoparticles had greater
zeta potential than that of the pure ZnO. The zeta potential of SiO,
capped ZnO a nanoparticle is the same as that of the zeta potential
of bare SiO,. Since all the capped particles have higher surface
charges than the uncapped ZnO particles, it is reasonable to believe
that the capping agents attached to the ZnO surface [4].

3.5. FT-IR and Raman spectroscopy

FT-IR analysis was employed to study the surface chemical
structure of the samples and the results are shown in Fig. 5. FT-IR
spectrum of ZnO nanoparticles showed vibrational bands at
514cm™', 1439 cm™', 1553 cm™!, 1634cm~' and 3440 cm™'.
The sharp peak positioned at 514 cm™! is attributed to the Zn-O
stretching bonds [17]. Remaining peaks are due to the O-H
stretching vibrations and bending modes of adsorbed water. Two
new peaks positioned at 1095 cm~! and 962 cm~! were observed
in the IR spectrum of ZS1. These peaks can be assigned to
asymmetric stretching modes of Si—-O-Si vibrations and stretching
modes of surface silanol groups (=Si-OH) [30]. Thus it can be
confirmed that ZnO nanoparticles were successfully capped with

Table 1
The surface area and zeta potential values of the samples.

Sample name BET surface area (g/cm?) Zeta potential (mV)

ZnO 448 —2.72
Z51 15.37 —24.1
752 103.15 -20.9
753 130.58 -204
754 157.87 -18.9
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Fig. 5. FT-IR spectra of ZnO nanoparticles and ZnO nanoparticles capped with SiO,.

Si0,. But in ZS2, ZS3 and ZS4 the peak (514 cm™!) corresponding
to Zn-0O stretching bonds disappeared and another peak at
around 479 cm~! appeared. This peak is close to the 464 cm™!
peak which corresponds to the bending vibrations of Si-O-Si
[31]. Further, there is an enhancement in the intensity of this
peak with increase in silica concentration. The increase in the
intensity of 479 cm™! peak with increase in silica concentration
confirmed that this peak is due to the Si-O-Si bonds. The
disappearance of 514 cm~! peak which belongs to stretching
modes of Zn-0 makes it apparent that the band between 450 and
630cm ! in ZS2, ZS3 and ZS4 originated from both stretching
modes of Zn-0 and bend vibration modes of Si-O-Si. Moreover,
the disappearance of the 962 cm~! band indicates the formation
of Si-0-Zn bonds [30,32]. Another peak at 803 cm~! has also
been observed. It is assigned to Si—O-Si stretching vibrations. It
can be seen from Fig. 5 that the intensity of this peak is enhanced
with increase in silica concentration suggesting that there is an
improvement in the Si-O-Si stretching vibrations with increase
in silica concentration.

Fig. 6 shows the micro Raman spectra of pristine ZnO and ZS1
samples. The broad peak at 330 cm™! is assigned to the second-
order Raman process [33]. ZnO nanoparticles are exhibiting a sharp
peak at 436.8 cm™'. This sharp peak is due to the E<22> phonon mode
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Fig. 6. Raman spectra of pristine ZnO and ZS1.

of ZnO nanoparticles. But the E(22) phonon frequency of the bulk
ZnO substrate is located at 438.5 cm™~!. Yang et al. also observed a
blue shift of nearly 2 cm~! compared to the bulk ZnO E{>) phonon
frequency [33]. This blue shift was previously attributed to the
optical phonon confinement effects [34] or the presence of
intrinsic defects on the nanoparticles [35]. The intensity of this
peak is greatly reduced in ZS1. This is due to the fact that ZnO
nanoparticles are surrounded by the SiO, matrix which is
generally insensitive to the Raman spectroscopy [36]. A weak
intense peak at 438.5 cm~! was detected in the Raman spectrum
of ZS1. With silica encapsulation, the peak again shifted to bulk
ZnO position. It is known that the surface defects of nanoparticles
can be reduced significantly by the passivation of their surfaces
with materials of high dielectric constant. The passivation of
surfaces contributes to the enhancement of UV and visible
emission intensities. The improvement in the UV emission with
the increase of silica content can be seen in PL results discussed in
the following section. By combining (i) enhancement in the UV
emission and (ii) shift of ZnO E<22> phonon frequency from bulk ZnO
position, it can be concluded that blue shift of 2 cm~! shown by
ZnO nanoparticles is due to the presence of defects on the
nanoparticles. Another peak positioned at 583 cm ™! belongs to E;
phonon, which indicates that c-axis of wurtzite ZnO is perpen-
dicular to the particle surface.

3.6. Photoluminescence analysis

Fig. 7 shows the PL spectra of ZnO, ZS1, ZS2, ZS3 and ZS4. The
sharp peak which is shifted with excitation wavelength is due to
the sample holder [37]. Gaussian fitting has been used to know the
exact number and position of peaks. The PL of ZnO is composed of
four emission peaks positioned at 398 nm, 434 nm, 466 nm and
492 nm. Most familiar green emission of ZnO could not be
observed in these samples. Among these four emission peaks, one
at 398 nm originated from the electron transition from the
localized level slightly below conduction band to the valence
band [38,45]. The emission peak at 434 nm has been attributed
previously to the electron transition from defect level created by
zinc interstitial to the top of the valence band [39,40]. Another
emission at 466 nm is assigned to intrinsic defects such as oxygen
and zinc interstitials [40,41]. Finally, a weak emission peak at
492 nm in these samples can be assigned to various deep level
defect states originating from the zinc interstitials and/or oxygen
vacancies [41]. Even though there are many reports on visible
luminescence of ZnO, its origin is still controversial. This is due to
the variety of synthesis procedures that have been used to prepare

ZS4
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ZnO
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Fig. 7. PL spectra of ZnO nanoparticles and ZnO nanoparticles capped with SiO,
recorded with an excitation wavelength of 320 nm.
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ZnO nanoparticles and also due to complexity in its microstruc-
ture. Fig. 7 shows that there is a monotonous increase in UV
emission intensity with increase of silica concentrations except in
ZS1.The decrease in the emission intensity of ZS1 can be explained
as follows: As the particle size decreases, surface area to volume
ratio increases which gives rise to larger non-radiative relaxation
paths. With large non-radiative relaxation path, the passivation of
ZnO nanocrystals does not necessarily lead to the enhancement of
the NBE, because the excess energy saved by the passivation is
consumed by the non-radiative relaxation path [11,42]. Wu et al.
observed that the UV and yellow-green emission intensities
increase with increase of shell thickness of SiO; [4]. Very recently,
Cao et al. also found that there is an increase in UV and visible
emission intensities of ZnS:Mn?*/ZnO with SiO-, passivation [22].
In the case of ZnO nanoparticles, surface states such as dangling
bonds contribute to the non-radiative processes. The enhance-
mentinthe UV emission intensity might be due to the reduction of
dangling bonds of ZnO with SiO, capping. It was confirmed from
the XRD analysis that strain is acting on the ZnO nanoparticles as
the silica concentration is increased. In the case of core shell
nanoparticles, localized strain and interface effects also had an
influence on optical properties [43,44]. This induced strain causes
the shift in the position of emission peaks. But, in this study such
shifts were not observed and hence UV emission at 398 nm is
independent of strain. It was found that optimum UV emission
intensity can be obtained when the excitation wavelength is
chosen from the PL excitation spectrum (PLE) [45]. So, the PLE
spectra of both ZnO and silica coated ZnO (ZS4) were recorded by
monitoring the emission wavelength at 390 nm and presented in
Fig. 8. PLE spectrum of ZnO showed a peak at 353 nm where as ZS4
exhibited two more peaks at 275 nm and 295 nm in addition to
353 nm PLE peak. Obviously, these two peaks positioned at
275 nmand 295 nm are evolved due to the excitation processes in
SiO,. Similar peaks were also observed in the UV-vis absorption
spectra of ZS2,7ZS3 and ZS4. It indicates good correlation between
absorption spectra and PLE spectra of these samples. So the
broadening of absorption spectrum of ZS2, ZS3 and ZS4 can be
assigned to absorption processes in SiO, along with ZnO
absorption. The PLE peak at 275 nm is in good agreement with
the optical absorption results and attributed to the non-bridging
oxygen hole centers [29]. Generally, three types of silanol groups
are covered on the porous SiO, surface namely single, hydrogen
bonded and germinal silanol groups [46]. The NBOHC are
generated from the single silanol groups which are formed after

Z54
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Fig. 8. Photoluminescence excitation spectra of ZnO and ZS4 recorded by
monitoring the emission wavelength at 390 nm.

the dehydroxylation of hydrogen bonded silanol groups. The
contribution of NBOHC to the enhancement of the UV emission
intensity of ZnO nanoparticles can be understood as follows. The
NBOHC are in positive charge state i.e. (=Si-0°®) or the net charge
on the NBOHC is +ve. So they readily accept an electron from ZnO
because it is generally an n-type semiconductor. This phenome-
nonresulted in the formation of =Si-0-Zn bonds on the surface of
the ZnO. So the oxygen from the ambient was prevented from
being attached to the ZnO surface. The formation of =Si-0O-Zn
bands and their enhancement with increase of SiO, concentration
was confirmed from UV-vis and FT-IR results. Fu et al. results also
confirmed the formation of =Si-O-Zn bands in ZnO-SiO,
nanocomposites [47]. The electrons that are trapped at the
NBOHC make transitions to conduction band and the level slightly
below it and increase the PL intensity. As the silica concentration
isincreased, more number of carriers are excited in SiO, and hence
there are more number of carriers available in the conduction
band and the state which is slightly below the conduction band of
ZnO. So there are more number of radiative transitions to the
valence band of ZnO. Consequently, the UV emission intensity of
ZnO nanoparticles increases. This mechanism is illustrated in
Fig. 9. As stated above, maximum UV emission intensity can be
obtained with an excitation wavelength chosen from PLE
spectrum. So, the PL spectra of samples were acquired with an
excitation wavelength of 353 nm and results are shown in Fig. 10.
There is five times enhancement in the intensity of UV emission
peak positioned at 398 nm with silica capping. In addition, there is
alsoenhancementin the visible emission. It can be seenin ZS1 that
ahumpis developed at 418 nm with SiO, capping. This emission is
generally attributed to the oxygen vacancies at the interface of
ZnO [48]. The improvement in the intensities of 418 nm and
522 nm emissions indicates that ZnO-SiO, nanocomposite is rich
in oxygen vacancies. Furthermore, another peak at 585 nm
(yellow emission) is also evolved with silica coating. The yellow
emission can be attributed to intrinsic defects in ZnO such as
oxygen interstitials [49]. It can be confirmed that with SiO,
coating of ZnO nanoparticles, there is enhancement in the UV
emission intensity of ZnO and some new defect states were also
created.
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Fig. 9. Schematic representation for the excitation and emission processes
responsible for the enhancement of the UV emission intensity.
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Fig. 10. PL spectra of ZnO nanoparticles and ZnO nanoparticles capped with SiO,
recorded with an excitation wavelength of 353 nm.

4. Conclusions

The effect of SiO, capping on structural and optical properties of
ZnO nanoparticles was investigated. Uniform and small ZnO
nanoparticles were achieved with SiO, capping. X-ray diffraction
analysis showed that at high silica concentration, ZnO nanopar-
ticles are under strain. The reduction in particle size was reflected
as blue shift in the absorption spectrum. Raman analysis of the
samples indicated that the shift in the 438.5 cm~! mode of ZnO is
due to the surface defects. It is found that UV emission intensity
was enhanced with increase of SiO, content in the nanocomposite.
The emission spectra were measured with 320 nm excitation and
353 nm excitation wavelengths. Maximum UV emission intensity
is observed with 353 nm excitation wavelength in pristine ZnO as
well as in SiO, coated ZnO nanoparticles. The increase in the
emission intensities was attributed to the surface passivation of
ZnO nanoparticles and excitation process in SiO,. Moreover, there
is enrichment of oxygen vacancies and interstitials with increase of
silica concentration.
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