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A Mg composition-dependent blueshift has been studied in MgxZn1−xO alloys deposited on
6H-SiC�0001� substrates. The localized exciton energy in MgxZn1−xO alloys for x�0.3 was
blueshifted in the range 212–248 meV. The large negative bowing parameter was estimated in
MgxZn1−xO alloys to be 4.72�0.84 eV. This large bandgap bowing emphasizes the Stokes shift,
which has been attributed to the existence of spontaneous polarization effects due to the polar
growth of MgxZn1−xO /SiC heterostructure and local compositional inhomogeneity. © 2008
American Institute of Physics. �DOI: 10.1063/1.3050338�

I. INTRODUCTION

Wurtzite �Mg, Zn, Be, Cd�O materials provide enormous
practical benefits as promising candidates for the use of
exciton-based laser diodes, light emitting diodes, and optical
sensors/detectors operating in the visible to ultraviolet spec-
tral regions due to their large bandgap energy covering from
2.24 to 7.60 eV.1,2 Experimental and theoretical studies have
extensively been addressed to the extraordinary optical and
transport properties of �Mg, Zn, Cd�O materials relevant to
such applications.1,2 However, practical applications and
studies of �Mg, Zn, Cd�O materials system are still a chal-
lenge, since the shallow thermodynamic solubility and disor-
der of atoms locally play a significant role in the �Mg, Zn,
Cd�O matrix. In consequence, the MgxZn1−xO heterostruc-
ture alloying is still immature and requires exclusive studies
especially to clarify the solubility limit and the microscopic
character of Mg atoms. The thermodynamic shallow solubil-
ity limit of Mg in ZnO has been reported of 12%,3 primarily
due to their structural dissimilarities as the ZnO and MgO
materials are stable with wurtzite and rocksalt phases, re-
spectively. This structural mismatch causes phase segrega-
tion triggered by the strain kinetics and finally limits the Mg
incorporation into the ZnO matrix.1–3 A strong variation with
Mg composition has been found for the fundamental energy
gap of the MgxZn1−xO alloys.4 It has been expected that this
is accompanied by a bandgap bowing and giant energy shift
between the photoluminescence �PL� peaks and absorption
edges, so-called Stokes shift. In addition, the microscopic
polarization in the MgxZn1−xO /Al2O3 heterointerface has a
major influence on the design criteria of alloys that impact
significantly to the optical and transport properties.3 There-
fore, these complex limitations play the crucial roles in het-
eroepitaxy and degrade the crystalline quality.

Wurtzite ZnO has a direct bandgap energy of 3.37 eV,1,2

corresponding to the near ultraviolet region of the spectrum.
This bandgap energy can further be raised into the ultraviolet
region by alloying with MgO �Eg�5.20 eV� or lowered into
the visible/blue region by alloying with CdO material �Eg

�2.24 eV�.2 To a first approximation, the bandgap energy
engineering of any alloy, such as MgxZn1−xO, can be tailored
using the composition-weighted average of ZnO and MgO
bandgaps, given by EMgxZn1−xO�x�=xEMgO+ �1−x�EZnO. A
more realistic description includes a nonlinear term given
by EMgxZn1−xO�x�=xEMgO+ �1−x�EZnO−�x�1−x�, known as
Vegard’s law, where � is known as the bandgap bowing pa-
rameter and x is the Mg composition. Recently, our group
has reported a routine determination of Mg composition in
the MgxZn1−xO alloys by employing Vegard’s law and a the-
oretical model within an error limit of �3%.4 In addition, it
has been demonstrated that PL peak energies of MgxZn1−xO
alloys do not comply with the conventional �downward para-
bolic� Vegard’s law.4 In principle, parabolic �upward or
downward� compositional dependence is assumed for the
bandgap of alloys, where � captures the magnitude of para-
bolic nonlinearity.5 To get a clear picture on this upward
parabolic nature in MgxZn1−xO alloys deposited on SiC sub-
strates, PL, absorption �AB�, reflectance �RF�, and x-ray dif-
fraction �XRD� measurements were performed. The local-
ized exciton energy �Eex� of MgxZn1−xO alloys for x�0.30 is
blueshifted in the range 212–248 meV. A large bandgap
bowing of −4.72 eV in the MgxZn1−xO alloys emphasizes
the large Stokes shift, which has been attributed to the spon-
taneous polarization experienced in the heterointerfaces and
compositional disorder of Mg atoms locally.

II. EXPERIMENT

MgxZn1−xO alloys were grown on 6H-SiC�0001� sub-
strates by metalorganic chemical-vapor deposition. The sub-
strate cleaning and processing have been described in detail
elsewhere.4,6 The MgxZn1−xO alloys were deposited at the
atmospheric pressure over the selected substrate temperature
�Tg� range of 400–600 °C. Diethyl zinc �DEZn� and bis-
methyl cyclopentadienyl-magnesium ��MeCp�2Mg� were al-
lowed to flow for �20 s prior to the introduction of O2.
During the deposition of MgxZn1−xO alloys, the flow rates of
�MeCp�2Mg and O2 were kept constant at 20 and 10 SCCM
�SCCM denotes cubic centimeter per minute at STP�, respec-
tively, while the flow rate of DEZn was varied from 0 to 12a�Electronic mail: ash2phy@yahoo.com.
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SCCM. The MgxZn1−xO alloys have been characterized by �
scan using the four-circle diffractometer: XRD, PL, RF, and
AB measurements.7 The typical MgxZn1−xO layer thickness
was 0.75 �m. Calculation of Zn and Mg composition in the
MgxZn1−xO alloys has been reported in Ref. 4.

III. RESULTS AND DISCUSSION

Figure 1 shows the � scan of Mg0.15Zn0.85O�101̄1�
planes, which clearly display a sixfold crystal symmetry.
This observation conclusively reveals a hexagonal structure
of MgxZn1−xO alloys grown on SiC substrates. An epi-
taxial relationship in the MgxZn1−xO /SiC heterostruc-
tures was found to be �1120�MgxZn1−xO � �1120�SiC and
�0001�MgxZn1−xO � �0001�SiC. These results obviously indicate
the polar growth, i.e., the MgxZn1−xO alloys grow along the
c axis. The calculated lattice constants of a and c axis lengths
of MgxZn1−xO alloys by the c /a ratio as a function of Mg
content have been plotted in Fig. 2�a�. For comparison, the
c /a ratio of MgxZn1−xO alloys grown on Al2O3 substrates
has been plotted together with those of the MgxZn1−xO /SiC
heterostructure, cited from Ref. 8. This shows that the c /a
ratio decreases monotonically from 1.602 to 1.575 until the
Mg composition reaches 34% with the increase in Mg con-
tent in both the heterostructures. This observation clearly in-
dicates that the c /a ratio does not decrease further since the
cell volume reaches a constant value. In principle, incorpo-
ration of Mg into the wurtzite ZnO structure expands the unit
cell resulting in a total volume expansion. These results sug-
gest that the phase segregation may about to start in the
MgxZn1−xO alloys for x�34%, which agrees well with the
MgxZn1−xO /Al2O3 heterostructure.4,6,8 Therefore, we will
deal the blueshift and bandgap bowing in MgxZn1−xO alloys
for the Mg composition of x�34%.

The thermodynamic instability/stability of Mg content in
the MgxZn1−xO alloys has been studied by Tg dependence
growth and the subsequent postgrowth annealing. For the Tg

dependent MgxZn1−xO alloys, Mg flow rate was kept con-
stant for 20 SCCM. Figure 2�b� shows that with the increase
in Tg, Mg content increases due to the relatively faster de-

crease in sticking coefficient of Zn species, due to their dif-
ferent vapor pressures. It has been reported that the vapor
pressure of Zn species is higher than that of the Mg �Zn
�Mg�,8 suggesting that Zn might preferentially desorb from
the growing surface, leaving the Mg-rich solid phase. To
explore this character, postgrown MgxZn1−xO alloys were an-
nealed at different temperatures inside a furnace under the
O2 ambient. Figure 2�b� shows that with the increase in an-
nealing temperature for MgxZn1−xO alloys, the Mg content
decreases, clearly contradicting with the suggested
Tg-dependent growth. As the postgrowth annealing was done
under the atmospheric pressure, it is expected that even un-
der the O2 ambient, the MgxZn1−xO alloys may be with the
Zn-rich rather than the Mg-rich conditions. It is true that
under the same growth conditions, growth rate of ZnO epil-
ayer is faster than that of the MgO thin films. However, to
clarify this thermal behavior and control the solid composi-
tion in MgxZn1−xO alloys under the postgrowth annealing,
further investigations are necessary.

Figure 3�a� shows the optical responses of ZnO epilayers
at 3.301, 3.332, and 3.331 eV in the PL, RF, and AB spectra,
respectively. The PL spectrum of ZnO epilayers exhibited a

FIG. 1. �Color online� The �-scan of Mg0.15Zn0.85O�1011� alloy deposited
on SiC�0001� substrate, indicating the sixfold symmetry with polar growth
along the c axis. The typical MgxZn1−xO layer thickness was 0.75 �m.

FIG. 2. �Color online� The �a� c /a ratio and �b� deposition and postgrowth
annealing temperature-dependent �Tg� MgxZn1−xO alloys as a function of
Mg composition. The postgrowth annealing was done for 30 min under the
O2 flux at the atmospheric pressure.
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predominant near bandedge emission at 3.30 eV. The PL
peak is assigned as being due to the recombination of exci-
tons bound to certain impurities or defects.1,4 The A-exciton
transition is clearly observed in the RF and AB spectra
�3.331 eV�, with the B-exciton peak �3.389 eV� visible at
room temperature. Figures 3�b� and 3�c� show the systematic
Mg composition-dependent optical properties of MgxZn1−xO
layers deposited on SiC. Throughout the experiments, the Eex

of MgxZn1−xO alloys were dominant in the optical spectra.
The PL spectra of Mg0.11Zn0.89O and Mg0.15Zn0.85O alloys
exhibited predominantly the Eex emissions at 3.511 and
3.537 eV, respectively. The absorption edges of the
Mg0.11Zn0.89O and Mg0.15Zn0.85O layers were recorded to be
3.538 and 3.542 eV, while the excitonic transitions in the RF
spectra were 3.530 and 3.552 eV, respectively. The Eex val-
ues obtained for the MgxZn1−xO epilayers �3.30–3.54 eV for
x=0–0.20� are larger than that of the binary ZnO layers, and
are comparable to that reported for the MgxZn1−xO alloys
deposited on Al2O3 substrates.4,8 Although there are some
energy differences among the PL, RF, and AB spectra, these
results are broadly indicative of the compositional inhomo-
geneity, generally referred to as the Stokes shift.

Figure 4 shows the experimental Eex and Stokes shift of
MgxZn1−xO alloys as a function of Mg content. The Eex in-
creases with the increase in Mg content in MgxZn1−xO alloys
for x�0.2 by 212–248 meV. However, the rate of change
of Eex in the MgxZn1−xO layers due to Mg composition is
different from the III-N materials.9 The III-N alloys follow
the downward parabola, while the MgxZn1−xO alloy follows
the upward parabola of Vegard’s law. The Eex increases with
the upward bowing in the MgxZn1−xO layers similarly to the

other results demonstrated in the MgxZn1−xO alloys.1,2,4–6 In
principle, the negative bowing parameter emphasizes an up-
ward bowing due to defects or impurities and/or composi-
tional inhomogeneity in the �Mg, Zn�O matrix. These param-
eters emphasize the large Stokes shift that has been recorded
to be �30 meV in the optical bands as shown in Fig. 4.

Although an upward bandgap bowing tendency of the
Eex in MgxZn1−xO alloys was obtained, there is no experi-
mental evidence of this bowing parameter, �, in literature. In
this work, we have estimated � by a different approach than
the conventional Vegard’s law.10 It has been demonstrated
that regardless of the alloy structure and composition, the
spontaneous polarization always shows an upward bowing.11

In this context, the accuracy of � is limited by two main
factors: composition and PL energy position fluctuations at
room temperature. We assume that both of these factors have
the same influence on the experimental accuracy. The com-
positional inhomogeneity, 	x, can then be estimated by em-
ploying 	x=	c / �cZnO−cMgO�, where 	c is the x-ray line-
width �	
� for x=0–0.30 in the lattice constant unit, and
cZnO and cMgO are the bulk lattice constants.4 Using this
equation, 	x has been estimated to be 3.78 �angular to linear
scale conversion has been done by using the relation L=R�,
where R is the atomic radius of ZnO material of 0.18 nm�.
Similarly, if we assume that the PL peak energy increases
primarily from the compositional fluctuations, then � can be
estimated by10,11

	x 	 	EPL/
EZnO − EMgO − � + 2x�
 , �1�

where 	EPL is the blueshifted energy in MgxZn1−xO alloys
for x=0–0.3. From this equation, � has been estimated with
to be −4.72 eV; consistent with the upward bowing behav-
ior. In principle, the uncertainty in energy emission measure-
ments is 	E	kBT, which gives the � measurement uncer-
tainty of 	��4	EPL	0.84 eV. Thus the resultant � in the
MgxZn1−xO alloy for x=0.3 should be −4.72�0.84 eV.

The existence of this larger negative bowing, together
with the compositional fluctuations, can be described in a
first principles approximation by a parabolic model involving

FIG. 3. �Color online� Optical properties of �a� ZnO, �b� Mg0.11Zn0.89O, and
�c� Mg0.15Zn0.85O layers studied by PL, RF, and AB measurements. The full
width at half maximum of the respective epilayers has been marked, which
clearly increases with the increase in Mg content in the MgxZn1−xO alloys.

FIG. 4. �Color online� The PL ���, RF ���, and AB ��� energies and
Stokes shift ��� in MgxZn1−xO alloys as a function of Mg composition.
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the � parameter. This speculation satisfies the growth orien-
tation along the c-axis, which is responsible for the sponta-
neous polarization in the MgxZn1−xO /SiC heterointerfaces.
Therefore, the alloy polarization can be expressed as a
composition-weighted Vegard-like average as PMgxZn1−xO

SP �x�
=xPMgO

SP + �1−x�PZnO
SP . The � due to the polarization �P�,

therefore, can be described by11

�MgxZn1−xO = 2PMgO + 2PZnO − 4PMg0.5Zn0.5O. �2�

It is noted that the spontaneous polarization for the ZnO and
MgO materials has been reported to be −0.050 and
−0.070 C /m2, respectively.9 Substituting these values in Eq.
�2�, the spontaneous polarization for the Mg0.5Zn0.5O alloys
has been estimated to be −0.054 C /m2. This value is com-
parable with the binary ZnO and MgO compounds. It is also
expected that this spontaneous polarization in the
MgxZn1−xO /SiC heterointerface plays an additional role in
the negative bandgap bowing.12 However, for a clearer un-
derstanding on this issue, further studies are necessary. Table
I shows the � values for the particular II-O alloys.8,13,14

IV. CONCLUSION

The localized exciton energy of MgxZn1−xO alloys de-
posited on 6H-SiC substrates has been blueshifted in the
range 212–248 meV, while the Stokes shift was �30 meV.
The large bandgap bowing has been estimated in
MgxZn1−xO /SiC heterostructure to be −4.72�0.84 eV.
This large negative bowing, together with the large Stokes
shift, has been attributed to the existence of spontaneous po-
larization �−0.054 C /m2� due to the polar growth of
MgxZn1−xO /SiC heterostructure and compositional inhomo-

geneity locally. These results will contribute to settle down
the long standing bandgap bowing nature in the �Mg, Zn,
Cd�O matrix.
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