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Abstract: Thin films of ZnO, SnO2 and CdO have been deposited using spray pyrolysis technique. They were characterized
by X-Ray diffraction (XRD), optical absorption in the wavelength range 200-2500 nm and Hall Effect measurements. A
comparative study was conducted for the prepared TCO’s thin films. The structural studies revealed the formation of
polycrystalline thin films with a hexagonal wurtzite and tetragonal rutile structure for ZnO and SnO2 thin films respectively,
whereas a cubic structure was found for the CdO films. Optical studies showed that the prepared SnO2, ZnO and CdO thin
films had a direct band gap of 3.72, 2.98 and 2.43 eV, respectively. The ZnO films exhibited highest optical transmittance
that varied between 70% - 88%. The film thickness of the samples was estimated from transmission spectra. The effective
mass of the carriers (m*) at the Fermi level and the figure of merit of the deposited films are also investigated. Hall Effect
measurements confirm the n-type nature of the TCO’s thin films. A low resistivity in the order of 10-2 (Q.cm) has been

observed for SnO2 and CdO thin films.
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1 Introduction

Transparent conducting oxide (TCO) materials have great
importance in the field of thin film photovoltaic (PV)
applications devices [1, 2], which have the greatest impact
on the efficiency of solar cells. To improve the efficiency of
a solar cell, a TCO should possess high optical transmittance
across a wide spectrum and low resistivity. Furthermore,
high transmittance in the visible region and wide band gap
of TCOs enhance the electrical performance of PVs. Among
various TCOs materials, ZnO, SnO2 and CdO are forms of
the transparent conducting oxides materials which could be
deposited in the form of thin films. They are used in several
applications such as solar cell [3], gas sensors [4],
phototransistors [5], photodiodes [6] and transparent
electrodes [7]. CdO is an n-type degenerate semiconductor
with low electrical resistivity due to the presence of
interstitial cadmium or oxygen vacancies, which act as
doubly charged donors resulting from non-stoichiometry [8].

CdO crystallites are a simple cubic crystal system and Fm-
3m space group with a lattice constant of 4.695 A [9]. CdO
has low optical band gap (2.2 eV) [10].

Tin dioxide (SnOz) is an IV-VI oxide semiconductor with
tetragonal Rutile structure. It has not only a high
transparency in the visible light region but also a direct wide
band gap on the order of 3.63 eV [11]. Zinc oxide (ZnO) is a
promising semiconductor material from II-VI group with
band gap energy of 3.37 eV, as well as a stable hexagonal
wurtzite crystal structure [12].

In the present paper, the ZnO, SnOz and CdO films were
prepared by spray technique onto glass substrates at 350°C.
This technique represents a very simple processing method
for preparing good quality TCO’s thin films. It is easy for
preparing films of any composition and does not require high
quality chemicals or substrates. In the literature, it is possible
to find several studies on these TCO’s thin films as a window
layer in solar cells application [3-10-11], but no comparative
studies have been conducted these compounds. Some
physical properties of the deposited ZnO, SnO2 and CdO thin
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films have been investigated and a comparative study carried
out made for these deposited thin films.

2 Experimental Details

TCO’s (ZnO, SnO2 and CdO) thin films were synthesized
using spray pyrolysis technique onto microscope glass
substrates of (75%25) mm?. The solution of the ZnO and CdO
thin films was prepared by dissolving 0.1 M of the ZnCl, and
CdCl» powder in deionized water, respectively.

SnOz thin films were prepared from a solution of SnClz
powder. The precursor was dissolved in double distilled
water and methanol in volume ratio 1:1 with adding few
drops of (HCI).

The substrate temperature was fixed at 350°C. Compressed
air of pressure 2 bars has been used as a carrier gas, the
solution flow was 8 ml/min, and spray nozzle to heating
plaque distance has been fixed to 29 cm [31].

3 Results and Discussion
3.1 Structural Properties

X-ray diffraction (XRD) patterns of the prepared thin films
were recorded by Philips 1830 system using Cu Ka radiation
(A=1.546 A) with 20 in the range 20 — 70°. Fig 1(A,B,C)
shows the X-ray diffraction (XRD) patterns of the ZnO,
SnO2 and CdO thin films deposited by spry pyrolysis
method. The XRD patterns proved the polycrystalline nature
of the films, which were not treated after deposition. Fig
1(A) exhibits that the XRD peaks observed at 32.04°,34.62°,
36.41°, 47.74°, 56.64° and 62.94° corresponding to (100),
(002), (101), (102),(110) and (103) were indexed by
matching them with the JCPDS card no: 65-3411, which
confirms the formation of ZnO hexagonal wurtzite structure.
Fig 1(B) illustrates the X-ray diffraction pattern of the SnO2
films. Seven major peaks (110), (101), (200), (211), (220),
(310) and (301) situate at 26.63°,33.84°, 37.96°, 51,74°,
54.7°, 61.79° and 66.03° corresponding to the tetragonal
rutile SnOz srystal (JCPDS No. 41-1445) were observed with
the preferred orientation (110). Similar results were observed
by [16]. Fig 1(C) manifests that the polycrystalline CdO
peaks in the patterns were identified as (111), (200), (220)
and (222) correspond to 26 =33.07°, 38.47°, 55.34° and
66.03° respectively. These peaks are consistent with the
standard values of the JCPDS cards of CdO cubic structure
(Card No. 05-0640) [13]. M. Anitha et al. and El Sayed et al.
[14.15] also reported the similar diffraction peaks.

The lattice constants (a, b, and c¢) for the hexagonal,
tetragonal and cubic phase structure of the deposited films
Zn0, SnOz and CdO were defined from XRD results using
the following equations, respectively [14,17,18]:
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Fig. 1: XRD patterns of the deposited thin films.

The interplanar spacing dux values of the TCO’s thin films
were calculated using the Bragg equation [19].

2 dhkl sin Bhkl = nA (4)

Where: d is interplanar spacing, (hkl) are the miller indices,
A is the wavelength, and 0 is the Bragg angle.The lattice
constant (a, b, and c¢) and interplanar spacing (d) values are
listed in Table 1. The calculated lattice parameters of the
deposited films are consistent with the standard values of the
JCPDS cards of ZnO hexagonal structure (Card N°: 65-
3411), SnO: tetragonal structure (Card N°. 41-1445) and
CdO cubic structure (Card No. 05-0640).

The displacement of an atom from its lattice site (u) and bond
length (L) in the (Zn:Sn:Cd)-O structure were calculated by
[20]:

L= \/(é) +c2 % (0.5 —u)? 5)
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Where, a and c are lattice constants of the samples. The
obtained values are listed in Table 1.
The structural parameters, such as crystallite size (D), micro-

strain (g), dislocation density (8) and stacking fault (a*) were
calculated using the following relations [19]:

D = (0.9.1)/(B. cosB) (7

=Bt ®)
§=— ©)
@ = (szmar) P (1o

Where: A is the wavelength of Cu-Ka radiation, 0 is the
Bragg angle and B is defined as the full width at half
maximum (FWHM) of the most intense diffraction peak.
The calculated crystalline parameters of the prepared films
are regrouped in Table 2. It reveals that the CdO thin films
prepared by spray pyrolysis showed the smallest crystallite
size (D) in the order of 19.98 (nm) and the highest structural
disorder (Strain (g) =19.10x10*, Stacking fault (a*) =
22.11x107* (J /m?), Dislocation Density (8) = 25.06 x 10*
(line/nm?).

The texture coefficient TC (hkl) for predominant (002),
(110) and (111) plane corresponding to the ZnO, SnO2 and
CdO films was estimated based on the following relation
[21].

I(002)/1?002)
(1/N) Zn Inkn)/1nxay

TC(OOZ) = (11)

Where I (hkl) is the measured relative intensity of a plane
(hkl), I° (hkl) is the standard intensity of the plane (hkl) taken
from the JCPDS data cited previously, N is the reflection
number and ‘N’ is the number of diffraction peaks. The
texture coefficient values (Table 2) of the deposited thin
films greater than one (> 1) for the predominant (002), (110)
and (111) plane corresponding to the ZnO, SnOz and CdO
films are 3.98, 1.12 and 1.37 indicating a preferred
orientation. The TC (111) value of the CdO films is
consistent with that obtained by M.Anitha et al. [14] for CdO
thin films prepared by nebulized spray pyrolysis technique.

3.2 Electrical properties

To examine the electrical properties of TCO’s thin film, Hall
Effect measurements are performed on all deposited films
and the results are summarized in Table 3. The electrical
parameters were measured by an automated Hall Effect
system (ECOPIA HMS-5000) at room temperature.
Negative value of Hall Coefficients asserts that the prepared

TCO’s films are n-type conductivity. It indicates that the
lowest value of the resistivity and sheet resistance 2.31 x 10
2(Q.cm) and 1.15 x 10" (Q/sq), respectively, were obtained
for CdO thin films, which can be attributed to the high carrier
concentrations (1.02 x 10"2° cm™®). The low resistivity values
of CdO thin films deposited by spray pyrolysis had been
observed by several authors, for example, Anitha et al. (9
x107* Q-cm) [14] and M. Azizar Rahman (1.6x107* Q-cm)
[22]. Negative value of Hall Coefficients confirms that the
prepared TCOs films are n-type conductivity.

3.3 Optical Properties

The optical measurements were carried out at room
temperature in the wavelength range 200 —2500 nm using an
UV-Vis-NIR  (JASCO type V-570 double beam
spectrophotometer). Optical transmission spectra of the
prepared TCO’s thin films are displayed in Fig. 2. The
spectra of the samples indicate a large optical transmittance
with an absorption edge of approximately 315 nm, 340nm
and 400 nm for SnO2, ZnO and CdO thin film, respectively.
The ZnO films exhibit the highest optical transmittance
varied between 70% - 88% in the visible and infrared region
which can be attributed to a high structural homogeneity.
The film thickness of the samples was estimated from
transmission spectra. The transmission spectrum is generally
divided into three regions: transparent, weakly and highly
absorbing regions [23]. The transmission spectra (T) in the
weakly absorbing region (n k) can be estimated according
to [29].

16 n? ng X,

T = 2 2
(L3+L3)Xa+2L L,yX, cOS@

(12)

Where n is the refractive index of film, ns is the refractive
index of glass substrate and

Li=m+Dlm+ny), L, =n-1D0m-ny), ¢ =
X, - exp(—ad).

4nnd
A )

Here a is the absorption coefficient, ns is the refractive index
of the glass substrate (ns = 1.51). In the weakly absorbing
region (a#0), the expression of transmission can be
described as,

T=T (n, a, A, d). However, this expression can be
significantly simplified using the expression for Xa and
writing the transmission as T=exp (—ad) [23, 30].

Eq. (12) shows that it is possible to estimate the values of
film thickness d for any point at any interference edge as long
as A is known. Hence, Eq. (12) was fitted to the transmission
curve for various values of n and d until both sides are
reasonably equal (Fig 3).The obtained values of film
thickness are 210, 159 and 236 nm for ZnO, SnO2 and CdO
thin films, respectively.
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Table 1: Summary of structural parameters of the deposited thin films.
Samples Lattice constants (A) d spacing (A) L (nm) u (nm)
a=b=3228 d(002)=2.588 1.965 0.3796
ZnO c=5.176
a=b=4.732 da10=3.343 3.140 0.986
SnO2 c=3.184
Cdo a=b=c=4.686 daiy=2.705 2.733 0.583

Table 2: the results and determinations using XRD data of the deposited thin films.

Samples FWHM Crystallite size Dislocation Strain Stacking fault (a*) texture
Peak (D) (nm) Density( 5 ) (e) (10%) (1074 J /m?) coefficient
(20)° (10*line/nm?) (TC) (hkD)
ZnO 0.202 45.79 4.76 8.41 9.22 3.98
SnO2 0.196 46.13 4.69 8.34 9.14 1.12
Cdo 0.461 19.98 25.06 19.10 22.11 1.37
Table 3: The Hall Effect results of the deposited thin films.
samples Resistivity Mobility Carrier Hall Sheet
(p) (Qcm) (cm?/VS) Concentrations Coefficient Resistance (Rsh)
(cm™) (cm?/C) (Q/sq)
ZnO 1.92 x 10*? 3.32 -9.74 x 10*15 -6.40 x 10*2 9.63 x 10"
SnO2 6.04 x 102 0.45 -2.28 x 10" -2.73 x 10 6.03 x 10*?
CdO 2.31 %1072 2.62 -1.02 x 102 -6.06 x 1072 1.15 x 10"

The band gap energy width values were estimated from
every sample adsorption edge. We have assumed from the
literature that TCO thin films are characterized by direct and
indirect band gap. In the case of a direct transition, the
relation between the absorption coefficient (o) and the
incident photon energy (hv) is given by [24].
(ahv)? = An. (hv — E,) (13)

Where: An is an energy independent constant. The direct
band gap of the samples can be defined by extrapolating the
linear portion of the graph as shown in Fig. 4. Obtained

values of the direct band gap energy (Eg) of the TCO’s thin
films are given in Table 4.

The urbach energy (Eu) which gives the width of the band
tail of the localized state of the band gap can be defined by
[27].

a = ayexp (h/E,) (14)

Where o is a constant and hv is the photon energy. The
urbach energy values are estimated from the reciprocal of the
slope of the linear portion of a plot of In (o) against energy
(hv). The determined values are summarized in Table 4
which exhibits that the SnO»> thin films shows the low degree
of disorder in the film (Eu = 0.27¢V), which is consistent
with that previously obtained by XRD data (Table 2).

The effective mass of the carriers (m*) at the Fermi level
of the TCO’s thin films was estimated using the following
relations [24, 28, 31]:

— h? *2

E= [81‘[2>< m*] K (15)
* 2_7r __2mXEg

K*= T e (16)

Where me is the electron of masse (9.11 x 10 3! Kg), h
denotes Planck constant, E is the incident photon energy
(hv), c is the speed of light, K" is the wave number, and Ea
is the absorption energy of the material.
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Fig. 2: Optical Transmission spectra of the deposited TCO’s thin films.
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Fig. 5 (A, B, C): Photon energy E as a function of K 2 of the deposited thin films.

The effective mass of the carriers (m*) at the Fermi level of
the prepared TCO’s thin films was evaluated using the slope
of the linear part in Fig 5 (A, B, C), and the obtained values
are regrouped in Table 4. The extrapolation of the linear
portion of the plot onto the energy axis gives an optical band
gap of the ZnO , SnO2 and CdO as 2.998 eV, 3.669 eV and
2.164 eV, respectively (see Fig 5), which is comparable with
the values obtained previously from the optical absorption
measurements.

The refractive index (n) is related to optical band gap (Eg) of
a semiconductor by the following relation [25].
n =4.084 - 0.68 Eg 17)
Table 4 demonstrates that the refractive index (n) values of
the TCO’s thin film grown by spray pyrolysis technique
change between 2.43 and 1.55, which is acceptable for thin
layers to be used as window layers of solar cell. The lowest
value of refractive index is recorded for the SnO2 thin films
because of its wide optical band gap (3.72 eV).

3.4 Optoelectronic study:
Calculation of figure of merit is to choose which TCO films
present the best yield for their applications as widow in solar

cells. Figure of merit ®@1c was defined using Haacke's
formula [26]:

(18)

It also exhibits that the figure of merit values in the visible
and near infrared region was well observed varied between
10*and 108, and the best results are observed for CdO thin
films (1.34 x 10%) and SnO2 (1.78 x 107) due to their low
electrical resistivity.

4 Conclusion

The present paper addressed a comparative study of ZnO,
SnO2 and CdO thin films deposited by spray pyrolysis
method. The optical and electrical structural characterization
demonstrate that the thin layers of SnO2 show less structural
disorder as well as good optical and electrical parameters,
such as high transmittance in the visible range > 75%, wide
optical gap (Eg=3.72 eV), and low resistivity (6.04 x 1072
Q.cm). These results provide a figure of merit in order of
1073, asserting it is a potential window layer for obtaining a
high efficient solar cell.
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