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Abstract

We have investigated the structure, morphology and opto-electric properties of CdO and Ag-incorporated CdO thin films
prepared by chemical spray pyrolysis (CSP) method. The X-ray diffraction (GIXRD) study confirms that CdO samples are
highly polycrystalline with cubic structure. The AFM study shows smooth surfaces both for CdO and Ag-CdO thin films.
The direct band gap energy varies from 2.25 to 2.50 eV depending on Ag content in the films. Urbach energy reversal in
optical band gap indicates that several localized states are present above Fermi level or near at the conduction band. The
optical properties, such as refractive index, optical conductivity and nonlinear optical susceptibility, are found dependent
on Ag content. A combined effect on the transport properties has been observed with the incorporation of Ag in CdO. The
metal-like electric conduction of CdO film has been removed up to a temperature T, for Ag doping. The n-type carrier con-

centration of CdO is reduced with increasing Ag content and the concentration is of the order of ~ 10?° cm
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Introduction

CdO is a familiar n-type semiconductor with band gap
energy (2.2-2.7) eV [1-3]. It is transparent to electromag-
netic radiation in the visible to NIR spectral regions. The
electrical conductivity ranges from ~ 10? to~ 10* S/cm. Such
a high electrical conduction in CdO is due to Cd intersti-
tials (Cd,) and oxygen vacancies (V,) in which (V,) acting
as doubly ionized (4 2) charge donors [4]. The CdO-based
TCOs draw interest due to relatively simple crystal struc-
tures, higher carrier mobility and sometimes nearly metallic
conductivities [5, 6]. Although CdO is normally a semicon-
ductor but it shows poor metallic behavior from room tem-
perature (RT) to a certain extent of temperature due to the
excess of cadmium atoms in its crystal lattice [7]. In general,
the opto-electrical properties of undoped and doped CdO
films depend on microstructure which can be controlled by
changing the preparation conditions. The carrier mobility
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is one of the key opto-electronic properties which can be
controlled by doping CdO with different metallic ions in
different deposition techniques [8—10]. Among these, spray
pyrolysis has some significant advantages over other tech-
niques because of its simplicity, low cost, capability of large
area film preparation at air ambient and flexibility of compo-
sitional variation to improve expected physical properties.

Previously, we have reported that doped and undoped
CdO films prepared by spray pyrolysis technique possess
the properties suitable for buffer layer or absorber in solar
cells [11, 12], optical switching and photovoltaic applica-
tions [13, 14]. Moreover, metallic behavior of CdO was com-
pletely removed by Al doping and carrier concentration was
increased with increasing Al concentration of spray depos-
ited film [7]. The orbital energy of Ag metal is low [15] and
it has high chemical reactivity in solution among IB group
elements. Therefore, to reduce the degeneracy of CdO, Ag
can be used to induce semiconducting behavior from RT to
elevated temperature. To this end, we have prepared CdO
thin films with different concentration of (1, 2, 3 and 4 mol
%) Ag, by spray pyrolysis method and studied the effects
of Ag on structural and opto-electrical properties of CdO
film for opto-electronic applications. The different results
obtained in this study are discussed on the basis of existing
theories.
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Experimental

CdO and Ag-incorporated CdO (Ag-CdO) thin films were
deposited on glass substrate by spray pyrolysis technique
at 350 °C in an ambient atmosphere. The detail of film
preparation and optimization processes for a good quality
film has given elsewhere [7]. The CdO and Ag-CdO thin
films were prepared from aqueous cadmium acetate and
silver nitrate solutions. The possible chemical reactions
take places on the heated substrate which are as follows:

The cubic lattice parameter, a, estimated from (2 0 0)
peak is 0.4687 nm for CdO which is consistent with the
reported value 0.4695 nm [17]. The lattice parameters for
2 and 4 mol % Ag-CdO are a=0.4694 and 0.4695 nm,
respectively. This shows an insignificant change in lat-
tice parameter between CdO and Ag-CdO because of the
proximity of their atomic radii (Cd: 1.61 A and Ag: 1.65
A), suggesting that Ag may be incorporated at Cd lattice
site, vacancy site or at grain boundaries. As a result, there

350°
Cd (CH3COO)2 -2H,0 + H,0———— CCdO + CO,(g) + CH,(g) + steam (g)

Decomposes to

350°
Cd (CH3COO)2 -2H,0 + AgNO; - 9H,0 + H,O0———  CAg - CdO + NO (g) CO,(g) + CH,(g) + Steam (g)

Decomposes to

The XRD study was performed by X-ray diffractom-
eter (X’-Pert Phillips, Japan). The XRD scan was recorded
within Bragg angle 20° <26 <80° using CuK,, radiation of
wavelength =1.5405 A. The surface morphology of CdO
and Ag-CdO films was studied by non-contact mode atomic
force microscopy using NCHR-tip (AFM-Model: XE70
PARK SYSTEMS). The optical transmission spectra of the
film with respect to glass substrate were taken for the wave-
length range (380-1000) nm using UV spectrophotometer
(UV-1601PC SHIMADZU SPECTROPHOTOMETER).
The Hall-voltage and electrical resistance measurements
were performed using the van der Pauw’s method.

Results and discussion

The X-ray diffraction (XRD) patterns for the CdO and Ag-
CdO (2 and 4 mol %) thin films are shown in Fig. la—c. The
diffraction peaks appeared at 260°=33.03°, 38.37°, 55.36°,
66.07° and 69.16° were assigned to the corresponding (4 k [)
values (111),(200),(220),(311)and (22 2), respec-
tively. Two small additional peaks for Ag phase were found
at 44.2° and 77.8° for 4 mol % Ag-CdO sample as shown by
an arrow in Fig. Ic, corresponding to the phase observed by
Hong-Liang et al. [16] in magnetic sputtered samples. The
cubic crystal symmetry and preferred orientation in (2 0 0)
plane were confirmed by comparing the CdO peaks with
standard JCPDS card Nos. 361451 and 732245. Upon Ag
doping in CdO, the preferential orientation changed to (1
1 1) plane. Such change in crystallographic orientation by
foreign element was reported by Khan et al. [7].
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was no significant shifting of peak positions in the XRD
patterns.

The crystallite size, {, was estimated by Scherer’s for-
mula [18]:

_ 0.944 |
pcos@ 1)

where f is the full width at half maxima (FWHM) expressed
in radian. Crystallite size, {, was calculated using the
FWHM value of major peaks given in Table 1. It is seen
that crystallite sizes are a bit higher for Ag-CdO compared
to CdO sample, because the ionic radius of silver is greater
than that of cadmium. Moreover, substitution of oxygen
vacancies by Ag near the grain boundaries [19, 20] reduces
the local strain [21] by increasing the crystallite size.

The non-contact mode AFM images for two and three-
dimensions are shown in Fig. 2. The AFM images clearly
show that the film surface is very smooth and qualita-
tive because the roughness is very small. The estimated
roughness for CdO is 15.604 pm. The roughness for 2 and
4 mol % Ag-CdO samples is 16.764 pm and 19.516 pm,
respectively.

The optical band gap, E,, determined from reflection
and transmission data using the classical relation for near
band edge optical absorption in a semiconductor is given
as:

ahv = A(hv — E,) @

where a is the absorption coefficient, / is the Plank constant,
v is the frequency and A is a constant. The linear depend-
ence of (ahv)? on hv at higher photon energies implies that
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Fig. 1 X-ray diffraction patterns of a CdO b 2% Ag-CdO and ¢ 4% Ag-CdO thin films

Table 1 XRD peak positions, phase and crystallite size for CdO and Ag-CdO thin films

Sample (hkl) Observed 26 (°) Standard 26 (°) Observed d;, (A) Standard d,,;; A) Phase Crystallite

size { (nm)
Cdo (1r1n 33.03 33.00 2.709 2.712 Cdo 23.39
200) 38.36 38.28 2.343 2.349 Cdo 26.99
2% Ag 111 33.02 33.00 2.710 2.712 Cdo 29.25
200) 38.36 38.28 2.344 2.349 Cdo 24.46
4% Ag 11rn 33.02 33.00 2.710 2.712 Cdo 28.92
200) 38.40 38.28 2.342 2.349 CdO 27.15

* @ Springer



290 International Nano Letters (2018) 8:287-295

off_120523Error Signal00S 0%F e

100+

100

-100

Statistics

Line Mn(pm) ~ Max(pm)  Md(pm)  Mean(pm)  Rpv(pm)  Rglpm)  Ralpm)  Rzlpm)  Rsk Rlu
¥ Red -31.383 43.375 3.496 AA15 79759 18811 15604 60441 0619 2397

off_120523E...or Signal011 1%ag r

10

75

-50

25

-100

5
um

Statistics

Line Mn(pm) ~ Max(pm)  Midjpm)  Mean(pm) Rpv(pm)  Rglpm)  Ra(pm)  Rzlpm)  Rsk Rlu
¥ Red -44.242 49.231 2494 2391 93473 20926 16764 72939 0019 2766

Fig.2 AFM images of a CdO, b 2% Ag-CdO and ¢ 4% Ag-CdO thin films
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Fig.3 Variation of (ahv)® with photon energy for CdO and Ag-CdO
thin films

the obtained films are direct transition type semiconductors.
The optical band gap, E, estimated from the intercept of the
energy axis of Fig. 3, varies from 2.50 to 2.25 eV, consistent
to the reported values of 2.6-2.2 eV for CdO thin films [2,
22]. The band gap narrowing with increasing Ag content in
CdO indicates the formation of acceptor energy layer just

Photon energy (eV)

Fig.4 Dependence of Ina upon the photon energy for CdO and Ag-
CdO thin films

above the valance band which is influenced by the inverse
Burstein-Moss effect [23].

The Urbach tail is an essential parameter used to estimate
degree of disorder present in the film materials. Generally,
the optical transition and optical band gap structure affected
by the width of localized states available in the films which
are known as Urbach tail and the Urbach energy Ey; are
given as [24]:
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Table 2 The values of optical band gap (Eg), urbach tail (Ey;), Hall coefficient (Ry;), mobility (uy), carrier concentration (n), transition tempera-

ture (T,) and activation energy (AE) of CdO and Ag-CdO thin films

Sample  E,(eV)  Ey(eV) Ry >3<10-3 g (cm?/Vs) n, x 10% (cm™) T,(K)  AEem €V)  AE(eV)
cm”/coul.
( ) AE, AE,
Cdo 2.50 0.27 —122 31.69 5.14 374 0.032 - 0.093 0.240
1% Ag 2.40 0.38 —-16.62 33.18 3.76 358 0.031 0.094  —0.032
2% Ag 2.34 0.46 —23.55 41.65 2.65 376 0.032 0.061 —-0.029
3% Ag 2.30 0.51 —27.69 46.05 225 380 0.033 0.055  —0.039
4% Ag 225 0.48 —32.69 52.26 1.91 383 0.033 0.041 —0.040
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Fig.5 Variation of refractive index with photon energy for CdO and
Ag-CdO thin films

a=aq exp<hv>
= a, -
Ey

where ) is a constant. The slope of In a vs. hv (Fig. 4) gives
the Urbach energy (0.27-0.51) eV (Table 2). The band tail
width increases from 0.27 to 0.51 eV indicating that the
structural disorder increases with increasing Ag doping
concentration.

The refractive index (n,) of the samples was calculated
from the reflection (R) and extinction coefficient (k) data
using the relation [25]:

o)

1

) 1

nr=<ﬂ>+ (ﬂ) — 1=k ’
1-R 1-R

The variations of refractive indices with wavelength for dif-
ferent Ag content are shown in Fig. 5. For CdO, maximum 7,
is 1.90 at 850 nm, while for Ag-CdO thin films, n, varies from
1.65 to 1.58. Therefore, it is concluded that n, shows anoma-
lous dispersion below 850 nm, followed by normal dispersion

(6)
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Fig.6 Optical conductivity of CdO and Ag-CdO thin films with
wavelength

after 850 nm. However, the refractive indices of the films show
an overall decrease with increasing Ag content due to damping
effect and the reduction of reflectance.

The optical conductivity ((c,,,), which is a measure of opti-
cal response of a material, is given by the relation [26]:

an.c
Oop = @

where c is the speed of light. Figure 6 shows the high opti-
cal conductivity of the order of 10'* s~! and it increased
substantially with increasing Ag concentration. The high
value of optical conductivity is due to the increase of elec-
tron extinction by photon energy which leads to an increased
electronic transfer through the materials [13].

The third-order nonlinear optical susceptibility y©,
calculated from the refractive index data, is given by the
relation [27]:

Ao

3 _
@ry*(n2 —1)°

®)
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where A is a constant and equal to 1.7 X 107'° esu. Figure 7
shows the variation of y® with wavelength as well as Ag
concentration. It is clear that the value of y® is increased by
Ag doping. However, a sharp damping of ® in the violet-
blue region (<725 nm) occurred followed by spectral inde-
pendency. Thus, these samples have the advantage to use as
an optical switch.

The variation of resistivity with temperature was meas-
ured by van der Pauw’s method [28] in the temperature
range (303-420 K). Figure 8 shows that the resistivity is
dependent on the temperature with increasing Ag con-
tent in CdO. The room temperature resistivity for CdO is

0.39 x 107> O-cm which increases with doping and reached
0.63x 1072 O cm for 4 mol % Ag doping. Moreover, the
metallic behavior of CdO thin film was washed out due to
Ag incorporation. It is also perceptible that two types of
conduction mechanism are present for CdO and Ag-incor-
porated thin films. The resistivity of CdO film increased
with increasing temperature up to a certain temperature
(T,) 374 K (metal-like) after which resistivity falls up to
the measured temperature range as a normal semiconduc-
tor. This type of resistivity variation with temperature may
be caused due to carrier scattering. However, higher RT
resistivity of Ag-incorporated samples compared to CdO
could be explained by the electronic configuration of Ag
(47) and Cd (48). Since silver (Ag) atom has only one elec-
tron in 5 s orbital (4d'° 5 s') and cadmium (Cd) atom has
two electrons in 5 s orbital (4d1° 5 sz); therefore, when Ag
sits at Cd site in CdO matrix a free hole is produced and
compensates the electrons of n-type CdO. Subsequently,
the electron charge density of doped CdO decreased and
this leads to an increase in resistivity at RT.

On the other hand, the resistivity of the Ag-incorporated
samples decrease from RT to T like usual semiconductor
and then increases with temperature like metal. So the metal-
lic behavior of CdO film was removed completely up to 7
with the incorporation of Ag. However, the slight increase in
resistivity after 7, seems due to scattering caused by thermal
agitation of carriers.

The activation energy was calculated by the relation:

AFE
0 = 0y exp <—2K T> ©)]
B
8.1 L I 1 I 1 I 1 I 1 I 1
g L
7.9 L

Inc (mho-cm'l)
~
3
|

L T T T T 1
22 24 26 28 3 32 34
Inverse temperature x 1000 (K'l)

Fig.9 Variation of Ino with inverse temperature for CdO and Ag-
CdO thin films
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where AE is the activation energy, Ky is the Boltzmann
constant, ¢ is the conductivity of the film and o, is the pre-
exponential factor. Figure 9 shows the variation of Inc with
1000/T for CdO and Ag-CdO thin films and the slop of the
curve gives activation energy. Estimated activation energy
AE, for the low-temperature region (RT to T,) and AE, for
the high-temperature region (7, to measured temperature
range) are given in Table 2. The activation energy reversal
defined as AE. ;. = KgT, at which mode of transport phe-
nomenon changes is also given in Table 2. In low-tempera-
ture region, AE; varies from -0.093 eV to 0.041 eV due to
the excitations of carriers from one defect state to another
and at high-temperature region, AE, is lower than AE, and
varies from 0.24 to — 0.040 eV, indicating that conductivity
in this temperature region is associated with the free band
transition of carriers from donor level to conduction band.
Hall voltage measurement was done at a magnetic field of
9.815 kilo-gauss from which Hall constant (Ry;), carrier con-
centration (n,) and Hall mobility (u;;) have been determined
(Table 2). From the table, it is seen that Ry; is negative and neg-
ativity increased with the increase of Ag concentration. Also,
the mobility of carriers increases, whereas n_ decreases with
the increase of Ag content. The negative sign of Ry indicates
that the carriers are n-type with the concentration of the order
of ~10%° cm™. The reduced carrier concentration originated
from the hybridization between Ag-4d and O-2p levels creat-
ing a hole when Ag atom substitutes Cd in the crystal lattice.

Conclusion

In the present work, CdO and Ag-CdO thin films were pre-
pared by chemical spray pyrolysis method on glass substrate
at substrate temperature 350 °C and structural, optical and
electrical properties were investigated. XRD study confirms
that CdO and Ag-CdO thin films are polycrystalline with cubic
crystal structure. The preferred crystallographic orientation of
CdOis in (2 0 0) plane which changes to (1 1 1) as an effect of
Ag incorporation. The AFM study confirms that films are very
smooth. The direct band gap energy decreases from 2.50 eV to
2.25 eV with increasing Ag concentration which ascertained
the inverse Burstein—-Moss effect. The value of Urbach energy
varies from 0.27 to 0.51 eV and the refractive indices decrease
from 1.90 to 1.58 with increasing Ag content. Optical response
of the films is found reasonably well. The metal-like behavior
of CdO thin film was removed by incorporation of Ag. The
activation energy was calculated in two different temperature
regions: AE, varies from — 0.093 to 0.041 eV and AE, varies
from 0.240 to — 0.040 eV. Hall study confirms that all samples
are n-type semiconductors having carrier concentration of the

order of ~10%° em™.
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