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Multilayers (ML) of [SnO,/Mn], were deposited by RF-magnetron sputtering on quartz substrates at
room temperature using metal targets. The XRD pattern and the XRR show amorphous and discontinuous
nature of ML respectively. The transmittance (at 550 nm) as well as the estimated optical band gap (Eg)
decreases with the increase in the number of bilayers. The present study shows that the optical properties
of the present ML can be tuned by changing the n value.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Semiconductors have been used for centuries in electronics. Due
to the presence of free carriers they are used extensively for appli-
cations which require high conductivity. Oxide semiconductors like
ZnO, Sn0,, TiO,, etc. possess high band gap (>3.2 eV) and are trans-
parent in the visible region. Multilayers (ML) of these oxides with
various metals give enhanced optical and magnetic properties than
the corresponding doped systems [1]. They have various applica-
tions in GMR [2], solar cells [3], etc. They are easier to manipulate to
achieve required optical properties and are useful in applications
like plasmon lithography [4], UV band pass filters [5], gas sensors
[6], photo catalyst [7], heat reflectors, eye protectors, etc.

Some of the factors which affect the band gap of ML are the num-
ber of layers [8], thickness of each layer [9,10] and lattice mismatch
at the interface [11]. SnO; is a wide band gap (3.6eV) semicon-
ductor which is transparent in the visible region. ML of SnO, with
Fe,03 [6], TiO, [12] and CdO [13] has been used to enhance the gas
sensing properties, as photocatalyst and to engineer the band gap
respectively. These multilayers are often prone to pin holes which
deteriorate their magnetic and transport properties.

A new class of materials called discontinuous ML has been
gaining attention due to their enhanced magnetic and transport
properties. In these materials the metallic particles are isolated by
the insulator matrix, thereby minimizing the effect of pin holes.
The magnetic nature of the metallic particles is well preserved by
the surrounding matrix and results in high coercivity. Such discon-
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tinuous ML exhibit high resistivity, low field sensitivity [14] due to
coulomb blockade, percolation and quantum size effects. Fabrica-
tion of these materials at room temperature is of great advantage.
Alternate deposition of very thin layers of the metal and the insula-
tor increases the concentration of defects like oxygen vacancies or
interstitials at the interfaces [15]. The metal particles get embed-
ded into the matrix when the thickness of the layers is comparable
to the interface roughness. ML prepared by stacking layers of wide
band gap semiconductor and metal alternately paves way in tuning
the optical properties [16]. The enhanced optical properties in ML
of metals and dielectrics is attributed to the phenomenon of surface
plasmon resonances at the interface [17].

In the present work we report the fabrication of (SnO,/Mn) dis-
continuous multilayers and their optical properties.

2. Experimental

ML of Mn and SnO, were deposited alternately on clean and unheated quartz
substrates using RF magnetron sputtering system. The configuration of the system
is described elsewhere [18]. The SnO, and Mn layers were deposited using high
purity (99.99%) Sn and Mn target of 2 in. diameter. The deposition of SnO; layers was
done in oxygen environment at partial pressure of 7.9 mTorr using 25 W of power.
The deposition of Mn layers was done in argon environment at partial pressure of
4.5 mTorr using 45 W of power. The rate of deposition was determined by depositing
SnO, and Mn layers individually. The thickness of each layer was controlled by
controlling the duration of deposition. The structure of the ML is [SnO, x A/Mn y A],
where n denotes the number of bilayers. In order to study the effect of bilayers,
[SnO, 12 A/Mn 24 A, with n=5, 10, 20, 40 ad 60 bilayers were deposited.

The films were characterized using X-ray diffractometer (Inel XRG 3000) and
XRR (Bruker) equipped with Co K« radiation source. The total thickness of various
ML was measured using a surface stylus profilometer (AMBIOS Tech Model XP-
1). The reflectance and transmittance spectra in UV-vis-IR range were recorded at
room temperature using a JASCO-670 spectrophotometer. The optical properties of
the ML were compared with SnO; film of comparable thickness.
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Fig. 1. (a) XRD pattern and (b) XRR spectra of [SnO; 12 A/Mn 24 A], ML.

10 20 30 40
20 (deg.)
(a) 1.04
]
0.8+ A
l—
8 o5/ 3
£ 4
Em_
‘I: 5
0.2+
0.0 T T T T T
500 1000 1500 2000 2500

Wavelength, A (nm)

(b) 0.40

Reflectance, R

—1

—_—2

——3

——

—5

1500 2000 2500

1000
Wavelength, & (nm)

500

Fig. 2. (a) Transmittance and (b) reflectance spectra of [SnO; 12 A/Mn 24 A], ML with (1) n=5, (2) n=10, (3) n=20, (4) n=40, and (5) n=60.

3. Results and discussions

The normal XRD pattern for the ML shown in Fig. 1(a) indi-
cates them to be amorphous. The X-ray reflectivity (XRR) studies
shown in Fig. 1(b) provide the multilayer nature of all the sam-
ples. The presence of bilayer peaks in all the XRR spectra confirms
that all the samples are multilayer structures [19]. The ML with
n=5 exhibits broad well separated fringes with very low ampli-
tude. This is attributed to the lower thickness of the ML leading
to diffuse scattering from the substrate [20]. The fringe width and
separation between them decreases with increase in n. The non-
periodic behavior of the fringes indicates the discontinuous nature
of the ML [21,22].

The transmittance and reflectance at normal incidence for var-
ious ML are shown in Fig. 2. It can be clearly seen that the
transmittance at 550 nm decreases and the reflectance increases
withincreasing number of bilayers. The fringes in the transmittance
and reflectance spectra arise due to the interference of the light
reflected by the substrate-film and film-air interfaces and inter-
nal reflections within the film. The maximum transmittance in the
visible region for the ML is 75%. The transmittance increases and
the reflectance decreases in the IR region for the ML. Fig. 2(a) also
shows that the absorption edge shifts towards higher wavelength
with increasing number of bilayers.

When an electromagnetic wave passes through a medium it gets
attenuated due to free carrier absorption, scattering, generation of
phonons, etc. The refractive index in such lossy medium is a com-

plex quantity. The complex refractive index fi, of a material is given
by

(1)

where the real part, n, represents normal refractive index of the
material and the imaginary part, k, represents the extinction coef-
ficient of the material. The n value is calculated from the reflectance
data using the relation [23]

n_1+J§
T 1-VR

Fig. 3(a) shows the variation of n with the wavelength (A). The
refractive index exhibits an oscillatory behavior in the visible region
between maximum and minimum values of 3.75 and 1.5 respec-
tively. Then there is a continuous decrease up to 2 in the IR region.

The extinction coefficient represents the loss of the EM radiaion
while travelling through the medium. It can be estimated using the
relation

_ ok
T 4x

where the absorption coefficient («) is a measure of the extent to

which light is absorbed by the material as it passes through. « can

be estimated using the relation
1

a = —+(In(T))

ﬁ:n+ik

(2)

k (3)

(4)
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Fig. 3. (a) Refractive index, n and (b) extinction coefficient, k of [SnO, 12 A/Mn 24 A], ML with (1) n=5, (2) n=10, (3) n=20, (4) n=40, and (5) n=60.

Table 1

Thickness, RMS and optical parameters of SnO, film and [SnO, 12 A/Mn 24 A], ML deposited in various process gas environment.

Sample id Sample Thickness (nm) E; (eV) Ey (eV) B(x1072) nat 550 nm
1 Sn0; 225 4.56+0.01 0.594 +0.009 5.38 2.8
2 n=5 19 >6.5 - - -
3 n=10 37 >6.5 - -
4 n=20 73 4.47+0.03 1.562 +0.007 1.65 2.7
5 n=40 153 2.84+0.03 1.269+0.013 2.04 3.0
6 n=60 224 2.46+0.03 0.772 +0.005 3.35 3.6
Fig. 3(b) shows the variation of k value with wavelength. It where g is the steepness factor and
initially decreases with increase in wavelength, then remains con-
stant. The extinction coefficientat 500 nmincreases with increasing kgT
number of bilayers. The ML with 60 bilayers seem to have higher p= Ey (8)

damping than the other ML. This might be due to increasing
absorbance with increasing number of bilayers.

The optical band gap (Eg) of the films is calculated from the
absorption coefficient using relation [24],

ahv=A(hv — Eg)™ (5)

where A is a constant, (hv) is the energy of incident photon and
m=0.5 and 2 for direct and indirect transitions respectively [23].
Fig. 4(a) shows (ahv)? vs. hu plot. The direct bandgap is obtained by
extrapolating the linear part of the graph to «whv = 0. The y-axis scale
has been limited to 5% of transmittance since maximum absorp-
tion takes place in this region. The absorption edge for the ML with
n=5 and 10 occurs well below 190 nm which is beyond the limit
of the instrument. Hence Eg values for these ML is greater than
6.5 eV. However, a rough estimation of Eg values for these ML is
12 and 10eV for n=5 and 10 respectively. Fig. 4(b) shows the vari-
ation of bandgap with the number of bilayers. E; decreases with
the increase in number of bilayers. The decrease of bandgap as n
increases from n=40 to n=60 is less than for lower values of n.

Further, to measure the width of tail states, Urbach energy was
calculated. The presence of tail states, initiates the absorption at
energies lower than Eg. For energies lower than Eg there is an expo-
nential decrease in absorption. In this region it neither obeys the
Tauc’s relation nor Mott and Davis’s. Urbach proposed the following
rule for absorption below Eg [25],

o = o exp {kBﬂT(hv—E)} (6)
o = o exp {hi,i;b‘} (7)

where E and « are the constants characteristics of the material and
Ey is the Urbach energy which refers to the width of the tail states.
Urbach energy also determines the rate of decrease of @ below the
band gap. This exponential dependence of « is attributed to random
fluctuations of the internal fields associated with the disorder in
the material [26]. Urbach energy is sensitive to defects, strain and
dangling bonds. Fig. 5 shows the plot of In« vs. hv. Ey is calculated
from the slope of the plot using the relation

-1

From Eq. (7) B is estimated. The values of Eg, Ey and B are listed
in Table 1. The Urbach energy is found to decrease with increase in
the number of bilayers. This might be due to decreasing disorder
in the ML. ML with low thickness are found to be more strained. As
the number of bilayer increases, the strain in the material decreases
leading to low Ey values.

In order to study the effect of Mn incorporation, the optical prop-
erties of [SnO, 12 A/Mn 24 A]gg ML is compared with that of SnO,
film of same thickness deposited using Sn target reported else-
where [27]. There is a significant decrease in transmittance and
increase in refractive index of [SnO, 12 A/Mn 24 A]gy when com-
pared with SnO,, thin film of same thickness presumably due to the
Mn metallic content in the sample. The ML has lower Eg and higher
Ey value compared with that of the SnO, film. The decrease in the
Eg values may be attributed to the metallic nature of Mn whereas
the increase in Ey values may be an interfacial effect. The mismatch
at the interface induces defects in the ML which in turn may lead
to increase in Ey value of the ML [28].
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Fig. 4. (a) Plots of (whv)? vs. photon energy, hv for (a) SnO; film and [SnO, 12 A/Mn 24 A], ML. (b) Variation of band gap (E;) with the number of bilayers.
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Fig. 5. Variation of Urbach energy of [SnO, 12 A/Mn 24A], ML with increasing
number of bilayers.

4. Conclusions

Sn0O, thin film and (SnO,/Mn), ML were deposited using RF
Magnetron sputtering. The films are amorphous in nature. The
absence of periodicity in XRR spectra indicates the discontinuous
nature of the ML. The optical properties of ML are strongly depen-
dent on the number of bi-layers. The Eg value decreases on intro-
duction of Mn layers, which can be attributed to metallic nature
of Mn. The present work shows that by varying the number of
bi-layers the optical band gap of metal-dielectric ML can be tuned.
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