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Cation disorder is increasingly being studied as a means of tuning properties in electronic materials.
Through Monte Carlo simulations and first-principles calculations, we determine the ranges of elastic
moduli and polarization constants in ZnGeN, as a function of ordering. We use heterostructure calcula-
tions to demonstrate a disorder-dependent type-I or type-II band offset between relaxed GaN and strained
ZnGeN; in the polar [001] direction. Modeling polarization and band offsets, we then use these calcu-
lations to comment on which values are desirable for device design, which parameters are obtainable
through targeted growth techniques, and the challenges that remain in realizing a device and understanding
cation disorder in heterostructures. Although the elastic and polarization properties change little with the
order parameter, the band characteristics undergo dramatic shifts, creating a type-I band offset in partially

disordered material.
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I. INTRODUCTION

A variety of ternary nitrides are currently explored for
the use of their site disorder and their relevance to present
electronics, which rely on the more thoroughly researched
binary nitrides [1—7]. The small lattice mismatch (< 1%)
between ZnGeN, and GaN and the similar band gaps of
the two materials (3.6 eV for ZnGeN, versus 3.5 eV in
GaN) make ZnGeN, a candidate for quantum well based
optoelectronics, namely light-emitting diodes (LEDs)
[8—10]. Cation disorder in ZnGeN, has been shown to
reduce the band gap of the system into and below the green
and amber region of emission specifically desired for man-
ufacturing inorganic color-mixed LEDs [11—13]. The lack
of emitters between current efficient nitride and phosphide
visible light emitters has been deemed the “green gap” and
creates a barrier to implementing highly efficient solid-
state lighting. ZnGeN, quantum wells present a pathway
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to achieve higher efficiencies but grown materials exhibit
a wide range of ordering and the impact of this ordering
on device properties is not yet clear [14,15]. In this study,
we use computationally generated structures of ZnGeN,
to calculate the sensitivity of device parameters to cation
ordering.

One of the most crucial elements for determining the
properties and design of electronic devices is the electronic
band character at the interfaces of the device. ZnGeN,
has gained special interest for its wide tunable band gap.
However, the same cation ordering to which the bulk band
gap of ZnGeN, is so sensitive also alters the interfacial
band offsets between ZnGeN, and GaN, including the type
of offset. In a type-I (straddling) offset, the band gap of
one material falls entirely within the energy gap of the
other material, as shown schematically in Fig. 1. In type
II (staggered), the valence-band maximum (VBM) and
conduction-band minimum (CBM) of each material are
offset in the same direction (positive or negative) with
respect to the band extrema of the other material and in
a type-IIl (broken) offset, the CBM of one material is
below the VBM of the other, creating band overlap, which
poses no barrier to conduction at the interface. The type-
I offset is seen as ideal for forcing recombination at the
interface of polar materials by promoting strong overlap of
carrier wave functions driven by strong polarization fields
that act to separate carriers in type-I quantum wells, an
effect known as the quantum confined Stark effect. The
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FIG. 1. Types of band offsets: (a) type I, straddling; (b) type

I, staggered; (c) type III, broken; and (d) nearly even band
edges. The closed and open circles represent electrons and holes,
respectively, and where they likely recombine.

recombination energy is dictated by the difference between
the higher VBM and lower CBM, which in the case of the
type-11I offset fall in two separate materials.

The current literature lacks consensus on the band off-
sets between ordered ZnGeN, and GaN due to significant
differences in the structures used, the crystallographic ori-
entations measured, and the calculation methods followed
[16-21]. To date, four main sets of calculations exist pre-
dicting the band offsets between these materials. Jaroenjit-
tichai et al. use the linearized muffin-tin orbital approach
with a GW correction in the ZnGeN,/GaN heterostruc-
ture [16,17]. They use the wurtzite-derived structures for
each material to calculate offsets in the nonpolar [100] and
[010] directions as well as the polar [001] direction and
then remove the strain contribution to the potential align-
ment to develop a direction-independent prediction of the
natural offset. The ZnGeN,/GaN valence-band offset AE,
is calculated in their work as 1.24 eV for [001] and 1.1
eV for the natural offset. These simulations seem to agree
with recent VBM positions calculated from XPS spectra
of films grown with metal-organic chemical-vapor depo-
sition (MOCVD) [21]; however, questions remain in this
comparison as to the degree of cation order in the ZnGeN,
grown, which dictates the magnitude of the band gap
[11,13] as well as the position of the Fermi level in these
heterostructures, thereby convoluting the interpretation of
the valence-band offsets.

The method of Ref. [16] has later been extended by
Lyu et al. with further consideration of the dipole for-
mation at this interface to develop more accurate natural
offsets of AE, = 0.49 eV [18]. Other calculations rely
on the comparison of bulk calculations aligned via the
vacuum potential or potential level of a H interstitial to
determine band offsets. Cao et al. have calculated the off-
set between cubic ZnGeN, and GaN in the polar [001]
direction aligned using the vacuum level of, presumably,

their respective chalcopyritelike and zincblendelike struc-
tures, AE, = 0.38 eV, although these structures are not
explicitly stated [19]. Adamski er al. have chosen the
nonpolar [1100] GaN and [100] ZnGeN, directions for
their calculations in the wurtzite-derived structures and
have found offsets in the opposite direction from Ref. [16]
both in aligning the vacuum levels of the bulk structures,
AE, = —0.28 eV, and separately the H interstitial lev-
els of ZnGeN, and GaN, AE, = —0.40 eV [20]. These
previous studies are each applicable to different growth
scenarios but are not immediately comparable to each
other or the present study without the context above to
highlight the differences in approach. Here, we provide cal-
culations of the polar [001] interface of ZnGeN,/GaN in
the ground-state wurtzite-derived structures by calculating
the local potential from density-functional theory (DFT).
We use a hybrid functional to accurately reproduce the
band positions of the heterostructure.

In this study, we model band offsets and interface-
relevant properties for ZnGeN, structures with varying
degrees of order to inform the design of ZnGeN,/GaN-
heterostructure devices based on the role of cation order-
ing. We use the Bragg-Williams long-range-order (LRO)
parameter S to quantify site order [22,23]: S =r, +1g —
1, where 7, is the fraction of site & occupied by atom «
and rg is the fraction of site § occupied by atom . In sto-
ichiometric material as is studied here, 7, = rg. Cations
are swapped via Monte Carlo simulation to obtain realistic
structures with varied LRO parameters [24]. These struc-
tures are then relaxed using DFT to obtain elastic moduli,
piezoelectric constants, dielectric constants, and sponta-
neous polarization. The site disorder pertains to the order-
ing of ions on their set crystallographic sublattice, which
can be measured at short range as the nitrogen coordina-
tion environment or long range as the overall adherence to
the ground-state structure. In this work, we integrate prior
Monte Carlo simulations explained in Ref. [24] and elec-
tronic structure calculations from Ref. [13]. In addition to
coeflicients to be used in higher-level device modeling, we
also model the band offsets of ZnGeN, and GaN, taking
each in turn as the substrate and epitaxial film layers. Band
offsets are calculated for disordered ZnGeN, strained to
GaN substrates to a level attainable with DFT and available
computing resources for relatively large cells.

II. BAND OFFSETS

The band offsets between two materials determine the
direction of carrier movement and the height of potential
barriers preventing movement of carriers in specific direc-
tions across interfaces. Between ZnGeN, and GaN, the
literature, ranging from patents on using the heterostruc-
ture in a device [8] to calculations [16,17,19,20] and recent
experimental measurements [21,25], establishes these bar-
rier heights and offsets. All present calculations in the
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literature focus on cation-ordered ZnGeN,, which is not
necessarily the configuration of material grown either by
MOCVD [12,21,26] or molecular-beam epitaxy (MBE)
[25,27]. The ordered calculations all predict a type-II off-
set but disagree on the direction of the offset, largely
due to different modeling of growth as either epitaxial or
nonoriented. Synthesis methods used for growing ZnGeN,
with a substrate other than GaN in fact highlight the dif-
ficulty of obtaining ordered ZnGeN, films [14,15,28,29].
Reference [20] addresses the disagreement in the litera-
ture around the direction and magnitude of offsets between
ordered ZnGeN, and GaN based on the different methods
used to calculate these parameters. The calculations repre-
sented in this section are performed at the DFT level for
interface structures. G and single-shot hybrid functional
calculations are used for GaN and ZnGeN, bulk structures
(see Sec. VIB2).

A. Ordered ZnGeN,

The band offsets in Fig. 2 show the narrowing of both the
ZnGeN; and GaN band gaps by roughly 0.2 eV when each
is strained anisotropically to the other using the orthorhom-
bic lattice parameters ¢ = 6.426 A and b = 5.565 A for
GaNand a = 6.399 A and b = 5.542 A for ZnGeN,. The
slope in the bands is calculated from the change in average
potential across each material for a periodic interface of the
two materials visualized above each band-offset plot. The
offset in energy between the ZnGeN, and GaN conduction
bands is small when ZnGeN, is strained to GaN, within
error of having no offset step in energy. In the case of a
GaN quantum well, the conduction-band offset is indeed
calculated to be negligible in [001] and the valence band of
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strained GaN is slightly raised with respect to the relaxed
ZnGeN, valence band.

The small difference in valence-band position between
ZnGeN, and GaN using either material as the relaxed
substrate lies in between previous predictions alternately
indicating either a higher ZnGeN, band position [17,18]
or a higher GaN band position [20]. Our results for the
ordered structure most closely resemble those of Ref. [20],
who use a similar hybrid functional suggesting (as they
discuss) that the careful choice of functional used in cal-
culations plays a significant role in the offset prediction.
Furthermore, for disordered ZnGeN,, we observe signif-
icant changes not only in the direction and magnitude of
the band offsets but also the type of alignment from type II
to type 1.

The present band-offset results for ordered ZnGeN;
between layers of GaN do not create a strong argument
for use as a quantum well because the barrier heights for
electron and hole conduction are not substantial enough
to block electrons and holes and direct recombination at
the interface. While a quantity that dictates the necessary
degree of confinement is not well defined, prior studies in
Al,In;_,P suggest that 80-meV offsets do not block car-
riers from tunneling, while confinement of 150 meV or
more proves sufficient [30]. Even assuming that carriers do
recombine at the interface, the small barrier heights barely
reduce the recombination energy, meaning that any pho-
tons emitted are predicted to be > 3 eV, higher in energy
than the visible spectrum and much higher than the target
wavelengths of 2.1 eV and 2.3 eV for amber and green
emission. Additional electron- and hole-blocking layers
are common in current device designs for LEDs and would
need to be implemented in the case of an ordered ZnGeN,
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FIG. 2.

Band offsets for (a) ZnGeN, strained to GaN and (b) GaN strained to ZnGeN,. Each offset is labeled with the energy

difference from substrate to film and band gaps are labeled for films under strain. The quantum well structure, a section of which is
shown above each energy offset along with the averaged oscillating potential of the heterostructures, is periodic.
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active layer to consistently stop carriers from hopping over
the small offsets shown in Fig. 2.

B. Disordered ZnGeN,

Because cation disorder reduces the band gap of
ZnGeN,, the offsets in band edges between ZnGeN, and
GaN are likewise affected. In the ordered material, the sim-
ilar band gaps of the two materials and the minimal offset
in the electric potentials results in a small type-II offset
where the ZnGeN, VBM and CBM lie less than 200 meV
below the GaN band edges. Introducing a single defect pair
(a concentration of 1.7 x 10%° cm™ or 0.39% of possible
states), however, immediately raises the VBM dramati-
cally and negligibly lowers the CBM so that a type-I offset
is realized. As further site disorder is introduced, this type-
I offset becomes more apparent as the VBM continues to
increase significantly and the CBM decreases weakly with
a decreasing order parameter. Figure 3 shows three exam-
ples of band offsets with ZnGeN; strained to GaN, where
S indicates the long-range-order parameter.

The change in the type of band offset in configurations
with 0.9 < § < 1 depends on the definition of the band
gap, which in prior discussion we take to be the difference
in energy of the highest occupied and lowest unoccupied
states. In computationally generated cells, this interpreta-
tion of the band gap is not immediately distinguishable

a strained b
(@) ZnGeN, QW (b)
GaN

GaN GaN

Energy (eV)

-2 -2

20 0 20
Distance (A)

-20 0 20 40
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FIG. 3.

strained
ZnGeN, QW

from a wider gap with occupied defect states, as seen
in Fig. 3(b). If we accept the isolated states above the
valence band as defect states rather than valence-band con-
tinuum states, then the offset remains type II for higher
order parameters, albeit with some localized midgap states.
Further discussion on interpretation of band-gap energies
can be found in Ref. [13], where the inverse participation
ratio (IPR) is used to distinguish localized and potentially
defect states from the band continua. The IPR is a mea-
sure of carrier localization and is calculated as IPR(E) =
Na Y, pi(E)? /[, pi(E)]?, where Ny is the number of
atoms in a supercell. p;(E) is the local density of states
(LDOS) projected on atom i as a function of energy E. The
raised VBM states in Fig. 3(b) are highly localized, with
IPRs of 100200 compared to IPRs all less than 2 in the
fully ordered system, suggesting that band gaps may not
be as narrow as they appear when not accounting for IPR.
In Fig. 3, the density of states calculated for each con-
figuration is superimposed on the band offset by aligning
the appropriate band edges taken from hybrid calcula-
tions described in Sec. VI B 2. The structure corresponding
to Fig. 3(a) is the ordered structure. The structure for
Fig. 3(b) contains one exchange defect (Zng. + Gez,) and
demonstrates how the highest occupied state is raised but
separates from the valence-band continuum, creating three
distinct defect states, while the valence-band continuum
edge and conduction-band edge remain almost unchanged.
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Band offsets for three instances of ZnGeN, with a varied long-range-order parameter strained to GaN. The color bar indicates

the density of states, while the gray areas indicate forbidden gaps. f.u. represents the formula unit for each compound.
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Figure 3(b) represents a dilute, native-defect case. When
the material is mostly disordered as in Fig. 3(c), the
conduction-band edge lowers and the valence-band edge
rises significantly. Whereas the impact of dilute defects on
type of offset is debatable, a significant degree of disor-
der in ZnGeN, unquestionably creates a type-I offset with
GaN. Here too, defect states are introduced, but these are
less separated in energy from the valence-band contin-
uum and the previous study of inverse participation ratio
in these structures shows that the defect states in the dis-
ordered samples are roughly as localized as those in the
dilute-defect case [13].

Figure 4 displays the band positions of ZnGeN, struc-
tures with a larger variety of order parameters than the
examples from Fig. 3. Through Fig. 4, we compare the
shifts in band positions with their associated shrinking
band gaps in more disordered structures. A small fraction
of native defects introduces defect states and the energy
level of these defects is quite variable, being more depen-
dent on the exact configuration than on the order parame-
ter. A gap in order parameters exists between S = 0.2 and
0.9 due to the sudden onset of disorder in ZnGeN, at its
transition temperature [24]. For mostly disordered but not
fully random structures, the valence-band continuum rises
to meet the defect level. The CBM is subsequently lowered
as well, leading to small band gaps near 1 eV (even more
strongly disordered structures with a closed gap [13] are
not considered for the purpose of the present work).

The band positions, which change with the LRO param-
eter, display the wide range of band gaps tunable with order
despite the accessibility of only certain ranges of order
parameters. The changing band positions further confirm
the change in band-offset type from type II to narrow-
ing type I moving to lower degrees of long-range order,
as can be seen by the majority of the VBM lying above
the GaN reference VBM and all the CBM lying below
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FIG. 4. Band gaps and differences in valence- and conduction-
band edge positions between ZnGeN, and GaN depending on the
ordering of Zn and Ge.

the GaN reference CBM. As InGaN is commonly grown
on GaN for LEDs emitting at and near blue wavelengths,
In,Ga;_,N reference band positions where x = 0.1 are also
included. As seen in Fig. 4, the band-gap reduction in
InGaN mainly causes a reduced conduction-band offset.
Here, the GaN and Ing;GagyN band energies are taken
from the National Renewable Energy Laboratory (NREL)
Materials Database (NRELMatDB) [31,32], with a poten-
tial alignment for bulk Ing;Gagy9N to GaN (for further
details, see Sec. VI B 2).

III. DEVICE PARAMETERS

Device designs for quantum well LEDs depend on a
variety of optical, electronic, and structural parameters that
control the band structure, carrier transport, and recombi-
nation. To aid the design of suitable device heterostructures
based on site disorder in ZnGeN, active layers, a set of
properties are calculated to describe the material. Some of
the key parameters that determine the device characteris-
tics are the lattice parameters, elastic moduli, piezoelectric
coefficients, and spontaneous-polarization constants. Some
of these properties depend greatly on site order, while
others are less sensitive and therefore have little impact
on device characteristics. We also include calculations of
dielectric constants as they relate to the piezoelectric coef-
ficient of the material. Table I contrasts our calculations
of the device parameters listed above with those from the
literature on GaN and fully ordered ZnGeN,. Our calcu-
lations largely agree with the consensus of the literature
for the lattice parameters and elastic constants in both
materials. Fewer prior calculations exist for the electronic
properties, where there is less agreement in the current lit-
erature. The calculations in this section are performed at
the DFT level, as described in Sec. VIB 3.

A. Ordered ZnGeN,

Limited sources are available for the direction-resolved
dielectric constants of GaN and ZnGeN,, but as we use
similar means of calculating the dielectric constants, it is
unsurprising that our calculations closely match those of
Petousis et al. [33]. In contrast, the literature on piezo-
electric constants in both materials contains a diverse set
of values in cases disagreeing in the sign (i.e., direction)
of the electric fields. These calculations have been refined
over decades with advances in computational resources
and so we draw our closest comparisons with the most
recent values from the literature in each case. For instance,
some of these changes in method over time include a differ-
ence in preference of the reference structure for calculating
polarization. Dreyer ef al. outline reasoning for measuring
the polarization of wurtzite-derived structures with respect
to a hexagonal boron nitride (4-BN) structure in contrast
to the historically used zinc blende (zb) reference [34,35].
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TABLE I. A comparison of the lattice constants, elastic moduli, piezoelectric coefficients, spontaneous polarization, and dielectric
constants of GaN and ordered ZnGeN, between the present work and DFT calculations from the literature. For ZnGeN,, which takes
an orthorhombic structure in its ground state, a,,, is taken as the average of ao/2 and b,/ /3, where ag > bey.

GaN GaN ZnGeN, ZnGeN,

(present work) (literature values) (present work) (literature values)
a: (A) 3.216 3.189 t0 3.216 [35,36] 3.193 3.192 to 3.215 [20,36]
cuz (A) 5.239 5.185 to 5.24 [35,36] 5.203 5.2 t0 5.25 [20,36]
Cy, (GPa) 323 325 to 390 [35,37,38] 299 300 to 342 [20,38,39]
Cx (GPa) 310 291 to 358 [20,38,39]
C33 (GPa) 357 358 to 405 [35,37,38] 346 341 to 401 [20,38,39]
Cy4 (GPa) 90 90 to 105 [35,37,38] 83 85 to 103 [20,38,39]
Css (GPa) 91 77 to 97 [20,38,39]
Css (GPa) 106 107 to 123 [35,37,38] 104 87 to 97 [20,38,39]
Cy2 (GPa) 111 112 to 145 [35,37,38] 109 105 to 110 [20,38,39]
C13 (GPa) 77 78 to 106 [35,37,38] 77 76 to 138 [20,38,39]
Cx; (GPa) 72 82 to 103 [20,38,39]
e1s (C/m?) —0.14165 —0.139 [33] —0.10818 —0.302 to —0.202 [20,33,39]
ey (C/m?) —0.12449 —0.15341 —0.350 to —0.154 [20,33,39]
e3; (C/m?) —0.27140 —0.63 to 0.290 [33-35,40] —0.2498 —0.43 to —0.300 [20,33,39]
e3; (C/m?) —0.24764 —0.49 to —0.290 [20,33,39]
e33 (C/m?) 0.50156 0.465 to 1.25 [33-35,40] 0.39435 0.422 t0 0.73 [20,33,39]
Py, (C/m?) 1.250 1.312 [34] 1.290 1.333 [20]
11 10.42 10.46 [33] 10.50 10.87 [33]
£ 11.22 10.47 [33]
£33 11.55 11.65 [33] 11.62 11.51 [33]

The 4-BN structure has the advantage of being both cen-
trosymmetric and nonpolar, whereas the zb reference is
noncentrosymmetric and has a nonzero formal polarization
in [111]. Only recent calculations implement the /#-BN ref-
erence for both GaN and ZnGeN,, which we also adopt
here for ordered structures [20,34].

In GaN, C]l = C22, C13 = C23, C44 = C55, and C66 =
Cy1 — C12/2 due to the symmetry of its hexagonal struc-
ture. Likewise, e;s = ey, €31 = e3p, and &1 = &3;. The
literature values presented along with parameters calcu-
lated for the present work highlight the breadth of current
knowledge of the structure of GaN and ZnGeN,. How-
ever, consensus has not yet been reached for determining
the electronic and piezoelectric properties of ZnGeN,. We
follow the method of Ref. [34], using generalized gradi-
ent approximation with Hubbard U parameter (GGA+U)
calculations with the Vienna ab initio simulation package
(VASP) [41]. The comparisons of present calculations and
parameters from the previous literature provide a baseline
with which to compare the effects of disorder on these same
parameters. These parameters in turn control the emis-
sion profile and maximum efficiency of a ZnGeN,/GaN
heterostructure used in a device.

Disordered ZnGeN);, is of interest for its growth on GaN
in part because of its similar lattice parameters. The sim-
ilarity of the lattice parameters is confirmed in Table I,
where the wurtzite equivalent of a in ZnGeN,; is less
than 1% removed from that of GaN. For the orthorhombic
ZnGeN, structure, a,,, is calculated as aq /4 + bor/ V3 /2,

where ao; > bo. Likewise, the elastic constants calculated
for ZnGeN, closely match those of GaN. The similarities
Cy =~ Cy1, Cs5 = Cy4, and Cy3 ~ Cy3 reflect the minimal
basal-plane anisotropy of the orthorhombic structure of
ordered ZnGeN,. Disorder further shrinks this orthorhom-
bic distortion. The piezoelectric coefficients of ZnGeN,
deviate more significantly from those of GaN, which again
partly defines the practical interest in the heterostructure of
the two materials.

We calculate spontaneous-polarization constants of
1.250 C/m? for GaN and 1.290 C/m? for ZnGeN,. Our
calculations follow the same approach as Refs. [20,34]
in predicting the spontaneous polarization, including the
use of the hexagonal layered structure as a centrosymmet-
ric reference; however, we use a different functional to
relax our structures in DFT. Whereas the prior studies use
the Heyd, Scuseria, and Ernzerhof (HSE) functional, we
use the Perdew-Burke-Ernzerhof (PBE) approach, which
results in larger lattice parameters in semiconductors than
HSE [42]. The difference between these predictions can be
attributed to this choice of functional.

B. Disordered ZnGeN,

Determining the effect of site disorder in ZnGeN, on
the structural and electronic properties of a ZnGeN,-GaN
interface allows for making more informed decisions for
designing device architecture. Predicting these impacts of
disorder through computation allows us to target synthesis
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pathways and potentially avoid detrimental effects from
isolated defects while utilizing the potential of disorder for
tuning optical band gaps. Our theoretical analysis of elas-
tic, piezoelectric, and polarization properties of ZnGeN,
are limited to an epitaxial interface like that sought for
many inorganic LEDs. Focusing on epitaxial conditions
makes possible the calculation of directional piezoelectric
constants corresponding to the desired axis of growth. The
assumption of epitaxial interfaces also makes calculations
of polarization in disordered systems possible provided
that the interface remains insulating.

Modeling disorder in ZnGeN, necessitates large super-
cells for Monte Carlo simulations. However, calculating
elastic moduli, piezoelectric coefficients, and dielectric
constants requires exponentially more time and com-
puter memory per the quantity of atoms in the cell.
Testing of different supercell sizes shows that calculat-
ing these parameters is not feasible in cells with more
than 500 atoms but 128-atom cells prove workable with
the available means. These 128-atom cells do not suffi-
ciently describe order characteristics near the transition
from cation order to disorder; however, they can allow us
to observe the relationship between the properties listed
in Table I and LRO—even at order parameters that are
unlikely to be physical, as determined in prior work [24].
Additionally, although disordered ZnGeN, is typically
characterized as wurtzitelike, we choose to discuss the
orthorhombic relevant parameters for properties listed in
this section in order to compare with the ordered struc-
ture. This orthorhombic character is retained by the choice
of supercell shape, which is a 2 x 2 x 2 configuration of
the ground state and further simplifies the calculation and
comparison of structural and electronic properties among
structures of varying degree of order.

Figure 5 shows the elastic constants (C) calculated for
various structures of ZnGeN, with LRO parameters rang-
ing from 0 to 1. Highly disordered structures have a greater
variability in all C than more ordered structures but a lin-
ear change in C can be identified with S in some instances.
For example, the strongest trends are in C,, and Cs3, which
increase with slopes of 19 and 16 GPa per change in order
parameter. Cy1, Cy4, Css, and Cgg all have slopes between 4
and 8 GPa. C}; and Ci3 have weaker slopes, below 2 GPa,
and C»3 has the opposite trend, with a 3-GPa decrease with
S. These changes of nearly 10% are small compared to the
percent change in some of the electronic properties. The
effects of the lower values of Cy; and Cs3 for disordered
ZnGeN, are partially canceled by the increased interface
strain with GaN as the lattice parameter increases for the
disordered material. As can be seen from the values in
Fig. 5 from Ref. [20], the change in elastic moduli with the
long-range order is less than the disagreement in calculated
elastic moduli in the literature for ordered ZnGeN,.

The percent change in dielectric constants with the LRO
parameter is larger than those of the elastic moduli, with
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FIG. 5. The elastic moduli of ZnGeN, as a function of the
long-range cation order. The literature values are taken from
Ref. [20].

average decreases of 21%, 13%, and 16% for €, &3, and
£33, respectively, as plotted in Fig. 6. In all three directions,
the change gives higher dielectric constants in more disor-
dered material, reflecting the general correlation between
¢ and the magnitude of the band-gap energy [43]. The cal-
culations of dielectric constants predictably yield higher
variability in mostly disordered material as well, because
the dielectric properties are sensitive to the exact charge
distribution in each supercell. Still, these changes play only
a modest role in device design.

In Fig. 7, only piezoelectric coefficients that are nonzero
for the ordered form of ZnGeN, are listed. Due to the
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FIG. 6. The dielectric constants of ZnGeN, as a function of

the long-range cation order. The literature values are taken from
Ref. [20].
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FIG. 7. The piezoelectric coefficients of ZnGeN, as a function
of the long-range cation order. The literature values are taken
from Ref. [20].

mechanism by which disorder is introduced in these struc-
tures through Monte Carlo simulations, the real symmetry
of the structures is reduced and directional constants that
are zero in an orthorhombic structure have nonzero val-
ues in some cases. For comparison, we focus on the five
parameters represented in Fig. 7. Again, any changes in
the property with order are fairly weak. Only e3; exhibits
an appreciable change, increasing in magnitude by roughly
40% between full disorder and LRO. Each of the values
becomes more negative with increased order, leading to a
small decrease in magnitude for es3 and slight increases in
magnitude for es, ey4, and ez;.

Piezoelectric and spontaneous polarization sum together
at an interface dictating the bound charge associated with
a given surface. However, in order to calculate the spon-
taneous polarization of a structure, a nonpolar reference
is needed [44,45]. In the case of disordered structures,
no such convenient reference exists, but if the disordered
structure forms an insulating interface with another mate-
rial, the difference in formal polarization across that inter-
face can be determined from DFT per the interface theorem
[46,47].

The disordered structures that we use in this study are
too large to perform interface calculations with GaN, mak-
ing it difficult to confirm the insulating character of the
interface of these heterostructures. However, we can con-
firm that both the GaN substrate structure used and all
disordered structures strained to GaN in (001) used here
do exhibit a band gap, even in the DFT with Hubbard
U parameter (DFT+U) formalism, which underestimates
band gaps [31,48]. Likewise, the straddling character of
the disordered band offsets described previously suggests
that the interface itself remains insulating, which would
not hold true if the offset were of the broken type-III vari-
ety. Different structures are used for the band offset and
for polarization calculations due to the trade-offs between
capturing disorder for accurate density of states and the
limitations on supercell size imposed by the more com-
putationally expensive polarization calculations. However,
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FIG. 8. The spontaneous-polarization constant of ZnGeN, in
[001] as a function of the long-range cation order.

structures are chosen to maintain a realistic ordering char-
acter between supercell sizes. Using the assumption of
an insulating interface, we then calculate the difference in
polarization between disordered ZnGeN, and GaN.

Figure 8 shows the spontaneous polarization of ZnGeN,
calculated from Born effective charges. For the purposes of
epitaxial growth aligning the [001] direction in ZnGeN, to
that of GaN, only the corresponding direction of Py, is of
interest. The spontaneous-polarization values are slightly
larger for more disordered structures than for more ordered
structures; however, the values prove highly variable at
any given order parameter. The data set of structures rep-
resented in this figure are generated through Monte Carlo
simulations from 46 seed structures, each containing 128
atoms, allowing for multiple configurations with similar
or identical order parameters [24]. The method of com-
paring polarization between structures through the Born
effective charge to arrive at an effective spontaneous polar-
ization avoids the multivalued nature of the formal polar-
ization, which requires the determination of the branch of
polarization [34].

The bound charge at an interface is determined by sum-
ming the difference in spontaneous polarization between
the component materials and the relevant piezoelectric
terms multiplied by their respective strains.

The following equation—adapted from Ref. [34] and
based on the interface theorem of Ref. [46], established for
apolarization value comparable between theory and exper-
iment outlined in Ref. [44]—defines the bound charge o}
for the interface between a wurtzite and an orthorhombic
material, in this case GaN and ordered ZnGeN5:

_ GaN GaN /_GaN GaN GaN _GaN
op = [PSp + €3] (61 + 62 ) + €33 63 ]
ZnGeN, 7ZnGeNy ZnGeNy
— [PSp + €5, €

7ZnGeNy ZnGeN, ZnGeNy ZnGeN,
tep TG teyn TG I, (D

where Py, is the spontaneous polarization of a given mate-
rial, the e; are the piezoelectric coefficients, and the ¢;
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FIG. 9. The bound charge at the interface of ZnGeN, and
GaN.

are the strain components for each given direction. For
the wurtzite structure of GaN, which we relax to be
the substrate, N = 5N = N = (. Replacing the two
spontaneous-polarization constants with their difference

AP then yields

_ interface ZnGeN, ZnGeN,
op = AP, — €3 €
ZnGeNy ZnGeNj 7ZnGeNy ZnGeN
—fn & —e3 & : )

These calculated bound charges for ZnGeN,-GaN inter-
faces are shown in Fig. 9. While the bound charge com-
prises a spontaneous and a piezoelectric contribution, the
quantity itself does not reveal if one of these terms dom-
inates. Because the spontaneous polarization is slightly
greater for the disordered structures, the difference in
polarization between ZnGeN, and GaN also grows with
disorder. Meanwhile, the piezoelectric term shrinks with
disorder as the ZnGeN, becomes more “wurtzitelike” and
the lateral lattice parameters become more similar to those
of GaN. The combination of these trends results in piezo-
electric contributions roughly double that of the sponta-
neous term for mostly ordered structures, which shrink
with increasing disorder to roughly the same magnitude as
each other in the disordered limit. The use of GaN as the
substrate material provides a negative spontaneous term
and a net positive sum of piezoelectric terms for all order
parameters. The relationship between these terms yields a
slight increasing trend in bound charge with order param-
eter, with a variability similar to that seen for spontaneous
polarization in Fig. 8.

IV. OUTLOOK FOR DEVICES

Until this point, we have examined bulk properties and
the interface of ZnGeN, with GaN as they change with
site ordering, but how do these properties and the interface

construction influence emission processes in a device?
Fig. 4 confirms previous predictions that increasing disor-
der lowers the energy gap between occupied and unoccu-
pied states of ZnGeN, into the region of green emission at
around S = 0.97 and lower energies for lower degrees of
order. Beyond this assessment, the sudden increase in the
VBM when disorder is introduced to the otherwise pris-
tine structure shifts the band offset with GaN from being
type II to type 1. Our previous study has examined how
introducing disorder to reduce band gaps also creates local-
ized states and the energy loss associated with the Stokes
shift upon electron-hole recombination causes energy to
be nonradiatively emitted as heat on the order of 0.6 eV
per electron-hole pair [13]. This study shows that Zng, +
Gey, pairs can be used to reach the green and amber emis-
sion desired for color-mixed LEDs but the disorder may
come at the cost of nonradiative losses, which lower device
efficiencies from their theoretical maximum internal quan-
tum efficiency. Advances in material quality coupled with a
qualitative method for linking measured optical properties
with order parameter are needed to determine the effects
of localized defect states and to assess the feasibility of
controlling site ordering.

Having established that disordered ZnGeN;, fits the min-
imum criteria for utility as part of a green-emitting quan-
tum well, we can address some of the challenges facing the
more extensively studied InGaN-GaN system for its appli-
cation in closing the “green gap.” InGaN—yparticularly in
the composition range of 10—15% In content—is the basis
of the majority of inorganic solid-state lighting technol-
ogy today, so we use this composition as a baseline to
determine acceptable strain and polarization limitations
in ZnGeN,. Namely, InGaN suffers from (1) point-defect
incorporation in low-temperature growths, (2) immisci-
bility driving phase separation, (3) lattice mismatch with
GaN, which causes extended dislocations to form and leads
to large piezoelectric fields, and (4) poor wave-function
overlap between electrons and holes due to polarization
effects [49]. The last three items on this list increase in
severity with the higher In content needed to reach green
emission [50]. These issues are not exhaustive for either
InGaN or ZnGeN,; however, we can immediately negate
some of these questions for ZnGeN,. For instance, the
first issue of detrimental point defects is not applicable
in parallel to ZnGeN, as antisites underlie the premise
of site disorder and while they do create localization,
which warrants further study and experimentation, their
incorporation is key for targeting the emission properties
desired. Defect studies have highlighted native antisites
as the most thermodynamically favorable point defect in
the system, justifying the use of these native defects for
controlling ordering [15,18,51]. Likewise, the miscibility
gap of InGaN, which largely prevents solid solution for
intermediate In content 0.2 < In/(Ga + In) < 0.8 is not
present in ZnGeN, [15,52,53].
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The effects of disorder on properties allow us to com-
ment on the magnitude of changes of other device char-
acteristics that depend on interface interactions as well
as bulk properties. In the present study, we show that
cation disorder leads to varied elastic moduli that largely
shrink relative to the ordered structure by around 10%. The
stiffness of the lattice in lateral directions determines the
likelihood of threading dislocations along with the magni-
tude and direction of strain in the system. The stiffer the
material, the less compliant and more likely the system is
to form threading dislocations and other extended defects
to accommodate high strain. These extended defects are
common in InGaN/GaN heterostructures with an In con-
tent greater than In/(Ga + In) = 0.05 [54-56] because the
increased lattice mismatch with higher In content in InGaN
places significant strain on the lattice even though InN is
much more compliant than GaN, with Cs;3 of 398 GPa
and 224 GPa for GaN and InN, respectively [35]. The
lower elastic moduli of disordered ZnGeN, than ordered
ZnGeN, are comparable to those of Ing ;GagoN; however,
the similar lattice constant of both ordered and disor-
dered ZnGeN; to GaN provides less strain and therefore
a lower likelihood of threading dislocations inherent to the
heterostructure.

Besides extended defect behavior, the elastic moduli
also determine the CBM and VBM positions of strained
materials. In growth direction [001], the relationship
between the band-edge energies is derived from the expres-
sions for band-edge splitting from k - p theory [57,58] and
the Luttinger-Kohn model [59], where the following equa-
tions give the dependence of the valence subbands [60,61]:

EHH:_Ei_Pe_Qe»

Euw= —E,— Pt 30. ~ A+ /(0 + 82 1 802),

1
Esi = —Ei — Pt 50 = A = (0 + A + 30D,
()

where
Pe = —aye1(1 — C1p/Cry1) — ayenn(1 — Ci2/Cap),

1 1
0. = _Ebvell(l +2C1,/Chy) — Ebvézz(l +2C12/C),
“

and Eyy, ErLy, and Esy are the energies of the heavy,
light, and split-off holes, respectively. E; is the ionization
energy and A is the spin-orbital splitting energy. a, and b,
are both valence-band deformation potentials [62,63] and
correspond to the directions of strain €; and elastic mod-
uli C;; [64]. The elastic moduli or, more specifically, the
ratios C12/Cq; and Cy,/Cy, have a partial self-cancelling
relationship with themselves between factors P, and Q.

depending on the deformation potentials a, and b,. Using
the elastic moduli from Fig. 5, C1,/C); is not significantly
affected by ordering; however, Cj,/C,, increases by 5%
from the ordered structure to a fully disordered structure.
This change in ratio of the elastic moduli raises Eyy mod-
estly and lowers Ery and Esy with a decreased degree of
order.

Additionally assuming the [001] growth direction,
C12/Cy; and Cj/Cy;, contribute to band splitting in the
conduction band at the X and R band points when the
material is strained. Equation (5) gives the dependence of
the conduction subbands on the elastic moduli [60,61]:

Eﬁoo] =2EJen(1 — Cia/Ciy) + EX ey,
Efém] =2EJen(l — C12/Cxn) + By en,
Efém] = EXen(1 — C1p/Ci1) + EF (1 — C12/Cr),
— B e11(C12/Cr1) — Ej €(C12/C),
E% L = Bfen(1 — Ci2/Cn) + Blienn(1 — Cia/Cra),

1 _r
+ gmuen(l —C12/Cn)
1
+ 535622(1 - CIZ/CZZ)’ (5)

where Ejj;, and Ef; are the conduction-subband energies
at X and R, respectively, in direction [ijk] or the family
of directions < ijk >. B, and EX® are the respective
conduction-band deformation potentials at X and R. Com-
paring Cy; and C,;, which align more closely in disordered
material, this model predicts more isotropy or similarity
in electronic bands at X in disordered material. With the
consideration that the change in Cy;/Cy; with the LRO
parameter is more significant than that in Cj,/Cy;, we can
also expect a large decrease in the conduction band at R in
disordered ZnGeN,.

Besides elastic contributions to the band structure,
polarization also plays a strong role in the band shapes
in a device. The similar values of the spontaneous polar-
ization in GaN and ZnGeN, lead to small differences in
polarization, so the overall bound charge remains small.
The reduction of strain further shrinks this quantity in
disordered structures. The predicted bound charge at this
interface is similar in magnitude to that calculated for
Ing»,GaggN/GaN and Aly,GapgN/GaN [34] and mea-
sured for Aly,sGag7sN/GaN [65], where bound-charge
estimates range from 0.03 C/m? to 0.10 C/m?. The values
of bound charge indicate a modest slope of these bands
in an LED; however, within the precision of Fig. 9, this
quantity is not strongly affected by cation order in ZnGeN,
and similar polarization effects from ZnGeN, should be
expected as for In,Ga;_,N, where 0 < x < 0.1.

Where the elastic moduli and polarization do not exhibit
high sensitivity to ordering, the band engineering is
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nonetheless greatly affected by the change in offsets with
ordering, which is predicted to play the largest role in
device design of the calculated properties. Our calculations
of band offsets in the ordered interface indicate a small
staggered offset, which quickly becomes a straddling off-
set for appreciable site disorder in ZnGeNj. In the case of
staggered offsets, polarization and a strong electric field are
desirable for guiding the recombination of electrons and
holes at the points of quantum wells in energy and space.
In contrast, in the case of straddling offsets, these points
of the quantum wells do not align vertically in space, so
a negligible net internal electric field is desired in order
to make use of recombination along the entirety of each
quantum well.

Another variable for tuning the emission in ZnGeN,
active layers is the alloying of Sn along with Ge on the
group-1V site. Alloying with ZnSnN, introduces similar
strain to InN alloyed with GaN but avoids the miscibil-
ity gap of InGaN and similarly reduces the band gap of
the active layer as a function of the composition [53,66].
Ordering in ZnSnNj also plays a comparable role in CBM
lowering and VBM raising [67], although it remains to be
studied how cation disorder manifests in Zn(Sn, Ge)N,:
either mostly on the group-IV site or evenly throughout
the cation sublattice.

V. CONCLUSIONS

We present a computational model for the effects of
cation disorder in ZnGeN, on the interface properties with
GaN and the resulting implications for device design.
These calculations of the polar interface of ZnGeN, and
GaN use a hybrid functional to investigate the wurtzite-
derived system most comparable to the material and the
growth direction sought for LED synthesis. The band off-
sets of the heterostructure change from a staggered offset
when we employ ordered material to straddling upon the
narrowing of the ZnGeN, band gap with increased dis-
order. Small fractions of antisite defects in ZnGeN, lead
to raised valence bands that separate from the band con-
tinuum. These defect states persist as the valence-band
continuum rises and the conduction-band continuum sinks
with a decreasing LRO parameter. The elastic moduli
show weak trends with disorder, as do the relevant tensor
quantities of the dielectric constant and the piezoelectric
coefficient. The bound charge at the ZnGeN,-GaN inter-
face remains comparable in magnitude to that measured
in binary- and ternary-nitride heterostructures for all LRO
parameters and even decreases with disorder.

The magnitudes of these changes in the structural and
electronic properties provide a predictive template for band
engineering in a ZnGeN,/GaN device. The band offsets are
small in magnitude for the ordered structure and increase
in magnitude for straddling offsets created with disordered
ZnGeNj. These offset predictions, which are either small

type II or type I, indicate the need for additional poten-
tial barrier layers incorporated into a device to promote
radiative recombination. The largest predicted challenges
for incorporating disordered ZnGeN, for achieving effi-
cient green emission are targeting specific band-offset val-
ues and mitigating localized states generated from native
antisites.

VI. METHODS
A. Monte Carlo

The cation disorder is simulated in ZnGeN, by swap-
ping cations in the system using Monte Carlo simulation.
We used the Clusters Approach to Statistical Mechanics
(cAsSM) software as a framework for setting up simula-
tions. The details on training our cluster expansion and
performing simulations are fully described in Ref. [24].
We use 128-atom 2 x 2 x 2 supercells of the 16-atom
ZnGeN, primitive cell for the structures used in the device-
parameter calculations. For the bulk and interface struc-
tures generated as a part of this study, see the Supplemental
Material [68].

B. First-principles calculations
1. Bulk relaxation

All bulk structures in this work are first relaxed in vol-
ume, shape, and ionic positions using DFT+U. We use
the PBE-type GGA [69] for the relaxations. For cells with
more than 100 atoms, we use the gamma-point-only ver-
sion of VASP with a single gamma-centered k point. For
smaller 16-atom ordered cells, we use a 6 x 6 x 6 k-point
grid and the standard version of VASP. The energy and force
convergence criteria for ionic relaxation are set to 107> eV
and 0.02 eV A, respectively, on each atom. A Coulomb
potential of U —J = 6 eV is applied to the Zn d orbital
according to the Dudarev approach [70]. Kresse-Joubert
projector augmented-wave data sets are used with pseu-
dopotentials from VASP version 4.6 (Ge_d, N_s, and Zn)
and an energy cutoff of 380 eV [71].

2. Interfaces

The band offsets between GaN and ordered ZnGeN,
are determined through a process of constructing an inter-
face and aligning the potentials of the materials. The bulk
materials are first relaxed using DFT+U, employing the
parameters described in the previous subsection. Sepa-
rate calculations are used to examine the strain of each
film material to its respective substrate [ZnGeN; to GaN
and GaN to ZnGeN; in Figs. 2(a) and 2(b), respectively],
where the a and b lattice parameters are replaced by those
of the substrate and atoms are only allowed to relax in
[001]. A periodic arrangement of strained and relaxed cells
contains alternating stacks of 1 x 1 x 8 supercells of each
film and substrate. The atomic layers of the two materials
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FIG. 10. Orthorhombic lattice parameter a of the 128-atom
ZnGeN, configurations scaled to the conventional cell size.

are centered and stacked using the atomic simulation envi-
ronment (ASE) software package [72]. No vacuum layer
is used in the superstructure, effectively creating a set of
infinitely periodic quantum wells. The superstructure cre-
ated by stacking ZnGeN; on GaN is then further relaxed
using DFT+U, again only allowing atomic movement in
[001] to find the proper spacing at the two interfaces
created.

To obtain a band alignment, the electrostatic potential
is taken from the ZnGeN,/GaN superstructure relaxation
in order to determine the potential step at the interface
between the two materials. The characteristics of this step
in potential are then taken by integrating the potential twice
within each layer and taking a linear regression to find the
slope of the potential for both GaN and ZnGeN, as well as
their intercepts with the energy axis. The VBMs and CBMs
of GaN and ZnGeN, are taken from the respective relaxed
and strained bulk calculations and these values are added
to the step in potential.

For disordered cells, which are too large to relax as part
of an interface, the ordered potential offsets are used along
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FIG. 11. Orthorhombic lattice parameter b of the 128-atom
ZnGeN, configurations scaled to the conventional cell size.
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FIG. 12. Lattice parameter c of the 128-atom ZnGeN2 config-
urations scaled to the conventional cell size (same for wurtzite or
orthorhombic cell).

with band energies calculated in the single-shot hybrid
(SSH+V) for strained ZnGeN,, in different ion configura-
tions [67,73]. The single-shot functional uses fixed wave
functions from the initial DFT+U calculation. The mix-
ing parameter o = 0.19 without range separation and the
Coulomb potential Vz, 4 = —1.5 eV are fitted to reproduce
the band energies and density of states of a GI calculation
[74]. The band offsets for disordered ZnGeN, structures
contain an additional potential alignment based on this
change in volume [13].

To determine the band lineup for InGaN alloys in Fig. 4,
we estimate the change of the InGaN band edges relative
to GaN in the following way. First, the GIW band positions
for GaN and InN, available in the NRELMatDB [31,32],
are linearly interpolated (i.e., neglecting bowing effects).
Second, using an InGaN-alloy supercell calculation on the
DFT level, we determine the potential alignment due to the
composition and volume change in InGaN relative to GaN,
in a similar fashion as in the case of disordered ZnGeN,
[13]. Adding both contributions to the average potential on
the GaN side of the interface yields an approximate result
for the ZnGeN,/InGaN offsets. Additional substrate or film
strain effects due to InGaN alloying are not considered.

3. Material properties

The elastic moduli, piezoelectric coefficients, and
dielectric constants are determined with more strin-
gent relaxation criteria than other calculations by using
energy- and force-convergence criteria of 10~ eV and
0.001 eV A~!, respectively. The elastic moduli and the
polarization are calculated using the finite-differences
approach [75], while the calculations of the piezoelec-
tric coefficient use perturbation theory [76]. The polariza-
tion is calculated from the Born effective charge, lattice
parameters, and displacements of cation layers [34,45].
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APPENDIX: LATTICE PARAMETERS OF
SIMULATED STRUCTURES

The lattice parameters of structures used in Sec. III B
are shown in Figs. 10—12. Figures 10, 11, and 12 provide
a, b, and c, respectively, for the orthorhombic configura-
tion of ZnGeN, as they change depending on LRO. The
decrease in a and increase in b, where a > b as the mate-
rial tends toward disorder indicates a shift away from the
orthorhombic structure toward the wurtzitelike structure.
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