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Abstract. Thin films of Zn;_, Cd,O with z = 0, 0.1, 0.2, 0.3, 0.4 and 0.5 at.% were deposited by electron-
beam evaporation technique. It has been found that, for as-deposited films, both the transmittance and
electrical resistivity decreased with increasing the Cd content. To improve the optical and electrical prop-
erties of these films, the effect of annealing temperature and time were taken into consideration for Zn;_,
Cd,O film with z = 0.2. It was found that, the optical transmittance and the electrical conductivity were
improved significantly with increasing the time of annealing. At fixed temperature of 300 °C, the trans-
mittance increased with increasing the time of annealing and reached its maximum values of 81% in the
visible region and 94% in the NIR region at annealing time of 120 min. The low electrical resistivity of
3.6 x 1072 ©Q cm was achieved at the same conditions. Other parameters named free carrier concentrations,
refractive index, extinction coefficient, plasma frequency, and relaxation time were studied as a function
of annealing temperature and time for 20% Cd content.

PACS. 61.10.-i X-ray diffraction and scattering — 78.66.-w Optical properties of specific thin films —
73.61.-r Electrical properties of specific thin films — 73.50.-h Electronic transport phenomena in thin films

1 Introduction

Transparent conducting oxides (T'COs) are a class of ma-
terials that transmit visible radiation and conduct elec-
tricity. They find application as transparent electrodes in
numerous applications such as photovoltaics, flat panel
displays, heat reflective coatings on energy-efficient win-
dows, and electrochromics such as smart mirrors [1-3].
Zinc oxide (ZnO) holds considerable interest as an optical
transparent material due to its wide band gap (3.3 €V), its
amenability to defects or impurity doping and other desir-
able properties such as low cost and non-toxicity [4], while
pure ZnO films present high values of resistivity [5]. CdO
is an n type semiconductor, with a well-established direct
band gap at approximately (2.4-2.7 V) and a poor opti-
cal transmittance in the visible spectral region [6]. When
compared with ZnO, the transmittance of CdO in the visi-
ble region of the spectrum has been reported as rather low.
However, cadmium oxide is characterized by a much lower
resistivity [6]. Hence, it could directly combine the optical
and electrical properties of an alloy of cadmium and zinc
oxides, making it useful for its application in solar cells.
A variety of methods have been reported for the
preparation of ZnO and CdO thin films like sol-gel [6],
spray pyrolysis [5,7-10], laser ablation [11] and ther-
mal evaporation [12]. On the other hand, as for as we
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know, Zn;_,Cd, O has not yet been previously studied by
e-beam evaporation technique.

In this work, undoped and CdO doped ZnO thin films
have been deposited by electron beam evaporation tech-
nique. The effect of compositions and annealing temper-
ature on the structural, optical, and electrical properties
of these films were investigated.

2 Experimental techniques

Portions of powdered highly pure (99.999%) of ZnO and
CdO were grinded separately by means of an agate mor-
tar and pestle. Mixture of (ZnO);_5: (CdO), has been
prepared using suitable ratios of (xz = 0, 0.1, 0.2, 0.3, 0.4
and 0.5). To insure complete mixing, these mixtures have
been grinded together for at least three hours. Then they
have been made in tablets form using a cold pressing tech-
nique. In order to increase the diffusion process and con-
sequently improve the homogeneity of the material, the
prepared tablets were heated at 850 °C for 4 h in air.
Thin films of the prepared Zn;_, Cd,O (z = 0, 0.1,
0.2, 0.3, 0.4 and 0.5) tablets were deposited onto ul-
trasonically cleaned glass substrates using Edwards high
vacuum coating unit model E306A. The evaporation con-
ditions were: (1) a vacuum of 2 x 107° torr, (2) an ac-
celerating voltage of 3 kV, (3) electron beam current
8-14 mA, and (4) the substrate temperature of 60 °C.
The rate of evaporation was controlled within the range
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10-15 nm/min. The film thickness (~200 nm) and de-
position rate were controlled by means of a digital film
thickness monitor model TM200 Maxtek. Investigations of
the microstructure was carried out on Phillips (PW-1710)
Cu-K,, diffractometer XRD (A = 1.541838 A) by varying
diffraction angle 26 from 4 to 70 by step width of 0.04 in
order to evaluate crystalline phase and crystallite orienta-
tion.

A Jasco model V-570 (UV-Visible-NIR) double
beam Spectrophotometer (with photometric accuracy of
+0.002-0.004 Abs. and £ 0.3% Trans.) was employed to
record the transmission T and reflection R spectra over
the wavelength range from 200 to 2500 nm at normal
incidence. The absorption coefficient o of the films was
determined directly from the spectrophotometer readings
using the formula [13]:

2.303 1-R
= logyo T

where d is the film thickness, T is the transmittance and
R is the reflection of the film.

The optical energy band gap was estimated from the
optical measurements by analyzing the optical data with
the expression for the optical absorbance, and the photon
energy, hv using the following equation:

(1)

(ahv)? = A(hv — E,) (2)
where a represents the absorption coefficient, h is the
Planck’s constant, A is a constant and E is the optical en-
ergy band gap, which were obtained by extrapolating the
linear portion of the plots of (ahv)? versus hv to a = 0.
The refractive index n was calculated from the follow-

ing equation:
1/2

1+R
n =

1-R

R+1\’ )
(351) -0+ )
where k = aA/4m is the extinction coefficient and A is
the incident light wavelength. In the present work, more
reasonable values for n may be determined by considering
the plus sign of equation (3).

Using Drude’s theory of dielectrics, the real part (g1)
of the complex dielectric function € can be written as [14]

2
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where e, is the residual dielectric constant, ¢ is the light
velocity, IV is the free carrier concentration, m* is the
electron effective mass, which was chosen based on the ob-
served data of other workers (m* = 0.24 m,, for either ZnO
or CdO) [15,16], e is the electronic charge (1.6 x 10719 C).
By plotting £, versus A2, the values of slope and intercept
yield the free carrier concentration and the residual dielec-
tric constant £.,. On the other hand, the plasma frequency
which for one kind of free carriers is given by
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Fig. 1. X-ray diffraction of as-deposited Zni_, Cd,O thin
films as a function of Cd content (a) and as a function of an-
nealing temperature (b).

where ¢, is the permittivity of free space.

The relaxation time, 7, has been obtained using the
imaginary part (¢2) of the complex dielectric function by
plotting 5 versus A? in the following equation:

2
p )\3
433t

EooW

g9 = 2nk = (6)
The film resistivity measurements were carried out at
room temperature using a Keithley 614 electrometer with
simple two-probe contacts. Silver paste electrodes with
separation of 2 mm were used.

3 Results and discussions

Figure la shows the X-ray diffraction patterns of as-
deposited Zn;_, Cd,O films. It is seen that ZnO film ex-
hibits an amorphous structure. The addition of CdO con-
tent leads to crystalline peaks. From the JCDPS cards, the
diffraction peaks can be identified as unoxidized Cd and
Zn. It is clear also that, films have three prominent peaks
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Fig. 2. The spectra of transmittance of as-deposited

Zni_; CdzO thin films in the wavelength range from 200 to

2500 nm for different Cd content.
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Fig. 3. Variation of the electrical resistivity and carrier con-
centration for as-deposited Zni—_, Cd;O thin films at room
temperature.

of (100), (002), and (100) for Cd and Zn respectively, in-
dicating that the structure has been changed from amor-
phous to polycrystalline. The intensities of these peaks
were found to be enhanced with increasing the concentra-
tion of Cd content.

The effect of annealing temperature on the structural
properties of Zny_, Cd,O film with x = 0.2 is shown
in Figure 1b. The diffraction patterns indicate that, the
films are polycrystalline in nature with cubic structure. It
has been found that, with increasing the annealing tem-
perature from 200 to 400 °C cadmium and zinc elements
started to oxidize. The diffraction peaks (200), (111) cor-
responding to CdO and (101) ZnO could be observed for
annealed films and seem to increase in intensities with in-
creasing the temperature of annealing due to the improve-
ment in the crystallinity of the films. In addition, it is no-
ticed that, the intensity of Cd (002) and Zn (101) peaks
increases with increasing the annealing temperature up to
250 °C. With further increase of annealing temperature,
Zn (101) peak disappear and Cd (002) peak gradually de-
creased. Figure 2 shows the wavelength dependence of
optical transmittance of as-deposited Zn;_, Cd,O films.
It is evident that, all films exhibit poor optical transmit-
tance because of the film opaqueness. This opaqueness is
due to the appearance of Zn and Cd elements which refers
to the large number of oxygen deficiency as shown in Fig-
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Fig. 4. Variation of the factor of merit ¢ for as-deposited
Zni_; Cd,O thin films with Cd content.
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Fig. 5. Spectral variation of the transmittance T'% with wave-
length (nm) for Zni—, Cd,;O thin films with z = 0.2 at different
annealing temperatures.

ure la. It is evident also that the transmittance decreases
with increasing Cd content. On the other hand, it is clear
from Figure 3 that, the calculated values of the free carrier
concentrations belonging to these films seen to have high
values. These carriers contribute to decrease the film resis-
tivity and at the same time contribute to increase the free
carriers absorption, which lead to decrease the transmit-
tance [17,18]. Figure 3 also shows the electrical resistivity
measured at room temperature as a function of Cd content
for as-deposited films. It is obvious that, the electrical re-
sistivity decreases with increasing the Cd content, which
can be attributed to the enhancement of the film crys-
tallinity because of degenerate property of CdO and due
to the increase of the free carrier concentrations. The be-
havior of carrier concentration is in good agreement with
Drude’s theory, since the charge carrier concentration is
directly related to the conductivity of the material [19,20].

The quality of a transparent conducting oxide will be
judged by the parameter of factor of merit, ¢ = T,,/p [21]
where T;, is the average transmittance in the visible region
and p is the electrical resistivity. As shown in Figure 4 the
factor of merit ¢, has a maximum value for Zn;_, Cd,O
with z = 0.2. So the effect of heat treatment is taken
under consideration only for z = 0.2.

The effect of annealing temperature in the range from
200 to 450 °C on the optical transmittance of Zn;_, Cd,O
film with z = 0.2 is shown in Figure 5. It is clear that, with
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Fig. 6. Variation of the optical band gap E,; with annealing
temperature for 15 min.

increasing the annealing temperature, the transmittance
increases and reaches 86% (at absorption edge) and about
98% in NIR region at temperature of annealing 350 °C.
As the temperature of annealing increases over 350 °C,
there is no significant increase in transmittance. It means
that the oxygen vacancies reduced greatly after annealing
in air.

The direct optical energy gap as a function of an-
nealing temperature is plotted in Figure 6. It is clear
that, the optical energy band gap increases with increas-
ing the annealing temperature. The increase in the band
gap energy with increasing the temperature of annealing
up to 250 °C can be attributed to the Burstein-Moss shift
in which the absorption edge shifts towards higher en-
ergy with an increase of carrier concentration [22,23]. The
slightly increase in the optical energy gap at temperature
of annealing over than 250 °C, may be due to that, the
unsaturated defects are gradually annealed out produc-
ing a larger number of saturated bonds; this decreases
the density of localized states and consequently the opti-
cal gap increased [21,24]. It means that oxygen vacancies
gradually decreased after annealing in air. Figures 1b, 5
and 7 confirm the situation. It is also observable that the
highest value of energy gap is about 3.01 eV at annealing
temperature of 400 °C.

Figure 7 shows the variations of both the resistivity (p)
and the free carrier concentration (N) for Zn;_, Cd,O
film (x = 0.2) with annealing temperature for 15 min.
It is seen that the electrical resistivity decreases with in-
creasing the temperature of annealing, reaching its mini-
mum value of 1.68 x 1073 Q cm at annealing temperature
250 °C. At higher value of annealing temperature, the
measured resistivity increases with increasing the temper-
ature of annealing. The decrease in the electrical resistiv-
ity is considered to be caused by the desorption of oxygen
from the Zn;_, Cd,O film surface. When the films are
annealed under ambient air at temperature higher than
250 °C, oxygen is chemisorbed on the film surface and in
pores, acting as an acceptor by accepting an electron from
occupied conduction band states, resulting in very high
surface resistivity [6]. Furthermore, the adsorbed oxygen
removes zinc interstitials and/or oxygen vacancies, thus
reduce the density of donors like defects and carrier con-
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Fig. 7. Plot of the electrical resistivity p and the free carrier
concentration for Zni_, Cd,O films with x = 0.2 annealed at
different temperatures for 15 min.
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Fig. 8. Variations of the refractive index (n) and extinction
coefficient (k) in the visible region with annealing temperature.

centration [25]. Therefore, the obtained behavior of elec-
trical resistivity is in good agreement with some previous
works [6,9,26,27].

Figure 8 depicts the variation of the refractive in-
dex (n) and extinction coefficient (k) calculated at wave-
length 550 nm as a function of annealing temperature.
It is seen that, the refractive index decreases from 1.79
to 1.56 with increasing the temperature of annealing up
to 250 °C and then starts to increase, reaching the value
of 1.82 at annealing temperature of 450 °C. On the other
hand, the extinction coefficient (k) decreases with increas-
ing the annealing temperature, which can be attributed to
the increase of the film transparency.

As described in the experimental section, that the op-
tical parameters namely plasma frequency and relaxation
time were calculated using equations (5, 6). The depen-
dence of these two parameters on the annealing tem-
perature is shown in Figure 9. It is noticed that, the
plasma frequency increases up to annealing temperature
of 250 °C and then starts to decrease with increasing
the temperature of annealing. It is seen also from Fig-
ures 7 and 9 that, the plasma frequency is directly pro-
portion with the free carrier concentration. This result
is in good agreement with Drude’s theory. On the other
hand, it is known that, the relaxation time is inversely
proportion with the free carrier concentration and
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therefore, it has an opposite behavior of the free carrier
concentration.

In order to predict the selective properties of transpar-
ent conductive coatings from the fundamental optical and
electrical properties, the factor of merit can be employed.
Figure 10 shows the variation of the factor of merit as
a function of annealing temperature. The figure indicates
that the best value of annealing temperature is at 300 °C.
So the effect of annealing time on the optical and electrical
properties of the prepared film with £ = 0.20 will taken
into account at this value of temperature.

As shown in Figure 11, with increasing the annealing
time (15-120 min) the transmittance increases to reach
81% in the visible region and about 94% in NIR region at
annealing temperature of 300 °C for 120 min. In addition,
the direct optical energy gap increases with increasing the
time of annealing to reach 3.21 eV at 45 min. No signif-
icant variation is observed in the energy gap for further
increasing in the time of annealing as seen in Figure 12.

The electrical resistivity and the calculated optical mo-
bility as a function of annealing time are shown in Fig-
ure 13a. It is noticed that, the resistivity decreases with
prolongation the annealing times up to 60 min, and satu-
rates for longer times. This may be due to the decrease of
the grain-boundary scattering and the grain size growth.
Therefore, the resistivity reduction can be explained as
very likely due to the increase of the electron mobility as
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Fig. 11. The average transmittance in the visible and near

infrared regions as a function of annealing time at 300 °C.
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a consequence of the crystallite size growth with annealing
times. Figure 13b presents the change of the free carrier
concentration of Zn;_, Cd,O film of x = 0.2 with an-
nealing time at 300 °C. It is quiet clear that the carrier
concentration decreases with increasing the time of an-
nealing; this may be due to the reduction of the oxygen
vacancy in the film after annealing in air.

The reflective index (n), extinction coefficient (k) and
plasma frequency (wp) are listed in Table 1. It is found
that the refractive index is inversely related to the carrier
concentration.

4 Conclusion

Thin films of Zn;_, Cd,O with = 0, 0.1, 0.2, 0.3, 04
and 0.5, have been deposited by electron beam evapora-
tion technique. The effect of cadmium content and heat
treatment on the electrical, optical and structural proper-
ties of these films was carried out. For as-deposited films,
it has been found that, the transmittance, and resistivity
were decreased with increasing the Cd content. Moreover,
for 20% Cd content it is found that, the transmittance in-
creased with increasing the temperature of annealing and
attained its maximum value of 86% (at absorption edge)
and about 98% in NIR region at 400 °C whereas, the elec-
trical resistivity has found to be equal 8.3 x 102 Qcm.
The lowest resistivity of 1.68 x 1072 Q cm was obtained
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Table 1. Variation of the refractive index (n), extinction co-
efficient £ and plasma frequency wp with different annealing
time at 300 °C.

Annealing n k wp

time [min] [A =550 nm] [X\ =550 nm] [10'* s7]
15 1.44 0.727 8.109
30 1.45 0.497 6.849
45 1.50 0.265 2.319
60 1.67 0.111 3.070
75 1.71 0.092 3.242
90 1.71 0.085 2.910
105 1.78 0.084 3.639
120 1.79 0.081 3.668

at annealing temperature of 250 °C while, the average
transmittance is not exceed 8% either in the visible or
NIR regions. At fixed temperature of 300 °C, the trans-
mittance increased with increasing the time of annealing
to reach its maximum values of 81% in the visible region
and 94% in the NIR region at annealing time of 120 min.
The Optical band gap is found to be equal 3.17 eV. The
electrical resistivity of 3.6 x 1073 Q cm was obtained at the
same conditions. These results confirm that Zn;_, Cd,O
with z = 0.2, annealed at 300 °C for 120 min is useful for
various optoelectronic applications as a transparent con-
ducting oxide. Using Drude’s model, the free carrier con-
centrations, refractive index, extinction coefficient, plasma
frequency, and relaxation time were studied as a function
of annealing temperature and time for 20% Cd content. It

has been found that these parameters were in good agree-
ment with the Drude’s model.

The authors would like to thank Prof. Dr. E.Kh. Shokr and
Prof. Dr. M.M. Wakkad for their continuous encouragement
and comments.
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