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Zn;xMgxO was electrochemically deposited on fluorine doped tin oxide (FTO) conducting glass
substrates. The XPS results showed that magnesium oxide was successfully doped in ZnO nanosheets.
The changes of the microtopography, lattice parameters and band structure were investigated carefully.
The thickness of ZnO nanosheets and the lattice parameters decreased with the addition of MgO. The
transmission band-edge blue shifted and the bandgap became wider with the increasing of Mg(ll)
concentration in the deposition bath.
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1. INTRODUCTION

Semiconductor ZnO with a wide direct band gap and large excitonic binding energy at room
temperature has attracted great research interest. It can be used in many areas, such as fast ultraviolet
detector, light emitting diode, laser diode, gas sensors, and solar cells [1-3]. However, its bandgap is
not high enough to exploit the blue region of the solar spectrum, which improves the blue response of
optoelectronic devices. The bandgap of ternary Zn;.xMgxO could be adjusted much wider than that of
ZnO [4,5]. Additionally, MgO has little lattice mismatch with ZnO since the ionic radii of magnesium
and zinc are relatively similar making it feasible to achieve the substitutional replacement of Zn** with
Mg [6]. Until now, different routes have been developed for the preparation of Zn;,Mg,O
nanostructures, such as metal organic chemical vapor deposition [6,7], pulsed laser deposition [8],
molecular beam epitaxy [9], vapor phase transport [10], metal organic vapor phase epitaxy [11], sol-
gel [1], RF magnetron sputtering [12], and so on.
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In contrast with other techniques, the electrodepostion method shows many advantages which
is usually carried out under 100°C and could give rigid control on film thickness and composition.
Various metal oxides, such as TiO,, ZnO, In,O3, and ZrO,, were successfully electrodeposited [13-16].
In addition, electrodeposition method has been used to fabricate nanostructures doped with different
elements [17-19]. T. Singh et al. prepared CdO doped ZnO nanostructures using electrochemical
deposition and tuned the bandgap of the deposited film from 3.32 to 3.08 eV [20]. In this article, we
prepared Zn;.xMgxO semiconductor nanostructures on FTO substrate by electrodeposition technique
and studied the effects of MgO on the microtopography, lattice parameters and band structure of ZnO.

2. EXPERIMENTAL

The electrodeposition experiments were carried out in a simple three-electrode glass cell. The
aqueous electrolyte consisted of 0.05 M Zn(NO3), - 6H,0 and 0.1 M KCI. The Mg(NO3), - 6H,0O was
added to the electrolyte in a large concentration range, between 0 and 100 mM. The pH was in the
range 4-6. The deposition temperature was fixed at 70°C by an oil bath. Before electrodeposition the
FTO substrates were cleaned sequentially in acetone and ethanol for 6 min each in an ultrasonic bath,
followed by rinsing with flowing DI water. Afterward, these substrates were immersed in HNOj3 (45%)
for 2 min and finally rinsed in DI water for 5 min in an ultrasonic bath [21]. The working electrode
was FTO glass substrates (10 mm % 10 mm). The reference electrode was Ag/AgCl electrode with
saturation potassium chloride aqueous solution and the counter electrode was Pt metal sheet.
Electrochemical deposition experiments were carried out at constant current density of 3 mA cm™ for 5
min with CHI660C electrochemical workstation (Shanghai Chen- hua Instrument Co, China). The
deposited samples were cleaned with DI water, dried at room temperature and annealed at 400°C for
30 min in the air.

The crystalline phase of the samples was characterized by DX-2700 X-ray diffractometer
(XRD) with a monochromatized Cu Ko irradiation (4 = 0.154145 nm) and morphologies were
determined using a HitachiS-4300F field emission scanning electron microscope (SEM). X-ray
photoelectron spectroscopy (XPS, AXIS ULTRA) was used to assess the chemical state and surface
composition of the deposits. The transmission spectrum was measured by a UV-vis—NIR
photospectrometer (Varian Cary 5000).

3. RESULTS AND DISCUSSION

SEM images of pure ZnO and Zn; 4 MgxO nanostructures synthesized by electrodeposition
approach are presented in Fig. 1. Fig. 1(a) shows the SEM image of pure ZnO prepared in a solution of
0.05 M Zn(NOs), and 0.1 M KCI with constant current density of 3 mA cm™ at 70 °C. Fig. 1(b) shows
the SEM image of Zn;«MgxO nanosheets prepared in a solution of 0.1 M Mg(NO3), + 0.05 M
Zn(NO3), + 0.1 M KCI with constant current density of 3 mA cm™ at 70 °C. We have observed an
decrease of the thickness of nanosheet with the addition of Mg(II) in the deposition bath.
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Figure 1. SEM images of pure ZnO and Zn;«MgxO nanosheets prepared in solution of (a) 0.05 M
Zn(NO3), + 0.1 M KClI and (b) 0.1 M Mg(NOs), + 0.05 M Zn(NOs); + 0.1 M KCI with

constant current density of 3 mA cm™ at 70 C.

To clarify the structural properties of ZnO and Zn; xMgxO films, X-ray diffraction experiments
have been carried out. Fig. 2 shows the XRD patterns of pure ZnO and Mg-alloyed ZnO films prepared
with different Mg®* concentrations (5 mmol/L, 30 mmol/L and 100 mmol/L). XRD studies of the
crystal structure indicate only peaks of wurtzite-structured ZnO (hexagonal phase, space group P63mc)
(JCPDS database card No. 36-1451). The relational Mg(OH), or MgO crystalline forms are not
detected in the XRD pattern, which revealed that the incorporation of magnesium could not affect the
wurtzite phase of ZnO. The growth mechanism can be explained by the following reaction:

NO; + H,0 + 2e" — NO, + 20H (1)
20H + Zn** — Zn(OH); — ZnO + H,0 (2)
20H " + Mg?* — Mg(OH), — MgO + H,0 (3)
(1 - x)ZnO + xMgO — Zn;.xMg,O 4)

During the electrodepositon process, the NO3; was electroreduced on the cathode, and the
hydroxyl ions (OH") were produced according to Eqg. (1). Then the hydroxyl group emerged at the
surface of cathodic electrode and reacted with metal ions Zn** and Mg®* coming from the solution to
form metal oxide according to Eq. (2) and Eq.(3), respectively. Finally, ZnO and MgO mixed at atomic
levels and formed Zn;.xMgyO.
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Figure 2. XRD patterns of the ZnO and Zn;xMgxO films obtained from electrodeposition baths
containning 0.05 mol/L Zn(NO3), and different Mg(NOs), concentration: Ommol/L (a),
5mmol/L (b), 30 mmol/L (c), and 100 mmol/L (d), respectivelly.

Furthermore, we observed a shift of the main Braggs peak (101) to larger angle from Fig. 2
which indicated the changes in the lattice parameters due to strain in the host on incorporation of the
dopant ions into the basic unit cell. For the bulk ZnO, the reported values of the lattice constants are a
=b=3.250 A, c=5.207 A [JCPDS Card No. 36-1451]. From the position of the peak, lattice constants
with and without Mg doping can be calculated. The lattice constants have been calculated for various
concentrations of Mg in the hexagonal crystal lattice of ZnO and the results are presented in Table 1. It
shows that the lattice parameters decrease with increasing Mg?* content in the deposition bath. This is
consistent with the smaller magnesium ionic radius (0.57 A) compared to the zinc ionic radius (0.60 A)
[22]. The lattice parameter of Zn; «Mg,O thin films obeyed Vegard’s law, indicated solid solution
might exist. The lattice stress of (Shown in Table 1) of the nanostructures has been calculated using the
expression.

C,—C
o = 2.33x1011><% (5)
b

Where ¢, and c; are the lattice constant c of the bulk ZnO and grown nanostructure films, respectively.
The positive sign of estimated stress for the doped ZnO indicates that the crystallites are under a state
of tensile stress.

Table 1. Computed lattice parameters and band gap of pure ZnO and Zn; \MgxO samples annealed at

400 C.
Sample Mg“*, 0 mM Mg“*, 5 mM Mg~*, 30 mM Mg“*, 100 mM
a(A) 3.289 3.279 3.269 3.256
c (A) 5.257 5.245 5.237 5.212
ot 0 0.532x10° 0.886x10° 1.994x10°
Band gap (eV) 3.203 3.228 3.243 3.280
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The film surface composition was analyzed by the XPS technique. A survey scan of XPS
spectra of Zn;«Mg,O films with the sheet nanostructures grown from 5 mmol/L Mg(NOs3), aqueous
solution containing 0.05 M Zn(NO3), were shown in Fig. 3(a). Fig. 3(b) and (c) show the high-
resolution scans of Zn 2p and O 1s, respectively. The peaks located at 1021 and 1044 eV corresponded
to Zn 2ps;, and Zn 2pyp, respectively. The peak located at 530 eV should be corresponded to the
electronic state of O 1s. The Mg 2s binding energy spectra are shows in Fig. 3(d). The high-binding
and low-binding energy components at 88 and 91 eV, respectively, were from magnesium oxide and
zinc oxide, which demonstrates the existence of Mg?* in the deposited coating[22].
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Figure 3. XPS spectra of Zni;MgxO composite films obtained from electrodeposition baths
containning 0.05 mol/L Zn(NOg3); and 5 mmol Mg(NOs),: Survey scan (a), and high-resolution
scans of Zn region(b), O region(c), Mg region(d).

The optical transmittance spectra of the Zn;.xMg,O thin films were recorded in the wavelength
range of 300-800 nm at room temperature. The optical absorption data was analyzed using the
following classical relation (Eq. 6) of optical absorption in semiconductor near band edge [23,24].

oo A(hv-Eg) (6)
hv

Where A is a constant, Eq is the energy gap and n = 1/2 for direct transition, and hv is the
energy of incident photon. Fig. 4 shows the (a/v)? versus (hv) curves of Zny.xMg,O thin films prepared
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with different Mg?* concentrations in the electrolyte (0 mmol/L, 5 mmol/L, 30 mmol/L and 100
mmol/L). The absorption edge was found to shift toward the shorter wavelength side as more and more
magnesium was incorporated. The band-edge blue shifted is due to a bandgap wider of the material
with increasing of Mg®* concentrations in the deposition bath. The bandgap was approximated by
plotting (aAv)? versus (hv) and extrapolating the linear part of the curve to the x-axis. The obtained
values of bandgap energy were shown in Table 1. These values of bandgap energy varied from 3.20 eV
to 3.28 eV with the increasing of Mg( 1) concentration in the deposition bath.
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Figure 4. Optical absorption spectra of the ZnO and Zn;MgxO composite films obtained from
electrodeposition baths containning 0.05 mol/L Zn(NOgs), and different Mg(NOs3),
concentration: Ommol/L (a), 5mmol/L (b), 30 mmol/L (c), and 100 mmol/L (d), respectivelly.

4. CONCLUSION

In summary, Zn;4MgxO thin films were fabricated on FTO substrate by electrodeposition
method. The effects of the magnesium content on the structural and optical properties were studied.
XRD analysis showed that the Zn;xMgxO thin film possessed wurtzite structure. Structural changes
have also been observed by XRD studies which have been explained by the partial replacement of Zn
atoms by Mg atoms in the lattice structure which was confirmed by a computational study. The
transmission band-edge blue shifted and the bandgap became wider with the increasing of Mg(1I)
concentration in the deposition bath. The band gap energy varied from 3.20 eV — 3.28 eV.
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