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ABSTRACT

The nano multilayered thin films of Sh/As,S; metal chalcogenide were prepared by thermal evaporation technique under high
vacuum. The optical parameters such as optical band gap, tauc parameter, urbach energy were determined from the transmission
spectra using Fourier Transform Infrared Spectroscopy. These properties are greatly influenced by the thickness of the nano
layered Sb/As,S; thin film. The Small Angle X-ray diffraction study reveals the amorphous nature of these films. The analysis
reveals that the optical band gap decreases with increase in thickness due to Sb metal. The tauc parameter and urbach energy
supports the optical property change. Such type of dependence is attributed to quantum size effect in semiconductors.
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Introduction

Metal chalcogenide nano multilayered thin films are
currently attracting considerable attention due to its wide
range of applications in holographic recording and
fabrication of phase gratings [1, 2]. These amorphous
nanolayered chalcogenide structures are similar to the
crystalline superlattices yet distinct from ideal crystalline
superlattices produced by molecular beam epitaxy.
Recently, chalcogenide glasses were prepared in the form
of high quality multilayers with nano modulation which
established the possibilities for tailoring the optical
properties [3]. Nanostructure processing in chalcogenide
glasses offers new possibilities for tailoring the electrical,
optical and thermal properties. These nanostructures are
zero-dimensional ~ quantum  dots,  one-dimensional
chalcogenide molecules embedded in nanoscale channels
and two dimensional structures like ultra-thin films and
multilayers [4]. The multilayer film of Si has significant
role is solar cell applications [5].

Among these, Sb/As,S; nano multilayered films are
attractive because of its prominent application in efficient
amplitude phase modulated optical relief holograms [6].
Nevertheless, the availability of amorphous semiconductors
in the form of high quality multilayers provides potential
applications in the field of micro and optoelectronics. The
change in their optical properties like refractive index,
optical bandgap and absorption coefficients has to be taken
into account for some applications in opto-electronics.
These films may be used for modeling solid state synthesis,
optical recording and one step fabrication of optical relief
with high intensity laser beams in the spectral range of high
optical absorption [7]. Dielectric mirrors can be made from
high refractive index contrast amorphous chalcogenide
multilayered films [8]. There is a much interest in physical
properties of nanometer size (10-80 nm) semiconductor

clusters. This size regime is interesting because it is where
the transition from molecular to bulk electronic behaviour
occurs [9].

In our previous paper, we have shown the optical
properties change due to photo induced effect in Bi/As,S;
bilayer thin films [10]. Takats et al. have studied the
structural and optical changes in the Bi(Sb)/As,S;
multilayers thin films which have potential applications in
efficient amplitude-phase modulated optical relief
recording as well as for creating surface patterns with
modified electrical parameters [11]. The quantum size
effect due to thickness variation is observed in In-Bi-Te
film [12]. We have shown in our previous paper that the
light stimulated diffusion of Te into As,S; matrix resulted
to photo-darkening in Te/As,S; bilayer film. The solid
solution of Te-As,S; formed after intermixing reduces the
optical band gap [13]. So, selecting suitable pairs of
chalcogenide glasses with different optical gaps, one can
modify the parameters of the light sensitive layers and use
them for optical recording. For this reason, we have taken
two important materials such as As,S; and Sb for their wide
usefulness.

The effect of thickness on the optical properties of
As,Se; film was studied which results in the increase in
optical band gap with increase in thickness [14]. The
influence of thickness on various optical properties of
GeSe, film was probed by various techniques [15]. The
decrease in optical band gap with increase in thickness is
reported for InSb film [16]. So, various authors have
studied the thickness effect on the optical properties of
single layer film. But, in the present work, we report the
effect of Sb layer thickness on the optical properties of
Sb/As,S; thin films where we have compared three
different thicknesses such as 470 nm, 630 nm and 870 nm.
The top Sb layer thickness modifies the contact surface
between the two layers and makes the changes in optical
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properties. The optical band gap, refractive index,
extinction coefficient and dielectric properties are
significantly dependent on the film thickness. So, by using
the properties which are changed due to the thickness of the
film, we can fabricate the integrated optical materials. By
selecting suitable thickness of the film, one can make
devices which are sensitive to thickness of the film and use
them for optical recording materials and holographic study
material. The changes were characterized by various
experimental techniques such as Small Angle X- ray
Diffraction and Fourier Transform Infrared spectroscopy as
discussed in the present paper.

Experimental
Materials

High purity As,S; (99.999 % pure) and Sb (99.999 % pure)
were purchased from Sigma-Aldrich Chemical Co. and
used as received. Sh/As,S; nano-multilayered films with a
total thickness of 470 nm, 630 nm and 870 nm were
prepared by conventional cyclic thermal evaporation
technique from high pure Sb and As,S;. The modulation
period was different for different film thickness. The total
thickness of the film was measured by Alpha Step 500 as
well as by the optical method using the interference pattern
of the optical transmission spectra. The sub layer thickness
of Sb and As,S; are 1.8 nm and 2.9 nm (470 nm), 2.4 nm
and 4.9 nm (630 nm) and 2.9 nm and 5.8 nm (870 nm)
respectively. The deposition rate was 1-10 nm/s in a
vacuum of 5 x 10 Pa. To avoid thickness in homogeneity,
the substrates were rotated during evaporation.

Methods

The periodicity and the quality of the multilayer was
monitored by the Small Angle X-ray Diffraction (SAXRD)
method (Siemens, Cu K, A= 1.54 A). The elemental
presence in the as-prepared film was checked by energy
dispersive X-ray analysis (EDAX) in Sirion XL 40 in which
EDAX is attached. The scan was done at 20 kV with 40 pA
emission current exposing a sample of 1 cm? size at
2 x 1077 Torr pressure. The optical transmission spectra
were taken by using the Fourier Transform Infrared (FTIR)
spectrometer from Bruker Optics (IFS66v/S) in the visible
wavelength range 400-1200 nm. The measurement was
done at room temperature. The measurement was done
inside the sample chamber of the spectrometer in dark
condition. The reflection loss was not that much as
compared to the high absorption in the band gap region.
The sample chamber was in vacuum condition to avoid
oxidation.

Results and discussion

The quality of the nano multilayered films (NML) were
characterized by SAXRD spectra as shown in Fig. 1.
Although the SAXRD spectra did not show very well-
defined, highly periodic structure, the periodicity calculated
from these experiments and from the data of thickness
measurements for the given number of deposition cycles
were in good accordance. Since the interfaces and the
periodicity in such a structure are not perfect the surface
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roughness of the as-prepared NML also is about 1 nm. It
may be concluded that probably this NLF consists of
layer-arranged metal clusters separated by As,S; layers.
Additional transition layers may appear at interfaces or the
period may change a little during the deposition. This may
be the reason of the double maximum diffraction peak,
presented in Fig. 1. The absence of sharp peaks confirms
the amorphous nature of the multilayered films.
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Fig. 1. XRD patterns of the Sb/As,S; nano-multilayered films.

Fig. 2. EDAX spectrum of Sb/As;S3 nano-multilayered film.
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Fig. 3. Transmission spectra of Sh/As,S3 nano-multilayered film.
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The presence of As, Sb and S was confirmed from the
EDAX spectrum as shown in Fig. 2. The transmittance
spectra of the NML films as a function of wavelength are
plotted in Fig. 3. It can be seen that the ‘non-shrinking’
interference fringes observed in the transmittance spectra at
higher  wavelength  (500-1100 nm) indicate the
homogeneity and smoothness of the deposited films.

The absorption coefficient of the NML films was
calculated from the experimental data of transmittance and
reflectance in the strong absorption region using the
relation [17],

«=tim (2)

@
where, T is the transmittance, R is the reflectance and d is
the thickness of the deposited film. Fig. 4 shows the
dependence of the absorption coefficient on wavelength for
the films. It has been observed that the absorption
coefficient increases with thickness. In crystalline materials,
the fundamental edge is directly related to transitions from
the conduction and valence band, and associated with direct
and indirect band gaps, whereas in the case of amorphous
material the transitions are termed non-direct owing to the
absence of an electronic band structure in k-space.
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Fig. 4. Absorption spectra of Sb/As,S3 nano-multilayered film.

In the absorption process, a photon of known energy
excites an electron from a lower to a higher energy state,
corresponding to an absorption edge. In chalcogenide
glasses, a typical absorption edge can be broadly ascribed
to one of the three processes: (i) Residual below-gap
absorption (ii) Urbach tails and (iii) interband absorption.
Chalcogenide glasses have been found to exhibit highly
reproducible optical edges, which are relatively insensitive
to preparation conditions and only the observable
absorption [18] with a gap under equilibrium conditions
account for the first process. In amorphous materials, a
different type of optical absorption edge is observed and
absorption coefficient increases exponentially with the
photon energy near the energy gap. This type of behavior
has also been observed in other chalcogenides [18, 19].
This optical absorption edge is known as the Urbach edge
and is given by,
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a(ht) = ayexp (Z—I:J @)

where, , 0 is a constant and E. corresponds to the Urbach
energy (the width of the band tail of the localized states in
the band gap). In this region, transition between (defect)
states in the gap and the bands take place [20]. Plotting the
dependence of log (o) on photon energy will give a straight
line. The calculated value of E., the inverse of the slope of
the straight line, gives the width of the tails of the localized
states into the gap at band edges. In evidence, the Urbach
energy of 870 nm film exhibits a higher value of 501 +
2 meV, whereas Urbach energy decreases with decrease in
thickness to 387 = 1 meV (for 630 nm) 200 £ 3 meV for
thinner film of thickness 470 nm. From the above results, it
is concluded that the film of 470 nm thickness possesses
structural randomness and as the thickness increases the
defects are increased.
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Fig. 5. Band gap variation with thickness.

The fundamental absorption edge in most amorphous
semiconductors follows an exponential law. Above the
exponential tail, the absorption coefficient has been
reported [21] to obey the following equation:

(aht)V? = BY2(ho —E,) ©)

where, v is the frequency of the incident beam, B is a
constant, Eg is optical band gap. By plotting (¢hv)"* vs (hv)
and fitting the distinct linear regime which denotes the
onset of absorption, with straight line fitting, the x-intercept
will give the value of optical band gap as shown in Fig. 5.
The slope of the fitting will give the value of BY2. The
constant B includes information on the convolution of the
valence band and conduction band states and on the matrix
element of optical transitions, which reflects not only the k
selection rule, but also the disorder induced spatial
correlation of optical transitions between the valence band
and conduction band [22]. Moreover, B is highly dependent
on the character of the bonding. The above equation is
valid for a number of amorphous materials in the spectral
region of large (10°-10° cm™), i.e., Tauc region. The error
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in different optical parameters was calculated by the y2
fitting values. These values are automatically calculated as
standard errors after straight line fitting of different plots.
The optical band gap of the As,S; film is found to be 2.38 £
0.002 eV whereas the band gap reduced to 1.80 + 0.001 eV
for Sb/As,S; 470 nm film. Since the optical absorption
depends on short-range order in the amorphous states and
defects associated with it, the decrease in optical band gap
may be explained on the basis of “density of state model”
proposed by Mott and Davis [23]. It is found that the
optical band gap decreased from Eg = 1.80 + 0.001 eV for
470 nm film to E4 = 1.69 + 0.001 eV for 630 nm film as the
absorption edge shifts to lower photon energies with the
deposition of more Sb on it. The modulation period of
630 nm film is more than that of 470 nm film. The optical
energy gap decreased to 1.15+ 0.002 eV for 870 nm films
with increasing thickness and these changes can be
attributed due to the presence of defects in amorphous
materials [24]. The initial formation of films is significantly
affected to a great extent by the structure of the substrate.
During the deposition of As,S; film on the glass substrate,
some defects were present in the lower surface and it
decreases as the thickness increases. When we have
deposited Sb layer on the As,S; layer, then again the
defects were created near the surface. In particular, it is
known that unsaturated bonds (Sb-Sb) together with some
saturated bonds (As-S) are produced as a result of an
insufficient number of atoms deposited in amorphous films.
These unsaturated bonds are responsible for the formation
of defects in the film which produce localized states in the
amorphous solids. The presence of a high concentration of
localized states in the bond structure is responsible for the
low values of the optical energy gap in the case higher
thickness film. By increasing the thickness of the Sb layer
from 1.8 nm to 2.9 nm, the formation of unsaturated defects
is greatly enhanced and produces a large number of
unsaturated bonds such as Sb-Sh, S-S and As-As. The
reduction in the number of saturated defects increases the
density of localized states in the band structure and
consequently decreases the band gap. This is well
supported by the Tauc parameter and the Urbach energy.
B2 exhibits a higher value of 709 + 1 cm ™2 eV "2 for the
NML film of lower thickness (470 nm) as compared to
870 nm film 418 + 3 cm™'? eV "2 But as the thickness
increases, B also decreases and exhibits a lower value of
553 + 1 cm'* eV "? for the 630 nm NML film. In
evidence, the Urbach energy of lower thickness film of
470 nm exhibits a lower value of 200 + 3 meV, whereas
Urbach energy increases with increase in thickness. The
smaller the BY2 value, the higher the structural disorder
[25]. So, the decrease in Eq in the amorphous films can be
explained by the increased tailing of the band tails in the
gap. The Sb metal deposition decreases the transmission
and the optical band gap making the film more conducting.
The decrease in band gap with increase in thickness of
these multilayer films may also be due to the quantum size
effect as observed in Se [26].

Conclusion

The NML films have amorphous nature as confirmed from
the SAXRD. Various parameters related to optical
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properties were calculated for different thickness NML
films of Sb/As,S;. The optical transmittance decreased with
thickness of Sb layer. The absorption mechanism in the
film is due to indirect allowed transition. The decrease in
optical band gap is due to the change in localized states
near to the band edges which is attributed to the increased
tailing of the band tails in the gap. This deposition of more
Sb layer thickness creates more homopolar bonds which are
responsible for the decrease of band gap as well as the
increase in disorder that we have seen from the decrease
value of B*? and increase value of Urbach energy. So, by
using the properties which are changed due to the thickness
of the film, we can fabricate the integrated optical
materials. By selecting suitable thickness of the film, one
can make devices which are sensitive to thickness of the
film and use them for optical recording materials and
holographic study material.
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