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Abstract:A novel double doping (Mg+Li) has been performed on spray deposited CdO thin film.
The structural, morphological, magnetic and optoelectronic properties of the double doped
(Mg+Li), Mg-doped and undoped CdO thin films was studied and reported in this work.
Crystallite size of pure CdO decreased from 33 nm to 28 nm with Mg-doping and to 24 nm with
(Mg+Li) codoping. With (Mg+Li) codoping, nanosized grains are seen. Optical studies show that
transparency of pure CdO increases with Mg and (Mg+Li) codoping and a maximum
transmittance of 87 % was realized for the (Mg+Li) codoped film which possess a minimum
electrical resistivity of 0.25 x10? Q-cm with an increased figure of merit value (35.3 x 10 Q™),
confirming its utility for optoelectronic devices. Paramagnetic nature of CdO becomes
ferromagnetic with (Mg+Li) codoping. Ferromagnetic orderings observed for the (Mg+Li) codoped
film might due to super-exchange interactions between Mg* and Li" ions with Cd* ions in the
CdO lattice.
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1. Introduction

Low electrical resistivity, high transparency, intrinsic carrier concentration, good chemical,
thermal stability and high mechanical strength of cadmium oxide (CdO) makes it find applications
in photovoltaic cells, LCDs, LEDs, smart windows, etc. [1]. Being adegenerate semiconductor, CdO
possess (2.2 — 2.7 eV) band gap energy, n-type conductivity depending on O vacancies and Cd
interstitials [2]. However, CdO has certain limitations to be used in optoelectronic devices [3]. To
utilize CdO for optoelectronic applications, doping with foreign elements such as Mg [4], Ba [5], Zn
[6], Cr [7], etc has been attempted earlier. Besides single doping, double doping has also been tried
in the past to enhance CdO's electrical and optical characteristics. Some of the earlier double doped
works on CdO are (Li,Ni); (Zn,M (M: Li, Na, K)); (B,H), etc. [8 — 10].

In this work, double doping (Mg+Li) has been attempted on CdO. Both the dopants have
different peculiar characteristics which could improve CdO’s physical properties. Since magnesium
(Mg*), a transition metal ion with ionic radius of 0.72 A, electronegativity of 1.31 Paulingwhich is
less than that of Cd* (0.97 A and 1.69 Pauling) belongs to the same P63/mmc space group as

cadmium; it may influence CdO’s band gap [4]. Lithium (Li"), a group I cation with an ionic radius
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of 0.68 A and shallowest ionization energy could alter oxide films’ physical properties [11]. These
characteristics facilitates the ready substitution of Mg* and Li" ions in the CdO crystal lattice
suggesting potential enhancement of its optoelectronic properties through co-doping. In our earlier
work Mg and Ag with 2 wt.% doping concentrations showed pronounced impact on CdO’s optical,
electrical, and optoelectronic properties [RG1]. Regarding CdO’s magnetic nature, Ag codoping
does not contribute much which limits it suitability for spintronic applications. To overcome this,
lithium is added as a codopant to improve the magnetic nature of CdO:Mg thin film.

Hence, by (Mg+Li) codoping CdO’s optoelectronic and magnetic properties could be
improved. Spray pyrolysis technique has been adapted here to deposit undoped, Mg-doped and
(Mg+Li) codoped CdO thin films. The choice of spray pyrolysis method stem from its
cost-effectiveness, versatility and precise control over film thickness and doping concentrations.
This method is particularly suitable for large-scale industrial implementation. The novelty of this
research resides in the fabrication of a double doped CdO film with a fixed concentration of
magnesium and lithium, employing the cost-effective spray technique while ensuring structural
homogeneity of the deposited (Mg+Li) codoped CdO film.

2. Materials and method

Cadmium acetate, magnesium chloride and lithium chloride all of AR grade are the salts used
to deposit U, M and ML thin films. Micro glass slides were used as the substrates.

2.1 Deposition parameters

The parameters used to deposit U, M and ML thin films are compiled in Table 1.

Table 1 Deposition parameters used to deposit U, M and ML thin films.

Parameter Value

Substrate temperature 400°C

Spray to nozzle distance 25 cm

Spray pressure 12 kg/cm®

Spray liquid flow rate 2 mL/min

Spray solution volume 50 mL

Spray procedure 5 sprays per second followed by a gap of 20 seconds

2.2 Deposition procedure

Undoped (U), Mg-doped (M) and (Mg+Li) codoped CdO (ML) thin films were deposited by
spray pyrolysis technique. To create U film, 0.1 M cadmium acetate diluted in 50 mL deionised
water (the starting solution) was sprayed onto heated glass substrates. To the starting solution 2
wt% magnesium chloride was added and sprayed to get M film. Lithium chloride of 2 wt% is
added to cadmium acetate and magnesium chloride dissolved solution and sprayed to get (Mg+Li)
codoped CdO thin films.

2.3 Characterization
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The microstructural parameters were measured using diffractometer (PW 340/60). Surface
morphology was analyzed using HITACHI S-3000H microscope. UV-vis-NIR spectrophotometer
(LAMBDA-35) was wused for optical investigations. Utilising Varian carry Eclipse
spectrophotometer, PL investigations were conducted. Electrical and magnetic investigations were
done using four point probe setup and vibrating sample magnetometer (Lakshore 7410).

3. Results and discussion
3.1 XRD

Diffraction peaks observed in the U, M and ML films (Fig. 1) fit with CdO’s cubic structure
(JCPDS Card No. 05-0640).
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Figl. U, M and ML’s XRD patterns.

All films exhibit (111) preferential orientation. The diffraction peak intensities decreased with
Mg-doping and (Mg+Li) codoping which strongly supports for the deterioration in the crystalline
quality of pure CdO with the inclusion of dopants [12].

The structural parameters (Table 1) were calculated using the relations [1-4]:

Crystallite size, =29 (1)
Strain, = (2
Dislocation density, = iz 3)

Lattice constant, = \/ﬁ@)
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CdO’s crystallite size decreased with Mg doping and (Mg+Li) codoping due to Zener pinning
effect [14], according to which crystallites growth restriction are caused by crystal defects like

vacancies and interstitials.

Table 2. U, M and ML’s microstructural parameters.

Film 2 B D (nm) x 1073 x 10715 a(A)
(radian)

U 32.051° 0.2460 33 3.737 0.886 4.8369

M 32.107° 0.2952 28 4.476 1.276 4.8289

ML 32.106° 0.3444 24 5.222 1.736 4.8287

The drag force that dopant ions create on boundary motion and grain formation may also be a
contributing factor to the decrease in crystallite sizes [14]. Increased strain values might have
decreased M and ML'’s crystallite size values. Increase strain results from defect clustering,
dislocations and grain boundary segregation [15]. Doping and codoping reduced the value of pure
CdO's lattice parameter, which may be because Mg** and Li*ions have smaller ionic radii than Cd*

ions.
3.2SEM& EDX

Fig 2(a-c). shows U, M and ML’s SEM images. Grains of varying sizes and shapes make up U

film. Bundled grains are also seen.
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Fig2(a-c). U, M and ML’s SEM images.

With Mg doping, grains appear uniform. Agglomerations of grains are observed. With (Mg+Li)
codoping, sizes of the grains seem to be uniform and nanosized grains are seen. The grain size of
pure CdO decreased with Mg doping and (Mg+Li) codoping which supports the XRD results
(Section 3.1). Dopant induced lattice distortion and defect accumulation might have contributed to

decreased grain size for the M and ML films.
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EDX spectrum of ML film (Fig3.) confirmed the existence of Cd, O and Mg. Li presence could
not be detected as the characteristic peak of Li is very weak. Mapping image of ML (Fig 4.) shows
the uniform distribution of Cd, O, Mg and Li throughout the film’s surface.
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Fig3. EDX spectrum of ML.

Fig 4. Mapping images of Cd, O, Mg and Li in the ML sample.
3.3 TEM

Nanosized grains were observed for U, M and ML thin films in the TEM images (Fig5.). Grains
size of pure CdO decreased with Mg doping and (Mg+Li) codoping which supports XRD and SEM

studies.
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Fig 5. TEM images of U, M and ML films.

3.4 Optical

The transparency of CdO increased with Mg doping and (Mg+Li) codoping (Fig 6.).
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Fig 6.U, M and ML's transmittance spectra
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Improved structural homogeneity or fewer scattering flaws may be the cause of the doped and
codoped films' increased transparency [16].The M and ML films' absorption edges shifted to lower
wavelength side, indicating an increase in their band gaps, E,; as estimated from Fig. 7. U film’s
E,was found to be 2.44 eV which increased to 2.53 eV for M and then decreased to 2.47 eV for ML
film. Band gap widening in M and ML films arises primarily because of the Burstein-Moss effect
(BME), where additional free carrier’s introduction shifts the Fermi level to the conduction band.
This blue shift occurs because the lowest energy states in the conduction band become occupied,
necessitating higher energy photons for electron excitation. Furthermore, the ionic radii mismatch
between the dopant and host ions induces lattice distortion, altering Cd-O bond lengths and orbit
hybridization, which contributes to additional band-edge modification [17]. Increased carrier

recombination and trap states also reduces band gap by enabling sub-band transitions.
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The quantum confinement effect, in which smaller crystallites cause the band gap to widen,
may explain why the absorption edges are shifted to shorter wavelengths in the M and ML films,
leading to the larger band gap values [18].
3.5PL

Pl studies monitor the electronic transition of photoexcited atoms or molecules. The excited
atoms make a transition via either radiative or non-radiative processes [19]. In radiative transition,
the energy is emitted in the form of photons. PL analysis was carried at room temperature with an
excitation wavelength of =400 nm, in the wavelength range 450 — 600 nm. Oxygen vacancy
defects account for the peak at 460 nm in the PL spectra (Fig 8.) of U, M, and ML thin films [20].The
peak at 484 is caused by electrons moving between Cd’s interstitial and vacancy states.The 510 nm
peak is attributed to donor-acceptor pair [21]. Radiative recombination of photogenerated holes

with electrons filling O vacancies on CdO's surface produces the 531 nm peak [22].
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Fig 8.U, M and ML'’s PL spectra

The lower PL intensities seen in the M and ML films strongly suggest that the recombination
rate of electrons and holes photoexcited from them is slower. Because of delayed recombination

rate, doped and codoped films are ideal for optoelectronic applications with higher efficiencies.
3.6 Optoelectronic properties

The electrical resistivity values of the U, M and ML films were found to be 2.59 x 1072, 1.89 x
10* and 0.25 x 10°Q-cm, respectively. Reduced electrical resistivity seen with Mg doping may
elevate carrier concentration from enhanced oxygen vacancies caused by the substitutional
integration of Mg” ions into CdO’s lattice. The reduced ML’s electrical resistivity might be
attributed to a reduction in shallow level trap concentration, which increased charge carrier
mobility due to reduced electron scattering [23].

Haacke’s quality factor (¢) or figure of merit (FOM) plays a vital role in determining the
suitability of U, M and ML films for optoelectronic applications. It is a quantitative metric for
transparent electrodes of PL quantum yield for emitters that evaluate performance by balancing
competing factors like optical transmittance, electrical conductivity and efficiency. The figure of

merit ( ) values were calculated from Eqn. (5):
10

=— (5)

where T is the average transmittance in the wavelength regions 400 — 700 nm and Ry, is the
sheet resistance. The values were found to be 1.52, 2.97 and 35.3 x 102 Q™ for the U, M and ML

films, respectively. Due to increased transmittance and decreased sheet resistance, M and ML

93



Journal of Optoelectronic and Biomedical Materials, 2026, 18, 1

exhibited increased figure of merit values. The high FOM value obtained for ML confirmed its

utility for optoelectronic applications.

3.7 VSM studies

Fig 9. shows the M-H curves of U, M and ML thin films. Paramagnetic nature of CdO remains

unaltered with Mg doping; however with increased saturated magnetization.
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Fig 9.U, M and ML’s M-H spectra

The ML film exhibited ferromagnetic ordering characterized by a distinct hysteresis loop.
CdO’s paramagnetic nature observed here matched with earlier results [23]. The saturation
magnetization values of U, M and ML were 3.2, 5.6 and 3.7 x 107 emu/cm®, respectively. M’s
increased saturation magnetization resulted from anti-ferromagnetic coupling between Mg* ions
due to super-exchange interactions [24]. The ferromagnetic interactions between Li‘ions, which took
the role of Cd*" in the CdO lattice, may be the cause of the ferromagnetic orderings observed in the
ML film [25]. Point defects related to cadmium and oxygen might have also contributed to the
ferromagnetism realized for the ML film. The distribution of cations on the A and B sites, as a result
of exchange interaction, is another possible explanation for the observed ferromagnetism.Cd** and
Mg*occupies tetrahedral A and octahedral B-sites, and Li" ions occupy both tetrahedral and
octahedral sites. As a result, dopants occupy Cd* ion sites, and A-B interaction strength rises,
increasing saturation magnetisation and magnetic moments [26]. The retentivity and coercivity

values obtained of the ML film were 1.96 x 10° emu/cm’ and 32 Oe, respectively.
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4. Conclusion

On glass substrates, undoped, Mg, and (Mg+Li) doped CdO thin films were deposited utilizing
a spray approach with a perfume atomizer.XRD confirmed cubic nature preferentially oriented
along the (11 1) plane. Increased transparency was realized for the Mg-doped and (Mg+Li)
codoped CdO thin films. The codoped film had a low electrical resistance and a high figure of merit.
Paramagnetic nature of CdO becomes ferromagnetic with (Mg+Li) codoping. Due to increased
figure of merit value (35.3% 10 Q"), the (Mg+Li) codoped CdO thin film is found suitable for

optoelectronic applications.
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