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Zn1−xMgxO alloy films are important deep ultraviolet photoelectric materials. In this work, we used plasma-assisted
molecular beam epitaxy to prepare Zn1−xMgxO films with different magnesium contents on polar (0001) and nonpolar
(101̄0) ZnO substrates. The nanoscale structural features of the grown alloy films as well as the interfaces were investigated.
It was observed that the cubic phases of the alloy films emerged when the Mg content reached 20% and 37% for the alloy
films grown on the (0001) and (101̄0) ZnO substrates, respectively. High-resolution transmission electron microscopy
images revealed cubic phases without visible hexagonal phases for the alloy films with more than 70% magnesium, and the
cubic phases exhibited three-fold and two-fold rotations for the alloy films on the polar (0001) and nonpolar (101̄0) ZnO
substrates, respectively. This work aims to provide references for monitoring the Zn1−xMgxO film structure with respect to
different substrate orientations.
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1. Introduction
The development of technology requires the ability to

monitor the optical band gap range of many optoelectronic
materials from violet light waves to ultraviolet light waves.
Band-gap engineering is an effective strategy to solve this
problem. A common method is to alloy ZnO with MgO. ZnO
is a II–VI direct band gap semiconductor with a band gap
of 3.37 eV and a large exciton binding energy of 60 meV
at room temperature, and can be crystallized into a hexag-
onal wurtzite structure (a = 3.25 Å, c = 5.20 Å).[1,2] MgO
is a typical cubic structure with an optical band gap of ap-
proximately 7.8 eV.[3] This alloy material (Zn1−xMgxO) can
achieve tunable bandgaps from 3.37 eV to 7.8 eV.[4] There-
fore, Zn1−xMgxO alloy films have broad potential applications
in deep ultraviolet light-emitting diodes, solar-blind photode-
tectors, etc.[5,6] Nonetheless, these optoelectronic devices re-
quire a band gap larger than 4.0 eV for a Zn1−xMgxO film
with an Mg content of more than 45%. This requirement of-
ten results in the formation of mixed-phase structures in the
Zn1−xMgxO films.[7,8] However, the mixed phase is unstable
due to the large difference in the phase structures between
ZnO and MgO, especially when the Mg content is between
37% and 62%.[9,10] The unstable mixing phase in alloy films
is usually accompanied by numerous grain boundaries.[11,12]

Understanding these complex boundary structures is a key step
to improve the stability of the mixing phase and the optoelec-
tronic performance of this semiconductor, especially at a high
Mg content of more than 62%.

On the other hand, integrating semiconductor ZnO with
cubic materials that have unique properties has recently been
increasingly studied.[13,14] For example, novel optoelectron-
ics and memory devices have been fabricated by combin-
ing SrTiO3,[15] which exhibits an abundance of physical
properties, such as two-dimensional (2D) electron gas,[16]

ferroelectricity,[17] magnetism,[18] and superconductivity.[19]

Similarly, integrating perovskite Pb(Zr,Ti)O3,[20] SrRuO3,[21]

and BiFeO3
[22] with wurtzite ZnO promotes faster response

time and the production of more efficient field-effect transis-
tors or resistance random access memory devices. In ther-
mal equilibrium, ZnO is hexagonal wurtzite, while the crystal
structure of MgO is cubic rock salt. For higher Mg (x > 0.5)
concentrations, cubic Zn1−xMgxO with a band gap energy
higher than 5 eV has been obtained, as well as a direct en-
ergy band structure.[23–25] Therefore, this material has high
potential application values due to the perspective of develop-
ing optical functions in the deep ultraviolet region.

MgO has a representative simple cubic structure and
is widely used as a buffer layer on a wurtzite structure
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substrate.[14,26,27] Therefore, the homoepitaxy of the cubic
ZnxMg1−xO film on the wurtzite ZnO substrate provides a
template for studying the boundary structure and interfacial
structure between the cubic film and wurtzite substrate. To ad-
dress these issues, we propose a Zn1−xMgxO alloy film epitaxy
on ZnO substrates with different orientations and investigate
the films and interfacial structures. In this work, Zn1−xMgxO
alloy films were grown on polar c-plane (0001) ZnO and non-
polar m-plane (101̄0) substrates by plasma-assisted molecular
beam epitaxy (MBE). The Mg contents were examined by en-
ergy dispersive spectroscopy (EDS). The film and interfacial
structures were revealed through x-ray diffraction (XRD) and
transmission electron microscopy (TEM).

2. Zn1−xMgxO films preparation
MBE has the advantages of ultra-high vacuum growth en-

vironment, low film growth temperature, controllable growth
process, and so on. The process of film growth by MBE in-
volves the adsorption, decomposition, nucleation, and desorp-
tion of atoms or molecules, which is a kinetic process. So
it can be used to prepare epitaxial film layers that cannot be
prepared by traditional thermal equilibrium growth methods.
Therefore, we used MBE to deposit Zn1−xMgxO thin films.
A series of Zn1−xMgxO films were grown by MBE on (0001)-
and (101̄0)-ZnO substrates. Before growth, all substrates were
treated in the growth chamber by annealing at 350 ∘C for
60 min in an oxygen plasma with an O partial pressure of
1 ×10−3 Pa and a power of 250 W. The Zn1−xMgxO films
were then deposited for 2 h, with the oxygen partial pres-
sure maintained at 1 × 10−3 Pa and the power of the oxy-
gen plasma changed to 200 W, while the substrate temperature
was increased to 400 ∘C. At the same time, magnesium and
zinc beams were injected toward the substrate with the adjust-
ment of the temperature of the beam source furnace to tune
the Mg/Zn ratio. The as-grown films were then annealed for
30 min with the substrate temperature maintained at 400 ∘C
(O partial pressure ∼ 1×10−3 Pa, O plasma power ∼ 200 W)
to reduce defects.

3. XRD results and discussion
To obtain the Mg content (x) and Zn content (1− x) in

the Zn1−xMgxO films with different alloy compositions, which
was achieved through the control of the Mg:Zn flux ratios, we
characterized the Mg and Zn concentrations by EDS (Thermo
Fisher, Czech Republic). Here, we defined the concentration
of Mg plus Zn to be 100%. Figure 1 shows the Mg contents
of the Zn1−xMgxO films grown on the c-plane (0001) ZnO
and the m-plane (101̄0) ZnO. The Mg content x nearly linearly
increases from approximately 19% to 75% with an increas-
ing temperature of the magnesium beam source furnace (Mg

source temperature) from 340 ∘C to 400 ∘C, and the Zn con-
tent decreases from approximately 81% to 25%. In addition,
the proportions of Mg in the two sets of films are roughly the
same at equal evaporation source temperatures of magnesium.
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Fig. 1. Mg content of the Zn1−xMgxO films from EDS.

Figures 2(a) and 2(b) show the XRD (Rigaku, Japan) re-
sults from the Zn1−xMgxO alloy films grown on the c-ZnO
substrate with different Mg contents using a Cu Kα radia-
tion source (1.54056 Å). The black curved lines are from the
substrates as a comparison to the films. Apparently, the al-
loy films grown on the c-plane (0001) ZnO substrate show a
peak of cubic phase MgO with an Mg content between 20.6%
and 56.1%, as shown by the black arrow in Fig. 2(a); this re-
sult is indicative of the appearance of phase separation. Fig-
ure 2(b) presents an amplified image of the rectangular area
in Fig. 2(a), which shows that as the Mg content increases,
there is a slight increase in the MgO (002) peak and a shift in
the peak position from 42.4∘ to 42.6∘, as marked by the black
circles and dashed line. This result indicates an increase in
the proportion of the cubic phase with a decrease in the lat-
tice length from 4.24 Å to 4.26 Å as the Mg content increases.
Moreover, the XRD result reveals a (111) orientation of the
cubic phase at 36.8∘ when the Mg content reaches 74.4%, as
labeled by the blue arrow in Fig. 2(b). This phenomenon re-
flects that the Mg content of 74.4% is able to trigger multiple
growth orientations of the cubic phase for the alloy film on the
c-substrate. Furthermore, the (002) peak of the cubic phase
splits into two peaks. One is at 42.1∘ and the other at 42.8∘,
as marked by the red arrows in Fig. 2(b), corresponding to the
Zn1−xMgxO phase with a cubic structure and bulk-like cubic
MgO, respectively. Therefore, at an Mg content of 74.4%, the
alloy film exhibits an interesting feature of 2nd-order phase
separation. Regarding the Zn1−xMgxO alloy films grown on
the m-substrate, it is remarkable that no phase separation is ob-
served for the Mg content at 18.5% (shown with a red curve in
Fig. 2(c)). When the Mg content reaches 37.3% (shown with
a blue curve in Fig. 2(c)), an obvious (002) peak and weaker
(022) peak of the cubic phase start to appear in Fig. 2(c). Simi-
lar to the case of the alloy films grown on the c-ZnO substrate,
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the intensities of the (002) and (022) peaks related to the cubic
phase increase with an increasing Mg content, accompanied
by slight shifts in the peak positions, as labeled by the black
circles and dashed lines in Fig. 2(d); this result is shown by the

amplified image of the area marked by the black rectangle in
Fig. 2(c). It is obvious that the Mg content promotes the phase
separation as well as a new orientation of the cubic phase in
the alloy film.
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Fig. 2. XRD results from the Zn1−xMgxO alloy films with different Mg contents grown on the c-ZnO substrate (a), (b) and m-ZnO substrate (c), (d).

To obtain the interfacial relationships between the cubic
phases and substrates, we characterized the alloy films using
XRD phi scan mode. Figure 3(a) shows the phi scan images
of MgO-{111} crystal plane diffraction with χ = 54∘ and
2θ = 39.3∘ and those of ZnO-{101̄1} crystal plane diffrac-
tion with χ = 61∘ and 2θ = 36.2∘, as shown by the red
and blue curves, respectively. It is well known that the phi
scan image of ZnO-{101̄1} planes from the ZnO-[0002] az-
imuth substrate is composed of six peaks: (101̄1)Z, (011̄1)Z,
(1̄101)Z, (1̄011)Z, (011̄1)Z, and (11̄01)Z, as illustrated in
Fig. 3(a). These six peaks reflect the sixfold symmetry of
[0002] azimuth ZnO. Detailed explanations can be found in
our previous work.[28] Regarding the [002] azimuth MgO,
the phi scan image of {111}-MgO should be composed of
four peaks: (111)M, (1̄11)M, (1̄1̄1)M, and (11̄1)M. Here,

the Z and M subscripts represent ZnO and MgO, respec-
tively. However, the phi scan image of the {111}-MgO plane
from the alloy film shows 12 peaks, as shown by the blue
curve in Fig. 3(a). This result indicates that a cubic phase
MgO film is embedded in the alloy film with the [002] ori-
entation, which becomes a sixfold symmetric in-plane struc-
ture via a rotation of 120∘. These structures are named c-
variation I, c-variation II, and c-variation III, and are abbre-
viated as c-v-I, c-v-II, and c-v-III, respectively. Here, we
define the first peak to be from the (111)MgO−c−v−I crystal
plane diffraction. Based on the relationships of the rotations
among the three kinds of variants, it is not difficult to calculate
that the other peaks are from (1̄1̄1)M−c−v−II, (1̄11)M−c−v−III,
(1̄11)M−c−v−I, (11̄1)M−c−v−II, (1̄1̄1)M−c−v−III, (1̄1̄1)M−c−v−I,
(111)M−c−v−II, (11̄1)M−c−v−III, (11̄1)M−c−v−I, (1̄11)M−c−v−II,
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and (111)M−c−v−III crystal plane diffractions, respec-
tively, as illustrated in Fig. 3(a). It is clearly seen that
the phi angles of (101̄1)Z, (011̄1)Z, (1̄101)Z, (1̄011)Z,
(011̄1)Z, and (11̄01)Z are nearly identical to those of
(111)M−c−I, (1̄11)M−c−v−III, (11̄1)M−c−v−II, (1̄1̄1)M−c−v−I,
(11̄1)M−c−v−III, and (1̄11)M−c−v−II, respectively, thereby indi-
cating [101̄0]Z ‖ [110]M. Based on the discussions above, we
can obtain the following interfacial relationship between the

cubic phase film and the substrate:

[110][11̄0](002)M−c−v−I ‖ [101̄0][1̄21̄0](0001)Z;

[110][11̄0](002)M−c−v−II ‖ [1̄1̄20][11̄00](0001)Z;

[110][11̄0](002)M−c−v−III ‖ [21̄1̄0][011̄0](0001)Z.

According to these interfacial relationships, we can draw the
atomic model from the top view, as shown in Fig. 3(b).
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Fig. 3. XRD phi scan results and atomic models from the top view for the Zn1−xMgxO alloy films grown on the c-ZnO substrate (a), (b) and
m-ZnO substrate (c), (d).

The red and green curves in Fig. 3(c) show the phi scan
images from the m-ZnO substrate (red) and the cubic phase
film (green), respectively. The phi scan of the substrate with
χ = 60∘ and 2θ = 36.2∘ provides (101̄1)Z and (101̄1̄)Z plane
diffraction peaks, as labeled in Fig. 3(c). The phi scan of
the film displays the {111}-MgO plane peaks from the cu-
bic phase MgO ebbed in the alloy films with χ = 54∘ and
2θ = 39.2∘. Therefore, theoretically, the green curve should
show four peaks, namely, the (111)-MgO, (1̄11)-MgO, (1̄1̄1)-
MgO, and (1̄11̄)-MgO crystal plane diffractions, as illustrated
in Fig. 4(b). Nevertheless, in fact, the green curve shows
two sets of diffraction peaks, and the angle of the two vari-
ants is approximately 27∘, indicating the existence of two
rotational domains of the (002)M cubic phase, which are
named m-variants I and II and are abbreviated m-v-I and
m-v-II, respectively. Again, we define the first peak to be from
(111)M−m−v−I. Therefore, the other peaks can be calculated
to be from (111)M−m−v−II, (1̄11)M−m−v−I, (1̄11)M−m−v−II,
(11̄1)M−m−v−I, (11̄1)M−m−v−II, (1̄1̄1)M−m−v−I, and
(1̄1̄1)M−m−v−II, as illustrated in Fig. 3(c). In addition, from
the phi scan in Fig. 3(c), we can see that the angle between

(111)M−m−v−I and (101̄1)Z and that between (111)M−m−v−II

and (101̄1)Z equal approximately 60∘ and 33∘, respectively.
The projections of normal of the (11̄00)Z and (011̄0)Z crystal
planes on the (101̄0) plane are along the [12̄10]Z and [1̄21̄0]Z

azimuths, respectively, and detailed explanations can be found
in our previous work.[25] From the angle relationship between
MgO and the substrate planes, we obtain the interfacial rela-
tionships as follows:

[110][1̄10](002)M−m−v−I ‖ [1̄21̄1][5̄105̄1](101̄0)Z;

[110][1̄10](002)M−m−v−II ‖ [5̄105̄2][1̄21̄1̄](101̄0)Z.

Moreover, from these interfacial relationships, we can
draw the atomic models from a side view, as illustrated in
Fig. 3(d). To investigate the nanoscale features of the film
phases as well as the interface, TEM measurements were per-
formed on the samples with the highest Mg content.

4. TEM and SAED results and discussion
Figure 4(a) is a low magnification TEM image from the

Zn1−xMgxO alloy film on the c-ZnO substrate, showing a
thickness of approximately 350 nm, as labeled by the blue
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double arrow. Here, the red dashed lines mark the interfaces
between the Zn1−xMgxO film and the substrate. Numerous
grain boundaries clearly exist, as labeled by the yellow dashed
curves in Fig. 4(a). This result can be further verified by
the higher magnification TEM image, as marked by the yel-
low dashed curves in Fig. 4(e). Interestingly, we found a
superlattice-like structure localized in certain areas of the film,
as labeled by the red rectangles in Fig. 4(c). This result can be
further demonstrated by the high-resolution TEM images in
Fig. 4(d). It is speculated that phase separation induces poly-
crystal structures with numerous grains and grain boundaries.
On the other hand, the lower growth temperature hinders suffi-
cient reaction between O and Zn. As a result, new superlattice-
like structures appear in the grains due to vacancies (shown
in Fig. 4(d)). In fact, this phenomenon has been found in the
SrRuO3 films prepared by pulsed laser deposition.[29] Fig-
ure 4(b) shows a selected area electron diffraction (SAED)
pattern from the corresponding area including both the sub-
strate and film. Three sets of diffraction patterns clearly exist.
One is from the c-ZnO substrate along the [12̄10]Z azimuth,
as labeled by the red circles and red arrows. The other two
are from the cubic phase films, one from the [001]M orienta-
tion component along the [110]M azimuth, as labeled by the

yellow circles, indicating [110](001)M ‖[12̄10](0001)Z, which
is consistent with the analysis results of the XRD phi scan
for the film on the c-substrate; the other is from the [111]M

orientation component along the [1̄21̄]M azimuth, as labeled
by the green circles in Fig. 4(b). In addition, we calculated
(a[1̄01])*/(a[1̄1̄1̄])* to be approximately 2.88, as labeled by the
green arrow, reflecting that a[1̄1̄1̄]/a[1̄01] equals 2.88, which
is larger than the theoretical value of 2.43. This result hints
that the film of the [111]M orientation belongs to a pseudocu-
bic phase. Figure 4(e) is a high-resolution TEM image, show-
ing the structures of the two growth orientations, as labeled
by the yellow dashed curve. The yellow arrow in Fig. 4(e)
represents the film growth orientation. Figures 4(f) and 4(h)
correspond to the amplified images of the two areas labeled by
the blue and red rectangles in Fig. 4(e). The region in Fig. 4(f)
shows a rectangular feature with lattice lengths of 2.7 Å and
7.4 Å, as labeled by blue arrows, which are close to the the-
oretical lattice lengths of the (12̄1)-MgO plane. In addition,
a[1̄1̄1̄]/a[1̄01] is calculated to be 2.74, which is slightly larger
than the theoretical values (a[1̄1̄1̄]= 7.3 Å and a[1̄1̄1̄]= 3.0 Å)
and is consistent with the SAED results from Fig. 4(b). This
feature suggests that this region belongs to the MgO-(12̄1)
plane structure with a [111]M azimuth orientation. This

Fig. 4. TEM image of the alloy film grown on the c-ZnO substrate: (a) low magnification TEM image; (b) the corresponding SAED; (c), (d)
HRTEM images of the film, showing the superlattice-like structure in some areas, as marked by the red rectangle in image (c) and the yellow
circle in image (d); (e) HRTEM image showing two regions separated by the yellow dashed line. (f), (h) The corresponding enlarged images
of the two areas marked by the blue and red rectangles in (e); and (g), (i) the corresponding FFT images from (f), (h).
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result can be further confirmed by the corresponding fast
Fourier transform (FFT) image, as shown in Fig. 4(g). The
FFT image displays a rectangular spot array, as illustrated by
the green circles, similar to the diffraction spot arrays along
the [12̄1]M azimuth, as marked by the green spot arrays in
Fig. 4(b). Figure 4(h) displays a rhombus lattice structure with
distances of 2.8 Å between the nearest neighbor atoms, which
is also slightly larger than the theoretical value of 2.6 Å. The
corresponding FFT image (see Fig. 4(i)) shows a hexagonal
spot array. This feature suggests that the region of Fig. 4(h)
shows the MgO-(110) plane structure with the [001]M azimuth
orientation. Notably, the lattice lengths of the cubic phase are
smaller than the bulk values, indicating the high possibility
that the cubic crystal structure is for the Zn1−xMgxO alloy in-
stead of pure MgO.

Figure 5(a) is a low magnification image of the
Zn1−xMgxO film on the m-ZnO substrate, showing a thickness
of approximately 286 nm. Similar to the film grown on the c-
ZnO substrate, the film exhibits numerous grain boundaries, as
labeled by the yellow dashed lines in Figs. 5(a), 5(e), and 5(f).
Figure 5(b) corresponds to the SAED pattern captured along
the [0001]Z azimuth, as labeled by the red circles. Again, the
yellow arrow represents the growth orientation. Apparently,
one can find that, in addition to the hexagonal structure of the
substrate, the SAED image simultaneously displays two other
sets of diffractions from the cubic phase with the [011] ori-

entation; one is captured along the [100]M, as labeled by the
yellow circles, and the other is captured along the [011̄]M az-
imuth, as labeled by the green circles. These results indicate
that the interfacial relationships between the [011] orientation
film and the m-ZnO substrate are as follows:

[100][01̄1](011)M−I ‖ [0001][12̄10](101̄0)Z;

[011̄][100](011)M−II ‖ [0001][12̄10](101̄0)Z.

Figures 5(c) and 5(d) show the high-resolution (HR) TEM
images from two different regions. These images show that the
film interface is very sharp without visible dislocations, as in-
dicated by the red dotted line. The insets of the upper right
corner correspond to the amplified images of the areas marked
by the red rectangle in Fig. 5(c) and blue rectangle in Fig. 5(d).
From the structural relationship and the lattice lengths between
the two nearest neighbor atoms in Figs. 5(c) and 5(d), we can
calculate the lattice length aM to be 4.6 Å and 4.3 Å, respec-
tively. Both results are slightly larger than the theoretical val-
ues, which is similar to the case of the c-ZnO substrate. It
is worth pointing out that compared with that from Fig. 5(c),
the larger lattice length from Fig. 5(d) originates from the phe-
nomenon that the [011̄]M azimuth is not parallel to the [0001]Z

azimuth, thereby leading to a small deviation. In fact, the dis-
torted hexagonal spot arrays in the corresponding SAED pat-
tern (Fig. 5(b)) also reflect this result.

Fig. 5. TEM images of the alloy film grown on the m-ZnO substrate: (a) low magnification image of the film on the m-ZnO substrate. (b)
Corresponding SAED of (a). (c), (d) HRTEM images of two different areas. The illustrations in the upper right corners of (c), (d) correspond
to the enlarged image of the area, as shown by the red and blue rectangles in (c) and (d), respectively. (e), (f) Two different areas grown on the
m-ZnO substrate. The HRTEM image of the thin film shows many grain boundaries, which are indicated by the yellow dashed curves.
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5. Conclusion
In this work, a plasma-assisted MBE method was used

to prepare Zn1−xMgxO thin films on the polar c-plane (0001)
and nonpolar m-plane (101̄0) ZnO substrates. The contents
of zinc and magnesium in the Zn1−xMgxO films were deter-
mined by EDS. XRD and HRTEM were used to analyze the
growth orientations of the Zn1−xMgxO film and the interface
between the film and substrate. Various characterization data
show that under the same growth conditions, the Zn1−xMgxO
films grown on the polar and nonpolar substrates exhibit differ-
ent phase evolutions as the Mg content increases. In particular,
the alloy films start to show cubic phases when the Mg con-
tent is 20% and 37% for the alloy films grown on c-ZnO and
m-ZnO, respectively. No hexagonal phases are observed from
the HRTEM images for the alloy films at an Mg content of
more than 70%. Interestingly, the cubic phases exhibit three-
fold and two-fold rotational domains for the alloy films grown
on the c-ZnO and m-ZnO substrates, respectively. The influ-
ence of polar and nonpolar substrates on the phase separation
of thin films can provide a good reference for other studies.
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