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The development of CdMgO ternary alloy with a single cubic phase is challenging but meaningful work
for technological advancement. In this work, we have grown a series of Cd;_,Mg,O ternary random
alloys with various Mg concentrations (xz = 0, 30, 32, 45, and 55%) on quartz substrate by plasma-
assisted molecular beam epitaxy technique. The structural investigations of alloys were performed using
the X-ray diffraction technique. The decreases in average crystallite size and lattice parameters were
observed with an increase in Mg content in the alloys. X-ray diffraction analysis confirms that a single
cubic phase is obtained for alloy compositions. The elemental and morphological studies were carried out
using energy-dispersive X-ray spectroscopy and atomic force microscope technique, respectively. The
optical investigation was carried out using UV-Vis spectroscopy. The optical bandgaps were estimated
using the Tauc relation. The results varied from 2.34 to 3.47 eV by varying the Mg content from zero to
55% in the alloys. The Urbach energy increases from 112 to 350 meV, which suggests a more disordered
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localized state with an increase in Mg incorporation in the alloys.
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1. Introduction

The oxide semiconductors have gained more
attention among the other semiconductor mate-
rials because of their potential applications in
optoelectronic industries like flat panel displays
(FPDs) [1], thin-film transistors (TFTs) [2], pho-
todetectors [3, 4], LEDs [5], sensors [6, 7], etc. Metal
oxide semiconductors, which have a large bandgap
energy value, have a better tolerance against high
voltage. Apart from that, they are relatively stable
in an atmospheric environment, which can facili-
tate the fabrication process [8]. Among the oxide
semiconductors, group-II oxides receive increasing
interest as they share similar features with group-
IIT nitrides, which could be very promising for semi-
conductor industries. From the early '90s, research
on wurtzite ZnO as an alternative to the GaN sys-
tem has started and still is going on because of its
wide direct band gap of 3.37 €V and large exciton
binding energy of 60 meV, which is higher than in
GaN (binding energy 25 meV) [9]. The rise took
place not only in research on the basic properties
of ZnO, but also on the related group II-VI semi-
conductor oxides, such as MgO and CdO, which
can be combined to form heteroepitaxial device
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structure. The large bandgap tunability, stable
structure, and ease of fabrication process make the
ZnO-CdO-MgO system a possible alternative to
nitrides [10].

Among these metal-semiconductor oxides, CdO
is considered to be a promising material for photo-
voltaic applications due to its unique features such
as stable cubic rock-salt (RS) structure, high trans-
parency, high exciton binding energy of 75 meV,
a high dielectric constant of 21.9, and high electron
mobility of 180 c¢cm?/(V s) [11]. However, a rela-
tively small direct bandgap of 2.3 eV along with
two indirect bandgaps of 1.2 €V and 0.8 ¢V [12]
at room temperature is a key problem that re-
stricts the use of CdO in a shorter wavelength
regime. On the other hand, MgO is a direct bandgap
(7.5 €V) material with a high exciton binding en-
ergy of 80 meV [13] that crystallizes in the cubic
rock-salt structure. Thus, MgO can be combined
with CdO by means of alloying to form various het-
erostructures, such as ternary alloys, CdO/MgO su-
perlattice structures (SLs), etc., which can be use-
ful in a variety of optoelectronic devices over a wide
spectral range. Previously, Chen et al. [14] studied
the change in the electronic structure of CdMgO
alloys on glass substrates prepared by the radio
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frequency magnetron sputtering technique. Guia et
al. [15, 16] studied Mg-rich and Cd-rich CdMgO al-
loys on a sapphire substrate prepared by the metal-
organic chemical vapor deposition (MOCVD) tech-
nique and reported a phase separation at Cd con-
centration above 27%. Przezdziecka et al. [17, 18]
studied quasi-alloys short-period {CdO/MgO} SLs
grown on sapphire substrate by the plasma-assisted
molecular beam epitaxy (PA-MBE) technique and
found out that the bandgap of SLs can be varied
from 2.6 to 6 eV by changing the CdO sublayer
thickness at a constant MgO layer thickness. Re-
cently, Adhikari et al. [19] reported Cd,Mg;_,O
ternary alloys on m- and c-plane sapphire substrate
grown by the PA-MBE technique. They have found
that the direct bandgap can be varied from 2.42
to 5.5 eV by changing Mg content from 0 to 96%.

For the design of optoelectronic devices, optical
coatings, and the manufacture of solar cells, a lim-
ited number of suitable materials are available. In
recent years, a few theoretical articles have been re-
ported that indicate the possible tunability of the
energy band gap of CdMgO and stability of the cu-
bic rock-salt structure across a full range of magne-
sium, which may prove useful from a practical point
of view [20]. The development of new oxide-based
devices requires improving our knowledge about
ternary alloys such as CdMgO. Previously, there
have been some studies for quasi-ternary alloys
based on ZnO,/MgO [21, 22] and ZnO/CdO [23, 24]
structures, in which composition inhomogeneity can
be overcome by growing superlattice structures.
However, there is still limited work being carried
out on CdO-MgO alloys [25—27]. In this paper, we
have exploited CdMgO layers deposited on quartz
substrate by plasma-assisted MBE technique. In
particular, in the MBE method, obtained layers
are hydrogen-free. Unlike in other methods, e.g.,
MOCVD, where metalorganic precursors are the
source of the hydrogen and carbon contamination
in the samples, the number of contaminations in
the MBE method is low. Both the substrates and
the growth method influence the crystallographic
and optoelectrical parameters of the semiconduc-
tors [28-30]. In particular, crystalline substrates can
impose a preferential layer orientation, as was ob-
served for CdMgO layers on differently oriented
sapphire substrates [19]. It is, therefore, reasonable
to characterize CdMgO samples obtained by differ-
ent methods and grown on different substrates, in-
cluding amorphous substrates. We have chosen the
quartz substrate as a cheaper alternative to the sap-
phire substrate for our study. Moreover, the amor-
phous substrate does not dictate preferential orien-
tation in CdMgO films by the orientation of the sub-
strate. The forced orientation on amorphous sub-
strates is related only to the thermodynamics of
the growth. Simultaneously, the use of a transparent
quartz substrate allows for a relatively easy study
of the energy gap of the layers by the optical trans-
mission method. The Mg content in the alloys was
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varied by changing the growth condition, e.g., Mg
and Cd fluxes ratio. Structural, morphological, and
optical investigations of these samples were carried
out in order to deeper characterize CdMgO ternary
material.

2. Experimental methods

Riber Compact 21B MBE system equipped with
Mg and Cd effusion cells and radiofrequency oxygen
plasma cells was used to grow CdMgO random al-
loys on a quartz substrate. As the sources, Mg (6N
purity, from PUREMAT technologies) and Cd (6N
purity, from JX Nippon Mining & Metals Corpora-
tion) ingots were used. The substrates were cleaned
with acetone and next with isopropanol for 20 min,
followed by deionized water in order to remove or-
ganic contaminations, and next dried with pure 5N
Ny gas. During the growth process, the Cd and Mg
fluxes were controlled by varying the effusion cell’s
temperatures. The growth was performed at a fixed
Cd beam equivalent pressure of 2 x 10~7 Torr cor-
responding to 380°C Cd effusion cell temperature,
whereas the Mg effusion cell temperature was var-
ied from Tyg = 500, 510, 520, 530°C for samples
S2 to S4, respectively. The growth process was car-
ried out at 360°C measured by thermocouple with
a constant oxygen flow of 3 ml/min at a fixed 400 W
radio frequency power of the oxygen plasma.

The structural investigations of these ternary al-
loys were performed with the PANalytical X’Pert
Pro MRD using the X-ray diffraction technique.
The Cu anode is used for Cu K,; radiation
of 1.5406 A wavelength. The diffractometer is
equipped with a Ge analyzer and a 2-bounce Ge
(220) hybrid monochromator. In our measurement
system, the X-ray lamp is fixed. During the mea-
surement of 6/(26) scan, the holder for the samples
is moved in the 6 direction, and the pixel detector
is moved in the 26 direction. The movement of the
sample holder and detector are strictly related. Ele-
mental compositions in the alloys were investigated
using a Hitachi SU-70 scanning electron microscope
equipped with Thermo Scientific energy-dispersive
X-ray (EDX) spectrometer. The excitation energy
was set at 6 keV, which allowed for effective excita-
tion and measurement of the composition of mag-
nesium and cadmium and, at the same time, mini-
mized the generation of a signal from the substrate
that could disturb the measurement. The change in
growth parameter (i.e., Mg effusion cell tempera-
ture) results in different Mg content Cd;_,Mg,O
ternary alloys. The surface morphology was studied
using atomic force microscopy (AFM) in tapping
mode (Bruker Dimension Icon model). The opti-
cal investigations of these alloys were performed at
room temperature using a Cary 5000 UV-Vis/NIR
spectrophotometer equipped with a PbS detector
from Agilent Technologies in a 200-600 nm wave-
length range.
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3. Results and discussions

3.1. Structural property

Figure la shows the structural properties of
CdMgO alloys on quartz substrate using X-ray
diffraction (XRD) 26 scan in the range from 20
to 100°. XRD results confirmed that all the sam-
ples were cubic rock-salt (RS) structures without
any additional impurity phases. For pure CdO (S1),
the (111) and (200) diffraction peaks are identified
from the diffraction angle at about 33° and 39°,
respectively, indicating the polycrystalline charac-
ter of the structure. These identified reflections are
to originate from the cubic RS structure of CdO
and are in good consistency with X-ray diffraction
JCPDF card no. 652908. Furthermore, there are no
additional peaks observed co-related to the quartz
substrate in XRD analysis. XRD peak positions of
pure CdO and MgO with the cubic structure are
marked with a dotted line in Fig. la. A systematic
shift of (111) and (200) diffraction peaks towards
a higher diffraction angle has been observed with
an increase in Mg content in the alloy (Fig. 1b).
In the case of layers obtained by the pulsed laser
deposition (PLD) technique on quartz, the films
grown at low-temperature show preferred orienta-
tion along (111) direction, while the films grown at
high temperature have preferred orientation along
(200) direction [31]. The two orientations, (111)
and (200), were reported in a temperature range of
about 400°C. Our analysis indicated that preferen-
tial crystallographic orientation was also correlated
with Mg concentration in the alloy. The areal com-
parison of (111) and (200) diffraction peaks is shown
in Fig. 1c. Due to the increase of the Mg content, the
contribution from the (111) orientation increases
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compared to the (200) orientation, revealing that
the preferential orientation is strongly influenced by
the Mg content in the alloys. Previously, Adhikari et
al. [19] reported the presence of double XRD peaks
in Cd;Mg;_,O film on m- and c-plane sapphire
grown by plasma-assisted MBE technique. It was
evidence of the existence of regions with two dif-
ferent concentrations in the CdMgO ternary layers.
Their study suggested that both growth conditions
and the orientation of substrates play an impor-
tant role in the homogeneity of the CdMgO layer.
However, in this study, no such behavior has been
observed. It was observed that the full width at
half maximum (FWHM) of XRD CdMgO peaks on
quartz substrates are much higher than it was re-
ported for sapphire substrates. The observed broad-
ening of the diffraction peak with an increase in
Mg content in the CdMgO alloy can be correlated
with a not fully homogeneous distribution of Mg
in depth or with some inhomogeneous strain dis-
tribution. Moreover, the noisy diffraction peak sug-
gests the not-so-good crystallinity of the prepared
alloy on the quartz substrate compared to previ-
ously studied samples on sapphire substrates [19].

As CdO and MgO both crystallize in the cubic
rock-salt structure, in CdMgO alloys, each oxygen
atom is surrounded by Cd or Mg atoms, octahe-
drally coordinated to each other at an equivalent
position. The lattice parameter can be determined
from Bragg’s equation

2dsin(6) = nA, (1)
where d is interplanar spacing, n is the order of
diffraction (usually n = 1), A is the X-ray wave-
length used, and 6 is the Bragg angle. For cubic
structure, the interplanar distance d is related to
lattice constant a with relation

a=dvVh?+k?+12 (2)
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TABLE I
FWHM, lattice constant, grain size, and microstrain of CdMgO alloys on quartz substrate along (111) diffraction
peak.
Sample 20 FWHM |[deg.| Lattice Grain Microstrain,
name [deg.] Ba BL parameter [nm] size [nm] e (x1073)
S1 32.95 0.11 0.2 0.4703 41 1.6
S2 33.92 0.19 0.51 0.4572 16 2.7
S3 33.98 0.27 0.43 0.4564 19 3.9
S4 34.21 0.44 0.76 0.4534 11 6.2
S5 34.22 0.64 1.91 0.4533 4.3 9.07
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Fig. 2. Variation of grain size and microstrain in
(111) diffraction peak direction with change in Mg
content in CdMgO alloy.

where h, k, and [ are Miller indices of diffrac-
tion planes. For (111) diffraction plane, the lat-
tice constant a can be calculated using the relation
a = v/3\/(2sin(f)). The calculated lattice param-
eters of CdMgO alloys are listed in Table 1. The
shifting of (111) diffraction peak towards a higher
diffraction angle results from decreasing lattice pa-
rameters with increasing Mg content in the al-
loys. It can be expected due to the substitution of
a smaller atomic radius of Mg than Cd, similar to
the case of AlGaN [32]. The calculated lattice pa-
rameters show a nearly linear behavior in the ana-
lyzed Mg content. Previously reported values of the
bowing parameters in the literature were found to
be b = —0.449 nm for MgCdO/c-Al; O3 [16], b =
—0.89 nm for CdMgO,/m-Aly03, and b = —1.05 nm
for CdMgO/c-Aly03 [19]. In order to determine the
microstructural contribution, such as average crys-
tallite size and microstrain, here we have adopted
a size-strain plot [33, 34]. The crystallite size and
microstrain in the alloys were estimated by fitting
the (111) diffraction peak using the Voigt function.
The observed broadening in the diffraction peak is
due to the combined effect of crystallite size as well
as the lattice microstrain in the alloys. The Gaus-
sian component of the FWHM (f¢) analysis is used
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for determining strain, whereas the Lorentzian com-
ponent of FWHM (/1) is used for determining av-
erage crystallite size or grain sizes (Bxr = L+ Ba)-
The average crystallite size is estimated using the
Debye—Scherrer relation

kA

~ B cos(6)’ 3)

where 7 is the average crystallite size, k is a constant
of value 0.94, and S, is the Lorentzian component
FWHM of diffraction peak. As shown in Fig. 2, the
grain size decreases with an increase in Mg content
in the alloy. A similar trend with smaller grain size
varying from 13 to 4 nm with an increase in Mg
content 0% to 28% in CdMgO alloy on a glass slide
was reported by Chen et al. [14]. However, a larger
grain size was observed for CdMgO alloys on both
m-~ and c-plane sapphire substrates prepared by the
PA-MBE technique [19]. The other microstructural
contribution, such as lattice microstrain, arises due
to various factors such as the constituent atoms (Cd
and Mg), substrate material, and growth tempera-
ture in the alloys [16]. The microstrain (¢) in the
alloy can be estimated from strain-induced broad-
ening using the relation

Ba

°T 4tan(0) )

The Lorentzian and Gaussian components of
FWHM were estimated along with the instrumental
errors equal to § 3, £0.0014°, and 65 +0.0035°, re-
spectively. Table I illustrates the average grain size
and the microstrain in the alloys along (111) diffrac-
tion peak directions. It is observed that micro strain
increases with an increase in Mg content in the al-
loys, as shown in Fig. 2. The obtained values of mi-
crostrain are comparable with previously reported
CdMgO alloys on sapphire substrates [19] grown by
PA-MBE technique and with Mg-doped CdO films
obtained by spray pyrolysis technique [35]. Previ-
ously, a comparatively higher value of microstrain
has been reported at low growth temperature (Cd-
rich), and it decreases with an increase in nom-
inal Cd concentration in CdMgO alloys on a c-
plane sapphire substrate prepared by the MOCVD
technique [16]. However, in all the cases, an effec-
tive lattice shrinkage and an increase in the lattice
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EDX spectrum of (a) S1, (b) S2, (c) S3, (d) S4, and (e) S5 CdMgO alloys. The insert image shows

the elemental distribution map of Cd and Mg in CdMgO alloys.

microstrain with a further increase in Mg incor-
poration suggest better crystalline quality alloy at
Cd-rich CdMgO conditions. It is worth noting that
the dominant contribution of the diffraction peak
broadening comes from grain size in the case of
Cd-rich conditions, whereas, with increases in Mg
content, the major contribution comes from micros-
train in the alloys. The obtained microstrain can
lead to forming localized states and is expected to
affect both electrical and optical properties in Cd-
MgO alloys.

3.2. Elemental and morphological study

The elemental distribution, as well as Cd and
Mg composition in the alloys, was studied using
the EDX technique. The Mg content in the alloy
was varied by changing the growth temperature of
the Mg effusion cells. By the EDX method, the to-
tal amount of elements in samples was measured.
X-ray examinations did not reveal the presence of
metallic inclusions in the tested samples. In X-ray
diffraction, we do not see the amorphous signal or
any signals correlated with the presence of other ox-
ides. The atomic percentage values of Cd and Mg
contents are listed in Table II. The Mg content in
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TABLE II

Cd and Mg content from EDX measurement, Mg effu-
sion cell temperature, and average roughness param-
eter in the alloys.

. Average
Sample | Cd Mg Mg effusion
o roughness,
name | [at%] | [at%] | cell temp. [°C]
R, [nm]
S1 100 0 - 13.5
S2 70 30 500 2.05
S3 68 32 510 8.74
S4 55 45 520 1.11
S5 45 55 530 0.88

the alloy can be increased by increasing the Mg
effusion cell temperature. The elemental distribu-
tions of Cd and Mg atoms in the alloys are shown
in Fig. 3. The EDX spectra were collected from over
the samples as shown in Fig. 3. The EDX map-
ping confirms a uniform homogeneous distribution
(in the presented scale) of Cd and Mg elements in
the corresponding alloys. All of the Cd and Mg con-
tent measurements were performed within an error
margin of +2%.
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The analysis of the nanotexture of the front trans-
parent conductive oxide (TCO) electrode and/or
back reflector used in solar cells is very impor-
tant. For such photovoltaic applications, the aver-
age roughness parameter R, < A (A is the light
wavelength in a vacuum) is known as a criterion for
the light scattering and trapping to achieve high
efficiency of the devices [36]. Thus, the surface mor-
phology of CdMgO ternary alloys with various Mg
content was studied using AFM. Figure 4 shows the
surface scan over a 5 x 5 um? area of ternary al-
loys. The average roughness parameters (R,) have
been calculated using the NanoScope software and
are listed in Table II with a variation of Cd and
Mg content in the alloy. The smallest value of R,
is obtained for samples with the highest concentra-
tion of Mg. The decrease in the average roughness
parameter (R,) implies the smoothening of the sur-
face morphology by the change in Mg content in
the alloys. The obtained result is consistent with
the previously studied CdMgO alloy on the sap-
phire substrate. It was presented that the variation
of the average roughness parameter value for the
whole Mg concentration region of CdMgO alloys is
within the 2-10 nm range [19]. It was found that in
the case of CdAMgAlO obtained by PLD, roughness
parameters do not change significantly with growth
temperature [31]. However, Karakaya et al. [37] re-
ported a smoother surface for 15% and 30% Mg
concentration in CdO:Mg films obtained by spray
pyrolysis on glass substrates. A better surface uni-
formity and fewer grain cavities were reported for
4% Mg-doped CdO film prepared by spray pyrol-
ysis on a glass substrate [38]. The variation of the
roughness parameter with Mg content on different
substrates is shown in Fig. ba. In our case, rough-
ness is strongly correlated with grain sizes. A larger
grain size indicates a higher value of R, (as shown
in Fig. 5b). A similar correlation between R, and
grain sizes was previously noted in the case of CdO
doped with Cu [39], CdO doped with Ce [40], and
Ni-doped CdO [41].

3.3. UV-Vis spectroscopy

The optical transmission spectra of CdMgO al-
loys on quartz substrate are shown in Fig. 6a. All
the prepared alloys have high transparency (more
than about 90%), which suggests that they can have
many applications as transparent conductive oxide
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Fig. 5. (a) Roughness parameter vs Mg concen-
tration (red point — this work; grey point — R, in
case of samples grown on sapphire by MBE, based
on [19]; black points — grown on glass by PLD,
based on [31]). (b) Variation of R, vs grain size.

(TCO). The absorption coefficient () of the sam-
ple is determined from the transmittance spectra
using relation [42] « = —(1/d) In(T'), and the corre-
sponding bandgap has been calculated using Tauc
relation ahv = A (hv — E; )™, where d is the sam-
ple thickness (~ 300 nm), hv is the photon energy
in eV, E, is the optical bandgap, and A and m
are constants. The value of m depends upon the
type of electronic transition in the semiconductors.
The value of m is equal to % or 2 for direct or in-
direct transition in the semiconductor, respectively.
The optical direct and indirect bandgap of the films
were calculated by extrapolating the linear portion
of a? and a'/? with the energy axis, as shown
in Fig. 6b and Fig. 6¢c. This procedure has been
usually adopted for calculations of energy gaps in



A. Adhikari et al.

100 10
—
2
90 f—s3
S4
80 — 8 =55
—
70 N
- :
o 60 o 6-
o~ 4 o
50 ™
- ] X,
40 - sz 44
30
20 - 24
10 -
1 a
0] (a) 0
200 300 400 500 600 2

Wavelength [nm]

Fig. 6.
of energy (hv).

semiconducting materials [43-46]. The direct
bandgap of pure CdO (S1) is found to be 2.34 V.
It is observed that the absorption edge shifts to-
ward higher energy with an increase in Mg con-
tentment in the alloy. The direct bandgap changes
from 2.34 to 3.47 eV with a change in Mg content
in the alloys from 0% to 55%. MgO has a direct
energy gap, hence, as the content of Mg in CdMgO
alloys increases, the input from the direct gap be-
comes dominant, and it is difficult to observe the
indirect gap, so we do not see it for samples with
higher Mg content alloys. The indirect bandgap of
samples with higher Cd content, i.e., S1 (CdO), S2
(Cd0,7MgO.3O)7 and S3 (Cdo'ﬁgMgo,ggo), are esti-
mated from Tauc relation and shown in Fig. 6c.
For pure CdO, the indirect bandgap was found to
be 1.99 eV, which is in good agreement with the
experimental bandgap values obtained in the lit-
erature [47-48]. However, lower values of 1.2 and
0.8 €V indirect bandgaps were reported in the lit-
erature [12], obtained from the theoretical calcu-
lation. The up-shifting of both direct and indirect
bandgap with an increase in Mg content depends
upon structural as well as electronic contribution
in the alloys [14, 49]. The widening of the bandgap
can be explained using the following interpretations.
The top of the valence band in both CdO and MgO
is dominated by the O-2p state. Furthermore, Cd-5s
and Mg-3s states are dominant at the bottom of the
conduction band in the case of CdO and MgO, re-
spectively (Fig. 7). Since the Mg-3s state has higher
energy compared to the Cd-5s state, the further in-
corporation of Mg into the CdO lattice leads to the
shifts of the conduction band edge upwards with
reference to the Fermi level, which results in an in-
crease in bandgap in the alloys [50, 51].
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(a) Transmittance spectra, (b) a? plot as a function of energy (hv), and (c) a'/? plot as a function
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Mg 3s N

A8Jiau3

Valance
band

CdO MgO

Fig. 7. Schematic illustration of the valence band
and conduction band alignment in CdO and MgO.

The direct bandgap energy of CdMgO can be de-
picted as a function of Mg content in the alloys,
which deviates from Vegard’s law (Fig. 8a). This
modification can be expressed using Modified Veg-
ard’s law [52] using the relation

(Eg)ca(i—a)Mgz0 = (1-2) (Ey)cao

4z (Eg)MgO —bx(1—2x), (5)
where (E,)cao and (E,)mgo are bandgaps of CdO
(2.3 eV) and MgO (6 V), respectively, whereas b is
the bandgap bowing parameter. The best-fit results
in the bandgap bowing parameter of 2.94+0.26 eV,
as shown in Fig. 8a. The obtained bowing parameter
is comparable with the previously reported bowing
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respectively), and (b) Urbach energy with change in Mg content.

constant of 2.17 eV and 3.1 eV for CdMgO alloys
on the glass substrate and sapphire substrate, re-
spectively [14, 25|. The bowing occurs due to vol-
ume deformation, charge exchange, and structural
relaxation effects in alloys [53]. However, in our case
of cubic CdMgO alloys, there is expected a domi-
nant structural relaxation contribution, where there
is a change in bond length as well as bond angle
due to the incorporation of foreign Mg atom into
the host CdO lattice.

It is a well-known fact that semiconductors tend
to absorb light at photon energy below the bandgap,
which strongly depends upon the localized exciton
state and energetic disorder. The absorption coeffi-
cient varies exponentially with photon energy below
the absorption edge. It can be described with rela-
tion oo = g exp(hv/Evy), where ay is the absorption
coefficient, hv is the photon energy, and FEy is the
Urbach energy which is related to the defects in the
semiconductor material [46, 54]. The Urbach energy
is determined from the inverse of the slope of the lin-
ear portion of In(a)) with the energy axis. Variations
of optical bandgap (direct and indirect bandgap)
and Urbach energy with change in Mg content in
the alloys are shown in Fig. 8. The error bar is de-
termined by taking the uncertainty in extracting the
linear portion of the absorption curve and measure-
ment of Mg content in the alloys. A relatively low
value of Urbach energy of 112 meV is found for pure
CdO (S1). However, it increases with an increase in
the incorporation of Mg into the CdO lattice, which
suggests more disorders (Fig. 8b). These disorders
can be expected from various localized states which
arise with an increase in Mg content. Furthermore,
the variation of Urbach energy can be well corre-
lated with structural analysis as the XRD study
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suggests an increase in microstrain, which leads to
the formation of various localized states with an in-
crease in Mg content in the alloys. Huso et al. [55]
reported structural defect and alloy inhomogeneity
with an increase in Mg concentration in ZnMgO al-
loy grown by DC-magnetron sputtering on CaFs
substrate. The corresponding Urbach energy was
varied from 80 to 250 meV with a change in Mg
content from 0 to 65% in ZnMgO alloys. However,
in this work, it is worth noting that Mg substi-
tution at the Cd-site introduces the difference be-
tween ionic radii of Mg?t and Cd?*, which may
cause potential fluctuations that may introduce on-
site electronic disorder as well as a structural disor-
der in the alloy [56]. These disorder states appear
near the valence band and/or conduction band in
the form of Urbach energy (Fy), which could scale
with higher Mg substitution. From obtained val-
ues of Fy (Fig. 8b), it is possible to extract the
so-called steepness parameter (o), which charac-
terizes the steepness or width of the straight line
near the absorption edge. The steepness parame-
ter can be determined using Fy = kpT /o, where
kp is the Boltzmann constant. Furthermore, the
steepness parameter also determines the strength
of electron-phonon interaction (E._p), and both are
related to each other via the following relationship
E._, =2/(30) [57, 58]. The obtained values of the
steepness parameter decrease from Mg concentra-
tion and are in the range of 0.23-0.07 meV. The
obtained values are lower than that reported for
undoped ZnO at room temperature [59] and higher
than values reported for pure CdS obtained by dif-
ferent methods [60]. The electron-phonon coupling
depends on the size, structural quality, and concen-
tration of dopants [61].
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4. Conclusions

A series of ternary alloys of CdMgO with differ-
ent Mg content was grown on amorphous quartz
substrates by the MBE method by controlling the
temperature of the Mg cell. All samples of CdMgO
alloys reveal the rock-salt cubic structure. The pre-
sented XRD results show a systematic shift of the
diffraction peaks with increasing Mg content, indi-
cating a decrease in the lattice parameter in Cd-
MgO layers. A reduction in the mean grain size is
also observed with an increase in Mg content. From
the EDX maps analysis, a uniform distribution of
Cd and Mg atoms was found in all samples. The
direct and indirect bandgaps were determined us-
ing UV-Vis spectroscopy. The direct bandgap varied
from 2.34 to 3.47 eV with a change in Mg concentra-
tion from 0 to 55%, whereas the indirect bandgap
increased from 1.99 to 2.3 eV with a change in Mg
content from 0 to 32% in the alloys. The obtained
values of bandgaps were fitted with modified Veg-
ard’s law, and the bowing parameter was estimated
to be 2.94 £+ 0.26 e¢V. The Urbach energy and mi-
crostrain increase with an increase in Mg content
in the alloys, which suggests a more disordered film
for Mg-rich CdMgO films. It is shown that despite
the use of amorphous substrates, the layers grow in
a preferential orientation, which depends on the Mg
content in the alloys. Due to the increase in the Mg
content, the contribution from the (111) orientation
increases compared to the (200) orientation, which
reveals that the preferential orientation is strongly
influenced by the Mg content in the alloys.
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