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Abstract

Band gap tuning of ZnO by Cd and Mg doping has been investigated. Cd and Mg doped ZnO thin films of different concentrations (0, 3, 10 &
20 mol%) were grown on Si(100) substrates by R.F. magnetron sputtering. The corresponding targets were prepared by the conventional solid-
state reaction route. The grown films were characterized by X-ray diffraction (XRD), atomic force microscopy (AFM), Hall effect measurement,
photoluminescence (PL), UV–vis–NIR spectroscopy and energy dispersive spectroscopy (EDS). XRD studies showed that all films are
preferentially oriented along (002) plane. AFM studies showed that decrease of grain size with the increase of doping concentration. Electrical
studies indicate that the resistivity of the films increased by the increase of Cd and Mg concentration. UV–vis–NIR studies showed that the
optical band gap of ZnO (3.35 eV) was reduced to 2.74 eV upon Cd alloying while increased to 3.94 eV upon Mg alloying. Red and blue shift in
near band edge (NBE) emission observed from PL studies for Cd and Mg alloying respectively, well acknowledged this modulation of band gaps.
From modified Vegard's law, the bowing parameter has been estimated to be 1.9 eV and 2.59 eV for Cd and Mg alloyed ZnO films, respectively.
The incorporation of dopants (Cd and Mg) in the films has been confirmed by EDS analysis.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Large efforts have been promoted on wide-band gap
semiconductors because of the intense interest in blue and
ultraviolet light emitters & detectors [1]. Among them, ZnO is
a universally recognized material for novel optoelectronic,
photovoltaic, sensor and nanoelectronic devices [2]. ZnO is a
hexagonal wurtzite structure material of direct band gap,
3.36 eV and an excitonic binding energy of 60 meV. The high
thermal energy of ZnO (25 meV) leads to the extreme stability
of excitons at room temperature and high temperatures [3].
Further, ZnO is a commercially available material having the
advantages of low cost, non-toxicity and high chemical
stability [4]. Hence, ZnO is considered as a next-generation
light-emitting diode (LED) and laser diode (LD) material.

For designing optoelectronic devices, modulation of the band
gap is one of major requirements. The band gap of ZnO can be
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tuned from ultraviolet to visible wavelength by alloying with Cd
and Mg, which have been used in solar cells, display panels,
sensors, light emitters, ultraviolet light detectors, varistors, etc [5].
ZnO band gap can be engineered by cationic (Cd2+ or Mg2+)
substitution, which is a versatile tool to tune structural, electrical
and optical properties. For narrowing the band gaps, CdO (rock-
salt structure) would be an appropriate candidate which has a
narrow band gap of 2.38 eV [6]. Alloying with CdO, the band gap
of ZnO can be modulated and the luminescence of Zn1�xCdxO
alloy films can cover the UV to green spectrum. MgO is also a
rock-salt structure with a wider band gap of 7.80 eV, which can be
alloyed with ZnO for widening the band gaps [7]. By varying the
Mg-concentration, the band gap of Zn1�xMgxO film can be tuned
from 3.36 to 7.80 eV, which cover the wavelength's regions UV-A
(320�400 nm), UV-B (280�320 nm) and UV-C (200�280 nm)
[8]. In spite of such reports, detailed investigations on Cd and Mg
doped ZnO films are necessary.
In this article, we carried out a detailed investigation on

structural, optical, electrical and elemental properties of Cd and
Mg doped ZnO films of different concentration (0, 3, 10 &
ghts reserved.
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20 mol%) grown by R.F. magnetron sputtering for the band
gap tuning study. The light-emitting devices based on ZnCdO/
ZnMgO superlattices or quantum wells can confine both
excitons and photons in the low dimensions which make the
stimulated exciton-related emission process more efficient [9].
2. Experimental

2.1. Preparation of the target

Both CdO and MgO mixed ZnO ceramic targets of different
concentrations (3, 10 & 20 mol%) were prepared by conven-
tional solid-state reaction route. For comparison, pure ZnO
target was also prepared. Powders of CdO (purity, 99.99%)
and MgO (purity, 99.99%) of required stoichiometry were
taken with ZnO powder (purity, 99.99%) in a separate bowl
with five alumina balls (ball diameter �15 mm). The bowls
were loaded in the ball milling and the powders were blended
mechanically for 10 h for the uniform distribution of dopants
into ZnO matrix. Then, the mixed powders were calcinated at
900 1C to avoid shrinkage of the target. The calcinated
powders of respective target were made into circular disk
(target) using hydraulic pellet press at 15 MPa. These discs
(pure, Cd & Mg mixed ZnO) were sintered at 950 1C. Thus
prepared targets were used as a source material for the film
growth. The diameters of the prepared targets are around
55 mm.
2.2. Fabrication of Cd and Mg alloyed ZnO film

Cd doped ZnO (CZO) and Mg doped ZnO (MZO) thin films
of different concentrations (0, 3, 10 & 20 mol%) were deposited
Fig. 1. XRD pattern of (a) Cd doped ZnO thin films (inset: shift in (00
on the Si (100) substrate by RF magnetron sputtering from CdO
and MgO mixed ZnO targets, respectively. The Si (100)
substrates of 1� 1 cm2 dimension were cleaned successively by
ethanol, acetone, and distilled water in an ultrasonic bath and
loaded into the chamber. The distance between substrate and
target was kept as 5 cm. The growth chamber was evacuated to a
base pressure of 8� 10�6 mbar. A gas mixture of Ar (sputtering
gas) and O2 (reactive gas) was flown into the chamber
by maintaining the total working pressure as 0.02 mbar. The
target was pre-sputtered for 10 min to remove the surface
contaminations and then, the films were deposited at 450 1C for
30 min at an RF power, 100 W.
The thickness of the grown films was measured by the

Filmetrics F20 and is around 100 nm. The structural, electrical,
optical and elemental properties of the films were examined by
XRD, AFM, Hall effect measurement, UV–vis–NIR spectro-
meter, PL spectrometer and EDS.
3. Results and discussion

3.1. XRD analysis

The structural properties of the grown films were studied by
the XRD (Rigaku Ultima III). Fig. 1 shows the XRD patterns of
CZO and MZO films of different concentrations grown on the
Si (100) substrate. It is seen that all films are preferentially
oriented along (002) plane. Nucleation with various orientations
can be formed at an initial stage. Though all nuclei compete to
grow, only nuclei having the lowest surface free energy can
survive. Thus, the grown films are in (002) preferential
orientation as it has the lowest surface free energy [4]. It is
worthy to note that no secondary phases have been observed
2) peak) (b) Mg doped ZnO thin films (inset: shift in (002) peak).



Table 1
Lattice constant and crystallite size of Cd and Mg doped ZnO thin films.

Dopants
(mol%)

Cd doping Mg doping

Lattice
constant
‘c’ (Å)

Crystallite
size
(nm)

Thickness
(nm)

Lattice
constant
‘c’ (Å)

Crystallite
size
(nm)

Thickness
(nm)

0 5.231 24.7 103 5.231 24.7 103
3 5.238 22.4 100 5.216 21.12 106
10 5.261 19.4 98 5.188 14.37 108
20 5.282 15.4 96 5.159 10.97 110

Table 2
Grain size of Cd and Mg doped ZnO thin films.

Dopants (mol%) Cd doping Mg doping
Grain size (nm) Grain size (nm)

0 61 61
3 53 49
10 39 33
20 26 24
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even at high concentration of MgO or CdO (as both have
rocksalt structure). This clearly indicates that both Mg2+ and
Cd2+ ions are dissolved into ZnO. Inset of Fig. 1(a) shows the
shift in (002) peak towards a lower angle (34.291 to 33.951)
with the increase of Cd concentration. This is due to the
substitution of Zn2+ ions (0.60 Å) by high ionic radius Cd2+

(0.74 Å) ions [10]. The c-axis lattice parameter and crystallite
size extracted from XRD have been shown in Table 1. It is seen
that the c-axis lattice parameter increases monotonically from
5.23 Å to 5.28 Å with the increase of Cd concentration. This
unit cell volume expansion is due to the ionic radii mismatch
between Zn2+ and Cd2+ ions. Conversely, (002) peak of MZO
films shifted towards a higher angle (34.29–34.781) with the
increase of Mg concentration as shown in the inset of Fig. 1(b).
The corresponding c-axis lattice parameter decreases from
5.23 Å to 5.16 Å as seen in the Table 1. Since the ionic radius
of Mg2+ (0.57 Å) is smaller than that of Zn2+ (0.60 Å), the
decrease of the lattice constant implies the substitution of Zn2+

by Mg2+ ions and hence leads to volume contraction of the unit
cell [11].

Due to this volume expansion and contraction, strain has
been induced in the films and hence crystalline qualities are
deteriorated in both cases. Therefore, the crystallite size
decreases both in Cd and Mg doped ZnO films, instead of
showing reverse trend (refer Table 1). Otherwise, as there is an
ionic radii mismatch in both cases (whether it is a positive or
negative mismatch), the crystalline qualities are deteriorated
and hence crystallite size decreases.

3.2. Atomic force microscopy

In order to infer about the grain size, atomic force micro-
scope (Agilent 5500) images were recorded. The grain size of
pure, Cd and Mg doped ZnO films are shown in the Table 2.
From the table, it is noted that the grain size of both Cd and
Mg doped films decreases with the increase in doping
concentration, which is in similar trend with crystalline size
as seen in the XRD analysis. As there is a difference between
the atomic size of Cd/Mg and Zn, alloying by Cd or Mg will
induce lattice distortion and strain [4]. Hence, Cd/Mg atoms
prefer to dwell in and around grain boundary regions to reduce
lattice distortion. Thus, the more incorporation of Cd/Mg
atoms would prevent grain growth which in turn decreases
grain size [12]. Fig. 2 shows the AFM images of pure, 3 mol%
Cd and Mg doped ZnO films.

3.3. Electrical analysis

Electrical properties measured by Hall effect measurement
(Ecopia HMS 3000) is shown in Table 3. It clearly shows that
all the films are n-type conductivity with electron concentra-
tion almost remains constant. The substitution of isovalent ions
Cd2+/Mg2+ on Zn2+ site does not offer any extra free
electrons. Hence, there is not much variation in electron
concentration. However, the resistivity gradually increases
and mobility decreases with the increase of Cd/Mg concentra-
tion. The change in resistivity and mobility has been justified
as follows; it is known that ZnO always exhibits n-type
conductivity. The increase of resistivity with the increase of
Cd/Mg concentration might be due to the segregation of Cd/
Mg atoms in the grain boundaries which in turn increase the
grain boundary barrier [4]. This leads to more scattering of
charge carriers at grain boundaries. Thus, the scattering of
charge carriers and grain boundary barrier effects causes the
increase in resistivity and decrease in mobility upon incorpora-
tion of Cd2+/Mg2+ ion into ZnO lattice [11]. In addition, the
ionic radii mismatch between Cd2+ (0.74 Å)/Mg2+ (0.57 Å)
and Zn2+ (0.60 Å) lead to a lattice distortion which in turn
increases the resistivity of the films [13,14]. The decrease of
grain size (i.e increase of grain boundaries) upon the increase
of dopant concentration observed from the AFM analysis also
acknowledges our Hall results.

3.4. UV–vis–NIR analysis: (Band gap engineering)

The analysis of optical absorption spectra is one of the most
productive tools for understanding the energy band gap (Eg) of
crystalline materials. Reflectance spectra were recorded using



Fig. 2. AFM images of (a) pure ZnO, (b) 3 mol% Cd doped ZnO (3 mol% Zno:Cd) and (c) 3 mol% Mg doped ZnO thin films (3 mol% Zno:Mg).

Table 3
Electrical properties of Cd and Mg doped ZnO thin films.

Dopants
(mol%)

Cd doping Mg doping

Electron
conc.
(cm�3)

Resistivity
(Ωcm)

Mobility
(cm2/V s)

Electron
conc.
(cm�3)

Resistivity
(Ωcm)

Mobility
(cm2/V s)

0 5.37� 1016 2 58.19 5.37� 1016 2 58.19
3 6.17� 1016 5 20.26 5.87� 1016 4 26.62
10 4.57� 1016 20 6.84 4.77� 1016 26 5.04
20 4.15� 1016 67 2.25 4.07� 1016 55 2.79
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UV–vis–NIR spectrometer to obtain the optical band gap from
Tauc's plot. The optical energy gap, Eg was calculated by
assuming a direct transition between the edges of valence and
conduction bands. The variation of the absorption coefficient,
α, with photon energy, hν is given by the following equation:

ðαhνÞ2 ¼ Cðhν�EgÞ ð1Þ
where ‘α’ is the absorption coefficient, ‘C’ is constant, ‘h’ is
Planck's constant, ‘ν’ is photon frequency and ‘Eg’ is the
optical band gap [15]. Fig. 3 shows the Tauc's plot of Cd and
Mg doped ZnO thin films. By extrapolating the linear region of
the (αhν)2 versus (hν) plot on the x-axis, gives the value of the
optical band gap, Eg. It is seen that band gap gradually
decreases from 3.35 to 2.74 eV (red shift) with the increase
of Cd concentration while it increases from 3.35 to 3.94 eV
(blue shift) with increasing Mg concentration.
Generally, the red and blue shift observed in semiconductors
like ZnO, can be explained by Burstein–Moss (BM) effect, i.e.
the intentionally doped elements lead to increase or decrease of
electrons in the conduction band causes a shift in Fermi level that
leads to change in the band gap energy. However, as discussed
earlier in the electrical studies, the substitution of Mg2+ and Cd2+

in the Zn2+ sites do not offer any free carriers. Hence, it is
presumed that the change (increase/decrease) in the band gap
does not associate with the BM effect and related to other factors.
The reason for this red shift/blue shift has been explained as

follows; In the case of Cd alloyed ZnO, as the band gap of CdO
(Eg¼2.34 eV) is lower than ZnO (Eg¼3.36 eV), the increase of
Cd concentration decreases the band gap. This behavior can be
further understood by the fact that the bottom of the conduction
band consists of Zn-4s and O-2p states in which Zn-4s states
are dominant. With increasing Cd alloying concentrations, the
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contribution of Cd-5s states at the bottom of the conduction band
becomes stronger which has lower energy than Zn-4s states and
hence leads to the lowering of conduction band or band gap
narrowing [10,15]. In contrast, in the case of Mg alloyed ZnO, as
MgO has higher band gap energy (7.80 eV) than ZnO (3.36 eV),
the increase in the Mg incorporation gradually increases the band
gap. As Mg2+ incorporation increases, the contribution of Mg-3s
state becomes dominant at the bottom of the conduction band.
Since, the Mg-3s states have higher energy than that of Zn-4s state,
Fig. 3. Tauc's plot of (a) Cd doped ZnO thin films (b) Mg doped ZnO
thin films.

Table 4
Band gap and refractive index of Cd and Mg doped ZnO thin film

Dopants (mol%) Cd doping

Band gap
(eV)

Refractive ind
n

0 3.35 2.31
3 3.25 2.33
10 3.03 2.38
20 2.74 2.47
the increase of Mg incorporation (Mg-3s states) broadens the
optical band gap by heightening the bottom of the conduction
band [14].
The band gap (Eg) of alloyed semiconductors (A1�xBxC)

usually deviates from Vegard's linear law [16]. The deviation in
the band gap can be described by a modified Vegard's model as,

Eg; A1�xBxCðxÞ ¼ xEg; BC þ ð1�xÞEg;AC�bxð1�xÞ ð2Þ
where b is optical bowing coefficient and it is vary for different
alloyed systems [17]. Following this, the band gap of ternary
Zn1�xCdxO and Zn1�xMgxO alloys can be depicted as a function
of the Cd/Mg composition (x) by the following formulae:

Eg; Zn1�xCdxOðxÞ ¼ xEg; CdO þ ð1�xÞEg;ZnO�bxð1�xÞ ð3Þ

Eg; Zn1�xMgxOðxÞ ¼ xEg; MgO þ ð1�xÞEg;ZnO�bxð1�xÞ ð4Þ
where Eg,CdO is the band gap energy of CdO (2.3 eV), Eg,MgO is
the band gap energy of MgO (7.8 eV) and Eg,ZnO is the band gap
energy of ZnO (3.36 eV). By substituting our experimental band
gap value and corresponding concentration (x) in Eqs. (3) and (4)
separately, it is possible to deduce the bowing coefficient ‘b’ for
the CZO and MZO systems. It has been estimated as 2.59 eV for
Zn1�xCdxO films and 1.9 eV for Zn1�xMgxO. The bowing
parameter is usually deemed to come from three sources, namely,
volume deformation, chemical electro negativity difference and
internal structural relaxation [18].
Refractive index of the films was calculated using the

following equation [19]:

½ðn2�1Þ=ðn2 þ 2Þ� ¼ 1�ðEg=20Þ1=2 ð5Þ
Table 4 shows the variation of band gap and refractive index

with respect to dopant concentration. Normally, refractive
index depends on the atomic density and atomic masses
[20]. It is seen that refractive index of Cd doped films increases
with the increase of Cd concentration due to the incorporation
of heavier element, Cd (than Zn) in the ZnO matrix.
Conversely, the decrease of refractive index with the increase
of Mg concentration well agrees with the substitution of lighter
element (Mg) in the ZnO matrix.

3.5. Photoluminescence analysis

The optical property of the films was studied by the
photoluminescence spectrometer (Perkin Elmer LS 55). Fig. 4
shows the PL spectra of CZO and MZO films. As expected,
s.

Mg doping

ex, Band gap
(eV)

Refractive index,
n

3.35 2.31
3.44 2.28
3.63 2.24
3.94 2.18



Fig. 4. PL spectra of (a) Cd doped ZnO thin films (b) Mg doped ZnO thin films.

Fig. 5. EDS spectra of (a) Cd doped ZnO thin films (b) Mg doped ZnO thin films.
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near-band-edge (NBE) emission has been observed with deep
level emissions. These deep levels have been attributed to
oxygen vacancies (VO), interstitial oxygen (Oi), antisite oxygen
(OZn), zinc vacancy (VZn) and zinc interstitials (Zni) [12]. The
blue band (BB) is due to the exciton recombination between the
electron localized at the zinc interstitials (Zni) and the holes in
the valence band [13]. Green band (GB) is attributed to singly
ionized oxygen vacancies (VO) and zinc interstitials (Zni)
[21,22]. The yellow band (YB) is due to oxygen interstitials
(Oi) [21].

It is worthy to note that red shift in NBE emission was
observed for CZO while the blue shift for MZO films with the
increase of Cd and Mg concentration, respectively. The
increase of Cd leads to lowering the conduction band that
causes a decrease in the band gap. Thus, the excitation energy
for the transition of electrons from the valence band to
conduction band becomes small, i.e. the radiative recombina-
tion of these excitons may lead to the observed red shift [9].
Similarly, the blue shift due to increase of Mg alloying leads
to heightening the bottom of the conduction band that
causes the increase of band gap. Hence, the excitation energy
for the transition of electrons becomes high and thus leads to
blue shift in NBE. The red and blue shifts upon incorporation
of Cd and Mg have been also explained in UV–vis–NIR
analysis.

The small difference between NBE emission observed from
PL and optical band gap observed from Tauc's plot is quite
common in alloy semiconductors due to Stokes shift [18,23].
Nevertheless, the observed red and blue shift with the increase of
Cd and Mg concentration is well agreed with the modulation of
the band gap observed from UV–vis–NIR spectroscopy.

3.6. EDS analysis

In order to confirm the presence of the dopants, CZO and
MZO films were subjected to EDS analysis. The EDS spectra
shown in Fig. 5(a) and (b) confirms the presence of Cd in CZO
and Mg in MZO films, respectively. The compositions of the
elements were shown in the insets. It is seen that Cd and Mg
concentration in the films have been increases with the
increase of their respective doping concentration. It is also
noted that concentration of Zn decreases as the doping
concentration increases which very well support the substitu-
tion of dopants in Zn site. Thus, the EDS result is well
acknowledged by our PL and UV–vis–NIR analysis.

4. Conclusion

The band gap engineering in Cd and Mg doped ZnO system
has been studied. The films of different concentration were
grown on the Si (100) substrate by R.F. magnetron sputtering.
The band gap of ZnO (3.35 eV) was tuned to 2.74 eV to
3.94 eV upon Cd and Mg doping. This band gap tuning was
well acknowledged by the shift of (002) peak in XRD, NBE
shift in PL, decrease of grain size from AFM, variation of
resistivity and mobility by Hall measurements and increase of
doping concentration in EDS analysis. The tuning of optical
band gap of Zn1–x(Mg,Cd)xO films between 2.74 and 3.94 eV
is not only promising for light emitting over a broad spectrum
but can be used as a suitable barrier layer/well layer in ZnO
based superlattices.
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