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Abstract. A perfume atomizer-assisted spray pyrolysis method was employed to fabricate undoped and neodymium
(Nd)-doped cadmium oxide (CdO) thin films. X-ray diffraction results reveal that all the films are polycrystalline with
a cubic structure with a preferential orientation along the (200) direction. Scherrer’s formula was used to calculate the
crystallite size of Nd-doped CdO films. Energy dispersive spectroscopy results show that Cd, Nd and O elements are present
in Nd-doped CdO thin films. The optical absorption of the doped films is increased along with increasing Nd-doping level.
The prepared CdO thin films have a high absorption coefficient in the visible region and the optical band gap is decreased
on increasing Nd doping content. The electrical carrier concentration (n) of the deposited films is increased with increasing
Nd doping concentration. Photoconductivity studies of a nanostructured Al/Nd–n-CdO/p-Si/Al device showed a non-linear
electric characteristics indicating diode-like behaviour. Prepared Nd:CdO films could increase the photo-sensing effect of
this n-CdO/p-Si heterostructure. These Nd-doped CdO thin films may open a new avenue for photodiode application in near
future.
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1. Introduction

Metal–oxide systems like zinc oxide (ZnO), cadmium oxide
(CdO), tin oxide (SnO2), titanium oxide (TiO2), etc. have
dual advantages associated with their electrical and optical
properties that lead their applications to displays and light
devices. These dual properties are high electrical conductiv-
ity and transparency. They are also suitable for applications
like gas sensors, solar cells and a few other optoelectronic
devices [1–6]. CdO shows high electrical conductivity due to
the presence of oxygen vacancies. Electrical and optical prop-
erties of CdO can be modified by doping. Thin films of CdO
were deposited using different techniques such as sol–gel [7],
spray pyrolysis [8], magnetic sputtering [9], ion-beam sput-
tering [10], chemical vapour deposition [11], chemical-bath
deposition [12] and pulsed-laser deposition [13]. Spray pyrol-
ysis, which is one of the chemical techniques that are suitable
to design thin films at a molecular level, has been applied to
deposit a wide variety of thin films. The advantage of spray
pyrolysis is its ability to be extended to large-scale fabrica-
tion. Also, morphology and structure can be modified easily

by changing few parameters [14–17]. Recently, different
rare-earth elements have been used as potential dopants in
CdO structure and researchers are succeeded to explain the
possibility of interaction and modification of various struc-
tural and physical properties of CdO films [18,19]. In view of
this, in the present study from a series of rare-earth elements
neodymium (Nd) has been chosen as a dopant element for
CdO and the influence of Nd has been studied extensively
on various properties like structural, electrical, optical and
photo-conducting properties, and the results are discussed.

2. Experimental

Thin films of CdO with different concentrations of Nd
doping were deposited onto heated glass substrates viz. a
spray pyrolysis method using a perfume atomizer. Cadmium
acetate (0.1 M) was mixed with deionized (DI) water with
different weight % doping concentration of Nd (0, 1, 3 and
5%) and stirred for 10 min using a magnetic stirrer. This was
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taken as the precursor. For the deposition, the prepared
precursor is sprayed over a glass substrate. The glass substrate
was pre-cleaned chemically with chromic acid and acetone,
and then cleaned with DI water to remove contaminants, if
any. The deposition parameters such as glass substrate tem-
perature (350◦C), spray time (10 s), interval (20 s), substrate
to nozzle distance (30 cm) and spray angle (45◦) are main-
tained constant for all growths. A temperature controller is
used to maintain the temperature and monitored by the use
of a thermocouple. The deposited film is allowed to cool to
room temperature before taking to a sample box.

X-ray diffraction (XRD) patterns of the prepared
Nd-doped CdO films were analysed by using an X-ray diffrac-
tometer (PANalytical) X’Pert PRO with Cu Kα radiation
(λ = 1.5418 Å). The scan range of 2θ was set between
20 and 70◦ with a step of 0.02◦. Micro-Raman spectra were
recorded for the prepared thin films using a LABRAM-HR
model with a He–Ne (632.8 nm) laser source. Fourier trans-
form infrared (FTIR) spectra of the prepared samples were
recorded using an FTIR (model: Bruker system) at room tem-
perature under air condition with the wavenumber ranging
between 400 and 4000 cm−1. The surface morphology of the
Nd-doped CdO thin films is characterized using scanning
electron microscopy (SEM, Hitachi S-3000H). The optical
transitions of the deposited films were determined using a UV-
Vis-NIR double beam spectrometer (Perkin Elmer, Lambda
35). Emission properties were measured using a Horiba Jobin
Yvon photoluminescence (PL) spectrometer. Electrical prop-
erties of the Nd-doped CdO films were analysed by Hall effect
measurement by the use of a four-probe setup. The photocur-
rent of the device was recorded by using a Keithley 4200
semiconductor parameter analyser.

3. Results and discussion

3.1 XRD analysis

The XRD patterns of CdO thin films deposited at 350◦C
with different percentages of Nd doping (0, 1, 3 and 5%) are
shown in figure 1. The observed peaks in the XRD pattern of
the prepared films were appearing at (111), (200), (220) and
(311) directions without any impurity and secondary phases.
The obtained diffraction peaks in the XRD patterns are also
in good agreement with the standard data for CdO (JCPDS
data file no. 78-0653). The preferential orientation along the
(200) plane observed here is in good agreement with reports
on CdO thin films prepared by spray pyrolysis method [20].
From the XRD analysis, it is observed that all the prepared
CdO thin films are polycrystalline in nature. The two major
peaks (200) and (111) are observed for all the films. However,
the strong intensity of the peak indicates the preferred orien-
tation along the (002) plane with the c-axis perpendicular
to the substrate of all the thin films. The (002) peak inten-
sity was increased with increasing Nd doping concentrations
is due to increasing crystalline nature of the prepared film.

Figure 1. XRD patterns of undoped and Nd-doped CdO thin films.

A secondary (111) plane was observed for the films prepared
with low Nd doping concentrations and it decreases for higher
Nd doping concentration. This may be due to the evaporation
of initial ingredients of precursor solution before reaching
the substrate surface. The result shows that the crystallinity
of the films increases with increasing Nd doping concentra-
tion. This may be due to increasing Nd doping content in
the precursor solution, which promotes a coalescence pro-
cess at the substrate that initiates an increase in the particle
size as well as film thickness [21]. The observed lattice con-
stant and structural parameters are presented in table 1. A few
other parameters like texture coefficients (TC), microstrain
(ε), number of crystallites per unit area (N ) and dislocation
density (δ) were estimated using usual relations.

Debye Scherrer’s formula was used for calculation of crys-
tallite size of CdO films as given in the following equation:

D = 0.9λ

β cos θ
(1)

where λ, D, β and θ have usual meanings. Using the crystal-
lite size values, the dislocation density and microstrain of the
films were also determined using the below relations:

δ = 1

D2

(2)

ε = β cos θ

4
. (3)

The crystallite size (D) varies from 15 to 21 nm for the
Nd-doped CdO films. The fraction of layers undergoing faults
in stacking sequence in a given crystal is called stacking fault
probability and hence one fault is expected to be found in 1/α
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layers. The relation between stacking fault probability and
peak shift �(2θ ) is given by [22]

α =
[

2π2

45
√

3

] [
�(2θ)

tan θ311

]
. (4)

The stacking fault probability is a type of defect which
characterizes the disorderness of the prepared CdO thin films.
The stacking fault probability mainly depends on the position
of peaks. The stacking fault probability value is low along the
high crystallite size in doped CdO thin films.

The number of crystallites (N ) per unit volume and dislo-
cation density of different doping concentrations of CdO thin
films were calculated using the following equation [23]:

N = t

D3
. (5)

The number of crystallites per unit surface area and the
dislocation density are found to be lower for the films coated
at 5 wt% Nd. This result shows that the CdO thin film has a
relatively higher crystalline quality compared with the other
samples because the intensity of the (200) peak is high.

The TC was used to determine the preferred orientation by
the following equation [24]:

TC(hkl) = I (hkl)/I0(hkl)

N−1
r

∑
I (hkl)/I0(hkl)

. (6)

The calculated values of microstructural parameters such
as D, δ, t, ε, TC and N of the (200) plane of the CdO thin
films are presented in table 1. The TC represents the texture
of a particular plane, deviation of which from unity implies
the preferred growth. The value TC(hkl) < 1 represents the
lack of grains oriented in that direction [25]. Our observed TC
value is greater than 1. The TC values significantly increases
along with increasing Nd doping concentration due to increas-
ing crystallinity.

3.2 Vibrational analysis

3.2a Raman spectroscopy analysis: Raman spectra of the
CdO thin films were observed at room temperature in the
region of 200−1200 cm−1 . The entire Raman spectrum for
CdO film exhibits a relatively sharp structure at ∼275 cm−1 ,
a broad structure covering the wavenumber ranging from
300 to 450 cm−1 , and a small peak at ∼925 cm−1 . Similar
data were obtained in previous Raman studies [26–28]. In
principle, according to selection rules for the rocksalt struc-
ture both TO and LO modes are dipole forbidden; all features
in the spectrum can be attributed to the second-order Raman
scattering processes in CdO. The second-order Raman peaks
observed are due to overtones and combination modes. All the
Raman peaks for CdO shown in figure 2 can be attributed to
its second-order Raman spectrum processes. Recently, two-
phonon density of states (PDOS) calculations have identified a
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Figure 2. Raman spectra of undoped and Nd-doped CdO thin
films.

distinct peak at 275 cm−1 and TA and TO modes at the L-point
of the Brillouin zone (BZ). The broad peak has been observed
for CdO films around 300 cm−1 associated with phonon
dispersion which is a signature of CdO that is assigned
usually to 2TA(L) (transverse acoustic) mode. In the same
studies, the multiple structures appearing between 300 and
450 cm−1 have been tentatively assigned to 2LA (longitu-
dinal acoustic mode) overtones occurring at different high
symmetric points of the BZ. A small peak at 925 cm−1 is
appeared as the overtone of a 2LO occurring at the L- or C-
point of the BZ. The peaks found near 935 and 1105 cm−1

are strong enough indicating the formation of nanostructures.
A Raman shift around 945 cm−1 is assigned to 2LO. It is
found that the intensity of the peak at 1100 cm−1 increases
with increase in Nd concentration; these were associated with
surface effects that induce longitudinal and transverse modes
in the Raman spectrum [29].

3.2b FTIR spectroscopy analysis: The FTIR spectroscopy
is the most common technique to identify the chemical bond
structure. The FTIR spectra of the undoped and Nd-doped
CdO films are shown in figure 3. The absorption peak at
around 3400–3600 cm−1 is attributed to the normal poly-
meric O–H stretching vibration of H2O in the CdO lattice.
The sharp peak at 575 cm−1 confirmed the bonding of metal–
oxygen (Cd–O) [30]. The observed peaks were confirmed the
formation of a CdO thin film.

3.3 SEM and energy dispersive X-ray spectroscopy analysis

The surface morphology was analysed for all the films
deposited with different Nd concentrations. Figure 4a–d
shows the SEM images (unit scale is 2µm) and micropho-
tographs of Nd-doped CdO thin films. It is observed that
the Nd-doped CdO thin films have uniform and homoge-
neous coverage of spherical grains. The undoped CdO film

Figure 3. FTIR spectra of undoped and Nd-doped CdO films.

showed some holes with discontinuities on the film surface
(figure 4a). Figure 4b–d indicates the voids and holes are
slightly decreased with an increasing Nd doping level, which
may be due to intrinsic stress caused by incorporation of for-
eign atoms [31]. Energy dispersive X-ray spectroscopy (EDX)
is an analytical technique used for the chemical characteriza-
tion of a sample. Figure 4e shows the EDX spectra of the
prepared film at 5% Nd. The spectrum shows the presence
of Cd, O and Nd elements in the deposited films. Figure 4e
shows the presence of Cd, O and Nd as 48.1, 47.3 and 4.6%,
respectively.

3.4 Optical analysis

Thickness is one the most important parameter for controls
the film properties. The variation of film thickness with dif-
ferent Nd doping levels is presented in table 1. The observed
film thickness is increased with increasing doping concentra-
tion due to the increasing interstitial position of Nd doping
elements in the CdO lattice. Figure 5a shows the absorp-
tion spectra of the undoped and Nd-doped CdO thin films
with various Nd doping contents. This study reveals that Nd-
doped CdO film absorbs highly in the visible region, which
is a characteristic of Nd-doped CdO. The absorbance in the
UV-visible range increases with increasing Nd-doped con-
tent. The plot of optical transmittance vs. wavelength of CdO
thin films deposited with spray pyrolysis with different wt%
of Nd doping is shown in figure 5b. It is observed that all
the deposited films exhibit transmittance ranging from 10 to
65% in the wavelength range of 480–1100 nm. The optical
transmission is slightly decreased with the increase of Nd
doping concentration which is noticed in the visible and near-
infrared regions. The band gap of the deposited thin films
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Figure 4. SEM micrographs of undoped and Nd-doped CdO: (a) pure, (b) 1%, (c) 3% and (d) 5% and (e) EDX
spectrum of the 5% Nd-doped CdO thin film.
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Figure 5. Plots of (a) absorbance, (b) transmittance and (c) band
gap for 0%, 1%, 3% and 5 wt% Nd-doped CdO thin films.

can be obtained from the absorption coefficient (α) using
equation (7) [32–34]:

α = A(hυ − Eg)
n/2. (7)

Figure 6. PL spectra of undoped and Nd-doped CdO thin films.

Figure 5c shows the band gap of the undoped and Nd-doped
CdO films with various Nd contents. It is observed that the
band gap values of CdO thin films vary from 2.42 to 2.25 eV
with the effect of different % of Nd doping. The band gap
of pristine CdO is in the range of 2.2–3.0 eV reported for
the films prepared by different techniques [35–40] and near
2.2 eV reported for bulk CdO [41]. The decrease in the optical
band gap of CdO with the increase in Nd doping concentration
could be due to the structural modification in the CdO lattice
which is due to the increase of either substitution or interstitial
Nd3+ ions in the CdO lattice.

3.5 Photoluminescence

The spectra of photoluminescence (PL) were analysed at room
temperature which reveal various peaks as shown in figure 6.
PL spectroscopy can be used to determine the band gap of
semiconductors. The most common radiative transition in the
semiconductor occurs between states at the bottom of the con-
duction band and the top of the valence band. The PL spectra
of the CdO thin films at room temperature with an excitation
wavelength of 325 nm are shown in figure 6. The PL spectra
show a sharp emission peak in the visible range centred at
589 nm and it may be due to the combination of electrons and
holes from the conduction band and valance band [42]. The
yellow emission was assigned to the oxygen vacancies and
other defects in CdO and this luminescence resulted due to
the recombination of photogenerated holes with ionized oxy-
gen vacancies. The near band emission of the CdO thin films
is observed at high intensity peak which is due to the radioac-
tive recombination of electrons and holes from the conduction
band and valance band [43]. The PL intensity of green emis-
sion around 461 nm increases with increasing [Nd]/[Cd] ratio.
The green emissions were arising due to the presence of an
excess of free electrons and point defects as VO. Once again
this may be associated with the increase of thermal energy and
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oxidation [44]. The observed peak at 529 nm may be due to
the deep trap emission and surface-state emission usually are
independent of size of the traps [45]. PL peak positions have
previously been reported [39]. The peak at 528 nm is surface
state emission which is also independent of size. The quantum
confinement changes the MBE emission as reported [46].

3.6 Electrical analysis

At room temperature, Hall Effect measurements were
performed in a van der Pauw configuration. The type of con-
duction is confirmed to be n-type by the negative sign of
Hall coefficient. Figure 7 illustrates the variation in resistiv-
ity (ρ), carrier concentrations (n) and Hall mobility (μ) as
a function of Nd concentration in CdO thin films and these
values are listed in table 2. It can be seen that the electrical
parameters were strongly influenced by doping in the CdO
films. The carrier concentration (n) was increased by increas-
ing the Nd doping % concentration. The lower resistivity
(ρ) (0.552 × 10−3 � cm) and higher carrier concentration
(6.165 × 1020 cm−3) are observed for 5% Nd concentra-
tion. Resistivity (ρ) for different Nd doping is 0.835 ×
10−3, 0.820 × 10−3, 0.665 × 10−3 and 0.552 × 10−3 � cm ,
carrier concentration (n) is 3.547×1020, 4.448×1020, 5.369
× 1020 and 6.165 × 1020 cm−3 and carrier mobility (μ)
is 21.11, 16.51, 17.51 and 18.36 cm2 V−1 s−1 , respectively.

Figure 7. Carrier concentration (n), hall mobility (μ) and resistiv-
ity (ρ) plots of undoped and Nd-doped CdO thin films.

The observed electrical resistivity of the Nd-doped CdO
is in good agreement with CdO thin films by spray pyrolysis
[42]. As is well known, the resistivity is proportional to the
reciprocal of the product of carrier concentration and mobil-
ity. The improvement in electrical properties may be due to
improved carrier concentration. From the Hall measurement
data, it is evident that the increase of % Nd doping causes a
decrease in electrical resistivity.

3.7 Photo-analysis

The photo-response study of the Nd-doped CdO thin films was
carried out using a 200 W halogen lamp as a photoexcitation
source. Figure 8 shows the Al/Nd–n-CdO/p-Si/Al heterojunc-
tion of the 5% Nd-doped CdO thin film. Figure 9 shows the
I–V characteristics of an Nd-doped CdO thin film diode in the
forward and reverse directions under dark and illumination
conditions. It is clear that the diode exhibited an illumina-
tion sensitive behaviour. It was found that the reverse current
increases under illumination conditions for a given reverse
voltage and is higher than the dark current. This indicates that
the diode exhibits a photodiode behaviour.

The current through a Schottky diode according to
thermionic emission (TE) theory is given by [47]

I = I0 exp

(
qV

nKT
− 1

)
. (8)

In the above equation, q is the electron charge, I0 is the reverse
saturation current, V is the applied voltage, n is the ideality
factor, K is the Boltzmann constant and T is the absolute
temperature. The diode ideality factor (n) and the reverse bias
saturation current (I0) are determined from the slope and the
intercept of a semi-logarithmic forward bias I–V plot for
V > 3kT /q using equation (8) and n and φb are given by [48]

n = q

KT

dV

d(In I )
(9)

φb = KT

q
In

(
AA∗T 2/I0

)
, (10)

where A is the effective diode area and A∗ is the effec-
tive Richardson constant. The mechanism of transportation
in the thin film, associated with the changes in the transport
phenomenon, is understood by analysing I–V characteris-
tics. The I–V characteristics of a typical p-Si/n-CdO device

Table 2. Electrical values of Nd-doped CdO.

CdO doped with Nd (%) Resistivity (� cm) Carrier concentration (cm−3) Carrier mobility (μ) (cm2 V−1s−1)

0 0.835 × 10−3 3.547 × 1020 21.11
1 0.820 × 10−3 4.448 × 1020 16.51
3 0.665 × 10−3 5.369 × 1020 17.51
5 0.552 × 10−3 6.165 × 1020 18.36
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Figure 8. I–V characteristic of the 5% Nd-doped CdO/Si het-
erostructure.

Figure 9. Forward and reverse I−V characteristics of the devices
under dark and illumination for Nd-doped and undoped CdO thin
films.

are given. The current is measured from zero bias voltage to
positive side up to 2 V. The applied voltage is slowly decreased
until zero both in forward and reversed biases. In the fabri-
cated heterojunction diode, the turn-on voltage is observed as
0.86 V. The turn-on voltage, also identified as the diffusion or
built-in potential, would correspond to a potential barrier such

that charged carriers across the barrier contribute to forward
current [49]. It shows positive response to light due to the
large amount of electrons emitted from the excitation state
with high-surface energy. The semi-logarithmic I–V curve
of the device is constructed. The ideality factor is calculated
from the slope of the linear region of the forward bias ln I–V
curves and found to be 4.05 using equation (9). The ideality
factor obtained at room temperature for the p-Si/n-CdO het-
erojunction was found to be −2 V. The above values are in
good agreement with the previous results of CdO doped with
Gd [50]. For an ideal diode, the ideality factor is unity but
in this case, the higher value of n may be due to the inter-
face states, non-uniformity of the CdO deposited film, series
resistance or an interfacial layer between the p-Si and n-CdO
films. The reverse saturation current I0 is determined from
the y-intercept of the semi-logarithmic curve and its value
is 1.8088 × 10−6 A. Using equation (10), the value of φb is
calculated as 0.61 eV for the 5% Nd-doped CdO film. The
photocurrent increases up to a certain level after illumina-
tion. As the illumination turns on the number of free charge
carriers increases and the current may be due to the photogen-
erated electrons. This result confirms the photoconductivity
behaviour of the fabricated device. The following relation
expresses the responsivity (R) of the diode [51]:

R = Iph

PA
. (11)

In the above equation, Iph is the photocurrent, P is the
irradiation of the lamp and A is the effective area of the
diode. The value of the photoresponsivity (R) of the Al/Nd–
n-CdO/p-Si/Al hybrid heterojunction diode is found to be
343 mA W−1 at a bias of −2 V. Nd-doped CdO could increase
the photo-sensing effect of this n-CdO/p-Si heterostructure.
This increase may be due to the decrease of the energy
gap value, the improved crystalline quality of the films and
grain size. The calculated photodiode values are presented in
table 3.

4. Conclusion

Nd-doped CdO thin films have been successfully deposited
onto glass and silicon substrates using a simple perfume atom-
izer technique. In our experiment, XRD study shows the

Table 3. Photoresponse study of the Nd-doped CdO.

CdO doped with
Nd (%)

Potential barrier
(φb) (eV)

Ideality
factor (n)

Photoresponsivity
(R) (mA W−1)

Quantum efficiency
(η) (%)

0 0.73 4.57 182 38.82
1 0.70 4.41 243 51.03
3 0.69 4.36 328 68.88
5 0.61 4.05 343 73.03
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formation of pure CdO thin films with a cubic structure. The
optical band gap values are in the range of 2.42–2.25 eV.
The morphology of the deposited films has been found to
be smooth and nearly spherical grains that consist of clus-
ters formed with the nanoparticles. From FTIR studies, the
strong peak of the Cd–O stretching mode was observed at
575 cm−1 . The electrical studies showed the film has a lower
resistivity of 0.552 × 10−3 � cm , and higher carrier concen-
tration 6.165 × 1020 cm−3 for 5 wt% Nd. We have fabricated
an Al/Nd–n-CdO/p-Si/Al heterojunction diode with a photo-
responsivity of 343 mA W−1. The obtained results show that
the Al/Nd–n-CdO/p-Si/Al heterojunction diode can be used
for photosensors and other optoelectronic applications.
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