
Crystallization and optical properties of finite sized β-Ga2O3 in sol–gel derived Ga2O3:SiO2
nanocomposites

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

2006 J. Phys.: Condens. Matter 18 11167

(http://iopscience.iop.org/0953-8984/18/49/010)

Download details:

IP Address: 129.252.86.83

The article was downloaded on 28/05/2010 at 14:51

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/18/49
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


INSTITUTE OF PHYSICS PUBLISHING JOURNAL OF PHYSICS: CONDENSED MATTER

J. Phys.: Condens. Matter 18 (2006) 11167–11176 doi:10.1088/0953-8984/18/49/010

Crystallization and optical properties of finite sized
β-Ga2O3 in sol–gel derived Ga2O3:SiO2
nanocomposites

Godhuli Sinha, Dibyendu Ganguli and Subhadra Chaudhuri1

Department of Materials Science, Indian Association for the Cultivation of Science,
Kolkata-700 032, India

E-mail: mssc2@iacs.res.in (S Chaudhuri)

Received 6 July 2006, in final form 30 October 2006
Published 22 November 2006
Online at stacks.iop.org/JPhysCM/18/11167

Abstract
Gallium oxide nanoparticles embedded in silica matrix with different molar
ratios were synthesized by the sol–gel method. Powdered nanocomposite
samples were annealed at 400, 500 and 900 ◦C. The gallium oxide nanoparticles
(2–5 nm) crystallized in the β-phase at a very low temperature (∼400 ◦C)

as against the expected temperature (>700 ◦C), indicating a depression of
crystallization temperature under the present condition. This may be a signature
of the behaviour of confined nanosized particles. The indications of only Ga–
O bonds and Si–O–Si bonds in FTIR spectra and peaks of gallium, oxygen and
silicon in energy dispersive x-ray analysis (EDAX) confirmed the non-existence
of any impurity. Room temperature photoluminescence study of the samples
shows a strong blue emission at ∼460 nm.

1. Introduction

Gallium oxide is a wide bandgap, III–VI semiconductor material exhibiting polymorphism (α-,
β-, γ -, δ-forms) under different conditions [1–3]. Among all the phases, the monoclinic β-
Ga2O3 has been studied in the greatest detail because of its wide bandgap (4.8 eV) [3, 4] and
good thermal and chemical stability. It has drawn significant attention from scientists because
of its potential application in different fields as luminescent material [5, 6], UV emitter [5], gas
sensor [7, 8], antireflection coating on GaAs [9], passivation coating [10] etc. It can also be
used as a transparent conducting oxide [10–12]. Previously, Binet and Gourier [5] observed that
specific excitation of the acceptor defects resulted in the blue luminescence of gallium oxide.
With decrease in particle size some distinctive unique physical properties are expected from the
nanostructures of gallium oxide as compared to bulk materials due to significant surface related
defects originating from high ratios of surface to volume [13–16].
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Theoretical and experimental studies on materials of nanometric size indicate that the
optical properties of these materials depend highly on their sizes, especially when the size is
comparable to the corresponding excitonic Bohr radius, i.e. when the quantum confinement
effect is dominant. It is also very common to observe unusual phases when the materials
are fabricated in nanocrystalline form [17, 18]. Mayo et al [17] observed that the phase
transformation temperatures could vary linearly with particle size. For studying such properties
of nanocrystalline materials, it is of course necessary to prevent the particles from coalescing
together during and after synthesis.

Preparation of gallium oxide nanostructures can be successfully carried out by the
physical evaporation technique [19–22], arc discharge and crystal assisted methods [23–25]
and hydrothermal method [26]. There are various ways of preventing agglomeration of
the nanoparticles, e.g. use of capping molecules during synthesis [27–30]. A bulk host
material with higher bandgap and suitable porosity can also be used to confine the sizes of
the synthesized nanoparticles. Previously, many researchers attempted to embed particles of
different materials in suitable matrices [31–34]. Silica xerogel is a porous material and can
be suitably used as a matrix, as its porosity can be controlled by preparation parameters [35].
The concave surface of the pores provides sites for nucleation and the pores provide spaces for
crystal growth.

In this present course of work, gallium oxide quantum dots with specific sizes (2–5 nm),
embedded in silica matrix, have been synthesized by the sol–gel method. The microstructural
and optical properties of the composite materials have been studied systematically.

2. Experimental details

To prepare gallium oxide nanoparticles embedded in silica matrix, solutions were prepared in
two parts. In the gallium oxide part gallium metal (Aldrich USA, 99.99%) was used as the
precursor and for the silica part tetraethyl orthosilicate (TEOS, Merck Schuchardt) was used as
the source of SiO2.

First, gallium metal was dissolved into a calculated amount of HNO3 and the pH value
was maintained between 1 and 2. For SiO2 matrix, TEOS was dissolved into ethanol–water
mixture. For hydrolysis of TEOS a few drops of 0.1 N HCl were added to it as catalyst. The sol
was stirred for 1 h. After this, the gallium part was added to the second part and the pH value
of the mixture was adjusted to between 1 and 2. After stirring the mixture for another 1 h, the
clear solution was heated at about 70 ◦C for 3.5 h to enhance the hydrolysis and condensation
process. The clear gel obtained by this process was dried at 200 ◦C for 4 h. After this calcination
process the gel became white and very porous.

The dried gel pieces were placed inside a horizontal tube furnace in an alumina boat
and annealed at 400, 500 and 900 ◦C. At 400 ◦C, the annealing process was extended up
to 11 h. For 500 and 900 ◦C, the annealing processes were maintained for 5 and 8 h.
Ga2O3:SiO2 nanocomposites were prepared with three different molar ratios of Ga2O3 and
SiO2, i.e. Ga2O3:SiO2 = 10:90, 20:80 and 30:70.

The white powder thus obtained in each case was characterized by x-ray diffraction
(XRD, Seifert 3000P). Microstructural studies of the products were carried out by transmission
electron microscopy (TEM, JEOL JEM-2010). Selected area diffraction patterns (SAED) of
samples were obtained. The compositions of the nanocomposites were also studied by energy
dispersive x-ray analysis (EDAX). The samples were studied optically by FTIR (MAGNA-IR,
750 spectrometer) spectroscopy and UV–vis spectroscopy (Hitachi 3410). Photoluminescence
studies were carried out with a luminescence spectrophotometer (Hitachi, F2500).



β-Ga2O3 in Ga2O3:SiO2 nanocomposites 11169

20 30 40 50 60 70 80

(a)
(300)(214)(116)

(113)

(110)(104)

2θ (degree)

(222)-
-(402)

(017)
(217)--(313)

(213)-(211)

(104)-
(111)

(004)

(e)

(d)
-

(f)

(g)

(h)

-

(b)
-

-(104)

In
te

ns
ity

 (
ar

b.
 u

ni
t)

(c)

25 35 45 55 65 75

Figure 1. XRD pattern of Ga2O3:SiO2 composite. (a) and (b) show the typical patterns of α-
and β- phases (JCPDS 06-0503 and JCPDS 11-0370 respectively). (c), (e) and (g) show the XRD
pattern of the composite samples annealed at 400 ◦C for 11 h with molar ratio 10:90, 20:80 and
30:70 respectively. XRD patterns of samples annealed at 900 ◦C for 8 h with molar ratios 10:90 (d),
20:80 (f) and 30:70 (h) have been shown.

3. Results and discussion

3.1. XRD study

X-ray diffraction patterns of Ga2O3:SiO2 composites with molar ratios 10:90, 20:80 and 30:70,
displayed in figure 1, confirm that gallium oxide particles embedded in silica matrix crystallize
in the β-form of Ga2O3 under the given annealing conditions, i.e. 400–900 ◦C. Typical XRD
patterns of α- and β-phases have been shown in figures 1(a) and (b) respectively. XRD patterns
of the samples annealed at 400 ◦C for 11 h (molar ratios 10:90 (c), 20:80 (e) and 30:70 (g)) show
that the particles of gallium oxide are not well crystallized, though they show a tendency to
crystallize in monoclinic β-phase. In these patterns the signature of the formation of (2̄02) and
(2̄11) planes can be observed clearly. In general, the β-phase has been considered to be the only
stable phase of gallium oxide [1]. However, it has been shown in different reports [2, 3, 36–38]
that α-Ga2O3 is easily obtained at relatively low temperature, and its conversion to the β-
form requires a temperature >500 ◦C, sometimes with an intermediate temperature range where
phases coexist, α → α + β → β . This shows that the α-phase can be described as the low
temperature (up to 500 ◦C) polymorph of gallium oxide. In the present case, therefore, a high
temperature polymorph (β-phases) is observed to form at a comparatively low temperature,
where the low temperature α-form should apparently form [1–3, 36–38].

XRD patterns of the samples annealed at 900 ◦C with molar ratios 10:90 (d), 20:80 (f) and
30:70 (h) clearly show that under this annealing condition the particles are well crystallized in
stable β-phase. Using the Scherrer equation,

r = kλ

B cos θ
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Figure 2. (a) TEM of Ga2O3:SiO2 composite with molar ratio 20:80 (annealing
temperature = 400 ◦C) (inset: gallium oxide nanoparticles embedded in silica matrix). (b) HRTEM
of a nanoparticle of gallium oxide in silica background (inset: SAED pattern of the corresponding
sample). (c) Histogram of particle size distribution of this sample.

where r is the crystallite size, λ is the x-ray wavelength (1.5418 Å for the Cu Kα radiation), B
is the broadening of the diffraction line, θ is the Bragg angle and k is a constant approximately
equal to unity, the crystallite sizes of Ga2O3 in Ga2O3:SiO2 composites with molar ratios 10:90,
20:80 and 30:70 (annealed at 900 ◦C/8 h) are calculated. For these three cases the crystallite
sizes are 1.20, 1.81 and 1.90 nm respectively. From the above observations it can be said that
very small crystallites of gallium oxide formed in the composites with different molar ratios.

3.2. Microstructural study

Transmission electron microscopic data (figures 2 and 3) reveal that the gallium oxide
nanocrystals are dispersed in silica xerogel. Figure 2(a) shows a transmission electron
microscopic image of Ga2O3:SiO2 composite with molar ratio 20:80 annealed at 400 ◦C for
11 h. It is clear from the inset of figure 2(a) that the nanoparticles of gallium oxide annealed at
400 ◦C for 11 h are dispersed in silica matrix in such a way that sometimes two or more particles
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Figure 3. (a) TEM of Ga2O3:SiO2 composite with molar ratio 20:80 (annealing
temperature = 900 ◦C) (inset: gallium oxide nanoparticles embedded in silica matrix). (b) HRTEM
of a nanoparticle of gallium oxide in silica background (inset: SAED pattern of the corresponding
sample). (c) Histogram of particle size distribution of this sample.

coalesce together to form a larger one, though the individual particles are discernible for size
measurement. These particles are spherical in shape. Figure 2(b) shows a high resolution TEM
image of the samples annealed at 400 ◦C for 11 h (molar ratio 20:80). The fringe pattern in the
figure indicates the formation of the (1̄02) plane of the β-phase. The inset of figure 2(b) shows
the SAED pattern of the sample, which also indicates the formation of β-phase of gallium
oxide clearly. Figure 2(c) presents the size distribution of the particles of the Ga2O3:SiO2

composite with molar ratio 20:80 and annealed at 400 ◦C for 11 h. The diameter of the particles
varies between 2 and 5.8 nm. The Gaussian fit of the histogram gives the average diameter of
the particles to be ∼3.51 nm. Figures 3(a) and (b) show TEM and HRTEM images of the
nanocrystals of gallium oxide dispersed in silica matrix with Ga2O3:SiO2 molar ratio 20:80
annealed at 900 ◦C for 8 h. The inset of figure 3(a) shows that the gallium oxide nanocrystals
are dispersed in the matrix in such a way that the particles are not coalesced together to form
larger particles. As the samples were annealed at 900 ◦C, there was expectedly a shrinkage of
the gel matrix, causing shrinkage of pores housing the gallium oxide particles; this caused the
formation of smaller particles slightly smaller particle as observed in this present case. The
shapes of these particles are also spherical. The inset of figure 3(b) shows the SAED pattern of
this sample. The fringe pattern and SAED pattern indicate that the gallium oxide nanoparticles
crystallize in monoclinic β-phase. Figure 3(c) indicates the particle size distribution of the
sample annealed at 900 ◦C for 8 h. The sizes of the particles vary between 2 and 5 nm. The
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Figure 4. EDAX pattern of a representative sample.

mean diameter of the particles observed from the Gaussian fit of the histogram is ∼3.5 nm.
Previously Aubay and Gourier [39] calculated the Bohr radius for shallow donors of gallium
oxide as 18 Å. So the sizes of the gallium oxide particles in the present work are comparable
to the corresponding Bohr radius and they are expected to show the size confinement effect.

For the other two molar ratios, i.e. 10:90 and 30:70, TEM studies (not shown here) yielded
similar results. The particle sizes varied between 2 and 5 nm. SAED patterns (not shown) of
the samples annealed at 400 ◦C for 11 h and 900 ◦C for 8 h for both molar ratios indicated the
signature of the formation of β-phase.

From the previous studies [1–3, 36–38], as indicated above, it is confirmed that at the
temperature of 400 ◦C the polymorph expected to crystallize should be the α-phase. However,
in the present case, both XRD and HRTEM studies confirm that the nanoparticles crystallize
in the β-phase. This extension of the high temperature β-phase into the low temperature zone
is apparently because of the capping effect of silica, which confines gallium oxide particles to
very small size (2–5 nm) [17, 18]. The theories explaining the presence of high temperature
phases at low temperature include the lack of nucleation sites [40], internal pressure due to
particle curvature [41], surface energy difference between polymorphs [42], nature of the
environment [43] etc. The most direct effect, however, is that of particle size, and it has
been demonstrated in several systems [42, 43] that finite size of particles rules thermodynamic
stability of phases.

The composition of a representative composite sample was analysed by EDAX, as shown
in figure 4, indicating that there is no significant trace of any impurity.

3.3. Optical properties

Figure 5 shows a comparative study of FTIR spectra of gallium oxide quantum dots embedded
in silica matrix with molar ratios (a) 10:90, (b) 20:80 and (c) 30:70, annealed at 900 ◦C for
8 h. A broad intense peak in the range of 2900–3800 cm−1 is a characteristic of the spectrum.
A band represented the stretching mode of isolated –OH groups has been reported at ∼3740–
3750 cm−1 [35, 44, 45]. Hydroxyl groups partially involved in hydrogen bonding also show a
band in this region. A band in the region 3650–3200 cm−1 can be linked to stretching modes of
strongly hydrogen-bonded –OH groups in chains of different lengths. In the present case, the
samples were annealed up to 900 ◦C for 8 h, therefore the broad peak in the abovementioned
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Figure 5. FTIR spectra of the Ga2O3:SiO2 composites with molar ratio (a) 10:90, (b) 20:80 and
(c) 30:70.
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Figure 6. (a) Comparison of absorption spectra of Ga2O3:SiO2 composites with molar ratio
10:90 (a), 20:80 (b) and 30:70 (c). (b) Comparison of dα

dλ
versus wavelengths spectra of Ga2O3:SiO2

composites with molar ratio 10:90 (open circle), 20:80 (solid line) and 30:70 (open square). For each
case the annealing temperature is 900 ◦C.

region may be associated with for example isolated –OH groups. The three peaks at 1080, 796
and 460 cm−1 are the characteristics of Si–O–Si vibrational mode [46]. The peak at the highest
frequency mode, i.e. at about 1080 cm−1, with the strongest intensity (among the three), is due
to antisymmetric stretching. The bands at 796 and 460 cm−1 can be assigned to symmetric
stretching and optical rocking motions respectively [45]. The peaks at 1635 and 680 cm−1 are
due to Ga3+ ion at the surface [47] and the Ga–O band respectively and indicate that gallium is
present in the sample with Ga–O bonding.

Figure 6(a) shows the comparison of optical absorbance versus wavelength spectra of
Ga2O3:SiO2 composites with different molar ratios, (a) 10:90, (b) 20:80 and (c) 30:70. All
the samples were annealed at 900 ◦C for 8 h. To record the optical absorption spectra an equal
amount (by weight) of each sample was taken and dispersed into triple distilled water. It is
clear from figure 6(a) that the absorption band shifts slightly towards longer wavelengths with
increasing molar percentages of gallium oxide in the samples. Bandgap values of the composite
powder samples can be obtained by plotting the derivative of absorbance of the corresponding
sample. Figure 6(b) shows a comparative study of dα

dλ
versus λ traces of the foresaid samples. A

hint of a slight increasing trend of bandgap values of samples with decreasing molar percentage
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Figure 7. Comparison of PL spectra of Ga2O3:SiO2 composites with molar ratio 10:90 (a),
20:80 (b) and 30:70 (c). For each case annealing temperature is 900 ◦C.

of gallium oxide can be observed in the figure. Thus Eg of Ga2O3:SiO2 composite with molar
ratio 10:90 is 5.51 eV. For the samples with molar ratios 20:80 and 30:70 the bandgap values
are 5.12 and 4.70 eV. From the previous studies, it can be concluded that the bandgap value
of gallium oxide strictly depends on its preparation condition [12, 48, 49]. The significant
deviation of bandgap for low-Ga2O3 composites of this work from that of the corresponding
bulk material (4.9 eV [5]) is considered to be an effect of the nanosize of β-Ga2O3 particles
embedded in the silica matrix. However, the deviation of the values among themselves is not so
clear in view of the little variation of particle size as a function of the Ga2O3:SiO2 molar ratio.

3.4. Photoluminescence study

Figure 7 shows photoluminescence spectra of Ga2O3:SiO2 composites with molar ratios
(a) 10:90, (b) 20:80 and (c) 30:70. All the samples were annealed at 900 ◦C for 8 h.
Under the excitation at about 260 nm, gallium oxide nanoparticles show a strong blue
emission at ∼460 nm. A similar observation has been made by other workers examining the
photoluminescence of low dimensional Ga2O3, e.g. nanowires [20] and nanorods [26]. In the
present case the relative peak intensity of the composite sample with molar ratio 10:90 is the
strongest. The peak intensity goes down with increasing proportion of gallium oxide. However,
no blue shift can be observed with decreasing molar ratio of gallium oxide in the composite.
The capping of Ga2O3 particles leading to only insignificant difference of size in the different
cases of composition and annealing, is apparently the reason for this. Binet and Gourier [5]
described the blue luminescence of gallium oxide nanoparticles as a result of transfer by tunnel
effect of an electron from a donor cluster to a hole trapped at an acceptor site. However, a fast
electron–hole recombination occurs at the acceptor site with strong electron–phonon coupling
giving rise to blue luminescence [50, 51]. In the present case the blue luminescence can be
demonstrated in a similar way. Figure 8 shows a schematic diagram of blue luminescence of
gallium oxide. Finally, the absence of the photoluminescence peaks for β-Ga2O3 in the UV
and green regions [5], and also those due to the silica host [52] in figure 7, clearly indicates
non-interference of the confining host, and also impurities such as dopant in the spectrum.
The absence of any significant impurities is already indicated in figure 4. These observations
apparently increase the possibility of use of the prepared materials in blue luminescent devices
with tailorable intensity of luminescence.
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Figure 8. Schematic diagram of the blue luminescence of β-Ga2O3 (after [5]).

4. Conclusion

Ga2O3:SiO2 nanocomposites with molar ratio 10:90, 20:80 and 30:70 were prepared by the
sol–gel method. Annealing of the samples was carried out at 400, 500 and 900 ◦C. Particle
diameter of gallium oxide varied from 2 to 5 nm. Though α-Ga2O3 has been obtained in
various investigations as the low temperature (up to ∼500 ◦C) crystalline phase [2, 3, 37, 38],
XRD and HRTEM investigation in the present work indicated formation of β-Ga2O3 already
around 400 ◦C for each molar ratio. This probably indicates the role of the confined size of
the gallium oxide particles in the depression of polymorphic transformation of the β-phase.
Due to a very strong capping effect of the silica matrix, the particle sizes of gallium oxide
varied only slightly with increasing annealing temperature and proportion of gallium oxide
in the composite. The optical bandgap was observed to increase slightly with the decrease
of proportion of gallium oxide in Ga2O3:SiO2 composites in low-Ga2O3 samples. A blue
luminescence (at about 460 nm) was observed to be exhibited by the samples, probably because
of the recombination of an electron, originating from a donor vacancy, with a hole trapped in
an acceptor vacancy.
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