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Mg, Zn,_, O thin films with x=0, 0.11, 0.28, 0.44, 0.51, and 0.65 were grown by plasma-assisted molecular beam epitaxy on (0001)
sapphire substrates. X-ray diffraction measurement reveals that phase separation of the Mg, Zn,_, O films occurred at x =0.44 and 0.51.
Optical absorption spectra show that the absorption edges of the films shift to high-energy side with increasing Mg contents. In resonant
Raman spectra, multiple-order Raman peaks originating from ZnO-like longitudinal optical phonons were observed. Moreover, the blue
shift and the full width at half maximum of Raman scattering peaks increase continuously with x increasing from 0 to 0.28, which indi-
cates that Zn is substituted by Mg in hexagonal lattice.
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As a direct band gap semiconductor, ZnO has attracted con-
siderable attention due to its potential applications in ultra-
violet (UV) light-emitting devices and laser devices.
Mg,Zn,_,O alloy is considered to be a proper barrier mate-
rial in ZnO-based heterostructures and related devices to
realize double confinement actions for electrons and pho-
tons [1-4]. However, it is well known that MgO and ZnO
are stabilized in rocksalt and wurtzite structures, respec-
tively. Therefore, the difference in the crystalline structure
between ZnO and MgO will result in phase separation at a
certain Mg content. According to the phase diagram of the
ZnO-MgO ternary system, the thermodynamic solubility
limit of MgO in ZnO is less than 4 mol% [5]. Whereas, it
has been reported that single-phased MgZnO films can be
obtained with Mg compositions up to 49at% using metal
organic vapor phase epitaxy (MOVPE) [6]. Recent reports
have demonstrated that the solid solubility limit can be var-
ied using different techniques [6-10]. For example, it has
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been reported by Koike et al. that the solid solubility limit
can be changed from x =0.3 to x =0.45 at different growth
temperatures in molecular beam epitaxy (MBE) [7]. Fujita
et al. have proposed that the use of a high-quality ZnO
buffer layer would allow the growth of single-phased
wurtzite Mg,Zn,_,O with Mg content as high as 0.51 [8]. In
our experiment, it is found that the solid solubility limit of
MgO in ZnO is smaller than 44at% in a plasma-assisted
MBE. In previous papers, the researches on the optical
properties of the MgZnO films were mainly characterized
using absorption and photoluminescence measurements. So
far no Raman scattering data of MgZnO alloys can be found
to the best of our knowledge, although it can be much useful
to determine the composition and phase transition in
MgZnO alloys. In this paper, Mg,Zn,_,O (0 <x < 0.65) thin
films were grown by plasma assisted molecular beam epi-
taxy (P-MBE). The influence of Mg content on the crystal
structures and optical properties of the films was studied by
XRD diffraction, absorption and Raman scattering. Multiple
phonon scattering peaks of the MgZnO thin films were ob-
served.
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1 Experiment

A VG V80H MBE system with Knudsen-cells for the
evaporation of Zn solid source (99.9999%) and Mg solid
source (99.999%) was used for the growth of the Mg,Zn,_,O
alloy thin films. Atomic oxygen was generated from ul-
trapure O, gas (99.999%) by a radio frequency (RF) plasma
source with an electrostatic ion trap operated at 500 V. The
RF power of O-plasma source was fixed at 300 W and the
flow rate was kept at 2.0 sccm during growth. C-plane
Al,O3 was used as substrate. The substrates were pretreated
at 800°C in ultrahigh vacuum (<1x10™ mbar) for 30 min to
remove the surface contaminants. The base pressure of the
growth chamber was about 1x10™ mbar. During the growth,
the substrate temperature was kept at 700°C, and the Zn
partial pressure was kept at 4x10™ mbar and the Mg partial
pressures changed from 1x107 to 5x10”" mbar to get a se-
ries of Mg,Zn,_,O with different Mg content. The atomic
percentage in the MgZnO was determined by energy dis-
persive X-ray (EDX) spectroscopy. The thickness of the
films was measured to be about 300 nm. A BRUKER D§
DISCOVER X-ray diffractometer was used for XRD meas-
urement. The absorption spectra were carried out using an
UV-360 spectrophotometer. A JY63 Micro Raman spec-
trometer was employed for PL and Raman scattering meas-
urements. The excitation source was the 325 nm line of a
He-Cd laser with 50 mW power. Raman scattering spectra
were collected in a back-scattering geometric configuration.

2 Results and discussion

Figure 1 shows the XRD spectra of the Mg,Zn, ,O alloy
thin films with x = 0, 0.11, 0.28, 0.44, 0.51 and 0.65, which
are labeled as samples A, B, C, D, E and F, respectively.
With increasing Mg content up to 0.28, only one peak corre-
sponding to Mg,Zn;_,O (002) can be observed, indicating
the formation of single-phased Mg,Zn,_,O films with hex-
agonal crystal structure. Similar result has been obtained by
Sharma et al., who obtained hexagonal Mg,Zn,_,O alloy
film with maximum Mg incorporation of 33at%[9]. With
further increasing the Mg content, the XRD spectrum of
Mg, Zn,_,O at x = 0.44 shows an additional peak at 36.61°,
which is very close to the (111) diffraction peak of cubic
MgO. It is found that the position of this peak shifts to high
angle side with increasing Mg content to 51%, as shown in
Figure 1E. This fact indicates the formation of cubic-struc-
tured MgZnO. The appearance of hexagonal (002) peak and
cubic (111) peak indicates the occurrence of phase separa-
tion. For the Mg content of 51%, the intensity of cubic
MgZnO (111) peak is stronger than that of hexagonal
MgZnO (002) peak. When x equals 0.65 (sample F), only
one cubic MgZnO (111) peak is observed at 36.71°, which
indicates that MgZnO alloy thin film has completed the
transition from wurtzite structure to cubic structure.
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Figure 1 XRD spectra of the Mg,Zn;_,O thin films with different compo-
sitions. A, x=0; B, x=0.11; C, x=0.28; D, x=0.44; E, x=0.51; F, x=0.65.

The lattice constant of the samples is calculated accord-

ing to the following equations: a=A/2sin@/(h* + hk +k*)

where a is lattice constant, s, k, [ are miller indices, and A
and @ are X-ray wavelength (A= 1.5418 A) and Bragg angle,
respectively. Figure 2 shows the dependences of the lattice
constants and the full widths at half maximum (FWHM) for
the hexagonal MgZnO (002) peak and the cubic MgZnO
(111) peak on Mg composition (x) in Mg,Zn;_,O films. It is
well known that the c-axis constant of bulk ZnO is 5.205 10%,
and the lattice constant of MgO is 4.213 A. From Figure
2(a), it can be seen that the lattice constant of both ZnO-like
and MgO-like phase decreases with increasing x value. This
is due to the smaller ion radius of Mg compared to that of
Zn. For cubic MgZnO, the lattice constant decreases from
4251 to 4.240 A, which indicates that lattice constant of
Mg, Zn,_,0O is gradually close to that of cubic MgO. In Fig-
ure 2(b), when x < 0.51, the FWHMs of hexagonal MgZnO
(002) peak increase monotonously with increasing x values.
In hexagonal MgZnO alloys, the increase of Mg content
may induce serious lattice deformation or disorder due to
the composition fluctuations[10], which may be the reason
for the broadening of the FWHMs of the (002) diffraction
peaks shown in Figure 2(b). For cubic MgZnO, the FWHM
of the (111) diffraction peaks decreases rapidly with in-
creasing x from 0.44 to 0.65. As discussed in Figure 1,
MgZnO alloy has accomplished a crystal phase transition
from hexagonal to cubic when x is above 0.65. Thus, the
decrease in the FWHM of cubic MgZnO (111) peak indicates
that the crystal structure of cubic MgZnO alloy is improved
when the composition of the alloy approaching MgO.
Room-temperature absorption spectra of the samples are
shown in Figure 3. All the samples are highly transparent in
the visible region and have sharp absorption edges in the
UV region. Obviously, for sample D (x=0.44), two absorp-
tion edges can be observed, in which the absorption in the
lower energy side is from the band-edge absorption of hex-
agonal MgZnO, while the one at higher energy side is from
that of cubic MgZnO. However, for the mixed-phase sample
E (x=0.51), only one absorption edge related to cubic
MgZnO is observed, which is in good agreement with the
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Figure 2 The lattice constants and FWHMs of the Mg,Zn;_,O (002) peak
and (111) peak at different x values.

result of very weak MgZnO (002) diffraction peak observed
in XRD spectrum. The optical band gap energy (E,) of the
samples can be calculated, assuming that MgZnO alloys
obey the following equation [11]: o= (A/hv)(hv—Ey)/2,
where o is the absorption coefficient, A is a constant and hv
is a photon energy. By plotting (a/v)® vs hv and extrapolat-
ing the linear portion to o = 0, the corresponding band gap
can be obtained, and the results are plotted in Figure 4. The
open circles (O) denote the samples with hexagonal struc-
ture, and the soled circles (@) denote the samples with cu-
bic structure. For sample A (x=0), the band gap energy is
3.38 eV, similar to that of ZnO bulk (3.37 eV). It is clearly
seen from Figure 4 that the band gap increases linearly with
Mg content in two different sections, which can be ex-
pressed by the following two equations:

E, Mg Zn,_,0) = 3.384+1.705x (for hexagonal-phase 0 <x <0.44),
(H

E, Mg,Zn;_0) = 3.376+3.051x (for cubic-phase 0.44 <x <0.65).
(2)

Egs. (1) and (2) are in agreement with the results of theo-
retical calculation made by Chen and his co-workers via the
detailed transmission profile method [12]. The above equa-
tions are useful to determining the band gap of MgZnO alloys.
In addition, a band tail at low energy is observed in the ab-
sorption spectra of samples E and F, which is labeled as p
and g. From the location of the tail, it is concluded that p
and q are related to the defect level of cubic MgO, and the
intensity of g is stronger than that of p, which indicates that
the defect density increases with increasing Mg content.

The effect of Mg content on the crystallization of
Mg,Zn,_,O films is also studied by Raman scattering
spectra. Except for sample F, all the samples show intense
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Figure 3 The absorption spectra of samples A, B, C, D, E and F. The
absorption in low energy band tail of samples E and F are labeled as p and g.
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Figure 4 The dependence of the band gap of the MgZnO alloy films on
Mg content. Solid lines represent the fitted results from the linear interpo-
lation method.

multi-phonon peaks in the range from 200 to 2500 cm™.
Although the multiple phonon scattering processes have
been observed in ZnO thin films [13-16], resonant Raman
spectra of MgZnO thin films, to our knowledge, have not
been reported up to now. Figure 5(a) shows the typical
resonant Raman spectra of samples A and C. The Raman
spectrum of sample A is composed of four sharp lines at
583.6, 1164.6, 1745.7 and 2327.1 cm™, which are from the
Ist, 2nd, 3rd, and 4th longitudinal optical (LO) phonons of
ZnO wurtzite structure, respectively. This result is consis-
tent with previously reported Raman shift of ZnO bulk
crystal and thin films [13-15]. For MgZnO alloy thin films,
a typical Raman spectrum of sample C is also shown in Fig-
ure 5(a). Compared with the sample A, all the four LO
modes are observed. It can be seen that the difference of
n-order Raman peaks is very close to 37.5n (n =1, 2, 3, 4).
Actually, the first- and second-order Raman lines in cubic
MgO have been reported in the previous work [16]. How-
ever, no Raman lines from MgO-like LO phonons are ob-
served in the mixed- and cubic-phased MgZnO alloy sam-
ples. Only ZnO-like mode is observed in the MgZnO alloy
thin films, indicating very strong resonance enhancement
effect in the incident photon energy of 3.81 eV. In order to
study the effect of Mg content on the position and FWHM
of the Raman peaks, the dependence of the 1-LO center
frequencies and FWHM on x value is given in Figure 5(b).
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With Mg content increasing from 0 to 0.51, the FWHM of
1-LO phonon peak broadens from 22.9 to 69.2 cm™', which
can be attributed to the increase of lattice disorder and de-
formation due to the incorporation of Mg”" into ZnO lattice.
On the other band, it can be seen from Figure 5 (b) that the
position of 1-LO increases from 583.6 to 629.2 cm™. Be-
cause Mg has a smaller ionic radius and a larger electronega-
tive than those of Zn, the bond length of Mg-O is smaller
than that of Zn-O. When Mg”" ions are introduced in ZnO
lattice, the phonon energy will increase monotonously with
increasing Mg content. When x < 0.28, we find that a linear
function can be used to express the Raman shift of ZnO-like
1-LO phonon in Mg,Zn;_,O alloys, as shown in Figure 5(b):

(ZnO-like)=583.3+143.6x(0 <x <0.28). A3)

However, when x=0.28, the increase of 1-LO zone-center
frequency slows down. While the FWHM of 1-LO Raman
peak increases with the increase of the Mg content. The
results are explained as follows: Firstly, the incorporation of
Mg”" ions in ZnO lattice is decreased relatively due to exis-
tence of local MgO-rich regions in Mg,Zn,_,O alloys with
x=0.28. Secondly, the Raman line becomes less-resonant
due to the further broadening of band gap. Similar result has
been reported by Demangeot et al. in Al,Ga,_,N alloy [17].
With further increasing Mg content to 65%, no Raman peak
can be detected due to the crystal structure transition from
hexagonal to cubic phases and the excitation energy devia-
tion from resonant condition.

3 Conclusions

The structural and optical properties of Mg,Zn, O (x=0,
0.11, 0.28, 0.44, 0.51, and 0.65) films are characterized by
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Figure 5 (a) Raman spectra of samples A and C in the range from 200 to
2500 cm™ and (b) the center frequencies and FWHMs of Raman scattering
peaks for 1-LO phonons as a function of Mg contents (x value).

XRD, optical absorption and Raman scattering. It is found
that when x < 0.28, MgZnO alloys keeps single-phased hex-
agonal structure. When x is increased to 0.44, a phase separa-
tion is observed. When x equals 0.65, the sample has com-
pleted the transition from wurtzite structure to cubic structure.
The multiple-order Raman scattering originating from ZnO-
like LO phonons are observed. The position of ZnO-like LO
phonons is blueshifted with the increase of the Mg composi-
tion. The broadening of the 1-LO phonon scattering peaks is
assigned to the increase of lattice disorder and deformation
due to the incorporation of Mg** into the ZnO lattice.

This work was supported by the National Natural Science Foundation of
China (Grant No. 50532050).
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