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As prepared by fusion, SnTe,Se;_, (x = 0.68) alloy is found to possess mixed
phases of hexagonal Te and orthorhombic SnSe. The deposited films of this
alloy demonstrate incongruent evaporation of the constituents. Reductions in
c-parameter and strain along the z-axis in lattices of SnSe and Te constituents
have been observed in these films at 353 K. These deviations in the structure
of SnTe,Se;_, films make it superior to SnSe for various optoelectronic
applications. The absorption coefficient of SnTe,Se;_, films is higher than
SnSe, and its bandgap attains a value of 0.93 eV. Further, resistivity value of
SnTe,Se;_, (~6.12 x 1002Q cm) is lower and carrier concentration
(~1.31 x 10 em™2) is higher than SnSe, whereas its mobility value
(~ 25.8 cm?/V s) matches SnSe and similar materials. The surface quality of
SnTe,Se;_, improves and number of crystallites increases. The interface of p-
SnTe,Se;_, with Ag metal forms a Schottky diode. The current—voltage (I-V)
behaviour of Ag/p-SnTe,Se;_, Schottky diodes is analysed and diode param-
eters are determined by using thermionic emission and diffusion (TED) cur-
rent transport mechanism.

Key words: SnTe,Se;_, alloy, lattice strain, absorption coefficient, bandgap,
resistivity, Schottky diode

INTRODUCTION

Metal chalcogenides and their solid solutions
have become materials of considerable interest
because of their applications in energy conversion
devices and infrared (IR) generation and detection
systems.!™ Their exceptional properties with
respect to their chemical composition and nanoscale
dimension reveal a variety of fascinating attributes
which provide solutions to a variety of issues.5’é
Recently, much attention has been paid to the
physical properties of layered tin mono-chalco-
genide (SnSe, SnS and SnTe) semiconductors.’
These are small bandgap semiconductors that have
been of great interest due to their thermodynamic,
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vibrational and electronic properties. A number of
attempts have been made by different researchers
to investigate the electrical and optical properties of
thin films of these materials.® Tin selenide (SnSe)
having direct energy bandgap (Egi ~ 1.24 eV) and
absorption coefficient (o > 10* cm ™) has been used
as an efficient absorber layer in the solar cell
structure.® The SnTe,Se; , (0 < x < 1) semiconduc-
tor alloy based thin films show variation in their
energy bandgap (E,) due to change in composition
and, thus, absorbs different regions of E. M. spec-
trum.'® Moreover, these films are reported to dis-
play peculiarities in the band structure and behave
an interesting obgect for applied as well as funda-
mental research.” The SnTe,Se;_, solid solutions
are reported to be formed on mixing of SnSe
(orthorhombic) and SnTe (cubic) compounds.'®!?
The continuous variation of E, and lattice constants
observed with change in composition of SnTe,Se;_,
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is of significant importance.’® In the present work,
SnTe,Se;_, thin films are seen to possess mixed
phases of Te (hexagonal) and SnSe (orthorhombic)
crystallites. Their behaviour as a function of chang-
ing Te and SnSe constituents has been investigated.
Finally, Ag/p-SnTe,Se;_, Schottky diodes of differ-
ent areas were fabricated on indium doped tin oxide
(ITO) substrate and their (I-V) characteristics
analysed.

EXPERIMENTAL

The SnTe,Se;_, alloy has been synthesised by
direct fusion of the highly pure (purity 99.999%)
elements of Sn, Se and Te in a vacuum sealed tube at
high temperatures. The obtained solid ingot was
powdered to a mean particle size ~ 100 ym using
grinding and sieving. The details of processing have
been reported by Padha et al.'® The 400 nm thick
films of SnTe,Se;_,, Te and SnSe were deposited on
ultrasonically cleaned Corning glass substrates at
353 K; the films of SnTe,Se;_, were also deposited at
300 K. The thickness and the deposition rate of the
films were measured from digital thickness monitor
(Make: HindiVac, India; Model: DTM-101) fitted in
the vacuum coating unit (VCU). The x-ray diffrac-
tion data of the SnTe,Se;_,, Te, and SnSe powders
and thin films were recorded using an x-ray diffrac-
tometer (Make: PANalytical; Model: Xpert®) in the
20 range of 10° to 70° with a scan speed 0.05 °/s. The
morphology of these samples was determined by
using scanning electron microscopy (SEM) (Make:
ZEISS; Model: SUPRA-55). The compositions of the
SnTe,Se;_, powder and thin films were determined
from the energy dispersive x-ray analysis (EDAX)
attachment of SEM (Make: OXFORD; Model: 7426).
The transmission and absorbance spectra of the
deposited films were measured by using UV-Vis-
NIR spectrophotometry (Make: Shimadzu; Model:
UV 3600) in the wavelength range 750 nm to
2250 nm. The electrical characteristics of the sam-
ples were obtained by using a Hall measurement
setup (Make: BioRad; Model: HL.-5200). The samples
of SnTe,Se;_, of 1 x 1 cm? area and thickness
600 nm deposited over indium-doped tin oxide
(ITO) coated glass substrate were inserted into the
deposition chamber immediately. The ITO coating
was used as the back ohmic contact. The Schottky
contacts were formed over the SnTe,Se;_, top
surface by evaporating 160 nm thick silver (Ag,
99.999%) as dots with diameters of about 1.0 mm,
1.5 mm and 2.0 mm. The I-V measurements were
performed by the use of Keithely 2400 source meter.
The Schottky diodes showing identical current—
voltage (I-V) characteristics were selected for the
measurement of diode parameters. All calculations
were performed by using Origin software (Make:
Microcal Software, Inc. Northampton, MA, USA;
Model: Version 6.1). All depositions in the vacuum
coating unit (VCU) were undertaken at a base
pressure of 2 x 10~ mbar.
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RESULTS AND DISCUSSION

Structural Analysis of SnTe,Se,_, Powder
and Thin Films

The x-ray diffraction patterns of powder materials
of Te, SnTe,Se;_, and SnSe are shown in Fig. 1. The
SnTe,Se;_, powder is found to possess mixed phases
of SnSe (orthorhombic) and Te (hexagonal) crystal-
lites. The peaks emerge at 20 =27.607(1)°,
38.368(3)°, 40.477(3)° correspond to the (101), (012),
(110) set of planes of Te with space group P31 2 1
(JCPDS card no. 89-4899), while those occuring at
20 = 30.393(2)°, 31.041(8)°, 37.720(4)° represent
(400), (111), (311) diffraction planes of SnSe with
space group Pnma (JCPDS card no. 48-1224). SnSe
(400) planes occupy the highest intensity peak, while
the second highest peak is represented by Te (101)
planes. The presence of an additional (001) SnSe,
peak is also observed in SnTe,Se;_, and SnSe
powders (JCPDS Card No 23-0602).

The SnTe,Se;_,, SnSe and Te powders are
deposited on corning glass substrates at 353 K in a
vacuum coating unit (VCU) to obtain thin films of
400 nm thicknesses, the films of SnTe,Se;_, were
also deposited at 300 K. Figure 2 shows x-ray
diffraction patterns of SnTe,Se;_, powder, as well
as films deposited at 300 K and 353 K. The x-ray
diffraction data of the films deposited at 300 K
exhibit high intensity Te peaks alongwith some low
intensity SnSe peaks. However, the films deposited
at 353 K show an increase in the intensity of Te and
SnSe peaks to that deposited at 300 K. These films
exhibit incongruent evaporation of the constituent
Te and SnSe due to vapour pressure difference
between the two. Figure 3 shows x-ray diffraction
patterns of thin films of Te, SnTe,Se;_, and SnSe
each deposited at 353 K. The unit cell parameters of
Te and SnSe constituents of SnTe, Se;_, powder and
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Fig. 1. The x-ray diffraction patterns of (a) Te, (b) SnTe,Se;_, and
(c) SnSe powders; magnified 3D views of the peaks from 26° to 32°
are presented as inset figure.
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Fig. 2. The x-ray diffraction patterns of SnTe,Se;_, (a) powder, thin
films deposited at (b) 300 K and (c) 353 K; magnified 3D views of
peaks from 26° to 32° are presented as inset figure.
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Fig. 3. X-ray diffraction patterns of 400 nm films (a) Te, (b)
SnTe,Se;_x and (c) SnSe deposited at 353 K; magnified 3D views
of peaks from 26° to 32° are presented as inset figure.

thin films have been calculated by using relations
established for hexagonal (Te) and orthorhomblc
(SnSe) crystal systems, respectively.!* The z-axis
strain (e,,) values of the unit cells of Te and SnSe
lattices have been calculated by using Eq. 1 given as
under'®:

&2 (%) = (C

where ¢ is the lattice parameter of strained films
calculated from the x-ray diffraction data and ¢, is
the unstrained lattice parameter of bulk SnSe and
Te unit cells. The values of unit cell parameters and
strain along the z-axis (¢,,) of the thin films are
presented in Table I. The cell parameters of SnSe

- C") x 100 (1)

Co

and Te constituents of SnTe,Se;_, powder as well as
their strain parameters (e,,) are found close to those
of SnSe and Te powders deposited separately.
Moreover, the SnSe, (001) phase existed in
SnTe,Se;_, and SnSe powders disappears in the
deposited films. It is observed that peaks of SnSe
and Te constituents shift towards higher 20 values
to the corresponding peaks of SnSe and Te thin
films, the c-parameter values of these unit cells
decrease while their strain along the z-axis (e,,)
increases to that of SnSe and Te films deposited
separately. These deviations in cell parameters and
strain in the lattice of the deposited films may be
responsible for the changed -characteristics of
SnTe,Se;_, films. The average grain size (D) of the
most significant peaks of each phase has been
calculated using the Debye—Scherrer relation.'®

SnTe,Se;_, is found to possess (101) Te and (111)
SnSe as most significant peaks (MSP) having grain
sizes of 119 nm and 28 nm, respectively. These
grain sizes, however, are lower than those of
corresponding peaks of separately deposited SnSe
and Te films. Moreover, MSP of Te constituent is
more than three times higher than that of SnSe.
The dislocation density (6), microstrain (¢) and
number of crystallites per unit area (V) of the films
were calculated b%r using the relations reported by
different authors.

The dislocation density [6 = 7. 181 x 103 lines %/

m~ 4 Te; 1.32 x 10'® lines %m*, SnSe], micros-
traln [¢ = 0.0016, Te; 0.0025, SnSe] and number of
crystalhtes/area [N =2434 x 101* m2 Te;
1.923 x 10'® m~2, SnSe] values of Te and SnSe
constituents of SnTexSel _, are found higher to the
corresgondmg parameters of SnSe (6 = 2.456 x 10'*

lines %m™*, ¢ = 0.0018, N = 2. 456 x 10 m~2) and
Te (5=1.171 x 10"®  lines ¥m" 1 £=0.0014,
N =1.60 x 10 m2) films. These variations also

play a role in the changed characteristics of
SnTe,Se;_, films.

Morphological and Compositional Analysis

The scanning electron microscopy (SEM) images
of Te, SnTe,Se;_, and SnSe films, each with a
thickness of 400 nm deposited at 353 K, are shown
in Fig. 4a—c; their magnified images are shown as
insets in the respective figures. The Te films show
flaky type grains, whereas SnSe has exhibited
spherical shapes. The images of SnTe,Se;_, films
show mixed effect of modified morphologies of Te
and SnSe crystallites. As a result, SnTe,Se;_, films
are seen to demonstrate ‘flaky-spherical’ morphol-
ogy having structures of hexagonal Te embedded
with orthorhombic SnSe. The films exhibit tightly
bonded granular structure that occupy pinholes.
The arrangement is observed to be uniformly dis-
tributed over the entire surface.

The compositions of SnTe,Se;_, powder and thin
films deposited at different substrate temperatures
varying from 300 K to 553 K have been determined
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Table I. Structural parameters of Te, SnTeq 32S€¢ s and SnSe thin films deposited at 353 K (80°C) substrate

temperature
Cell parameters Axis strain ¢, (%) Grain FWHM
. . A size (nm)
Material type 20 (°) (hkl) a (A) bA c@A x-axis c-axis D (nm) B (®)
Te constituent of 27.778 (1) 101 4.445 4.445 5.793 0.269 2.294 119 0.379
SnTeq 32 Seo.gs
Te Pure 27.616 (2) 101 4442 4442 5915 0.336 0.236 292.2 0.338
SnSe constituent of  30.830 (1) 111 11.549 4.151 4.316 0.450 2.793 28 0.609
Sl’lTeo.gg 880.68
SnSe pure 30.487 (3) 111 11.530 4.155  4.427 0.282 0.293 63.80 0.439

JCPDS card no. 89-4899, a = 4.457,b = 4.457,c = 5,929 A (Te); JCPDS card no. 48-1224, a = 11.4976,b = 4.153, ¢ = 4.44 A (SnSe); JCPDS

card no. 23-0602, @ = 3.810, b = 6.140, ¢ = 1.6115 A (SnSe,).

from EDAX; their respective changes are shown in
Table II. The atomic percentage of the elements
observed in SnTe,Se;_, powder and thin films at
353 K are plotted in Fig. 5a and b. Wlth reference to
our previous work on SnTe,Se;_,,'* the compos1-
tions of the constituent materials vary in the
deposited films with increase in the substrate
temperature from 300 K to 553 K. However, it is
observed from this table that alloy formation lacked
in SnTe,Se;_, films deposited at room temperature.
The EDAX data of these films did not show the
presence of Sn at this temperature; moreover, Te
content disappears at 453 K and above. The alloy
formations of SnTe,Se;_, are confined from 353 K to
453 K having slight variations in composition with
change in substrate temperature. Moreover, the
atomic compositions of the films deposited at 353 K
are found close to that powder material.

Optical Analysis

In order to analyse the optical behaviour of the
SnTe,Se;_, thin films, a comparison of transmission
(%), absorption coefficient («) and bandgap (E,) values
of SnTe,Se;_, films deposited at substrate tempera-
ture of 353 K is made up with those of separately
deposited SnSe and Te films. The transmittance
spectra of SnTe,Se;_,, Te and SnSe films as measured
in the range of 750 nm to 2250 nm (Vis—NIR region)
has been shown as inset in Fig. 6. The comparison
reveals that SnTe,Se;_, films provide a sharp transi-
tion from high to low values in transmission spectra
and its transmission percentage values are found
falling between those of SnSe and Te.

The absorption coefficient (x) values has been
determined from the transmission spectra according

to Eq. 2 and their optical bandgaps (E,) are deter-
mined by Tauc’s relation as per Eq. 3'%:

=a(wm) @

ahv = A(hv — Eg)"? (3)

where d, thickness of the thin films; 7', transmission
percentage; hv, the photon energy and E,, optical
bandgap and A, proportionality constant.

The optical absorption coefficient (x) versus pho-
ton energy (hv) plots of the SnTe,Se;_,, Te and SnSe
films have been shown in Fig. 6. The plots indicate
SnTe, Se;_ o to possess absorption coefficient (o,
1.62 x 10° cm ') value higher than that of SnSe
(¢, 142 x 10° em™ ') and Te (o, 8.2 x 10* em ™)
films. The E, values of the SnTe,Se;_,, Te and SnSe
films have been determined from (oAv)? verses (hv)
plots by extrapolatmg the linear part of the curve at
(ahv)? = 0 axis. The E, values of SnTe,Se;_,, Te and
SnSe so obtained are shown in Fig. 7a—c; the
linearity of these plots indicates the presence of
direct bandgap in undertaken semiconductors and
the value of SnTe,Se;_, (E; = 0.93 eV) is found to
exist in between that of Te (E, = 0.73 eV) and SnSe
(Eg = 1.42 eV). In order to consider their usage for
various optoelectronic applications, it is important
to determine the smoothness of the surface of thin
films which can be gauged from the extinction
coefficient (K) calculated from the equatlon reported
by Beena et al.?° The variations in the extinction
coefficient K values with change in wavelength from
750 nm to 2250 nm for Te, SnTe,Se;_, and SnSe
films have been shown in Fig. 8. The K variations of
SnTe,Se;_,, were found similar to that of SnSe,
moreover, the value for SnTe,Se;_, varies from 0.3
to 1.2 with change in the wavelength from 750 nm
to 2250 nm with minimum value of 0.3 at 1700 nm.
Thus, the SnTe,Se;_, films provide smooth surface
which is suitable for optoelectronic device
fabrication.

Electrical Characterizations

The electrical properties of SnTe,Se;_,, Te and
SnSe films deposited at 353 K were studied by
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Fig. 4. SEM micrographs of (a) Te, (b) SnTe,Se;_4, and (c) SnSe
thin film deposited at 353 K; magnified images in each case are
presented as inset figures.

vander Pauw method using a Hall measurement
setup (Make: BioRad; Model: HL 5200) at room
temperature.?’ The films of these materials indicate
p-type conductivity.* The SnTe,Se;_, films depos-
ited at 353 K provide low resistivity (p), moderate
mobility (¢#) and high carrier concentration (IN,)
values. The resistivity value of SnTe,Se;_, films
(p, ~6.12 x 1072 Qcm) is found lower to SnSe
(p, ~1.92 x 10* Qcm); carrier concentration
(N4, ~ 1.31 x 10" em™?) is higher to SnSe films

Table II. Compositions of SnTe,Se;_, powder and
thin films deposited at different substrate
temperatures varying from 300 K to 553 K

SnTe,Se;_, alloy Composition

Powder SnTeq gs5€e0.32

Thin films at different temperatures

300 K No alloy formation
353 K SnTe0.668e0,34
403 K SnTe0,588e0_42
453 K SnTeo.zgseojl
503 K No alloy formation
553 K No alloy formation

(N4, ~ 6.12 x 10'? cm3), whereas mobility value
(i, ~ 25.8 cm?/Vs) is comparable to that of SnSe
(4, ~ 37.1 cm?Vs) thin films of same thickness.
Further, these parameters of SnTe,Se;_, thin films
are sensitive to the change in the substrate tem-
perature from 353 K to 453 K due to the changed
composition of the films.'?

Current-Transport Behaviour of Metal/p-
SnTe,Se;_, Semiconductor Interface

The most important aspect of semiconductors is
the process that determines the flow of electrons
over the top of the barrier from semiconductor to the
metal and vice versa when bias voltage is applied to
the interface. Generally, two types of contacts, viz.
ohmic and Schottky, are formed between metal and
semiconductor.?? In order to form an ohmic contact
with a semiconductor, the work function of the
metal (¢,) must be greater than that of the
semiconductor (¢g), whereas the metal-semiconduc-
tor (MS) contacts provide rectifying behaviour when
the work function of the semiconductor is greater
than the metal.?®?* The aluminium (Al) and indium
(In) metals are seen to form ohmic contacts with p-
SnTe,Se;_, semiconductors. These contacts exhibit
linear and symmetrical behaviour of their I-V
characteristics and provide low resistance. Between
the two metals used for ohmic contact formation, Al
shows lower resistance than In, while the thermally
evaporated silver (Ag) dots on p-SnTe,Se;_, semi-
conductor provide Schottky interface. These diodes
show good rectifying behaviour, their I-V charac-
teristics have been analyzed on the basis of
thermionic emission and diffusion (TED) theory
according to Eqs. 4 and 5:2*

- V — IR
I:AA*T2exp[ Z;P,BO] exp(q( i T )> (4)

where

I, = AA « T2 exp {%‘fp&)] : (5)
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Fig. 5. EDAX of the SnTe,Se;_, (a) powder and (b) films deposited
at 353 K substrate temperature.
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Fig. 6. Absorption coefficient () versus photon energy (hv) plots of

400 nm SnTe,Se;_y films deposited at 353 K; their transmission
response is presented as inset figure.

where V is the applied voltage; q, electronic charge;
n, ideality factor; k, Boltzmann constant; T, temper-
ature (in Kelvin); R, series resistance; I,, reverse
saturation current; A, diode area; A*, the effective
Richardson constant of the material (18 A cm 2 K2
for SnSe is referenced in the present case). The
forward and reverse current-voltage (I-V) charac-
teristics of Ag/p-SnTe,Se;_, Schottky diodes formed
by evaporating Ag dots with diameters of 1.0 mm,
1.5 mm and 2.0 mm have been shown in Fig. 9.
The forward log (I)-V characteristics are found
linear over three orders of current along y-axis. The
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Fig. 8. Extinction coefficient (K) versus wavelength (1) plots of (a) Te
(b) SnTe,Seq_x and (c) SnSe films each of 400 nm deposited at
353 K.

I-V characteristics deviate from straight line at
high forward bias (V) due to series resistance (Rg) of
the diodes, back contact, and external connections.
The values of the ideality factors, barrier heights
and series resistances obtained from Eqs. 4 and 5
for diodes having different interface areas have
been presented in table form as an inset of Fig. 9.
The values of ideality factor (n) decrease from 3.99
to 2.90; series resistance (R,) of the diodes decrease
from 388 Q to 325 Q, whereas their zero bias barrier
heights (¢y,,) increase from 0.68 eV to 0.76 eV with
increase in the diameter value from 1.0 mm to
2.0 mm. The higher value of ideality factors indi-
cates deviation from thermionic emission and diffu-
sion (TED) current transport mechanism.?” These
changes have been explained on the basis of
increased contribution of peripheral current in
Schottky diodes with increase in area of the MS
interface which provides improvement in the diode
parameters.26
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Fig. 9. The forward and reverse current-voltage (/-V)

characteristics of Ag/p-SnTe,Se;_, circular Schottky diodes with
diameters of 1.0 mm, 1.5 mm and 2.0 mm; the ohmic contacts of Al
and In with p-SnTe,Seq_y thin films are shown as inset figures;
ideality factors, barrier heights and series resistance values are
inserted as inset table.

CONCLUSIONS

The variations in the unit cells parameters and
strain in the lattices of SnSe and Te constituents of
SnTe,Se;_, have been observed in the films depos-
ited at 353 K to that of SnSe film grown separately.
Moreover, the changes in composition of the films
have been found to be temperature activation
phenomenon. These modifications in the structures
have caused variations in the optical and electrical
properties of the deposited films; the changes in the
corresponding parameters of SnTe,Se;_, show an
improvement over SnSe. The current transport over
Ag/p-SnTe,Se_, Schottky diodes exhibited reason-
ably acceptable rectifying behaviour. Outcome of
this study, SnTe,Se;_, thin films are found a
suitable alternate to SnSe for optoelectronic device
applications.
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