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Abstract

Polycrystalline Cd0.3Sn0.7Se thin films were prepared in four different thicknesses on glass substrates by vacuum evaporation technique at
room temperature and subsequently annealed in air at 300◦C for 2 h. They possess a single crystalline phase. The structural, electrical, optical
and photoelectrical properties of these films were studied. The lattice parameters of the synthesized compound and the optical band gaps of
thin films were estimated and the results are discussed in detail.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Metal chalcogenides offer a wide range of optical band
gaps suitable for various optical and optoelectronic appli-
cations. Cadmium selenide has been investigated for many
years for its potential applications in electrography, pho-
tovoltaic cells, thin film transistors and lasers[1–4]. Thin
films of tin selenide have numerous applications as solar cell
memory, switching devices and holographic recording sys-
tem [5–8]. CdSe and SnSe have been studied in the form
of both thin films and single crystals[9–12]. CdSe is a nar-
row band semiconductor and its optical band gap is 1.74
eV [13], whereas SnSe has a band gap energy of 0.9 eV
[14]. Since there is no study has been reported in the litera-
ture for CdxSn1−xSe solid solution either in the form of thin
films or single crystals, we made an attempt to synthesize
and characterize Cd0.3Sn0.7Se thin films. In this paper, we
report the variation of the band gap with thickness and the
photoconducting properties of these vacuum evaporated thin
films.
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2. Experimental

Cd0.3Sn0.7Se material was synthesized in a quartz am-
poule by taking cadmium metal, tin and selenium powders
(Aldrich, 99.99%) in stoichiometric ratio. The ampoule was
evacuated to a pressure of 10−3 Pa, sealed and it was kept
at the uniform temperature zone of the furnace. The temper-
ature was gradually increased up to 900◦C and maintained
at this temperature for a period of 10 h. During this period,
the ampoule was rotated to ensure complete mixing and then
it was slowly cooled to room temperature. The synthesized
compound was analyzed by the X-ray diffraction (XRD)
technique for its homogeneity and crystalline nature.

The thin films of these materials were deposited on glass
substrates by vacuum evaporation. The substrates were thor-
oughly cleaned in a detergent solution and then in chromic
acid and finally, cleaned using trichloroethylene. Double
distilled water was used throughout the different stages of
cleaning. The thin films were prepared in a vacuum coat-
ing unit (Hind Hivac Coating Unit, model 12-A4) at a pres-
sure of 10−4 Pa using the synthesized powder material. The
synthesized powder material was taken in a molybdenum
boat. The temperature of the molybdenum boat was raised
to 900◦C. The glass substrates placed at about 15 cm above
the source were not heated except through any heat transfer
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from this heated source. The rate of coating was maintained
at 2 nm s−1. The films obtained in the above conditions
were reproducible and possess a metallic luster. A quartz
crystal film thickness monitor was used. The thicknesses
of the films were measured by forming interference fringes
[15]. Thin films were prepared at four different thicknesses
namely 0.225�m, 0.276�m, 0.300�m and 0.683�m at
room temperature.

The X-ray diffraction patterns for the synthesized pow-
der sample and thin films were recorded in a Jeol JDX 8030
X-ray diffractometer using Cu K� radiation. The composi-
tion of the powder sample was determined using the atomic
absorption spectroscopy technique. The optical transmission
spectra were recorded using a UV–Vis–NIR spectropho-
tometer (Hitachi V-3400) in the wavelength region 400 to
2000 nm for all the samples having different thicknesses
prepared at room temperature (303 K). The composition and
elemental analyses of the as-prepared thin film were car-
ried out using X-ray photoelectron spectroscopy. The X-ray
photoelectron spectra were recorded with an Escalab MK II
spectrometer (VG Scientific Ltd, UK) using Mg K� radia-
tion of energy 1253.6 eV. The electrical conductivity mea-
surements were studied by the van der Pauw technique from
302 K to 493 K. For electrical measurements, the ohmic
contacts were made using high purity silver paste (Eltecks
Corporation, Bangalore) and gold electrodes. The photocon-
ductivity measurements were made using a halogen (100 W)
lamp fed by a constant voltage supply.

3. Results and discussions

3.1. X-ray diffraction

3.1.1. Synthesized compound
Fig. 1 shows the powder X-ray diffraction pattern of

the synthesized compound. The XRD data of the powder
sample was indexed using the Hull and Davey chart[16]

Fig. 1. X-ray diffraction pattern of synthesized Cd0.3Sn0.7Se powder ma-
terial indexed with the help of the powder indexing program, DICVOL91.

Table 1
XRD data for Cd0.3Sn0.7Se synthesized powder material indexed using
the program DICVOL91

Sl. no. hkl 2θ d (Å) d (Å) I/Io × 100
(degree) observed calculated

1. (200) 14.4 6.146 6.055 100
2. (210) 23.8 3.736 3.734 44
3. (101) 25.3 3.517 3.617 41
4. (201) 27.2 3.276 3.216 40
5. (111) 31.0 2.882 2.879 63
6. (020) 37.7 2.384 2.376 36
7. (510) 42.0 2.149 2.158 36
8. (501) 44.3 2.043 2.041 39
9. (121) 45.8 1.980 1.986 33

10. (221) 47.7 1.905 1.910 33
11. (610) 49.7 1.833 1.858 34
12. (601) 51.2 1.783 1.782 31
13. (230) 60.4 1.531 1.532 38

and a powder XRD indexing program, DICVOL91[17,18].
Table 1 lists the characteristic lines,hkl values, 2θ of the
compound and its interplanar spacingsd. The cell param-
eters were refined with the help of the software known as
UNITCELL [19]. It is found that the Cd0.3Sn0.7Se pow-
der material crystallizes in the orthorhombic crystal sys-
tem with a= (12.11± 0.02) Å, b= (4.751± 0.007) Å, and
c= (3.79± 0.02) Å [20]. The composition analysis of the
synthesized powder material was carried out using atomic
absorption spectrophotometry. The composition of the syn-
thesized powder material was found to be selenium deficient
with cadmium 15.4%, tin 35.9% and selenium 48.7%.

3.1.2. Thin films
The X-ray diffraction patterns recorded for the as-prepared

thin films did not show any peak, indicating that the films
are of poor crystallinity. However, the thin films of thick-
nesses 0.225�m and 0.276�m, 0.3 �m and 0.683�m
annealed at 300◦C for 2 h in air giverise to X-ray peaks,
as shown inFig. 2. Thin films of thicknesses 0.225�m and
0.276�m show one X-ray peak each, whereas two X-ray
peaks are noticed in 0.3�m and 0.683�m thick films.
These X-ray peaks are indexed and the measuredd-values
for (200) and (210) are in agreement with the synthesized
powder data and given inTable 2. The (200) X-ray peak
observed in these films (Fig. 2) reveals that annealed films
have a preferential orientation and their crystallites have
their (200) axis perpendicular to the film plane. However for
the thin film of thickness 0.683�m (Fig. 2d) preferential
orientation along (210) is observed. A similar preferential
orientation is reported in semiconductor thin films by vari-
ous workers[21–24]. The broad peak appearing in the low
angle is due to the (amorphous) glass substrate itself.

3.2. XPS analysis

The XPS spectra of the as-deposited thin film of thick-
ness 0.3�m are given inFig. 3. Presence of chemisorbed
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Table 2
XRD data for Cd0.3Sn0.7Se thin films annealed at 300◦C for various thicknesses

Sl. no. Thickness 2θ Intensity, d (Å) d (Å) hkl
(�m) (degree) I measured (calculated

(powder using refined
sample) a,b,c values)

1. 0.225 14.6 79 6.062 6.146 (200)
2. 0.276 14.3 711 6.189 6.146 (200)
3. 0.300 14.6 120 6.062 6.146 (200)
4. 0.300 24.2 91 3.675 3.736 (210)
5. 0.683 14.6 175 6.062 6.146 (200)
6. 0.683 23.6 178 3.767 3.736 (210)

oxygen is observed in the surface layer for the film stored
in the presence of atmospheric oxygen. On sputtering a thin
layer of the film, it is found that the concentration of oxy-
gen decreases. This is due to the well known fact of oxygen
chemisorption mechanism in metal chalcogenide films. The
measured positions of the XPS peaks are given inTable 3.
The binding energy values of the XPS peaks are calibrated
with respect to carbon 1s line of the hydrocarbon contam-
ination of spectrometer chamber as an internal standard of
284.0 eV. The shift in the measured peak positions of Cd
and Sn to the higher energy side compared to their standard
values of 410.5 eV (Cd(3d3/2)), 484.8 eV (Sn(3d5/2)) and
493.3 (Sn(3d3/2)) is due to electrostatic charging[25]. Se-

Fig. 2. XRD patterns of thin films annealed at 300◦C and of thicknesses
(a) 0.225�m, (b) 0.276�m, (c) 0.300�m and (d) 0.683�m.

lenium 3P3/2 and 3P1/2 are observed at 158.1 eV and 165.1
eV with a separation energy of 7.0 eV as shown inFig. 3c.
A satellite feature have been noticed at 150 eV and is due
to the charge transfer transition.

The atomic concentration of elements in these thin films
are calculated using the area and the intensity ratio of the
XPS peaks, showing that the film is selenium rich and

Fig. 3. XPS peaks of (a) Cd, (b) Sn and (c) Se measured for as prepared
Cd0.3Sn0.7Se thin film of thickness 0.3�m.
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Table 3
Binding energy of various XPS peaks measured for as prepared
Cd0.3Sn0.7Se thin film of thickness 0.3�m

Substance Measured peak Standard values
positions (eV) (eV)

Cd(3d5/2) 403.8 403.7
Cd(3d3/2) 411.9 410.5
Sn(3d5/2) 485.7 484.8
Sn(3d3/2) 495.6 493.3
Se(3p3/2) 158.1 161.9
Se(3p1/2) 165.1 168.2

cadmium deficient and found to have cadmium 13.2%,
tin 34.0% and selenium 52.8%. The selenium rich in
Cd0.3Sn0.7Se thin film is due to the higher deposition rate
and source temperature. Similar change of film composition
in CdSe from Cd rich to Se rich due to the increase in the
deposition rate and source temperature has been reported
by Chan and Hill[26]. The change of Cd rich to Se rich is
also expected from the consideration of the vapor pressure
curves for Cd and Se[27]. These curves show that the va-
por pressure becomes increasingly rich in selenium as the
source temperature increases.

3.3. Optical properties

The films are found to have a light brown color at 0.225
�m and change to dark brown color as the thickness in-
creases to 0.683�m. The optical absorption coefficientα is
determined using the relation

α = 2.303

t
log10

(
1

T

)
(1)

where t is the thickness of the film andT is the transmit-
tance. The relation between the absorption coefficient and
the photon energyhν is [28]:

αhν = [hν − Eg ± Ep]n (2)

whereEp is the phonon energy andEg is the energy gap. For
direct transition (Ep = 0), n is equal to 0.5 and 1.5 for al-
lowed and forbidden transitions respectively. For indirect
transitions,n is equal to 2 for allowed transitions and 3 for
forbidden transitions. In the present work, the value ofα is
found to be in the order of 106 m−1, and since the absorp-
tion coefficient is measured at room temperature, the pres-
ence of exciton bands is not likely to be possible. So, the
indirect band gap is not probable[29,30] and the band gap
is only due to an allowed direct transition from the top of
the valence band to the bottom of the conduction band at
the center of the Brillouin zone.

A plot of (αhν)2 as a function ofhν for the as-deposited
thin films for four different thicknesses is shown inFig. 4.
They are linear in the strong absorption near the fundamen-
tal absorption edge, thus supporting the interpretation of the
direct band gap for all thin films. The band gap energy val-
ues determined for the thin films of thicknesses 0.225�m,

Fig. 4. A plot of (αhν)2 versushν for the as-prepared thin films of
thicknesses (a) 0.225�m, (b) 0.276�m, (c) 0.300�m and (d) 0.683�m.

0.276�m, 0.300�m and 0.683�m are 2.17 eV, 2.13 eV,
2.11 eV and 2.07 eV, respectively, and are shown inTable 4.
It is noted that the band gap value decreases with increas-
ing film thickness. Such a variation in band gap value with
the increase in film thickness has been reported by Shaalan
and Müller [31] for their thermally evaporated CdSe thin
films and also by Pal et al.[32] for their vacuum evaporated
polycrystalline CdSe samples.

The decrease in band gap with the increase in thickness
of thin films is attributed to the smaller grain size of the
material [33]. This variation can be explained in terms of
quantum size effect and of high dislocation density[14,34].
It is well known that the shift of optical band gap to higher
value compared to its single crystal value is attributed to
very small grain size of 3–10 nm and the resulting quantum
confinement of electronic states in thin films. Since there is
no reported band gap value for a Cd0.3Sn0.7Se single crystal,
it is not possible to compare the band gap values with the
bulk samples.

In semiconductor and semimetal thin films, the quantum
size effect appears when the thickness of the films are com-
parable with the mean free path and the effective de-Broglie
wavelength of the carriers. The transverse component of the
quasi-momentum of the carrier is quantized due to the finite
size of the thickness. Therefore, the transverse components
of the electron states assume quasi-discrete energy values in
a thin film. Due to this quantization, the bottom of the con-

Table 4
Variation of optical band gaps with thickness for Cd0.3Sn0.7Se thin films

Sl. no. Thickness Band gap �E (eV)
(�m) (eV)

1. 0.225 2.170 0.226
2. 0.276 2.130 0.150
3. 0.300 2.110 0.110
4. 0.683 2.070 0.030
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Fig. 5. A plot betweenEg and 1/t2 for Cd0.3Sn0.7Se thin films.

duction band and the top of the valence band are separated
by an additional amount�E, given by[14]:

�E ≈ h2

8m ∗ t2
(3)

wheret is the thickness of the film andm∗ is the effective
mass of the carrier. The variation of the energy gap for
as-deposited thin films with 1/t2, wheret is the thickness
of the film, is shown inFig. 5and is found to be linear. The
decrease in the band gap energy with the increase of film
thickness may be attributed to the quantization effect. In
Fig. 5, the intercept atx= 0 yields theEo value of 2.055 eV
and hence the additional contribution of�E are calculated
and given inTable 4.

3.4. Electrical properties

The electrical conductivity for as-deposited Cd0.3Sn0.7Se
thin films having thicknesses 0.225�m, 0.276�m, 0.300
�m and 0.683�m measured in the temperature region 302
K to 493 K is shown inFig. 6. It is seen that there are two
distinct linear regions for the films of 0.225�m, 0.276�m
and 0.300�m thicknesses and one linear region for the film
of thickness 0.683�m. The plot reveals that these distinct
regions possess Arrhenius behavior. The activation energy

Fig. 6. A plot of lnσ against 103/T from 302 K to 493 K for as-deposited
Cd0.3Sn0.7Se thin films of thicknesses (a) 0.225�m, (b) 0.276�m, (c)
0.300�m and (d) 0.683�m.

Table 5
Activation energies�E1 and �E2 obtained for different thicknesses of
Cd0.3Sn0.7Se thin films

Sl. no. Thickness σ at 313 K Linear region Activation
(�m) (Sm−1) energy (eV)

1. 0.225 4.318× 10−3 I 353 to 393 K 0.226
II 403 to 523 K 0.733

2. 0.276 1.376× 10−4 I 353 to 403 K 0.295
II 403 to 523 K 0.626

3. 0.300 2.228× 10−4 I 353 to 413 K 0.424
II 413 to 493 K 0.850

4. 0.683 8.830× 10−5 I 343 to 463 K 0.862

calculated for these four samples are listed inTable 5. In
the first linear region, the increase in electrical conductivity
with temperature is due to the intrinsic nature of the film.
In this temperature region, there is no adequate number of
charge carriers due to its intrinsic defects and the mobility
of the charge carriers is low. Above these temperatures, the
conductivity increases rapidly with the increase of temper-
ature. This behavior is due to the creation of more charge
carriers with the increase of temperature. The low mobility
of the charge carriers is easily compensated by the creation
of a large number of charge carriers and there is an increase
in the conductivity of the specimen[30]. Hence, the acti-
vation energy in region II is greater than region I in these
thin films. FromFig. 6, it is also observed that the electrical
resistivity increases with the increase of thickness.

3.5. Photoconductivity

3.5.1. Steady-state photoconductivity
The dark current and the photocurrents recorded for

as-deposited Cd0.3Sn0.7Se thin films having thickness 0.276
�m for different light intensity levels (600 lux, 1800 lux
and 3000 lux) at room temperature are shown inFig. 7.
The photocurrent on illumination is obtained by subtract-
ing the dark current from the total current measured. The

Fig. 7. The steady-state photoconductivity of as-deposited Cd0.3Sn0.7Se
thin film of thickness 0.276�m illuminated at (a) 600 lux, (b) 1800 lux
and (c) 3000 lux.
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Fig. 8. A plot of ln Iph versus lnF for as-deposited Cd0.3Sn0.7Se thin
film of thickness 0.276�m.

dark conductivity and the total conductivity obtained for an
applied voltage of 10 V for the light intensity of 3000 lux
are 3.09× 10−6 Sm−1 and 2.07× 10−6 Sm−1, respectively.
The experimental results show that the photoconductiv-
ity increases with the photo illumination and it is due to
the generation of free charge carriers. The slope of the
current–voltage characteristics increases with increase in
the illumination levelF.

A plot is drawn between the photocurrent and illumination
level on a logarithmic scale for the as-deposited thin films of
thickness 0.276�m and is shown inFig. 8. The straight line
observed indicates that there exists a relationship between
the photocurrent and illumination level. The photocurrent
follows a power law of the form:

Iph ∝ Fγ (4)

whereγ is a constant and its value determines the recombi-
nation process[35]. For bimolecular recombination process,
the value ofγ is equal to 0.5 and for monomolecular recom-
bination process, the exponentγ is equal to 1. If the value
of γ lies in between 0.5 and 1, it represents the continuous
distribution of localized states. In the present case, the value
of γ is found to be 0.495 and it is close to 0.5 revealing
that the bimolecular recombination mechanism is followed
in these films. A similar bimolecular recombination mech-
anism behavior has been reported by Mann et al.[36] for
their a-Sb15Ge10Se75 thin films.

3.5.2. Transient photoconductivity
The transient photoconductivity measurements are carried

out by exposing the as-deposited thin films (t = 0.276�m) to
light and simultaneously the photocurrent is recorded. Then
the light is turned off and the current decay is followed.
Fig. 9 shows the photo decay curve obtained by applying
a potential difference of 10 V at room temperature for the
as-deposited film illuminated by light intensity of 3000 lux.

The long photocurrent rise time and slow decay process
observed in these thin films is due to the presence of the
deep localized gap states in these materials. The slow decay
process can be explained using the concept of differential

Fig. 9. Photodecay of as-deposited Cd0.3Sn0.7Se thin film of thickness
0.276�m.

life time τd [37] and

τd = −
[

1

I ′
ph

dIph

dt

]−1

(5)

whereI′ph is the maximum photocurrent att = 0.
The decay time observed for the Cd0.3Sn0.7Se vacuum

evaporated thin films is found to be time dependent. In the
case of non-exponential decayτd is not a constant and in-
creases with time. Att = 0, τd gives the value of the carrier
lifetime. In order to find the nature of decayτd is plotted
against timet on a logarithmic scale for the as-deposited
film of thickness 0.276�m and shown inFig. 10. It shows
that there is a linear relationship between lnτd and lnt, in-
dicating that the decay is time dependent. This straight line
obeys the power law of the formtn, with

n = d(lnτd)

d(lnt)
(6)

Moreover, the value ofn is found to be 1.042.
The photosensitivity of the film is determined using the

relation,

S = σph

σd
(7)

whereσph is the electrical conductivity of the sample when
illuminated by light andσd is the dark conductivity of the

Fig. 10. A plot of ln τd versus lnt for as-deposited Cd0.3Sn0.7Se thin
film of thickness 0.276�m.
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sample. The photosensitivity of the films for an applied po-
tential difference of 10 V is 0.30, 0.52 and 0.67 for 600 lux,
1800 lux and 3000 lux, respectively. This indicates that the
photosensitivity increases with increase in the intensity of
the light and the material is found to be photosensitive.

4. Conclusion

Polycrystalline Cd0.3Sn0.7Se materials have been synthe-
sized by the melt technique. The XRD pattern showed that
the synthesized powder material crystallizes in orthorhom-
bic crystal structure with lattice constantsa= (12.11± 0.02)
Å, b= (4.751± 0.007) Å, andc= (3.79± 0.02) Å. Thin
films of these materials have been prepared for four differ-
ent thicknesses using a vacuum evaporation technique. The
structural, electrical, optical and photoconducting properties
are studied. X-ray photoelectron spectroscopic analysis in-
dicates that the vacuum evaporated films are selenium rich
and cadmium deficient. The films on storage in air adsorb
oxygen, which is a common feature of metal chalcogenide
films. The optical studies reveal that these films has a direct
band gap and the band gap energy varies from 2.17 to 2.07
eV with thickness. The variation of band gap with thick-
ness is due to the quantization of the quasi-momentum of
the charge carriers and is explained using the quantum size
effect concept. The photoconductivity studies showed that
the existence of the deep localized states and the thin films
are found to be photosensitive.
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