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MgZnO/MgO strained multiple-quantum-wells (S-MQWs) with different structures are grown by pulsed
laser deposition. The S-MQW films are composed of closely arranged, vertically oriented nanocolumns.
Z-contrast scanning transmission electron microscopy observations and line-scan compositional analysis
reveal that the nanocolumns are compositionally modulated along their length and have a MQW struc-
ture. A coherent epitaxial relationship with a sharp interface is established between MgZnO and MgO
layers with large lattice mismatch. It is worth noting that the MgZnO layer undergoes a structural tran-

ﬁgg}‘g%ﬁgo sition from hexagonal to cubic phase with its thickness decreasing. The calculations reveal that a large
Multiple-quantum-well in-plane compressive stress dominates such an interesting phase transition process, stabilizes the low
Nanocolumn Mg-content MgZnO alloy in the anomalous cubic phase, and also leads to a broadening of the band gap.

As a result, the wavelength-tunable deep-ultraviolet emission in the range of 261-314 nm is obtained
from these S-MQW nanocolumnar films. The 261 nm is known to be the shortest emission wavelength

Structural transition
Deep ultraviolet

ever reported for MgZnO material.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Deep-ultraviolet (DUV) light emitting devices are attract-
ing growing interest due to their many potential applications
in high-density optical data storage, microelectronic fabrication
technology, environmental protection, bio-medicine, etc. MgZnO
ternary alloy has continuously tunable band gaps from 3.37 to
7.70eV in theory, large exciton binding energy and relatively low
growth temperature. These make it a promising material for devel-
oping the DUV light-emitting diodes (LEDs) and laser diodes (LDs).
Most previous studies focus on using MgZnO as a potential bar-
rier material for ZnO/MgZnO quantum wells (QWSs) [1-4]. Such
a QW structure is widely used in the LED/LD devices to increase
their radiative recombination efficiency. In order to further shorten
the emission wavelength into the DUV region, the MgZnO film
should serve as the active layer; in this case, the wide band gap
MgO can be chosen as a possible barrier material to construct
MgZnO/MgO QWs. The large energy-band offset between them will
make the carrier confinement stronger than that in the conven-
tional ZnO/MgZnO QWs. However, it is known that MgZnO usually
stabilizes in a wurtzite structure (hexagonal symmetry) when the
Mg content is below 33at% [5-7], while MgO has a rock-salt
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structure (cubic symmetry). Their structural difference and lattice
mismatch will lead to a large strain and a high density of defects
in QW films. Thus, almost no report is available on such a novel
QW structure. Studies on the growth of GaN-based materials have
proved that column crystal growth is an effective way to relax part
of the stress and improve the quality of the epitaxial layers [8-11].
Highly efficient LEDs have also been fabricated from nanocolum-
nar GaN-based crystals [12-14]. The formation of one-dimensional
(1D) nanocolumnar microstructure allows the combination of
materials with large lattice mismatch without generating dislo-
cations. On the other hand, energy band engineering and strain
engineering can also be realized in such 1D heterostructures, giv-
ing rise to some novel low-dimensional physical phenomena. In
this work, we have designed and grown the MgZn0O/MgO strained
multiple-quantum-well (S-MQW) nanocolumnar films with differ-
ent structures, and observed that the MgZnO layer underwent a
stress-induced structural transition from hexagonal to cubic phase
with its thickness decreasing. The wavelength-tunable DUV emis-
sion in the range of 261-314nm is obtained from these S-MQW
nanocolumnar films. To the best of our knowledge, the 261 nmis the
shortest emission wavelength ever reported for MgZnO material.

2. Experimental details

The MgZnO/MgO S-MQW nanocolumnar films were grown on
the c-plane Al,03 substrates by pulsed laser deposition (PLD). Prior
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Fig. 1. Cross-sectional TEM images of an MgZnO/MgO S-MQW nanocolumnar film with MgZnO layer thickness of ~5 nm (sample 2). (a) A large-scale bright field image of
the cross section of the sample 2. (b) A magnified HAADF-STEM image taken on a single nanocolumn. The dark and light regions correspond to the MgO and MgZnO layers,
respectively. Top inset: a Z-contrast STEM image, which reveal that the sample consists of closely arranged nanocolumns. Bottom inset: the line-scan composition profiles
of Zn and Mg elements along the nanocolumn’s length. (c) High resolution TEM image of an individual nanocolumn. (d) Lattice-resolved image of the rectangular region

marked in (c).

to deposition, the growth chamber was evacuated to a base pres-
sure below 5 x 10~ Pa with a turbo molecular pump, and the Al,03
substrates were in situ thermally cleaned at 800 °C for 30 min at this
vacuum level. Then, ultrapure O, gas was introduced into the cham-
ber. Throughout the entire growth process, the O, pressure and
substrate temperature were kept at 20 Pa and 400 °C, respectively.
ANd:YAG pulsed laser (A =355 nm, ts =5 ns, repetition rate = 10 Hz,
power density = 7.6 x 108 W/cm?2)was employed to ablate MgO and
MgZnO targets alternately to realize the MQW growth. All the MQW
nanocolumnar films consist of 16 unit layers, and each unit layer is
composed of MgZnO and MgO sublayers. Our experimental design
is that the total laser pulse count is kept constant at 4500 for the
growth of each unit layer, but the ratio of the pulse count used
to grow MgZnO and MgO sublayers is variable, and set at 2, 0.5
and 0.25 for the samples 1, 2 and 3, respectively. Considering the
growth rates of MgZnO (0.033 A/pulse) and MgO (0.020 A/pulse),
the resulting MgZnO/MgO sublayer thickness is estimated to be
10/3 nm, 5/6 nm and 3/7.2 nm for three samples. Moreover, as the
reference sample, two thick MgZnO films were also deposited on
the Al,03 substrates with and without an MgO buffer layer at the
same conditions.

3. Results and discussion

The structure of the samples is examined by the cross-
sectional transmission electron microscopy (TEM). Fig. 1 displays
the TEM images of sample 2. In the bright field image in Fig. 1a,

alternating light/dark stripes parallel to the substrate surface are
clearly seen, suggesting the formation of MQW structure. A closer
look reveals that the film is not continuous but textured, that is, the
film is composed of closely arranged nanocolumns. The orientation
of the nanocolumns tends to be perpendicular to the substrate sur-
face, and their diameter and height are about 25 nm and 175 nm.
The nanocolumn consists of 16 MgZnO/MgO unit layers. Such
a MQW structure can be further confirmed by a more obvious
contrast in a high-angle annular dark field scanning TEM (HAADF-
STEM) image, which is sensitive to the atomic number of elements.
In Fig. 1b, the dark and light regions correspond to the MgO
and MgZnO sublayers, respectively, because the former containing
lighter element is a relatively weak electron scatterer. We have also
observed a periodic spatial modulation of composition by line-scan
energy dispersive X-ray (EDX) microanalysis. As shown in the bot-
tom inset of Fig. 1b, the Zn signal fluctuates periodically along the
nanocolumn’s length, while the Mg signal exhibits an opposite vari-
ation trend. The signal period is roughly equal to the thickness of
the unit layer, suggesting that no obvious inter-diffusion of atoms
occurs. Fig. 1c and d are lattice-resolved TEM images of an indi-
vidual nanocolumn. The near-perfect lattice fringes confirm that
both MgZnO and MgO layers are single-crystalline, and few dislo-
cations and stacking faults were observed even in their interfacial
region. A coherent epitaxial relationship with a sharp interface has
been established between MgZnO and MgO layers with large lattice
mismatch. Thus, it is conceivable that both layers suffer from high
in-plane stress.
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Fig. 2. (a) The normal w/26 scan XRD patterns of MgZnO/MgO S-MQWs and a thick
MgZnO film on MgO buffer layer. (b) The off-normal XRD w/20 scans of the cubic
MgZnO (2 00) reflection in the 26 range of 40-45°. Both y-axes are plotted in loga-
rithmic scale.
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To get more detailed information on the crystal structure, epi-
taxial relationship and lattice constant of the samples, the X-ray
diffraction (XRD) scans were performed along normal and off-
normal directions of the sample surface by means of a Rigaku
Dmax/2500 (40kV/100 mA, scan rate 5°/min) and a Bruker D8-
advance (40 kV/40 mA, scanrate 3°/min) XRD meter with Cu Ko line
(1.5406 A), respectively. Fig. 2a shows the normal /26 scan data.
The diffraction peaks at 36.55° and 41.68°, present in all the XRD
patterns, correspond to the (11 1) reflection of cubic MgO and the
(0006) reflection of Al,03 substrate, respectively. For the MgZnO
film, besides these two peaks, only (000 2) diffraction peak of the
wurtzite structure (Py) is detected, indicating that the MgZnO film
grown on MgO buffer layer crystallizes in a usual c-axis oriented
hexagonal phase. It is interesting to note that a new peak cen-
tered at 35.69° (P¢) appears in the XRD pattern of the sample 1,
which can be indexed to the (11 1) reflection of cubic MgZnO. As
the MgZnO layer thickness gradually decreases from 10 to 3 nm,
the Py rapidly decays in intensity and completely disappears, while
the Pc becomes more evident. The change in the relative intensity
of P¢ to Py reflects a hexagonal-to-cubic structural transition of
MgZnO layer with its thickness decreasing. Similar to this observa-
tion, several groups have also found that when the ZnO or MgZnO
film is epitaxially grown on the MgO (11 1) buffer layer, a cubic-
phase ultrathin layer can form at the initial stage of the growth
[15-17]. However, the formation mechanism of anomalous cubic
phase is not fully understood. It is known that a phase transition
from hexagonal to cubic MgZnO usually occurs when the Mg con-
tent exceeds ~60 at.%. Though the inter-diffusion may lead to an
increase of Mg content in MgZnO layers, this possibility has been
ruled out by the results of Z-contrast STEM and compositional line
scan, which determine the Mg content of MgZnO layers to be only
21at.% in our MQW structures. Further, Ohtomo et al. [18] have
observed that Mg atoms start to inter-diffuse only above 700°C,
and our growth temperature of 400 °C is far lower than this critical

Table 1

temperature. On the other hand, the lattice constant of MgZnO is
larger than that of MgO; when a coherent epitaxial relationship is
established between them, a compressive stress will be applied to
the MgZnO layer. It has been reported in our previous studies that
a high hydrostatic pressure can induce a transition of ZnO from
hexagonal to cubic phase [19]. Thus, we deduce that the in-plane
compressive stress is responsible for the formation of anomalous
cubic MgZnO. The following calculations will support our point of
view.

The off-normal XRD ¢-scans of cubic MQWSs show typical six-
fold symmetric patterns (not shown here), suggesting an in-plane
epitaxial relationship of [101] MgZn0O//[101] MgO. In order to
calculate the stress, the [10 1] interplanar spacing of cubic MgZnO
(d(1 9 1y) has to be known. Thus, we carried out XRD w/26 scans of the
cubic MgZnO (2 00) reflection by tilting the samples 54.7° around
x-axis, and the results are shown in Fig. 2b. It is found that as the
MgZnO layer thickness decreases, its (2 00) diffraction peaks shift
gradually toward higher angles, indicating a decrease in the lattice
constant and an increase in the compressive stress. The in-plane
stress can result in a lattice distortion and a slight deviation from
the ideal cubic structure. Thus, the following equation, which is
applicable to a rhombohedral lattice system [20], is used to calcu-
late the interplanar spacing (d k), where a and « are the lattice
constant and axial angle, respectively.

1 (hP+k2+ 12)sin « + 2(hk + kI + hi)(cos? « — cosa) 1

a?(1 -3 cos?a +2cos3 a)

2
A ey

Using the known values of d(1 1 1) and d(3 g o), the a, &, and d(1 ol)

are calculated and listed in Table 1. The [101] interplanar spac-
ing of stress-free cubic Mgy21Zng 790 (déwi)) are determined as
3.185 A from the virtual crystal approximation (VCA) [21-25], and
the angle « is 90° for an ideal cubic structure. Obviously, the d(] o)
and o of our MQW structures are smaller than these theoretical
values, confirming the presence of in-plane compressive stress. Fur-
ther, the in-plane stress (o) can be quantitatively determined by the
equation below [26].
y 4001y~ 901
o=—o—p 10D 2)
v d(l 01)

Here Y and v are Young’s modulus and Poisson’s ratio, and their
values are 155.9 GPa and 0.316 [22,27,28], respectively, for cubic
Mgg.21Zng 790. The calculations yield o =31.7-34.0 GPa, which are
far larger than the critical pressure of the phase transition of ZnO
(8.3-9.5GPa) [19,29,30]. Thus, the formation of anomalous cubic
MgZnO may result from the large compressive stress. We also note
that the stress o slightly reduces from 34.0 to 31.7 GPa with increas-
ing MgZnO layer thickness. This phenomenon can be understood
by considering the stress relaxation. That is, as the MgZnO thick-
ness increases, the stress is gradually relaxed by the introduction
of defects. When the MgZnO layer exceeds a certain thickness [31],
the stress will be below the phase transition pressure, the growth
of cubic MgZnO cannot be maintained, and a structural transition
to hexagonal phase takes place.

The optical absorption spectra of the S-MQW structures, pure
Mg 21Zng 790 and MgO films, were measured to determine their
band gaps. As shown in Fig. 3, for the MgO film, no absorption edge

The experimental and calculated results of structural parameters (a, «, d(1 01)) stress (o), stress-induced energy shift (AEstress) and band gap shift (AEg) for the MgZnO layers

in S-MQW nanocolumnar films.

Sample a(A) a(®) d o1)(A) o (GPa) AEg (meV) AEgtress (meV)
1 4.261 88.74 2.980 31.7 954 859
2 4.249 88.60 2.967 33.7 1079 913
3 4.244 88.66 2.965 34.0 1135 921
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Fig. 3. Optical absorption spectra of all the samples measured at room temperature.

is observed in the measured range of 1.5-6.2 eV because of its wide
band gap of ~7.70eV. All the samples show high transmittance
above 90% over the entire visible region. The absorption coefficient
of the Mggy21Zng 790 film increases rapidly above 3.4 eV, while the
absorption edges of the S-MQW nanocolumnar films extend into
the DUV region, and gradually shift toward shorter wavelengths
with decreasing MgZnO layer thickness. By extrapolating the lin-
ear portion to (cchv)? =0 in the plot of (cchv)? vs. hv (o and hv being
absorption coefficient and photon energy), the band gap energy (Eg)
is estimated to be 4.825, 4.769, 4.644 and 3.690 eV, respectively, for
three different S-MQW samples and the Mgp 21Zng 790 film. The Eg
of the MgZnO layers in S-MQW structures is blue-shifted by 1135
(sample 3), 1079 (sample 2) and 954 meV (sample 1) compared to
that of the pure Mgg1Zng 790 film. It is easy to think that such a
relative energy shift (AEg) may be associated with the quantum
confinement effect (QCE). The QCE-induced energy shift (AEqcg)
increases with decreasing size and dimensionality. Even if in a 0D
spherical nanocrystal system with a diameter equal to the MgZnO
layer thickness, the calculated AEgcg using the equations in Ref.
[32] is no more than 122 meV, which is less than 11% of the total
AEg. In our case of 2D QWs, the AEqcg will further reduce and
only has a very small contribution to the observed AEg. Thus, some
other factors have to be considered. It is known that the compres-
sive stress can induce not only a structural transition, but also a
broadening of the band gap. The energy shift (AEstress) is usually
proportional to the stress (o), namely, AEstress = 8o [19], where 8
is a pressure coefficient (27.1 meV/GPa) [33]. Using this linear rela-
tionship, the AEstress is calculated tobe 921 (sample 3),913 (sample
2) and 859 meV (sample 1), which account for at least 80% of the
total AEg. From the above calculations, we can conclude that the
compressive stress dominates the band gap shift of MgZnO layers
in S-MQWs into the DUV region.

Studies on the absorption spectra predict a possibility of obtain-
ing DUV emission from these S-MQW nanocolumnar films. Fig. 4a
exhibits the room-temperature photoluminescence (PL) spectra of
all the samples. With the excitation of 325nm line of a He-Cd
laser, the pure Mgg31Zng 790 film shows a near-band-edge (NBE)
UV emission centered at 353 nm and a weak deep-level (DL) visible
emission. The high energy side of the UV PL peak is partially cut off
by the filter used to block the laser light. Since the photon energy of
325 nm laser is too low to excite the NBE emission of S-MQW sam-
ples, a 160 nm vacuum UV (VUV) light, which is emitted from 4B8
beamline at Beijing Synchrotron Radiation Facility, is used as the
excitation source. As expected, the DUV emissions are achieved in
these S-MQWs. With decreasing MgZnO layer thickness, their NBE
PL peak shifts from 314 to 261 nm, and the emission wavelength is
much shorter than that of the pure Mg 21Zng 790 film (353 nm). The
peak at ~230 nm observed in all the three samples comes from the
indeterminate background, since it also appears in the VUV-excited

(a) 160 nm VUV excited
MQWs
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Fig. 4. (a) The room-temperature PL spectra of MgZnO/MgO S-MQWs and pure
Mgo21Zn0.790 film, which were excited by 160 and 325 nm light sources, respec-
tively. The solid lines are the Gaussian fits to the UV and visible emission bands. (b)
The variations of Ingg /IpL (blue-cube dots) and Stokes shift (red-sphere dots) with the
MgZnO layer thickness. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of the article.)

PL spectrum of bare Al, O3 substrate (not shown here). Similar to the
results of absorption spectra, the PL peak shift is mainly attributed
to the compressive stress. The intensity ratio of NBE to DL emission
(Inge/IpL), as well as the Stokes shift (which is defined as the energy
difference between the band gap and the PL peak), can be used to
evaluate the crystal quality of MgZnO layer. In Fig. 4b, as the MgZnO
thickness decreases, the ratio Ingg/IpL increases and the Stokes shift
decreases. Such a variation trend suggests an improvement of the
crystal quality of MgZnO layers. This is due to the reduction of
defects accompanied by the stress relaxation process, as discussed
above.

4. Conclusions

In conclusion, we have grown the MgZnO/MgO S-MQW
nanocolumnar films by PLD technique, and studied their micro-
structural and optical properties. The nanocolumns are of MQW
structure and compositionally modulated along their axial direc-
tion. Though the crystal structure and lattice constant of MgZnO
and MgO are mismatched, the epitaxial growth with high-quality
interface has been achieved between them. Herein, the good
strain accommodation of nanocolumn heterostructures may play
animportantrole. The large in-plane compressive stress (1) induces
a structural transition of the MgZnO layer from hexagonal to cubic
phase; (2) leads to a broadening of MgZnO band gap, and allows us
to obtain a DUV emission with a wavelength as short as 261 nm.
Thereby, it is possible that such a novel MgZnO/MgO QW structure,
as an active layer, will be applied to DUV optoelectronic devices in
the future.
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