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ABSTRACT

The Zn, ,Cd 5 (0<x <1) thin films have been prepared using a low cost and simple spray pyrolysis
technique onto preheated glass substrates at temperature 523 K. The surface morphology,
structural, optical and electrical properties of the as-deposited and annealed Zng ,,Cd, 5,5 films were
studied by optical micreoscopy, Energy Dispersive X-ray (EDX), X-Ray Diffraction (XRD), UV-visible
spectroscopy and Vander Pauw method, respectively. The films are shown inhomogeneous surfaces,
less defined grain boundaries. The elemental analysis (KDX) revealed that the deposited films are
of Zn, Cd and S compositions. X-ray diffraction patterns indicated that the as-deposited films are
amorphous in nature and the annealed film is found te be crystalline structure. The average grain
size of the annealed film 1s found to be 8-47 nm and its value increases with the increase of
annealing temperature. Various optical constants viz., optical band gap, extinction coefficient,
refractive index and dielectric constant have been studied. The direct optical band gap energy of
the as-deposited and annealed films is varied from 3.64-2.40 eV and 2.62-2.1 eV, respectively. The
de electrical conductivity increases with the increase of temperature and also with Cd doping.

Key words: II-VI semiconductors, thin films, spray pyrolysis, band gap, conductivity

INTRODUCTION

The II-VI and III-V groups’ compound semiconductors are of great importance due to their
applications in various fields of science and technelogy. Zine Sulphide (ZnS) is the II-VI group
semiconductor with a direct band gap of 3.50-3.70 eV (Berger and Pamplin, 1993). It is used as a
key material for light emitting diedes, electroluminescent, displays, cathodeoluminescent displays,
multilayer dielectric filters, blue light emitting laser diodes and antireflection coating for hetero-
junetion solar cells (Nicolau et al., 1990; Marquardt ef al., 1994; Kumar et al., 2008; Haase et al.,
1991; Hirabayashi and Kozawaguchi, 1986). ZnS is widely used as a window layer in hetrojunction
photovoltaic solar cells because the wide band gap decreases the window absorption loses and
improves the short circuit current of the cell (Shaban et af., 2011). On the other hand, cadmium
sulfide {CdS) 1s also the II-VI group compound semiconductor with a band gap of 2.42 eV
(Archbold et al., 2005). It is a low resistivity semiconductor and can be used as a high transparent
conducting sulphide in the wisible range and high light trapping agent. CdS has been doped with
a wide variety of elements (ZnS, Cu,S, Al, Co, In, Sn, Se, Te, ete.) to meet the demands of several
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application fields such as thin film solar cells (Ristova and Ristov, 1998), electrochemical cells
(Jadhav et al., 2001), gas sensor (Kanemitsu et al., 2002) and it is also emploved in high efficiency
solar cells formed with Cu,5/ZnCdS and Cu,5/CdS (Hall and Meakin, 1979; Saraf, 2012,
Nakada et al., 1994). Among the binary compounds PbS, 5n0,, In,O,, CdO and WO,, the ZnS and
(CdS are the most typical inorganic semiconductor materials because they play important roles in
both basic science and application fields. Various technological applications mentioned above need
new and alternative materials with developed properties. The properties of Zn, Cd S thin films are
lie in between the properties of ZnS and CdS. Doping of Cd with ZnS can be tuned the band gap
i.e., 7Zn,; Cd S changes the band structure as a result, it makes the material much more attractive
for the fabrication of solar cells (Reddy and Reddy, 1992; Oladeji et al., 2000). The Zn, Cd S thin
films have been widely used as a wide band gap window material in heterojunction
photovoltaic solar cells (Reddy and Reddy, 1992; Oladeji ef al., 2000) and in photoconductive
devices (Torres and Gordillo, 1992). Incorporation of Cd into Zn, ,Cd_ S modified the optical window
of the heterojunction and also the diffusion potential (Chynoweth and Bube, 1980; Kulkarni ef al.,
2001) and it can lead to an increase in photocurrent by providing a match in the electron affinities
of the two materials. This ternary Zn, Cd S compound is also potentially useful as a window
material for the fabrication of p-n junctions without lattice mismatch in devices based on
quaternary materials like Culn Ga, Se, or Culn(5,Se, )2 (Yamaguchi et al., 1992). With respect,
to this aim, we tried to improve some physical characteristics of Zn, Cd S thin films prepared by
spray pyrolysis.

Several techniques have been used to produce ZnS thin film such as chemical method
{Borah and Sarma, 2008), electron beam evaporation (Lytvyn et al., 2001), chemical bath
deposition (Jayanthi et al., 2007; Ubale ef al., 2007a), sol-gel method (Bhattacharjee ef al., 2002),
metal organic chemical wvapor deposition (Sec ef «l., 2005), radio frequency magnetron
co-sputtering (Glass ef al., 2007) and Spray Pyrolysis Deposition (SPD) (Glass ef al., 2007,
El Hichou et al.,, 2004; Islam and Podder, 2009). All the referred methods have complex setup and
are expensive but Spray Pyrolysis Deposition (SPD) has some advantages over those techniques
such as very simple, low cost experimental set up from an economical point of view and it could be
employed for the large scale deposition preduction of undoped and doped thin films without
applying any high vacuum system (Bedir et «l., 2002). Although, much study has been done on
the electronic and optical properties of the binary ZnS, CdS and partially doped Zn, Cd S
{upto x = 0.5) thin films (Chynoweth and Bube, 1980; Oztas and Bedir, 2001; Ilican ef al., 2007)
but there is no information available on the structural, optical and electrical properties of the
ternary Zn,,Cd 5 (0 «x<1) thin films prepared by spray pyrolysis technique. In this point of view,
the ternary 7n, Cd S thin films have been deposited on the glass substrate using SPD system
at a relatively low temperature 523 K so as to reduce the preparation cost and studied their
structural, optical and electrical properties, respectively.

MATERIAL AND METHODS

Preparation of this films: The Zn, Cd S (x = 0.00, 0.20, 0.40, 0.60, 0.80 and 1.00) thin films
were prepared using the spray pyrolysis method (SPD)) from aqueous solution of zinc acetate
Zn(CH.CO0;,.2H,O0 (0.1 M), thiourea (NH,CSNH,), (0.2 M)} and cadmium acetate
Cd(CH,COM),.3H,0, (0.1 M). Experimental set up and the films preparation is in the previous
published study (Kamruzzaman et al., 2012). The possible reaction may take place at the surface
of the heated substrate as follows:
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Zn, (CH,CO0),-2H,0+ Cd (CH,CO0), -3H,0 + NH,CSNH, _OBK Zn, Cd 8+ NH, T+C0O, T +steam T
Decompose

Characterization: The thicknesses of the films was measured using the setup of Fizeau fringes
method. Surface morphology of the films was characterized using the swift photomicroscope and
elemental analysis by Energy Dispersive X-ray (EDX) (Inspect IS50 FEI Company). The
transmittance and abscorbance data were collected at room temperature using double beam UV-Vis
spectrophotometer (UV-1601PC Shimadzu, Japan) in BCSIR, for wavelength 300-1100 nm. The
X-Ray Diffraction (XRID)) data of as-deposited and annealed films were taken by PHILIPS model
“X'Pert PRO XRD System with CuK (A = 1.54178 A), radiation diffractometer. Vander Pauw
method was used to investigate the electrical property of the films in the temperature range

303-403 K.

RESULTS AND DISCUSSION

Surface morphology: The surface morphelogy under 1200 magnification of the as-deposited
Zmn,,Cd S thin films are shown in Fig. 1a-f. From optical surface property in Fig. 1, it is noticed that
film surface becomes homogeneous increasingly coarse and less define grain boundaries with the
increment of Cd, which can be described as a conglomerate random roughness to be the
characteristic of an amorphous nature.

Some cracks are observed on the ZnS film (Fig. 1a) and Cd precipitation is also observed on the
CdS film (Fig. 1f). But, some opaque portions of clusters are introeduced on the films due to Cd
incorporation. However, surface become homogeneous and smooth for x = 0.80 (Fig. 1e). So it may
be necessary to limit the degree of Cd present in these films for applications like solar cells,
particularly when spray pyrolysis is used as the fabrication technique. Figure lg-i shows the
surface optical photographs of the annealed 7n;.,Cd,..S film. From these figures, we see that
annealing temperature greatly affect on the films morphology. With the increase of annealing
temperature surface homogeneity, quality, erystallinity increases as a consequence of Cd diffusion
over the surface well and reduces defects and surface roughness.

Figure 2 shows the EDX spectra of Zn, Cd.5 films (for x = 0.00, 0.80 and 1.00) and the
corresponding at percentage is given in Table 1. From Table 1 we see that sulphur deficiency
occurred in all samples, because sulphur has great affinity towards oxygen, so it might have
converted to 50, and then evaporated. In Fig. 2a and ctwo peaks arise in the spectra corresponding
to Zn and 5 and Cd and 5 which confirmed ZnS and CdS films, respectively. However, for x = 0.80
the elemental “n, Cd and S peaks arise in the spectra satisfied that the prepared 7n, Cd 5 (0O<x<1)
films are composed of Zn, Cd and 5.

Table 1: Atomic percentage of different compositions of Zn, ,Cd,S thin films
Atomic (%)

Compositions Zn Cd S

ZnS 53.22 00 46.78
7y 50d, 58 43.28 11.46 45.26
Zn,,Cdy,S 3255 23.20 4416
Zn, ,Cd,y 5S 23.10 34.66 42,24
Zn ,2Cdy sS 11.58 40.15 48.27
Cds 00 52.24 47.76
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(@ :

(b)

Fig. 1{a-i): Experimental set up of spray pyrolysis method, (a-f) Surface optical photograph of
as-deposited Zni1:CdeS films for x = 0, 0.20, 0.40, 060, 0.80 and 1.00 under 1200
magnification and (g-i) Surface optical photograph of the annealed film at temp.
673 K, 773 K and 873 K under 1200 magnification
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Fig. 2(a-c): KDX spectra of 7Zn, Cd_S thin films for (a) x =0.00, (b) x = 0.80 and (c) x = 1.00

X-Ray Diffraction (XRD): To check the crystallographic status of the Zn, Cd S films, XRD data
of the as-deposited and annealed films were collected in the range 20-60 degree. The XRED patterns
of as-deposited (for x = 0.80) and annealed films are shown Fig. 3. Only a broad peak is observed
of the as-deposited film indicates amorphous in nature. When the film is annealed at 673 K, the
amorphous nature is still remain in the film. However, annealed at 773 and 872 K, some highly
resclved characteristic peaks arise on the spectra and these peaks are identified as (111, 002, 200
and 220) Millar planes for cubic, the structure according to the JCPDS chart (card no. 5-566)
(Zu et al., 2009), The lattice parameter ‘a’ has been calculated for cubic phase using the following
Eq. 1:

a
d=———— (1)
(h? +k* +19)"

where, h, k and 1 are Millar indices, d is interplaner spacing and ais the lattice constant.
The average value obtained is a = 4.68 A which is close to the standard value (Okoli et al.,
2006).

The average grain size of the film was determined for the stronger (111) and (200) peaks of
each XRD patterns using Scherrer formula:

_ 0.90 (2)
& (A-0.05)c0s8
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Fig. 3: X-ray diffraction patterns of Zn,,Cd, .S thin films

where, D, is the average grain size, A 18 the wavelength of the radiation used as the primary beam
of CuK (A = 1.54178 A), 0 is the angle of incidence in degree and A is the Full Width at Half
Maximum (FWHM) of the peak in radian which was determined experimentally after correction
of instrumental broadening {in the present case it is 0.05%). The average grain size of thin film lie
in between 8 and 47 nm which indicates the nanometric size of Zn, ,Cd, ;S grains developed in the
film. The average grain size increases with the increment of annealing temperature.

Optical properties: The absorbance spectra of the as-deposited Zn, Cd S (0 «x<1) films are shown
in Fig. 4a. Low absorption is observed in the visible and near infrared regions (540-1100 nm) and
high in the ultraviolet region. Absorption increases with the increase of Cd concentration and the
fundamental absorption edge shift towards the longer wavelength with cadmium contents. This
nature of the absorption edge shift suggests the decrease in band gap with increasing cadmium
incorporation and overall absorbance has been increased with Cd doping. This 1s because of the
reason that in case of Cd doping, more atoms are present in the film so more states will be available
for the photons to be absarbed. Figure 4b shows the optical transmittance spectra of the films. All
the films demonstrate more than 65% transmittance at wavelengths longer than 540 nm which is
comparable to the reported chemical bath deposition method (Ristova and Ristov, 1998) and a sharp
fall in the T'(%0) is cbserved below 540 nm due to the strong absorbance of the films in this region.

The optical band gap of films is determined from the plots of (ehv)? vs. photon energy (hv) for
direct transition (Fig. 4c). The direct band gap energy of the films were obtained from the
intercept on the enerpy axis after extrapolation of the straight line section of (ehv)? vs. hv curve
to the energy axis, where ¢ = 0. The band gap energy of the films is varied from 3.64 (x =0.00) to
2.40 eV (x =1.00) of as-deposited films and 2.62-2.1 eV of annealed films shown in Table 2.
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Fig. 4(a-d): {a) Absorbance, (b) Transmittance, (c) Bang gap and {d) Extinction coefficient
of as-deposited Zn, Cd 5 films

Tahble 2: Variation of band gap energy and Urbach energy of ., Cd, S thin films

Sample Band gap (eV) Urbach energy, E, (eV)
ZnS 3.64 0.25
7y 50d, 58 3.16 0.29
Zn, ¢Cd, .S 2.76 0.33
Zn, ,Cd,y 5S 2.64 0.39
7n,5Cdy 68 262 0.44
cds 2.40 0.49

The value of I, is found to decrease from 2.62-2.10 eV with increasing annealing temperature from
673-873 K. The decrease in K, indicates an improvement of the quality of the film due to the
annealing out of the structural defects. This 1s in agreement with the experimental results of XRD
analysis. According to XRD results, the mean grain size (for each resolved peak) increased with
increased annealing temperature. As grain size increased, the grain boundary density of a film
decreased, subsequently the scattering of carriers at grain boundaries decreased (Lee ef al., 2003).
A continuous increase of optical constants and also a shift in absorption edge to a higher
wavelength with increasing annealing temperature may be attributed to the improvement in the
crystalline quality of the films along with reduction in porosity.

The decrease in optical bandgap energy is generally observed in the annealed
direct-transition-type semiconductor films. Hong et al. (2005) observed an optical bandgap shift of
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ZnQO thin films from 3.31-3.26 eV after annealing and attributed this shift to the increase of the
Zn0 grain size. Chaparro et al. (2000) ascribed this ‘red shift’ in the energy gap, K, to an increase
in erystallite size for the annealed Zn& films. Bao et al. (2001) also reported a decrease in £, with
increasing annealing temperature for SrTi0, thin films and suggested that a shift of the energy
gap was mainly due to both the quantume-size effect and the existence of an amorphous phase in
thin films. In our case, the mean crystallite size increases from 8-47 nm after annealing from
673-873 K. Moreover, it is understood that the amorphous phase is reduced with increasing
annealing temperature, since more energy is supplied for crystallite growth, thus resulting in an
improvement in crystallinity of the Zn, ,Cd, ;S films. Therefore, it is believed that both the increase
in crystallite size and the reduction in amorphous phase amount are responsible for the
bandgap decreasing in annealed Zn, ,Cd, ;5 films (Gadave et al., 1994; Ubale and Kulkarni, 2006;
Ubale et al., 2007b).

In the case of as-deposited films, we think that this shift of the band gap with Cd incorporation
resulted from the increase of carrier density or the improving donor levels and/or the possibility of
structural defects in the films that give rise to the allowed states near the conduction band in the
forbidden region. In case of thick films, these allowed states that could well merge with the
conduction band resulting in the reduction of the band gap 1.e., band gap engineering. On the
other hand, when the annealing temperature 1s increased, the band gap was decreased as a result
of the erystallinity, larger grain size growth and the decrease in defect states near the bands and
these turn decrease the value of E..

The density of localized or allowed states can be evaluated from the Urbach energy (E ) at
0<10* em™" which is referred to absorption tails at energies smaller than the optical band gap. To
find the Urbach energy, a plot Lne vs. hv was drawn and the reciprocal of the linear part gives the
value of K, The value of Eu increases from 0.25-0.49 eV with the increment of Cd contents
{Table 2) and this may be attributed to the increase of amorphousness and defects of films leading
to decrease the band gap (Al-Fawade ef al., 2012). The variation in the band gap energy may be
useful to design a suitable tunable band gap window material in fabrication in solar cells. Our
obtained I, values are in good agreement with the published values deposited by other techniques
{Raviprakash et al., 2009; Akyuz ef al., 2007). The absorption coefficient. (&) which 1s related to the
other optical constants such as extinction coefficient (k), refractive index (n) and dielectric constant
(e, and &) were caleulated from absorbance spectrum. The absorption coefficient is calculated using
Beer Lambert’s equation:

o= 2.303{%} (3)

where, A is the optical absorbance and d is the thickness of the film. The extinction coefficient is
the imaginary part of the complex index of refraction which also relates to light absorption
(Xiao et al., 2005). The extinction coefficient (k) is obtained from the Eq. 4:

k=& (4)
An

where, A 1s the wavelength.
From Fig. 4d, it 1s observed that the extinction coefficient increases with the increase of Cd
contents. The fall in the extinction coefficient may be due to the absorption of light at the grain
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boundaries. The value of k decreases rapidly in the wavelength range 300-550 nm and after that
it remains constant. The extinction coefficient increase rapidly when the incident photon energy
exceeds band gap energy. Increase of k with the increase of hv indicates the probability of raising
the electron transfers across the mobility gap with photon energy. Higher values of k represent.
greater attenuation or absorption of light at the grain boundaries in the thin films. The refractive
index is obtained using the following Eq. 5 and é:

n=(1E), {Ufi)zkz] ®

where, k is the extinction coefficient and R is the optical reflectance (Ilican et al., 2007) and the

reflectance has been found by using the following Eq. &:
R+T+A =1 (8)

where, T is the transmittance and A is the absorbance.

The wvariation of the refractive index of the films with the deposition parameter 1s shown in
Fig. 5a. The value of n changes with Cd content are due to successive internal reflections or due
to the trapped of photon within the grain boundaries. The refractive index increases sharply below
the wavelength 550 nm which means it loses its energy due to varicus loss mechanisms such as the
generation of phonons, photo generation, free carrier absorption, scattering, variety of different
impurities and defects etec. It is also seen that the dispersion peak is shift towards the higher
wavelength with the increase of Cd which also support to the decreased of band gap with Cd
incorporation.

The variation of the real {g,) and imaginary (&) parts of the dielectric constant for different Cd
coneentration are illustrated in Fig. 5b-c. The real part dielectric constant increases with Cd doping
implies that slow down the speed of light in the material. The imaginary part is alse increases with
Cd content which gives that light absorption increases due to dipole motion or free carriers
absorption. From Fig. 6d, we see that the dielectric loss increases sharply in the lower wavelength
range (<5650 nm) and also with Cd doping. This may be attributed to the increase of defects or
amorphousness with random distribution of Cd contents.

Electrical properties: The de electrical conductivity and sheet resistance of the as-deposited
Zn; ,Cd, S and annealed Zn,,,Cd,,5 films were measured in the temperature range 303-403 K
by van-der Pauw method and the experimental setup illustrated in previous study

(Kamruzzaman et al., 2012). The resistivity of the films was calculated using the following
Eq. T

pP=2265xt(R,, ., + R, .) (7)

where, t is the thickness of the film and R, |
Variation of the conductivity with temperature of the as-deposited Z7n,; Cd S and

4 and R, ;. are resistances for four peints probe.

annealed Zn,.,Cd, 5 films are shown in Fig. 6a-b, respectively. From Fig. 6a, it is seen that the de
conductivity (inverse of resistivity) increases exponentially with temperature indicating that the
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conductivity is a thermally activated process. Mathematically, it can be expressed by the
well-known Arrhenius relation as, 0, = 0, exp ((AE/2 kT).

where, 0, 1s called pre-exponential factor, AK is called the activation energy, T is the absolute
temperature and k i1s Boltzmann constant. The conductivity increases with the increase of
temperature and also with Cd doping. This type of variaticn indicates the sermconducting behavior
of the films. Since 7Zn, Cd_Sis an n-type semiconductor (Hussain et al., 1991) and the numbers of
carriers available for electrical conduction 1s controlled by electrons. As Cd doping increase, the
number of donor levels increase and these levels slowly shift toward the conduction band of ZnS.
Whenever, the temperature is increased, more and more electrons are released or hope from
the donor levels and/or the valance band and goes to the conduction band. Henee, the conductivity
is increased with temperature and Cd doping. Another aspect of this charge dopping mechanism
is that the electron or hole tends to associate with local defects. So, the activation energy for charge
transport may also include the energy of freeing the hole from its position next to the defects
{Hossain et al., 2008; Khan et al, 2010). The annealing temperature greatly affect on the
conductivity. The conductivity increases with the increase of annealing temperatures (Fig. 6b).

When the annealing temperature is increased, the surface homogeneity, quality, crystallinity
increases and Cd diffuses over the surface well, reduces defects and roughness as a result of
conductivity increases. The sheet resistance of the as-deposited “n, ,Cd 5 and annealed Zn,,,Cd, ;5
films follow the same mechanism as resistivity of the films (Fig. 6¢-d). The activation energy of the
films were determined from the lno vs. 1/T graph of the as-deposited Zn, Cd S thin films and is
varied from 0.021 eV (x = 0.00) to 0.1 eV {x = 1.00).
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Fig. 6(a-d): Variation of (a) FElectrical conductivity of as-deposited Zn, Cd S, (b) Electrical
conductivity of annealed Zn,.,Cd, .S, (c) Sheet resistance of as-deposited Zn, Cd S
and (d) Sheet resistance of annealed Zng ,,Cd, 4,5 thin films

CONCLUSION

The prepared Zn, Cd S thin films show the inhomogeneous surfaces, less defined grain
boundaries. The as-deposited film contains a broad peak indicating amorphous in nature and the
annealed film is found to be crystalline in nature. The average grain size of the films is found to
be lying in the range of 8-47 nm and its value increases with the increase of annealing
temperature. The transparency and the band gap of the films decreases with the increase of
Cd doping. The direct band gap energy 1s varied from 3.64-2.40 eV of as-deposited 7n, Cd. S and
2.62-2.1 eV of the annealed films, respectively. Both as-deposited and annealed films show the
semiconducting in nature in the measured temperature range. These optical and electrical results
are appropriate for designing optical devices such as solar cells, optical window lavers of
photovoltaie cells, photodetectors, photoresistors, ete.
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