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We report on the polarity-dependent excitonic emission at the interface in MgZnO/ZnO heterostructures grown
on both polar and nonpolar ZnO single-crystal substrates. Structural and morphological analyses confirm that
the heterostructures grow homoepitaxially on nonpolar m-plane and a-plane crystal substrates. The nonpolar
heterostructures are investigated by depth-resolved cathodoluminescence spectroscopy revealing an excitonic
interface emission centered at 3.12 eV, identified as the H -band signature of indirect excitons. These results
reveal the formation of robust indirect excitons confined at the MgZnO/ZnO interface due to the presence of
an epitaxially strained interfacial layer near the interface in the MgZnO, which is confirmed by high-order
x-ray diffraction. It is also found that the H -band emission originates from the self-absorption of the ZnO
free exciton emission in the proximity of the interface. Temperature-dependent studies of the H band yields
a thermal activation energy of 47 meV for the indirect exciton in the nonpolar heterojunctions. This activation
energy is the largest among all free and bound excitons in ZnO and is much higher than the values found
in AlGaN/GaN and MgZnO/ZnO/sapphire hetrostructures. Our findings indicate that the optical properties of
nonpolar heterostructures are strongly influenced by the piezoelectric effect.

DOI: 10.1103/PhysRevMaterials.6.035202

I. INTRODUCTION

The possibility of forming two-dimensional (2D) electron
or hole gases and associated excitons at the interfaces in
wide band-gap heterostructures, such as MgZnO/ZnO and
AlGaN/GaN, has great potential in high-frequency and high
power device applications [1–4]. Moreover, a recent break-
through has been reported for a GaN/AlN heterointerface
in which a comparatively high 2D hole gas density exists
without the need for acceptor doping [1]. Compared with
GaN-based heterostructures, the MgZnO/ZnO system has sev-
eral merits, including larger spontaneous polarization fields
(PZnO = –0.057 and PGaN = –0.029 C/m2), and smaller lat-
tice mismatch for the same conduction-band offset [5,6].
Furthermore, as ZnO has a larger exciton binding energy
(60 meV) and a small electron effective mass, there has been
an immense interest in its use in exciton-based optical applica-
tions [7]. As a result, ZnO has been extensively studied for use
in light-emitting diodes, lasers, photodetectors, and piezoelec-
tronic devices [7–9]. To date, studies of excitons localized at
the interface in ZnO/MgZnO heterostructures have focused on
layers grown on c-plane polar substrates and their association
with the broken symmetry along the polar axis of the wurtzite
crystal structure. Here, we report the formation of robust ex-
citons confined at the 2D interface of nonpolar MgZnO/ZnO
heterostructures, which can be attributed entirely to inter-
nal piezoelectric polarization fields at the interface. The 2D
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exciton confinement in nonpolar heterostructures and bound
charges at the interface is shown to strongly influence the
optical and electrical properties of oxide devices based on
nonpolar materials.

Wurtzite (Mg,Zn)O has a noncentrosymmetric crystallo-
graphic structure with a relatively strong built-in spontaneous
polarization. Layers and quantum well (QW) structures with
the orientation along the energetically favorable c-axis growth
direction exhibit a spontaneous polarization. This internal
electric field can have detrimental effects, such as lower-
ing the probability of radiative recombination due to the
spatial separation of electrons and holes, known as the
quantum-confinement Stark effect [10]. Growing QW struc-
tures epitaxially on nonpolar substrates (i.e., nonequilibrium
crystallographic orientations) annuls this, and such structures
have been shown to exhibit higher emission intensity as well
as polarized photoluminescence as a result of strain-induced
modifications of electronic bands [11–14]. Hence, device
structures based on nonpolar substrates, especially a-plane
(11-20) and m-plane (10–10) sapphire, have been utilized in
photodiodes, photodetectors, and transistors [11,15]. In the-
ory, nonpolar ZnO substrates offer a much better platform
for ZnO/MgZnO interface studies than sapphire because the
native substrates have no lattice or thermal mismatch with
the epilayers. Thus, we can expect zero spontaneous polar-
ization field in the growth direction. However, studies of
epitaxially grown heterostructures on nonpolar ZnO crystals
are scarce. This can be attributed to two factors: (i) A vari-
able quality of polishing, which can negatively impact the
quality of the crystal surface and (ii) the comparatively high
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growth temperatures which are commonly used for ZnO epi-
taxy can provoke a degradation of the surface morphology.
Both issues have a strong impact on the interface optical
emission and have hampered the adoption of ZnO substrates
in fundamental studies. In this paper, a proprietary chemi-
cal mechanical polishing (CMP) method was employed in
order to minimize both surface roughness and subsurface
damage. MgZnO/ZnO heterostructures were then simultane-
ously grown on polar c-plane and nonpolar m- and a-plane
ZnO substrates using pulsed laser deposition (PLD). PLD
offers the advantage of plasma-enhanced adatom mobilities
which facilitates high-quality epitaxy at reduced substrate
temperatures compared to thermal growth techniques, such
as molecular beam epitaxy or metal organic chemical vapor
deposition [16]. These reduced substrate temperatures sup-
press the substrate morphology degradation that has been
observed at higher growth temperatures by inhibiting the
diffusion of subsurface polishing damage to the substrate
surface [17].

II. EXPERIMENTAL DETAILS

Polar (c-plane) and nonpolar (a- and m-plane) ZnO sub-
strates (size 5 × 5 × 0.5 mm3) were cut from hydrothermal
single-crystal wafers prepared by Materials, Inc. The sub-
strates were annealed at 1100 °C in oxygen for 1 h in order
to drive Li and other group-I impurities to the surface [18].
These impurities were subsequently removed using CMP at
NOVASiC so as to prepare the epi-ready surface for epi-
taxial growth. ZnO epilayers were grown by PLD using a
sintered 5N ZnO powder target with a Coherent LPX 100
KrF (248 nm) excimer laser. MgZnO layers were grown,
subsequently, using a sintered 5N MgZnO (13.4 at. % Mg)
target under an oxygen pressure of 5 × 10–4 Torr as described
previously [19]. The crystal substrate was kept at 500 °C
during the growth. The layer thicknesses were 15 and 360
nm for MgZnO and ZnO, respectively. High-resolution x-
ray diffraction (HR-XRD) was performed in a Panalytical
MRD Pro system using Cu Kα1 radiation. Morphological
investigations were conducted using a field emission scan-
ning electron microscope (SEM) (Thermo Scientific Helios
G4 DualBeam) operating at 10 kV. Temperature-dependent
Hall measurements were carried out using a Van der Pauw
configuration with indium contacts at the four corners of
the sample. Cathodoluminescence (CL) microanalysis of the
films was conducted in an FEI Quanta 200 Environmental
SEM equipped with a diamond-machined parabolic light col-
lector and a Hamamatsu S7011-1007 CCD spectrometer. In
depth-resolved CL measurements, the accelerating voltage
was systematically varied between 2 and 12 kV whereas the
electron-beam (e-beam) current was adjusted at each voltage
so that the beam power was kept constant at 25 μW. In this
way, CL data acquired at different depths could be directly
compared as the number of generated electron-hole pairs at
each measurement voltage remained constant [20]. The oxide
samples were found to be highly stable; no e-beam induced
changes to the CL emission were detected under the excitation
conditions used in this work.

FIG. 1. SEM images of the MgZnO/ZnO homoepitaxial het-
erostructures grown on nonpolar a- and m-plane ZnO crystal
substrates.

III. RESULTS AND DISCUSSION

A. Structural properties of homoepitaxial MgZnO/ZnO
heterostructures grown on nonpolar ZnO substrates

Figure 1 presents SEM images of the MgZnO/ZnO het-
erostructures grown on the nonpolar a- and m-ZnO single
crystals. For the heterostructure grown on a-ZnO, the sur-
face shows a corrugated morphology with parallel ridges
running vertically, similar to those observed by scanning
tunneling microscopy for ZnO epilayers grown on a-plane
ZnO surfaces [21]. These ridges were shown to run along
the [1̄100] direction with facets limited by ±(0001) planes
[21]. The MgZnO/ZnO heterostructure grown on the m-plane
ZnO, on the other hand, exhibits a smoother surface with
occasional rhombohedral islands; such morphology is com-
monly observed in the growth of nonpolar ZnO films as
they preferentially grow laterally along the c-axis orientation
[22,23]. Hall effect measurements gave carrier densities in
the range of 2 × 1018–6 × 1018 cm–3, which was attributed
to the heterostructures because the substrates were signif-
icantly more insulating. The mobilities at 300 K for the
heterostructures on the nonpolar substrates were exception-
ally high (μa plane = 600 cm2/Vs and μm plane = 750 cm2/Vs)
and significantly larger than that for the polar counterpart
(μcplane = 300 cm2/Vs). All the heterostructures (on the c-, a-
and m-ZnO crystal substrates) exhibited monotonic decreases
in carrier mobility with decreasing temperature (see the Sup-
plemental Material Fig. 1S [24]) in a similar manner to a
comparable reference bilayer grown on a sapphire substrate,
which could be explained by interface roughness scattering
[3].

The epitaxial growth of the MgZnO/ZnO bilayers on the
crystal substrates and their d spacings were evaluated by
HR-XRD. Figures 2 and Supplemental Material Fig. 2S [24]
show HR-XRD 2θ /� scans for the MgZnO/ZnO bilayers
and corresponding ZnO crystal substrates, revealing that the
MgZnO/ZnO bilayers grow epitaxially on the respective ZnO
substrates. All the substrates and bilayers show peaks indica-
tive of single phase wurtzite structure and the d spacing of the
ZnO layer is exactly as would be expected for wurtzite ZnO
(according to the JCPDS 36–1451 reference). The MgZnO
peak is situated on the left side of the main ZnO peak for
all the bilayers. The piezoelectric polarization is sensitive to
the strain state of the MgZnO overlayer, which is analyzed by
reciprocal space mapping (RSM). The RSMs recorded around
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FIG. 2. Normalized HR-XRD 2θ /� scans for the main peaks of
the MgZnO/ZnO bilayers grown on the c-, a-, and m-plane ZnO
crystal substrates. The XRD patterns show peaks indicative of the
single-phase wurtzite structure. For all the bilayers, the peak of the
ZnO layer is comparable in position to the bulk substrate, and the
MgZnO peak is situated on the left side of the main ZnO peak.

the main reflection for each of the MgZnO/ZnO bilayers are
presented in Fig. 3S of the Supplemental Material [24]. The
RSMs reveal that the ZnMgO layers are not fully relaxed for
the nonpolar ZnO substrates. A small third peak, related to
the growth of the MgZnO layer, appears at a higher value
of q⊥ than the ZnO layer for the bilayers on the a- and m-
ZnO substrates. This peak arising from an epitaxially strained
thin layer in the MgZnO is more evident in the high-order
Bragg reflections shown in Supplemental Material Fig. 4S
[24]. These XRD profiles are fitted with Voigt functions with

the two main components corresponding to the reflections
from ZnO and MgZnO layers. There exists a third peak in the
bilayers on the nonpolar a- and m-ZnO substrates, which can
be ascribed to a thin interfacial layer formed to accommodate
the substrate strain. From the diffraction intensities, this in-
terfacial layer was estimated to be <2 nm in thickness. The d
spacings corresponding to the XRD peak positions of the ZnO
and MgZnO layers as well as the interfacial layer are shown
in Table 1S of the Supplemental Material [24]. The MgZnO
layers on the c-, a-, and m-plane crystal substrates exhibit d
spacings of 2.606, 1.628, and 2.815 Å, respectively, which are
slightly larger than the values found for the respective ZnO un-
derlayers (2.604, 1.625, and 2.811 Å). This is consistent with
larger Mg2+ ions substituting for Zn2+ ions in the MgZnO
overlayer. The d spacing of the interfacial layer is smaller than
that of the MgZnO layer, indicating that it is compressively
strained by the ZnO underlayer.

B. Excitation of the H band by free excitons

Depth-resolved CL measurements were conducted on the
single ZnO layers and the corresponding MgZnO/ZnO het-
erostructures on the a-, m-, and c-plane crystal substrates
to establish the origin of the interface-bound emission. The
CL emission at the heterointerface is assigned to an H-band
emission based on comparison of the CL spectra of the

FIG. 3. CL spectra at 80 K for the ZnO layers and MgZnO/ZnO
heterostructures grown on a-, m-, and c-plane ZnO single-crystal
substrates. All the spectra are dominated by the ZnO FX emission
at 3.37 eV. The heterostructures on the nonpolar a- and m-ZnO
substrates exhibit a luminescent H band at 3.12 eV, which is absent
in the constituent ZnO underlayer as well as in the heterostructure on
the c-ZnO substrate. The inset shows the distribution of polarization
fields for the heterostructure on the c-ZnO substrate. Psp and Ppe rep-
resent the spontaneous and piezoelectric polarizations, respectively.
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heterostructures with those of the reference ZnO underlayers
(i.e., without a MgZnO overlayer). H-band luminescence is
produced by the radiative recombination of indirect excitons
formed by a 2D electron in the triangular quantum well at
the MgZnO/ZnO interface with a hole in the near-interface
ZnO region [3,25]. Figure 3 shows the CL spectra for the ZnO
layers and the MgZnO/ZnO heterostructures for an acceler-
ation voltage of 4 kV, corresponding to an excitation depth
of 110 nm. The CL spectra for all the ZnO layers consist
of a dominant peak at 3.37 eV, attributable to free exciton
(FX) transition in ZnO with a low-energy optical sideband
due to exciton-longitudinal-optical (LO) phonon coupling.
The spectra for the heterostructures on the nonpolar a- and
m-ZnO exhibit three peaks: a ZnO FX emission at 3.37 eV, a
near-band-edge (NBE) emission of the MgZnO overlayer at
∼3.8 eV, and a broad peak at 3.12 eV labeled as the H band.
The term H band has frequently used to describe to an optical
emission arising from heterojunctions of nitrides, arsenides,
and oxides [26]. The NBE emission of the MgZnO on the
nonpolar ZnO at 3.8 eV corresponds to a Mg concentration
of 24 at.% [27]. It is worth noting that the determination
of the Mg concentration using the NBE emission energy of

the MgZnO is more reliable than using the XRD d spacings
due to the epitaxial strain state of the MgZnO overlayer. The
MgZnO layer grown on the c-ZnO substrate exhibits a lower
NBE emission energy (3.7 eV), compared with those on the
nonpolar substrates, which indicates a lower Mg composition
in the MgZnO alloy. Lower Mg concentration in the MgZnO
layer results in smaller band offsets and a reduced polarization
field, which might contribute to the absence of H band in the
MgZnO/ZnO/c-ZnO structure. The H band is not detected
in any of the ZnO underlayers, and, thus, it is taken that
the H band originates from the MgZnO/ZnO interface. The
H-band emission is most intense in the MgZnO/ZnO/a-ZnO
heterostructure and negligibly weak in the MgZnO/ZnO/c-
ZnO heterostructure.

The distribution of polarization fields for the heterostruc-
tures can be depicted schematically in the inset of Fig. 3.
Psp represents the spontaneous polarizations and Ppe(x) is
the piezoelectric polarization arising from the crystallograph-
ically strained MgxZn1−xO layer. In the c-plane MgZnO/ZnO
bilayer, both Psp and Ppe are present, thus, the total polar-
ization is [Psp(x)–Psp]–Ppe(x). The negligibly weak H band
in the heterostructure on the c-ZnO substrate suggests the

FIG. 4. (a) Depth-resolved CL spectra of the MgZnO/ZnO heterostructure on the a-ZnO substrate acquired at acceleration voltages between
2 and 12 kV. The H band increases monotonically with acceleration voltage even when almost all carriers are injected into the ZnO underlayer,
whereas the MgZnO NBE decreases in intensity as expected. (b) Simulated electron-loss curves for the MgZnO/ZnO heterostructure for
acceleration voltages between 2 and 12 kV. (c) Integrated intensities of the ZnO FX, H band, and MgZnO NBE together with their simulated
emission intensities, plotted as functions of excitation depth over the 2–12-kV voltage range. The experimental and simulated CL depth
profiles for MgZnO and ZnO FX are consistent, whereas the experimental and modeled H-band profiles are in complete disagreement due to
self-absorption of the FX emission by ZnO in the region near the MgZnO/ZnO interface.
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compensation of spontaneous polarization by the piezoelectric
field. This finding is similar to the negligible internal electric
field observed in QW structures with well widths below 4.6
nm [28]. For the nonpolar (a- and m-plane) bilayers, the spon-
taneous polarization fields can be neglected, and, hence, the
total polarization simply becomes –Ppe(x). The strong H band
in the nonpolar MgZnO/ZnO heterostructures is consistent
with the presence of the compressively strained interfacial
layer in the MgZnO as demonstrated above.

To investigate the origin of the H-band luminescence,
depth-resolved CL was conducted on the MgZnO/ZnO/a-ZnO
heterostructure. Figure 4(a) shows the CL spectra for accel-
eration voltages between 2 and 12 kV, corresponding to an
excitation depth of 20–310 nm under a constant excitation
power of 25 μW. These spectra reveal that: (i) the heterostruc-
ture exhibits all three emission bands throughout this range of
excitation depths, (ii) as the excitation depth is increased both
the FX and the H-band peaks become stronger whereas the
MgZnO NBE decreases in intensity, and (iii) the enhanced FX
emission above 8 kV where the beam excites the ZnO crystal
substrate, arises due to a lower concentration of nonradiative
defects in the bulk crystal substrate compared with the PLD
epilayer. To investigate the depth-dependent properties of the
H band, the in-depth and in-plane profiles of the electron
energy loss (EEL) in the heterostructure were modeled for
each kV through a “CASINO” Monte Carlo simulation [29].
The electron energy-loss curves reveal the spatial distribu-
tion of the injected electron hole pairs and the corresponding

CL intensity. Figure 4(b) shows the in-depth energy-loss
profiles of electrons in the MgZnO/ZnO heterostructure for
acceleration voltages between 2 and 12 kV. At the lowest
voltage (2 kV) injected electrons begin to be deposited into
the interface region, resulting in a relatively strong H-band
emission. Intriguingly, the H-band emission continues to rise
with increasing excitation depth when almost all electrons are
injected into the ZnO underlayer at acceleration voltages of
>4 kV. The simulated EEL profiles shown in Fig. 4(b) are
integrated over each layer to model the peak intensity for the
ZnO FX, H band and MgZnO emissions at each kV. For the
H band, an arbitrary thickness of 8 nm (4 nm above and 4 nm
below the MgZnO/ZnO interface) was used. To verify the 2D
nature of the H-band exciton, we plot integrated intensities
of the ZnO FX, H band, and MgZnO NBE together with
their simulated emission intensities as functions of excitation
depth [Fig. 4(c)]. The experimental H-band in-depth profile
has a completely different shape to those of both ZnO and
MgZnO, which confirms that the H-band emission does not
arise from the ZnO or MgZnO layer. The MgZnO and ZnO in-
depth profiles from the experimental and simulated results are
consistent in shape, whereas the experimental and modeled H-
band profiles show opposite trends with increasing excitation
depth (rising and decreasing, respectively). A highly plausible
explanation for the H-band behavior is that the ZnO FX emis-
sion is self-absorbed near the interface by the ZnO epilayer.
Here, the FX absorption excites additional carriers in the prox-
imity of the MgZnO/ZnO interface region, producing a greater

FIG. 5. (a) Excitation power-resolved CL spectra for the MgZnO/ZnO/m-ZnO heterostructure (VB = 4 kV, IB = 0.5–17.8 nA). (b) Analysis
of the integrated peak intensities of the H band and ZnO NBE using the power-law model, showing linear relationships with excitation
power. (c) Temperature-resolved CL spectra for the MgZnO/ZnO/m-ZnO, showing the presence of the H-band emission at temperatures up
to 250 K. (d) Activation energies for the H band and ZnO NBE emission determined using the Arrhenius law: Ea(m-ZnO) = 32 ± 1 and
Ea(H band) = 46 ± 2 meV.
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number of interface localized indirect excitons and, as a result,
an increase in the observed H-band intensity. Significantly, the
H-band emission intensity relative to the FX is found to be
strongest when free excitons in ZnO are generated within 120
nm from the interface; this value corresponds to the expected
carrier recombination length in the ZnO epilayer. This H-band
enhancement model is supported by the observed redshift of
the ZnO FX peak up to 40 meV with increasing excitation
depth [see Fig. 4(a)], which originates from the strong self-
absorption of the high-energy side of the FX peak by the ZnO
region below the interface. Such optical absorption excites
additional carriers, which migrate towards the notch potential
well at the interface [3], producing a great number of bound
interface excitons and a strong H-band emission. The simu-
lation results for the MgZnO/ZnO heterostructure in Fig. 4(c)
show that the e-beam generated H-band component decreases
with rising excitation depth, whereas the FX generated con-
tribution to the H band continues to rise with increasing FX
intensity over the 2–12-kV beam voltage range. The combina-
tion of these two effects produces the observed initial increase
and flattening of the H band with increasing excitation depth
as shown in Fig. 4(c) and confirms that the measured H-band
intensity profile is totally consistent with the self-absorption
model. With increasing excitation depth above 120 nm from
the interface, the elevated ZnO FX emission does not produce
a corresponding increase in the H-band intensity because the
energy of the FX emission falls below the ZnO band gap as a
result of the self-absorption effect. These results confirm the

excitation of the H band by the absorption of the ZnO FX
emission.

C. Thermal activation energy of the H band

Given the coupling mechanism of the ZnO FX and the H
band, it is expected that these two emissions show similar
excitation power dependencies. The excitation power- and
temperature-resolved CL results for the heterostructure on the
nonpolar a- and m-ZnO substrates are presented in Figs. 5
and 6, respectively. These figures show no changes in peak
position and shape for the ZnO FX and MgZnO NBE peaks
with increasing excitation power at 80 K, which reflects the
excitonic nature of these emissions and negligible exciton-
exciton scattering effects. There is no observed shift of the
H-band emission with increasing excitation intensity under
the CL conditions employed, which can be explained as being
due to only a small fraction of injected carriers being excited
in the interface region [see Fig. 4(b)]. The power-dependent
characteristics of the H-band intensity are further analyzed
using a power-law model, ICL α IB

m, where ICL is the inte-
grated CL intensity and IB is the e-beam current [Figs. 5(b)
and 6(b)]. The logarithmic plot gives the exponent m to be
between 0.91 and 1.06 for both the ZnO FX and H-band
emissions. Defect-related emissions in ZnO have previously
been shown to exhibit sublinear dependence on the excitation
power [30]; the H-band emissions observed in both nonpolar
MgZnO/ZnO heterostructures do not display such behavior,

FIG. 6. (a) Excitation power-dependent CL spectra for the MgZnO/ZnO/a-ZnO heterostructure (VB = 4 kV, IB = 0.9–17.8 nA). (d) Analy-
sis of the integrated peak intensities of the H band and ZnO NBE using the power-law model, showing almost linear dependencies on excitation
power. (c) Temperature-resolved CL spectra for the MgZnO/ZnO/a-ZnO, showing the presence of the H-band emission at temperatures up to
250 K. (d) Activation energies of the H band and ZnO NBE determined using the Arrhenius law: Ea(a-ZnO) = 18 ± 3 and Ea(H band) =
47 ± 6 meV.
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indicating the H band is not associated with a lattice coupled
defect.

Temperature-resolved CL studies were carried out to inves-
tigate the dynamics of excitonic and H-band recombination in
the MgZnO/ZnO heterostructures. The temperature-resolved
CL spectra, shown in Figs. 5(c) and 6(c), reveal that the
ZnO and MgZnO NBE emissions broaden and progressively
shift to lower energies with increasing temperature. The
temperature-dependent peak positions of the H band, ZnO
NBE and MgZnO NBE emissions are shown in Fig. 5S of
the Supplemental Material [24]. The MgZnO and ZnO peaks
progressively shift to lower energies due to the band gap
narrowing with increasing temperature, whereas, conversely,
the H-band peak position exhibits a weak dependence on
temperature. The H-band peak shifts with temperature at rates
of 2.7 × 10–2 and 4.1 × 10–2 meV/K for the MgZnO/ZnO/a-
ZnO and MgZnO/ZnO/m-ZnO heterojunctions, respectively.
These rates are significantly smaller than the reported values
of 0.23 meV/K for the H band in GaAs/AlGaAs [31] and
∼0.1 meV/K in AlxGa1−xAs/GaAs [32]. The temperature
shift of the H band is less pronounced than that of the ZnO
NBE emission, consistent with the notion that the H-band
luminescence originates from confined electrons in the trian-
gular potential well arising from the polarization discrepancy
at the interface [3]. The H-band energy can be approximated
as [33]

EH-band = Eg − Ee,loc − Ee,hole,

where Eg is the ZnO band gap, Ee,loc is the localization
energy of electrons in the interface potential well, and
Ee,hole the binding energy of the hole. When temperature
is increased, Ee,loc decreases due to the screening of the
band bending by thermally excited carriers [34], which ex-
plains the smaller H-band shift with temperature compared
with the ZnO NBE peak (see Fig. 5S of the Supplemental
Material [24]). When temperature increases from 80 to 300 K,
all the heterostructure emissions decrease in intensity due to
enhanced electron-LO phonon interactions, albeit at different
rates. The activation energies of the ZnO NBE and H band
can be derived using the Arrhenius law as shown in Figs. 5(d)
and 6(d), yielding Ea = 18 and 32 meV for the ZnO layer
grown on the a- and m-ZnO substrates, respectively. These
values are in accord with the range of reported activation
energies for ZnO excitons [35]. The activation energy for

the H band is almost identical for the heterostructures on a-
and m-ZnO crystals, Ea = 47 ± 6 meV. This extraordinarily
high Ea, compared with the heterostructures of AlGaN/GaN
(10 meV) [33] and MgZnO/ZnO/sapphire (19 meV) [3], gives
the H-band exciton in MgZnO/ZnO heterostructures high
thermal stability and explains why excitonic emission is ob-
served at temperatures up to 250 K.

IV. CONCLUSIONS

Our results indicate two-dimensional confinement of exci-
tons, and associated H-band emission at the heterointerface
in nonpolar MgZnO/ZnO bilayers without the involvement
of spontaneous polarization. Epitaxial growth of the het-
erostructures on the a- and m-plane ZnO substrates results in
a compressively strained interfacial layer in MgZnO, which
generates piezoelectric polarization at the MgZnO/ZnO inter-
face. An excitonic emission peaked at 3.12 eV is observed
in the nonpolar MgZnO/ZnO heterostructures and identified
as the H-band signature of interface bound excitons. It is
shown through depth-resolved CL analysis and simulations
that the H-band emission originates from the self-absorption
of the ZnO free exciton emission in the ZnO region below
the MgZnO/ZnO interface. The interface excitons are found to
be highly stable with a thermal activation energy of 47 meV.
In the case of the MgZnO/ZnO/nonpolar ZnO crystal, the
H-band emission, relative to the FX, is found to be strongest
when free excitons in ZnO are generated within 120 nm from
the interface; this value corresponds to the expected carrier
recombination length in the ZnO epilayer. More broadly,
the results in this paper indicate the presence of confined
2D excitons and bound charges at the interface of nonpolar
heterostructures due to the piezoelectric effect, which must be
included in the assessment of oxide devices based on nonpolar
materials.
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