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aracterization of Mg-doped ZnO
thin-films electrochemically grown on FTO
substrates for optoelectronic applications

R. Kara, ab L. Mentar a and A. Azizi *a

Mg-doped ZnO (MZO) thin films were successfully fabricated on fluorine-doped tin-oxide (FTO)-coated

glass substrates by an electrochemical deposition method using aqueous electrolytes of 80 mM

Zn(NO3)2 with different concentrations of Mg(NO3)2. The effects of Mg doping concentration on the

electronic, microstructural, morphological, optical and electrical properties of the prepared films were

investigated. The results of the Mott–Schottky (M–S) analysis revealed that the charge carrier density of

n-type MZO films increases considerably when increasing the amount of Mg. As Mg concentration

increased the Fermi level energy was also found to be increased by inclusion of Mg doping, which was

confirmed by negative shifting of the flat band potential. XRD analysis showed that both undoped and

Mg-doped ZnO thin films have a polycrystalline nature and hexagonal wurtzite structure with preferential

orientation along the (002) axis. It is evident that the intensity of the (002) peak decreased with

increasing Mg concentration. From scanning electron microscopy (SEM) analysis, it was found that when

the amount of Mg concentration was increased in the solution, a decrease in the size of the grains was

observed. The optical transmittance was found to be very high (�85%) in the visible region of the solar

spectrum. When the Mg content in the ZnO system was increased, a blue shifting of the absorption edge

of the films was observed. The result of I–V measurements showed that the Mg doping was found to

lead to an enhancement of the electrical properties of MZO thin films and the design of high-

performance transparent conductive oxide (TCO) material.
1. Introduction

In recent years, transparent conductive oxide (TCO) based thin
lms have been studied extensively due to their unique prop-
erties and for potential applications in optoelectronic devices
such as high light-emitting diodes, electronic paper displays,
liquid crystal displays, touch panels, plasma displays, and thin-
lm solar cells.1 Indium tin oxide (ITO) is typically used as
a TCO material owing to its low resistivity of about 1 � 10�4

U cm and high optical transmittance (�90%) in the visible
wavelength range, 400–800 nm.2 However, concerns over
limited indium (In) resources have recently resulted in
increasedmanufacturing costs. Low-cost and high-performance
TCO thin lms are thus essential and more desirable as the
substituent in novel optoelectronic devices. In recent years,
a considerable amount of research has been conducted inves-
tigating the substitution of TCO material for ITO thin lms.3,4

Among many kinds of TCO lms, zinc oxide (ZnO) has drawn
culaire et Nanostructures, Faculté des
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, Université Abbés Laghrour-Khenchela,

f Chemistry 2020
considerable interest and is a promising alternative to the
commonly used ITO because of its intrinsic physical and optical
properties, easy doping characteristics and potential values for
optoelectronic applications due to its non-toxicity, abundance,
and low-cost.5,6 ZnO is an n-type II–VI semiconducting
compound with a wide direct bandgap of approximately 3.3 eV
and a large excitonic binding energy of 60 meV. Hall mobility in
ZnO single crystal is on the order of 200 cm2 V�1 s�1 at room
temperature. What is more, this TCO lm is easy to implement
doping due to its low epitaxial growth temperature. Recently,
several researchers have paid tremendous attention to doping
of a wide range of elements (Mg, Fe, Ni, Ag, Mn, Cu, Al, Ga etc.)
in ZnO.7–10 The selection of the dopant element is aimed to
improve the properties of ZnO thin lms for a particular prac-
tical application. Magnesium is an appealing doping element
among the above mentioned elements, because the ionic radius
of Mg2+ (0.057 nm) is close with Zn2+ (0.06 nm) in ZnO lms,
and MgO has a larger bandgap (7.7 eV) than that of ZnO
material,7,11 which means that the replacement of zinc by
magnesium will not induce signicant lattice distortion, and
the optical bandgap energy of MZO lms can be nely modu-
lated from 3.4 (ZnO bandgap energy) to 7.8 eV (MgO bandgap
energy), depending on the doping composition.11 Mg-doped
ZnO (MZO) is generally formed when Zn2+ in ZnO is partially
RSC Adv., 2020, 10, 40467–40479 | 40467
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View Article Online
replaced by Mg2+, and the similar radii of Mg and Zn ions avoid
the formation of high-density defects resulting from the stress
mismatch. In addition, the phase diagram of MgO–ZnO indi-
cates the solubility of MgO in ZnO is less than 4% in bulk and in
thin lms and the solubility can be as high as 33%.12 Therefore,
doping ZnO with magnesium form another attractive material
of MZO seems even more interesting TCO lm for optoelec-
tronic and displays device applications.13,14

In recent years, an increasing number of studies have
focused on the growth and properties of the ZnO and MZO thin
lms fabricated by various techniques. Fabrication of MZO lm
for optoelectronic applications is generally done through vapor
phase deposition with or without catalysts. Various methods
that have been used to prepare ZnO and MZO lms are
molecular beam epitaxy, pulsed laser deposition, vapor liquid
solid phase growth, metal–organic vapor phase epitaxial
(MOVPE), hydrothermal and sol–gel growth. Huang et al.15

studied the structural and optical properties of MZO thin lms
deposited by sol–gel method. They reported that a secondary
phase of MgO can be evolved with a ratio of Mg : Zn ¼ 0 : 08,
and the bandgap energy of ZnO increase with increasing Mg
concentration. Gruber et al.16 investigated the properties of
MZO epilayers and ZnO–MZO quantum well structures grown
by MOVPE. An increase in the optical bandgap energy of 200
meV with 10% Mg doping composition was achieved.16 Arshad
et al.17 synthesized the MZO thin lms by a wet chemical route.
They reported that the Mg doping inhibited the growth of
particle size, increased the optical gap and enhanced the visible
photoluminescence (PL) emission. In addition, Chiu et al.18

improved the energy bandgap of MZO aer post-annealing at
700 �C and showed good device characteristics with mobility of
1.32 cm2 V�1 s�1 and on/off ratio of 2.65 � 104. Moreover,
Karthick et al.19 demonstrated in their study on the inuence of
Mg doping on the functional properties of ZnO thin lms
prepared by sputtering that the blue shi in the PL emission for
MZO thin lms might be the reason of the modulation of
bandgap with suppression of defect center by the inclusion of
Mg doping. They also reported that a signicant change in
surface morphology of the lms was observed withMg doping.19

In an another study, Mia et al.20 demonstrated in their work on
the fabrication of MZO thin lms by using sol–gel spin coating
technique that the sharp absorption edge of ZnO exhibited blue-
shis and the crystallite size increased with the increase of Mg
doping content. Unpredictably, only a few papers are reported
on the fabrication of MZO by electrodeposition method.
Because of its less time consumption, high efficiency, high
yield, and economy, electrodeposition is particularly attractive
technique for thin lms fabrication in various applications.
Electrochemical deposition method is the most effective since it
is capable to perform doping incorporation and control the
electrical and optical properties of lms by monitoring and
adjusting the deposition conditions as well as the different ion
proportions in the electrolyte solutions.21–23 Aer adjusting
these parameters, high-quality undoped and Mg-doped ZnO
thin lms were successfully deposited on uorine-doped tin
oxide (FTO) substrate by the ECD technique. The inuence of
doping with Mg on the electrochemical, structural, optical,
40468 | RSC Adv., 2020, 10, 40467–40479
morphological and electrical properties of the electrodeposited
thin lms systematically investigated, and the obtained results
are discussed in detail in this report.

2. Materials and methods

The electrodeposition of Mg-doped ZnO (MZO) thin lms was
performed in an electrochemical cell with three-electrode con-
taining saturated calomel electrode (SCE, +0.241 V vs. standard
hydrogen electrode, NHE) as reference electrode, platinum (Pt)
wire as a counter electrode, and uorine-doped tin oxide glass
substrate (FTO) as a working electrode with a resistivity of 70–90
U sq�1 and an exposed area of 1� 2 cm2. Prior to any deposition
step, the FTO glass substrates were rinsed with distilled water
and then degreased in ultrasonic baths with acetone (CH3-
COCH3) and methanol (CH3OH) for 15 min to remove the
surfaces contamination and nally rinsed with distilled water.
The deposition of Mg-doped ZnO thin lms was carried out
potentiostatically at �1.30 V vs. SCE, directly on pre-cleaned
FTO glass substrate, by using a computer-controlled
potentiostat/galvanostat (VoltaLab-PGZ-301) as a potential
source. The growth electrolytes used for preparing MZO thin
lms contained 80 mM zinc nitrate Zn(NO3)2 and different
amounts of magnesium nitrate Mg(NO3)2 as dopants source.
The Mg dopants content percentages (x at%) in MZO thin lms
were estimated at 1, 2, 3, 4 and 5% of Mg for 0.8, 1.6, 2.4, 3.2 and
4 mM Mg(NO3)2, respectively. The electrolyte temperature was
kept constant at 70 �C using a controlled temperature water
bath. No stirring was carried out during the experiments. The
depositions were performed under computer control by chro-
nocoulometric technique which involves the measurement of
the charge quantity (Q) collected at the working electrode vs.
time response following an applied potential step. The nominal
thickness of the deposited lms (d) was estimated from the
charge quantity (Q) according to Faraday's formula. Each lm
was deposited by passing 0.53 C cm�2, resulting in a lm
thickness of about 0.4 mm. This value was checked by a prol-
ometry measurement using a stylus prolometer (Tencor alpha
step D500) and found to be of approximately 0.3 mm. Here, it is
important to note that the thickness of MZO thin lms was
found to be independent of the Mg doping level. However, the
electrodeposition duration of MZO layers was decreased with
the increase of the Mg doping content as indicated in the
chronocoulometry curves (note shown here). This result reveals
that the deposition of Mg-doped ZnO layers was faster and
easier with the inclusion of Mg doping. The observed deviation
of the measured thicknesses values and the theoretical estimate
is due to the assumption that all the electronic charges owing
through electrolytic cell contribute in the deposition of MZO
thin lms. The assumption did not consider the electronic
charges associated with the electrolysis of water into its
constituent ions. Aer deposition, the MZO thin lms were
rinsed systematically with distilled water and then air-dried.

The prepared lms were characterized by Philips X'Pert PRO
X-ray diffractometer with monochromated CuKa1 (l ¼ 1.54 nm)
wavelength to get the structural insights in q/2q scan mode.
Using scanning electron microscope (SEM, Joel JSM-7001F) and
This journal is © The Royal Society of Chemistry 2020
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atomic force microscope (AFM, MFP-3D Asylum Research) the
observation of the surface and the morphology images were
obtained. The optical properties were evaluated at room
temperature with a UV-Shimadzu 2600/2700 spectrophotom-
eter. The background contribution of FTO glass substrates to
the absorption spectra was eliminated. The voltammetry
measurements were performed by a computer controlled Vol-
taLab 40-PGZ-301 potentiostat/galvanostat connected to a stan-
dard three-electrode system. Semiconducting properties were
investigated at room temperature through Mott–Schottky (M–S)
measurements by employed a frequency of 200 Hz in 1 M
NaNO3 solution. The current–voltage (I–V) characteristics of the
deposited samples were evaluated at ambient temperature in
both forward and reverse bias conditions.
3. Results and discussion

The growth mechanism of the electrodeposited ZnO lms from
nitrates baths can be simply described by the eqn (1) and (2).
During the deposition process, nitrate ions (NO3

�) were
reduced to nitrite ions (NO2

�) according to eqn (1) in the
presence of Zn2+ ions, which adsorbed on the surface of the
working electrode. Consequently, excess hydroxyl ions (OH�)
were produced, giving rise to increasing the local pH value of
the deposition electrolyte of ZnO. This, in turn, should facilitate
the precipitation of zinc ions (Zn2+) as zinc hydroxide Zn(OH)2.
The generated metal hydroxide were dehydrated spontaneously
into zinc oxide as described in eqn (2) at suitable temperature
baths with high pH value.21–23
Fig. 1 (a) Cyclic sweep voltammetry plots (CSV, cathodic) recorded
concentrations. The applied voltage was swept from 0 to �1.5 V vs. SCE
process of MZO from Zn(NO3)2 and Mg(NO3)2 bath involving the catalyt

This journal is © The Royal Society of Chemistry 2020
NO3(aq)
� + H2O(l) + 2e� / NO2(aq)

� + 2OH(aq)
�

(E� ¼ 0.244 VNHE) (1)

2OH(aq)
� + Zn(aq)

2+ / Zn(OH)2(s) / ZnO(s) + H2O(l) (2)

In order to inspect the effect of Mg doping in the electro-
chemical behavior of the electrodeposition mechanism of ZnO,
the voltammetric measurements were carried out. Fig. 1a
showed typical cyclic sweep voltammetry (CSV, cathodic) curves
recorded at 70 �C in the potential range of 0 to �1.5 V vs. SCE
onto FTO substrate immersed in the growth solutions of MZO
lms. The scan rate was maintained at 50 mV s�1 and the
resulted current was monitored. It can be seen that all the CV
scans reveal the same appearance where an obvious cathodic
current starts to ow near �0.70 V vs. SCE was noted. This
current ow was assigned to the electrochemical reducing
process of nitrate ions (NO3

�). As the applied potential was
increased during the cathodic sweep, the current ow showed
a tendency to increase, revealing the increase of the reduction
rate of nitrate ions, which in turn leads to an equivalent
increase in the growth rate of ZnO on the basis of the reactions
described in eqn (1) and (2). The increased cathodic current
ow with the increase of the applied potential was even more
pronounced when the magnesium nitrates Mg(NO3)2 were
added to the growth electrolyte of ZnO. This was believed to be
attributed to the ion migration ability improvement and the
hydroxyl ions (OH�) production near the surface of the
substrate, both of which are in favor of the formation of
ZnO.21–24 The CV data revealed also that the onset of a cathodic
current occurred at more positive potentials in the Mg
at 70 �C for FTO substrate immersed in the electrolytes with Mg
with a scan rate of 50 mV s�1. (b) Illustration of the electrodeposition
ic reduction of nitrates by adsorbed Y2+ ions (Y ¼ Mg, Zn).

RSC Adv., 2020, 10, 40467–40479 | 40469
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containing electrolytes. Such behavior is very similar to the
Langmuir type adsorption observed in the catalytic role of Zn2+

ions in nitrates reduction by Yoshida et al.25 The CV analysis
provided, thus, strong evidence that Mg2+ is analogous to Zn2+

and other metallic cations adsorbing onto the electrode surface
and acting as a catalyst for the reduction of nitrates ions in
aqueous solutions as shown in Fig. 1b. This is expected to
maintain uniform growth of MZO thin lms at the very large
current density created by high Mg concentrations. These
ndings conrmed that the deposition process of the ZnO is
faster and easier with the contribution of Mg doping.

The impedance analysis was performed over a scanned range
of applied biases voltage to enable the Mott–Schottky (M–S)
measurements, based on examining the semiconductor electrode/
solution contacts and determining the capacitance of the space
charge region (Csc) under depletion condition as a function of the
electrode biases. In fact, the semiconductor material/electrolyte
interface can be treated as two layers: the space charge layer
and double layer, which in turn includes the Gouy and the
Helmholtz layer.26 Both of these layers contribute to the total
capacitance of the semiconductor material/electrolyte interface,
but as the capacitance of the double layer is far greater than that
of the capacitance of the space charge layer, its contribution is
conventionally neglected. Thus, the total capacitance value found
by impedance analysis is presumed to be the value of the space
charge capacitance (CT � Csc). The Mott–Schottky measurements
are based on the apparent capacitance (approximated the capac-
itance of the space charge region) dependence of the applied
biases across the semiconductor electrode/electrolyte interface as
describing the following equation:27

1

CSC
2
¼ B

2

330eA2N

��
E � Efb

�� kT

e

�
(3)

where, Csc stands for the capacitance of the space charge layer, e
is the elementary charge value (e ¼ 1.6 � 10�19 C), N represents
the charge carrier density (electron donor density for n-type
semiconductor or hole acceptor density for a p-type semi-
conductor), 30 is the vacuum permittivity (30 ¼ 8.86 � 10�12 F
m�1), 3 the dielectric constant of the semiconductor (3 is 8.5 for
ZnO28), E and E denote the applied and the at band potential,
respectively; k is the Boltzmann's constant (1.38 10�23 J K�1), T
is the absolute temperature (T ¼ 298 K), A is the exposed elec-
trode area (1 cm2). B equals +1 and �1 for n-type and p-type
semiconductors, respectively. Doping types of semiconductor
materials can be deduced from the slope of the straight line of
M–S plots (C�2 vs. E), where, the positive slope is for n-type
doping while the negative slope is for p-type doping.29 The
potential at which the straight lines of M–S plots intersect the
applied potential axis (innite capacitance, i.e., C�2 ¼ 0) yields
the at band potential (E) and the gradients give the charges
carrier density as represented in eqn (4).

N ¼ (2/A2e330)[d(1/C
2)/dV]�1 (4)

Fig. 2a shows M–S plots (C�2 vs. E) obtained for MZO thin
lms with Mg at different concentrations. The corresponding
tting results are given in Table 1. The negative slope observed
40470 | RSC Adv., 2020, 10, 40467–40479
in Fig. 2a indicated that all the MZO lms possessed n-type
characteristics. The donor carrier density (ND) of the Mg-free-
ZnO thin lm was estimated to be 1.228 � 0.657 �1020 cm�3.
This value is higher about one order of magnitude than the
values commonly reported in the literature for regular electro-
deposited n-type ZnO thin lms (�1019 cm�3).30,31 Our electro-
deposition condition, therefore, appears to produce ZnO thin
lms that are intrinsically heavily doped (e.g. oxygen vacancies
or zinc interstitial defects). Furthermore, the ND values were
increased from 2.763 � 0.259�1020 to 7.242 � 0.566�1020 cm�3

as the Mg dopants content were increased within the MZO thin
lms from 1 to 5%, respectively. A similar trend was observed for
Mg-doped ZnO thin lms in previously published studies.32,33 The
sevenfold increase of the charges carrier density of MZO samples
was believed to be due to the incorporation of Mg into the ZnO
structure by substituting Zn atoms. In fact, the incorporation of
Mg ions in ZnO lattice has been discussed extensively by
employing a variety of experimental and numerical approaches,
that have common outputs as a result of the substitutional
replacement of Zn ions with Mg ions in ZnO host lattice.32,34 First-
principles calculations performed by Dutta et al.35 have demon-
strated that the magnesium energetically favors to substitute zinc
atoms rather than locating at interstitial tetrahedral or octahedral
sites in the ZnO wurtzite structure. The authors have pointed out
that the substitution of Mg for Zn into ZnO signicantly reduces
the formation energy of oxygen vacancies (VO) and interstitials
zinc (Zni) defects which are well known as electron donors for
zinc-oxide based material. Our results are consistent with the
numerical predictions; since the donor carrier density (ND) was
found to increase with the increase of Mg doping. From the M–S
plots, the at band potential (E) of the Mg-free-ZnO layer was
estimated to be �0.342 V vs. NHE. This value was increased
approximately�0.411 V vs. NHE with the inclusion of Mg doping,
as listed in Table 1. These results are in agreement with the
ndings of Kang et al.30 and Aragonès et al.31 for electrodeposited
doped ZnO lms. The fact that the E of Mg-doped ZnO layers is
more negative than that of undoped one and agrees well with the
increase in the charges carrier density (Fig. 2b). The increase in
the carrier density results in a higher surface barrier at the
semiconductor/electrolyte interface and thus in larger at band
potential. It is important to mention that the measured E values
are cathodic in comparison to other reported values, even without
Mg doping. This result can be explained by the increase of the
capacitance of ZnO thin lms as well as an improved coverage
area of the FTO substrate.

Since the at band potentials (E) of the electrodeposited
MZO thin lms are known, the Fermi level energies (EF) can be
calculated using the eqn (5) and (6):36

EF (in eV vs. vacuum) ¼ �Efb (in V vs. NHE) + VH

(in V) � 4.5 (5)

VH (in V) ¼ 0.0592 (PZZP � pH) (6)

where, VH, PZZP, and pH are the Helmholtz layer potential drop,
the point of zero zeta potential, and the pH of the working
electrolyte used for the M–S measurements, respectively. The
This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Mott–Schottky plots for ZnO thin films doped and undoped with Mg: (a) 0, (b) 0.8, (c) 1.6, (d) 2.4, (e) 3.3, and (f) 4 mM measured in
Na2SO4 (1 M; pH 6) electrolyte at 200 Hz. The measurements were achieved with a voltage sweep of 1 V vs. SCE with increment of 0.025 V. (b)
Dependence of charges carrier density (ND) and flat band potential (Efb) of MZO thin films with Mg content.
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calculated Fermi level energy values were found to be increased
from �4.050 for undoped ZnO lm to �4.026 and �3.982 eV vs.
vacuum as the Mg doping content was increased from 1% to 5%
within the Mg-doped ZnO thin lms, respectively. The fact that
the EF has moved closer to the vacuum level by ca. 0.06 eV with
the inclusion of the Mg doping approach provides direct
evidence to support the fact that Mg impurities act as electron
donors and induce an increase in the donor carrier densities of
the electrodeposited MZO thin lms. Similar behavior has also
been reported by Kang et al.30 for n-type doped ZnO thin lms.

Fig. 3a shows the XRD patterns measured in q/2q scan mode
for undoped and Mg-doped ZnO thin lms deposited on FTO
substrate for various doping concentrations. The diffraction
peaks labeled with asterisks (*) stemmed from the FTO
substrate. Notably, the sharp narrow XRD peaks indicated the
excellent crystalline characteristics of the deposited MZO lms.
The absence of other additional peaks related to impurities
phases such as metallic Zn, Mg, or Mg2O3 conrmed the purity
Table 1 The carrier density, NA, the flat band potential, Efb, and Fermi
level energy, EF, of the electrodeposited undoped and Mg-doped ZnO
thin films

Sample ND � 1020 (cm�3) E (V vs. NHE) EF (eV vs. vacuum)

MZO0 1.228 � 0.657 �0.342 �4.050
MZO1 2.763 � 0.259 �0.367 �4.026
MZO2 3.649 � 0.594 �0.378 �4.015
MZO3 4.736 � 0.376 �0.387 �4.006
MZO4 6.135 � 0.306 �0.399 �3.994
MZO5 7.242 � 0.566 �0.411 �3.982

This journal is © The Royal Society of Chemistry 2020
of the prepared samples and proved the successful incorpora-
tion of magnesium (Mg) as impurity dopants into regular sites
in the ZnO host structures. As can be seen from Fig. 3a, the XRD
patterns of ZnO phases showed polycrystalline hexagonal
wurtzite crystal structure having (100), (002), (101), (102) and
(103) orientations (JCPDS card no. 00-036-1451). The predomi-
nant peak of (002) crystalline planes indicated the preferential
growth of electrodeposited ZnO thin lms through the c-axis
direction, perpendicular to the substrate. The XRD data indi-
cated also that the (002) peaks of MZO lms was declined as Mg
concentration increased concurrently with the broadening of
the full-width-half-maximum (FWHM), caused a slender loss in
the lms crystallinity.23 In addition, very accurate inferences
indicated a shi in (002) peak position of XRD spectra of MZO
thin lms towards higher 2q angles with the increase of Mg
doping content as can be seen in Fig. 3b. This could likely be
attributed to the development of strain in the c-axis orientation
on the account of Mg incorporation into the ZnO environment.
A similar tendency was observed for other Mg-doped ZnO thin
lms in previously published studies.37,38 The obtained results
conrm that the basic structure of ZnO was unaltered with the
contribution of the Mg doping and their original hexagonal
wurtzite structure was retained.

The strain can be estimated as 3¼ [clm � cbulk/cbulk] in the c-
axis direction, i.e., perpendicular to the substrate was
measured by XRD.39 Where clm and cbulk are the c-axis lattice
constant of the MZO thin lm and free-strain ZnO bulk
crystal, respectively. To derive the lm stress (slm) value, the
following expression was used, which is valid for the hexag-
onal wurtzite structure:39
RSC Adv., 2020, 10, 40467–40479 | 40471
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Fig. 3 (a) X-ray diffraction patterns of MZO thin films for various Mg concentrations: (a) 0, (b) 0.8, (c) 1.6, (d) 2.4, (e) 3.3, and (f) 4 mM. The XRD
peaks of the FTO substrate are marked by asterisks. (b) Mg doping content dependent angular position and full-width-half-maximum (FWHM) of
(002) peaks variation in MZO structures.
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sfilm ¼ �2c11
2 � c33ðc11 þ c12Þ

2c13
� cfilm � cbulk

cbulk
(7)

where cij is the elastic constants of single-crystalline ZnO; c11 ¼
208.8, c33 ¼ 213.8, c12 ¼ 119.7, c13 ¼ 104.2 Gpa. This yields the
following numerical formula for the stress derived from XRD:
slm ¼ �2333 (Gpa). The calculated data were listed in Table 2.
The negative sign in biaxial stress (s) values indicated that all
the MZO lms were in a state of compressive stress. The
calculated s values showed a tendency to decrease by increasing
the Mg dopant content. The decrement of compressive stress
correlates well with the decreasing tendency of the strain values
as shown in Table 2. This is evident and reported earlier also in
the literature for Mg doped ZnO lms owing to the difference in
ionic radius and their doping content as well.40

The crystallites size, the dislocation density and the crystal-
lites number per unit volume of the crystal were calculated
using the following equations:41,42

D ¼ kl

b cos q
(8)
Table 2 Displays effect of the Mg doping concentration on microstruct

Samples 3 s (GPa)

MZO0 �1.152 � 10�3 �0.268
MZO1 �1.728 � 10�3 �0.402
MZO2 �2.112 � 10�3 �0.492
MZO3 �2.689 � 10�3 �0.626
MZO4 �3.073 � 10�3 �0.716
MZO5 �3.457 � 10�3 �0.805

40472 | RSC Adv., 2020, 10, 40467–40479
d ¼ 1

D2
(9)

N ¼ d

D3
(10)

where D is the average crystallites size (nm), k is shape factor (k
¼ 0.89), l is the wavelength of the incident radiation used,
b represents the full-width-half-maximum (FWHM) value of the
XRD peak (rad), q is the Bragg diffraction angle (rad), d is the
dislocation density, N denotes the number of crystallites per
unit volume and d is the lms thickness. The estimated values
are summarized in Table 2. The calculated results showed that
the crystallites size values were gradually decreased with
increasing Mg dopant content within MZO lms from 0 to
4 mM. This fact is well supported by the observed decreasing
tendency of FWHM discussed before. Such behavior was
believed to be attributed to the increase in deposition rate with
the increase of the Mg doping. The crystallites size can be
controlled simply by varying the concentration dopant. Effec-
tively, a higher dopant level generates a greater amount of
ural properties of ZnO thin films as estimated from XRD results

D (nm) d (line per nm) N (nm�2)

92.952 1.157 � 10�4 3.375 � 10�4

87.684 1.300 � 10�4 4.450 � 10�4

82.111 1.483 � 10�4 5.419 � 10�4

78.517 1.622 � 10�4 6.197 � 10�4

77.031 1.685 � 10�4 6.563 � 10�4

73.053 1.873 � 10�4 7.964 � 10�4

This journal is © The Royal Society of Chemistry 2020
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nucleation centers along with lattice defects, and induces,
therefore, a reduction of the crystallite size of the prepared thin
lms. Results indicated also the increase of the dislocation
density with the increase of Mg doping, which reveals the
increase of lattice defects along the grain boundaries in MZO
thin lms. The fact that the N exhibited an increasing trend
with the increase of Mg doping was believed to be caused by the
increase of the nucleation density and growth rate of MZO thin
lms with the contribution of Mg doping. This argument tted
well the results obtained from the voltammetry analysis
(Fig. 1a).

The inuence of the Mg doping on the morphological
features of the electrodeposited MZO thin lms was further
examined by scanning electron microscopy (SEM) and atomic
force microscopy (AFM). Fig. 4a–f illustrated typical plane-view
SEM micrographs of MZO thin lms coated FTO substrate
with Mg at different concentrations. It is evident that the elec-
trodeposited lms exhibited uniformly distributed grains
covering the whole surface of the substrate with hexagonal
features. This suggested the preferential growth of the MZO
layers along the [0001] c-axis direction, perpendicular to the
substrate. No obvious defects, such as cracks and empty-holes
Fig. 4 FE-SEM images of ZnO thin films doped and undoped with Mg:

This journal is © The Royal Society of Chemistry 2020
were observed on the surface of the lms, revealing the high
quality of our electrodeposited samples. Notably, by the inclusion
of themagnesiumdoping,more compact, at and smoother lms
were obtained. Fig. 5 shows a sequence of tapping mode AFM
images with a scan area of 10 mm � 10 mm for the electro-
deposited MZO thin lms onto FTO substrate obtained at
different Mg doping concentrations. The root mean square (RMS)
of the average surface roughness of the samples dened as the
standard deviation of the surface height prole from the mean
height was shown in the inset of Fig. 5. As can be seen from the
AFM images, the surface of the MZO thin lms displayed a gran-
ular nature with a decrease in grains size at high Mg doping level.
These observations were conformed with the variation of the RMS
surface roughness which was decreased from 73.154 nm for
undoped ZnO lm to 65.484 and 21.221 nm for Mg-doped ZnO
lms with the increase of Mg doping content from 1 to 5%,
respectively. Such behavior revealed that Mg dopants might act as
surfactants. The presence of Mg in ZnO thin lms modies the
diffusion rate of zinc (Zn) and oxygen (O) at the surface substrate
during the deposition process. Similar observations have been
reported by Mass et al.43 for doped n-type ZnO thin lms. The
decrease in the RMS roughness brought in by Mg doping is worth
(a) 0, (b) 0.8, (c) 1.6, (d) 2.4, (e) 3.3, and (f) 4 mM.

RSC Adv., 2020, 10, 40467–40479 | 40473
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Fig. 5 Tapping mode 2D AFM images of MZO thin films for various Mg concentrations: (a) 0, (b) 0.8, (c) 1.6, (d) 2.4, (e) 3.3, and (f) 4 mM. The root
mean square (RMS) of average surface roughness was shown in the inset.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 4

/1
/2

02
6 

4:
18

:5
2 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
noting since it may increase the conducting paths and decrease
the electrical resistivity of MZO thin lms.

Fig. 6a shows the optical transmittance spectra in the range
of 200 to 800 nm for the MZO lms at different Mg concentra-
tions. The rst derivation of the optical transmittance (dT/dl) in
which the position of the maximum absorption peaks
corresponds to the absorption band edge was showed in
Fig. 6b. The undoped ZnO thin lm exhibited average optical
transparency of 70% in the visible spectral region. However,
for Mg-doped ZnO thin lms the average optical transparency
increases about a 15% compared to the undoped ZnO thin
lm. The transmittance spectra exhibited an inherent
absorption band edge at 372 nm for the undoped ZnO lm as
extracted from the inset of Fig. 6a. The increase of the optical
transmittance in the visible spectral range near to the band
edge for the Mg-doped ZnO sample suggests that the
40474 | RSC Adv., 2020, 10, 40467–40479
deposited Mg-free lm is slightly sub-stoichiometric.44,45 This
is in good agreement with a decrease of the {101} XRD
reections in the case of lms containing a high amount of
Mg dopants as illustrated in the XRD measurements. The
(101) diffraction peak has been found to appear in the case of
sub-stoichiometric lms as demonstrated by Horwat and
Billard.46 The high optical transparency brought in by the
contribution of the Mg doping approach probes the poten-
tiality of the fabricated Mg-doped ZnO thin lms to act as
efficient TCOs material.47 The transmittance spectra exhibi-
ted an inherent absorption band edge at 372 nm for the Mg-
free thin lm as extracted from the inset of Fig. 6a. The effect
of the contribution of the Mg doping on the absorption band
edge of the MZO lms resulted in a gradual shi towards
shorter wavelengths side. The absorption band edge was
shied from 370 to 362 eV as the Mg doping content within
This journal is © The Royal Society of Chemistry 2020
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Fig. 6 (a) Optical transmittance spectra of ZnO thin films doped and undoped with Mg: (a) 0, (b) 0.8, (c) 1.6, (d) 2.4, (e) 3.3, and (f) 4 mM. (b) The
first derivation of the optical transmittance (dT/dl) vs. wavelength (l). (c) Optical absorption spectra of MZO thin films for various Mg
concentrations.
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MZO lms was altered from 1 to 5%, respectively. This blue-
shi indicated the electronic structure bandgap engineering
of the MZO lms and further reaffirmed that Mg impurities
had incorporated into the ZnO host structure. Fig. 6c depic-
ted the UV-Vis absorption spectra of MZO thin lms depos-
ited at different Mg doping. From these gures, all the
samples showed a single shoulder onset reaffirming the
absence of secondary phases in the electrodeposited
samples.48 The absence of sharpness in the optical absor-
bance feature was due to the direct forbidden gap nature of
the deposits. From Fig. 6c, it can be seen that both of the
undoped and Mg-doped ZnO thin lms exhibited a strong
absorption across the ultraviolet spectral region. Effectively,
the intensity and the threshold of the optical absorption
bands of the Mg-doped ZnO thin lms were increased grad-
ually at the ultraviolet spectral region with the increase of the
amount of Mg dopants. Such behavior suggested that the Mg
doping could be an effective way to improve the UV light-
harvesting ability of the MZO thin lms based optoelec-
tronic devices.

In order to determine the effect of Mg doping concentration
on the absorption edge, the optical band gap energies of the
undoped and Mg-doped ZnO thin lms were determined
through the plot of the Tauc relation described in eqn (11),49

where hv, A, and Eg are the incident photon energy, material-
dependent constant, and bandgap energy, respectively.

(ahv) ¼ A(hv � Eg)
n (11)
This journal is © The Royal Society of Chemistry 2020
Fig. 7 showed (ahv)2 vs. hv plots of the MZO thin lms at
different Mg concentrations. The optical band gap energies of
MZO thin lms can be obtained by extrapolating the linear
region near the onset in the Tauc's plot.49 It is well demon-
strated that the optical band gap changes in accordance with an
increase in the Mg doping concentrations. In fact, the intercepts
3.307, 3.345, 3.362, 3.381, 3.402 and 3.417 eV corresponded to
MZO thin lms with Mg concentrations of 0, 1, 2, 3, 4 and 5%,
respectively. The broadening or blue shi of the Eg was most
likely caused by the so-called Burstein Moss effect resulted from
the increase of the charges carrier density introduced by
increasing the Mg doping.50–52 The high charges carrier density
lled the lowest states at the bottom of the conduction band.
Since the Pauli principle prevents the double occupancy of
states and the optical transitions are vertical, the electrons in
the valence band require extra-energy to be excited to higher-
energy states in the conduction band. Therefore, the optical
bandgap energy of ZnO lms broadened aer Mg doping.50

According to this Burstein–Moss effect, the bandgap energy
would increase linearly with the increase of the charges carrier
density the power of 2/3:29

DEg ¼ h2

2mvc

�
3p2ND

�2=3
(12)

where DEg is the bandgap energy broadening given as Eg (Mg-free
lm)� Eg (Mg-containing lm), h is the Plank's constant,mvc is the
reduced effective mass andND is the charges (donors) density. The
linear dependence of DEg with (ND)

2/3 was depicted in Fig. 7b.
RSC Adv., 2020, 10, 40467–40479 | 40475
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Fig. 7 (a) (ahn)2 vs. hn plots of MZO thin films for various Mg concentrations: (a) 0, (b) 0.8, (c) 1.6, (d) 2.4, (e) 3.3, and (f) 4mM. (b) Representation of
the bandgap shift (DEg) versus the carrier density (ND) at the 2/3 power of MZO thin films for various Mg concentrations.

Fig. 8 Dark current density–voltage (I–V) characteristics of Au/MZO/
FTO thin film devices at different Mg doping: (a) 0, (b) 0.8, (c) 1.6, (d)
2.4, (e) 3.3, and (f) 4 mM. The inset showed the schematic illustration of
Au/MZO/FTO devices structure with top contact.
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Electrical properties play a key role in optoelectronic
applications and it is well known that electrical characteris-
tics are strongly inuenced by doping content.47 As a result,
the devices composed of Au/MZO/FTO thin lms with Mg at
different concentrations are fabricated in order to determine
the inuence of Mg doping on the electrical properties of the
electrodeposited ZnO thin lms. Gold (Au) contacts were
deposited as a front contact by DC reactive sputtering on top
of MZO-coated FTO through a mask having 2 mm2 openings.
Fig. 8 shows dark current–voltage (I–V) characteristics of
MZO/FTO devices with cell area equal to 0.32 cm2 under room
temperature. The inset illustrated the schematic represen-
tation of the fabricated Au/MZO/FTO samples. Experimental
results show good ohmic contacts between Au metal and
MZO thin lms and the proportional increase in the current
density to the supplied voltage for the lms under both
forward and reverse bias conditions. I–V measurements
indicate also the increase in the slope of the I–V curves of
MZO/FTO contacts due to the increase of Mg doping content
in ZnO lattice. Such a behavior was possibly attributed to
occupancy of Mg ion on the Zn site acting as a donor that can
enhance the density of free charge carriers and the electrical
conductivity of the lms.51 This argument ts well with the
results obtained from the Mott–Schottky measurement
demonstrating the increase of the density of the free charge
carriers of MZO samples with the inclusion of magnesium
doping approach (Table 1 and Fig. 2). The consistency in the
electrical analysis demonstrated the formation of the desired
products.
40476 | RSC Adv., 2020, 10, 40467–40479 This journal is © The Royal Society of Chemistry 2020
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4. Conclusions

The electronics, structural, morphological, optical and elec-
trical properties of undoped and Mg-doped ZnO lms grown by
electrodeposition method on FTO glass substrates have been
investigated. Mg doping greatly enhanced the charges carrier
density while reduced the at band potential and Fermi level
energy of MZO lms. XRD patterns showed the growth of MZO
lms along the (002) plane with a hexagonal wurtzite structure.
The average crystallite sizes of the MZO lms were found to be
in the range of 73 to 92 nm. The surface morphology and
topography of the lms showed hexagonal-shaped particles,
uniformly distributed over the surface. Furthermore, increasing
Mg doping concentration results in ner microstructures, and
improves compactness and surface atness of the MZO thin
lms. The transmittance of the deposits was found to be very
high, reaching 85% in the visible region of the solar spectrum.
The bandgap energy of MZO lms increased with increasing Mg
content in ZnO structure. The current–voltage characteristics of
the Mg-doped ZnO based devices showed a signicant
improvement as compared to the undoped reference device,
probing the Mg doping role in enhancing the quality and the
optoelectrical properties of MZO TCO material.
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