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Abstract Thin films of cadmium oxide (CdO) were pre-
pared by simple nebulized pyrolysis technique by spraying
on the amorphous glass substrates at five different volumes
(5, 10, 15, 20 and 25 ml) of precursor cadmium acetate
dihydrate solution. X-ray diffraction analysis reveals that the
prepared films were oriented along with prominent (111)
plane having cubic structure in CdO matrix. The surface
morphology of these thin films showed sphere like struc-
ture was observed from scanning electron microscopic
study. Transparency of these samples had decreased from
95 to 80% at longer wavelengths (900-1100 nm) with an
increase in precursor solution volume. The energy band gap
increases from 2.30 to 2.49 eV belonging to direct transi-
tion as the precursor solution volume had increased up to
20 ml and decreased for 25 ml. The presence of the absorp-
tion peak around 650 cm™! corresponding to CdO bond was
confirmed by FTIR spectrum. The emission spectrum of
CdoO thin films were investigated by fluorescence spectrum
recorded at room temperature. Hall Effect measurement was
carried out to investigate the electrical properties of the as
deposited CdO thin films. The resistivity decreased from
36x 1072 to 7.54x 1072 Q-cm and the activation energy
(Ea) had decreased from 0.20 to 0.096 eV. The hot probe
characterization proved, all these thin films were n-type
semiconductor.
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1 Introduction

Thin films of zinc oxide (Zn0O), tin oxide (SnO,), indium
oxide (In,05) and cadmium oxide (CdO) were widely used
as transparent conducting oxide (TCOs) thin films which
finds applications in transparent electrodes, solar cells, pho-
totransistors, optical heaters, opto-electronic deices and gas
sensor applications [1-6]. Due to their high optical trans-
mittance and electrical conductivity, it finds applications in
flat display devices, aircraft windows and in optical com-
munications [7-9]. CdO semiconductors belongs to II-VI
group of n-type material with energy band gap of 2.5 eV [10,
11]. When compared with other semiconducting CdO pos-
sess low optical band gap; however CdO is a semiconductor
oxide with high electrical conductivity and carrier mobility.
There was several report on the CdO thin films which were
prepared by various techniques out of which notably spray
pyrolysis, sputtering, sol-gel were widely reported for their
best prepared thin films. [12-20] Now-a-days thin film sci-
ence has become a full fledged discipline because of the
widespread applications of thin film devices in various fields
which include optics, micro electronics, optoelectronic space
science, defence, medical science, automobile industry and
ornaments.

Nebulized spray pyrolysis method (NSP) is a simple and
inexpensive method. Nebulizer is an instrument used by
asthma patients. Nebulizer converts liquid into an aero-
sol. An aerosol is a suspension of small particles of lig-
uid in a gas, where the sizes of the particle fall within the
range of 1-5 micrometer in diameter. Similar kind of spray
pyrolysis for TiO, compounds was also reported recently
[21]. Advantage of NSP over conventional spray pyrolysis
method is minimizing the wastage of precursor solution,
less time consuming and enhanced quality thin films. These
NSP technique were widely used for MgO [22], SnO, [23],
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Cd doped SnO, [24], Nd doped ZnO [25], Sn doped ZnO
[26] etc., of which most of them are either binary or ter-
nary. The amount of deposition of layers can be varied
when compared to the conventional pneumatic spraying
system and it was reported by Mariappan et al. [26]. They
found that the NSP possess many advantages of which low
material consumption was biggest advantage and also they
reported on the uniform layered thin films. The cost of
the production was much cheaper and it was reported by
Fu et al. [22]. To achieve more uniform thickness, other
parameters such as solution concentration, substrate tem-
perature, spray nozzle distance, pressure of carrier gas and
volume of the solution can be easily adjusted to achieve
enhanced film properties. Previous study has shown that
the crystallinity of CdO films were strongly dependent on
the growth conditions and thus its electrical properties can
be modified [27]. Makori et al. [28] reported on the spray
pyrolysis of 50 ml solution volume of the un-doped CdO
thin films possess a resistivity of 42 Q cm. There were also
reports on the electrical and optical properties of un-doped
CdO thin film (50 ml solution volume) which were depos-
ited by spray pyrolysis method using perfume atomizer
in which Usharani et al. [29] reported that the resistivity
of 20 cm with an optical band gap of 2.38 eV can be
achieved.

In the present study, we report on the preparation of CdO
thin films by nebulized spray pyrolysis and the enhancement
of conductivity on the prepared CdO thin films with lesser
volume of precursor solution were reported.

2 Experimental details
2.1 Materials and methods

In the present investigation spray pyrolysis technique was
used to prepare the thin films of the CdO by the use of 0.2 M
cadmium acetate dihydrate aqueous solutions [Cd(CH;
C00),]-2H,0 (99% Sigma-Aldrich) on the amorphous glass
substrates with different precursor solution volume varying
from 5 to 25 ml, in steps of 5 ml. The solution was sprayed
manually using a nebulizer on preheated glass substrates.
Cleaning of the glass substrates were done with chromic
acid, double distilled water and acetone so that the CdO
material adheres on the surface. The substrate temperature
is controlled by using a chromel—-alumel thermocouple. The
solution volume is thus varied and simultaneously other dep-
osition parameters such as substrate temperature, carrier gas,
pressure and distance between glass tube & substrate were
kept constant as 200 °C, 1.5 kg/cm? and 1 cm respectively.
All the samples were kept safe in a desiccator to keep away
from the moisture after removing them from the hot plate,
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which was then cooled down so that it is maintained at room
temperature.

The possible chemical reaction that takes place during
deposition may be expressed as

Cd(CH,C00), - 2H,0 — Cd(CH,C00), + 2H,0

Cd(CH;C00),, — CdOg) + CH;COCHj ) + COyy 1

2(S)

The cadmium acetate in the aqueous solution trans-
forms in to cadmium oxide and thereby the evolution of
carbon-dioxide evolves as vapours.

2.2 Characterization technique

X-ray diffraction was carried out using XPERT PRO dif-
fractometer to determine the crystal structure of the CdO
thin films by using Cu Ka radiation (k=1.5406 A) with
the range of angle between 20 and 70 degree in the scan-
ning angle 20. Stylus profilometer was used to measure
the thickness of the CdO thin films. The surface morpho-
logical studies were recorded with TESCAN VEGA-III
scanning electron microscope (SEM) with a magnification
of 25,000 which is fitted with the EDAX spectrum was
recorded in the binding energy region 0-5 keV. Shimadzu-
UV 1800 model was used to measure the transmittance
spectra of these thin films was recorded in the wavelength
range of 300—1100 nm using double beam spectrophotom-
eter. The absorption spectral data was used to determine
the type of optical transition and the band gap present in
the sample. The reflectance spectrum of CdO thin films
was recorded 200-900 nm in the wavelength region using
UV-2400 PC Series. The IRAFFINITY-1 FTIR spectrom-
eter was used to measure the Fourier transform infrared
spectra (FTIR) in the wave number ranging from 600
to 1600 cm™! for the experimental samples. The fluo-
rescence spectra of CdO thin films were recorded using
spectro fluorophotometer SHIMADZU RF-6000 in the
wavelength ranging from 500 to 540 nm with an excita-
tion at the wavelength of 325 nm. The resistivity of the
samples was measured in the range 313-373 K in steps
of 10 K by using four-point probe method. The semi-
conductor nature of this CdO thin film was verified by
drawing Arrhenius plot with these data and the activation
energy was calculated. HOT probe method was used to
measure the conductivity of CdO semiconductor. Vander
pauw method (Ecopia-HMS 3000) was used to measure
the resistivity, mobility and carrier concentration of the
experimental samples at room temperature.
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3 Results and discussion
3.1 Film formation process

Amorphous glass substrates (of Borosil make) were used
to deposit uniform, well-adherent with yellow colored CdO
thin films. As the thickness is increased, the color of the film
changed to dark brown from yellow which was also reported
earlier by Salunkhe [30]. The thickness of the CdO thin films
had increased from 420 to 530 nm due to the increase in
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Fig.1 XRD patterns of CdO thin films coated at different precursor
solution volume

precursor solution volume of 5-20 ml and then decreases
to 518 nm when solution volume is at 25 ml. Incomplete
thermal decomposition causes a decrease in thickness while
the powdery film formation due to homogeneous reaction
also occurs. Spray pyrolysis techniques for the preparation
of CdO thin films were also reported by Lokhande et al. [19].

3.2 X-ray diffraction pattern of CdO thin film

The XRD pattern of the prepared CdO thin films for different
precursor solution volume is shown in Fig. 1. A strong peak
at 33.03° corresponding to the miller planes (111) cubic
structure, with other peaks at 38.5, 55.3, 65.8 and 69.3 due
to (200), (220), (311) and (222) miller planes respectively
were observed as shown in Table 1. The obtained diffrac-
tion peaks for all thin films were compared with the JCPDS
value (File No. 05-0640). Pure CdO and In doped CdO thin
films by spray pyrolysis method was reported by R. Kumara-
vel et al. which crystallized in similar cubic structure [20].
The Intensity of the peaks increases considerably as the
precursor solution volume had increased up to 20 ml and
then decreased as the precursor solution volume had further
increased to 25 ml. These preliminary results indicate that
the crystallinity of the CdO thin films had increased as the
precursor volume had increased from 5 to 20 ml. This may
be due to increase the film thickness. Then the crystallin-
ity had decreased for 25 ml solution volume may be due
to incomplete thermal decomposition reported in earlier.

Table 1 Structural p.arameters Precursor solution Thicknesst  d-Spacing value (A) FWHM value Orientation
of CdO thin ﬁlr.n at different volume (ml) (nm) . (20)° plane (hkl)
precursor solution volume Observgd JCPDS value (A)
value (A)
5 420 2.7156 2.7120 0.3936 (111)
2.3337 2.3490 0.5904 (200)
10 487 2.7101 2.7120 0.3444 (111)
2.3339 2.3490 0.3936 (200)
1.6592 1.6610 0.5904 (220)
15 510 2.7106 2.7120 0.3444 (111)
2.3553 2.3490 0.5904 (200)
1.6636 1.6610 0.2952 (220)
20 532 27114 2.7120 0.2952 (111)
2.3468 2.3490 0.1968 (200)
1.6602 1.6610 0.2952 (220)
1.4169 1.4160 0.4920 (311)
1.3563 1.3555 0.5904 (222)
25 518 2.7120 2.7120 0.3444 111)
2.3490 2.3490 0.3444 (200)
1.6610 1.6610 0.7872 (220)
1.4169 1.4160 1.1808 (311)
1.3563 1.3555 1.1808 (222)
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Better crystallinity was observed for 20 ml precursor solu-
tion volume.

The size of the crystallite corresponding to prominent
plane (111) was considered and was estimated using Debye
Scherrer’s formula [31]

_ 094
" Pcosd @)

where ‘B’ corresponds to the full-width half maximum
(FWHM) and ‘A’ is the wavelength of X-ray used which is
1.5406 A. As the precursor volume is increased to 20 ml,
the size of the crystallites varies from 21.98 nm to 29.33 nm
and then decreased for a solution volume of 25 ml [32]. The
crystallite size calculated for the obtained CdO thin films
for different solution volume shown in the Table 2. The dec-
rement in the calculated D value is evident for the above
mentioned degradation in the crystallinity.

The micro strain ‘e’, dislocation density ‘3’ lattice con-
stant ‘a’, volume ‘v’ and number of crystallites (n) of the
(111) peak was calculated from XRD data, using the relation
[31] and tabulated in Table 2.

p cos 6
€=—7 )
1
0=13 ©)
1 R+iEP+P
o ®
v = a’ )
ot
=73 ©)

Table 2 shows that the strain and dislocation density
values initially decrease upto 20 ml and then increase
with increasing precursor solution volume. For pure CdO

thin films prepared by spray pyrolysis by Velusamy et al.
[31], it was found that the dislocation density (2.331x 10"
lines/m?) and strain value (1.68 x 1073 lines™> m*). The
higher values of crystallite size and lower value of strain
and dislocation density indicate the higher crystalline
properties and lower structural defects. The small value
of ‘d’ and ‘¢’ calculated for 20 ml of the precursor solution
volume 1.162 x 10'3 lines m~2 and 1.23 x 1072 lines ™2 m*
in our present work through nebulized spray pyrolysis
yields good quality polycrystalline CdO thin films. The
calculated ‘a’ and ‘v’ value is in good agreement with the
earlier reported values [32].

The fraction of layers undergoing sequence faults may
be given as stacking faults probability (a”) in a given crys-
tal and therefore, one fault is expected to be observed in
(1/a") layers. The stacking faults probability (a”) was cal-
culated using the relation [33].

at = <—2H2 ) g 7
~ \ 453 tan 9)05 )

The minimum stacking fault value is observed in 20 ml
precursor solution volume shown in Table 2.

XRD patterns also revealed that change in precursor
solution volume induces variation in CdO thin film texture.
From the X-ray diffraction data, the texture coefficient Tc
(h k 1), of any particular plane can be calculated and may
be given as below [31]

[ Ik 1 [ L0kD
Te(hkl) = [Io(hkl)]/{ N Z [Io(hkl)] } ®)

where I, (hkl) is the measured relative intensity, I, (hkl) is
the standard intensity taken from the JCPDS data and N is
the reflection number. The calculated Tc values are given in
Table 2, which clearly indicates that the Tc value for (111)
plane had increased from 1.633 to 1.98 with respect to the
precursor solution volume had increased. Dakhel et al. also
reported the texture coefficient value for (111) orientation
of CdO thin film as 1.54 [34].

Table 2 Structural properties of prominent (111) plane of CdO thin film at different precursor solution volume

Precursor solu- Crystallite  Lattice Con-  Unit cell Dislocation density Strain Number of crystal- TC Stacking fault
tion volume size (D) stant a=b=c vglume v 8% 10" (lines/m?) ex1073 lites (n)x 10'° ()x 1073/
(ml) (nm) (A) (A)? (lines?m*  (m™) m?)

5 22 4.694 103.42 2.070 1.646 3.944 1.633 3.19

10 25.13 4.704 104 1.583 1.440 3.21 1.65 279

15 25.14 4.686 103 1.582 1.440 3.07 1.77 279

20 29.33 4.694 103.42 1.162 1.234 2.11 198 239

25 25.13 4.700 103.42 1.583 1.440 3.26 1.73 279
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3.3 Surface morphology and compositional analysis solution volume is shown in Fig. 2. The microstructure of

all the thin films is homogeneous. The thin film deposited
The thin films of CdO were subjected to surface analysis to ~ with 5 ml solution volume is seen to have sphere like struc-
visualize its surface morphology with different precursor  ture with voids. The SEM image of the thin film coated

-
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View field: 5.54 pm Det: SE 1 pm View field: 5.54 pm Det: SE 1 pm
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Fig. 2 SEM images of CdO thin films coated at different precursor solution volume
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with 10 ml precursor solution volume looked similar but
decreased voids and few grains are agglomerated. In the
film coated with 15 ml precursor solution volume the sur-
face appears to be densely packed with spherical shaped
grains with most of grains are interconnected together.
Agglomeration of grains for the thin film coated with 20 ml
precursor solution volume seems to be complete and the
surface appears to be tightly packed with spherical shaped
grains for the CdO thin film. A similar result was observed
by P.Velusamy et al. [31] for cerium doped CdO thin films
which were formed by conventional by spray pyrolytic tech-
nique and Ravichandran et al. [35] for un-doped CdO nano
particles synthesized by chemical precipitation method. As
the precursor solution volume had increased to 25 ml the
surface appears similar to the surface of the film deposited
with 10 ml volume. This result may be attributed to the
decrease in the thickness which resulted in reduced agglom-
eration. The average grain size had increased from 0.57 to
0.79 um as the solution volume had increased from 5 to
20 ml. Then the grain size had decreased to 0.64 pum as the
solution volume had increased to 25 ml. These variations
of grain size correspond to the variation of thickness deter-
mined using styles profilometer and to the crystallite size
determined using XRD analysis.

EDAX spectrum of CdO thin films deposited on the
amorphous glass substrate at different solution volumes (not
shown here as figure) confirms the presence of cadmium
(Cd) and oxygen (O) elements without any other impurity
[12]. For low precursor solution volume the atomic percent-
age of cadmium is low with the sheet resistance (R,) being
maximum [36]. As the precursor solution volume increased,
the atomic percentage of cadmium had increased; as a result,
a decrease in sheet resistance (R,). For CdO thin film depos-
ited with 25 ml precursor solution volume the cadmium
percentage decreased, then the sheet resistance (Ry;) also
increased. The silicon (Si) element appears to originate from
the glass substrates [37].

3.4 Optical analysis

The transmittance spectrum of the prepared CdO thin
films with different precursor solution volume is shown in
Fig. 3a. The transmittance of all samples is minimum at a
wavelength around 450 nm. They exhibited high transmit-
tance (600—1100) in the visible as well as in IR region. The
transmittance of CdO thin film had decreased from 93 to
84% in the visible region (900 nm) as the solution volume
had increased from 5 to 20 ml. Then the transmittance had
increased to 86% as the solution volume had increased to
25 ml. The transparency depends on the metal ions and also
on the thickness of the formed thin films on the over the
substrate. Generally metal rich thin films shows less trans-
parency [38].
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Fig.3 a Transmittance spectrum and b absorption coefficient of
CdO thin films coated at different precursor solution volume

Figure 3b shows the variation of wavelength with
respect to the absorption coefficient (a) which is in the
order of 10° cm™' [16] and the calculation of absorp-
tion spectrum is plotted as shown in Fig. 3b. Maximum
absorption coefficient of CdO thin films lies in the UV
region around 350 nm wavelengths. There is an exponen-
tial decrease in the absorption as the wavelength increases
from 600 to 1100 nm. The fundamental absorption edge
was shifted towards the shorter wavelength as the precur-
sor solution volume had increased, which may be corre-
lated to the improvement of crystallinity, which is also
revealed from XRD spectra.

Figure 4a shows the reflectance spectra of prepared
CdO thin films. The reflectance of all samples minimum at
a wavelength around 450 nm. They exhibited high reflec-
tance (600-900) in the visible region. The reflectance of
CdO thin film had increased from 9 to 10% in the visible
region (900 nm) as the solution volume had increased from
5 to 20 ml. Then the reflectance had decreased to 9.5% as
the solution volume had increased to 25 ml.
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The energy band gap of all the thin films was determined
using the Tacu’s (arhenius) relation [39]

(ahv) = A (hv - E,)” ©9)

where E, is the band gap energy, A is a constant quantity, p
has a discrete value like 1/2 or 2 depending on whether the
transition is direct or indirect, o is the absorption coefficient,
h is the Plank’s constant and v is the frequency of transmit-
ted light. It can be clearly seen that the prepared CdO thin
films are directly allowed semiconducting materials and thus
confirms the experimental results and also from the theo-
retical calculations [40]. (ahv)? versus hv values were plot-
ted as shown in Fig. 4b in order to find out the direct band
gaps respectively. The optical band gap values had increased
from 2.30 to 2.49 eV as the precursor solution volumes had
increased and then decreased 2.47 eV for higher precursor
solution volume. Thus increased solution volume widens
the optical energy band gap (Eg). This energy band gap (Eg)

The FTIR spectroscopy is the most common technique to
study the chemical bond structure. The transmittance peak
at 1450-1500 cm~! may be assigned as the bending vibra-
tions of CH,. Kaviyarasu et al. [42] had reported the similar
results. The peak at 1100 cm™ is assigned to the C—O vibra-
tion band. The appearance of the weak absorption band at
680 cm™! could be assigned to the Cd—O stretching (metal
oxide) vibration. Thirumoorthi et al. also reported the peaks
at 800—1400 cm™! is assigned to CdO for Tin doping effect
of CdO thin films prepared by spin coating method [43] and
Trdjarodi et al. [44] had also reported 675 cm~! indicates
the formation of cadmium—oxygen phase for CdO spherical
nano particles.

3.6 Fluorescence study

A fluorescence study of CdO thin films for different precur-
sor solution volumes is shown in Fig. 6. The increase in
the precursor solution volume increases the peak intensity
of the CdO thin films (5-20 ml) and then it decreased to
25 ml solution volume. The emission spectra of all CdO
thin films excited at 325 nm reveal one sharp band around
520 nm which is due to the oxygen deficiencies of CdO and
also due to the recombination of a photo generated hole in
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Fig. 6 Fluorescence spectrum of CdO thin films coated at different
precursor solution volume

valence band with which it causes an electron in the conduc-
tion band [44, 45]. The linear increase in the intensity of
the green emission (up to 5-20 ml) is due to the increase of
the precursor solution volume and then decreased for 25 ml
solution volume. These results are in consistent with the
XRD result mentioned above. The energy band gap (Eg) can
be calculated using the relation,
he

E, = = . 12)

The energy band gap (Eg) of the prepared thin films of
CdO are estimated from the fluorescence spectrum 2.38 eV
(green emission) and found to be coinciding with the values
observed from the optical study.

3.7 Electrical properties

The electrical measurements are determined by four probe
measurement systems. The activation energy of the CdO thin
films can be found by electrical resistivity plots shown in
Fig. 7. The activation energy is an important tool for evalu-
ating the position of Fermi levels in a pure semiconductor
material. The activation energy is calculated from the slope
of the line shown in Fig. 7, for the five samples and their
values are given in Table 3. The activation energy values E,
are calculated using the relation [46].

Ea
p = py €Xp <ﬁ> (13)

where “k”, be the Boltzmann constant, “p,” is a parameter
and “T” be the temperature in Kelvin. The activation energy
of CdO thin film had decreased from 0.30 to 0.094 eV as the
precursor solution volume had increased from 5 to 20 ml and
then increased for 25 ml. Bhosale et al. also reported the
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activation energy 0.077 eV for prepared CdO thin films by
spray pyrolysis technique [47]. The hot-probe technique is a
very simple technique to find the difference between n-type
and p-type semiconductors. The prepared CdO thin films
were found to have n-type semiconducting nature.

The variation in carrier concentration, electrical resis-
tivity and mobility of CdO thin films prepared at different
precursor solution volume is shown in Fig. 8. The resistivity
had decreased from 70.1x 1073 Qcm to 7.54x 107° Qcm
as the solution volume had increased from 5 to 20 ml. This
result may be attributed to the percentage of cadmium pre-
sent in the samples, which is also in good agreement with
that of the EDAX results of the CdO thin film prepared
with 5 to 20 ml solution volume. Then the resistivity had
increased to 12.6x 107> Qcm as the solution volume had
increased to 25 ml which is due to the cadmium percentage
being decreased. The low resistivity value 7.54 x 10~ Q-cm
obtained from 20 ml solution volume for the CdO thin film,
matches with the value obtained by Dakhel et al. [48] for the
un-doped CdO thin film prepared by perfume atomizer using
spray pyrolysis technique.

3.8 Opto-electronic properties
3.8.1 Figure or merit (FOM)

The figure of merit is an important parameter in optoelec-
tronic application. In this work, to analyze the optoelectronic
performance of different volume precursor solution of CdO
thin films, the FOM values were calculated using the for-
mula [49].

T]O
FOM(®@rc) = R (14)

sh

Where T! is the optical transmittance and Ry, is the sheet
resistance of CdO thin films. Figure of merit (FOM) val-
ues for the as prepared CdO thin films at different precursor
solution volumes are listed in Table 3. It can be seen that
the prepared thin films of CdO with 20 ml volume has a
high figure of merit (6 x 107> Q~!). Velusamy et al. [31]
had reported the similar FOM value of 1.0x 107> Q! for
un-doped CdO thin film. Thus the result show that the thin
film prepared with 20 ml precursor solution volume has high
figure of merit and high electrical conductivity.

4 Conclusion

Thin films of cadmium oxide (CdO) on amorphous glass
substrate with yellow color were prepared by nebulized
spray pyrolysis technique with different precursor solu-
tion volume. The effect of thickness on morphology,
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Fig. 7 Electrical resistivity plots of CdO thin films coated at different precursor solution volume

crystal structure, bonding confirmation, optical band gap
and electrical resistivity of the prepared thin films were
investigated in detail. Thin film XRD diffraction pat-
terns confirms the formation of polycrystalline films in
the cubic crystal structure with a preferential orientation
along the (111) plane. Transmittance spectrum reveals
the optical transparency in the formed thin films and that

the energy band gap (Eg) increases from 2.3 to 2.5 eV
with increase in precursor solution volume. The FTIR
spectrum identified the presence of cadmium and oxygen
very strongly bonded. The CdO thin film has good optical
properties and hence it is a promising candidate for the
optoelectronic devices. A minimum electrical resistivity
of 7.54 % 1073 Q cm with activation energy of 0.09 eV was
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