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Rocksalt Zn,Mg,_,O alloys are theoretically and experimentally investigated for near- and deep-UV opto-
electronics with a tunable band gap of 4.2-7.8 eV. Regarding the key question about the composition x, at which
there is a transition between the direct and indirect gaps, we performed ab initio calculations for various Zn
concentrations and all possible atomic arrangements in eight- to 64-atom supercells. We show that, depending
on the detailed Zn distribution (clustered, random, or uniform distribution), the alloy band gap can vary by
as much as 1.27 eV. The band gap is indirect for clustered and random Zn arrangements in the supercell. For
uniform Zn arrangements, the gap is also indirect, except for x < 0.5 and atom uniform arrangements excluding
Zn-O-Zn nearest neighbor bridges, for which the direct gap can be lowered below the indirect gap by about
0.1 eV. The mechanisms of band-gap fluctuation, Zn clustering, and direct-indirect band-gap transitions are
analyzed and explained in terms of atomic contributions to band structures by projecting Bloch functions onto
localized Wannier functions. Simultaneously, cathodoluminescence measurements were performed on a set of
Zn, Mg, _,O multiquantum wells grown by molecular beam epitaxy on MgO substrates. We observed strong and
broad emission bands, redshifting with increasing Zn concentration but featuring no clear-cut evidence for any
direct to indirect band-gap crossover. We argue that these alloys are well suited for deep-UV optoelectronics,
thanks to the rare combination of strong exciton binding energy, coupling to phonons, and carrier localization,
which is favored by the marked flattening of the top valence bands by both short-range and long-range Zn-Zn

interactions.

DOLI: 10.1103/PhysRevB.101.245202

I. INTRODUCTION

Oxide semiconductors have attracted significant scientific
and technological attention in the research community due to
their unique combination of piezoelectric, electrical, and op-
tical properties. Interesting physical properties of zinc oxide
(ZnO), such as high transparency in the entire visible and
ultraviolet (UV) regions and a wide range of conductivity,
aroused interest toward applications in light emitters and
detectors [1,2], chemical sensors [3], transparent thin-film
transistors [4], multifunctional integrated circuits [5], and
solar cells [6]. Oxides growth technology is well developed.
High crystalline quality and high radiation resistance, as well
as low cost, give oxides a competitive advantage over GaN
based technologies. Epitaxial ZnO films of sufficiently high
quality, much cheaper than GaN substrates, can be grown by
various methods [7,8].

Unfortunately, due to the different: ZnO-wurtzite (WZ) and
MgO-rocksalt (RS) crystallographic structures [9], available
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from Zn,Mg;_,O films, emission energy is limited to 4.2 eV,
which corresponds to the Zn,Mg;_,O band gap with 40%
of Mg. For higher Mg contents, Zn,Mg;_,O films tend to
be segregated into WZ and RS phases. On the other hand,
promising for applications are RS Zn,Mg;_,O epilayers.
They have band-gap energies between 4.2 eV (ZnO) [10] and
7.8 eV (MgO) [11] (the highest available nitride direct band
gap is about 6.2 eV (AIN) [12]). RS Zn,Mg;_,O films were
already grown on MgO (100) substrates by molecular beam
epitaxy (MBE) retaining the RS crystal structure forx > 0.17,
and the RS ZnO epilayer was stable up to 5 nm thickness [13].
As recently reported, RS Zn,Mg;_,O epilayers containing
2%—-85% ZnO were successfully grown on MgO substrates
and tunable band-gap energies of 6.2-4.5 eV were obtained
for these structures [14]. They have potential use in opto-
electronic devices operating in far-UV spectral ranges, with
a broad range of applications in medicine [15], biology [16],
chemistry, and materials science [17] (air and water purifica-
tion, food preservation, air conditioners, currency screening,
bioagent detection systems, and optical storage).

Despite the growing interest in RS Zn,Mg;_,O epilayers,
measurements and calculations of the electronic properties
of these heterostructures are still very scarce. Jaffe er al.
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[18] calculated the electronic band structure of RS ZnO us-
ing the all-electron local-orbital Hartree-Fock method. They
predicted that RS ZnO has an indirect band gap, which is
not useful for optoelectronic applications. Similar theoretical
results were obtained by other researchers interested mostly
in RS ZnO as a high-pressure phase of WZ ZnO. In addition,
it remains unclear whether the RS ZnO phase is stable at
ambient conditions. Unlike RS ZnO, RS MgO was predicted
as a semiconductor with a direct band gap at ambient pressure;
however, a 10% volume contraction shifts the conduction
band minimum (CBM) from the I" point to the X point [19].
Djelal et al. [20] reported density functional theory (DFT) cal-
culations of the band structures of RS Zn,Mg;_,O alloys us-
ing 16-atom supercells. The authors suggested that the energy
gap in this alloy is indirect in the entire composition range,
0 < x < 1, except for MgO, where it is direct. Conversely,
the theoretical work by Wang et al. [21] predicted direct gaps
at x =0, 0.25, and 0.375 and, surprisingly, indirect gaps at
x =0.125 and 0.5. Onuma et al. [22] reported data from
cathodoluminescence (CL) measurements performed on a set
of RS Zn,Mg;_,O films with x = 0.61—-0.92 and compared
them with ab initio band gaps calculated for RS Zn,Mg;_,O
alloys. The authors emphasized the presence of E, fluctuations
caused by differences in the local distribution of Mg and Zn
atoms in the alloy. However, it seems that their identification
of the calculated band gaps as direct or indirect was not quite
correct.

In the context of the aforementioned controversies and for
future applications, it is crucial to clarify the real characteris-
tics of the band gap in Zn,Mg; _, O throughout the entire range
of composition and to understand the mechanism governing
band-gap symmetry. To this aim, we performed band structure
calculations for many compositions, x, and various Zn atomic
configurations in eight- to 64-atom supercells. Calculations
show that the spreads of the band gaps for chosen x exceed
1.25 eV depending on the choice of Zn sites. The valence
band maximum (VBM) occurs at different high-symmetry
points I', R, M, and X of the Brillouin zone (BZ). However,
CBM is always located at the I' point. Direct band gaps
(I’-T") rarely appear and only in some cases with x < 0.5,
for atomic configurations in which Zn atoms are uniformly
distributed in all crystal directions.

Discussing the mechanism of the fluctuations and direct-
indirect band-gap transitions we characterized atomic contri-
butions to the band structures via projections of the Bloch
functions onto maximally localized Wannier functions (ML-
WFs) [23,24]. We observed the influence of the Zn distribu-
tion on the shape of the valence band. In addition, the Hamil-
tonian matrix elements between MLWFs centered on chosen
groups of atoms (Zn or neighboring O) and the dependence of
these elements on the distance between Wannier centers give
an estimate of the strength of the interactions between dopant
atoms.

In order to compare our theoretical results with the ex-
periment, CL measurements were performed on a set of
Zn,Mg; _,O single quantum wells grown by MBE. In the last
part of the paper, the experimental energy gaps estimated from
these measurements were compared with the calculated band

gaps.

II. METHODOLOGY
A. Theory

There exist different approaches to simulate alloys. The
simplest one is the virtual crystal approximation (VCA),
which averages all impurity configurations in the entire sam-
ple. Alternative to VCA is the much more advanced and
one of the most used techniques, the “special quasirandom
structure” (SQS) approach proposed by Zunger et al. [25,26]
that mimics a perfectly random structure far better than the
standard techniques. For the random substitutional alloys,
the conventional band picture is broken due to the lack of
translational symmetry. Fortunately, the approach proposed
by Zunger and co-workers [27] can map the eigenvalues ob-
tained from large supercell calculations into an effective band
structure in the primitive cell, and can recover an approximate
E(k) for alloys.

The supercell method used in the present work can sim-
ulate a well uniform and clustered distribution of atoms,
whereas the random distribution can be simulated only locally,
inside the supercell. We simulate uniform, intermediate (lo-
cally random) as well as clustered configurations by construct-
ing eight-, 16-, 32-, and 64-atom supercells, repeated “ad
infinitum” in the band structure calculations. In such approach,
due to periodicity, we are dealing in fact with the ordered
alloy and we cannot construct the real random distribution
of atoms. For each composition, x, we changed “by hand”
the positions of the Zn atoms in the supercell. All the most
clustered configurations (atoms grouped in one plane, or one
corner of a supercell) lead to the same or very similar results
for the band gap, so we presented only one representative case
for each composition. In contrast, in the uniform configuration
we tried to put the Zn atoms as far away from each other
as possible, and again, we checked that all such configurations
lead to very close values of gaps. Much more combinations
are for intermediate cases leading to the “intermediate” values
of the band gaps. We investigated many different distributions
of atoms, excluding symmetrically equivalent. Some of them
lead to very close values of the band gaps. In the manuscript
we present several different values of band gaps for each
composition, treating them not as “all possible,” but rather as
“examples.”

The electronic band structures of ZnO, MgO, and
Zn,Mg;_,O alloys were performed by self-consistent cal-
culations based on the local density approximation (LDA)
to density functional theory (DFT) with Perdew-Zunger
parametrization [28] of the Ceperley-Alder exchange-
correlation functional [29]. The values of total energies,
atomic coordinates, and lattice parameters were determined
using pseudopotentials as implemented in the Vienna ab initio
simulation package (VASP) [30]. This code is well suited for
calculations of the atomic relaxations in the entire supercell
by minimizing the Hellman-Feynman forces.

The convergent results were obtained with an energy cutoff
of 600 eV, and k-space integrations were performed by sum-
ming over a 5 x 5 x 5 mesh of the Monkhorst-Pack special
points [31].

Subsequently, the obtained relaxed atomic positions were
used as input for the energy band structure calculations using
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the linear-muffin-tin-orbital (LMTO) [32] method in the full-
potential version [33]. A semiempirical correction procedure
(LDA+C) [34,35] was used to account for the deficiency of
LDA in predicting semiconductor gaps. The LDA+C adds
external potentials, which peak sharply at the nuclear sites and
therefore they push s states upward in the energy. This ap-
proach has been successfully applied in many systems based
on III-V nitrides, their alloys, and superlattices (SLs) [36-46].
The LDA4-C procedure not only corrects the fundamental
gap, but also the dispersion of the conduction band and the
gaps at other BZ points, performing well for bulk moduli,
deformation potentials, and effective masses. It also works in
the presence of an electric field [43]. The LDA+C method
was originally developed and extensively applied in LMTO
calculations [34—41,43], then in the linear augmented plane-
wave (LAPW) framework [44,45]. Subsequently, it has also
been applied to the pseudopotential method [46]. Potential
parameters are specific for the atomic species and therefore
transferable in the sense that they can be determined for two
binary compounds and subsequently be applied to systems
in which the compounds are combined, as in alloys, SLs,
and heterojunctions. The parameters used in this work were
determined separately for MgO and ZnO by adjusting to the
values of the experimental gaps, and then applied to ZnMgO
alloys. They were kept unchanged while the composition
was varied. Our optimized values of the adjusting parameters
are Vp(Zn) = 1000Ry, Vo(Mg) = 900 Ry, V,(O) = 800 Ry,
at the atomic sites, with the range parameter set to ry =
0.015a.u. for all atoms. At all empty spheres we use Vy =
0.70Ry and ry = 0.60 a.u. Further details on the calculations
are given in Refs. [34,35].

In the second part of the calculations, the nature of elec-
tronic interactions responsible for the shape of the valence
band in different atomic configurations was analyzed using
the MLWFs [47,48]. Wannier functions were implemented in
the code WANNIERI0 [49]. We used this tool on top of the
QUANTUM-ESPRESSO package [50]. Norm-conserving pseu-
dopotentials with 12 electrons in the Zn valence configuration
were used. A cutoff energy of 100 Ry for the plane-wave basis
set was sufficient to obtain convergent results. The uniform
mesh of the k points was set to 4 x 4 x 4 for the supercell with
64 atoms and 8 x 8 x 8§ for the small cell with eight atoms.

The set of N Wannier functions w,g(r) = w, (r —R ), n €
[1, N]labeled by Bravais lattice vectors R may be constructed
from a set of N Bloch bands W, (r) as

lwnr) = (27_[)3 / |: Z U gf,z

where U*) is a unitary matrix. Different choices for U%) are
possible and lead to the Wannier functions of varying spatial
spreads. The Marzari-Vanderbilt method [23] of constructing
the MLWFs is based on the minimization of the sum of the
quadratic spreads:

:| _idek, (1)

N

Q=Y [owlrlowo) — {oolrlo) 1. @)

n

The initial estimate for Wannier functions ¢, (r) is made

using the projections A®) = 4, |g, of the Bloch eigenstates

onto the trial functions g,(r), usually the atomic shells and
their hybridizations but not only, as follows:

Ouke = ZA“‘) |t 3)

m=1

Having found the transformation matrix U¥), the Hamilto-

nian matrix can be represented based on the MLWEF:

1 )
Hu(R)= — > e ™ 0 (k) )
No 4
where HW) (k) = (U®)Y HE)U®.

B. Experiment

The samples investigated in this study were grown by
plasma assisted molecular beam epitaxy (PAMBE) (Riber
Compact 21 system) on RS MgO (001) substrates from MTI
Corporation. The system was equipped with a plasma cell as
a gas source and standard effusion cells for group II elements.
After chemical wet cleaning, MgO substrates were subjected
to a pretreatment process, including an outgassing stage,
which lasted for several hours at 700 °C in a buffer chamber.
Finally, a 30-min oxidation in a growth chamber (700 °C) was
performed. The growth was carried out at 460 °C.

The grow rate 0.36 pm/h was measured ex situ after
epitaxy by high-resolution transmission electron microscopy
(HRTEM). A streaky pattern from the sample surface was
revealed during and after the sample growth by reflection
high-energy electron diffraction (RHEED).

Two types of samples were grown: single quantum wells
(SQWs), and multiquantum wells (MQWs) with ten rep-
etitions of Zn,Mg;_,O layers sandwiched between MgO
buffers. In general, the samples were relatively thin. First, a
5-20-nm-thick MgO buffer layer was grown, and on the top
of that the SQW or MQWs were grown with the thickness
of 5-8 nm. Then, MgO barriers with the same thickness as
the buffer layer and cap layer were grown. Regarding the
concentration of Zn,Mg;_, O in the QWs region, we used the
equation proposed in the recent publication by Wen et al. [14],
who suggested that the content of ZnO in an epilayer can be
expressed as

[ZnO] := BEP(Zn)k/[BEP(Zn)k + BEP(Mg)],

where BEP(Zn) and BEP(Mg) are beam equivalent pressures
and k = 0.265. k is the experimental constant defined as k =
yZn/yMg, where yx is the sticking coefficient of element x.
In Ref. [14] it has been suggested that this experimental equa-
tion is valid over a fairly wide range of growth temperatures
between 400° and 600 °C. The analysis of experimental data
on the Zn content in the epilayers presented in this work is
based on x-ray energy dispersive spectroscopy (EDS), with
accuracy estimated to be ~1% for the alloy composition.

III. THEORETICAL RESULTS

A. Supercells, crystal symmetry, band folding

To examine the dependence of the RS Zn,Mg;_,O band
gap on the composition and various Zn atomic arrangements,
we performed the band structure calculations for eight-, 16-,
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FIG. 1. The calculated band structures of RS Zn,Mg;_,O (x = 0, 0.25, 0.5, 0.75) in an eight-atom supercell. The I'-I" and R-T" band gaps

obtained from the LDA+C are provided in eV.

32-, and 64-atom supercells. For each composition we
changed the positions of the Zn atoms in the supercell.

MgO crystalizes in the RS-B1 structure of NaCl, where
each atom is sixfold coordinated and we assume this structure
for RS Zn,Mg;_,O alloys. It is necessary to emphasize the
difference between the RS-B1 structure and the eightfold
coordinated RS-B2 structure [51] characteristic for the
high-pressure phase (above 250 GPa) of ZnO. The authors
of an earlier work [22] on RS Zn,Mg;_,O alloys compared
their experimental results with the calculations performed for
the B2 structure (Ref. [22], Fig. 4). Therefore, the differences
between the assignment by us and these authors of the direct
band gap may also result from the different, B1 and B2,
structures.

The supercells constructed to simulate RS Zn,Mg;_,O
alloys have the following symmetries: simple cubic (sc) for
eight atoms, face-centered cubic (fcc) for 16 atoms, body-
centered cubic (bcc) for 32 atoms, and sc again for 64 atoms.
In particular, the high-symmetry W and L points of the Bril-
louin zone (BZ) in fcc symmetry correspond to the M and R
symmetry points in the sc cells, respectively,

In the context of the direct-indirect band-gap problem, it is
very important to pay attention to the band folding that occurs
in the geometry of 16-, 32-, and 64-atom supercells. The
energy bands at the high-symmetry points at the edges of the
BZ are folded down to the I" point due to the reduction of the
BZ size (larger real cell means smaller BZ). For this reason,
we denote the central point of the BZ as I'’, which means true
I' and all high-symmetry points X, M, and R of the larger
reciprocal supercells that fold to I'. To “unfold” the bands
and identify them, we started with the eight-atom supercell
(Fig. 1). In an eight-atom supercell (sc symmetry), the R point
of the BZ is not folded to the I" point, but it corresponds to the
L point of the BZ in the original two-atom cell (fcc symmetry).
We get exactly the same direct and indirect band gaps for bi-
naries, ZnO, and MgO in two- and eight-atom cells. With this
in mind, we followed folding of bands in larger supercells by
comparing bands obtained in eight-, 16-, 32-, and 64-atom su-
percells for binaries and Zn,Mg;_,O alloys. At the end of this
complicated process, at the I''-point, we identified the band
energies originally belonging to other high-symmetry points.

Comparing our numerical results with the calculations by
Onuma et al. [22] we found that the authors probably did
not take into account the bands folding. Their lowest direct
band gaps correspond to our lowest indirect gaps. On the
other hand, their indirect gaps are indeed indirect and mainly
correspond to the band gaps between lower-symmetry points

at the VBM (see plateau R-M in Fig. 1) and CBM at the
I' point. Another difference between their results and our
calculations is the aforementioned difference in structures:
(B2 in Ref. [22] and our B1).

B. Band-gap fluctuations, Zn clustering

At first, the band structures of RS Zn,Mg;_,O alloys are
calculated in the eight-atom supercell geometry, for composi-
tions x = 0.25, 0.5, 0.75 and for pure MgO (x = 0) and ZnO
(x = 1). In this geometry there is only one possible Zn-atomic
arrangement for any composition x. The results are presented
in Fig. 1. Only pure MgO has a direct band gap at the I" point.
Starting from 25% of Zn, we get an indirect band gap between
VBM at the R point and CBM at the I" point; moreover, VBM
is nearly degenerate at the M-R symmetry line and the highest
occupied band at the I' point is approximately 1.3 eV below
the VBM.

The band alignment between the VBM of pure ZnO and
MgO is 1.46 eV (calculated with respect to the 2s state of
oxygen). This high value gives an expectation of how strong
the valence rearrangement in the alloy would be.

RS Zn,Mg;_,O band gaps as functions of Zn content,
x, obtained from the calculations for eight-, 16-, 32-, and
64-atom supercells are collected in Fig. 2(a). For each compo-
sition a very diffuse picture of the band-gap values E, reflects
various arrangements of the Zn atoms in the supercell. The
biggest differences are in the concentration range of 25%—
50%, and the spreads of E, exceed 1.25 eV. As will be shown
later, the lowest band gaps coincide with close Zn-atom ar-
rangements, forming Zn-O-Zn linear bridges or Zn-O planes.
This result resembles the effect of In clustering in InGaN
and InAIN. For comparison, uniform and clustered InAIN
band gaps are presented in Fig. 2(b). The effect of carrier
localization at the nanoscale in InGaN alloy was also studied
by Kent and Zunger [52]. Experimental evidence of Anderson
localization induced by intrinsic alloy compositional disorder
in InGaN/GaN QWs has recently been presented by Hahn
et al. [53]. They observed variations in the emission spectra at
distances as short as 5 nm, consistent with fluctuations caused
by random compositional disorder. This intrinsic alloy feature
can generate local fluctuations of potential, which can lead to
the carrier localization and subsequent PL line broadening.

For discussion of the In clustering in InGaN and InAIN see
Ref. [35]. Effect of Zn clustering will be discussed in more
detail in Secs. IIID and V.
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FIG. 2. (a) The calculated band gaps of RS Zn,Mg,_,O for various configurations using eight-, 16-, 32-, and 64-atom supercells. (b) Band
gaps of wurtzite In,Al;_,N from our earlier work on nitrides [38]. The solid black lines correspond to the lower limit of the gaps (clustered
arrangement of atoms), and the dashed lines correspond to the upper limit of the band gaps (uniform arrangement of atoms). Arrows in
(a), (b) indicate the band-gap spreading, AE,, defined as the maximal difference between the band gaps obtained for clustered and uniform

arrangements of atoms for the same composition, x.

C. Direct vs indirect band gaps

In addition to the fact that all band gaps in the eight-atom
supercell (Fig. 1) are indirect (except for MgO), these gaps are
the same as the lowest band gaps obtained for different atomic
configurations in 16-, 32-, and 64-atom supercells [Fig. 2(a)].
Similarly, direct band gaps obtained in the eight-atom super-
cell are also the lowest direct gaps, considering all the possible
atomic configurations. To illustrate this fact, Fig. 3 shows the
indirect and corresponding direct band gaps calculated for
eight-atom supercells and for larger supercells for various Zn
arrangements. All these sets are a subset of the cases presented
in Fig. 2. Figure 3(a) illustrates band gaps obtained using an
eight-atom supercell—for which the arrangement of atoms is
unique and corresponds to the clustered configuration. The
same clustered configuration can be reproduced using larger
supercells (16, 32, and 64 atoms) as shown in Fig. 3(b). In
Fig. 3(c) we illustrate intermediate (locally random) arrange-
ment of atoms; band gaps are obtained using 16-, 32-, and
64-atom supercells. The size of the supercell for uniform
configuration of atoms should be as large as possible (we
want them to be as far apart as possible). We took a 64-atom

supercell, but we checked the convergence by comparing the
results with those obtained with 16- and 32-atom supercells.
It happens that the differences are very small, especially
between 32- and 64-atom supercells, but only in the case of
a 64-atom cell do we get clear values of direct band gaps
for x < 0.5, as indicated by the red line lying slightly lower
than the black line representing the corresponding indirect
transitions.

The mechanisms of band-gap fluctuations, effect of Zn
clustering, and origins of direct-indirect gap transitions will
be analyzed below and explained in terms of atomic contribu-
tions to the electronic band structure and lattice relaxation.

D. Atomic contributions to the valence bands, lattice relaxation

Electronic interactions responsible for the nature of the va-
lence band are analyzed via projections of the Bloch functions
onto MLWFs. For each chosen atomic configuration of two,
four, eight, and 16 Zn atoms (composition, x = 0.0625, 0.125,
0.25, and 0.5) in the 64-atom supercell, illustrated in Fig. 4, a
set of MLWFs centered at the Zn atoms is obtained. Since the
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8ol 8-atom supercell (b) clustered configuration
751
70+
6.5
6.0
551
50 ~< [ ~
450 -
40

8.5 ,.“ (a) | ’!‘
\

\
)

direct ][

Band gap (eV)

~~~~~~ ~~-e

1 ©

16,32,64-atom supercells ][
direct ][

indirect] [

d)

——
random configuration

uniform configuration
= 64-atom supercell
== 32-atom supercell
16-atom supercell

16,32,64-atom supercells : :

~ direct

Y T
“>~@_ indirect ][
Te--.

00 01 02 03 04 05 06 07 0.8 09 10 00 01 02 03 04 05 06 07 08 09 10 00 01 02 03 04 05 06 07 08 09 1.0 00 01 02 03 04 05 06 07 08 09 1.0
ZnO MgO

MgO Zn content, x ZnOMgO Zn content, x

Zn content, x Zn0 MgO Zn content, x Zn0

FIG. 3. The band gaps of RS Zn,Mg,_,O as functions of the Zn content x calculated using eight- (a) and 16-, 32-, and 64-atom supercells
(b), (c), (d). In (b), (c¢), (d), the band gaps are presented for a few chosen Zn-atom arrangements in a supercell. The direct band gaps are
indicated by red dots and red lines and the indirect band gaps are indicated by black dots and black dashed lines.
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x=0.0625

END=7.10eV

EPR=7.24 eV

FIG. 4. The valence band evolution in 64-atom supercells. The composition x and the band-gap values with indication of their character
(EPIR or E'NP) are provided for each case. The direct band-gap cases are highlighted. Atomic colors: Mg—blue, O—yellow, Zn—blue with
red labels. Color legends of the bands are projected onto the Zn-centered MLWFs. Blue represents an almost MgO-centered band and red

signifies a high content of Zn in the band composition.

whole MLWFs set provides a complete basis for the Bloch
function space, projection on a subset of MLWFs can only
be a number from O to 1. Assessing the maximal values of
the projection coefficients for all bands that did not exceed
0.3, we set the color legend in Fig. 4. High-symmetry points
(R, M, X) are folded down to the center (denoted now by
I'") of the small BZ of the 64-atom supercell. Sets of three
cases with different atomic configurations, from clustered
to uniform arrangements of atoms, are provided for each
composition.

Analyzing Fig. 4 we observe that the nature of the upper
part of the valence band varies significantly depending on the

Zn-atoms arrangement. We have found that VBM is built of
MLWFs of Zn and oxygen atoms adjacent to Zn, in different
proportions for each case. On the contrary, the VBM in
pure ZnO is composed of oxygen-centered MLWFs without
the contribution of a Zn atomic shell. The reason for the
alloy’s different behavior may be lower ionicity of the Zn-O
bond compared with the Mg-O bond, with the charge density
shifted toward Zn in the mixed compound. The covalency
of Zn-O bonds increases with the degree of coordination of
oxygen with Zn atoms and causes an increase in bandwidth.
On the other hand, the CBM of pure ZnO is composed of
Zn-centered MLWFs. Because both ZnO and MgO have a
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CBM at the I point, the position of the CBM in Zn,Mg;_,O
alloy does not vary.

Clustered configurations of Zn atoms presented in the first
column of Fig. 4 are realized by linear Zn-O-Zn bridges
and correspond to unique atomic patterns in a supercell with
eight atoms, in which Zn atoms occupy positions along the
[110] crystal direction for x > 0.25 or the [100] direction for
x = 0.25. In a 64-atom supercell, the clustered configuration
for x = 0.0625 can be realized by placing Zn atoms along the
[100] direction (first case in Fig. 4). We note that the states
at the VBM are separated from the rest of the valence bands.
This separation occurs in cases with one or two Zn atoms in
the supercell. However, VBM shows slight entanglement with
other bands at the BZ corner (R point).

For the higher composition, x = 0.125, four Zn atoms are
located in the corners of the square; for x = 0.25, eight Zn
atoms are located in the corners of the cube; and for x = 0.5,
16 Zn atoms occupy the corners of two cubes, i.e., lie in the
(100) planes as shown in the figure. All the above clustered
configurations are characterized by very strong interactions
between Zn atoms governed by couplings with adjacent oxy-
gen atoms. Sixfold coordinated Zn opens the d shell and forms
sp3d?2 hybridization with neighboring oxygen. It involves the
d2_,» and d,» orbitals. This high coordination and specific
hybridization leads to a very strong effect on the valence band
top, pushing it up and leading to the lowest band-gap values.
This is visible when the VBM position is compared with the
maximum of the pure MgO-localized bands (blue bands in
Fig. 4). We observe that the presence of Zn-dominated bands
does not affect the shapes of MgO bands; only their distance to
VBM varies, which is very clearly visible for the composition
x = 0.0625.

Comparing to In clustering in InAIN and InGaN [35] we
come to the conclusion that the role of the cation d shell
is a common property of RS ZnO and WZ InN. Although
tetragonally coordinated In does not open its d shell, this
shell is energetically positioned very close to the Fermi level
[54,55], which means that polarization effects can play a role
in atomic clustering in In compounds.

In the middle column of Fig. 4 the Zn patterns that have
a more diffuse distribution are illustrated. VBM is shifted
lower toward the MgO bands, which leads to higher band-gap
values. Also, we observe more entangled valence bands for
higher compositions.

In the last column of Fig. 4 examples of uniform dis-
tribution of atoms are shown. The band-gap values are the
largest and their character changes for compositions x < 0.5
from indirect to direct (highlighted cases). The VBM in the
direct band-gap cases is found at the I point with a nearly
degenerated X point in some cases.

The clustered configuration of atoms is accompanied by
strong lattice relaxation. The shortest Zn-O relaxed bond
lengths for clustered cases are listed in Table I in compari-
son with the shortest Zn-O bond lengths for uniform cases.
Differences in the band-gap values, AE, and in total energies,
and AE,, between clustered and uniform cases are also given.

In uniform atomic arrangements, we observe almost no
changes in the bond lengths compared to the binary ZnO
(2.111 A) and MgO (2.072 A) compounds, while in clustered
alloys Zn-O bonds are up to 5% shorter than in ZnO. The ef-

TABLE I. Zn-O bond lengths in clustered and uniform arrange-
ments of atoms and the corresponding differences in band gaps, AE,,
and in total energies, AE,,, between both cases.

Composition Bond lengths Bond lengths

X (A) clustered (A) uniform  AE, (eV) AE, (eV)
0.0625 2.041 2.085 0.57 -0.08
0.125 2.027 2.088 0.66 -0.23
0.25 2.009 2.092 1.23 -0.67
0.5 1.992 2.103 1.18 -1.34

fect is more pronounced for higher compositions, x, which co-
incides with the higher AE, values of the band-gap reduction.
The shorter bond length is the larger difference between the
band gaps in clustered and uniform cases. Shortening of the
bond lengths increases the strength of Zn-O-Zn interactions
and leads to an even stronger hybridization of wave functions.
As can be seen from Table I, the uniform configuration of
atoms is the most stable, and this statement is valid also for
other compositions, not included in the table. This means that
direct band gaps that have appeared for such an arrangement
of atoms can be preferable. However, the differences in total
energies (the largest for x = 0.5) are not very large.

We have to point out that our intermediate configurations
(between clustered and uniform configurations) are only lo-
cally random, due to periodicity and relatively small size of
supercells. Nevertheless, we believe that the conclusion that
band gaps for locally random distribution of atoms are lying
above the gaps for clustered and below the ones for uniform
configurations is valid also for real random configurations.
Similar results were obtained previously for nitride alloys
[35,38]. Also, Kent and Zunger [52] studying the effect of
carrier localization in cubic InGaN obtained emission energies
reduced by 200-300 meV compared to a random alloy as a
consequence of In segregation.

E. Interatomic interaction strength at the short and long
distance: Wannier analysis

Another demonstration of the long-range interactions gov-
erning the band structures of various Zn-doping patterns can
be an analysis of the Hamiltonian matrix elements between the
Bloch functions at a given k point in the reciprocal space or,
equivalently, between the MLWFs in direct space; see Eq. (5)
in Sec. IT A. Since the pure ZnO in the wurtzite structure is a
covalent system with the sp3d2 Zn hybridization (akin to that
of the well reported BaTiO3 [56]), the Zn atoms embedded
in the ionic MgO crystal will introduce new chemical bonds,
which we analyze via the projections at the s and d shells of
Zn and the sp3 lobes of O. This will show how the covalency
of the Zn-O bond precipitates into the ionic system.

Additionally to the long-range interactions, we visualize
the shorter-range interactions between Zn atoms in a more
intuitive way. Figure 5 shows a plot of the real space repre-
sentation of s-type Zn-centered MLWFs for several supercells.
Only one MLWF centered on the selected Zn atom is plotted
in each supercell, for visual clarity, and the other Zn atoms
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FIG. 5. Visualization of the s-type MLWFs (yellow and blue
lobes) centered at one of the Zn atoms (in green) in the 64-atom
supercells with various x concentrations and doping patterns: (a)
Zn-Zn in (101) distance in the units of Zn-O bond; (b) Zn-Zn in
(2,0,1) distance; (c) Zn-Zn in (2,2,0) distance; (d) Zn-Zn in (2,0,0)
distance.

possess the symmetric functions. A variety of MLWF shapes
illustrate different kinds of Zn bonds.
We can distinguish three types of bonds:

Polarized—Figs. 5(a) and 5(b)—the Zn bond is directed
toward the adjacent Zn atom.

Symmetrical—Fig. 5(c)—refers to the case when the Zn
atom has no adjacent Zn atoms, and farther Zn neighbors
are distributed symmetrically.

The so-called “banana bond” or “bent bond” [57]—
Fig. 5(d)—direct bond between Zn atoms with exclu-
sion of oxygen atoms. The lobes of Wannier functions
connect Zn atoms not along the shortest distance and
straight line between them, but they bend avoiding the
atom between them.

The banana bonds, or bent bonds, were found by Linus
Pauling in 1931 [58], and because of their importance he
was awarded a Nobel Prize in 1954. Thanks to this concept,
it was possible to better predict the molecular or crystal
structures. Further developments of this chemical-bonding
type brought the Nobel Prize in 1976 to William N. Lipscomb
for his studies of boranes [59]. The existence of the banana
bonds in our system is a signature of the local covalency
introduced by Zn atoms into ionic MgO. These bonds are
markers of the tendency of atoms to form clusters, because the
Zn-Zn interactions are strengthened by two contributions: (i)
straight bonds mediated by O atoms (aforementioned highest
contributions to the Hamiltonian, reported in Fig. 6) and (ii)
additional direct bonds [reported in Fig. 5(d)] omitting the
atoms which are residing at the Zn-Zn line.

IV. EXPERIMENTAL RESULTS

The key problem in growing ZnMgO MQW structures on
MgO substrates is to determine the conditions for maintaining
the RS phase. It was found that the maximum layer thickness
of Zn,Mg;_,O strongly depends on the Zn concentration,
decreasing with x, which reflects the phase instability of the
alloy. In our case, we were able to grow a 3-nm ZnO QW
(purely in the RS phase), sandwiched between two MgO
layers. In a 10-nm-thick ZnO QW sample grown under the
same conditions, HRTEM revealed a dominant RS phase, with
mixed RS and WZ phase in some regions.

Our experimental results are consistent with previously
published results by Lu ef al. [13], where the authors sug-
gested that 5 nm is a critical thickness for RS phase stability
in ZnO/MgO structures. It is also worth noting that this value
(5 nm) was used by us as a critical thickness that cannot
be exceeded during SQW growth. Of course, as indicated
in Ref. [13], for increasing MgO concentration, the critical
thickness increases, reaching 130 nm for the ZngsMggsO
layer.

High-resolution x-ray diffraction (HRXRD) studies of 002
(symmetrical) and —1 —1 3 (asymmetrical) reflections were
performed for our MQW’s samples (Fig. 7). The chemical
composition and thickness of the layers vary from sample to
sample. However, from 20/w scans—measured over a wide
angle range (15°-120°)—it was confirmed that we observed a
very small amount of WZ phase, at the level of 0.1%. Diffrac-
tion curves [Fig. 7(a), reflection 002, 20/w scans collected
with analyzer] show a series of maxima. Their angular posi-
tions (26 scale) are associated with Bragg angles for construc-
tive x-ray interference from Zn,Mg;_,O/MgO double layers
repeated 10 times. Diffraction patterns with satellite peaks
and dense oscillations between them confirmed the very high
quality of the structures, with sharp interfaces between the
MgO and Zn,Mg;_,O layers. In addition [Fig. 7(b), sample
Zng 41 Mg 500/MgO, is representative of all other structures),
from the reciprocal space map of the —1 —1 3 reflection we
received information that our structures are fully strained to
the MgO substrate.

After the structural characteristics CL structural measure-
ments were performed. The CL setup is an additional, in-
ternally developed system, mounted on the FEI Inspect F50
emission electron scanning microscope. The electron beam
energy and current were set to 1 keV and 400 pA, respectively,
and the area of 10 x 10 um was scanned during 10 s, needed
for spectral acquisition. The spectra were obtained using a
Horiba iHR 550 spectrometer with an entrance slot width
of 1 mm and acquired with the Andor Newton DU940 BU2
charge-coupled device (CCD) camera. Accelerating voltage
was kept low to ensure “surface” pumping of our structures
and minimize a contribution from the MgO substrate.

The room-temperature CL spectra of RS ZnMgO/MgO
MQWs are shown in Fig. 8. They have two broad bands
whose dependence on the Zn concentration is very different: a
high-energy band with FWHM~0.8 eV, which monotonically
shifts to lower energy as x increases, and a low-energy band at
~3.5-4 eV, FWHM > 1 eV, which shows chaotic behavior in
both intensity and energy. Similar low-energy bands are also
observed in CL spectra in Refs. [22,60]; most likely they are
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FIG. 6. The largest matrix elements of the Kohn-Sham Hamiltonian between the maximally localized Wannier functions (MLWFs)
separated by the distance |r| in Zn,Mg,_,O. The Wyckoff positions of the Zn atoms in the 64-atom supercells are shown above the
corresponding plots. The MLWFs centers used for the projections of the Hamiltonian are marked with different colors. The maximal diagonal

elements are pointed with arrows and their values are given explicitly.

associated with some defects that have not yet been identified
in the epitaxial layer and will not be discussed further in this
work. We assign high-energy bands to radiative recombination
of excitons confined in MQWs.

V. COMPARISON BETWEEN EXPERIMENT
AND THEORY

In Fig. 9 the obtained emission energies as functions of Zn
concentration, together with other experimental results from
the literature, are compared with the results of our calcula-
tions. Our experimental points are black; red points corre-
spond to other published emission and absorption energies
measured on ZnMgO epitaxial films grown on MgO (001)
substrates by CVD, metal organic chemical vapor deposition
(MOCVD), and MBE [14,22,60-62].

Solid blue lines represent theoretically obtained low-
energy limits (clustered distribution of atoms) and high-
energy limits (uniform distribution of atoms) of the indirect
band gap [see Fig. 2(a)]. The green dotted line represents the
fit to the lowest values of the obtained direct gaps.

Examination of Fig. 9 brings in the following remarks:

(i) Experimental data are strongly scattered but never-
theless lie within the two extreme limits of the theoretical
indirect band gaps and below the lowest direct band gap. The
lowest measured gaps are CL data in Ref. [22] which follow
the theoretical “clustered” band gaps. These authors noticed
that there is an important Stokes shift ~0.7-0.8 eV between
the CL bands and the optical transmission spectra in their
samples. Taking this Stokes shift into account, it would shift
their CL data upward, overlapping with our CL data and the
optical transmission data of Wen et al. [14] and Choopun et al.
[9] (not presented in Fig. 9 for clarity). On the other hand, the
highest gaps extracted from x-ray photoelectron spectroscopy
(XPS) [60] are close to the theoretical “uniform” gaps. XPS
is certainly well suited to determine valence band edges.
However, extending its use to obtain the band gap requires
the implicit assumption of resonance between the Fermi level
and the conduction band edge, which is not always justified.

(ii) The large FWHM ~800 meV of our CL bands (Fig. 8)
suggests radiative recombination of localized carriers (see
further discussion below), which usually results in emission
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FIG. 7. (a) HRXRD 002 reflection, 26/w scans for RS 10 x {Zn,Mg,_,O/MgO} MQWs. The curves are artificially spaced along the Y
axis for a better visualization of the peaks and tiny oscillations from the total thickness of the MQWS. The strongest peak is from the MgO
substrate. (b) Reciprocal space map for —1 —1 3 reflection (Zn composition, x = 0.41). The nodes of the peaks have the same coordinate Q,
as MgO (highest point in the map), indicating that the structure is fully strained.

at lower energy than the band gap. In such case, optical data
in Fig. 9 are more consistent with the random and uniform
Zn distributions than the clustered one. Although emission
and absorption are very strong in ZnMgO alloys, this optical
feature is not an absolute indication of the direct nature of their
band gaps. The reason is the breakdown of the k selection rule
for interband optical transitions between localized carriers,
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FIG. 8. CL measurements of RS 10 x {ZnMgO/MgO} MQWs
with different Zn concentrations. Two types of transitions are clearly
visible: at lower energy (3—3.5 eV) and at the high energy (46 eV).
All spectra are renormalized to have the same peak height.

which become dipole allowed at first order in indirect band-
gap semiconductors [63].

We have found that the VBM of RS ZnMgO is often flat,
as a result of Zn contributions (see Fig. 4). According to
the effective mass theory, the holes would then have a heavy
mass and a compact wave function, which makes them more
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FIG. 9. Comparison of the theoretical band gaps (solid lines) and
experimental data (symbols). CL measurements were performed in
the present work and by Onuma et al. [22]. XPS measurements were
performed by Kaneko et al. [60] and optical transmission spectra
were obtained by Wen et al. [14]. Error bars correspond to CL
FWHM.
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sensitive to microscopic potential fluctuations. Therefore, in
RS ZnMgO, fast localization of holes could be expected,
followed by trapping of electrons and subsequent radiative
recombination, which is very similar to the situation in InGaN
alloys [52].

An interesting parallel can be drawn for nitride and oxide
alloys by comparing the measured PL/CL FWHM and the
maximal theoretical spread, AE,, of the band gap due to the
clustering effect:

InGaN : FWHM ~ 200—300 meV, AE;~0.5eV
InAIN : FWHM ~ 100—600 meV, AE,~12¢eV
ZnMgO : FWHM ~ 800 meV (present work), AE;~1.3eV

In the above scenario of hole localization, the fact that
FWHM ~ 0.4-0.6 AE, indicates that the hole wave function
is quite compact, extending slightly beyond the nanometer
scale of potential fluctuations in both nitrides and oxide alloys.

The observed effects (band-gap fluctuations, flattening of
the highest valence band, high exciton binding energy, and
strong electron-phonon coupling) could indicate an excitonic
mechanism allowing indirect transitions for absorption and
emission processes.

VI. SUMMARY AND CONCLUSIONS

The band structure calculations of RS Zn,Mg;_,0O alloys
were performed for various compositions and arrangements
of Zn atoms, and the mechanisms of the band-gap fluctua-
tions, Zn clustering, and direct-indirect gap transitions were
explained on the basis of analysis of chemical origins of states
at VBM. Our results led to the following conclusions:

(i) The calculated band-gap values in RS Zn,Mg;_,O
strongly fluctuate depending on the mutual positions of sub-
stitutional Zn atoms. The largest spreads (up to 1.27 eV)
of the band-gap values for the chosen composition x were
achieved in the range of 0.1 < x < 0.6. The mechanism of
fluctuations can be explained by the formation of Zn clus-
ters. In clustered configurations, Zn-Zn interactions through
oxygen bridges lead to the smallest band gaps, while very
dispersed Zn atom arrangements in uniform configurations
lead to the largest gaps. The source of these effects is the VBM
orbital structure. The clustered Zn-O-Zn configurations add
the largest contributions to the Hamiltonian matrix through
mixed ionic-covalent bonds between the p orbitals of O and
sp3d2 Zn hybridization lobes, and also form banana bonds of
the o type between neighboring Zn. In the presence of these
strong interactions, VBM is “pushed up,” separating from the
lower-energy bands, mainly of MgO origin, and reducing the
fundamental band gap. This mechanism is very similar to the
In clustering in nitride alloys [35].

(i1) Direct band gap (I'-T') rarely occurs and only in some
cases with x < 0.5, for atomic configurations in which Zn
atoms are uniformly distributed in all crystal directions, avoid-
ing Zn-O-Zn bridges.

(iii) Depending on the case, the VBM occurs at the X,
M, R, and rarely at the I' symmetry point or in its vicinity.
Valence bands are sensitive to both short- and long-range
Zn-Zn interactions, often changing shape and often being flat.

The latter property is a sign of strong electronic correlations
and is closely related to the high thermoelectric power in these
alloys due to the high density of states at the edge of the
valence band [64].

(iv) Flattening of the valence band results in heavier effec-
tive mass and more compact wave functions of holes, favoring
their localization in potential fluctuations that naturally occur
in alloys on the nanometer scale, “even in the homogeneous
random alloy” [52]. In RS ZnMgO alloys, this localization
of the carrier (hole) is particularly marked due to the large
energy spreading (AE,; > 1 eV) caused by Zn clustering. An
interesting correlation was found between the CL/PL line
broadening FWHM and the maximal spread AE, of the band
gap due to the clustering effect, i.e., FWHM~0.4-0.6 AE,, in
ZnMgO, InAlIN, and InGaN, confirming the hole compactness
in these alloys.

(v) CL bands of our RS ZnMgO MQWs, as well as other
optical band gaps reported in the literature, are within two
theoretical limits of indirect band gaps and below (>0.5 eV)
the lowest direct band gaps. However, at this stage, the effect
of the carrier localization in these alloys makes it impossible
to clearly identify their direct or indirect nature of the band
gap, despite the strong emission and absorption properties.

Finally, it is worth mentioning that hexagonal BN (h-
BN), an indirect and wide band-gap semiconductor, is very
effective as a light emitting material. Recently, it has been
measured that the photoluminescence (PL) intensity of a few
h-BN layers is almost 100 times stronger than the intensity
of a commercial 4-um-thick AIN layer [65,66]. Such high
efficiency of PL can be related to two factors: strong electron-
phonon coupling (Frohlich interaction) and high exciton bind-
ing energy (128 £ 15 meV for h-BN) [67,68]. In the case of
MgO, the calculated exciton binding energy is 85 + 10 meV
[69], and electron-phonon coupling is also strong due to the
highly ionic character of atomic bonds. Both of the above
effects and the fact that we are dealing with alloys that favor
the exciton trapping and radiative recombination in local
potential fluctuations can make the indirect band gap in RS
MgO/ZnMgO system visible in the CL experiments.

To summarize, our theoretical and experimental approach
has shown that hole localization is strongly favored in RS
ZnMgO as a result of flattening of the VBM by both short-
range and long-range Zn-Zn interactions. Combined with the
high exciton binding energy, these alloys can feature strong
optical properties, even if their band gap could be indirect,
making them an attractive and cost-effective candidate for
deep-UV optoelectronic applications, such as water purifica-
tion, sterilization (surface, food, etc.), or secure communi-
cations (non-line of sight). As the final conclusion resulting
from our theoretical and experimental approach we can say
that as the importance of UV emitters is increasing rapidly,
the considered materials may become a second path to achieve
the goal of having economic and practical sources of highly
energetic light.
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