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ABSTRACT
This work reports the formation of topological Bi2Se3 phase upon annealing higher % of Bi content in amorphous As40Se60-xBix (x = 2, 7, 10
and 15%) chalcogenide thin films prepared by thermal evaporation process. The phase identification was done by X-ray diffraction study and
Field emission scanning electron microscopy studies confirm the phase transformation in As40Se45Bi15 thin film. The Raman measurements
indicated the formation of crystalline As4Se4 and Bi2Se3 phase with annealing at 473K and the indirect optical band gap were found to
decrease with increase in Bi concentration on thermal annealing as probed from the optical measurement. The changes in optical parameters
were described on the basis of the density of localized states and the electrical resistance was found to be decreased which has been measured
at room temperature by using the two-point probe technique.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5111019., s

I. INTRODUCTION

Due to the high transmission in infrared region of the light
spectrum and photosensitive nature, chalcogenide materials have
found themself for preparing infrared sensors, integrated optics and
ultrahigh bandwidth signal processing.1 Since, chalcogenide glasses
occur in the non-equilibrium state due to sudden quenching, their
different physical parameters must be relaxed which can be done by
thermal annealing at different temperatures.2 These parameters play
a significant role in the optical properties of such materials in thin
film form which have much importance from the device applica-
tion point of view. Among them, phase transformation (amorphous-
crystalline) due to external stimuli like laser irradiation, heat treat-
ment, and ion irradiation is a significant one for rewritable optical
memories and optical recording devices.3–5 The simplest technique
for tuning the optical parameters in chalcogenide thin films is done
by thermal annealing which also brings changes in physical and
chemical properties. Thermal annealing is a unique process for the

phase transformation from amorphous to crystalline phase in glassy
materials and such investigations give useful information regard-
ing the mechanism of crystal growth and nucleation process.6 It is
a useful technique for the investigation of the reduction of intrinsic
defects in amorphous state while transforming to crystalline phase
which helps the chalcogenide materials for application in electri-
cal switching and optical device.7,8 The two types of new phase
developed by thermal annealing in As2Se3 films brings a correla-
tion between the two time scales measured through the refractive
index.9 The formation of AgInSe2 phase from the Ag/In/Ag/In mul-
tilayer stack by thermal annealing is used for solar cell absorb-
ing layer.10 In a similar manner, the AgIn5Se8 phase was formed
from the Ag/In2Se3 bilayer film upon thermal annealing at 250○C.11

The amorphous-crystalline phase transformation in Ge20In5Se75
thin film due to annealing changed the optical parameters to a
great extent.12 The annealing induced linear and nonlinear optical
properties in As47.5Se47.5Ag5 thin films are useful for optoelectronic
applications.13 The changes in optical parameters with annealing
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temperature were described on the basis of structural relaxation as
well as changes in defect states and density of localized states dur-
ing amorphous to crystalline phase transformation in Se85In15−xZnx
thin films.14 However, the annealing induced change in Bi doped
films has shown strong thermoelectric power effect due the presence
of Bi2Se3 phase.15 The Bi3Se2 phase formation by thermal annealing
of Bi/As2Se3 heterostructure film changed the optical, morphologi-
cal and structural properties along with decrease in grain size.16 The
crystallized Se, In2Se3 and Bi2Se3 phases has been observed upon
annealing the BixIn25-xSe75 films at 440K which results decrease
in band gap and change in electrical conductivity.17 The anneal-
ing induced Bi diffusion into GeSe2 layer at 250○C created Bi2Se3
phase that also decreased the optical band gap of the host material as
explained on the basis of density of defect states and degree of disor-
der.18 The annealing temperature affected the structure and optical
properties of Bi5Ge40Se55 thin films with evolution of two phases
GeSe2 and Bi2Se3.19 So, crystallization of thermoelectric phase from
the amorphous material could be a promising approach to get a
thermoelectric material. The decrease in optical band gap (Eg) by
annealing is an important feature specifically for optical recording
memory.

In this regard, we have studied the effect of Bi addition into
As40Se60 host matrix in our recent paper which shows amorphous
nature of the films with change in optical properties.20 However, in
the present report we have shown the annealing effect on the struc-
tural, optical and electrical properties of As40Se60-xBix chalcogenide
thin films that shows Bi2Se3 phase formation in 15% Bi content. The
structural investigation is being done by X-ray diffraction (XRD)
and Raman analysis. The optical property has been deduced from
the transmission data in a wide spectral range of 500-1100nm. The
surface morphology is being analysed from Field emission scanning
electron microscopy (FESEM) and the elemental confirmation by
Energy dispersive X-ray analysis (EDS).

II. EXPERIMENTAL TECHNIQUES
Bulk samples of As40Se60-xBix were prepared by melt quench-

ing technique by taking highly pure (99.999%) As, Se and Bi (Sigma
Aldrich). The constituent chemicals were weighed according to
their atomic percentage and sealed in a chemically cleaned quartz
ampoule with a vacuum of ∼10−5 Torr. The sealed ampoule was kept
inside a slow rotating furnace, and the temperature was raised with
a heating rate 10 K/min up to 950○C and then kept constant for
24 h to make the melt homogeneous. After that, the ampoule was
quenched in the ice-cooled water within a fraction of time to avoid
the crystallization process.

The thin films of As40Se60-xBix were prepared by thermal evap-
oration process using a Hind High vacuum coating unit (HIND-
HIVAC Model 12A4D) on glass substrates kept at room temperature
under the vacuum of ∼5 × 10−5 Torr from the prepared bulk sam-
ple. The rate of deposition was fixed at 5nm/s, and the thickness
of the film was ∼800 nm which was controlled by using a quartz
crystal monitor. To get the homogeneous and uniform film, the sub-
strates were rotated slowly during the evaporation process. The tem-
perature rise of the substrate due to radiant heating from crucible
was negligible. The as-prepared films were annealed at 473 K for 2
hours inside the ceramic closed tubular furnace. After annealing, the
samples were taken out after cooled down to room temperature.

The structural nature of annealed films was characterized by
XRD (Bruker D8 advance) with copper target as a source of X-ray
with λ = 1.54 Ȧ. The scanning speed was maintained at 1○/min
with a glancing angle of 2○. The morphological picture was taken
by FESEM (ZEISS, SUPRA-40) set up in which EDS is attached
that determined the elemental composition of the films. The opti-
cal transmittance measurements for the annealed As40Se60-xBix thin
films have been carried out by using UV-Visible-NIR spectropho-
tometer (Bruker IFS 66v/s) over the 500–1200 nm wavelength range.
The micro-Raman spectra of the studied films were recorded using a
Raman Spectrometer (HORIBA T64000) with 514.5 nm Argon ion
laser of power 1mW. The spectra were calibrated using the 520 cm−1

line of silicon thin film, and the spectra were taken with 40 seconds
acquisition time. The I-V measurements were performed by using
Agilent B2912A at room temperature in which Two – probe method
was adopted.

III. RESULTS AND DISCUSSIONS
A. Structural analysis

Fig. 1 shows the XRD pattern of annealed As40Se60-xBix thin
films that do not reveal any peak for x=2, 7 and 10% Bi con-
tent inferring the amorphous nature same as that of for the as-
prepared film also.20 However, the annealed film of 15% Bi compo-
sition shows XRD peaks at positions at 16.03○, 27.57○ and 44.38○.
The peak at 16.03○ refers to As4Se4 phase (ICDD no. 71-0388)
and 27.57○, 44.38○ peaks refer to the Bi2Se3 phase (ICDD no. 77-
2016). But, the as-prepared As40Se45Bi15 film doesn’t have any crys-
talline peak; however the bulk form is having the sharp peaks.21

The segregation of Bi-rich clusters does not appear at smaller per-
centage of Bi due to its atoms are mixed homogeneously within
the parent As-Se matrix. But at higher Bi % (15%), it enters into
the As-Se network and its reaction with Se formed the Bi2Se3
crystalline phase. So the two different new phase formation in Bi

FIG. 1. XRD pattern of annealed As40Se60-xBix (x = 2, 7, 10 and 15%) thin films.
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FIG. 2. FESEM images of as-prepared and thermally
annealed As40Se60-xBix (x = 10 and 15%) thin films.

15% film shows the amorphous to crystalline transformation with
annealing.

The crystallite size (D) of the two planes (211) and (341) cor-
responding to Bi2Se3 phase were determined using the well-known
Sherrer X-ray diffraction formula22

D = 0.9λ
βcosθ

(1)

where λ= 1.5406 Å is the Cu-Kα line wavelength, θ the Bragg diffrac-
tion angle and β the diffraction peak width (FWHM) expressed in
radians. The estimated crystallite size was found to be 20.4 nm and
15 nm respectively.

The surface morphology as-prepared and annealed As40Se50Bi10,
As40Se45Bi15 thin films are shown in Fig. 2. It is noticed that the
microstructure of the 10% Bi film show a smooth and uniform sur-
face after annealing at 200 ○C which indicates the films are amor-
phous in nature. On the other hand in 15% Bi film after annealing
a large no. of grains are formed during the crystallization process.
This indicates the film consists of different rod-like shaped phases
are embedded inside the glassy matrix.

The presence of the constituent elements before and after
annealing for As40Se45Bi15 film is presented by EDS spectra in
Fig. 3. This also confirms the nearly stoichiometric composition
after thermal annealing with slight variation. The calculated and
observed concentration of the elements in Bi15% film is presented in
Table I.

Fig. 4 shows the Raman spectra of annealed As40Se60-xBix
(x = 2, 7, 10 and 15%) thin films in which we observed the
Raman active peak (117 cm-1) along with broadband centered at
228 cm-1. This broad band has been attributed to As-Se vibration
in AsSe3 pyramidal units that is well agreed with that of the ear-
lier reports.23,24 The position of As-As vibrational mode along with
the As-Se vibration doesn’t change for the annealed film other than
15% Bi.

The annealed As40Se45Bi15 film shows that the 117 cm-1 peak
shifts towards higher wave number side (128 cm-1) that corre-
sponds to the vibrational mode of crystalline As4Se4 unit25 and
an extra peak is observed at 171 cm-1. This peak corresponds to
A1g2 mode of Bi2Se3.26 The Raman analysis revealed the evolution
of two new crystalline As4Se4 and Bi2Se3 phases upon annealing,

FIG. 3. EDS spectra of as-prepared and
thermally annealed As40Se45Bi15 film.
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TABLE I. Elemental composition of as-prepared and annealed As40Se45Bi15 thin
films.

15% Bi-as-prepared 15% Bi-annealed

Element Weight% Atomic% Weight% Atomic%

As L 43.26 43.68 39.07 42.37
Se L 49.23 43.41 53.01 44.54
Bi M 07.51 12.91 07.92 13.09
Totals 100.00 100.00 100.00 100.00

which agrees with the XRD result of 15% Bi annealed films.
The intensity of the 15% Bi film is more than that of the other
films.

B. Optical analysis
UV-visible spectroscopy is an important technique for the

optical characterization of materials. The transmission spectra of
annealed As40Se60-xBix (x = 2, 7, 10 and 15 at %) films are presented
in Fig. 5 in which transmission fringes arise nearly at 660 nm beyond
the visible wavelength of light for the films except Bi 15%. The trans-
mission percentage decreases and the absorption edge redshifts with
increase in Bi concentration.27,20 The absorption coefficient (α) was
calculated from the transmission data with the help of thickness of
the films by using the formula28,29

α = 1
d

ln( 1
T
) (2)

where d and T refers to the thickness and transmittance of the films
respectively. The absorption coefficient is found to be increased with
incident photon energy as well as with increase in Bi % as seen from
Fig. 6.

FIG. 4. Raman spectra of annealed As40Se60-xBix (x = 2, 7, 10 and 15%) thin
films.

FIG. 5. Transmission spectra of thin films.

The increment of absorption coefficient with photon energy
infers the higher absorption rate of incident radiation at higher
frequency domain. The absorption coefficient due to the inter band
transition is usually very large but it becomes very small when the
photon energies fall below the energy band gap.

The absorption coefficient varies exponentially with photon
energy at the lower values called as Urbach region that follows the
relation

α(hν) = α0 exp(hν
Ee
) (3)

where ν, h and Ee are the frequency of the radiation, Planck’s
constant and Urbach energy respectively. The Urbach energy is
expressed as the width of the localized states in the gap region
and it generally presents the degree of disorder that characterizes
the broadening of the absorption edge due to the electron-phonon

FIG. 6. Absorption coefficient spectra of thin films.
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TABLE II. Optical and electrical parameters of As40Se60-xBix (2, 7, 10 and 15%) samples.

B1/2 Urbach ρ(asp) ρ(annl)
Samples Eg (eV) (cm-1/2eV-1/2) energy (eV) (ohm.cm) ×106 (ohm.cm) ×105

2% Bi 1.61±0.01 588±2 0.269 3.61 17.2
7% Bi 1.58±0.01 533±1 0.301 4.75 1.62
10% Bi 1.54±0.01 487±2 0.315 0.82 1.88
15% Bi 1.12±0.02 385±3 0.377 0.396 0.0427

interaction or excitation-phonon interaction in amorphous materi-
als.30 The mechanism of absorption process in this region usually
depends on the transition probability between extended states and
localized states of the two bands. So, the degree of disorder refers
mostly on the electronic states within the material than the atomic
arrangement. The calculated value of Ee as presented in Table II
shows the increase in the width of the localized states in the gap
region for which the optical band gap got reduced in our case like
other studies also.31,32

But, in the high absorption edge region, the absorption coeffi-
cient obeys the relation33

αhν = B(hν − Eg)n (4)

where B is a constant (Tauc parameter), Eg is the optical band gap,
and n is an exponent which may take the values 2, 1/2, 2/3, and
1/3, depending on the absorption transition nature.34 The best fit
of the experimental results of the annealed thin films with n = 2
is shown in Fig. 7 that indicates the transition process is indirect
allowed one. The variation of (αhν) 1/2 with energy (hν) for the stud-
ied films is found to be identical to that of the elemental amorphous
semiconductor.35,36 The intercept of the straight line at the photon
energy axis gives the optical band gap value as shown in Table I.
The observed decrease in Eg value for the annealed films on increas-
ing Bi % is well explained by Mott and Davis model which states
the decrease in Eg is due to the increment in the density of localized
states in such glassy system.37 The defect states formed due to some
dangling bonds are responsible for the creation of localized states.
Many authors have shown that amorphous materials are transferred

FIG. 7. (αhν)1/2 vs (hν) of annealed As40Se60-xBix (x = 2, 7, 10 and 15%) thin
films.

to crystalline one under thermal annealing. So, during the process
of crystallization some dangling bonds are produced. The forma-
tion of defects due to these dangling bonds causes tailing of bands
into the band gap region. Again, thermal annealing breaks the larger
crystallites into smaller crystals, thereby increasing the number of
dangling bonds. So heat treatment of the films causes an increase

FIG. 8. a. I-V plot for As40Se50Bi10 thin
film b. ρ variation in As40Se60-xBix thin
films.
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in the energy width of the localized states and hence reducing the
optical energy gap. Annealing induced crystallization in 15% Bi film
due to which band gap is reduced. The production of large number
of surface dangling bonds around the crystallites forms some type
of defect states in the gap region which leads to the reduction of
optical gap.38 So, the heterogeneous growth of crystalline phases and
the increase in the metallic behavior augment the density of defect
states associated with the surface of the crystallites to reduce the opti-
cal gap in these films. The variation in Tauc parameter as shown
in Table I supports the optical change in the film due to the defect
states.

C. Electrical properties
The performance of an electrical device depends on the resis-

tivity of the material. The electrical resistivity of the films was mea-
sured by the D.C. two probe methods. I-V measurement of as-
prepared and annealed As40Se60-xBix (2, 7, 10 and 15%) thin films
are shown in Fig. 8. The linear I-V response was obtained for both
as-prepared and annealed As40Se50Bi10 thin films (Fig. 8a), which
shows the current is proportional to the voltage applied according
to Ohm's law. The variation of electrical resistivity with different
Bi at% is shown in Fig. 8b which shows the decrease in resistivity
with Bi %, hence the increase in electrical conductivity (Table II).
The increase of conductivity is due to the shifting of Fermi level
towards the middle of the band gap value.39 The conductivity value
is found to be increased more in case of annealed film as shown in
Table II. Generally, the electrical conductivity of amorphous materi-
als is lower than the crystalline materials. The improvement of crys-
tallinity and decrease in gap between the two bands is responsible
for the easy transport of charge carriers that increased the electrical
conductivity.40

IV. CONCLUSION
The thermally evaporated thin films of As40Se60-xBix deposited

on glass substrates were annealed out for the structural phase
transformation and change in optical as well as electrical prop-
erties. The evolution of new topological phase Bi2Se3 was con-
firmed from the XRD and Raman study. The formation of crys-
tallites in higher Bi % was seen from the FESEM picture. The
indirect allowed optical band gap was found to be decreased due
to the increase in width of localized states by defect states upon
annealing. The increase in absorption coefficient with Bi concen-
tration may be due to intrinsic absorption of more defect states
in the boundaries and optical scattering. The decrease in electri-
cal resistivity and increase in conductivity is due to the shifting of
Fermi level towards the middle of the gap with the reduction of
band gap.
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