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Rietveld refinement, electrochemical and
CW laser-induced third-order NLO

properties of (Mg+*Ag) and (Mg+Li) doped
thin films of CdO
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Abstract

Thin films of CdO doped with (Mg+Ag) and (Mg+Li) were
spray deposited. Rietveld refined XRD patterns confirmed
the cubic nature of the deposited films. Crystallite sizes
were 29 and 24 nm for the (Mg+Ag) and (Mg+Li) thin
films, respectively. The third-order nonlinear absorption of
both films exhibits reverse saturable absorption due to
two-photon absorption, and they have high refractive
indices. Compared to (Mg+Ag), the (Mg+Li)- codoped film
exhibits a high susceptibility of 4.39 x 10-¢ esu due to the
localised electric-field effect induced by Li+ ion
incorporation. The enhanced nonlinear optical behaviour
observed in the (Mg+Li)- codoped film makes it potentially
suitable for optical switching devices. The presence of
anodic and cathodic peaks demonstrates the
pseudocapacitive nature of MA and ML. The specific
capacitance (Cs), charge transfer resistance (Rct) values
were estimated to be 123.6 F/g, 92.8 x 103 ohms and 189.2
F/g, 47.4 x 10° ohms for (Mg+Ag) and (Mg+Li) thin films,
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respectively. Increased Cs and Rcr values realized for the
(Mg+Li) codoped film confirmed its utility in
electrochemical devices, especially as a pseudocapacitor.

Keywords: Spray pyrolysis; Z-scan; optical switching; electrochemical;
pseudocapacitor

1. Introduction

Nanoscale functional materials with enhanced optical and electrochemical
properties are required for the design and fabrication of efficient,
miniaturised optical and energy-storage devices [1]. Metal oxide thin films
have attracted broad attention due to their exceptional properties, such as
a large band gap, quantum confinement, high surface area, and stability [2],
which are influenced by their size and shape. Metal oxides with strong
nonlinear optical properties are effective in applications such as optical
memory, optical limiting devices, optical computers, and all-optical
switching elements used in photonics [3]. Metal oxides have been a subject
of interest in electrochemistry due to their low cost, efficiency, versatility,
and unique physicochemical features. Among the metal oxides, cadmium
oxide (CdO) is promising for optical devices due to its high transparency,
low electrical resistivity, high mobility, and good thermal, chemical, and
mechanical stability [4]. In nonlinear optical devices, CdO’s defects and
surface traps provide new channels for photon absorption and emission,
thereby altering its electronic structure [5]. The native defects of CdO
(cadmium interstitials (Cd;) and oxygen vacancies (V,)) contribute to high
electrical conductivity through the formation of Vo* defect centres, which
capture electrons [6].

However, the non-stoichiometric character in CdO during synthesis
limits its light-absorbing properties, thereby reducing the efficiency of
CdO-based optical devices. This demerit could be rectified by regulating
CdO’s native defects, which could be achieved by doping with either
cationic or anionic impurities, or by simultaneously incorporating both. In
our earlier work, CdO has been doped with magnesium to improve its
optical, electrical and optoelectronic properties [4]. But, even at high Mg
doping concentration (8 at.%) , the obtained resistivity value is high (0.0853
x 101 Q-cm) compared to pure CdO. Hence, to improve its electrical
conductivity, double doping has been attempted using Mg as a cationic
dopant and Ag/Li as the other dopant. Both Ag and Li enhance carrier ion
mobility by lowering solution viscosity, thereby improving the
conductivity of CdO:Mg, minimising recombination centres through
passivation, and preventing electron trapping. Hence, the simultaneous
incorporation of Mg, Ag and Mg, Li in CdO is likely to produce noteworthy
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outcomes for applications in optical switching and electrochemical devices.
Table 1 summarises the works performed earlier on CdO-based materials
along with their properties enhanced.

Table 1: Recent works on CdO-based materials

Material Sample  Preparation Properties Reference
form technique enhanced

Ag+Co Thin film Spray Optoelectronic [7]

codoped CdO pyrolysis

Cdo Thin film Nebuliser Gas sensing [8]
spray
pyrolysis

CdO Thin film Spray Optical [9]
pyrolysis

CdO:Co Thin film SILAR Optical and [10]

electrical

Cdo Thin film Nebuliser Gas sensing [11]
spray
pyrolysis

CdO:Cs Thin film Spray Optical [12]
pyrolysis

The present work aims to improve CdO’s optical absorption, electronic
structure and electrochemical nature by codoping with (Mg+Ag) and
(Mg+Li). The films were prepared by the spray pyrolysis technique, which
is user-friendly, cost-effective, capable of large-area coating, and allows
easy manipulation of spray parameters such as spray-to-nozzle distance,
deposition temperature, spray interval, etc. The spray parameters used in
this work are: Deposition temperature - 400°C, substrate - micro glass slides,
solvent volume - 50 mL, substrate to nozzle distance - 25 cm, spray angle -
45°, spray interval - 2 sec and spray rate - 6 mL/min. Z-scan and CV studies
were performed to evaluate the NLO and electrochemical properties of the
films. Comparative analysis of the electrochemical and nonlinear optical
properties of (Mg+Ag)- and (Mg+Li)- double-doped CdO thin films is very
scarce in the literature.
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2. Experimental details

Cadmium acetate (0.1 M), magnesium chloride (2 wt% optimized value), 2
wt% of silver nitrate and lithium chloride are the salts used to deposit
(Mg+Ag) and (Mg+Li) codoped CdO thin films [13]. To deposit (Mg+Ag)
codoped CdO (MA) thin film, cadmium acetate, magnesium chloride and
silver nitrate dissolved in 50 mL of water were sprayed at 400°C on glass
substrates. To deposit a (Mg+Li)- codoped CdO (ML) thin film, silver
nitrate is replaced with lithium chloride in the above-mentioned solution,
and the solution is sprayed. The thicknesses of the films measured with the
Stylus profilometer were 384 and 367 nm for the MA and ML thin films,
respectively. The films were characterised by X'Pert PRO Analytical X-ray
diffractometer and HITACHI S-3000 H microscope. Z-scan studies were
performed using a TM215-50 Z-scan system operated with a Nd-YAG laser.
An EG & G 273 workstation, which uses Pt, (Mg+Ag), (Mg+Li)- codoped
CdO, and a saturated calomel electrode (SCE) as the counter, testing, and
reference electrodes, was used to perform CV studies with 0.1 M KOH as
the electrolyte.

3. Discussion of the Results

3.1 XRD

XRD patterns of MA and ML thin films (Figure 1) confirmed the cubic
structure of CdO (JCPDS Card No. 05-0640).
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Figure 1: MA and ML’s XRD patterns
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The absence of impurity related peaks corresponding to Mg, Ag and Li
in the XRD patterns confirmed the purity of the as-deposited films. Both
MA and ML thin films exhibited a (1 1 1) preferential orientation, as
evidenced by the Rietveld XRD patterns (Figure 2). The microstructural
parameters were calculated using the formulae [14].

L _ 091
Crystallite size, D = Boas (1)
Strain, €= Beotb (2)
4
Dislocation density, é =§ 3)
Lattice constant, a= \/ﬁ 4)

where 0 - Bragg’s angle and 3 - FWHM of the (1 1 1) peak.
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Figure 2: MA and ML’s Rietveld refined XRD patterns
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The obtained structural and Rietveld refined parameters are compiled
in Table 2.

Table 2: MA and ML’s microstructural and Rietveld refined parameters

Film Microstructural parameters Rietveld refined
parameters

D (nm) Strain, Dislocation Lattice Rp Rop Re 2
ex 108 density, 6 x constant,

105 a (A)
MA 29 4768 1189 4839 157 103 291 1246
ML 24 5222 1736 48287 366 423 232 3344

3.2 SEM
MA and ML’s SEM images (Figure 3) confirmed uniform distribution of

grains, with grain sizes being equal to 86.4 and 48.6 nm, respectively. ML's
reduced grain size compared with MA agrees with the XRD results.

i .
SEM HV: 30.0 KV WD: 8.27 mm VEGA3 TESCANM  SEM HV: 300KV WD: 7.87 mm VEGA3 TESCAN
View field: 28.6 pm Det: SE 5pm

SEM MAG: 4.84 kx Gandhigram Rural Institute

View field: 29.5 pm Det: SE 5pm
SEM MAG: 4.69 kx Gandhigram Rural Institute

Figure 3: MA and ML’s SEM images

3.3 Z-scan studies

Closed aperture curves of MA and ML thin films (Figure 4) displayed a
peak followed by valley signifying -ve refractive index due to self-
defocusing process [15].
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Figure 5: MA and ML’s open aperture curves

The nonlinear optical parameters (refractive index (n2), absorption
coefficient (B) and susceptibility (x°)) values obtained for MA and ML films
compiled in Table 3 showed that ML exhibited better nonlinear optical

properties.

Table 3: MA and ML’s NLO parameters

Film NLO parameters

Refractive index Absorption  Susceptibilityy® x 10 (esu)
ny x 102 cm?¥W  coefficient
B x 10 cyW
MA 329 2.76 2.28
ML 538 3.19 4.39

Possible reasons might be: i) High polarizability and minimum cationic
field strength of Li* ions compared to Ag*ions, ii) Compared to Ag*, Li*
ions possess lower electronic energy loss during irradiation, iii) due to
smaller ionic radius compared to Ag* (1.15A), Li* (0.76A) ions could occupy
substitutional sites of CdO:Mg matrix in plenty contributing more electrical
conductivity, iv) Li* has a very high charge density and hydration energy
compared to Ag*. Due to improved nonlinear optical properties, ML film is
well-suited for optical switching devices.

3.4 Electrochemical

The CV Profiles of MA and ML performed at different scan rates (10, 30,
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50 and 100 mV/s) shown in Figure 6(a, b) confirmed the presence of
anodic and cathodic peaks supporting their pseudo-capacitive nature. The
current response observed for both MA and ML was nonlinear with the
scan rate, indicating that adsorption- and diffusion-controlled processes
occur in the electrochemical reaction [17]. With increasing scan rate, the
current response curve increases for both MA and ML. The quasi-
rectangular form observed is caused by the Faradaic reversible redox
reaction [18].
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Figure 6 (a): MA’s CV curves
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Figure 6 (b): ML’s CV curves
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The specific capacitance (Cs) values calculated using the relation, Cs =
[ 1dv
Avms
(mg), Av is the potential window and s is the scan rate) were 123.6 and 189.2

F/g for MA and ML, respectively. The increased ML’s (s value might be
due to the high charge density of Li*ions compared to Ag*ions and hence
more ion diffusion or charge transfer takes place at the interface of
electrode-electrolyte.

(where [ Idv is the integrated CV curve area, m is the active mass

The charge transfer resistance Rcr resulting from the redox reaction and
double layer capacitance occurring on the surface of MA and ML were
calculated from the diameter of the semicircle in the Nyquist plots (Figure
7) whose equivalent circuit is displayed in Figure 8.
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Figure 7: MA and ML’s Nyquist plots
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Figure 8: Equivalent circuit diagram for MA and ML’s Nyquist plots

The Rcr values were 92.8 and 47.4 x 103 ohms for MA and ML, respectively.
ML'’s potential as a supercapacitor was validated by its lowest Rcr value.
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Conclusion

Spray-deposited (Mg+Ag)- and (Mg+Li)- doped CdO films exhibited
preferential (11 1) growth. ML exhibited a higher nonlinear refractive index
(5.38 x 10° cm2/W), absorption coefficient (3.19 x 10* cm/W) and
susceptibility (4.39 x 10-° esu) compared to that of MA. These qualities make
ML film well-suited for optical switching devices. Electrochemical analysis
of ML confirmed its excellent charge-discharge characteristics. ML
exhibited a low Rer value of 47.4 x 10° ohms compared to MA (92.8 x 103
ohms). A high specific capacitance of 189.2 F/g was obtained for ML,
confirming its utility as an efficient electrode material for pseudocapacitors.
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