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ARTICLE INFO ABSTRACT

Keywords: In this work, the high quality of CdO film with a different percentage of Ga doping prepared onto optically flat

Thin film . glass substrates using a sol-gel spin coating progression for enhancement of its structural characteristics for

Eramer'kmmg approach various applications. X-ray diffraction results confirm that the prepared films of CdO are amorphous due to the
nergy gap

long-range array of deposited crystals. The images of the atomic force microscopy indicated that the surface
morphology of the pure and Ga-doped CdO films has high roughness values of 60-80 nm and average particle
size 85-100 nm. The optical constants were calculated using the Kramer-Kronig approach. The calculated optical
transmission specifies a high transmission exceeding from 77% to 85% through the non-absorbing region
depending on the doping concentrations. The results confirm that the measured optical band gap is strongly
influenced by doping concentrations of Ga and decreases from 2.35 to 1.72 eV. The calculated optical dispersion
and non-linear optical parameters were found to be strongly affected by doping. The terahertz cut-off frequency
was set for the pure and Ga-doped CdO films indicating the applicability of the prepared films as terahertz filters.

Dispersion parameters

1. Introduction

Cadmium oxide (CdO) thin films are one of the most widely prom-
ising compounds due to its unique properties and the presence of many
applications and technological fields such as chemical sensors and bat-
tery production coloring dyes optical optoelectronic devices solar cells
due to its semiconducting properties with high electron mobility, high
electrical conductivity, chemical stability, and a direct bandgap (2.49
eV-2.51 eV) [1-4].

The CdO’s doping with incorporating a suitable metal ion is a su-
perior tool and may alter and improve its structural, optical, and elec-
trical properties for various applications [5].

Turgut and Tatar [6] have studied the properties of the structural,
electrical properties of the sol-gel deposited Sc-doped CdO films. They
found that the properties of CdO have greatly affected by the

* Corresponding author. , .

contribution of Sc-content. While Gupta et al. [7] have concluded that
the highest photocatalytic activity was recorded for the 7.5% Zn-CdO
due to the mutual consequence of improved e-h separation and lower
bandgap energy compared to the undoped CdO. Sahin et al. [8] have
synthesized Ba-doped CdO films by the SILAR technique and revealed
that the determined CdO band gap was believed to contribute to various
technological appliances. Gupta et al. [9] have recorded a red-shift for
the absorption spectra of Cu-doped CdO when compared with pure CdO.
Films of CdO and its dopants were fabricated by numerous methods
like spray pyrolysis, RF-sputtering, successive ionic layer adsorption and
reaction, pulsed laser, thermal evaporation, chemical bath deposition,
metal-organic chemical vapor deposition, and sol-gel spin coating
[10-18]. The sol-gel spin coating, used in this study, is characterized by
various advantages such as low cost, easy for controlling the chemical
stoichiometry and the metal doping concentrations [15-18].
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To the best of our information, so far, few studies have been
accomplished on Ga doped @ CdO for condensed structural ad optical
investigations. One of the most important of the current works on the
optical properties of CdO and its metal doping effect is still a major in-
depth study from researchers to enhance the extracted optical parame-
ters for various applications. With all the available information, interest,
and discussion of optimizing the performance of CdO properties, our
team wants to give more understanding of the structural and optical
optimization using Ga dopants of CdO for the application of a multi-
functional device. Consequently, the current work aims to investigate
the effect of one of the important metal dopant, Ga, with different
concentrations on the structural and optical characteristics of CdO for
optoelectronic device applications. The films of different structures
depending on the dopant concentration were prepared by a low-cost sol-
gel spin coating with good controlled, and appropriate film thickness.
The crystalline and morphological structure confirmation were achieved
by X-ray diffraction, and AFM microscopy, respectively. The optical
constants were calculated using the Kramer-Kronig approach followed
by the investigation of the optical parameters and the optical energy gap
of pure and Ga-doped CdO films. A significant comparative investigation
of the results presented with those in the literature for a similar structure
and the associated optoelectronic applications were offered.

2. Experimental
2.1. Nanostructured Ga-doped CdO thin film preparation

The utilized method for depositing Ga doped @ CdO thin films is the
well-known spin coating with the help of sol-gel on a clean glass sub-
strate. The primary materials used are cadmium acetate, Cd
(CH3C00)2-2H20, and gallium nitrate, Ga(NO3)3 of high quality pur-
chased from Sigma Aldrich with a molecular weight of 266.52 g/mol
and 273.75 g/mol, respectively and using 2-Methaoxy ethanol as a
solvent. Then the mixture was stirred continuously using a magnetic
stirrer at a specific temperature of 60 °C to enable a homogeneous so-
lution, after which MEA was added with stirring for an hour for
obtaining a sol. Finally, the sol is reserved for approximately 48 h to
obtain a gel formation, which the substrates are coated by using a spin
coater operates at 1500 rpm for 50 s followed by a drying process for the
layer at 120 °C to get rid of any excess of organic residue. For obtaining
1%, 5%, 7%, and 10% of Ga as dopant films, suitable amounts of Ga
(NO3)3 were used.

2.2. Characterization techniques

The crystal structure of the films was investigated using the x-ray
diffractometer type Shimadzu Lab X with CuK, radiation. The Raman
spectra of the films were recorded using TS, DXR FT-Raman spectrom-
eter in the wavenumber range of 200-2000 cm™!. The surface
morphology of the Ga doped CdO films was investigated by using atomic
force microscope (AFM), model NT-MDT. The optical properties of the
prepared films were studied using a spectrophotometer JASCO UV-VIS-
NIR 570.

2.3. Kramer-Kronig calculations for optical constants extraction

Several methods were used to calculate the optical constants of the
material [19-22]. In comparison with these approaches, Kramer-Kronig
relations can be considered more accurate. Moreover, the calculation of
optical constants depends only on reflection data without the need for
detailed information on any boundary conditions as well as does not
depend on the measurement of the thickness of the samples, which
greatly affects the calculations of optical constants. In this work,
Kramer-Kronig relationships were employed to exactly analyze the op-
tical constants of the studied films.

According to the Kramers-Kronig approach, the optical constants of n
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(o) and k (o). can be obtained using N as follows [19-22]:
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where ¢ (o) is the phase difference, derived from the Fourier transform
of K-K dispersion relation as follows:
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The Fourier transform of Eq. (3) is as follow:
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3. Results and discussion

3.1. Crystalline and morphological structure of pure and Ga-doped CdO
thin films

The structural investigation of CdO and Ga-doped CdO films was
performed using an X-ray diffraction pattern and shown in Fig. 1. There
are no distinct peaks of the pure CdO thin film due to the amorphous
nature. While the preferred orientation peaks are recorded at 32.96°,
38.18° with the corresponding Millar indices of (111) and (200),
respectively of the Ga-doped CdO. The results are in agreement with the
cubic phase of CdO and the JCPDS Card No.: 05-0640 and the lattice
constant, a, is calculated and found to be 4.70 A. The preferred
diffraction peaks of the Ga-doped @CdO display a slight shift when
compared with the influence of doping concentration. This small change

Pure CdO

1% Ga doped CdO
5% Gadoped CdO
7% Ga doped CdO
10 % Ga doped CdO

- (111)

(200)

Intensity (a.u.)

20°

Fig. 1. XRD pattern of pure CdO and % Ga doping content @ CdO film.
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can be attributed to the incorporation of Ga ions occupying Cd sites that
affect the structural microstrain and the stoichiometry. These results are
in agreement with those published by Thambidurai et al. [22], Sahin
[23], and Giirbiiz et al. [24].

Moreover, the intensity and the full width at half maxima (FWHM)
intensity of diffracted peaks, differ for the concentration of Ga-doped @
CdoO films, indicating differences in crystalline size and the microstrain
and consequently the related parameters.

The mean crystalline size, D can be extracted from the results of XED
using the FWHM of each peak, $ using the following Scherrer’s formula
[26]:

K2

D:ﬂ cos 0 7

The value of D of the Ga-doped CdO films as well as the FWHM were
calculated for the (111) peak and plotted as a function of Ga-doping
concentration as shown in Fig. 2(a) and listed in Table 1. The results
indicate that the Ga-doping change the FWHM as well as the mean
crystallite size of the films and agree with the results obtained by Giirbiiz
et al. [25]. The variation in crystalline size is due to the deviation of the
CdO host lattice by adding Ga-dopants that influences the rate of CdO
growth [27].

The properties of film microstrain, ¢ and the related dislocation,
affect the main properties of the Ga-doped CdO and can be calculated by
the following [25]:

f cos 6
S:/ cos

4 8
and
15¢
5= > ©)

The extracted values of § and ¢ are listed in Table 1, and plotted as a
function of Ga-dopant concentration (Figs. 2(b) and Fig.3(a, b)). Also,
the relative intensity of the preferred orientations of the planes (111)/
(200) is also represented in Fig. 2(b). As observed, opposite relationships
between the crystalline size and the dislocation density. Moreover,
similar results were recorded in the literature by Kumarn et al. [28] and
Sahin [24].

3.2. Raman spectra of pure and Ga-doped @CdO thin films

Fig. 4 shows the Raman spectra of the pure and Ga doped CdO films.
The figure shows a broad peak at ~290 cm™! for the pure CdO. This
broad peak is in agreement with those results obtained by Giiney and
iskenderoglu [29]. This peak is related to the mixture of the influence of
transverse sound and optical phonon which can be explained as a lattice
disturbance of CdO. Moreover, the peaks centered around ~557 em™?
are particularly detected for the Ga-doped CdO and can be associated
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22 0.55
20 0.50
= =
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with the crossing of the band through the transverse optical modes and
the longitudinal optical vibration of the film and in agreement with
those published in the literature [30,31]. The other detected peaks
centered at ~1100 cm ! of the pure and Ga-doped CdO films can be seen
particularly Zn doped CdO can be associated with the longitudinal op-
tical modes as discussed by Jambure, and Lokhande [32]. Table 2 lists
the detected peaks of pure and Ga-doped CdO, in comparison with those
published in the literature [33-35]. The most results of the experimental
and theoretical of Raman spectroscopy done by various authors such as
Bilz et al. [36], Popovic et al. [37], Ashrafi et al. [38], and Cusco et al.
[39], have been attributed to the well-known modes to the transverse
and longitudinal of CdO with a probable internal compressing stress
which might induce an additional surface influence.

3.3. Surface topography of pure and Ga-doped @CdO thin films

The surface morphology investigations of the films are important
because it strongly influences the optical properties and performance of
the optoelectronic cells [40]. The morphology of the prepared pure and
Ga-doped CdO films was checked using the 2D and 3D images of AFM
and shown in Fig. 5. The nanoparticle with semi-spherical grains can be
detected on the surfaces of the prepared films. The distribution of the
grains is nearly homogeneous and the fluctuations from the homoge-
neity are observed with the increasing the Ga-concentration content.
Similar CdO nanostructures have been identified in previous studies
[41-44]. The calculations of the RMS roughness analysis for a pure CdO
and Ga-CdO are also shown in Fig. 5. The recorded values of RMS are
variables depending on the structure and changing from region to
another. This roughness evaluation has an essential influence on the
quality of the prepared device for the optoelectronic [22].

3.4. Optical descriptions of Ga-doped @ CdO films

Thin-film optical characterizations can control reflection, refraction
and transmit the specified wavelength of electromagnetic radiation and
have many applications such as optoelectronic device cells, attenuator,
and optical filters, etc., in the desired spectrum of electromagnetic ra-
diation. Depending on the desired performance for the designing and
applications, it is essential to firmly control the basic parameters of the
film such as the film thickness, the film uniformity, and roughness as
well as the film composition and stoichiometry [45].

The spectral measurements of transmittance T(\) and reflectance R
() in a varied range of wavelength spectrum 300 < A < 1000 nm of pure
and Ga-doped CdO thin films are shown in Fig. 6(a and b). As observed,
the values of T% in the starting wavelength range of 300-400 nm in-
creases sharply and shows a transmission edge. After this, the trans-
mittance approaches its maximum value (73-82%) in the wavelength
range of 700-1000 nm. Besides, the behavior of R % shows a remarkable
peak that changes in its position with the Ga-CdO concentrations [24].

5.0x10° T T r r : 2.8
(b) ——3
—n—RI —
o
]
4.0x10° L 24 §
E z
s : 7
3] 8
3.0x10 20 E
(]
2
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2.0x10°% . . &
1.6
0 2 4 6 8 10

% Ga doping content @ CdO

Fig. 2. Plot of (a) D and FWHM vs. % Ga doping content and (b) Plot of & and relative intensity (111/200) vs. % Ga doping content of % Ga doping content @

CdoO film.
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Table 1
The calculated structural parameters of Ga-doped CdO/FTO films with different concentrations.
Structure Diffraction plan D(nm) € 5 (nm~?) References
Pure 111 - - - -
1% 111 14.51460874 0.002388 0.004746673 Present work
5% 111 22.83076539 0.001518 0.001918488 Present work
7% 111 20.79422631 0.001667 0.002312674 Present work
10% 111 19.38992069 0.001788 0.002659794 Present work
Pure 200 - - - -
1% 200 21.45892317 0.001615 0.002171622 Present work
5% 200 16.28004235 0.002129 0.003773019 Present work
7% 200 26.43422124 0.001311 0.00143109 Present work
10% 200 14.22562721 0.002437 0.004941481 Present work
@ (b) (200)
2.4x10°% (1) 2.4x10°%
2.2x10° °
2.0x10°
2.0x10°% @
w
-3 |
1.8x10 1.6x103
1.6x10° 4
[ ] L]
1.2x10° T T T T T
1.4x10°° T T T T T
0 2 2 6 8 10 0 2 4 6 8 10

% Ga doping content @ CdO

% Ga doping content @ CdO

Fig. 3. Plot of (a) ¢ vs. % Ga doping content of (111) and (b) Plot of ¢ vs. % Ga doping content of % Ga doping content of (200) preferred orientation peak.
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Fig. 4. Raman spectra of pure CdO and % Ga doping content @ CdO film.

Moreover, the dependency of R% on the Ga-dopant concentration
changes is greater than those for T%. The recorded high values of T(1),
as well as low values of R(4), enable the prepared films for optoelec-
tronic devices application [46].

The behavior of the optical absorption spectra of the CdO and Ga-
doped CdO films are shown in Fig. 7(a). The spectra show a blue shift
compared to the pure CdO which can be due to the effect of the quantum
restriction caused by the reduction of the particle size. The absorption
spectra of Ga-doped CdO nanoparticles demonstrate that the edge of the
absorption shifts slightly towards the longer wavelength when
compared with the pure CdO nanoparticle. This shift specifies a decrease
in the optical gap owing to the incorporation of the Ga-doping con-
centration. Fig. 7(b) shows the absorption spectra as a function of Ga-

Table 2
The Raman spectra maxima (cm™!) of pure and Ga-doped CdO thin films.
Structure Peak 1 Peak 2 Peak 3  Peak 4 References
Pure 291.6 571.4 941.8 1095.8 Present work
1% 409.2 585.3 - 1095.5 Present work
5% - 562.7 - 1095.4  Present work
7% - 566.9 - 1095.5 Present work
10% - 566.99 - 1100.1 Present work
Pb-doped 191, 269, 368 556 922 - [33]
Cdo
Cdo 259.3329.9390.4 - 937.5 - [34]
Zn-doped 288 557 - - [35]
Cdo

doped CdO at A = 500 nm. This figure shows the change of the ab-
sorption spectra as the Ga-doping concentration change with a high
value of the doping concentration of 7%.

To obtain an accurate value of the energy gap of the CdO and Ga-
doped CdO films, the analysis of the absorption coefficient, a nearby
the edge of the energy range was utilized to obtain the optical gap, Eg
according to the following relationship [21,22]:

-1

2 4
a=tp|U=R) + ((I_R) +R2) 10)

d 2T 412

The relationship between the absorption coefficient and the energy
gap can be expressed using the band theory as follows [21,22]:

1/2

ahv=A(hv — E,) a1
where A is a depending on the transition probability. The values E; of the
CdO and Ga-doped films were calculated using the plot of (¢hv)? vs. ho
of all the studied structures as shown in Fig. 8(a). The optical band gap,
Eg values can be extracted from the intersects of the linear fitting part of
the curve to satisfy the energy-axis. The extracted E; values of the CdO
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Fig. 5. 2-D and 3-D AFM images and roughness analysis of pure CdO and % Ga doping content @ CdO film.
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Fig. 6. The optical spectra of (a) transmittance, T, and (b) reflectance, R, versus wavelength of pure CdO and % Ga doping content @ CdO film.

and Ga-doped films are presented in Table 3 in comparison with those
published in the literature for the related structures [2,47-49]. As
observed from Fig. 8(b) and Table 3 that the values of E; for CdO thin
films reduced with increasing Ga-doping concentration which signifi-
cantly improve the optoelectronic characteristics of CdO films. It is
noted that there is an agreement in the behavior of decreasing the value
of the energy gap by increasing the doping concentration as published in
most of the literature. According to Alahmed et al. [50] for the
Mn-doped CdO thin films, the calculated energy gaps were found to
decrease from 2.41 eV to 1.7 eV for increasing the Mn doping

concentration from 0 to 10%. While Dagdelen et al. [51] recorded a
decrease of the energy gaps from 2.684 eV to 2.657 for the increase of
the Bi-doping concentration to CdO. Yahia et al. [52] have studied the
influence of Zn as a dopant for CdO and concluded that the energy gap
reduced from 2.54 eV to 2.32 eV with increasing the Zn-doping con-
centration. Also, Yahia et al. [53] recorded the decrease of the energy
gap of the Al-doped CdO from 2.54 to 2.32 eV when the doping con-
centration of the Al increases from 1% to 15%. Besides, Zhu et al. [54]
have concluded that the energy gaps of In-doped CdO reduced from 3.1
eV to 2.4eV. The explanation for the reduction of the energy gap values
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Table 3
The calculated energy gap and Urbach’s energy of Ga-doped CdO/FTO films with
different concentrations.

Structure Eg (eV) E,, (meV) References
Pure 2.34 590 Present work
1% 2.31 372 Present work
5% 2.13 440 Present work
7% 2.05 427 Present work
10% 1.74 435 Present work
CdO/SLG 2.51 287 [2]
CdO/glass 2.64 392 [47]
CdO/glass 2.51 407 [48]
CdO/FTO 2.54 310 [49]

that are related to the incorporation of doping to CdO based on the
structure modification of CdO thin films due to the deformation of the
CdO structure due to either interstitial or interstitial Cd ions in the lattice
of CdO by dopant [50]. This dopant like Ga ions will offer some addi-
tional energy levels into the CdO band gap near the valence band edge,

(@)
1074 o)
£
5 —
= ot
10°%4 s
==
-
W Pure CdO
® 1% Gadoped CdO
A 5% GadopedCdO
¥ 7% Gadoped CdO
10 % Ga doped CdO
10° T T T i
1.7 1.8 1.9 2.0

hv(eV)

and consequently, a reduction in the energy gap can be taken place.

Moreover, the absorption spectra of CdO and Ga-doped CdO show a
specific shoulder at higher wavelengths associated with the absorption
tail, called the Urbach tail [29]. This absorption can be analyzed to
extract the Urbach energy, E, using the following Eq [55].:

o= @
— Go E“

The semilogarithmic plot of a vs. the photon energy of CdO and Ga-
doped CdO is shown in Fig. 9(a). Using the best linear fit of the curves,
shown in Fig. 9(a) for all the studied concentration, the values of E;, can
be extracted and plotted as a function of Ga-doping concentration as
shown in Fig. 9 (b) and collected in Table 3 in comparison with those
value obtained for the similar CdO-dopant based structures [2,47-49].
As can be seen from the obtained values, the value of E, influenced by
the Ga-doping concentration and decrease with increasing its concen-
tration. The shift of the Urbach’s tail is expected to lead to a decrease in
Eg due to the probable transition from the band to the tail as well as the
increase of the localized states through the bandgap of the material due

(12)

0.60

0.55

0.50 1
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Fig. 9. Plot of (a) o vs. hv and (b) Plot of E, vs. % Ga doping content of pure CdO and % Ga doping content @ CdO film.
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to the incorporation of Ga atoms [23]. The recorded results are consis-
tent with those published in the literature for similar related structures
[2,47-49].

The main optical constants, namely, the extinction index, k, and the
refractive index, n have been extracted using Kramer-Kronig relation-
ships, detailed discussed above. The calculation of these parameters is
significant for various designing of most optical components and related
systems, especially for the optoelectronic devices. Because Kramers -
Kronig investigation includes a wide-energy range integration, accord-
ingly, the errors in any region might disturb the values derived in other
energy ranges. The most important requirements for the best measure-
ments with high accuracy are the smooth and cleaning of the sample
surfaces which have been given the priority and significant attention in
this study [56,57].

Fig. 10(a) shows that the spectral behavior of n values of the Ga-
doped CdO films with observing two unique regions of the normal and
abnormal regions, depending on the wavelength region and influenced
by Ga-doped CdO concentration. Moreover, the values of k, shown in
Fig. 10(b) shows also change in its values depending on the spectral
range and ga doping concentrations. At A = 780 nm, all the values of k
approaches zero for all the studied samples due to the non-absorbtivity
characteristics at this point. To obtain the main dispersion parameters,
the single oscillator model has been applied for the non-absorbing re-
gion via DiDomenico and Wemple relationship [58]:

(n—1)" _Eo (hw)*
E; EoEy

13

Where Ej is the energy oscillation, and E4 is the dispersion energy of the
material. Fig. 11 (a) shows the (nzfl) “Tys. (hl/)2 in the desired energy
range. The values of Ey and E4 can be extracted from the slope and
intercept of the linear fit of the curves. The calculated E4 and E, are
shown in Fig. 12(a) and (b), respectively, and tabulated in Table 4 for
the studied the pure CdO and Ga-doped @CdO films. As observed, the
values of E4 and Ey shows a nonsystematic behavior with a minimum
value for the 5% of Ga-doped CdO films. At this concentration, the value
of energy gap is consistent with the oscillator energy, confirming the Eo/
Eg =~ 1, in agreement with those previously published by Elkanzi et al.
[57] for organic films, Ravindra et al. [59] for various crystalline
structure films, Tanaka [60] for some amorphous films.

Moreover, according to the DiDomenico and Wemple relationships,
the Ey, Eq has a relation with the moments of dielectric constant, rep-
resented as M.; and M._3 as follows [58]:

E,
M_ =— 1
=& 14
and
M,
M 3=—+H 1
3 B (15)

The calculated values of both M_; and M_3 plotted as a function of
Ga-doped CdO of different concentrations, of the 7% Ga-doping

@

Refractive index, n

—Pure CdO

1% Ga doped CdO
—o—5% Gadoped CdO
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concentration as compared to other concentrations, listed in Table 4 and
shown in Fig. 13(a) and (b), respectively. The maximum values of both
M_; and M_3 are found to be for the Ga-dopant CdO of 7%
concentration.

The other important parameter is the high-frequency dielectric
constant, ¢, which can be calculated using the following [57]:

1 [\ (N
=gy ——— (S ()22 (16)
dreg \c2) \m

The graphical representation n? vs. A% is shown in Fig. 11 (b) for the
pure CdO and Ga-doped CdO films. The values of ¢, and N/m* can be
extracted from the y-axis intersection and slope of the linear fit of the
curves. The calculated ¢, and N/m* are shown in Fig. 14(a) and (b),
respectively, and tabulated in Table 4 for the studied the pure CdO and
Ga-doped CdO films. These figures show increasing of both behavior of
both ¢, and N/m* with increasing the Ga-doping concentrations.

The real, 1, and imaginary, ¢ dielectric constants can be calculated
as follows [41]:

el =n* — k*, ande, = 2nk 17)

The spectral dependence of ¢; and ¢, of the pure CdO and Ga-doped
CdO films of various doping concentrations is shown in Fig. 15(a) and
(b), respectively. The figures show that the values of &; and ey are
strongly dependent on the doping concentration and the dependence
systematically increases with increasing the doping concentration at A =
750 nm and 650 nm for ¢ and ¢, respectively. Accordingly, the prop-
agation of the electromagnetic waves is easy and fast through the films
due to the low value of the dielectric constant as compared to the
inorganic films [61].

The importance of optical conductivity, o is due to the measurement
of the conductivity of the material in the high ranges of applied fre-
quencies that cannot be reached by the usual electrical measurements.
Moreover, it is also characterized as a quantitative measurement free
from direct contact with the sample as well as high sensitivity to charged
response measurement. The two main components of 6; and 65 can be
identified as in the literature [62,63] as follows:

01 = WEYES (18-a)

0y = WEYE,

(18-b)

The behavior of both 6; and o5 as a function of the wavelengths of the
pure and Ga-doped CdO films is shown in Fig. 16(a) and (b). These
figures illustrate distinctive optical conductivity peaks due to the char-
acteristics of optical response and are affected by the Ga-doping
concentration.

The study of nonlinear optics plays a major role in the basic appli-
cations of most optical devices such as optical signal processing units,
optical computers, optical circuits, ultrafast switches, sensors, laser
amplifiers, and laser amplifier devices [64].

The combination of the linear refractive index and the main pa-
rameters of the Wemple DiDomenico has been proposed by Ticha and

(b) —e—Pure CdO
1% Ga doped CdO

—=—5% Gadoped CdO

——7% Gadoped CdO

4—10% Ga doped CdO

Extinction index, k

T T T f
300 400 500 600 700 800 900 1000
A (nm)

Fig. 10. The spectra of (a) refractive index, n, and (b) extinction index, k, vs. A of pure CdO and % Ga doping content @ CdO film.
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(b)
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1% Ga doped CdO
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Fig. 11. Plot of (a) (@3-1)7! vs. E? and (b) Plot of n? vs. A% of Pure CdO and % Ga doping content @ CdO film.

44{@ o

4.0

3.6

E4(eV)

3.2

2.8

24 T T T T T T
0 2 4 6 8 10

% Ga doping content@CdO

234 (0
2.2 °

2.1+

E (eV)

2.0

1.9+
[

1.8

0 2 4 6 8 10
% Ga doping content@CdO

Fig. 12. Plot of (a) Eq vs. % Ga doping content and (b) Plot of Eq vs. % Ga doping content of pure CdO and % Ga doping content @ CdO film.

Table 4
The calculated dispersion parameters of Ga-doped CdO/FTO films with different concentrations.
Structure Eq(eV) Eo(eV) Eoo N/m*(1056m'3/kg) M, (eV) M. (eV)2 References
Pure 3.45 2.15 3.69 4.41 0.55 0.34 Present work
1% 4.41 2.20 2.314 4.51 0.81 0.41 Present work
5% 2.56 1.82 2.134 9.97 0.598 0.42 Present work
7% 3.68 1.85 2.055 12.64 1.13 0.56 Present work
10% 2.89 2.29 1.745 34.19 0.53 0.32 Present work
0.60 (b)
1.24 (a) °
° 0.55
1.0 0.50 4
= = 045
0.8 b o
0.40 b/
0.35
0.6 ]
0.30
o 2 4 & & 10 o 2 4 6 8 10

% Ga doping content@CdO

% Ga doping content@CdO

Fig. 13. Plot of (a) M.; vs. % Ga doping content and (b) Plot of M.3 vs. % Ga doping content of pure CdO and % Ga doping content @ CdO film.

Tichy et al. [65] to extract the coefficient of the nonlinear polarization of
the third-degree y© which can be determined as follows:

A
(4n)"

4

2= (n* = 1) 19)
where A is a constant, approximated for the most of materials and used
for the Zn-doped CdO as 1.7 x 10710 esu [65]. The nonlinear refractive
index, n'® is related to the static dielectric constant by the equation

stated in the literature as follows [65,66].

127 4@
n@ X
no

(20)

The spectral dependence of the optical susceptibility, y(1), 3rd order
non-linear optical susceptibility, y(3), and nonlinear refractive index, n
(2) are shown respectively and shown in Fig. 17 and Fig. 18 for the pure
and Ga-doped CdO films. These figures and Table 5 show a remarkable
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Fig. 14. Plot of (a) ¢ vs. % Ga doping content and (b) Plot of N/m*vs. % Ga doping content of pure CdO and % Ga doping content @ CdO film.
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Fig. 16. The spectra of (a) real part of optical conductivity, ¢ 1, and (b) imaginary part of optical conductivity, 63, vs. A of pure CdO and % Ga doping content @

CdoO film.
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Fig. 17. The spectra of (a) X(D’ and (b) X(B)’vs. A of pure CdO and % Ga doping content @ CdO film.

improvement of the nonlinear sensitivity as a result of Ga-incorporation
of various concentrations in the lattice of CdO and affect the grain
boundaries and change the amorphous state of CdO to nearly crystalline.
Table 5 lists the results of (1), y(3), and n(2) in comparison with those

published for similar structures [49,66]. The results show a good
agreement with these published results. Typically, Ga incorporated in
CdO contributes to the replacement of Cd** host ions with Ga2* ions in

the

lattice of CdO. Accordingly, the films of Ga-doped CdO show an
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Fig. 18. Plot of (a) n‘® vs. A and (b) Plot of n® vs. % Ga doping content of pure CdO and % Ga doping content @ CdO film.

Table 5
The calculated nonlinear parameters of Ga-doped CdO/FTO films with different
concentrations.

Structure P 1@ (esu) n® (esu) References
Pure 1.3 5.7 x 10712 0.257 x 10710 Present work
1% 2.56 1.4 x 10712 0.306 x 10710 Present work
5% 3.68 2.4 x 10712 0.356 x 10710 Present work
7% 1.07 6.8 x 10712 0.438 x 10710 Present work
10% 2.7 1.4 x 1071 0.559 x 10710 Present work
Zn-doped CdO 0.13 573 x 10714 1.32 x 10712 [49]

Pure CdO 0.60 1.01 x 1078 2.80 x 10712 [66]

N doped CdO 1.62 1.24 x 107° 1.31 x 10713 [66]

improvement for both linear and non-linear optical characteristics and
establish these structures for various future optoelectronic device
applications.

3.5. The terahertz cut-off frequency of CdO films

Fig. 19(a—f) shows the influence of the Ga-doping concentration of
CdO on terahertz cut-off frequency spectra. From the figure, it is evident
that Ga-doping for CdO has a significant effect on the terahertz cut-off

values. From the figure, it is evident that Ga-doping for CdO has a sig-
nificant effect on the terahertz cut-off values. It is also evident from the
figure that the increase of the Ga-doping concentration by 7% signifi-
cantly increased the terahertz cut-off frequency values to 2.86 THz at
3.89 eV (Fig. 19d). The higher terahertz cut-off frequency of the 7% Ga-
doping concentration of CdO film can be attributed to the lower value of
the microstrain and the maximum absorption characteristic as compared
to the other concentration. Moreover, a triple terahertz cut-off frequency
is detected for the Ga-doping concentration by 10% (see Fig. 19e).
Qasrawi and Alsabe [67] have reported that the higher the terahertz
cut-off frequency, the more suitable of the material for the application of
light communication performance. The determined terahertz cut-off
frequency values specify that the pure CdO and Ga-doped CdO films of
various doping concentrations can be used as active media for fabri-
cating MOSFETs that are used for short-power analog and/or RF
employment [68]. The increase in the terahertz cut-off frequency can be
attributed to the lowering of the energy bandgap values due to the in-
fluence of the Ga-doping concentration of CdO. The terahertz cut-off
frequency of the studied films is observed well as compared with
those published by Alharbi and Qasrawi [69] for CdO films of various
structures.
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Fig. 19. Plot of f , vs. E of (a) pure CdO, (b) 1% Ga-doped, (c) 5% Ga-doped, (d) 7% Ga-doped, (e) 10% Ga-doped, and (f) Plot of f , max VS. % Ga doping content of

pure CdO and % Ga doping content @ CdO film.
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4. Conclusion

Thin films of CdO with various doping concentrations of Ga% were
prepared by the sol-gel spin-coating technique and established by XRD
and AFM images. The energy gaps were extracted from the analysis of
the absorption coefficient at the absorption band edge and found to be
direct and their values decreased from 2.35 to 1.72 eV depending on the
doping concentration. The dispersion properties of the studied films
were examined based on a single oscillator model using the Wemple-
DiDomenico relationship, and the main parameters that confirmed the
potential applications for optoelectronic devices were extracted. The
oscillating energy of the films reached its lowest value (Eo = 1.84 eV) as
well as the oscillating energy (Eq = 3.5 eV) for the films of dopant
concentration of 5%. The nonlinear optical parameters were examined
to motivate enhancing the characteristics of the studied structures for
the application of photodiode-based devices. The calculated values of
terahertz cut-off frequency of the pure CdO and Ga-doped CdO films of
various doping concentrations indicate the capability to usage these
structures as active media for fabricating MOSFETs that are used for low-
power applications.
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