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a  b  s  t  r  a  c  t

Undoped  and  Mg-doped  ZnO  thin  films  were  deposited  on  Si(1  0  0)  and  quartz  substrates  by  the  sol–gel
method.  The  thin  films  were  annealed  at 873  K  for  60 min.  Microstructure,  surface  topography  and  optical
properties  of the  thin  films  have  been  measured  by X-ray  diffraction  (XRD),  atomic  force  microscope
(AFM),  UV–vis  spectrophotometer,  and  fluorophotometer  (FL),  respectively.  The  XRD  results  show  that
the polycrystalline  with  hexagonal  wurtzite  structure  are  observed  for  the  ZnO  thin  film  with  Mg:Zn  = 0.0,
0.02, and  0.04,  while  a  secondary  phase  of  MgO  is  evolved  for  the  thin  film  with  Mg:Zn  =  0.08.  The  ZnO:Mg-
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2%  thin  film  exhibits  high  c-axis  preferred  orientation.  AFM  studies  reveal  that  rms  roughness  of  the  thin
films  changes  from  7.89  nm  to  16.9  nm  with  increasing  Mg  concentrations.  PL  spectra  show  that  the
UV–violet  emission  band  around  386–402  nm  and  the  blue  emission  peak  about  460  nm  are  observed.
The  optical  band  gap  calculated  from  absorption  spectra  and  the  resistivity  of  the  ZnO  thin  films  increase
with  increasing  Mg  concentration.  In  addition,  the  effects  of  Mg  concentrations  on  microstructure,  surface
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topography,  PL  spectra  an

. Introduction

Zinc oxide (ZnO), a wide band gap (3.37 eV) and a large exci-
ion binding energy of 60 meV  semiconductor, has attracted much
ttention for possible applications in optoelectronic devices [1–3].
inc oxide (ZnO) has been successfully included in the photonics,
ptoelectronics, spintronics, and gas sensors applications [4–6].

Especially, ZnO can be alloyed with another high optical band
ap II–VI compounds like magnesium oxide (MgO) to increase its
and gap. ZnO:Mg is a semiconductor composed of two materials,
inc oxide and magnesium oxide, which can be easily controlled
ver a wide range of temperatures because the ionic radii of Mg2+

nd Zn2+ are similar [7].  Improvements in ZnO:Mg dopant tech-
ology [8] have led to many new applications in electronics and
ptoelectronics [9].

Mg-doped ZnO thin films have been prepared using vari-
us methods, such as radio frequency (rf) magnetron sputtering
10,11], spray pyrolysis [12], pulsed laser deposition [13], chemical
apor deposition [14], electro-deposition [15], the sol–gel method
echnique [16]. It is also experimentally established that the struc-

www.sp
ural and optical properties of these thin films are very sensitive to
he deposition conditions [17]. Among these methods, the sol–gel

ethod is an attractive one due to its simplicity and reproducibility.
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ctrical  properties  are  discussed.
Crown Copyright ©  2011 Published by Elsevier B.V. All rights reserved.

In the present study, Mg-doped ZnO thin films were deposited
on silicon and quartz substrates by sol–gel method. The influence of
Mg  concentration on microstructure, surface morphologies, optical
properties and electrical properties of the thin films were investi-
gated.

2. Experimental details

Ethylene glycol monomethyl ether and monoethanol amine
were used as the solvent and stabilizing agent, respectively. The
source for Mg  doping was  magnesium chloride (MgCl2). Zinc
acetate dihydrate and MgCl2 were first dissolved in a mixture
of ethylene glycol monomethyl ether and monoethanol amine at
room temperature. The concentration of zinc acetate was 0.5 mol/L.
The atomic ratios of Mg:Zn were 0, 0.02, 0.04, and 0.08 (these films
were named as ZnO, ZnO:Mg-2%, ZnO:Mg-4%, and ZnO:Mg-8%,
respectively). The molar ratio of monoethanol amine to zinc acetate
was kept at 1:1. The solution was stirred at 333 K for 120 min  using
a magnetic stirrer to get a clear, homogeneous and transparent sol,
which served as the coating sol after being kept for 1 day. Mg-doped
ZnO thin film was deposited on Si(1 0 0) substrate and quartz sub-
strates using the spin coating method with 3000 rpm for 30 s. After

spin coating, the substrates were kept at 423 K for 10 min to evap-
orate the solvent in the film and this procedure was repeated 10
times. These as-coated films were annealed at 873 K for 60 min  in
air and then cooled down to RT.

ghts reserved.
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Crystal structure of the thin films was investigated using X-
ay diffractometry (XRD, MACM18XHF) with Cu K� radiation
� = 0.1540 nm). Surface morphology of the thin films was mea-
ured by atom force microscopy (AFM, CSPM4000) operating in
ontact mode. Optical transmittance spectra of the thin films were
easured by UV-Vis spectrometer (U-4100). Photoluminescence

PL) spectra were investigated at room temperature by fluorescence
pectrometer (FL, F-4500) with a xenon lamp as the light source
xcited at 325 nm.  The resistivity of the films was measured by an
lectrical resistance meter (KEITHLEY 651A) with Ag electrodes.

. Results and discussion

Fig. 1 shows XRD patterns of Mg-doped ZnO thin films pre-
ared on Si substrate with different Mg  concentrations annealed at
73 K for 60 min. The XRD patterns indicate that the ZnO, ZnO:Mg-
%, ZnO:Mg-4% thin films possess a polycrystalline ZnO with the
exagonal wurtzite structure. It can be seen that the undoped ZnO
hin film is polycrystalline structure without preferred orientation.

hile the ZnO:Mg-2% and ZnO:Mg-4% thin films exhibit prefer-
ntial c-axis orientation. The presence of MgO  (2 2 2), (2 0 0) and
4 0 0) diffraction peaks indicated that Mg  segregates in the form
f MgO  in the ZnO thin film with Mg:Zn = 0.08. Phase separation of
gO  and ZnO can be explained that Mg  atoms are more active than

n atoms and react with oxygen preferentially. The similar results

f XRD of Mg-doped ZnO thin films are presented by Kaushal et al.
18].

Fig. 2 shows the surface morphologies of the ZnO thin films with
ifferent Mg  doping concentrations. It can be seen that the surface

Fig. 1. XRD spectra of Mg-doped ZnO thin films annealed at 873 K for 60 min.

Fig. 2. Surface morphologies of (a) ZnO, (b) ZnO:Mg-2%, (c) ZnO:Mg-4% and (d) ZnO:Mg-8%Mg-doped ZnO thin films annealed at 873 K for 60 min.
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ig. 3. Transmission spectra of Mg-doped ZnO thin films with different Mg  concen-
rations annealed at 873 K for 60 min.

f the thin films consists of inhomogeneous nano-sized particles.
he mean particle size increases with increasing of Mg  concentra-
ion. The root-mean-square (rms) roughness of ZnO, ZnO:Mg-2%,
nO:Mg-4%, ZnO:Mg-8% thin films are 7.89, 11.2, 12.3 and 16.9 nm,
espectively. The rms  roughness of the thin films increases with the
oping which may  be the result of the accumulation of the MgO
articles on the surface of ZnO nano-grains. The similar results of
urface morphologies of Mg-doped ZnO thin films are presented by
umar et al. [19].

Fig. 3 shows the UV–vis transmission spectra of the Mg-doped
nO thin films annealed at 873 K with different Mg  concentrations.
n this study, the absorbance of samples was measured as a function
f wavelength in the range of 300–800 nm.  It can be seen that all
he thin films have an average optical transparency over 85% in the
isible range and a sharp ultraviolet absorption edges.

The band gap is preferred to be evaluated from the optical trans-
ission spectra. ZnO is a wide band gap semiconductor material
ith direct band gap. The optical band gap is given by Tauc rela-

ionship [20].

h� = A(h� − Eg)n

here  ̨ is the absorption coefficient, A is the constant, h is the
lanck’s constant, � is the photon frequency, Eg is the optical band

p

ap and n is the 1/2 for direct band gap semiconductors. The
unctional relationships between (˛hv)2 and photon energy h� for
ndoped and Mg-doped ZnO films are shown in Fig. 4. Since Eg = h�

ig. 4. The (˛h�)2 versus h� plots of Mg-doped ZnO thin films with different Mg
oncentrations annealed at 873 K for 60 min.

www.s

Fig. 5. Photoluminescence spectra of Mg-doped ZnO thin films with different Mg
concentrations annealed at 873 K for 60 min.

when (˛h�)2 = 0, an extrapolation of the linear region of the plot of
(˛h�)2 versus photo energy (h�) on the x-axis gives the value of the
optical band gap Eg. The optical band gap calculated from absorp-
tion spectra of ZnO, ZnO:Mg-2%, ZnO:Mg-4%, and ZnO:Mg-8% thin
films are 3.26, 3.29, 3.31 and 3.34 eV, respectively. The calculated
results showed that the band gap of Mg-doped ZnO thin films were
in the range 3.29–3.34 eV, larger than pure ZnO thin film. This may
be attributed to the fact that new defects are introduced after Mg
atoms substitute Zn atoms due to the electronegativity and ionic
radius difference. Normally, ZnO is an n-type semiconductor, the
Fermi level is inside the conduction band [21]. There are more
electrons contributed by Mg  dopant due to lower electron affin-
ity of MgO  compared to ZnO, which can be located at a higher
Fermi level for the Mg-doped ZnO thin films. Thus the radiative
recombination of these excitons may lead to a blueshift. The result
is also in consistent with the reported results [22]. The increase in
optical band with the Mg  concentration, suggests that the ZnO:Mg
thin film is a suitable material for potential optoelectronics in ZnO-
based devices having a large band gap. The optical absorption at the
absorption edge corresponds to the transition from valence band
to the conduction band, while there is absorption in the energy
region below 3.3 eV. The reason can be impurities or defects center
in the Mg-doped ZnO thin films. Free excitons in semiconductor can
be impurities or defects center in space constraints, the formation
of so-called bound exciton. Therefore the absorption spectrum of
energy is slightly lower than the free exciton absorption spectrum.

Fig. 5 shows the room-temperature PL of the Mg-doped ZnO thin
films for various Mg  concentrations annealed at 873 K for 60 min.
Photoluminescence spectrum provides information on the opti-
cally active defects and relaxation pathways of excited states. It can
be seen that a strong ultraviolet (384–402 nm)  emission and a rela-
tively weak blue emission (∼460 nm)  peak. It was  well known that
the UV emission peak usually originated from a near-band-edge
(NBE) transition of the wide band gap due to the annihilation of
excitons [23]. The results show that as Mg  concentration increases,
intensity of the ultraviolet emission bands increase to the maxi-
mum when Mg:Zn atomic ratio is 0.04, and then decrease. At the
same time, the ultraviolet emission peak blueshifts from 402 nm
to 384 nm,  because of the modulation of the band-gap caused by
Mg substitution, which suggests that the optical band gap of the

.co
m.c
Mg-doped ZnO thin films can be tunable by changing the Mg  con-
centrations. The magnitude of the blueshift of the PL peak is much
larger than that of the band-gap widening, probably due to the
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ig. 6. Resistivities of Mg-doped ZnO thin films with different Mg concentrations
nnealed at 873 K for 60 min.

nfluence by impurities, defects, and strong surface recombination
nder high-energy excitation [24]. The blue emission observed at
60 nm may  be attributed to the exciton recombination between
he electron localized at the interstitial zinc (Zni) and the holes in
he valence band [25].

Fig. 6 shows the resistivities of the ZnO thin films with different
g  doping concentrations. It is clear that the resistivity of the ZnO

hin films increases with increasing of Mg  concentration. As we
now that the valences of Zn2+ and Mg2+ are the same, and the
ubstitution of Mg2+ for the group II cation of Zn should not generate
r consume carriers of ZnO. However, electrical properties of the
nO thin films change after Mg  doping. This presumably results
rom the substitution of Mg  ions with a smaller ionic radius for
n sites [26]. The positions of the (0 0 2) diffraction peak change
ased on the XRD results, which results in lattice distortion to some
xtent. This would increase the resistivity of ZnO thin films. On the
ther hand, there is also the possibility that a spot of Mg  at the grain
oundaries may  produce electrical barriers, increasing scattering
f the carriers, and thus increase the resistivity. As a result, the
esistivity of the ZnO thin films increases after Mg  is doped.

. Conclusion

Undoped and Mg-doped ZnO thin films were deposited on
i(1 0 0) and quartz substrates using the sol–gel process. The XRD
atterns indicate that the ZnO, ZnO:Mg-2%, ZnO:Mg-4% thin films
ossess a polycrystalline ZnO with the hexagonal wurtzite struc-

.sp
ure. While the ZnO:Mg-2% and ZnO:Mg-4% thin films exhibit
referential c-axis orientation. As Mg:Zn atomic ratio is 0.08,
g  segregates in the form of MgO. AFM analysis revealed that

ms  roughness of ZnO thin films increases with increasing Mg

[
[
[
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ence 258 (2012) 3710– 3713 3713

concentrations annealed at 873 K. Transmittance of the thin films
is over 85% in the visible region. The optical band gap increases
from 3.26 eV to 3.34 eV with increasing Mg  concentration. PL spec-
tra were investigated at room temperature. We  can observe the
strong ultraviolet (384–402 nm)  emission and the weak blue emis-
sion (∼460 nm)  peaks. The ultraviolet emission peaks blueshifts
with increasing Mg  doping concentration. On the other hand, the
resistivities of the ZnO films are enhanced by Mg  introduction
and increase with increasing doping concentrations. These may
be caused by the lattice distortion in the films and the electrical
barriers by the Mg  deposited at the grain boundaries.
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