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Compositional dependence of the optoelectronic properties of sol-gel derived CdO-ZnO composite films
with volume ratio of Cd:Zn ranging from 1:0 to 0:1 (with a step of 1/4) has been studied. After heat
treatments in air the prepared thin films were investigated by studying their structural, morphological,
d.c. electrical and optical properties. X-ray diffraction (XRD) results suggest that the samples are poly-
crystalline and the crystallinity of them increased with Cd ratio. The average grain size is in the range
of 20-34 nm. As composition and structure changed due to the Cd volume ratio, the order of the carrier

l;ggs(;.ci concentration was varied from 106 to 10%2° cm~3 with Cd ratio and the mobility increased from less than
81.20.Fw 2to45cm? V-1s1 It was found that the transmittance and the band gap decreased as Cd ratio increased.
73.63.Bd The optical constants of the film were studied and the dispersion of the refractive index was discussed

in terms of the Wemple-DiDomenico single oscillator model. The real and imaginary parts of the dielec-
Key\_/vords: tric constant of the films were also determined. The volume energy loss (VELF) increases more than the
?51“;211 constants surface energy loss (SELF) at their particular peaks. The third-order nonlinear polarizability parameter is

CdO-ZnO thin films
Electrical properties

higher for CdO-ZnO thin films with higher concentration of cadmium oxide.

Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

1. Introduction

Transparent conducting oxides (TCOs) have been extensively
studied because of their applications in semiconductor optoelec-
tronic device technology. Some of these transparent metallic oxides
include, in part, zinc oxide (ZnO), indium-tin oxide (ITO), tin oxide
(Sn03) and cadmium oxide (CdO). CdO and ZnO are both promis-
ing materials for their applications as window and buffer layers in
thin film solar cells. CdO is an n-type semiconductor, with a direct
band gap of approximately 2.5eV [1] which is lower than that of
Zn0 (~3.3 eV [2]), however CdO thin films show low resistivity with
respect to the high values obtained for ZnO. It is known that it is
difficult to obtain simultaneously a high transmission in the visible
region and good conductivity qualities [3]; however, a ternary com-
pound which combines these properties in a controlled way may
allow the optimization of the window layer on solar cells. Since Zn
and Cd belong to the same group in the Periodic table, it is of both
fundamental and practical interest to study the Cd-Zn-0 ternary
system. Cadmium zinc oxide (CdO-ZnO0), the ternary TCO material,
is a transparent conductor material that combines many beneficial
characteristics of both CdO and ZnO. The ratio of Cd and Zn cations
becomes important for obtaining a TCO film. Since the first report in

* Corresponding author.
E-mail address: feghodsi@guilan.ac.ir (F.E. Ghodsi).

1996 [4], a spate of studies have begun to appear on Cd-Zn-0 thin
films, nanowires and nanorods [5-14]. These interesting materials
have been synthesized by various techniques, including electrode-
position [5], molecular beam epitaxy [6], sol-gel [7-10], thermal
decomposition technique [11], pulsed laser deposition [12], spray
pyrolysis [13] and ultrasonic spray pyrolysis (USP) technique [14].
The sol-gel process has been widely used for preparing nanostruc-
tured films of different materials and devices, which is considered
as a facile route for a large-area coating at relatively low temper-
ature and low cost. Sol-gel dip-coating is a thin film deposition
technique that has many profits such as easier composition control,
better homogeneity and lower cost. The study about the prepara-
tion and characterization of sol-gel derived CdO-ZnO thin films is
very extensive; however, most of the works have been carried out
by using spin-coating technique and the reports about dip-coated
CdO-ZnO thin films are scarce [15]. In the present study, a series
of CdO-ZnO thin films (with volume ratio of Cd:Zn ranging from
1:0 to 0:1) have been prepared by the sol-gel dip-coating route
combined with a heat-treating process.

Despite numerous papers focus on CdO-ZnO thin films, most
of them have been concentrated on the preparation of CdO-ZnO
alloy films and knowledge of the physical properties of these films
is very limited [16]. It is particularly important to study the sys-
tem of the two materials, as to how the morphology, electrical
conductivity, band gap and optical constants are altered when
the composition changes. Furthermore, studying the correlations
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between mentioned properties fundamentally, allows us to under-
stand the phenomenological features of such alloys. Caglar et al.
[7] have reported the experimental results about the variation of
the structural, morphological, optical and electrical characteristics
of sol-gel derived CdZnO films with various compositional ratios.
It was found that for CdZnO films, the electrical resistivity and
the optical transmission were increased when Zn concentration
increased. They have reported 91 2 cm for the minimum value of
electrical resistivity and the photosensitivity of the samples has also
been investigated. Ilcan et al. [8] have arranged the same experi-
mental process as Caglar et al. to prepare CdZnO thin films with an
emphasis on the optical properties of the films. Li et al. [10] have
conducted an investigation into the effects of doping concentra-
tion and annealing temperature on the structural, morphological,
optical and electrical properties for sol-gel derived ZnO:Cd thin
films. They have studied the transport properties of ZnO:Cd thin
films with thermal activation and the variable range hopping (VRH)
model. Lee et al. [17] studied the effect of chemical composition on
the optical properties of ZnO:Cd films deposited by the PLD method.
As the deposition temperature decreased, the average transmit-
tance decreased accompanied by a shift of absorption edge to the
longer wavelength, which was mainly attributed to the change of
Cd/Zn ratio.

More literature survey revealed that the discussion about the
fundamental physical behavior of CdO-ZnO thin films is very lim-
ited. Therefore, in this paper, in addition to the experimental studies
of structural, morphological, electrical and optical properties of
the prepared CdO-ZnO thin films and investigation of the possi-
ble correlations between them we have especially focused on the
compositional behavior of the optical (linear and non-linear) fea-
tures of them fundamentally. To conduct this, in addition to the
common methods to determine the optical constants, we have uti-
lized some models such as Wemple-DiDomenico single oscillator
model.

2. Experimental details

The following steps were used for the preparation of the CdO-ZnO films:
at first, zinc acetate dihydrate [Zn(COOCH3),;-2H,0] and cadmium acetate dihy-
drate [Cd(COOCH3),-2H,0] of 0.5M were prepared separately. 2-Methoxyethanol
(C3HgO,) and monoethanolamine (C;H;NO, MEA) were used as a solvent and sta-
bilizer, respectively. In order to prepare ZnO precursor solution, MEA was dissolved
in 2-methoxyethanol initially. Subsequently, zinc acetate dihydrate was added to
the solution. The resulting mixture was stirred at room temperature for 1 h to yield
a colorless and transparent solution. CdO solution was prepared by the same man-
ner. The obtained solutions were mixed together in different volume ratios. The
composite CdO-ZnO thin films were named hereafter Sy, Sy, S3, S4, and Ss, corre-
sponding to volume ratio of Cd:Zn of 0:1, 1/4:3/4, 1/2:1/2, 3/4:1/4, and 1:0. Then
each of those was stirred constantly for 1h at room temperature. The final clear
solutions were aged for 24 h before the CdO-ZnO thin films dip-coated onto soda
lime glass substrates.

Fig. 1 shows a flowchart of the procedure that was used for depositing the
CdO-ZnO thin films using sol-gel dip-coating route. Before dip-coating, the glass
substrates were first degreased by detergent, rinsed thoroughly by deionized water
and then in boiled water. In order to remove macroscopic contaminations, the sub-
strates were cleaned ultrasonically in a mixture of ethanol and acetone (each of 50%
in volume) for 15 min. The latter procedure, then repeated in deionized water. At
least, the substrates were immerged in acetone and rinsed with deionized water
and dried with Nitrogen. The cleaned substrates were dipped into the solution and
withdrawn from it vertically at a speed of ~106 mm/min. After the dip coating the
film were dried at 275 °C for 10 min in an oven to evaporate the solvent and for gel
formation. This procedure was repeated 10 times, and finally the resulting thin films
were annealed at 450°C in air for 1 h.

3. Characterization

The crystalline structure and the texture of the films were car-
ried out by XRD measurements (XRD6000, Shimadzu system with
Cu K, radiation wavelength of 0.15406 nm). Quantitative analyses
were obtained by an energy dispersive X-ray analysis (LEO, 1430VP)
with accelerating voltage 17 kV. For surface analysis and structure

we used the AFM technique. AFM experiment was carried out in
the ambient condition using Veeco CP Research instrument using Si
cantilever. The optical transmission spectra of the films were mea-
sured using a Varian Cary100 UV/Visible spectrophotometer. The
electrical measurements were carried out using the Van der Pauw’s
technique with a RH2010 Van der Pauw and Hall effect measure-
ment system. The optical constants of the films were calculated
using pointwise unconstrained minimization approach [18].

4. Results and discussion
4.1. Structural and morphological properties

In Fig. 2 the representative XRD patterns for CdO-ZnO thin films
deposited at different Cd volume ratios in solution are presented.
XRD studies were carried out in order to get an idea of the struc-
tural changes produced in CdO-ZnO films as a result of the increase
of Cd content. Comparisons of the related diffractograms (Fig. 2)
show variation in both peak position (26) and intensity. As a mat-
ter of fact, in all the XRD patterns (S,, S3 and S4), peaks of ZnO
and CdO are present. The observed diffraction peaks (100), (002)
and (101)forZnOand(111),(200)and (22 0) for CdO are in good
agreement with the reported data [19,20]. By employing the Scher-
rer’s formula, the average grain size was calculated for all samples.
It was found that the grain size increases from 20 to 34 nm, when
Cd ratio increases. This can be ascribed to the larger ionic radius
of Cd2* (0.74 A) than that of Zn?* (0.60A). The quantitative analy-
sis of the nanocrystals was carried out by using energy dispersive
X-ray (EDX) analysis to study stoichiometry of nanostructured thin
films. The results exhibit (not shown here) the presence of Cd and
Zn picks with Cd/Zn atomic percentage ratio of 0.17, 0.44 and 1.55
for S,, S3 and Sy4, respectively. The corresponding nominal solution
values are 0.40, 1.20 and 3.60, respectively. It can be seen that film
composition is always lower in Cd than the corresponding nom-
inal solution values. Based on Clausius-Clapeyron equation, the
vapor pressure of Cd at 450°C is about 13 times higher than the
vapor pressure of Zn. Therefore, it is possible to conclude that re-
evaporation of Cd from substrate at a higher rate than Zn explains
why the ratio of atoms of Cd/Zn in the film final composition is
lower than nominal value. Microroughness of thin films plays a vital
role for developing optical coatings especially in the UV region [21]
for applications such as lithographic uses [22].

Surface morphology of the present CdO-ZnO films is shown in
Fig. 3. The 1 pm x 1 wm AFM images are utilized for measuring the
surface roughness of the films. The root mean square (RMS) rough-
ness of the films varies from 1.52 to 4.08 nm with increasing Cd
concentration. It is also evident that, the particles size increases
with increasing Cd content. It is probably due to the better crys-
tallinity formed after increasing the Cd ratio. The roughness of the
sample not only describes the light scattering but also gives an idea
about the quality of the surface under investigation. Khan et al.
[23] have reported a kind of inverse trend of resistivity with rough-
ness of nanostructered SnO, thin films. In fact, we have observed
a similar behavior in the present sol-gel derived CdO-ZnO thin
films. With roughness, the resistivity of the samples decreased
from 3.3 x 102 to 34 x 10~3 (2 cm). The increase in surface rough-
ness upon increasing Cd concentration is the concomitant result of
grain size increasing. It is commonly recognized that the resistivity
will be enhanced with roughness increasing. Though the contribu-
tions to p are from many sources, due to polycrystalline nature of
the present films, grain boundary scattering is present at all the
samples. From XRD results, it is noted that the grain size increases
with Cd content. When the number of grains are decreased (or the
grain size increased) the grain boundary scattering gets reduced
and hence resistivity of the film. This is reflected in resistivity and
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Fig. 1. The flowchart of the procedure of preparing CdO-ZnO thin film.

can be seen in Fig. 4. In the case of Ss, according to XRD result the
grain size is larger than S; and its surface roughness is also high
as per AFM studies. Therefore, in this film, the contribution from
grain boundary scattering to the resistivity can be expected to be
minimum.

4.2. Electrical properties

The behavior of carrier concentration (n), resistivity () and car-
rier mobility (1£)is shown in Fig. 4. Film thickness was about 140 nm
for all the films. It is evident that the carrier concentration increases
with Cd ratio up to Cd1/2:Zn1/2 (sudden increase in Cd1/2:Zn1/2)
and after that decreases slightly with further increase in Cd ratio.
The conduction electrons in undoped metal oxide thin films are
supplied from donor sites associated with oxygen vacancies and the
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Fig. 2. XRD patterns of CdO-ZnO thin films with different Cd:Zn ratios: S; (0:1), Sz
(1/4:3/4), S5 (1/2:1/2), S4 (3/4:1/4) and S5 (1:0).

corresponding metal interstitials. Each oxygen vacancy contributes
two electrons to the conduction band, thereby increasing the car-
rier concentration. It should be noted that an oxygen vacancy in the
ZnO lattice usually acts as a donor that generates a single electron
[24]. So it is why as the Cd content increases the carrier concentra-
tion increases. Since electrons in the CdO-ZnO films are supplied
from oxygen vacancy in the film, the decrease of free carrier con-
centration after Cd1/2:Zn1/2 may be due to decrease of oxygen
vacancies, resulting in slight increase of resistivity. The decrease
of oxygen vacancies for higher Cd doping may be linked to the
fact that low and almost no deviation from stoichiometry exists for
high cadmium doped ZnO and undoped CdO films (i.e. S4 and Ss,
respectively) elaborated by sol-gel technique. The carrier mobility
increases from 1.5 to 45 cm? V-1 s~ for S;-Ss, respectively.

The mobility of charge carriers depends on the scattering mech-
anisms. It is well known that the acoustical scattering, ionized
impurity scattering, and grain boundary (GB) scattering determine
the mobility of the charge carriers in TCOs. The acoustical scattering
is dominant only in high temperatures. In polycrystalline materials,
it is often presumed that grain boundaries scatter charge carriers
causing a reduction in mobility relative to single crystals. It is well
established that grain boundaries contain fairly high densities of
interface states which trap free carriers from the bulk of the grains.
It usually assumed that the major contribution to the density of
these states comes from the excess oxygen that accumulates at the
grain boundary depletes part of the grain of free carriers.

Fig. 5 shows a polycrystalline material composed of grains
joined together through grain boundaries. For simplicity, the grain
is assumed to be a square having a grain size of D (the larger
grain size the narrower grain boundary). At the grain boundaries
a back-to-back Schottky barrier is formed. Therefore such a grain
boundary may be thought of as a potential barrier for electrons
characterized by its width § and height ¢,. The carrier trap density
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Fig. 3. AFM images (1 wm x 1 wm) showing the surface morphology of CdO-ZnO thin films with different Cd:Zn ratios (a) S1 (0:1), (b) S» (1/4:3/4), (c) S3 (1/2:1/2), (d) S4

(3/4:1/4) and (e) S5 (1:0).

is represented by Q; =N§, where N is the donor concentration in the
bulk region. The extension of the depletion layer in the bulk of the
grain is divided into two cases, depending on whether (a) Q; > ND
or (b) Q: < ND (where D is the grain size) [25]. For the two situations
above we get different dependence on the donor concentrations; in
the case (a), the potential barrier increases linearly with the donor
concentration: ¢y, =q2D?N/8¢e, where ¢ is the static dielectric con-
stant. In the case (b) where we have high donor concentration the
grain boundary barrier is inversely proportional N which means it
decreases for higher doping: ¢, = gQ2/8¢N.In the latter case, only
part of grain is depleted of carriers and the carrier concentration in
the bulk region n is almost equal to the donor concentration N.
According to the mentioned relations for ¢, as S3, S4 and S5 films
have a higher carrier concentration and a large grain size, the barrier
height must be decreased drastically in comparison with S; and S,
and the depletion layer width must be much smaller than the grain
size, i.e.  « D as is in case (b). On the other hand the Fermi level
energy in high degenerate samples (n > 3.7 x 1018 cm—3 [26], i.e. S5,
S4andSs in the present study) is a function of n%/3. So, it can be easily
concluded that the degeneracy of the material (i.e. the energy sepa-
ration between the Fermi level and the conduction band minimum)
increases by Cd ratio, an opposite trend respect tog,. As a result,

50 375
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Fig. 4. Plots of carrier concentration (n W), carrier mobility (1 a) and resistivity (p
@) as a function of Cd content for CdO-ZnO thin films.

for charge carrier concentration above about 1029 cm—3 the grain
barriers are narrow enough so that the high energy electrons are
able to tunnel through the barriers. On the other hand, scattering by
grain boundaries can be remarkable in the case of nondegeneracy
with lower carrier concentration (i.e. Sy and S, films in the present
study).

4.3. Optical properties

The optical properties of CdO-ZnO thin films were also stud-
ied. Fig. 6 shows the transmittance spectra of the prepared films
for different concentration of Cd percent in the wavelength range
from 250 to 800 nm. It is evident that the transmittance decreases
with Cd content to reach its minimum value at Cd1:ZnO (i.e. S5
sample). This behavior can be attributed to the higher value of the
surface roughness of the films with higher Cd content due to the
increased optical scattering of incident light on the film surface [27].

Bulk Region

0 |Grain Boundary
- » A

I ﬁ
Gram Size D

v

Deplation Region

Fig. 5. Model for the crystal structure of polycrystalline films [15].
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Fig. 6. Transmittance spectra of CdO-ZnO thin films with various Cd content.

The optical absorption coefficient & was evaluated from the optical
transmission data in the region of strong absorption using [28]

1 (n+17>m+s)T
o= dLn< 16n2s ) M

where d, n and s are the thickness, the refractive index of the film
and the refractive index of the substrate, respectively. The depen-
dence of @ with the photon energy hv is fitted to the relationship
for the allowed direct transition

ahv = A(hv — Eg)'/? (2)

where A is the band edge constant. The optical band gap Eg val-
ues were obtained by extrapolating the linear portion of the plots
of (whv)? vs. hu to a =0 (Fig. 7). The corresponding Eg values are
given in Table 1. Apparently, as the optical band gap decreases from
3.28eV to 2.23 eV (shown in the inset of Fig. 7); the optical absorp-
tion edge exhibits a redshift with the rise of Cd concentration from
0 to 100%. The narrowing band gap is due to the existence of Cd
impurities in the ZnO structure, which induce the formation of
new recombination centers with lower emission energy [9]. Zhang
et al. [29] performed a first-principles study and employed the
Perdew-Burke-Ernzerhof form of the generalized gradient approx-
imation to evaluate the electronic and optical properties of ZnO:Cd.
They obtained that with increasing Cd concentrations, the band
gap of Zn0:Cd was decreased due to the increase of s states in
the conduction band. Tang et al. [30] applied first-principles cal-
culation with the PAW-GGA method to study wurtzite Zn;_,CdxO
alloys. They attributed the reduction of band gap with the increase
of Cd content to the contributions of the hybridization of electronic
states of Zn-4s and Cd-5s, the enhancement of p—d repulsion and
the tensile strain due to Cd-doping. The optical constants (1,k) of
the films were obtained using pointwise unconstrained minimiza-
tion algorithm. The influence of the compositional ratio of Cd on
the refractive index and the extinction coefficient of the films are
presented in Figs. 8 and 9. The refractive index of all samples is
fairly constant in long wavelengths and thoroughly changed from
1.7 to 2.5 with Cd content. It can be distinguished from Fig. 8 also

Table 1
The optical band gap Eg and single-oscillator parameters of CdO-ZnO thin films.
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Fig. 7. Determination of the optical band gaps from the plots of («hv)? vs. photon
energy, hy, for composite CdO-ZnO film with different Cd:Zn ratios: S; (0:1), Sz
(1/4:3/4), S3 (1/2:1/2), S4 (3/4:1/4) and S5 (1:0).

that n values increase with photon energy (in short wavelengths)
and the refractive index values of the films show significant dif-
ferences. This is due to the major contribution of virtual electronic
transitions in the thin films. This leads to a significant change in the
optical parameters.

The source n (dispersion) s carriers (electron/hole) or phonon of
a material. Electromagnetic waves with (long) short wavelengths
are dispersed by (phonon) electron. The extinction coefficient of
the films also varies as the same manner as the refractive index.
The source k (absorption) refers to the inelastic scattering of the
electromagnetic waves in the semiconductor such as the Compton
effect, photoelectric effect, pair production effect and so on [31].
Totally, the refractive index and the extinction coefficient of the
films have an inverse relation with the transmittance spectrum.
The (low) high transmittance spectra have (high) low optical con-
stants. Meanwhile, the refractive index decreases with increasing
wavelength. This suggests that the CdO-ZnO thin film shows a
normal dispersion. Thus, we can analyze the dispersion data of the
refractive index by a single-oscillator model [32]

E4E,

n?=1+_——"9"° _
E2 — (hv)?

(3)
where E, is the average excitation energy for electronic transitions
and E; is the dispersion energy which is a measure of the strength
of interband optical transitions. This model describes the dielectric
response for transitions below the optical gap.

Experimental verification of Eq. (3) can be obtained by plot-
ting (n2—1)"! vs. (hv)2. The resulting straight line then yields
values of the parameters E, and E4, as shown in Fig. 10. At short
wavelengths (high energies), a negative curvature deviation is
sometimes observed due to the proximity of the band edge or exci-
tonic absorption [32]. As it is clear from Fig. 10 such deviations are
obvious in the samples of S1, Sy and Ss.

The obtained E, and E; values are given in Table 1. The oscillation
energy E,, can be correlated with the optical gap by the empiri-

Sample Eg (eV) E, (eV) Eg4 (eV) Eo[Eg M_; (eV)2 M_3 (eV)2x1073
S1 3.28 6.62 11.44 2.01 1.72 39
Sy 3.03 6.24 12.36 2.05 1.98 50
S3 2.50 5.26 10.96 2.10 2.08 75
Sa 2.44 5.01 13.46 2.05 2.68 107
Ss 2.23 4.50 12.51 2.02 2.78 137
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Fig. 8. The dependence of the refractive index of the CdO-ZnO films on the wave-
length.

cal formula E, ~ 2Eg. A measure of interband transition strengths
can be provided from the M_; and M_3 moments of the optical
spectrum. The M_; and M_3 moments are expressed as [32]

_Ey _Ey
M_; = E,’ M_3= B2 (4)

The M_; and M_3 moment values are given in Table 1.

Itis well-known that polarizabiltiy of any solid is proportional to
its dielectric constant. The real and imaginary parts of the complex
dielectric constant are expressed as [33]

g1=n?>—k* and &, =2nk (5)

where &1 and ¢, are the real and imaginary parts of the dielec-
tric constant, respectively. The variation of &; and &, values of
the CdO-ZnO thin films with photon energy at different values
of Cd content is shown in Figs. 11 and 12. The real and imagi-
nary parts of dielectric constants follow the same trend but the
values of real part are higher than imaginary part. The ¢; and &,
values increase with Cd content. The variation of the dielectric con-
stant with photon energy indicates that some interactions between
photons and electrons in the films are produced in this energy
range.

Quantities of interest in studying the rate of energy loss for
electrons passing through a material are the imaginary part of the
reciprocal of the dielectric constant, which is known as the volume
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Fig. 9. The dependence of the extinction coefficient of the CdO-ZnO films on the
wavelength.
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Fig. 10. The (n? — 1)~ vs. (hv)? plots of the CdO-ZnO thin films.
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Fig. 11. The variation of real part of the dielectric constant with energy.

energy loss (VELF) and the surface energy loss (SELF) functions.
They are related to the real and imaginary parts of the dielectric
constant by the following relations [34]

VELF = Im (l) = %2 (6)
&)  &2+e3
0.0 T T T - T T » 1 . T *
300 400 500 600 700 800

Wavelength (nm)

Fig. 12. The variation of imaginary part of the dielectric constant with energy.
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Fig. 13. . Plots of VELF and SELF vs. hv for composite CdO-ZnO film with different Cd:Zn ratios: Sy (0:1), Sz (1/4:3/4), S3 (1/2:1/2), S4 (3/4:1/4) and Ss (1:0).

SELF:—Im( L ) £2 (7)

1/ (6141 + &2

These quantities were calculated using real and imaginary parts
of the dielectric constant. From the obtained results (Fig. 13), it
is clear that the energy loss by the free charge carriers when
traversing through the bulk material has approximately the same
behavior as when they traverse the surface. It is also clear that
there is no significant difference between them at lower and
higher photon energies but the VELF increases more than SELF
at the particular peak which characterized the CdO-ZnO thin
films.

The third-order nonlinear polarizability parameter, x(), so-
called nonlinear optical susceptibility, is an important parameter,
because it gives an indication about the possibility of using the
nanostructured thin films in optical switching. According to Frumer
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Fig. 14. The nonlinear optical susceptibility x®) as a function of photon energy hv.

and coworkers [35], the Miller rule is very convenient for visible,
nonlinear and near infrared frequencies, which relates the third
order of nonlinear polarizability parameter and the linear optical
susceptibility, x(1, through the equation:

4
Eoka } (8)

B Ay Za
=AU [4n(E§—<hv)2)

where A=1.7 x 10-19 (for ¥ in esu). The covalency and ionicity of
chemical bonds influence strongly the magnitude of non-linearity.
The nonlinear optical susceptibility (x(3)) of the films as a func-
tion of photon energy (hv) has been illustrated in Fig. 14. One can
observe that x3) is higher for thin films with higher concentra-
tion of cadmium oxide. This means that Cd enriched films at higher
ratios of CdO are more suitable for applying as optical switch.

5. Conclusion

The structural, morphological, electrical and optical properties
of the sol-gel derived CdO-ZnO nanostructured thin films pre-
pared at different Cd content have been investigated. The grain
size and surface roughness of the films were increased with Cd
content. The carrier concentration and carrier mobility of the sam-
ples were increased with Cd ratio whereas in the same time, the
resistivity of the films was decreased. The direct optical band gap
shifted to the lower energy as a consequence of the increasing of
Cd content in the film. Both the refractive index and extinction
coefficient are determined. It has been found that the refractive
index and extinction coefficient increase with the increasing of
Cd content over the entire spectral range studied. The single-
oscillator parameter values obtained from Wemple-Didomenico
model are correlated with the optical band gap values determined
from the Tauc model by an empirical relation: E, ~ 2Eg. Dielectric
constant & was also studied. The real and imaginary part of dielec-
tric constant was increased due to the increase of cadmium oxide
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concentration. The third-order nonlinear polarizability parame-
ter x(3 of CdO-ZnO thin films has been determined using Miller
rule based on Wemple-DiDomenico single oscillator parameters.
With the increase in Cd content nonlinear optical susceptibility x(3)
increases.
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