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ABSTRACT

Transparent nanocomposite ZrO,-Sn0, thin films with molar ratio 0.1/0.9 (2S19), 0.3/0.7 (2S37), 0.5/0.5
(ZS55), 0.7/0.3 (ZS73) and 0.9/0.1 (ZS91) of ZrO,/Sn0O, were prepared by sol-gel dip-coating tech-
nique. X-ray diffraction (XRD) spectra showed a mixture of three phases: tetragonal ZrO, and SnO,
and orthorhombic ZrSnO4. X-ray photoelectron spectroscopy (XPS) gives Zr 3d, Sn 3d and O1s spectra on
ZS55 thin film which revealed the presence of oxygen vacancies in the nanocomposite ZrO,-Sn0O thin
film. Scanning electron microscopy (SEM) observations showed that microstructure of ZS55 consists of
uniformly dispersed isolated SnO, particles in ZrO, matrix. An average transmittance greater than 85%
(in UV-visible region) is observed in the films ZS55, ZS73 and ZS91, but superior optical properties was
observed in ZS55 thin film. The composite system under certain compositional mixings (ZS55) displayed
a refractive index supremacy over pure zirconia films which can be directly employed in extending the
range of tunability of the refractive index. Besides, these films also demonstrated tailoring of band gap
values. Photoluminescence (PL) spectra revealed an intense emission peak at 424 nm in ZS55 sample
which indicates the presence of oxygen vacancies in ZrSnOy. All these characterizations distinctly indi-
cate a strong interrelation between the microstructural ordering and superior optical properties of the

present ZrO,-Sn0, co-deposited composites.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Thin films of metal oxides have been of great interest because
of their essential roles in electronic, electrical, optical and lumi-
nescence applications. Among these films, SnO, thin films have
been studied intensively, since they have diverse applications in
photovoltaic cells, solar energy collectors, optoelectronic devices,
transparent conductors and gas sensors [1-5]. SnO, is a degenerate
semiconductor with band gap energy (Eg) in the range of 3.4-4.6 eV
[6,7]. This scatter in band gap energy (Eg) values of SnO, may be due
to wide extent of non-stoichiometry of the deposited layers.

On the other hand, ZrO, is an important multifunctional tran-
sition metal oxide widely used in a variety of applications such as
ceramics, oxygen and NOx sensors, solid oxide fuel cell electrolytes
[8] and semiconductor devices. It is an ideal media for applications
in photonics due to its excellent mechanical, electrical, thermal,
optical, and stable photochemical properties [9]. It is an active and
typical photon absorber among wide band gap (Eg) metal oxides
with two interband transitions: an indirect transition at 5.22 eV
followed by a direct transition at 5.87 eV [10,11]. Pure zirconia has
three solid polymorphs which exhibit monoclinic, tetragonal and
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cubic symmetries. The use of pure zirconia ceramics as advanced
structural materials is limited due to the spontaneous tetragonal
to monoclinic (t— m) phase transformation upon cooling from
elaboration temperature to room temperature. This martensitic
transition results in irreversible damages caused by about 4.5%
volume expansion [12,13].

The synthesis of advanced optical materials endowed with
enhanced physical and mechanical properties has progressively
focused on composite systems which can involve complex stoi-
chiometry and/or microstructures [14-16]. Tailoring of refractive
index along with dense microstructure are the demanding require-
ments in the development of precision and high-end optical
coatings.

There has been a continuous striving to improve upon the pack-
ing density by adopting process optimization techniques [17]. It
is seen that an oxide thin film can be stabilized by adding a cer-
tain amount of different (foreign) oxide [12,18,19]. Stefani¢ and
Music reported the stabilization of tetragonal polymorph of ZrO,
by incorporation of suitable trivalent cations [18]. Stefani¢ et al.
found that incorporation of tetravalent dopants could partially
stabilize the tetragonal polymorph of zirconia [19]. Such a tech-
nique can be realized by co-deposition technique [19,20]. This has
several favourable outcomes where it is possible to achieve opti-
cal and microstructural tunabilities between the properties of the
two or more participating components. Such mixed-composition
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Fig. 1. Flowchart of preparation of nanocomposite ZrO,-SnO, thin films by sol-gel method.

systems often exhibit improved optical and physical properties
against the participating component films [21-23]. The prime
interest in such mixed nanocomposite systems relies on the pos-
sibilities to tailor the optical and electrical properties over a
wide range of values [24,25]. To tailor the properties of these
nanocomposites and to make them suitable for practical applica-
tion, the understanding of their microsructural aspect is foremost
important.

The presently studied ZrO,-SnO, nanocomposite film has
depicted several such novel properties which have distinct advan-
tages both with respect to the tunability in the optical properties
as well as in superior microstructure that controls the band gap
favourably for applications in optical and gas sensing devices [8,26].
It was particularly noticed that by admixing SnO; in ZrO, under cer-
tain compositional ratios the optical properties such as refractive
index, energy gap and photoluminescence properties are domi-
nantly influenced by the microstructure than the stoichiometry.
Photoluminescence studies provide information about a mate-
rial on electronic band transitions, structure and defects. In the
case of thin films, surfaces play particularly important role. Sur-
face states formed by surface defects (e.g. ion vacancies, surface
ions with low coordination numbers, and groups coordinated on
the surface of materials) introduce localized energy levels within
the forbidden gap. These mid-gap surface states are expected to
become luminescence centers under an appropriate excitation
[27].

Sol-gel coating techniques have proved to be a popular means
of fabricating nanocomposite thin films in the nanometer thick-
ness range [28,29] The basis of this technique is to coat a substrate
with a precursor solution containing the requisite metal compo-
nents in the required proportion, which then, because of solvent

evaporation and/or chemical reactions, transforms to a gel layer.
The organic components of the gel are then eliminated by vari-
ous heat treatments to form the desired crystalline thin film. Since
sol gel method is a solution process, it has the advantages of purity,
homogeneity, felicity and flexibility in introducing dopants in large
concentrations, stoichiometric control, ease of processing and com-
position control [30]. The main advantage of the sol-gel process is
the ability to form inorganic structures at relatively low tempera-
ture. Moreover, the process is a cost-effective way to produce thin
homogeneous inorganic films on large scales.

There are several investigations related to the ZrO,-SnO; sys-
tem. Hunter et al. [31] and Kim et al. [32] investigated the influence
of Sn** ions incorporation into the tetragonal ZrO,-2 mol% Y,03
system. Hunter et al. and Kim et al. found that the replacement
of Zr** ions with smaller Sn** ions caused an increase in the
unit-cell volume of t-ZrO,. However, the presence of tin could
not suppress the transition to a monoclinic ZrO, after cooling
to room temperature. Dhage et al. [33] reported a solubility of
Sn** ions in the m-ZrO2 lattice (20 mol%) occurred in the prod-
uct obtained upon 15h of calcination at 1000°C. Stefani¢ et al.
[19] found that the incorporation of Sn** ions caused an asym-
metric distortion of monoclinic ZrO, lattice. However, the unit
cell volume of monoclinic ZrO, remained unchanged almost.
They also reported the appearance of a metastable ZrSnO4 phase,
in products having 40 or 50 mol% of SnO, calcined at 1000°C.
In spite of these attempts, so far there are no authentic stud-
ies on the superior optical and photoluminescence properties
of ZrO,-Sn0O, composite thin films. In our study we, however,
noticed a prominent microstructural ordering that led to supe-
rior optical and photoluminescence properties. Besides, XPS studies
revealed the chemical composition, chemical state of the surface
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species and different defect states in the ZrO,-Sn0O, composite thin
film.

2. Experimental details

Zr0,-Sn0, precursor solutions with different molar ratios (0.1/0.9, 0.3/0.7,
0.5/0.5, 0.7/0.3 and 0.9/0.1 of ZrO,/Sn0, ) were prepared. In the typical preparation
one set each of 0.9, 0.7, 0.5, 0.3 and 0.1 mol of SnCl,2H,0 (tin(Il) chloride dihy-
drate) dissolved in appropriate amount of ethanol (1 mol/l) was taken and each
batch was stirred well for 3 h. Then, 0.1, 0.3, 0.5, 0.7 and 0.9 mol each of ZrOCl,8H,0
(zirconium oxychloride octahydrate) (Sigma-Aldrich 99.5%) dissolved in one third
part of a solution of 2-butanol and ethanol taken in 1:1 ratio, were also taken, fol-
lowed by stirring for 45 min using a magnetic stirrer. The solution containing the
precursor of SnO, was then carefully added in the respective batch of zirconium oxy-
chloride octahydrate-alcohol solution under vigorous stirring. Subsequently, the
water for hydrolysis, the nitric acid for oxidation and the remaining part of the
2-butanol-ethanol mixture, with required amount of acetyl-acetone, were added
under vigorous stirring in a controlled manner. The stirring was continued for 90 min
until a clear transparent sol is obtained. Zirconium oxychloride octahydrate, water,
nitric acid and acetyl-acetone were taken in the molar ratio 1:20:0.4:3 [34]. Fig. 1
shows the flowchart for the synthesis of nanocomposite ZrO,-SnO, thin film [35].
The filtered precursor solution was deposited on clean quartz substrates using an
indigenously fabricated dip coating apparatus. The dip coating parameters were
optimized as 10 cm/min lifting speed and 90° vertical lifting, depending on the vis-
cosity and concentration of the precursor solution. The dip coated films were dried
at room temperature and prefired at 150 °C for 1 h. The process of dipping and pre-
firing was repeated five times as five coatings were required to obtain useful data
from X-ray diffraction characterization. Next the samples were heated up to 500°C
ata heating rate of 4 °C/min, and held at this temperature for 1 h and finally cooled to
room temperature at the same rate. The nanocomposite ZrO,-SnO, thin films with
molar ratio 0.1/0.9 (ZS19), 0.3/0.7 (2S37), 0.5/0.5 (ZS55), 0.7/0.3 (ZS73) and 0.9/0.1
(ZS91) of ZrO, /Sn0O; were also prepared in a similar way. The structural and optical
characterizations of these annealed films were then performed.

Crystallization phase of the nanocomposite thin film was characterized by X-ray
diffractometer (XRD) (Bruker-AXS-D8 Advance XRD). XPS spectrum was recorded
using a monochromatic Al Ko (1486.6eV) source and a MAC-2 electron analyzer
(RIBER system model-FCX 700). Surface morphology of the film was investigated
by scanning electron microscopy (JEOL Model JSM-6390LV). Optical transmittance
was studied using a Spectrophotometer (Model - JASCO-V550). PL spectrum was
recorded using a Perkin-Elmer Fluorescence Spectrometer (Model — LS55) with a
40W Xenon Lamp as the excitation source and 3 nm excitation and emission slit
width.

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

The X-ray diffraction spectra of the nancomposite ZrO,-Sn0,
films (ZS19, ZS37, ZS55, ZS73 and ZS91) deposited on quartz sub-
strates annealed at 500°C are shown in Fig. 2. The spectra show
that the films ZS19, ZS37, ZS73 and ZS91 are polycrystalline with
characteristic peaks of tetragonal ZrO, (t-ZrO2) phase at 260 =30.2°,
35.4°, 50.3°, 60.2° [PDF No. 79-1769] and tetragonal SnO, phase
at 26=26.5°, 33.7°, 51.8° [PDF No. 88-0287], respectively. Stefanié¢
et al. [19] has reported that metastable ZrSnO4 phase appears only
in systems calcined at 1000 °C or at higher temperatures. However,
in our study, ZS55 sample with molar ratio 0.5/0.5 of ZrO,/Sn0O,
shows the growth of orthorhombic ZrSnO4 phase at 260=51.7° and
62.7° [PDF No. 48-0889] along with tetragonal ZrO, and tetragonal
SnO, phase on films annealed at 500 °C. The formation of ZrSnO4
in the ZS55 film is due to the maximum solubility of Sn** ions in
the ZrO, lattice when prepared in the molar ratio 0.5:0.5 occurred
in the products obtained upon crystallization. Table 1 summarizes
the composition, 260 angles of (11 1) peak of t-ZrO, and phase com-
position of the samples.

In our earlier studies, we have observed that pure zirconia
thin films attain a mixed tetragonal and monoclinic (m) crys-
talline phases at an annealing temperature of 500°C [34]. The
results of the present study shows the presence of stabilized
tetragonal ZrO, (t-ZrO;) polymorph in ZS91, ZS73, ZS55 and
ZS73 samples annealed at 500°C. These crystallization products
probably results from a ZrO,-SnO, surface interaction, similarly
as in the Zr0,/SO42~ system [36] that prevents the diffusion
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Fig. 2. XRD pattern of nanocomposite ZrO,-SnO; thin films: (a) ZS91, (b) ZS37, (c)
7555, (d) ZS73 and (e) ZS91 deposited on quartz annealed at 500 °C.

of oxygen from the atmosphere into the ZrO, lattice and trig-
gers the t-ZrO, to m-ZrO, transition. The surface interaction
appeared to be a very important factor in stabilization of the
t-ZrO, type phase in the crystallization products of ZrO,-Sn0O, sys-
tems.

A closer look at the diffraction patterns of crystallization prod-
ucts annealed at 500 °C, containing the most prominent diffraction
lines of t-ZrO,, shows that an increase in SnO, content shifts the
diffraction lines of t-ZrO, phases to a lower angle (Table 1). This
indicates that incorporation of Sn** ions causes an asymmetric dis-
tortion of the t-ZrO, lattice which would produce a change in the
stress of the ZrO,-Sn0, systems. However, trace amount of SnO,
may be segregated at the surface of the films which might influ-
ence the low energy photoluminescence peaks originating from the
surface states.

3.2. XPS studies

Fig. 3 shows XPS core level spectra of ZS55 film sample annealed
at 500°C. The peaks denoted by solid curves are calibrated with
respect to the C1s peak position set at 285.1 eV. It gives informa-
tion about the changes in the electronic states of Zr, Sn and O
atoms in ZrO,-Sn0O, nanocomposite. For each line the best fit is
also drawn, taking into account a Gaussian shape. The doublets of
Zr 3dsp, and Zr 3d3), levels were measured at 180.9 and 184.6eV,
respectively [37]. The calibrated energy scale assigns the O1s peak
with the BE ~530 eV to the 02~ species in the compounds. The small
shoulder at 530.7 eV is assigned to lattice oxygen while the main
peak at 532.6 eV may be attributed to oxygen in adsorbed hydroxyl
groups. The existence of multipeaks (530.7 and 532.6eV) is related
to the presence of oxygen defects [38]. The Sn 3ds, located at about
486.4 eV, demonstrates that the chemical state of Sn in the sample
is +4. The peak at about 496 eV is Sn 3d3,; level [39].

Zhou et al. [40] has observed that oxygen vacancies and tin
interstitials have low formation energies and these defects of high
concentrations can easily exist and act as long range carriers. The
Sn0O, phase can accommodate a significant amount of oxygen
vacancies as reported by Li Zi et al. [41]. The quantitative anal-
ysis was done from the normalized areas of the Zr 3d/O1s and
Sn 3d/O1s peaks which shows a molar ratio of O/Zr~1.65 and



152
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Composition, diffraction angle and phase composition of nanocomposite ZrO,-SnO; thin films on quartz annealed at 500 °C.

Sample Zr0O, (mol) SnO, (mol) Diffraction angle 26 (°) Phase composition

7519 0.1 0.9 - - SnO, -

7537 0.3 0.7 30.05 Zr0, SnO, -

7555 0.5 0.5 30.15 Zr0, SnO, ZrSn0y4
7573 0.7 03 30.21 Zr0, SnO, -

7591 0.9 0.1 30.32 ZrO, - -

0/Sn ~ 1.72, which is smaller than the value for stoichiometric ZrO,
and SnO,, suggesting the presence of oxygen vacancies [42]. This
oxygen vacancy contributes to the PL in nanocomposite ZrO,-Sn0O,
thin film.

3.3. Microstructural studies

Fig. 4 shows the scanning electron micrograph of nanocom-
posite ZrO,-Sn0O, thin films ZS19, ZS37, ZS55, ZS73 and ZS91 on
quartz annealed at 500°C. By adding ZrO,, two phenomena, in
principle, could be acting. One is the interconnection between orig-
inal SnO, grains by ZrO, phase. The other is the simultaneous
filling of SnO, pores. These two effects lead, firstly, to an aggre-
gation of the resultant composite particles. By thermal treatment
at 500°C, and considering the differences in molar ratios of films,
these two effects produce small aggregates seen in ZS19 and ZS37.
By increasing the amount of ZrO, the microstructure of the com-
posite ZS55 becomes more uniform. For 0.5/0.5 ratio (ZrO,/Sn0;)
homogeneous dispersion of isolated SnO, particles in ZrO2 matrix
is observed. Further increasing of the ZrO, phase contents, hardly
any SnO, particles can be seen dispersed in ZrO, matrix (ZS73
image) and results in the film cracking, as is evident in the ZS91
image.
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3.4. Optical studies

Fig. 5 shows the spectral transmittance of nanocomposite
Zr0,-Sn0,, thin films (various molar ratios) on quartz annealed at
500°C. The presence of oscillations in the composite thin films is
indicative of the homogeneity and uniform thickness of the film. It
can be noticed from the spectra that ZS55 film has demonstrated
superior spectral profiles. In this molar ratio, SnO, is found to be
highly dispersed in ZrO, matrix (SEM image ZS55). However, exces-
sive SnO; could not disperse uniformly due to the phase separation
caused by the aggregation of excessive SnO, (SEM images ZS37
and ZS19). A proper amount of SnO, could improve the optical
transmittance of the nanocomposite film due to the synergic effect
between SnO, and ZrO,. However excessive SnO, led to the phase
separation which decreased the transmittance of the nanocompos-
ite ZrO,-Sn0, thin films. At the absorption edge, the interference
fringes gradually disappeared, and all spectra show a sharp fall
of transmittance derived from the fundamental absorption of the
films. Furthermore, with increasing molar ratio of ZrO,/Sn0,, a
clear blue shift of these interference free regions can be observed
suggesting a remarkable increase in the band gap of the films. Opti-
cal band gap (Eg) values are obtained by extrapolating the linear
portion of («hv)? versus hv plots [Fig. 5 inset] to intercept the
photon energy axis [43].
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Fig. 3. XPS spectra of nanocomposite ZrO,-Sn0, thin film ZS55 annealed at 500°C: (a) O1s, (b) C1s, (¢) Sn 3d and (d) Zr 3d.
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Fig. 4. SEM micrograph of nanocomposite ZrO,-Sn0O; thin films: (a) ZS19, (b) ZS37, (c¢) ZS55, (d) ZS73 and (e) ZS91 on quartz annealed at 500°C.
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Fig. 5. Transmission spectra of nanocomposite ZrO,-SnO; thin films: (a) ZS91, (b)
7537, (c) ZS55, (d) ZS73 and (e) ZS91 deposited on quartz annealed at 500 °C. Inset
shows plots of (ahv)? versus hv curve.

Table 2 gives the thickness, band gap and refractive index of the
composite thin films which are calculated from the Swanepoel’s
method [43] .The refractive indices values show composite depen-
dent evolution of the refractive index of the composite films. The
ZS55 sample shows higher value of refractive index with respect
to nanocomposite films of other molar ratios (Table 2) and sol-gel
derived pure zirconia films [44]. This may be due to better densifi-
cation of the ZS55 composite thin film. We can infer that the ZS55

Table 2
Thickness, band gap and refractive index of nanocomposite ZrO,-Sn0O, thin films
on quartz annealed at 500°C.

Sample Thickness (nm) Band gap (eV) Refractive index (n)
Z519 - 4.28 -

7537 182 4.78 1.79

7555 302 4.97 2.11

ZS73 182 543 1.95

7591 229 5.58 1.92

composite film has a better crystallinity than the other Zr:Sn ratio
films. The band gap of the nanocomposite thin film decreases from
5.58 to 4.28 eV with increase in Sn concentration. The change in
the band gap is realized by incorporating the molecular structure
of SnO,, into the solid net works of the ZrO, thin films.

At this point, it should be noticed that the band gap value can
be easily tuned by simply changing the relative concentration of
zirconium and tin elements. The most interesting aspect noticed
in the present experiment is the superior spectral refractive index
feature of ZS55 composite film over other molar ratio and pure
zirconia films. Such a condition can favourably be utilized in the
tuning of the refractive index and band gap beyond the values of
the participating components.

3.5. Photoluminescence

The selective emission and absorption of specific frequencies
can be connected to the presence of impurities (foreign ele-
ments) and imperfections that provide localized energy levels in
the forbidden energy gap. Luminescent materials generally con-
tain impurities called activators, which contribute to energy levels,
which are responsible for the emission of visible light. Precursors
based on Zr and Sn contain small percentage of intrinsic impurities
that contributed to surface defects formation (Zr interstitials, Sn
interstitials). However, it does not cause the main effect of lumines-
cence. An effective activator level is that level which the electron
finds it easy to enter and leave. Otherwise the electron may pre-
fer to recombine directly, by descending to the valence band. There
are two possibilities of recombination taking place: (a) the electron
descends to an excited activator level, and radiates by a transition
to the activator ground state and (b) the electron is first trapped
in levels that do not allow transitions involving radiation. The elec-
tron is eventually excited to the conduction band and then radiated
by going to an activator level.

According to the excitation spectra of all samples (not shown
here), the absorption intensities of ZrO, and SnO-, particles are very
weak, where as the nanocomposite thin film shows a strong absorp-
tion at 373 nm. It is well known that, the high PL efficiency is based
on the intense absorption of excitation light, so it can be believed
that the nanocomposite material gives much more intense photo-
luminescence at the excitation wavelength 373 nm. The emission
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424nm
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Fig. 6. PL spectra of nanocomposite ZrO,-SnO, thin films: (a) ZS91, (b) ZS37, (c¢)
ZS55,(d)ZS73 and (e)ZS91 deposited on quartz annealed at 500 °Cexcited at 373 nm.

spectra of the samples annealed at 500 °C are shown in Fig. 6. The
emission spectrum for ZS55 consists of emission peaks at 424, 446,
484 and a broad peak centered at 551 nm.

The emission peak at 424 nm may be due to oxygen vacancies
in ZrSnO4 which interact with interstitial atoms of zirconium and
tin and lead to the formation of trapped states within the band gap
giving rise to photoluminescence [45]. The blue PL emission peak
observed at 446 nm is ascribed to the mid gap trap states of SnO,
[46]. The peak at 484 nm is synonymous with the shoulder peak
observed by Gao and Song in ZrO, at room temperature [47]. Soares
et al. reported a broad emission band at 551 nm due to stabilized
zirconia single crystals [48].

Because Sn or/and Zr in ZrSnO4 is in orthorhombic oxygen
coordination, the emission of the composite nanocrystals is also
attributed to the similar surface defects in oxygen orthorhom-
bohedron. Incorporating Zr** ions into SnO, creates different
environment for oxygen atoms and then influence the environ-
ment of the surface defects, therefore the emission spectra of the
nanocrystals doped with Zr** ions increased compared with that of
pure nanocrystals. In addition, the Zr** ions can increase the dis-
order of the oxygen orthorhombohedron, and thus the PL intensity
increases till ZS55. It is observed that further increase of Zr** con-
tent can weaken the emission as reported by Liu et al. [49]. So, the
PL intensity of ZS73 is lower than that of ZS55.

It is well known that the photoluminescence depends strongly
on the concentration of the activators. The PL intensity becomes
weaker when the activators become more concentrated. This
means the more the SnO, particles uniformly dispersed, the more
the luminescence is efficient. From the above results, it is clear
that, the SnO, particles are adsorbed on the surface of ZrO, par-
ticles, so the interaction between the SnO, particles decreases and
a good dispersion of SnO,, particles is obtained (SEM image of ZS55)
and as a result, the peak at 446 nm of the nanocomposite ZS55
shows an increase in the PL intensity. On the other hand, if too
many SnO, particles are adsorbed on the surface of ZrO, particles,
they will combine with each other and aggregates will be formed
(SEM images ZS19 and ZS37). As a result the energy band gap of the
nanocomposite decreases and the interaction between electrons
and phonon increases [50], and this phenomenon directly caused a
red shift of the peak wavelength and a decrease of the PL intensity.

4. Conclusions

The presently studied composite ZrO,-SnO, thin films
deposited through sol-gel co-deposition process have demon-
strated several interesting optical, microstructural and morpho-
logical evolutions. The addition of certain amount of SnO; in ZrO,
has resulted in densification of microstructure and the formation
of orthorhombic ZrSnO,4 phase in the film annealed at 500 °C. This
has also resulted in a better grain structure ordering which ulti-
mately led to display of superior spectral refractive index profiles
and enhanced PL emission. Besides these films also demonstrated
the tailoring of band gap values. The PL emission peak of the com-
posite film at 424 nm excited at an excitation wavelength of 373 nm
indicates the presence of oxygen vacancies which interact with
interfacial atoms of zirconium and tin giving rise to photolumi-
nescence. These composite films have opened up a new dimension
in optical applications in which it is possible to tailor the band gap
and refractive index in co-deposition process beyond the limits of
the participating components.
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