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Abstract

A thin buffer layer of cadmium oxide (CdO) was used to enhance the optical and electrical
properties of indium tin oxide (ITO) films prepared by an electron-beam evaporation
technique. The effects of the thickness and heat treatment of the CdO layer on the structural,
optical and electrical properties of ITO films were carried out. It was found that the CdO layer
with a thickness of 25 nm results in an optimum transmittance of 70% in the visible region and
an optimum resistivity of 5.1 x 10~3 Q cm at room temperature. The effect of heat treatment
on the CdO buffer layer with a thickness of 25 nm was considered to improve the
optoelectronic properties of the formed ITO films. With increasing annealing temperature, the
crystallinity of ITO films seemed to improve, enhancing some physical properties, such as film
transmittance and conductivity. ITO films deposited onto a CdO buffer layer heated at 450 °C
showed a maximum transmittance of 91% in the visible and near-infrared regions of the
spectrum associated with the highest optical energy gap of 3.61 eV and electrical resistivity of
4.45 x 10™* © cm at room temperature. Other optical parameters, such as refractive index,
extinction coefficient, dielectric constant, dispersion energy, single effective oscillator energy,
packing density and free carrier concentration, were also studied.
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(Some figures in this article are in colour only in the electronic version)

1. Introduction

Transparent and conductive tin-doped indium oxide films
referred to as ITO films have been applied in several
optoelectronic devices and technological applications, such as
coatings in thermal collectors and mirrors, flat panel displays,
thin film transistors, sensors, liquid crystal displays, solar cells
and energy-efficient window systems [1—4].

The low resistivity of ITO films is believed to be due
to large free carrier concentrations (102°~102! cm™3), which
are generated by two mechanisms [5], namely, (i) the Sn
atom substitution of In atoms, which provides one extra
electron, and (ii) the presence of oxygen vacancies acting as
two electron donors. It was found that the increase in carrier
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concentration leads to an increase in reflectivity in the infrared
region and a decrease in transparency in the visible region [6].

Both the transparency and conductivity of ITO films
can be increased by improving ITO crystallinity. With a
more crystalline structure, there will be less grain boundary
scattering and Sn will have an enhanced solid solubility in the
In; O3 matrix [5, 7, 8].

ITO thin films used commercially are mostly amorphous.
Many attempts have been carried out to produce ITO without
large grain boundaries. High crystalline ITO films have
been grown onto InAs, MgO and yttrium-stabilized zirconia
[7, 9]. In addition, it has been reported [4, 10, 11] that heat
treatments, a sufficient substrate temperature (350°C) and a
ZnO dopant seem to improve the ordering of the film structure
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associated with amorphous-polycrystalline transformation,
which in turn enhances the optical and electrical properties
of ITO films deposited by an electron beam evaporation
technique. Finally, ZnO was used as a buffer layer to obtain
highly crystalline ITO films on glass substrates [12—14], since
ZnO is polycrystalline and transparent in the visible region.

Although CdO is considered a toxic material, it has
been used widely in optoelectronic devices as transparent
conducting oxide [15, 16]. In our previous studies on pure and
doped-CdO films deposited by e-beam [17-19], it was noted
that these films have a high optical transmittance (>80%) in
the visible region and a polycrystalline structure. Moreover,
Xiu et al [20] studied CdO as a buffer layer to improve the
structural properties of ZnO films. Therefore, it is expected
that using a thin buffer layer of CdO will enhance some
physical properties of ITO films.

In this work, the films of ITO/CdO/glass were prepared
by an electron beam evaporation technique. The effects of the
thickness and heat treatment of the CdO buffer layer on the
structural, optical and electrical properties of as-deposited and
annealed ITO thin films were studied.

2. Experiments

A cold pressing technique was used to prepare CdO and
ITO tablets from highly pure (99.999%) powder of In,O3
(90 wt%), SnO, (10 wt%) and CdO. The deposition process
characterized by Edward’s high vacuum coating unit model
E306A was divided into two steps.

In the first step, buffer layers of CdO with thicknesses of
25, 50 and 75 nm were deposited onto ultrasonically cleaned
silica glass substrates. Another ITO layer with a thickness of
80 nm was deposited onto each buffer layer. The as-prepared
films were annealed in air for 15 min at different temperatures
of 200, 300 and 350 °C.

In the second step, a buffer layer of CdO with a thickness
of 25nm was deposited onto silica glass and heated at
different temperatures (250, 350 and 450 °C); then, an ITO
layer with the same thickness (80nm) as that used in the
first step was deposited onto the buffered layer. All samples
were deposited under the same conditions: (i) vacuum of
3 x 107> Torr, (ii) current of 20-25mA, (iii) acceleration
voltage of 2.5kV, and (iv) deposition rate of 10~15nmmin~".
The film thickness and deposition rate were controlled using
a digital film thickness monitor (TM200 Maxtek).

Optical parameters, namely, optical energy gap (E,),
free carrier concentration (/V), refractive index (n), extinction
coefficient (k), and real and imaginary dielectric constants
(¢, €”), were calculated using the transmittance (7')
and reflection (R) data obtained using a Jasco V-570
UV-VIS-NIR spectrophotometer in the wavelength range
from 200 to 2500 nm at normal incidence.

In the high-absorbance region, the absorption coefficient
o and optical band gap E, can be related using the formula

(1

where /v is the photon energy, A4 is the constant that depends
on the material, E, is the direct optical band gap, and # is

ahv=Ahv — Ep)",

the factor that depends on the nature of electronic transition
(direct or indirect). In general, n = 0.5 and 2 for the direct
and indirect transitions, respectively.

The extinction coefficient & and refractive index »n have
been determined using [21]
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According to Drude’s theory, the real and imaginary parts
of the dielectric function, which are respectively symbolized
by ¢’ and &”, can be expressed as [22]
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where g; is the residual dielectric constant, g, is the
permittivity of free space, N/m* is the ratio of carrier
concentration to effective mass, c is the light velocity, A is
the incident light wavelength and e is the elementary charge.
Using the real part of the dielectric constant, the free carrier
concentration can be calculated.

Film resistivity measurements were carried out at room
temperature using a Keithley 614 electrometer with simple
two-probe contacts separated by 2—3 mm.

A structural analysis was performed using Phillips
(PW-1710) with CuKe radiation (A = 1.541838 A) by varying
the diffraction angle 26 from 4 to 70° by a step width of 0.04°.
The surface morphology of films was examined by atomic
force microscopy (AFM, NT-MDT model B 1022).
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3. Results and discussion

3.1. Effect of CdO buffer layer thickness

In this section, the effects of CdO buffer layer thickness on
the structural, optical and electrical properties of as-deposited
and annealed ITO films are discussed.

Figure 1 shows the x-ray diffraction (XRD) patterns
of annealed ITO films (350°C) deposited at different CdO
buffer layer thicknesses. The absence of any sharp diffraction
peaks indicates the partially amorphous nature of these films.
Only the small diffraction peaks (222), (002) and (101)
corresponding to ITO, InSns and Cd, respectively, can be
observed. Therefore, it is expected that as-deposited ITO films
are also amorphous.

Transmittance T% spectra as a function of incident
wavelength (200-2500nm) for as-deposited and annealed
ITO films with different CdO buffer layer thicknesses are
shown in figure 2. It is observed that the transmittance of
as-deposited ITO films (figure 2(a)) is low for all CdO layers.
With increasing annealing temperature from 200 to 300 °C,
a significant increase in transmittance is observed, as shown
in figures 2(b) and (c). From figure 2(d), it is clear that
the effect of CdO buffer layer thickness is not significant at
temperature of 350 °C and the overall transmittance is almost
the same (~70%) as that in the visible region for all samples.
The low transmittance of as-deposited films is due to the
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Figure 1. XRD patterns of ITO annealed at 350 °C and deposited
onto CdO buffer layers of different thicknesses.
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lack of oxygen resulting from deposition by electron beam
evaporation. This result was noted in our previous works
[10, 17-19] and agrees with that in ref. [23]. Moreover, the
XRD pattern of ITO films confirms this result, as shown in
figure 1.

By the analysis of optical absorption spectra, it is found
that the optical absorption edge is not sharply defined in
the glass systems, clearly indicating their amorphous nature.
In other words, the optical transmittances of as-deposited
and annealed ITO films in the visible region at temperatures
less than 300°C are too small to use in determining the
optical energy gap. Therefore, the optical energy gap, which
is determined by extrapolating the linear portion of the plots
of (ahv)? versus hv to a = 0 as shown in figure 3, has been
calculated for ITO films annealed at a temperature of 350 °C.
From this figure, it is observed that there is no significant
variation in £, with CdO buffer layer thickness.

The extinction coefficient (k) and refractive index (n)
as a function of CdO buffer layer thickness for annealed
ITO films at 350°C are shown in figure 4. It is observed
that the extinction coefficient decreases with increasing CdO
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Figure 2. Transmittance spectra (2002500 nm) for (a) as-deposited and ITO films annealed at (b) 200 °C, (¢) 300 °C, and (d) 350 °C and

deposited onto CdO buffer layers of different thicknesses.
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Figure 3. Plot of (whv)? versus hv for ITO films annealed at 350 °C
and deposited onto CdO buffer layers of different thicknesses.
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Figure 4. Extinction coefficient (k) and refractive index (n) of ITO
films annealed at 350 °C and deposited onto CdO buffer layers of
different thicknesses.

buffer layer thickness. This is expected on the basis of
equation (2). It is also clear that the refractive index decreases
with increasing CdO buffer layer thickness as shown in the
recorded refractive indices of 2.15, 2.12 and 2.06 for the CdO
buffer layer thicknesses of 25, 50 and 75 nm, respectively.
This behavior can be attributed to the decrease in packing
density. The dependences of packing density (p) and free
carrier concentration (N) on the CdO buffer layer thickness
of annealed ITO films at 350 °C are shown in figure 5. The
packing density p was calculated using [24, 25]:

,_( — p)n+(1+ p)nyn}
(1+pn3+ (1 —pni ’

where 7 is the refractive index of the prepared film that is
calculated using equation (2), ng is the substrate refractive
index and nvy is the void refractive index (equal to one for
air). On the other hand, the free carrier concentration also
decreases with CdO buffer layer thickness, which can be
attributed to the increase in transmittance in the near-infra
region with CdO thickness [14], as shown in figure 2.

The real (¢') and imaginary (&¢”) parts of the dielectric
constant of annealed ITO films at 350 °C with different CdO
thicknesses were calculated using equation (3) and plotted
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Figure 5. Dependences of packing density (p) and free carrier
concentration (/N) on thickness of CdO buffer layer of ITO films
annealed at 350 °C.
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Figure 6. Plot of (a) real and (b) imaginary parts of dielectric
constant as function of wavelength for ITO films annealed at 350 °C
and deposited onto CdO buffer layers of different thicknesses.

in figure 6 as a function of wavelength in the near-infrared
region. It is observed that the variations in &’ and &” with
wavelength obey Drude’s theory. Moreover, it is obvious
from figure 6(a) that the slopes of lines decrease with
increasing CdO thickness, indicating a decrease in free carrier
concentration, as discussed previously (figure 5).
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Figure 7. Annealing temperature dependence of electrical
resistivity of ITO films deposited onto CdO buffer layers of
different thicknesses.

Figure 7 shows the variations in the electrical resistivities
of as-deposited and annealed ITO films with different CdO
buffer layer thicknesses. It is noted that the increases in
both CdO thickness and annealing temperature lead to an
increase in film resistivity. The as-deposited ITO film with
a CdO buffer layer thickness of 25nm has the lowest
resistivity of 4.7 x 107* Q cm. With increasing temperature
up to 350 °C, a significant increase in resistivity is observed,
and the resistivity of the later film becomes 5.1 x 1073 Q cm.
The increase in resistivity with CdO thickness is related to
the decrease in free carrier concentration. The significant
increase in resistivity at high temperatures may be caused by
the removal of oxygen vacancies by the chemisorbed oxygen
and the formation of grain boundaries acting as trap sites for
free electrons [26]. From these results, we can conclude that,
in amorphous ITO films, electrical resistivity is more affected
by the carrier density controlled by oxygen vacancies than by
carrier mobility. Our results are in good agreement with those
of Bae et al [27].

3.2. Effect of heat treatment of CdO layer

As indicated in the previous section, it was observed that
the ITO film deposited onto the CdO buffer layer with
a thickness of 25nm has the lowest resistivity of 5.1 x
1073-4.7x 107*Qcm and a high transmittance of 73% in
the visible region (at 800 nm), whereas the annealed films
at 350°C has a transmittance of 83% in the NIR region (at
1100 nm). For these reasons, another set of CdO buffer layers
with a thickness of 25 nm was deposited onto a silica glass
substrate and heated at various temperatures of 250, 350 and
450 °C before the deposition of the second ITO layer with a
thickness of 80 nm to further enhance the optical and electrical
properties of ITO films.

3.2.1 Structure and morphology.  Figure 8 shows the XRD
patterns of ITO films deposited onto a thin CdO buffer layer
with a thickness of 25nm after heating at temperatures of
250, 350 and 450°C. From this figure, it can be observed
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Figure 8. XRD patterns of ITO films deposited onto 25-nm-thick
CdO layer heated at various temperatures.

that the films exhibit two diffraction peaks of (222) and (111)
for the cubic structures of ITO and CdO. As the heating
temperature of the CdO buffer layer increases, the intensities
of the observed peaks increase, indicating that the preferred
orientations along (222) for ITO and (111) for CdO become
stronger.

Figures 9(a)—(c) show AFM images of the same films.
The images indicate that the surface morphologies and surface
roughnesses of the films are affected by an increase in
the heating temperature of the buffer layer. The grain size
is increase by increasing the annealing temperature of the
CdO buffer layer. This is in good agreement with XRD
measurements (figure 8), whereas the crystallinity of the films
is increased by increasing the annealing temperature of the
CdO buffer layer. Root mean square surface roughnesses
(RMSs) are obtained by AFM and listed in table 1.

3.2.2 Optical properties.  Figure 10 shows the optical
transmittance (T%) and reflection (R%) spectra of ITO films
deposited onto the CdO buffer layers heated at temperatures
of 250, 350 and 450°C. It is noted that the increase in the
temperature of the CdO buffer layer leads to a significant
increase in transmittance, particular at a temperature of
450 °C. This behavior may be due to the improvement in the
film structure. The average transmittances in the VIS and NIR
regions are listed in table 1. It is clear that the transmittance
attains its maximum value of about 91% in both VIS and NIR
regions when the ITO films are deposited onto the CdO buffer
layer annealed at 450 °C. These results should be compared
with the transmittance of the glass substrate, as shown in
this figure. On the other hand, the reflection of the ITO
films decreases with increasing temperature. The decrease
in the reflection of the ITO films with increasing annealing
temperature of the CdO buffer layer can be attributed to the
decreases in both the refractive index and packing density
listed in table 1.

The calculated direct optical energy gap as a function
of the heating temperature of the buffer layer is listed in
table 1. It is clear that £, increases with increasing heating
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Figure 9. AFM images of ITO films deposited onto CdO-buffered glass heated at (a) 250, (b) 350 and (c) 450 °C.

Table 1. Some optical properties of ITO films deposited onto
25-nm-thick CdO buffer layer heated at several temperatures.

Optical parameter Heating temperature

250°C 350°C 450°C
RMS (nm) 5.66 7.12 16.47
Tvis (%) 53 68 91
Tar (%) 87 85 91
E, (eV) 2.55 3.1 3.61
7550 2.12 2.09 1.79
ksso 0.254 0.145 0.03
E, (eV) 1.57 2.12 3.53
Eq(eV) 3.21 4.42 6.51
p 0.81 0.79 0.66
N (cm™) 146 x 10%  1.02x10* 5.88 x 10"

temperature and its maximum value of 3.61eV is obtained
at a temperature of 450°C. The increase in optical energy
gap is due to the increase in film transparency, which may
be related to the improvement of film crystallinity. Since
amorphous semiconductors are known to have band tails
inside the energy gap, the transition of the band tails to the
extended states can occur below the absorption edge [26]. Due
to these band tails and extended states, crystallized ITO films
have a much greater optical band gap energy than amorphous

films. Young [28] has also reported a similar phenomenon in
ansn04.

The wavelength dependences of refractive index and
extinction coefficient are plotted in figures 11(a) and (b). It is
observed that the refractive index decreases with increasing
wavelength or heating temperature of the buffered layer,
which can be attributed to the decrease in the packing density
of the films listed in table 1. On the other hand, the decrease
in extinction coefficient could be correlated to the decrease
in absorption due to the increase in film transparency. The
refractive index and extinction coefficient at a wavelength of
550 nm are listed in table 1.

The fundamental absorption of films was described
using the frequency-dependent complex electronic dielectric
constant. The real and imaginary parts of the dielectric
constant are provided by the relation (3) in terms of n and
k. Figures 12 (a) and (b) show the variations in the real and
imaginary parts of the dielectric constant with wavelength
in the NIR region (1700-1900nm). It is generally noted
that the dielectric constant decreases with increasing heating
temperature of the buffered layer, indicating a decrease in the
free carrier concentration listed in table 1.

On the other hand, it is known that the imaginary
part of the dielectric constant ¢” is directly related to the
density of states within the forbidden gap of semiconductor
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Figure 10. (a) Transmittance and (b) reflection spectra as function
of incident wavelength of ITO films deposited onto 25-nm-thick
CdO buffer layers heated at various temperatures.

materials [29]. Comparing the &” values in figures 6(b)
and 12(b), the above results indicate a decrease in the density
of states within the forbidden gap and hence an increase in
optical energy gap (as shown in table 1).

Refractive index dispersion plays an important role
particularly in designing optical devices. Thus, it is important
to determine dispersion parameters of the ITO films.
According to the dispersion theory, the refractive index n of
a dielectric medium in the region of low absorption is given
by [11, 30]

E 1

n-n"'=_22=
Eq  E.Eq4

(hv)?, )

where n is the refractive index, 4 is Planck’s constant, v is
the frequency, Av is the photon energy, £, (single oscillator
energy) is the average excitation energy for electronic
transitions and E4 is the dispersion energy, which is a
measure of the strength of an interband optical transition.

S5k —250°C
- =350°C
= - - - 450°C
”
L
=
=
L
=
)
@
o]
B
L
=7
1 " 1 i 1 " 1 " 1 " 1
500 1000 1500 2000 2500
Wavelength (nm)
1.5
- [ (b) —250°C
= 12f - =350 Uc
g - - -450°C
2
£ 0.9
D
=]
&
= 0.6}
=
~N—
=
= 03 L‘X _
R =T
00—z -

1000 1500 2000
Wavelength (nm)

500 2500

Figure 11. (a) Wavelength dependences of refractive index and
(b) extinction coefficient of ITO films deposited onto 25-nm-thick
CdO buffer layers heated at various temperatures.

By plotting (n?> —1)~! versus (hv)? and fitting a straight
line, E4 and E, can be directly determined from the slope
(E4E;)~" and intercept E,/Eq at the vertical axis. The
obtained results are listed in table 1. It is noted that both F,
and E4 increase with temperature, owing to the behavior of

energy gap [31].

3.2.3 Electrical properties. Figure 13 shows the variations
in the electrical resistivity p and carrier mobility w of the
ITO films deposited onto the heated CdO buffer layer with
a thickness of 25 nm. It is clear that both p and w vary with
temperature in opposite manners, since p reaches its minimum
value of 4.45x 107*Qcm and p reaches its maximum
value of 238cm? V~!s™! at a temperature of 450°C. This
indicates that carrier mobility is responsible for the decrease
in electrical resistivity. The decrease in electrical resistivity
or the increase in carrier mobility could be related to the
improvement of ITO film crystallinity, as shown by x-ray
results (figure 8).
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Figure 13. Variations in electrical resistivity and carrier mobility of
ITO films with heating temperature of 25-nm-thick CdO buffer
layers.

4. Conclusion

ITO thin films were deposited onto a CdO buffer layer by
an electron beam evaporation technique. The effects of the

thickness and heating temperature of the CdO buffer layer
on the structural, optical and electrical properties of ITO
films were investigated. It was found that the lowest CdO
buffer layer thicknesses (25 nm) enhances the optoelectronic
properties of ITO films. By increasing the heating temperature
of the CdO buffer layer up to 450°C, promising optical
and electrical properties were obtained for ITO films. Since
the optical transmittance reached 91% in the VIS and NIR
regions, the optical energy gap attained was 3.61eV and
the electrical resistivity decreased up to 4.45 x 107* Qcm
at room temperature. The enhancement of the optical and
electrical properties was mainly due to the improvement of
film crystallinity. It was found that other optical properties,
such as refractive index, extinction coefficient, real and
imaginary parts of dielectric constant, dispersion energy,
single effective oscillator energy, packing density and free
carrier concentration, strongly depend on both CdO thickness
and temperature.
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