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Abstract

Polycrystalline Cd,Sn;_,Se material is synthesized by melt growth technique for various x values and thin films are
prepared by vacuum evaporation technique. Optical transmittance measurements have been made on thin films of
Cd,Sn,_,Se, with x = 0,0.3,0.75 and 1 for various thicknesses. The studies reveal that these thin films have a direct
allowed band gap energy and the indirect band gap energy is improbable. The band gap energy increases with decrease
in thickness in all the compositions and it is attributed to the quantum size effect.
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1. Introduction

Metal selenide thin films offer a range of optical
band gap energies suitable for various optical and
optoelectronic applications. Thin films of tin
selenide have great potential applications, such as
memory switching devices [1]. CdSe thin films have
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found applications in solar cells, thin film transis-
tors [2,3] and gamma-ray detectors [4]. CdSe and
SnSe have been studied in the form of both thin
films and single crystals [5-8]. CdSe is a narrow
band semiconductor and its optical band gap is
1.74eV [9], whereas SnSe have the band gap
energy of 0.9¢eV [10]. This difference in energy gap
lies in the optical absorption spectrum of solar
radiation and hence the study of the optical
properties of Cd,Sn;_,Se with x=10,0.3,0.75
and 1 thin films is carried out. No study has been
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reported in the literature for Cd,Sn;_,Se solid
solutions either in the form of thin films or single
crystals. This paper characterizes the band gap
energy and optical absorption coefficient of SnSe,
Cdg 3Sng 7Se, Cdg 75Sng,5sSe and CdSe thin films
prepared by vacuum deposition technique.

2. Experimental methods

The bulk Cd,Sn;_,Se materials with x = 0,0.3
and 0.75 were synthesized in a quartz ampoule by
mixing cadmium metal, tin and selenium (Aldrich,
99.99% pure) powders in their stoichiometric ratio
by melt growth technique. The synthesized com-
pound was analyzed by X-ray diffraction techni-
que for their homogeneity and crystalline nature.
The composition analysis of the synthesized
powder materials was carried out using atomic
absorption spectrophotometer.

The synthesized Cd,Sn;_,Se materials with x =
0,0.3 and 0.75 and commercially available CdSe
powder sample (Aldrich, 99.99% pure) were used
to deposit thin films using Hind Hivac Vacuum
Coating unit (model-12-A4) at different substrate
temperatures and thicknesses. The powder materi-
als were kept in a molybdenum boat during
evaporation and the resistive evaporation techni-
que was used to prepare thin films. The X-ray
powder diffraction patterns for the synthesized
Cd,Sn;_,Se with x=10,0.3 and 0.75 powder
materials and CdSe powder material and thin
films were recorded in JEOL JDX 8030 X-ray
diffractometer using Cu Ko radiation at room
temperature. The X-ray photoelectron spectro-
scopy (XPS) spectra were recorded for
Cd,Sn;_,Se thin films in an ESCALAB MK II
spectrometer (VG Scientific Ltd., UK) using Mg
Ko radiation of energy 1253.6eV. The optical
transmission spectrum was recorded using a
HITACHI model V-3400 UV-Vis-NIR spectro-
photometer in the region 400-2000 nm. All the
measurements were carried out at room tempera-
ture for normal incidence mode. The transmittance
of the thin films was measured relative to that of
an identical uncoated substrate. The estimated
measurement error including the instrumental
error in transmittance is less than 1%. Thin film

uniformity was checked by measuring the trans-
mission curves at different areas of the film.

3. Results and discussion
3.1. Structure and composition

The X-ray powder diffraction data recorded for
Cd,Sn;_,Se powder materials with x = 0,0.3,0.75
and 1 reveal that these powder materials are
polycrystalline in nature. The XRD peaks are
indexed with the help of the software DICVOL91
[11,12] and Hull and Davey chart [13]. The lattice
parameters are evaluated using the indexed hkl/
values and the measured 260 values using the
software UNITCELL [14]. The refined cell para-
meters for all the materials are given in Table 1.
CdSe powder material shows that it crystallizes
in hexagonal crystal system, whereas SnSe,
Cdo.3Sn0A7Se and Cd0A7SSn0A25Se powder materials
show that they crystallize in orthorhombic crystal
system as reported [15].

The XRD patterns recorded for the Cd,Sn;_,Se
thin films with x = 0,0.3,0.75 and 1 are found to
be polycrystalline in nature and their crystallinity
increases with annealing. The XRD data recorded
agrees well with the standard one. The composi-
tion of Cd,Sn;_,Se thin films with x =0.3,0.75
and 1 is found to be rich in selenium (1-3%) and
cadmium deficient and is displayed in Table 2. The
SnSe thin film is found to be selenium deficient.

3.2. Optical band gap energy

The optical absorption coefficient o is deter-
mined using the relation:

2.303 1
o —TIOgIO <7>: (1)

where ¢ is the thickness of the film and T is the
transmittance. The relation [16] between the
photon energy and the optical absorption coeffi-
cient is

ahv = A(hv — E; £ Ep)”, 2)

where E, is the energy gap, E, is the energy of the
absorbed (+) or emitted (—) phonon energy. For
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Table 1

Unit cell parameters for Cd,Sn;_,Se with x = 0,0.3,0.75 and 1 powder material

SI.No Composition Crystal system Cell constants

a (A) b (A) ¢ (A)
1 0 Orthorhombic 11.37(5) 4.44(2) 4.02(2)
2 0.3 Orthorhombic 12.11(2) 4.751(7) 3.7902)
3 0.75 Orthorhombic 12.57(5) 4.19(3) 3.91(1)
4 1.0 Hexagonal 4.307(3) 7.03(1)
Table 2

Composition of the Cd,Sn;_,Se thin films with x = 0,0.3,0.75 and 1

Thin film sample Composition of the film (at%)

Ratio relative to Se

Cadmium Tin Selenium Cd Sn
SnSe — 50.3 49.7 — 1.012
Cd, 3Sng -Se 13.2 34.0 52.8 0.250 0.644
Cdg.75Sn¢ 255¢ 35.1 13.0 51.9 0.676 0.250
CdSe 49.0 — 51.0 0.961 —
indirect allowed transition, x =2 and 3 for 1
indirect forbidden transition. The emission and o8l .
absorption of a phonon in a room temperature ©
transition will contribute some energy to the £ o6t b
absorption. In a direct transition (E, =0), x is § oal
equal to 0.5 and 1.5 for allowed and forbidden g
transitions, respectively. 02}t
3.2.1. SnSe thin films % 500 1000 1500 2000

The optical transmission spectra of SnSe thin
films of thickness 0.2um, as prepared and
annealed in air at 300°C for 2h, are shown in
Fig. 1. The maximum transmittance value is
shifted to the higher wavelengths on annealing
due to increase in grain size. It is also observed
that the optical transmittance decreases on anneal-
ing. A plot of (ahv)? versus hv for the as prepared
and annealed tin selenide thin films is shown in
Fig. 2. The plot is linear in the strong absorption
near the fundamental absorption edge. The optical
transmittance decreases on annealing. Since the
absorption coefficient is very large and it is
measured at room temperature, the presence of
the indirect band gap as in the case of the bulk
sample is improbable [16,17]. It is reasonable to
consider that the absorption of SnSe evaporated

wavelength (nm)

Fig. 1. A plot of transmittance against wavelength for (a) as
prepared and (b) annealed at 300 °C for SnSe thin films of
thickness 0.2 um prepared at a substrate temperature of 150 °C.

thin films is due to an allowed direct transition
from the top of the valence band to the bottom of
the conduction band at the centre of the Brillouin
zone.

The optical band gap energy obtained is
1.26(4) eV for the as prepared film and 1.23(3)eV
for the film annealed at 300°C. It is in good
agreement with the reported value for SnSe thin
films prepared by other methods [18,19]. The
observed decrease in the band gap energy and
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Fig. 2. A plot of (ahv)* versus hv for (a) as prepared SnSe and
(b) annealed at 300 °C SnSe thin films.

optical transmission can be related to the improve-
ment in the crystallinity in annealed films [20].

A similar decrease in optical transmission
spectra of the annealed films was observed by
Nair et al. [21] for their cadmium selenide thin
films prepared by chemical bath deposition. In
SnSe, thin films a decrease in band gap values
between the as deposited and the films annealed at
473K was observed by Bhatt et al. [22]. The
decrease in band gap energy of chemically
deposited CdS thin film from 2.6 to 2.3eV when
annealed at 450 °C has been reported by George
et al. [23].

According to Slater [24], in the case of
polycrystalline films the intergrain barrier height
increases due to change in the grain size. Slater’s
formula given by Damodara Das and Jagadeesh
[25] for the barrier height is

N,e? nD\>
E = - 3
4ece, (x NO) ’ 3

where e is the electronic charge, &, is the dielectric
constant of the material, &, = 8.854 x 10712 F/m,
N, is the density of charge carriers in the barrier, x
is the thickness of the barrier, D is the dimension
of the crystallites and n is the density of the
electron—hole pairs created. The effect of these
generated charge carriers is to reduce the barrier
thickness and height by a constant factor (if # is
constant) at a given temperature. It is clear from
the above expression that the barrier height
decreases as the crystallite size D increases. Thus

annealing results in an increase of grain size in the
films, reducing the band gap.

3.2.2. CdSe thin films

The optical transmission spectra of the CdSe
thin films prepared at room temperature for
various thicknesses is shown in Fig. 3. A shift in
the absorption maxima to the higher wavelength
range is noticed for increase in thickness. The
optical transmission of the film is above 80% for
wavelengths greater than 590, 690, and 740 nm,
respectively for 0.343, 0.403, and 0.497 um thick
films. This feature illustrates the good quality of
CdSe thin films deposition by vacuum evaporation
technique.

The plot of (ahv)* versus hv for different
thicknesses is shown in Fig. 4 for cadmium
selenide thin films prepared at room temperature.
For the films having thicknesses 0.343 and
0.403 um, two linear regions are noticed whereas
for the film of thickness 0.497um, only one
straight line portion is identified. The band gap
energies obtained for the film of thickness
0.343um are 1.79(4) and 1.98(1)eV and for the
film of thickness 0.403pum are 1.75(2) and
1.99(3) eV and for the film of thickness 0.497 um
is 1.73(2)eV. Similarly, two different band gap
energies ranging from 1.67 to 1.74¢V and 1.71 to
2.09¢eV have been reported by Shaalan and Miiller
[26] for CdSe thin films prepared by thermal
evaporation technique having different thick-
nesses. Thutupalli and Tomlin [27] observed two

oo
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Fig. 3. Transmittance spectra of CdSe thin films prepared at
room temperature and of thicknesses (a) 0.343 um, (b) 0.403 pm
and (c) 0.497 um.
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Fig. 4. A plot of (ahv)? versus hv for CdSe thin films prepared
at room temperature and of thicknesses (a) 0.343pum, (b)
0.403 um and (c) 0.497 um.

direct band gap energy values of 1.746 and
2.146eV for their CdSe film prepared at a
substrate temperature of 300 °C.

The two direct transitions can be attributed to
spin—orbit splitting of the valence band that is in
agreement with the findings of Cardona et al. [28]
and Thutupalli and Tomlin [27]. These splittings
are also noticed in the transmittance spectra of
CdSe thin films at 590 and 620nm for film of
thicknesses of 0.343 and 0.403 um, respectively as a
small hump. But no such splitting could be
detected for CdSe films having thickness
0.497pum and for the films prepared at the
substrate temperatures of 373 and 473K. Two
different E, values are expected, if additional
absorption processes cause the tail at the absorp-
tion edge, because of transitions from the higher
valence level. A similar effect should occur when a
transition from the lower of the split valence levels
sets in. The spin—orbit splitting of the valence band
for CdSe thin film sample of thickness 0.343 um
prepared at room temperature is 0.19¢V and
another thin film sample of thickness 0.403 um is
0.24eV.

3.2.3. Mixed thin films

The optical transmission spectra of Cdy3Sng 7Se
thin film samples are shown in Fig. 5. A plot of
(ahv)® versus hv for Cdg3Sng;Se thin films
prepared at four different thicknesses is shown in
Fig. 6. The direct band gap values are evaluated
for Cdy3Sng ;Se thin films having different thick-

1
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Fig. 5. Transmittance spectra of Cdy3Sng;Se thin films
prepared at room temperature and of thicknesses (a)
0.225 um, (b) 0.276 pm, (c) 0.3 um and (d) 0.683 um.
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Fig. 6. A plot of (ahv)* versus hv for CdgsSng-Se thin films
prepared at room temperature and of thicknesses (a) 0.225 um,
(b) 0.276 um, (c) 0.3 pm and (d) 0.683 pm.

nesses of 0.225, 0.276, 0.3, and 0.683 um and are
listed in Table 3. It is observed that the band gap
decreases with increase in the film thickness. Such
a variation of band gap value with the film
thickness has been reported by Shaalan and
Miiller [26] for their thermally evaporated cad-
mium selenide thin film and also by Pal et al. [30]
for their vacuum evaporated polycrystalline cad-
mium selenide samples.

The transmission spectra for Cdg 755n¢ »5Se thin
films are shown in Fig. 7. The (a«hv)* versus hv plot
for Cdy 755n¢.»5S¢e thin films is shown in Fig. 8. The
increase in thickness of the film causes a shift
of transmission spectrum towards higher
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Table 3
Band gap energy and change in E, of Cd,Sn,_,Se thin films with x =0, 0.3, 0.75 and 1 prepared by vacuum deposition technique
Thin film Thickness (1m) Band gap (eV) E, (eV) AE (ev)
SnSe 0.2 1.26(4) — —
0.2 1.23(3) (annealed at 300°C) —
Cdy3Sng 7Se 0.225 2.17 (0.1) 2.055 0.226
0.276 2.13 (0.1) 0.150
0.300 2.11 (0.1) 0.110
0.683 2.07(5) 0.030
Cdo_75Sn0_2556 0.100 1.70 (5) 1.662 0.077
0.168 1.68 (4 0.041
0.182 1.67 (8) 0.011
CdSe 0.343 E, 1.79(4) 1.660 0.261
Eg 1.98(1) —
0.403 E, 1.75(2) 0.173
Ey 1.99(2) _
0.497 1.73 (2) 0.133
1 (Wavelength in nm)
a 2000 14001000 800 600 400
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Fig. 7. Transmittance spectra of Cdj;5Sng,sSe thin films
prepared at room temperature and of thicknesses (a) 0.1 um,
(b) 0.168 um and (c) 0.182 pm.

wavelengths. The band gap energies evaluated
from the x-axis intercept are 1.70(5), 1.68(4) and
1.67(8)eV for the films of thicknesses 0.1, 0.168,
and 0.182 um, respectively and are displayed in
Table 3.

3.3. Variation of band gaps with thickness

The variation of optical band gaps with thick-
ness is analysed for CdSe, Cdy3Sng-;Se and
Cdg.75Sng»5Se thin films. In all the samples the
band gap energy decreases with increase in
thickness. A quantum size effect appears [10,31]
in semiconductor and semimetal films when their

hvineVv

Fig. 8. A plot of (ahv)* versus hv for Cdg7sSng»sSe thin films
prepared at room temperature and of thicknesses (a) 0.1 um, (b)
0.168 um and (c) 0.182 pm.

thickness is comparable with or smaller than both
the mean free path and effective de Broglie
wavelength of the carriers. Due to the finite
thickness of the film, the electron energy states
assume the discrete energy values in a thin film.
Therefore, the conduction band and the valence
band are separated by an additional amount of AE
given by Bhatt et al. [10]

2

AE~ —— 4
.l “)
where ¢ is the thickness and m* is the effective
carrier mass. From Eq. (4), AE is proportional to
1/ and hence a plot of band gap energy versus
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1/¢* will be linear. Plots between optical band gaps
and 1/ for the CdSe, Cdy;Sng,Se and
Cdg75Sng»5Se thin films are shown in Fig. 9.
Several workers [30,32] have obtained a similar
variation in optical band gaps with thickness.
According to Damodara Das and Jagadeesh [25]
a dislocation density of 10'°-10"'lines/cm® is
frequently encountered in evaporated films. There
are considerable lattice disturbances due to dis-
locations, namely, the local stress field around a
dislocation, disrupted or dangling bonds with their
specific charge and the space charge domain that
form immediately in semiconductors. The com-
pression and dilatation in stress patterns brought
about by edge dislocations have an effect in
changing the forbidden gap of the semiconductor.
This is because of the result of local compression

1.8
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Fig. 9. A plot of E, versus 1/7 for (a) CdSe, (b) Cdg1Sng -Se
and (C) Cd()_75Sn0_25Se thin films.

increment in the deformation—potential relation.
Another influence is due to dangling bonds
resulting in an energy level within the forbidden
gap. If the distance between the individual sites of
dislocation is larger than the lattice constants,
alternate widening and narrowing of band gap
occur. The original band gap ‘E,” would change by
an additional amount AE because of isolated
compression alone. Closely, superimposed dilata-
tion would reduce this amount by AE' at the
dilatation site. Since, AE' = AE/2, the resulting
effective band gap is given by

Eegr = Eo + AE/2. ®)

Thus there is an overall increase in the forbidden
gap of the evaporated thin films over that of their
bulk values. In the case of CdSe thin films the band
gap of the bulk sample is 1.7¢V. The band gap
values obtained for CdSe thin films in the present
studies are given in Table 3. The slight increase in
the band gap values of CdSe thin films is due to the
lattice disturbances and also due to the quantum
size effect. For Cdg3Sng-Se and Cdg;5Sng»sSe
thin films, no earlier reported values of bulk
samples are available for comparison. However,
the extrapolation of Fig. 9 to x =0, gives the
values of E, for CdSe, CdysSny,Se and
Cdy 75Sng »5Se materials. Substituting the value of
E, in Eq. (5), the change in band gap energy, AE,
for the above thin films are evaluated and are
given in Table 3. It is evident from Table 3 that E,
value increases with increase in tin concentration
in Cd,Sn;_,Se thin films.

3.4. Determination of grain size from band gap
energy

The shift of optical band gap to higher value
compared to its single crystal value is attributed to
very small grain size of 3—10nm and the resulting
quantum confinement of electronic states in the
thin films. For average grain radius [33],

Eo(R) ~ Eg(cryst) + 3(h* /H)(m; " +my )R]
— 1.8¢°/¢R, (6)

where / is the Planck’s constant, m, and my, are the
effective masses of electrons and holes respectively,
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e is the electronic charge, and ¢ is the effective
permittivity of the semiconductor expressing the
shielding of the electron—hole Coulomb attraction.
For smaller grain size, the R~ term always
dominates, shifting the band gap of the polycrys-
talline films towards higher value. From the above
relation, it is clear that the increase of the grain
size (2R) decreases the energy gap of the materials,
whereas the decrease of the thickness increases the
band gap. The grain sizes obtained for CdSe thin
films using Eq. (6) are 4.12, 4.33, and 4.44nm,
respectively for the 0.343, 0.403, and 0.497 um
thick films. The values of m, = 0.13 m,, m, = 0.45
me and & =8.85x 107" F/m for CdSe material
are taken from standard tables [34]. The grain size
calculated from XRD measurements for CdSe thin
films, of thicknesses 0.343, 0.403, and 0.497 um
prepared at room temperature, for (00 2) peaks are
3.46, 3.48, and 3.51 nm, respectively. Single crystal
band gap energy is not available for Cdj;Sng ;Se
and Cdg75Sng,sSe in the literature for compar-
ison. However, the observed band gap energy for
Cdg 3Sng 7Se and Cd, 75Sng »5Se thin films is great-
er than their end members, CdSe and SnSe single
crystals.

4. Conclusion

Optical properties of vacuum deposited
Cd,Sn;_,Se thin films with x =0,0.3,0.75 and 1
have been studied. The optical band gap energy is
evaluated for various compositions and thick-
nesses. The studies reveal that these materials have
a direct band gap energy and indirect band gap is
improbable. The band gap variation for SnSe thin
films due to annealing is very small. It indicates
that there is a small increase in grain size of SnSe
thin films because of annealing. The as deposited
Cdo3Sng-,Se thin films prepared at different
thicknesses show no considerable variation in the
optical band gaps indicating that the crystallinity
does not considerably change with thickness in the
range 0.225-0.683 um. The band gaps variation in
the as deposited Cd 75Sng »5Se and CdSe thin films
prepared at different thicknesses is likely to be
attributed to an increase in particle size. The
decrease in optical band gap energy with increase

in film thickness in these thin films is explained on
the basis of quantum size effect. The band gap
energy E, increases with increase in concentration
of tin in these films.
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