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Effect of phase transition on the optical properties of
InsSeix thin films
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Thin films of chemical composition InxSe1x (x = 0.50 and 0.60 at %) are prepared by thermal evaporation technique. The
optical properties of these thin films are determined by a method, based only on the transmission spectra at normal
incidence, measured over the 400-2000 nm spectral range. This useful optical method takes into consideration the non-
uniform thickness of thermally evaporated thin films. The dispersion of refractive index is discussed in terms of the single-
oscillator Wemple and DiDomenico model. The optical absorption edge is described using the non-direct transition model
proposed by Tauc and the optical band gap (E¢°) is calculated from the absorption coefficient (a) values by Tauc’s
extrapolation procedure. It has been found that the value of refractive index (n), real dielectric constant (¢') and oscillator
strength (Eq) increase while extinction coefficient (k), imaginary dielectric constant (¢" ), average energy gap (Eo) and E°"
decrease as the In concentration increases. These results have been explained on the basis of phase transition which is

taking place in InSe thin films.
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1. Introduction

Interest in optical properties of chalcogenide glasses
has been recently increased as they are very promising
materials for use in optoelectronic applications [1]. These
glasses are very interesting materials for infrared optics.
They have a large range of transparency (~ 0.6 to 30 pm)
and good mechanical and chemical properties, such as
hardness, adhesion, low internal stress and water
resistance. The low characteristic vibrational frequencies
of chalcogenide bonds allow them to transmit far out into
the infrared [2]. These glasses show a variety of photo-
stimulated phenomena when exposed to light or other
radiations [3-7]. When these glasses are irradiated with
high energy particles or light, bond breaking and bond
rearrangement can take place, which result in the change
in local structure of the glassy materials. These include
subtle effects such as shifts in the absorption edge (photo-
bleaching and photo-darkening), and more substantial
atomic and molecular reconfiguration such as photo-
induced refractive index changes and photo-doping effects
[8,9]. In general, these phenomena are associated with the
changes in the optical constants [10,11] and absorption
edge shift [12].

InSe is a semi conducting layered compound that has
been a subject of several investigations in recent years.
The layer structure is characterized by the covalent bond
which is restricted in two dimensions in the plane of the
layer and with Van der Waals forces in the third
dimensions. These films have typical characteristics of
semiconductor layers such as, (i) the low density of
dangling bonds on the surface because of the almost
complete chemical bonds within the layer [13], (ii)
intercalation [14] and (iii) the mechanical weakness due to

the weak Van der Waals force between the layers. InSe is
a candidate material to form the heterojunction with a very
low density of interface states. The phase change takes
place in this material when the concentration of In changes
above a certain proportion. Data storage devices utilizing
the properties of phase change materials are expected to
play an important role in multimedia applications in the
near future [15,16]. One of the key problem in phase
change material applications is the density of data storage,
which is determined mainly by the bit size. Therefore, the
authors have decided to study the effect of In
concentration on optical properties of InSe semi
conducting material. The experimental details and the
characteristics of the samples are described in Section 2.
The results have been presented and discussed in section 3.
The last section deals with the conclusions of the present
work.

2. Experimental procedure

Glassy alloys of InkSei«x (x = 0.50 and 0.60 at %) are
prepared by melt quenching technique as described
elsewhere [17]. Thin films of the alloys are prepared by
vacuum evaporation technique on well-degassed Corning
7059 glass substrates at room temperature and base
pressure of ~ 2x10-> mbar using a Molybdenum boat. The
deposition rate is very slow so, that the composition of
thin film is very close to the composition of the starting
bulk material. X-ray diffraction patterns have been taken
of both the samples. The XRD of substrate with and
without In,Seix thin films have been measured. No
prominent peak has been observed in In concentration at
0.50 at %, however, at an In concentration ~ 0.60 at %,
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sharp peak has been found which indicates that the phase
transition takes place in InSe system.

The normal incidence transmission spectra of the
substrate with and without InsSe;« (x = 0.50 and 0.60 at %)
thin films have been measured by a double beam
UV/VIS/NIR computer controlled spectrophotometer
[Hitachi-330], in the transmission range 400-2000 nm. The
spectrophotometer is set with a suitable slit width of 2 nm
in the measured spectral range. It is, therefore,
unnecessary to make slit-width corrections, since this slit-
width value is much smaller than the different line-widths.
The line-width is simply taken to be the width between the
two interference extremes immediately adjacent to the one
under consideration. The area of illumination over which a
single transmission spectrum is obtained is Imm x 10mm.
All the optical constants measurements reported in this
paper are performed at room temperature (300 K).

3. Theory

The model behind Swanepoel’s method [18,19]
assumes that the sample is a thin film of uniform thickness
deposited on a transparent substrate having a refractive
index ‘s’. The system is surrounded by air, whose
refractive index is nmo = 1. The film has a complex
refractive index n" = n — i k, where n is the refractive index
and k the extinction coefficient, which is related to the
absorption coefficient (a) through the relation, k= a 1/ 4
7. The optical constants are obtained by using only the
transmission spectrum. According to this method, which is
based on the approach of Manifacier et al. [20], the
refractive index in the region where « =~ 0 is calculated by
the following equation:

n=yN+N? -5 ()

where
T -T. 2
N =2g max m1n+S +1 (2)
Tmamein 2

Tmax and Tin are the values of the envelope curves Tmax(4)
and Tmin(4) at the wavelengths in which either the upper or
lower envelope and the experimental transmission
spectrum are tangent respectively, as shown in Fig. 2. The
accuracy to which 1 can be measured is =1 nm. The
maximum absolute accuracy of Tmax and Tmin is £0.001.
The values of n are calculated using Eq. (1) at the same
wavelength as Tmax, Tmin and s.

If n; and ny are the refractive indices at two adjacent
tangent points at A4; and A, then according to the basic
equation for interference fringes

2nt = mA 3)

where ‘¢’ is the film thickness and ‘m’ is an order number.
The thickness is given by

A A
t= 2 “4)
2, .- A-m1,)

It should be noted that owing to optical absorption the
error in ‘n’ is appreciable and, consequently, the error
propagated to ‘t’ through equation 4 is significant [18].
Thus, the values of thickness will be calculated using
equation (4) and the estimated average value will be used
with the values of ‘n’ (earlier calculated values using
equation 1) to determine the order numbers (m) for the
extremes from equation (3). A big increase in accuracy
now results in taking the exact integer or half integer
values of ‘m’ for each ‘A’. The value of ‘m’ is an exact
integer where constructive interference occurs, i.e.
maxima in transmission curve and half integer where
destructive interference occurs, i.e. minima in
transmission curve. By using the earlier calculated values
of refractive index (using eq. 1), the new values of
thicknesses have been calculated (using eq. 3). Using the
values of ‘m’ and the average of these new thickness
values, the new values of refractive index has been
calculated for each ‘A’ as suggested by Swanepoel
[18,19].

The extinction coefficient k can be calculated using
relation

k= aM(4n) =(W4nd) In (1/%) )

The absorption coefficient () [19] can be calculated from
the relation

x =exp(—a.t) (6)

where x is absorbance, given by
E, —+E}, —(n* -1y (n* —5*)
(n=1°*(n—s?)

X

(7

and
8n’s
E, = T

max

+(n* =D’ -s)  @®

The dielectric constant of InsSei« films can be
calculated with the help of refractive index (n) and
extinction coefficient (k) [21]. Real dielectric constant (g)
can be calculated as given below:

g=n*-k 9

While the imaginary dielectric constant ( € ) can
be calculated as given below:

€" =2nk (10)

The absorption coefficient of amorphous
semiconductors in the strong-absorption region (a > 10*
cm’!), assuming parabolic valence and conduction band
edges, is given by [22]

Blho-E*')
awwzlf%le an
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where nw, E%” and B, represent photon energy, optical
gap and an energy independent constant, respectively.
Finally, the optical gap is calculated from the intersection
of the plot (afiw)"? vs. hw with the abscissa axis. The
refractive index dispersion n(A) can be fitted by the
Wemple-DiDomenico relation [23,24].

However, a sharp peak has been observed in IneSeso thin
film which indicates a transition from amorphous to

crystalline takes place.

The particle size has been

calculated and found to be ~ nm wusing the Debye-
Scherrers formula [25] as given below:

B=0.921/Dcos 8

4. Results and discussion

Fig. 1 (a) and (b) show the X-ray diffraction patterns
of InsoSeso and InepSeso thin films. It is clear from the
figures that there is no sharp peak present in InsoSeso film.

(12)

where B is the broadening of diffraction line measured at
half its maximum intensity and D is the diameter of

crystal particle.

Amorphous-InSe

Fig. 2 shows the optical transmission spectra 7(1) of
a-Ing.s0Seo.50 thin film. The values of »n are calculated for
both samples using Eq. (1) at different wavelengths
corresponding to tangent points (7max and Tmin). On the
other hand, the data on the dispersion of the refractive
index, n(4) have been calculated using the single-effective-
oscillator model proposed by Wemple and DiDomenico

[23,24].
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Fig. 2. Transmission spectrum of a-InsoSeso thin film.
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Fig. 1. XRD patterns of InxSei.x thin films.
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Fig. 3. Plot between 1/(n’-1) and (hw)?.

They found that all the data can be described to an
excellent approximation by the following relation:

E,E,

n’(hw)=1+——9"0
A= E oy

(13)
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where 7w is the photon energy, E; is the oscillator
strength and Ej is the energy of the effective dispersion
oscillator (typically near the main peak of the loss part of
dielectric function &, — spectrum), which is identified by
the mean transition energy from the valence band of the
lone-pair
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Fig. 4. Variation of experimentally calculated and
Wemple-DeDomenico fitted (WDF) values of n with
wavelength (1.
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Fig. 5. Variation of extinction coefficient (k) with energy
in InxSei-x thin films.
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Fig. 6. Variation of absorption coefficient with energy.
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Fig. 7. Plot between ((hw)"? and ho.

Table 1

Material| Eg | Eo | Ea n k
€eV)[(eV)]| (eV) (at (at
A=13002=1300
nm) nm)
InSe |1.08(2.21|10.53| 2.90 0.03

In;Se; |0.81]1.79| 9.52 | 4.09 0.34

The refractive-index dispersion from the Wemple-
DeDomenico model is shown in Fig. 4 for all samples,
together with the refractive indices derived using present
characterization method. It is clear from the figure that the
value of n increases as the concentration of In increases in
InSe system at all wavelengths. Fig. 5 shows the variation
of extinction coefficient (k) with different photon energies.
It is clear from the figure that the value of k increases with
the increase of photon energy and with the increase of In
concentration.

The value of absorption coefficient (a) is calculated at
different energies and plotted in Fig. 6. The value of a
increase at all energies after the In concentration is
increased in InSe system. The optical gap (Eg7) is
determined from the intercept on the energy axis of the
linear fit of the larger energy data, in a plot of (afiw)"? vs.
Ao (Tauc extrapolation [22]). Fig. 7 shows (afiw)? vs. hw
for the calculation of E,%". The values of n, Eg%" for both
samples are given in Table 1.

It is clear from the above results (see Fig. 1) that the
phase transition i.e. from amorphous (InsoSesp) to
crystalline (IneoSeso) takes place. Due to this phase
transition, the density of micro crystallites is high and the
percolation threshold has been reached. In case of InsoSeso
thin films, the densities of the micro crystallites are far
smaller and we are below the percolation threshold. Due to
the higher density of micro crystallites, the value of
refractive index (n) increases (see table 1) in case of
IngoSeso thin films. A transition from p — n has been
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reported in InSe alloy when the concentration of In
increases above a certain level [26,27] and this has been
attributed to the percolation threshold between these
crystallites.

5. Conclusions

The optical properties of InSei thin films have been
measured and calculated from the transmission spectra by
using Swanepoel’s method. The experimentally calculated
values of refractive index are in good agreement with
Wemple Didomenico fitting expression of refractive
index. There is a good consistency between the results
obtained in the present work and those previously reported
by other authors for related alloys. A phase transition from
amorphous to crystalline takes place as the concentration
is increased from 0.50 to 0.60 at % of In. Increasing the In
concentration into the InSe system introduces the excess
electronic delocalized states into the InSe binary system.
We have analyzed the optical-dispersion data using the
Wemple-DeDomenico single-effective-oscillator model.
The change in the refractive index after increasing the In
concentration into InSe glass, makes this system an
attractive candidate as optical recording medium.
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