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The electronic structure of wurtzite-zincblende GaN polytypes is investigated by treating the stacking se-
quences of hexagonal and cubic bilayers as one-dimensional pseudo-binary alloys. Using an advanced atom-
istic empirical tight-binding scheme that is polytype-transferable, we analyze the impact of stacking disorder,
namely short-range order (SRO), and internal electric polarization on the band gap, the carrier localization
and the optical transitions. It is pointed out simple Ising-type models fail to capture the electronic structure
of long-period polytypes due to their inability to account for quantum confinement and polarization-induced
Stark effects. We also reveal that clustering of cubic or hexagonal bilayers significantly reduces the band
gap, enhances carrier localization and decreases the optical transitions, an effect dramatically amplified by
the internal polarization fields in the insulating regime. These results suggest that stacking disorder in GaN
polytypes is not merely a defect but can be viewed as a potentially tunable degree of freedom, behaving
analogously to compositional fluctuations in conventional chemical alloys.

Polytypism, the ability of a material to adopt different
crystal structures based solely on the stacking sequence
of atomic layers, is a hallmark of tetrahedrally bonded
semiconductors like SiC1. In III-nitrides like GaN, while
the wurtzite (WZ) phase is thermodynamically preferred,
the zincblende (ZB) phase and various stacking faults
are frequently observed, particularly in nanowires2 and
heteroepitaxial layers3. In recent years, the growth of
cubic phase III-nitrides has gained increasing interest,
as this would allow for example to obtain more efficient
green InGaN/GaN quantum well light emitting diodes
(LEDs)4. Traditionally, stacking variations are viewed
either as discrete short-period crystallographic phases,
e.g. 4H, 5T, 6H in Ramsdell notation5 (see the visual-
izations in topical reviews such as Ref. 6 and Ref. 7) or
as extended defects within a parent matrix8. However,
a long-period polytype or a random stacking sequence
can be conceptually mapped onto a one-dimensional (1D)
pseudo-binary alloy, where the “atomic species” are the
rotational-orientation character of the bilayers (hexago-
nal h or cubic c) and the hexagonality %h (i.e., the ratio
nh/N between number of hexagonal bilayers nh and to-
tal number of bilayers N) plays the role of alloy concen-
tration. Just as atomic substitution in conventional 3D
chemical alloys creates disorder potentials that govern
optoelectronic performance9–11, the sequence of h and c
bilayers in GaN polytypes generates a unique 1D disor-
der potential. A natural but open question arises: does
the statistical physics of clustering and short-range order
(SRO) apply to these 1D polytypic alloys in the same way
it does to conventional 3D chemical alloys, and how do
the strong polarization fields inherent to nitrides modify
this picture?
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In this Letter, we investigate the electronic structure
and the optical transitions of long-period GaN polytypes,
treating them as 1D alloys along the [0001]-WZ/[111]-ZB
direction, labeled as z-axis, with varying degrees of stack-
ing disorder. The number of atoms involved discourages
the use of computationally heavy band-structure calcu-
lation methods like hybrid-functional density functional
theory (DFT), while the Axial Next-Nearest-Neighbor
Ising (ANNNI) models12, though simple and fast, is
inadequate as will be shown below. Empirical tight-
binding (ETB) method13 is a good candidate for the
given problem11. Here we employ an advanced ETB
scheme proposed in Ref. 14 and implemented in the UP-
TIGHT code15, which has been shown to be transferable
for various scenarios from pure bulk ones to complex ones
like 3D chemical alloys or stacking polytypes11,16. We
reuse the parameter set for GaN given in Ref. 16, noting
that the slightly underestimated band gap of WZ GaN
does not affect the underlying physics and our conclu-
sions. In fact, this ETB parameter set has been shown
to have high polytypic transferability, thus avoiding a
conceptual contradiction of having to use distinct ETB
parameter sets for GaN in different crystal phases16 as
done by the authors of Ref. 17 for GaAs. Besides, the
staggered (i.e., type-II) band lineups between the two
phases ZB and WZ8,18 are automatically encoded with-
out the need of manual adjustment.

For a given stacking configuration, we mostly followed
the procedure as described in Section II of Ref. 17 to set
up the ETB calculations. We also consider only two lim-
iting regimes: the metallic regime, where carriers fully
screen the polarization fields, and the insulating regime,
where the unscreened polarization fields are fully active.
Strain in these polytypes just gives minor corrections to
atomic positions8,19 thanks to the low lattice-mismatch
as well as the high similarity in the bonding structure of
the two phases. This, on the one hand, allows us to utilize
a valence force field (VFF) model of Ref. 20 and choosing
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TABLE I. Material parameters of GaN in WZ and ZB phases.
The lattice parameters (a, c, u) of ZB are derived from the ZB
lattice constant 0.4531 nm24.

Parameter WZ ZB

a (nm) 0.318925 0.3204

c (nm) 0.518525 0.5232

u 0.376820 0.3750

α (N/m) 88.3520

β (N/m) 20.9220

P f
z (C/m2) 1.31223 1.34723

e14 (C/m2) 0.626

e31 (C/m2) −0.55123

e33 (C/m2) 1.02023

ϵ (ϵ0) 8.927 9.727

the same VFF parameters α and β in both phases for sim-
plicity; on the other hand, it implies that the non-linear
piezoelectric response can be safely ignored21. There are,
however, two considerable differences in our simulation
workflow compared to Ref. 17. Firstly, we generally do
not assume extended domains of WZ or ZB phases, in-
stead each Ga-N bilayer is uniquely and unambiguously
recognized as either hexagonal (h) or cubic (c) [see Fig. 5
of Ref. 6 for an illustration; a simple rule: if two adjacent
bilayers of a given bilayer are the same (e.g., both are A)
then that given bilayer is hexagonal, otherwise it is cu-
bic]. Secondly, we used the correct implementation22,23

to calculate the polarization differences at the hypotheti-
cal interfaces between adjacent bilayers, which were set at
the z-coordinates of the Ga atoms for simplicity. Namely,
the z-component of the net polarization in each bilayer
reads (assuming linear piezoelectricity):

P net
z = P f

z + 2(e31 − P f
z )ε⊥ + e33ε∥. (1)

where P f
z is the z-component of the formal polarization,

ε⊥,∥ are the in-plane/out-of-plane strains, while e31,33
are the proper linear piezoelectric coefficients (i.e., the
ones corresponding to experimental measurements). For
cubic bilayers (ZB), we can derive the effective proper
e31,33 from the proper e14 coefficient via:

e31 = −e14/
√

3, e33 = 2e14/
√

3. (2)

Although the above way of polarization calculation is
conceptually different from the common (but incorrect)
practice in the field, we verified that the numerical dif-
ferences are modest in our case. The bulk material pa-
rameters needed for the simulations are shown in Table I,
including: the lattice parameters (a, c, u), the VFF pa-
rameters (α, β), z-component of the formal polarization
(P f

z ), the proper piezoelectric coefficients (e14, e31, e33)
and the relative dielectric constants (ϵ).

We first address the limitation of Ising-type models for
predicting polytypes’ band-gaps by comparing our ETB
with the ANNNI “Model 4” in Ref. 7 using the band-gaps

TABLE II. Parameters of the ANNNI “Model 4” in Ref. 7
fitted to our ETB gaps. All values are in eV.

Regime J0 J1 J2 J3 K

Metallic 3.2227 0.0249 0.0010 0.0007 0.0009

Insulating 3.2225 0.0250 0.0011 0.0006 0.0006

of 497 short-period GaN polytypes with N ≤ 15 bilayers
(see List S1 in Supplementary Information of Ref. 7). For
a fair comparison, we used our ETB gaps of small poly-
types 2H, 4H, 3C, 5T and 6T in each regime to refit the
parameters of the ANNNI model, as given in Table II.
The ANNNI parameters in two regimes are almost the
same because for the small polytypes used for fitting, the
polarization effect has very little impact on the band-gap
values. Figure 1 reveals the limitations of the ANNNI
model for band-gap prediction compared to the atom-
istic ETB method. In the metallic regime, the ETB gaps
follow a roughly linear trend with hexagonality, whereas
in the insulating regime, a large number of ETB gaps
lying drastically lower than the linear interpolation. The
ANNNI model, on the other hand, predicts almost linear
trend in both regimes with the gaps slightly higher than
the linear interpolation and fails to capture the strong
gap reduction observed in insulating regime as the ETB
method did. Note that a similar linear trend was also
demonstrated in Figure 4 of Ref. 7 although the authors
fitted their ANNNI parameters to the hybrid-functional-
DFT gaps, indicating that the wrong prediction is due
to the inadequate physics of the ANNNI model and not
from the choice of the fitting targets. In fact, the pa-
rameters of the ANNNI model were derived merely from
the band-gap values of some short-period polytypes (up
to 6 bilayers), thus its predictions for short-period poly-
types may match fairly well to the corresponding val-
ues of the genuine band-structure methods like DFT or
ETB, as verified in Ref. 7 for polytypes of 7 − 8 bilay-
ers. However, for longer-period ones, the discrepancies
in band-gap predictions become more obvious because
the Ising-type models are blind to the underlying mech-
anism of how the electrons and holes are confined in the
structures — a point that we will try to clarify in the
remaining part of this Letter.

To elucidate such mechanism, we analyze two distinct
polytypes with identical period (N = 15) and hexagonal-
ity (%h = 40%), indexed as “310” and “492” (see List S1
in Ref. 7). In the metallic regime, their gaps differ by only
7 meV (3.211 eV vs. 3.218 eV, respectively). However,
in the insulating regime, this difference increases to ∼ 50
meV (3.169 eV vs. 3.218 eV, respectively). In Figure 2 we
plot their band-edge profiles along the stacking direction.
One can see that polytype “310” is a highly clustered con-
figuration (stacking sequence chhhhhhcccccccc), creating
extended domains of WZ and ZB phases. In the metallic
regime, these form flat quantum wells (QWs) for holes (in
the WZ domains) and electrons (in the ZB domains). In
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FIG. 1. Band-gaps of 497 GaN polytypes with period up
to N = 15 bilayers calculated by ETB (top) and ANNNI
(bottom) in the metallic (left) and insulating (right) regimes.
The dashed line represents the linear interpolation between
the gaps of ZB phase (3C, %h = 0%) and WZ phase (2H,
%h = 100%).

the insulating regime, the polarization discontinuities at
the hexagonal-cubic interfaces introduce strong electric
fields with opposite signs in the two layers. This leads to
a reduction in the electronic band gap — the well-known
quantum-confined Stark effect (QCSE)28. Conversely,
polytype “492” (stacking sequence chchcchchcchchc) has
a distributed stacking configuration. The potential fluc-
tuations are rapid and shallow, preventing the formation
of deep confined states. Consequently, the polarization
effect is negligible for such alternating structures, and the
insulating gap remains close to the metallic value. This
result underscores that the specific bilayer arrangement

(microstructure) of the polytype — not just the global
hexagonality — determines its electronic structure, fun-
damentally behaving as 1D disordered alloys.

FIG. 2. Band-edge profiles for two 15-bilayer polytypes, “310”
(left) and “492” (right), in both metallic (blue) and insulat-
ing (red) regimes. Both polytypes have identical hexagonality
(%h = 40%) but with distinct stacking sequences. Polytype
“310” exhibits strong clustering, creating deep QWs in insu-
lating regime, while polytype “492” is more distributed. The
background shading indicates the bilayer character (grey for
hexagonal, white for cubic).

To investigate further such alloy-like behavior, we con-
sider long-period GaN polytypes with N = 30, 50, 100

in full range of hexagonality %h. For each given pair
{N,%h}, we performed ETB calculations on an ensem-
ble of 100 different stacking configurations in which bi-
layers of each character are distributed in a completely
random manner. Figure 3 shows the variations of the
band-gap versus hexagonality for different number of bi-
layers, along with the corresponding degrees of statistical
scattering. Clearly, the band-gap bowing increases with
N especially in insulating regime, and so does the statis-
tical scattering. This is reasonable because in long-period
polytypes, it is more likely to form extended domains of
WZ or ZB phases even in a perfectly random distribution.

FIG. 3. Band-gap variations (mean values) versus hexago-
nality for polytypes with different periods in two regimes:
metallic (left) and insulating (right). The marker sizes are
proportional to the standard deviations.

Similar to normal alloys29, deviations from a perfectly
random distribution like SRO can have important ef-
fects on the electronic structure. We characterized the
SRO via the Cowley parameters30 α ≡ α1 as in Ref. 10,
where α = 0 represents a perfectly random distribution
as above, while α > 0 promotes clustering tendency (i.e.,
association of like-character bilayers) and α < 0 corre-
sponds to anti-clustering tendency. Stacking ensembles
for each desired value of α were generated using the re-
verse Monte Carlo algorithm31,32. The influence of SRO
is systematically explored in Figure 4, which shows the
band-gap variations for polytypes of N = 100 with dif-
ferent values of Cowley parameter α. In the metallic
regime, the dependence on α is present but weak. In
the insulating regime, however, the effect is much more
profound. Polytypes with clustering tendency (α > 0)
exhibit significantly smaller band gaps compared to ran-
dom (α = 0) or anti-clustered (α < 0) configurations. A
clustering sequence maximizes the width of the WZ and
ZB domains. As predicted by the QW physics discussed
above, wider wells lead to lower confinement energies and
stronger QCSE redshifts. Conversely, anti-clustering ten-
dency implies alternating h and c bilayers (e.g., hchchc),
which effectively behaves as short-period polytypes with
higher band-gaps. This statistical analysis confirms that
“alloy disorder” in the stacking sequence — specifically
the formation of clusters — is a potent mechanism for
band-gap narrowing in GaN polytypes. In fact, previous
experimental works33,34 measured the emission energies
from ensembles of WZ GaN nanowires with ZB stacking
faults and found broad distributions — an indication of
“alloy disorder”. Notably, many peaks lie far below the
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bulk ZB GaN band gap, which is consistent with our ETB
results showing gap reduction in polytypes with extended
ZB domains.

FIG. 4. Band-gap variations versus hexagonality for poly-
types of N = 100 bilayers in two regimes: metallic (left) and
insulating (right), with different Cowley parameter α.

Furthermore, we used the inverse participation ratio
(IPR) as shown in Figure 5 to quantify the degrees
of localization of the conduction-band-edge (CBE) and
valence-band-edge (VBE) states. In WZ and ZB poly-
types, the wavefunction density is of course delocalized
uniformly among bilayers, thus IPR = 1/N = 0.01 when
scaled to N = 100. In case IPR = 1, we have a com-
pletely localized state; otherwise with 0.01 < IPR < 1
the state is partially localized. From Figure 5 one can see
that clustering tendency consistently enhances the local-
ization of both band-edge states, while the anti-clustering
tendency does the opposite. As expected, the polariza-
tion effect in insulating regime amplifies the carrier con-
finement due to deepened QWs.

FIG. 5. Variations of the IPR of the CBE (top) and VBE
(bottom) states versus hexagonality for polytypes of N = 100
bilayers in metallic (left) and insulating (right), with different
Cowley parameter α.

Figure 6 visualizes the probability distribution of the
band-edge states for a representative clustered polytype
(N = 100, %h = 30%, α = 0.5) and the corresponding
band-edge profiles. In the metallic regime, the electron
(CBE) and hole (VBE) are relatively delocalized over the

FIG. 6. Top: Probability distribution (|ψ|2) of the CBE
(red) and VBE (blue) states for a representative polytype of
N = 100, %h = 30%, α = 0.5 in two regimes: metallic (left)
and insulating (right). The background shading indicates the
bilayer character (grey for hexagonal, white for cubic).
Middle and bottom: The corresponding band-edge profiles.

polytype. Because the QWs in this regimes are flat, the
states tend to be localized in the middle of the QWs. In
the insulating regime, the polarization fields break the
symmetry. The QWs are not only deepened, but also
have triangular shapes with steeper slope on the hexago-
nal side. As a result, the hole and electron wavefunctions
become strongly localized at one of the hexagonal-cubic
interfaces, slightly leaning on the cubic side. The elec-
tron wavefunction experiences this strong confinement
less severely due to its lighter effective mass. As already
known from the QCSE, the spatial separation between
hole and electron wavefunctions is increased while the
overlap between them is significantly diminished. This
aligns with an experimental observation34 on the increase
of the initial decay time of time-resolved photolumines-
cence with increased ZB-inclusion thickness. However,
for structures whose the built-in electric fields are weak
or screened, the attractive Coulomb interaction between
hole and electron can partly overcome the wavefunction
separation, causing slightly enhanced overlap with in-
creasing ZB-inclusion thickness before the overlap even-
tually follows the decreasing trend35.

From the reduced electron-hole overlap, one can expect
a significant drop in the optical strength of the ground-
state transition. This is indeed confirmed in Figure 7,
which shows the squared module of the ground-state op-
tical matrix element, |P|2. Together with Figure 5, one
can see strong correlations between the degree of SRO
with respect to the carrier localization and the optical
transitions. Clustering causes the localization enhance-
ment, decreasing electron-hole wavefunction overlap and
consequently the drop in optical strength. The role of
the internal electric polarization is amplifying this effect,
increasing the degree of confinement and making the op-
tical strength drop even more.
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FIG. 7. Squared module of the ground-state optical matrix
element |P|2 versus hexagonality for polytypes of N = 100
bilayers in two regimes: metallic (left) and insulating (right),
with different Cowley parameter α.

In conclusion, using an advanced ETB scheme we have
established that long-period GaN polytypes behave es-
sentially as 1D pseudo-binary alloys where stacking dis-
order dictates the optoelectronic properties. We demon-
strated that the band gap is not merely a function of
hexagonality but is critically sensitive to the SRO. Clus-
tering of like-character bilayers significantly reduces the
band gap, induces strong carrier localization and de-
creases the optical transitions, an effect magnified by the
internal polarization fields. Standard Ising-type ANNNI
models fail to capture these effects, while the hybrid-
functional DFT is too expensive to be utilized in this
context. Although no direct experimental benchmark
currently exists, consistency of the physical picture in
our work with available experiments33,34 can be found.

Our results suggest that controlling the statistics of
stacking faults — effectively engineering the Cowley SRO
parameter α — offers a pathway to tune the emis-
sion wavelength, carrier localization and optical emission
strength in group-III nitride metamorphic heterostruc-
tures, beyond conventional chemical alloying. On the
other hand, our theoretical work pointed out that alter-
nating stacking configurations (i.e., α < 0) help in re-
ducing the QCSE, thus should exhibit larger band gaps
and better optical emission intensity. A recent exper-
imental study36 demonstrated the possibility of grow-
ing such GaN structures via appropriate growth condi-
tions, suggesting the potential of misfit-dislocation-free
homo-epitaxial UV-A light emitting devices. As a fi-
nal note, our calculation framework here is not specific
for GaN, but can be applied similarly to investigate the
wurtzite-zincblende stacking polytypes of other tetrahe-
drally bonded materials.
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