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Abstract Gadolinium-doped cadmium oxide (CdO) thin
films were fabricated by spray pyrolysis technique using a
perfume atomizer on the glass and silicon substrates at 350 °C.
The effect of increasing Gd concentration on the electrical,
morphological, optical, and structural properties of deposited
films was analyzed. Structural analysis of the pristine and
doped CdO thin films showed cubic structures with preferred
orientation of (200) direction. The estimated crystallite values
ranged from 15 to 21 nm. The structural parameters like dis-
location density, microstrain, a number of crystallites per unit
area, and texture coefficient were also studied. Scanning
electron microscope (SEM) images showed uniformly orien-
ted and cauliflower-like nanostructures grown on the glass
substrate for 3at.%-doped CdO films. The doped films' optical
transmittance is found to be initially increased and system-
atically decreased with respect to doping concentrations. The
band gap value is in the range of 2.42-2.30eV for various
Gd-doping concentrations (0, 1, 3, and 5%), respectively. The
photoluminescence spectra (PL) of films were studied at room
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temperature and confirms the visible and green emission’
peaks are at wavelength 463 and 528 nm, respectively. From
the Hall Effect studies, it proved that all the CdO films belong
to an n-type degenerate semiconductor, and the low electrical
resistivity value was around 3.64 x 10~*Q cm. The n-CdO/p-
Si structure with different doping concentrations was sub-
jected to photoconductivity studies and found that it is the
maximum of 3% Gd concentration. Higher values of photo
responsivity and quantum efficiency was found ~365 mA/W
and ~76.64%, respectively, for 3at.% Gd-doped CdO films.
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1 Introduction

Nanometer-sized semiconductors have unique physical
properties, and in recent years they are studied by different
workers with a considerable attention. Moreover, their
electrical and optical properties are distinct from that of the
bulk counterpart, thereby offering new possible potential
applications in many fields [1]. Cadmium oxide (CdO) has
high optical transmittance and electrical conductivity at
room temperature [2]. This property makes CdO a useful
material for various optoelectronic applications like solar
cells, optical communication system, smart windows,
photo-transistors, and flat-panel displays. It is also found to
be useful in other applications such as photodiodes, infrared
heat mirror, thin film resistors, and gas sensors [3]. CdO is
an n-type degenerate semiconductor with  non-
stoichiometric composition. The reason is may be due to
the presence of either oxygen vacancies or cadmium inter-
stitial. They act as doubly charged donors [4]. CdO is
widely studied as an n-type semiconducting metal oxide
with the low electrical resistivity [5] and with the band gap
of 2.2-2.8 eV [6]. Different authors studied the optoelec-
tronic properties of CdO doping with various metallic ions
like: Indium [7], Aluminum [8], Gallium [9], and Manga-
nese [10]. Recently, the effect of Gd and co-doped Ce on
the physical properties of CdO thin films were reported by
Gupta et al. [11], Dakhel et al. [12], and Pan et al. [13]. In
these reports, the Gd-doped films were prepared using pulse
laser deposition, sol-gel technique, and RF magnetron
sputtering, and their structural, optical, and -electrical
properties were studied. However, there is still lack of
systematic study along with electrical and device making
parameters. Many techniques were developed for the
deposition of undoped and doped CdO thin films on dif-
ferent substrates like: glass, silicon, etc. by SILAR method
[14], CBD [15], sol—gel [12, 16], sputtering [13, 17], and
spray pyrolysis [18], etc. Among the different deposition
techniques, spray pyrolysis, which is economical, is highly
feasible for large area deposition and producing uniform
homogenous particle composition, as well-adherent thin
films is of interest to researchers [19]. In this spray pyrolysis
method, a new class of spray pyrolysis technique of per-
fume atomizer is found to be suitable for large area
deposition of the films and the controlling of various critical
deposition parameters like: substrate temperature spray rate,
dopant concentration, and substrate-to-nozzle distance [20].
Further, this method was also found more advantageous
than the conventional spray pyrolysis method to maintain
the good thickness uniformity over a large area and
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homogenous particle composition with controlled particle
size. As per the available literature, there is no report on the
fabrication of Gd-doped CdO thin films using spray pyr-
olysis technique using perfume atomizer. Hence, herein our
main aim is to fabricate and investigate the effect of rare
earth metal ion (Gd)-doped CdO thin films by the above-
mentioned technique; different concentrations of Gd-doped
CdO thin films were fabricated on glass and Si substrates,
and the heterojunction device was constructed. The effect of
varying the Gd concentration on key properties of n-CdO/p-
Si heterojunction photodiode was studied. Furthermore,
light-dependent electrical measurements like rectification
behavior, ideality factor, and barrier height of P-N junction-
like structure were also carried out, and the results are
discussed in their respective sections.

2 Experimental procedures
2.1 Film preparation

Through spray pyrolysis, using simple perfume atomizer,
Gadolinium-doped CdO thin films were prepared. 0.1 M
Cadmium acetate dihydrate [Cd (CH3COO),.2H,0] and
Gadolinium (IIT) nitrate hexahydrate (0, 1, 3, and 5%) that
were purchased from Sigma-Aldrich was dissolved in 25 ml
of de-ionized water at room temperature. This prepared
solution was stirred using a magnetic stirrer at room tem-
perature for 15 min until a clear and transparent solution
was obtained. The glass substrates were cleaned for 30 min
using the detergent solution and de-ionized water, after
which they were also cleaned by ultrasonic cleaning in an
ultrasonic bath for 10 min. Finally, to complete the cleaning
process, all the glass substrates were dried in hot air oven.
During the deposition process, the nozzle was kept at a
distance of 30cm from the substrate, and the substrate
temperature was maintained at 350°C. The precursor
solution was intermittently sprayed on the preheated sub-
strates with the use of a perfume atomizer. The precursor,
when sprayed over the hot substrates pyrolytic decomposes,
resulting an orange colored films of CdO. The thickness of
all the deposited films was measured by using an Alpha step
scan system and tabulated in Table 1.

2.2 Film characterization

The structural analysis was carried out using X-ray dif-
fractometer (PAnalyticalX'Pert) using Cu-ka radiation (£-
1.54056 A) in the range of 10-90° with the step size of
0.02°. Using Hitachi S-3000H scanning electron micro-
scope (SEM), the surface morphology of the films were
investigated with an accelerating potential of 20 KV. The
optical characteristics were studied with the use of a
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Table 1 Structural parameters of Gd-doped CdO thin films

CdO Thickness Lattice Crystallite size Dislocation density Strain (¢ x  Stacking fault No. of Texture
doped (nm) const (a) (nm) (6x 10" lines 1073 probability crystallites coefficient
with Gd A° m?) lines ™2 m*) x10'° (TC)
0% 600 4.66428 15 3.93 3.413 1.612 19 3.15
1% 670 4.68312 17 341 2.026 1.573 17 3.24
3% 700 4.68346 21 2.18 1.621 1.421 12 3.63
5% 710 4.68414 19 2.76 1.824 1.752 15 3.51
1890.] g CdO:Gd 5% that the contemporary films are cubic crystal structure of
1260 - r _ . CdO in polycrystalline nature. All the CdO films exhibited
630 - s “ g 8 § one strong orientation along the (200) plane, and the low
2009 —= p—— reflections corresponds to (111), (220), (311), and planes
= ::zz: l too. The intensity of the (200) peak increased with doping
I . concentration up to 3% and then decreased. The present
-‘%’ 0 S 10Cd 1% study indicates that the growth of the film was taken via
2 800: l (200) and it is independent on Gd-doping concentration.
= a0l However, when the doping concentration was increased up
908 A e to 3%, the full width at half maximum () decreased,
— J cdo indicating better crystallinity and grain size. Similarly, other
500 ] structural parameters were also calculated along the high-
. ST Y | VIR S — intense (200) peak by using the following relations.
20 30 40 50 60 70 80 The obtained results well-matched with bulk CdO thin
26 (degree) film and lattice parameter a =4.683 A agreed with the

Fig. 1 X-ray diffraction patterns for Gd-doped CdO films

Perkin—Elmer Lambda 35bUV-VIS spectrophotometer.
LABRAM-HR model with He-Ne (632.8 nm) laser source
was used to record Micro-Raman spectra of prepared films.
Horiba JobinYuvan photoluminescence spectroscopy in the
wavelength range of 200-800 nm was used to measure the
emission properties. A Hall effect set-up at room tempera-
ture was used to measure the electrical properties. For the
optical illumination of the device, a 200-W halogen lamp
was used. To record the photocurrent of the device, a
Keithley 4200 semiconductor parameter analyzer was used.
Further, a fabricated device of Al/ n-CdO/p-Si/Al that was
used for the photoresponse study is presented.

3 Results and discussion
3.1 Structural properties

The structural analysis was carried out by using X-ray
diffractometer in the 20 range from 10 to 90° with Cu-K,
radiation (4 = 1.54056 10%). Figure 1 shows the X-ray dif-
fractometer profiles of CdO thin films with different Gd-
doping concentration (0, 1, 3, and 5%). The obtained XRD
pattern is compared with JCPDS card [78-0635], indicating

previously reported values [20]. The increase of lattice
parameter with doping concentration could attribute to the
change of nature, deposition conditions, and the con-
centration of the inherent imperfections developed in thin
films [21]. The dislocation density, microstrain, and the
number of crystallites N per unit volume of thin films were
determined using the following equations [22-25]:

0.94
:ﬁCOSH (1)
¢ :ﬂcz_se (2)
o= 3)

The stacking fault probability is a type of defect char-
acterizing the disorders of the prepared CdO thin films. It
mainly depends on the position of peaks and it is low along
the high-crystallite size in CdO thin films.

The relation connecting stacking fault probability with
peak shift A(20) is given by [26]:

-2 (2]

The number of crystallites (V) per unit volume and dis-
location density of different doping concentration of CdO

@ Springer
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thin films were calculated using the following equation:

t

N=123 (5)

From Table 1, it could be seen that when the Gd con-
centration increased to 3% then the strain, dislocation
density and the number of crystallites per unit area
decreased due to the decrease of crystal defects causing the
increase of film quality.

The texture coefficient TC was used to determine the
preferred orientation by the following equation [27]:

1 (hkl)/Io(hkl)

TC (ki) = N-TS I (hkd) /1o (hkl) (6)

Here, I(hkl) is the measured intensity of the (hkl) plane,
1y(hkl) is the ASTM standard intensity of the corresponding
(hkl) plane, and N is the reflection number of diffraction
peaks. The highest TC value was obtained for (200) plane
for the prepared nanostructured CdO thin films. The value
of the texture coefficient is indicative of the maximum
preferred orientation of the films along the diffraction plane.
It means that the increase in preferred orientation is asso-
ciated with the growth in the number of grains along the
plane. The stacking fault probability of the CdO thin films
mainly consists of peak shift of the predominant orientation
of XRD diffraction peak. It was minimum for 3% Gd-doped
CdO film.

3.2 Vibrational (FT-IR and FT-Raman) analysis
It is well known that CdO is mostly Raman inactive; hence

its measurement is tough [28]. The Fig. 2 shows the Raman
spectra of CdO thin films with different Gd-doping

— Gd 0%

Raman Intensity (a.u)

— 1T - T T T T T T T 1T T T
250 500 750 1000 1250 1500 1750 2000
Raman Shift (cm™)

Fig. 2 FT-Raman spectra for Gd-doped CdO films

@ Springer

concentration in the range of 200-1200 cm™'. The Raman
peak intensity initially increased and then decreased with
increasing Gd-doping concentration. In the Gd-doped CdO
samples, Raman spectra exhibited a relatively two sharp
peaks at 274 and 925 cm ™. It also showed a single broad
structure in the range of 300-450 cm ', Similar data were
collected in an earlier study [29]. It was observed that the
intensity of the leading peak at 1100 cm ™' increased with
increasing doping concentration up to 3% Gd. Then, it
decreased at higher doping levels. The transverse and
longitudinal modes observed in the Raman spectra might
have been due to the induced surface effect in the CdO thin
films [30, 31]. Another sharp, intense peak at 925cm ™! is
also high for present films and indicates that the higher
quality of crystal nature was observed in 3% doping con-
centration, and all the results mentioned in the present study
are perfectly matched with the previous results of Sahin
et al. [32].

The Fourier transform infrared (FTIR) spectroscopy is
the most common technique to identify the chemical bond
structure. The FTIR spectrum of pure and different Gd-
doped CdO thin films are shown in Fig. 3. The sharp peak at
575cm™' confirms the bonding of metal-oxygen (Cd-O)
[33]. In region 2000-2500 cm ™, very complicated, vibrat-
ing, and rotating spectral lines of atmospheric carbon
dioxide were obtained. The broad absorption peak around
3400-3600 cm ™' is associated to typical polymeric O-H
stretching vibration of H,O in CdO lattice [34]. Though the
FTIR spectra of all the films appear quite similar with close
observation, it is given as there is a minor shift of peaks
toward higher wave number with doping concentration that
could be occuring due to the incorporation of Gd ions in the
Cd crystal lattice.

— Gd 0%
— Gd 1%
——Gd 3%
—— Gd 5%

Transmittance (a.u)

. T i T Y T * T J T ¥ T Y. T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig. 3 FT-IR spectra for Gd-doped CdO films
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Fig. 4 SEM micrographs for a
pure, b 1%, ¢ 3%, d 5% Gd, and
e EDX spectra for 3% Gd-doped
CdO films

3.3 Morphological studies

SEM images of pure and Gd-doped CdO thin films prepared
by simple perfume atomizer technique with different Gd-
doping concentrations are given in Fig. 4a—d. For all the
four samples, SEM photographs were comprised with a
magnification of 20,000. The film prepared with pure CdO
film showed holes and voids with discontinuities on the
surface of the substrate (Fig. 4a), whereas for the films
prepared with Gd-doping concentrations (see Fig. 4b—d), it
could be visualized that these films exhibited spherical
grains without much voids. The well-defined grain bound-
aries of the film coated with 3% Gd give the shape of
cauliflower [35]. The particles were further accumulated by

2
=
2

increasing the doping concentration in Fig. 4d. However,
the size of the grains increased as the doping concentration
was increased with film thickness. Two things—compact
distribution over the surface and good connectivity between
the grains—were observed in the higher doping con-
centration of CdO thin films. Such a structure is of great
importance due to its high specific surface area and potential
applications in many fields [36].

Energy dispersive X-ray spectroscopy was used to carry
out elemental analysis of Gd-doped CdO thin films. The
EDAX spectrum taken for the CdO thin film deposited with
3% Gd is given in Fig. 4e. The Cd and O ratio of the thin
film was close to stoichiometric with previously reported
values [36]. It is presumed that this might be due to the

@ Springer
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presence of cadmium acetate on the upper surface of the
film, which in turn might be due to thermal decomposition.
The EDAX results confirm the presence of Cd, O, and Gd in
the film.

3.4 Optical properties

The absorption spectra of the deposited CdO thin films with
different Gd-doping concentrations are presented in Fig. 5
(a). It is noted that there is high absorption in the UV region
and transparent in the visible region. The increase in Gd-
doping concentration, the fundamental absorption edge,
shows a shift toward the longer wavelengths and lower
energies. This sharp fundamental absorption edge corre-
sponds to electron excitation from the valance band to
conduction band and it has helped to maintain optical band
gap [37]. The obtained absorption edge was similar to other
published results of Ghaidia et al. [38]. Optical transmit-
tance spectra of undoped and Gd-doped CdO thin films as a
function of wavelength range 400—1100 nm are shown in
Fig. 5(b). This plot shows a sharp rise in transmittance near
the band edge, which is attributed to the good crystalline
nature of the film [39]. The undoped CdO thin film showed
high transmittance of 65%, and this value was found to be
decreased compared to that in pure, due to increase in
thickness with Gd-doping concentration. At lower doping
concentration, the transmission is low, and later it starts
increasing exponentially with sharp rise in 600—1100 nm
region. The lower doping concentration has less transmit-
tance in the visible region when compared with that in the
films at higher doping concentration. The increased trans-
mittance might be due to doping concentration.

The direct allowed optical band gap of CdO thin films is
determined from the relation between the incident photon
energy (hv) and the absorption coefficient (a) by using the
relation [22-25]:

ahv = B(hv — E,)", (7)

where E, and B are optical band gap and constant,
respectively. The band gap values depend on crystal
structure of the films and the arrangement and distribution
of atoms in the crystal lattice. Figure 5(c) shows the var-
iation of band gap values for undoped and Gd-doped CdO
thin films. In the present study, the obtained band gap value
is 2.42 eV for pure CdO film. Further, the band gap value is
raised when adding Gd as the doping element. The observed
band gap for doped CdO thin films is found to be in the
range of 2.42-2.30eV and well-matched with the reported
values [40, 41]. The band gap values decreased with
increase in Gd-doping concentration. The reason for this
might be associated due to the change in the crystalline size
that might have caused the change in optical band gap [41].
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CdO films

3.5 PL studies

PL measurement is a standard technique to observe defects
and impurities in semiconductors. The room temperature
photoluminescence spectrum of CdO thin film deposited on
glass substrate with different Gd-doping concentrations at
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Fig. 6 PL spectra for Gd-doped CdO films

excitation wavelength of 325 nm is recorded in Fig. 6. From
the figure it is noticed that the PL emission starts approxi-
mately at 460 nm. The PL spectra of all these samples are
showing three peaks at 463, 528, and 590 nm that are
attributed to visible and green emissions bonds. The
observed peak at 528 nm for pure CdO thin film may be
ascribed to the deep trap emission and surface-state emis-
sion that is less size dependent. Further, this peak is slightly
shifted when adding doping element, which is due to the
change of band gap. The sharp high intensity of the green
emission peak generally originated from the electron—hole
recombination at the defect sites due to electron transition
from the valence band to conduction band [42]. The green
emission peak 590 nm result is perfectly suitable with
Sankarasubramanian et al. [43]. Further, improvement in
the PL intensity of 3% of Gd is well correlated to the
increasing crystallinity as observed from XRD patterns.

3.6 Electrical studies

A four-point probe set-up was used to investigate the
electrical studies of the films. The variations of resistivity
(p), carrier concentration (n), and carrier mobility (p) of the
undoped and Gd-doped CdO thin films are shown in
Fig. 7. From these variation, it is observed that the resis-
tivity (p) is maximum for the pure CdO thin film. Further,
the resistivity values were reduced when adding Gd as the
doping element. The resistivity values again decreased with
increasing doping concentration up to 3at.%. This may be
explained due to the movement of interstitial cadmium
atoms from the bulk of the grain to its boundary region [26].
Moreover, increase in resistivity with higher Gd-doping
concentration (5at.%) is related to the decrease in free-
carrier concentration. This may be associated with the

u (cm? V.s)
- A N
0 O o

PR BT T

-
~

n x 10°(cm™)

PR PR PO PR P B

P

PouoNODWROAONDO

p X 10°(Q. cm)
(=2~ B~ I~ = ]

T T T

1] 1 2 3 4 5
Gadolinium Concentration (%)

Fig. 7 Carrier concentration (n), hall mobility (1), and resistivity (p)
plots for pure and Pr-doped CdO films
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Fig. 8 I-V characteristic of 3at% Gd-doped CdO heterostructure

removal of oxygen vacancies and formation of grain
boundaries, which act as trap sites for free electrons [44].
However, the films that shows high resistivity at higher
doping concentration may be understood from the effect of
film thickness. The observed low resistivity (p) and high
carrier concentration for 3at.% Gd-doped CdO thin film are
3.64 x 107*(Qcm) and 10.2 x 10* em ™, respectively.
The low-resistivity value is closely matched with other CdO
reported values [45].

3.7 Photoresponse studies
Figure 8 shows the room temperature I-V curves of Al/Gd-
nCdO/p-Si/Al-based heterojunction diode thin film for

3at.% Gd. The value of the photocurrent density reveals the
best photoresponse behavior for the doped CdO thin films.

@ Springer
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Fig. 9 Forward and reverse current-voltage characteristics of a pure, b 1%, ¢ 3%, and d 5% Gd-doped CdO films under dark and illumination

Figure 9a—d shows the forward and reverse current-voltage
characteristics of the undoped and doped CdO thin film
diodes under dark and illumination conditions. It is clear,
from Fig. 9a-d, that the diode was exhibiting an
illumination-sensitive behavior. The reverse current is
increasing under illumination condition for a given reverse
voltage and the observed values are quite higher than the
dark values. From this, it is clear that the diode showing a
photodiode behavior [46, 47]. It can be observed from I-V
plot that reverse current is slightly superior compared to that
in the forward one under illumination. Such behavior can be
explained as the reduction region of semiconductor sepa-
rates the photo-generated electron-hole pairs under high
electric field. The illumination current increases with
increasing doping level as predicted by the thermionic
emission (TE) [48]. This increase in current can be attrib-
uted to the drift of generated electrons and holes of the host.
TE theory defines the current through a Schottky diode as
given below [49]:

1%
=1 exp(an—T —1), (8)

@ Springer

here the symbols are having their usual meanings. The
ideality factor (n) and reverse bias saturation current (/,) are
calculated through equations [50]:

_q dv
" KT ) ?

= % In (AA*T?/Iy),

(10)
here all the used symbols are commonly used and have
usual meanings. We have measured the current in reversible
mode up to 2V from O (see Figs. 8, 9). Turn-on voltage for
the fabricated heterojunction is obtained about ~0.43V,
which shows the constructive retort to light [S1]. The semi-
logarithmic curve of the device revealed that the character-
istics with the slope of linear region of the forward bias in I-
V curves. This enables to evaluate the value of (n) and
observed to be 4.31 using Eq. (9) (see Table 2). It is known
that this value should be unity for an ideal diode; however,
we have observed higher value that may be due to interface
states, non-uniform film deposition, and series resistance.
The y-intercept of semi-logarithmic curve give the value of
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Table 2 Variations of photoresponse of undoped and Gd-doped CdO
thin films

CdO doped Potential Ideality Photo Quantum

with Gd (%) barrier (@) factor (n) responsivity (R) efficiency
V) mA/W (QE) %

0 0.73 4.57 182 37.82

1 0.72 4.49 225 53.72

3 0.70 4.31 365 76.64

5 0.75 6.50 334 70.22

I, around 6.7034 x 10~7 A. The value of @, is calculated
around 0.70 eV for 3at.% Gd-doped film using Eq. (10) (see
Table 2). It can be seen that the value of photocurrent
enriched up to a certain level under illumination as during
this the number of free-charge carriers increase. This
indicates that the constructed device have photo-
conducting nature. Moreover, the responsitivity (R) is
determined using the equation below [52]:
Ion

= o (11)
here Iy, is current in illumination, P is irradiation of lamp,
and A is area of diode. The value of the R of Al/Gd-nCdO/p-
Si/Al hybrid heterojunction diode is found to be 365 mA/W
at a bias of 2V (see Table 2).

The equation for quantum efficiency (QE) is calculated
as in the following equation [53]:

Rhc
QOF = T (12)
where R is the responsivity of the diode, % is the planck’s
constant, ¢ is the velocity of light, g is the charge of an
electron, and 4 is the wavelength of the source light. The
higher value of the QE of p-Si/n-CdO (Gd3%) hybrid het-
erojunctions was found to be 76.64% at a bias of 2 V.

4 Conclusion

In summary, we have successfully prepared undoped and
doped CdO thin films by spray pyrolysis using perfume
atomizer on glass and silicon substrates. Influence of Gd
doping on key properties of CdO thin films were studied.
XRD spectra indicate the polycrystalline nature of the
deposited films. It is clear that the morphology of the CdO
thin films is influenced by Gd doping revealed by SEM. The
Energy dispersive X-ray spectroscopy spectra confirmed the
presence of gadolinium in this composition and CdO
structure. The band gap values decreased with increasing
doping concentration and was found in the range of
2.42-2.30eV. PL studies confirm that the films exhibit
strong luminescent properties. From the Hall Effect studies,
the low electrical resistivity value 3.64 x 107*Qcm and

high carrier concentration value 10.2 x 10*°cm™ are

obtained for 3at.% Gd content. The Al/Gd-nCdO/p-Si/Al
heterojunction-based photodiodes were prepared and the
obtained responsivity and QE were found to be 365 mA/W
and 76.64%, respectively, for 3at.% Gd. Hence, the Gd:
CdO films acts as potential candidate as heterojunction
photodiode for application in optoelectronic devices.
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