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We report the structural and optical properties of xSnO2 – yFe2O3 nanocrystalline composite thin
films. SnO2 and Fe2O3 exhibit strong phase separation instability and their particle size and
crystallinity are tunable by changing their composition and annealing temperature. The bandgap for
these composites continuously increases from 2.3 to 3.89 eV. We discuss the increasing bandgap
values in terms of the quantum confinement effect manifested by the decreasing size of Fe2O3
crystallites. The method provides a generic approach for the tuning of the bandgap in nanocomposite
systems. © 2008 American Institute of Physics. 关DOI: 10.1063/1.3042163兴
Understanding the interplay between the nanoscale
structure and optical properties of semiconductors 共SC兲 is
essential for incorporating these systems into technological
applications that require tunable energy gaps, including solar
cells1 and optoelectronic devices.2 Thin films of nanocrystalline heterogeneous composites consisting of SC particles are
promising materials for these applications as they offer considerable flexibility in tuning the properties. The material
properties of nanostructured composites often differ from the
individual bulk components because of strong surface interactions and the quantum confinement effects.
The bandgap is one of the fundamental properties exploited in many technological applications, and for some materials it can be tuned by alloying. A number of oxide alloys,
such as MgZnO and CdZnO,3 have been studied to understand how the alloying composition affects the optical bandgap. The phase segregation generally observed in many of
these materials has a negative impact on the ability to controllably tune the bandgap by alloying. Recently Khoshman
et al.4 obtained bandgap tunability in BexZnyO nanocomposite over a large energy range by minimizing the lattice mismatch effects in their amorphous alloy phases. Alternatively,
in nanocrystallites the desired values of the bandgap5 can be
modified by quantum confinement effects by varying the size
of these nanocrystallites. Though several studies reported on
the bandgap tunability of particles by decreasing their size,
investigations on composite nanocrystalline materials are
sparse.
Materials with tunable bandgap are appropriate
for photovoltaic and photocatalytic applications. ␣-Fe2O3, an
n-type SC with a bandgap Eg of 2.2 eV, is promising as a
photoelectrode for efficient conversion of solar energy6 and
also as gas sensors and catalysts.7,8 Likewise SnO2 is a
n-type wide bandgap SC with a Eg of 3.7 eV and has been a
widely studied oxide material for a number of applications
including optoelectronic devices, gas sensors, photocatalysts,
and electrodes.9 However, the composite oxide
␣-Fe2O3 – SnO2 system, which has a high sensitivity to CH4
and C2H5OH 共Ref. 10兲 and potential for bandgap tunability,
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has not been studied in detail for optical and electronic applications.
In this paper we report the fabrication of heterogeneous
nanocomposites thin films of SnO2 – Fe2O3 starting from a
homogeneously mixed precursor solution. We found that
SnO2 and Fe2O3 phases are completely immiscible. The particle size of the SnO2 and Fe2O3 phases can be controlled by
tuning the composition and postdeposition annealing conditions. Our studies establish that the bandgap in these composite materials can be tuned from the SnO2 bandgap 共3.89
eV兲 to the Fe2O3 bandgap 共2.3 eV兲 by modifying the particle
size and crystallinity of the Fe2O3 phase. We find that the
observed particle size dependent bandgap tunability is related to quantum confinement effects.
xSnO2 – yFe2O3 thin films 共0.5– 1 m兲 having a range
of compositions 共x = 0 – 1, y = 共1 − x兲 / 2兲 were prepared by
spin coating of metal-organic precursors.11 The thin films
were deposited on single crystal sapphire 共006兲 substrates
and annealed in air at 600 ° C. The crystal structure and composition of these films were determined using x-ray diffraction 共XRD兲. The XRD patterns of pure SnO2 show broad
reflections consistent with crystalline nanoparticles 关Fig.
1共a兲兴. For xSnO2 – yFe2O3 thin films with x = 0.8 to 0.6, the
XRD patterns show only peaks consistent with the SnO2
phase with no indication of any secondary Fe2O3 structure or
any impurity phases. However, the SnO2 reflections broaden
with increasing Fe concentration and at x = 0.4 the film is
completely x-ray amorphous. With further increase in Fe in
xSnO2 – yFe2O3 共x = 0.2兲 the XRD shows only Fe2O3 peaks
with no SnO2 reflections. Pure Fe2O3 thin films were highly
oriented along the c-axis. The particle size of the SnO2 estimated using the Scherrer equation is ⬃10 nm for pure SnO2
and decreases to ⬃2 nm for the x = 0.4 sample. Pure Fe2O3
and the xSnO2 – yFe2O3 共x = 0.2兲 film show iron oxide particle sizes of ⱖ30 nm. From these XRD studies we find that
the particle size is strongly influenced by the ratio of Sn and
Fe in the composite but find no evidence for any crystalline
secondary phases other than SnO2 and Fe2O3.
In order to more carefully examine the composition of
these samples, we recorded Raman spectra of the
xSnO2 – yFe2O3 samples to analyze the phase content 关Fig.
1共b兲兴. Pure SnO2 shows broad A1g peak at 634 cm−1 and a
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FIG. 1. 共a兲 XRD of xSnO2 – yFe2O3 共x = 0 to 1兲 thin films. The 共hkl兲 reflections for x = 1 correspond to pure SnO2. Fe2O3 共hkl兲 reflections are shown
for x = 0.2 and 0. 共b兲 Raman spectra of xSnO2 – yFe2O3 共x = 0 to 1兲 thin films.
The Raman modes for SnO2 and Fe2O3 are shown for x = 1 and x = 0 respectively. * marked peaks are due to sapphire substrate.

weak B2g peak at 773 cm−1.12 The spectra also exhibit a
broadband around 550 cm−1 related to some oxygen deficient disordered surface modes.12 There are also clear bands
at 250 and 300 cm−1, which are attributed to surface defect
modes. The Raman signal from SnO2 is weak compared to
the Fe2O3 phase. Therefore, even a small amount of Fe2O3 in
the xSnO2 – yFe2O3 films can be easily detected from the
Raman spectra. For all samples containing Fe 共x = 0.8 to 0兲,
we observe that the expected phonon modes of Fe2O3 have
good agreement with previous studies,13 with no additional
new modes observed. The A1g modes at 224 and 496 cm−1
and Eg modes at 243, 293, 298, 413, and 609 cm−1 are
marked in Fig. 1共b兲. We conclude that hematite is present as
a secondary phase in all samples containing Fe.
The microstructure of samples annealed at 600 ° C was
examined by transmission electron microscopy 共TEM兲 and
high-resolution TEM 共HRTEM兲 to determine the particle
size and distribution of the SnO2 and Fe2O3 phases. Typical
HRTEM micrographs for xSnO2 – yFe2O3 with x = 1, 0.6, 0.4,
and 0.2 are shown in Fig. 2. Pure SnO2 共x = 0兲 has an average
particle size around 10–15 nm, consistent with the estimate
from the XRD data. The xSnO2 – yFe2O3 共x = 0.8 to 0兲 films
clearly exhibit a composite microstructure. At x = 0.6 we observe that the SnO2 particles have a size of around 3–5 nm
and that these particles are uniformly coated with an amorphous phase of Fe2O3 关Fig. 2共b兲 and inset兴. At intermediate
Fe concentrations, x = 0.4, both the SnO2 and Fe2O3 phases
have particle sizes of only 1–2 nm and appear to be highly
disordered. Typical regions consisting of a mixture of SnO2
and Fe2O3 structures are marked in Fig. 2共c兲, and the HRTEM images from typical regions showing the unique symmetry of SnO2 and Fe2O3 are shown in the inset of Fig. 2共c兲.
For higher Fe concentrations, Fe2O3 crystallites of
⬃20– 30 nm are formed with the SnO2 phase present in a
crystalline or amorphous form on the surface of these Fe2O3
nanoparticles 关Fig. 2共d兲兴. The energy dispersive x-ray spectroscopy analysis on the crystal shown in Fig. 3共d兲 shows
SnO2 rich surface and the interior is completely comprised of
Fe2O3 共not shown兲. This analysis suggests that the largest
nanoparticles are present in pure films, with increasing heterogeneity leading to a reduction in their characteristic size.
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FIG. 2. TEM images of xSnO2 – yFe2O3 for 共a兲 x = 1, 共b兲 x = 0.6, 共c兲 x = 0.4,
and 共d兲 x = 0.2. Insets: HRTEM images of 共a兲 one SnO2 crystallite. 共b兲 共100兲
oriented SnO2 nanoparticle coated with Fe2O3. 共c兲 共−123兲 and 共100兲 oriented
Fe2O3 and SnO2 nanocrystallites, respectively, are shown from regions
marked with circle. 共d兲 Fe2O3 crystallite with poor crystalline SnO2 coating
is shown.

The TEM studies confirm that the films consist of an immiscible composition of the two phases at the nanoscale.
We studied the optical properties of these composite
films to investigate how the nanostructure affects the optical
characteristics of these SC composites. Transmittance spectra
of xSnO2 – yFe2O3 films were measured at room temperature
using an ultraviolet-visible spectrometer. We find that the
absorption edge is redshifted with increasing Fe2O3 content
in SnO2 共supplementary Fig. A兲.14 In order to estimate the
bandgap 共Eg兲, we fit a straight line to the ␣2 versus energy
curve, assuming ␣2 ⬀ 共h − Eg兲, where ␣ is the absorption coefficient and h is the photon energy 关Fig. 3共a兲兴. The bandgap decreases rapidly from 3.89 to 3.11 eV with the initial
increase in Fe concentration to 20%, and it continues to decrease more slowly as the Fe content is increased. These
optical measurements show that the bandgap of nanostructured films can be controllably varied from 3.89 to 2.2 eV by
changing the Fe concentration in SnO2. We note that the
transmission spectrum exhibits only one absorption edge
with no discernible shoulder on the lower energy side, indicating an absence of any secondary phase related absorption
edges. These results suggest that modifying the nanostructure
of composite materials may provide a promising method for

FIG. 3. 共Color online兲 共a兲 共␣h兲2 vs energy plots. 共b兲 The bandgap 共Eg兲 vs
particle size of Fe2O3 tailored by changing the composition of
xSnO2 – yFe2O3 共red circles兲 and by annealing 0.6SnO2 – 0.4Fe2O3 sample
from 600 to 950 ° C 共blue squares兲. The theoretical fit for the bandgap
change due to confinement effect in Fe2O3 共see text for details兲. The error
bars for the particle size represents the distribution in the size of the Fe2O3
particles.
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bandgap engineering over a wide range of energies. From
XRD and TEM studies we observed that the particle size
depends on the composition; therefore, we have studied the
effect of particle size varied by annealing temperature on the
bandgap in one of the composite films.
It is known that quantum confinement effects in SC
nanoparticles increase the bandgap energy relative to bulk
materials. In order to probe the effects of the crystallite sizes
of the SnO2 and Fe2O3 phases in tuning the bandgap, we
conducted structural and optical studies on one particular
sample treated at different annealing temperatures. We considered x = 0.6 共0.6SnO2 – 0.2Fe2O3兲 sample, which, when annealed at 600 ° C, has homogeneously distributed SnO2 and
Fe2O3, nanoparticles with sizes in the range of 2–5 nm and a
bandgap ⬃3 eV. We determined the particle size and crystal
structure for samples annealed at different temperatures using XRD 共supplementary Fig. B兲.14 We collected HRTEM
images to analyze the particle size and crystallinity and study
the changes in morphology; representative images are shown
in the inset of supplementary Fig. B.14
We find clear evidence for a systematic increase in SnO2
particle size as the annealing temperature is increased from
600 to 950 ° C, as observed in the broad 共110兲 and 共101兲
reflections evolving into narrow peaks at 950 ° C. The particle size of SnO2 increases from 2–5 nm for the 600 ° C
annealed sample to ⬎30 nm for sample annealed at 950 ° C.
In addition, at temperature above 700 ° C we see the onset of
Fe2O3 diffraction peaks, which are fully evolved in the
950 ° C annealed samples. The temperature dependent increase in the size of the SnO2 / Fe2O3 particles in the presence
of Fe2O3 / SnO2 can be understood by the increased diffusion
parameters during thermal treatments.15 These measurements
show evidence for phase segregation of SnO2 and Fe2O3 and
increasing particle size and crystallinity in the Fe2O3 component as the annealing temperature is increased. The optical
transmission spectra of xSnO2 – yFe2O3 共x = 0.6兲 films annealed at 600 ° C yield Eg = 3.1 eV, with the bandgap decreasing with increasing annealing temperature, as shown in
the supplementary Fig. B.14 The bandgap of the 950 ° C annealed sample is about 2.3 eV. The inset in supplementary
Fig. B14 shows the change in the bandgap of
0.6SnO2 – 0.2Fe2O3 at different annealing temperatures.
Figure 3共b兲 clearly shows that the bandgap of the composite increases as the Fe2O3 particle size decreases. The
largest bandgap energy measured in these samples is smaller
than the bandgap of SnO2 suggesting that absorption is always dominated by the Fe2O3 nanocrystallite phase, and the
SnO2 phase has a minimal effect on the optical absorption.
Motivated by this experimental result, we discuss the correlation between the bandgap values and the sizes of nanocrystallite Fe2O3 phase in the context of quantum confinement.
These finite size effects are normally investigated in isolated
nanoparticles, where the size can be varied to tune the bandgap. Our samples consist of immiscible phases of Fe2O3 and
SnO2 in nanocomposite thin films and can be simply modeled as a large and small bandgap nanocomposite. If the
lower bandgap nanocrystallite phase has a small physical
size, the bandgap will increase due to the additional energy
from the degree of confinement and Coulomb correlations,
so the effective bandgap becomes16
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n2ប22 1.8e2
,
共1兲
−
2R2
R
where Eog is the bandgap of the bulk Fe2O3 and R is the size
of the nanocrystallites. In this expression, e is the electron
charge,  is the effective dielectric constant, and  is the
reduced effective mass of electron and hole of Fe2O3. In the
above equation, we used  = 5.7,  = 0.08m0 共m0 is the electron’s rest mass兲. For Eog we took the lowest value we measured in our experiments. The good agreement between the
theoretical fit and the data, as shown in Fig. 3共b兲, demonstrates that the optical response of the nanocomposite is
dominated by quantum confinement effects in the Fe2O3
crystallites. These confinement effects begin to influence the
optical properties of Fe2O3 crystallites when their size becomes smaller than 6.0 nm, with the largest blueshift of
about 1.0 eV produced by the 2 nm sizes crystallites.
In this study we show that xSnO2 – yFe2O3 共1 ⱕ x ⱕ 0兲
material does not form a stable alloy but exhibits strong
phase separation instability in favor of SnO2 and Fe2O3
phases. The size of these phases depends on the composition
and can also be controlled by annealing temperatures. The
bandgap measured from the optical properties of the composites show variations in the values, which are found to be
related to the size of the Fe2O3 nanaocrystallites. We discuss
this correlation between the bandgap values and the nanaocrystallites size in terms of the quantum confinement effect
due to the size of Fe2O3 nanaocrystallites. This study demonstrates that the bandgap value of the Fe2O3 can be engineered by decreasing the size of the Fe2O3 nanoparticle in a
nanocomposite system. The bandgap tunability and strong
optical absorption with high chemical stability make this material a potential candidate for many nanotechnology based
applications.
Eg = Eog +
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