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Abstract
Cadmium-based transparent conductive oxides have received much attention due to their exceptional
carrier concentrations, almost metallic conductivities and simple rock salt-like crystal structure. In the
present study, the effect of iron (Fe) doping on physicochemical and opto-electrical properties of spray-
deposited cadmium oxide (CdO) thin film was studied by varying the doping concentration of Fe. The X-ray
diffraction (XRD), field emission scanning electron microscopy (FE-SEM), UV-Vis spectroscopy,
photoluminescence (PL) study and electrical properties using the Hall effect in Van der Pauw configuration
were used to study the different physicochemical and optoelectrical properties of Fe-doped CdO thin films.
The XRD patterns studied for Fe:CdO films show a polycrystalline nature and the crystallite size increases
with an increase in doping concentration. FE-SEM images show an interconnected chain structure. The
thickness of the films increases with an increase in doping concentration of Fe, as more nucleation sites are
available. A transmittance of 76% was recorded at 550 nm wavelength for 4 at% doped Fe:CdO films. The
direct band gap increases from 2.62 eV to 2.83 eV as the Fe doping concentration increases from 1 at% to 4
at% Fe:CdO films and further decreases to 2.71 eV. The PL spectrum indicates two emission peaks at 434.19
nm and 539.61 nm significantly. The electrical measurements show that Fe doping concentration in CdO

film increases, the sheet resistance decreases from 2.89 Ω-1 to 2.06 Ω-1, which is attributed to the increase in

mobility of carriers. The maximum mobility of 94.26 cm2/Vs is obtained for 4 at% Fe:CdO thin film. The

figure of merit (Φ), a factor significant for opto-electronic applications, was found to vary between 3.40 × 10-

3 Ω-1 and 31.16 × 10-3 Ω-1 for Fe: CdO films.

Categories: Advanced Materials, Materials Engineering, Nano Materials
Keywords: carrier concentration, mobility

Introduction
 

Transparent conducting oxides (TCOs) are promising candidates in technologies that require both high
transparency and good electrical conductivity. Wide band gap metal oxides are one of the preferred choices
for the synthesis of TCOs. New materials must be developed with lower resistivities and higher optical
transparencies for the next generation of TCOs [1-4]. Out of the different TCO materials, cadmium-based
TCOs have received much attention due to their superior carrier concentrations, nearly metallic
conductivities, high optical transparencies and relatively simple cubic rock salt crystal structure [5]. CdO
thin films have high transparency (>75%) in the visible region of the electromagnetic spectrum and show
degenerate n-type conductivity, mainly due to oxygen vacancies and Cd interstitials, as well as a high carrier

concentration of about 1020/cm3. The smaller carrier effective mass (0.21 ± 0.01mo) in CdO makes it an ideal

material for doping studies. Though the Eg of bulk CdO is ~2.3 eV, which restricts the optical

transparency, doping offers the possibility of tuning the electronic structure and the Eg through a carrier

concentration-dependent Moss-Burstein (MB) energy level shift. Additionally, its low effective carrier mass
efficiently increases the bandgap for heavily doped CdO films to as high as 3.35 eV [6,7]. Dhakel has
extensively studied the effect of different dopants like, Eu, Sm, Ga, Tl, Gd, etc., on the optoelectrical and
structural properties of CdO thin films deposited by vacuum evaporation technique [8-12]. It has been
reported that the ionic radius and the properties of doped ions change the electrical and optical properties of
CdO thin films. The properties of TCO materials derive from the nature, number and atomic arrangements of
metal cations in crystalline or amorphous oxide structures, from the resident morphology, and from the
presence of intrinsic or intentionally introduced defects. In the present study, the effect of iron (Fe) doping
on physicochemical and optoelectrical properties of spray pyrolytically deposited CdO thin film is
studied systematically.

Materials And Methods
Thin films of Fe-doped CdO (Fe:CdO) were deposited on preheated soda lime glass (SLG) substrate using
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chemical Spray Pyrolysis Technique. The deposition parameters, like substrate temperature (350°C), spray

rate (5 ml/min), nozzle to substrate distance (30 cm) and pressure of carrier gas (75 kg/cm2), were kept
constant [5]. The CdO thin films deposited with different Fe concentrations (1% to 5%) were denoted as F1,

F2, F3, F4 and F5 for further reference. It has been observed that when solution is sprayed on preheated SLG

substrate, pyrolytic decomposition of solution takes place and yellowish brown color films are
deposited. The structural properties were studied by X-ray powder diffractometer [Bruker AXS (D2-Phaser)
USA] using Cu Kα (λ = 1.54056 Å) operated at 30 kV, 20 mA. The microstructural study was carried out using
field emission scanning electron microscopy (FE-SEM) (Make:Hitachi S-4800, Japan). The thickness of the
thin films was obtained from the cross-sectional FE-SEM images. The transmission and optical absorption
spectra were studied at room temperature within 200-800 nm wavelength range using a UV-Vis
spectrophotometer (Make:Shimadzu UV-1800, Japan). The photoluminescence spectra were recorded using
spectrofluorometer (Make:Fluromax-4, Japan). The room temperature electrical measurements were carried
out with a Hall Effect set up in van-der Pauw configuration (Make:SES Instruments Pvt. Ltd, Roorkee, India).

Results
X-ray diffraction (XRD) study

The XRD patterns of the Fe:CdO thin films deposited with different Fe doping concentrations (1 at% to 5
at%) are shown in Figure 1. All the Fe:CdO thin films show polycrystalline textures. Crystal growth is
observed to be more preferential along (111), (200) and (220) planes. The obtained result confirms the
phase-pure face-centered cubic structure of Fe:CdO thin films, which matches with the JCPDS Card No. 01-
075-0592 [13].

 

FIGURE 1: XRD patterns of Fe:CdO thin films
XRD, X-ray diffraction

From XRD, it is confirmed that Fe3+ ions successfully substituted Cd2+ ions in CdO lattice as there are no
impurity peaks observed and there is no secondary phase formed. The crystallite size of different planes was
estimated using Scherrer’s equation [14],

 ...........................................................(1)

Where, D is the crystallite size, θ is the diffraction angle, λ is the wavelength of X-rays and β is full width at
half maxima (FWHM). The calculated crystallite size (D) for all Fe:CdO thin films is given in Table 1. It is
found that the crystallite size varies as 23.5 nm, 26.4 nm, 27 nm, 33.2 nm and 27.7 nm with increasing doping
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concentration of Fe from 1 at% to 5 at% in CdO films. The increase in the crystallite size is attributed to the
better crystallinity due to the proper occupation of Fe atoms at regular sites in the CdO lattice, whereas the
decrease in crystallite size for 5 at% doped Fe:CdO thin film may be due to saturation of Fe in CdO samples.

Fe:CdO
at%

Bragg's
angle (2θ)

Miller indices
(hkl)

Lattice constant

a (Ao)
Texture
coefficient (TC)

Strain ε

(×10-3)
Crystallite size D
(nm)

Average D
(nm)

 

 

 

1

33.14 111 4.68 1.4

3.19

26.3

23.5

 

38.5 200 4.67 1.35 26.7  

55.43 220 4.68 1.02 22.8  

66.08 311 4.68 0.79 34.3  

69.48 222 4.68 0.88 17.5  

2

32.98 111 4.7 1.38

2.6

26.3

26.4

 

38.28 200 4.7 1.42 23.7  

55.24 220 4.7 1.02 20.7  

65.95 311 4.69 0.84 20  

69.22 222 4.7 0.85 49.1  

3

32.99 111 4.7 1.38

2.57

30

27

 

38.29 200 4.7 1.17 30.5  

55.21 220 4.7 1 25.3  

65.78 311 4.7 0.8 24  

69.22 222 4.7 0.86 24.5  

4

33.01 111 4.69 1.41

1.46

30

33.2

 

38.32 200 4.69 1.17 26.7  

55.3 220 4.69 0.98 45.5  

65.84 311 4.7 0.86 40  

69.22 222 4.7 0.83 35  

5

32.98 111 4.7 1.39

1.46

30

27.7

 

38.24 200 4.7 1.19 26.7  

55.27 220 4.7 1.03 20.7  

65.79 311 4.7 0.85 40  

69.31 222 4.69 0.8 35  

TABLE 1: The values of Bragg's angle (2θ), Miller indices (hkl), lattice constant (a), texture
coefficient (TC), strain (ε), crystallite size (D) of 1 at% to 5 at% Fe:CdO thin films

To describe this preferred orientation of crystal growth, the texture coefficient TC(hkl) for all the planes was
calculated using the expression [14],

 ..................................................(2)
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where, TC(hkl) is the texture coefficient of the (hkl) plane, I (hkl) is the measured intensity of the peak, I 0 is

the standard intensity of the (hkl) plane from JCPDS data (JCPDS card No. 01-075-0592) and N is the number
of reflection peaks observed. From the TC measured for various planes for films deposited at different Fe
concentrations, it is clear that all films have preferential orientation along the (111) and (200) planes.

The inherent strain and stress are generated in the films due to interlayer lattice mismatch during the
growth of the film, deficiencies and defects generated in the film, like edge dislocation, screw dislocation
and void spaces, etc., due to which the unit cell of the crystal structure gets deformed, resulting in the
development of strain [14]. The strain in the sample can be determined by using the equation 

 .....................................................................(3)

where, β is the FWHM, λ is the wavelength of X-ray, D is the crystallite size, ε is the strain in the sample and
θ is the Bragg’s angle. Here by plotting the graph of (βcosθ)/λ vs sinθ/λ and taking slope of it, the average
strain is calculated. It is observed that strain decreases with an increase in doping concentration in Fe:CdO
thin films. The variation in strain is due to the crystallite size variation, which influences grain size, which
consequently influences the grain boundaries [15].

Field emission scanning electron microscopy (FE-SEM)

Surface morphology and film thickness are examined by FE-SEM images and are presented in Figure 2. It is
observed that the Fe:CdO thin films are homogeneous, crack-free, showing compact granular morphology,
which credits to the uniform growth of film during pyrolytic decomposition. FE-SEM images of 1 at% Fe:CdO
show interconnected, larger-size granular structures with a number of voids, which are reduced at higher Fe
doping concentrations. As the doping concentration increases, it is seen that the thickness of the film
increases from 576 nm to 1517 nm; this may be due to the higher growth rate possible with increased Fe
doping. The film morphology also changes; it becomes more compact, and the size of granules also
decreases. The spherical, peanut-like interconnected crystallites are observed for 4 at% and 5 at% Fe:CdO
thin films.
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FIGURE 2: FE-SEM and cross-sectional images of Fe:CdO thin films
deposited at 350°C
FE-SEM, field emission scanning electron microscopy

Optical properties

Transmittance spectra of Fe:CdO film are shown in Figure 3. It is observed that the transmittance increased
from 63% to 76% with an increase in Fe doping from 1 at% to 4 at%, and further decreased to 72% for 5 at%
Fe:CdO thin film. It is well known that the transmittance depends on crystallinity factor and since it is
higher for 4 at% Fe:CdO thin film, it shows a maximum transmittance of 76% measured at 550 nm. The

optical band gap values are determined from Tauc plot, i.e. (αhν)2 vs (hν) graph, and by extrapolating the
linear portion of the graph on the hν axis at = 0. The values of direct band gap increase from 2.62 eV to
2.83 eV as the Fe doping concentration increases from 1 at% to 4 at% Fe:CdO films, and further it decreases
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to 2.71 eV. This decrease in bandgap of Fe:CdO film is attributed to an increase in carrier concentration,
which leads to the MB effect [16]. The MB effect is a phenomenon in semiconductor physics that typically
occurs when the Fermi level is pushed above the conduction band due to an increased carrier concentration,
leading to a narrowing of the optical bandgap. The variation of the optical band gap with the Fe
concentration is shown in Figure 4. 

 

FIGURE 3: Transmittance spectra of (a) 1 at% to (e) 5 at% Fe:CdO thin
film deposited at 350°C substrate temperature
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FIGURE 4: The plots of (αhν)2 vs hν for Fe:CdO thin films of different Fe
doping concentrations deposited at 350°C substrate temperature

Photoluminescence (PL) study

PL spectroscopy is used to determine the optical quality of Fe:CdO films. The room temperature PL spectra
of 1 at% to 5 at% Fe doped samples are shown in Figure 5 after excitation at 400 nm (blue). Two emission
peaks at 434.19 nm and 539.61 nm (green) are observed significantly for 4 at% Fe doped Fe:CdO films; this
may be due to the combination of electrons and holes from the conduction band and valance band, whereas
for other Fe:CdO films, the peak intensity is less [17].

Cureus Journal of Engineering

2024 Desai et al. Cureus J Eng 1 : es44388-024-00429-2. DOI https://doi.org/10.7759/s44388-024-00429-2 7 of 12

https://assets.cureusjournals.com/artifacts/upload/figure/file/1938/lightbox_5c9e10e0a88e11ef9c79596910e34969-Band-Gap-FeCdO.png
javascript:void(0)
javascript:void(0)


FIGURE 5: PL spectra of Fe:CdO films (a) 1 at%, (b) 2 at%, (c) 3 at%, (d)
4 at% and (e) 5 at% Fe, deposited at 350°C substrate temperature
PL, photoluminescence

Electrical properties

The values of sheet resistance (Rs), transmittance (T), figure of merit (f), resistivity (ρ), carrier

concentration (n), mobility (μ), Fermi energy (EF) and IR reflectivity of 1 at% to 5 at% Fe:CdO thin films

deposited at 350°C substrate temperature are depicted in Table 2.

 

 

Fe:CdO
(at%)

Rs (Ω) T
(%)

Φ × 10-3 (Ω-

1)
ρ × 10-4

(Ω.cm)
n × 1020 (cm-

3)

µ

(cm2/Vs)

EF

(eV)
n2/3 1013 (cm-

2)

µ cal

(cm2/Vs)
IR
(%)

1 2.89 63 3.40 1.67 6.00 62.37 1.389 7.11 13.81 96.99

2 2.63 68 8.01 2.20 4.49 63.07 1.144 5.86 16.75 97.25

3 2.30 72 16.27 2.03 4.24 72.63 1.101 5.64 17.40 97.60

4 2.06 76 31.16 2.83 2.34 94.26 0.741 3.79 25.86 97.84

5 2.84 72 13.15 4.32 3.49 41.43 0.967 4.95 19.81 97.04

TABLE 2: The values of sheet resistance (Rs), transmittance (T), figure of merit (Φ), resistivity (ρ),
carrier concentration (n), mobility (μ), Fermi energy (EF), IR reflectivity (IR) of 1 at% to 5 at%
Fe:CdO thin films deposited at 350°C substrate temperature

In the present case, it is observed that the mean free path for 1 at% to 5 at% Fe:CdO films calculated are
23.71 nm, 26.12 nm, 26.62 nm, 32.46 nm and 28.41 nm, and the crystallite size values are 23.5 nm, 26.4 nm,
27 nm, 33.2 nm and 27.7 nm, respectively, which are nearly the same. Therefore, it is concluded that the
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grain boundary scattering mechanism is the dominant phenomenon in the case of Fe:CdO for the

improvement in mobility of charge carriers. The maximum mobility of 94.26 cm2/Vs is obtained for 4 at%
Fe:CdO thin film. The variation of carrier concentration and mobility with increasing Fe doping in CdO thin
film is plotted and shown in Figure 6. The electrical parameters obtained show similar trends as studied by
Sankarasubramanian et al. [18], i.e. the resistivity decreases up to the optimized dopant concentration and
further increases. The mobility and carrier concentration were increased and then found to be decreased.

 

FIGURE 6: Carrier concentration and mobility of Fe:CdO thin films of
different Fe doping (1 at% to 5 at%) deposited at 350°C substrate
temperature

As Fe doping concentration in CdO film increases, the sheet resistance decreases from 2.89 Ω -1 to 2.06 Ω-1,
which is attributed to the increase in mobility of carriers. The eventual increase in sheet resistance for 5 at%
Fe:CdO thin film to 2.84 Ω may be due to the fact that when Fe exceeds the limit of maximum solubility in
CdO thin films, it produces a grain boundary segregation of impurities, which causes a dispersion of carriers.
From an application point of view for TCO to be used in various optoelectronic devices, figure of merit (Φ) is
one of the very important parameters. The variation of figure of merit with increasing Fe doping is
calculated from Haacke’s formula [19].

  ...........................................(4)

Where,  is figure of merit, T is the transmittance and R s is the sheet resistance. The figure of merit values

of Fe:CdO thin films are presented in Table 2 and its variation is shown in Figure 7 with increasing Fe
doping concentration in CdO thin films. The figure of merit increases with Fe doping concentration, and it

reaches its maximum for the 4 at% Fe:CdO film, which is 31.16 × 10-3 (Ω)-1 due to its high transmittance and
low sheet resistance.
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FIGURE 7: Variation of figure of merit and sheet resistance of Fe:CdO
thin films deposited at substrate temperature of 350°C substrate
temperature

Discussion
The properties of TCO materials derive from the nature, number and atomic arrangements of metal cations
in crystalline or amorphous oxide structures, from the resident morphology and from the presence of
intrinsic or intentionally introduced defects. In this study, the effect of Fe doping on the CdO thin films has
been studied. It is observed that the structural, morphological and optoelectrical properties of Fe doped CdO
thin films vary with the doping concentration. Keeping spray deposition parameters constant, it is observed
that the 4 at% Fe:CdO thin films show better optoelectrical properties. It can be attributed to several factors
related to the electronic structure, doping concentration and interaction between the Fe dopant and the host
material CdO. Doping CdO with Fe introduces additional free carriers (electrons) due to the presence of iron
ions. At low doping concentrations, Fe acts as a donor, enhancing the conductivity of CdO. The optimal
concentration of 4 at% Fe might provide the right balance of extra charge carriers without leading to
excessive scattering or other negative effects that could occur at higher concentrations.

Conclusions
Doping can enhance the optoelectrical properties of metal oxide thin films which will be applicable in
technological demands wherein it is required to have very good transparency along with good conductivity.
Iron-doped cadmium oxide thin films show better optoelectrical properties, like high transmittance (76%),

band gap nearly 2.83eV, very low sheet resistance (2.06 ), high mobility (94.26 cm2/Vs) and very good figure

of merit 31.16 × 10-3 (Ω)-1 for 4 at% Fe-doped CdO thin films, these properties make it one of the suitable
candidates in applications like front-surface electrodes for solar cells and flat-panel displays, touch panels,
and sensors, etc. 

Future studies could explore a wide variety of dopants to fine-tune the carrier concentration and mobility.
Optimizing doping concentrations and the methods used to incorporate these dopants could lead to CdO
films with more controlled conductivity, for a specific application. One of the challenges with CdO is its
instability under high temperature or in the presence of moisture. Doping CdO may potentially improve its
structural stability, which is critical for long-term reliability in devices like solar cells and transparent
displays. Additionally, CdO-based TCOs could be integrated with other novel materials, such as organic
semiconductors, graphene or MoS2, and perovskite materials, wherein doping may optimize the interfaces

and improve the overall device performance.
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