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Stability and electronic properties of GaN phases with inversion symmetry
to inherently inhibit polarization
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Two centrosymmetric gallium nitride phases, one with a body-centered-tetragonal structure (bct-GaN) and
the other base-centered orthorhombic (Z-GaN), are predicted. The inversion symmetry inherently inhibits
spontaneous polarization, and more importantly, piezoelectric polarization regardless of heteroepitaxial growth
direction and even in the presence of shear strain, offering alternative solutions to the polarization-induced
electrostatic field problem encountered by group-III nitride-based light-emitting diodes (LEDs), beyond those
promised by nonpolar and semipolar wurtzite (w-GaN) and zinc-blende GaN. Density functional theory calcula-
tions, validated by agreement with experiment for w-GaN, reveal equilibrium structures, phonon dispersions,
and band structures of bulk bct-GaN and Z-GaN. To ensure their stability at room temperature, we first
carry out an analysis of dynamical and thermal stability using phonon calculations and molecular dynamics
simulations, which indicate that these centrosymmetric structures are dynamically stable and remain stable at
high temperature. Moreover, the relative stability of GaN polymorphs is highly dependent on sample thickness.
We predict that bct-GaN and Z-GaN are energetically more favorable than w-GaN for freestanding ultrathin films
up to 47 and 70 layers, respectively, thus suggesting the possibility of the kinetic growth of these two phases.
The GW self-energy corrected, direct band gaps of bct-GaN and Z-GaN are close to the w-GaN value, promising
LED applications in the same spectral ranges.
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I. INTRODUCTION

Gallium nitride, with a continuous alloy system spanning
a large spectral range, forms the material foundation for com-
mercial blue and green light-emitting diodes (LEDs), which
are currently grown on c-plane sapphire substrates, where
thermodynamically stable wurtzite GaN (w-GaN) naturally
grows in the polar [0001] direction [1–3]. Low symmetry of
the wurtzite structure gives rise to spontaneous polarization
along this singular polar direction, and strains in pseudo-
morphic heterojunctions between lattice-mismatched alloys
lead to piezoelectric polarization [4,5]. The total spontaneous
and piezoelectric polarization discontinuities at the heteroin-
terfaces induce polarization charges, which in turn result
in strong electrostatic fields that tilt the energy bands [1].
The band tilting reduces the electron-hole overlap and thus
limits the LED efficiency. Therefore, elimination or reduction
of polarization-induced electrostatic fields along the growth
direction, i.e., the LED heterojunction stacking direction, is
highly desired and actively pursued.

Nonpolar w-GaN, grown in a direction perpendicular to
[0001], is free of spontaneous or piezoelectric polarization in
the growth direction [3] but suffers from undesirable surface
morphology [1,2]. Semipolar w-GaN, grown in a direction
at an angle from [0001], has thus recently become a more
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promising compromise [1]. To achieve the more desirable
total elimination of spontaneous and piezoelectric polariza-
tion, zinc-blende GaN (zb-GaN), a metastable phase of higher
symmetry, has been pursued for the intrinsic absence of spon-
taneous polarization and the lack of piezoelectric polarization
when grown along [001], both due to symmetry [3]. If grown
in other directions, e.g., [111], however, tensile strains in the
plane of the heterointerface contain shear strain components
in the cubic coordinate [5], giving rise to piezoelectric po-
larization that limits the substrate and orientation options. As
attested by recent device demonstrations [1], the metastable
phase zb-GaN can be kinetically grown to achieve device
quality. Hence, a search for GaN polymorphs inherently
free of both spontaneous and piezoelectric polarization may
broaden potential solutions to the internal polarization field
problem.

The phase space of GaN has not been extensively explored.
Besides the well-known wurtzite and zinc-blende phases, only
two other polymorphs have been reported. A polymorph ob-
served under high hydrostatic pressure was identified by den-
sity functional theory (DFT) calculation [6] and subsequently
verified by experiment [7] to be rocksalt GaN. Under uniaxial
compression [8] or for films consisting of less than a certain
number of layers [9], GaN with a hexagonal layered structure
(denoted as h-GaN) was predicted to be energetically more
favorable than w-GaN, also based on DFT. Our phonon calcu-
lations and molecular dynamics simulations (Fig. 1) indicate
that the bulk structure of h-GaN is dynamically unstable, im-
plying that h-GaN can only be stabilized in the ultrathin limit
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FIG. 1. (a) Phonon dispersion curves of bulk h-GaN. Imaginary frequencies that appear near the � point indicate dynamical instability.
(b) Snapshots of the initial and final atom configurations of h-GaN in 1-ps AIMD simulations performed at 273 K. The flat hexagonal layers
of h-GaN become buckled after AIMD simulations. This buckled structure will optimize to a body-centered tetragonal structure in structural
relaxation. Larger pink and smaller blue spheres represent Ga and N atoms, respectively. These calculations are performed using the CASTEP

code.

or under specific stress. Here, we report the computational dis-
covery of two centrosymmetric GaN polymorphs metastable
under ambient conditions. The two phases (Fig. 2), inherently
free of both spontaneous and piezoelectric polarization due to
symmetry, have the body-centered-tetragonal (bct-GaN) and
the base-centered-orthorhombic (Z-GaN) structures, similar
to the bct (bct-BN [10], bct-ZnO [11,12], bct-C [13]), and
Z (Z-BN [14], Z-carbon [15,16]) polymorphs of other octet
compounds or carbon, respectively. Phonon dispersions and
band structures of bct-GaN and Z-GaN, as well as w-GaN
for comparison, are investigated by DFT, revealing dynamic
stability and direct band gaps for bct-GaN and Z-GaN, both of
which are desired properties for LED materials. The thermal
stability of bct-GaN and Z-GaN at elevated temperatures
is tested using ab initio molecular dynamics simulations
(AIMD). In addition to the bulk calculations, considering that
the relative stability of GaN polymorphs in the case of two-
dimensional ultrathin films is expected to be different from
the bulk case, as suggested by the study mentioned above on
h-GaN, we investigate the relative stability of ultrathin films
of w-GaN, h-GaN, bct-GaN, and Z-GaN.

II. COMPUTATIONAL METHODS

A. DFT calculation details

For structural optimizations and phonon calculations, the
ABINIT 8.2.2 code [17,18] is used with a cutoff energy of
1089 eV (40 hartrees) for the plane-wave basis set. We employ
the optimized norm-conserving Vanderbilt pseudopotentials
[19] and the generalized gradient approximation (GGA) pro-
posed by Perdew, Burke, and Ernzerhof (PBE) [20] with
the DFT-D3 dispersion correction [21] based on Becke-
Jonson (BJ) damping [22] to describe long-range correlations.
Structural optimizations are conducted using the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) minimization [23], with
Monkhorst-Pack [24] k-point grids that are 12 × 12 × 10

for w-GaN, 6 × 6 × 10 for bct-GaN, and 8 × 4 × 14
for Z-GaN, yielding zero-pressure structural properties. The
calculations of phonon dispersions and band structures are
based on the equilibrium structures obtained from structural
optimizations. Phonon calculations are based on the density-
functional perturbation theory (DFPT) [25], using q point
grids of 8 × 8 × 6 for w-GaN, 6 × 6 × 8 for bct-GaN, and
6 × 3 × 10 for Z-GaN.

We perform AIMD simulations using the CASTEP code [26]
to evaluate the thermal stability of bct-GaN and Z-GaN at high
temperature. In AIMD simulations, a 32-atom supercell (2
× 1 × 2 for bct-GaN and 1 × 1 × 2 for Z-GaN) is used.
The AIMD simulations are performed in NpT ensemble at
600 K and 0 Pa for 10 ps with a time step of 2 fs, using the
Nosé-Hoover chain thermostat [27] and the Andersen-Hoover
barostat [28–31] to control temperature (T ) and pressure (p),
respectively.

The calculations of ultrathin films also use the CASTEP

code. Supercell slabs are separated by a 10-Å-thick vac-
uum region to eliminate interactions between adjacent slabs.
We use “on-the-fly” generated ultrasoft pseudopotentials and
PBE-GGA [20] with DFT-D2 dispersion correction [32]. A
cutoff energy of 570 eV and k-point grids of 9 × 9 × 1 for
w-GaN and h-GaN, 8 × 5 × 1 for bct-GaN, and 8 × 2 × 1 for
Z-GaN slabs are adopted.

B. Band-gap determination using GW method

To overcome the well-known underestimation of semi-
conductor band gaps by the standard Kohn-Sham procedure,
we use the GW method as implemented in the ABINIT 8.2.2
code, which incorporates self-energy corrections, to obtain
accurate quasiparticle energies and band gaps. The GW calcu-
lations follow the standard one-shot G0W0 approach [33–35]
from a starting point of DFT calculations based on local
density approximation (LDA) and Fritz-Haber-Institute (FHI)
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FIG. 2. Unit cells for (a) bct-GaN and (b) Z-GaN, and views along [100] and [001] directions for (c) bct-GaN and (d) Z-GaN. Lattice
parameters a, b, c are indicated. Bond angles are denoted by θi(i = 1−5), and bond lengths, di(i = 1−6). Larger pink and smaller blue spheres
represent Ga and N atoms, respectively.

pseudopotentials (the Troullier-Martins scheme) [36]. The k-
point grids of 12 × 12 × 8, 4 × 4 × 6, and 4 × 2 × 6
are used for w-GaN, bct-GaN, and Z-GaN, respectively. The
plasmon-pole approximation [35] is used for the evaluation of
the screened Coulomb interaction. The cutoff energy for the
dielectric matrix is set to 435 eV (16 hartrees). The numbers
of bands used in the calculations of the screening and the
self-energy are set to 200, 400, and 800 for w-GaN, bct-GaN,
and Z-GaN, respectively.

III. RESULTS AND DISCUSSION

A. Crystal structures of bct-GaN and Z-GaN

Although long-range dispersion corrections to DFT-GGA
are less crucial in a dense system like w-GaN than in sparse
systems such as layered materials and molecular crystals,
the agreement between calculated and experimental lattice
parameters can be improved by the inclusion of disper-
sion corrections. As such, our GGA results with dispersion

corrections (a = 3.196 Å, c = 5.208 Å) are closer to the ex-
perimental values (a = 3.190 Å, c = 5.189 Å) [37] than our
GGA results without dispersion corrections (a = 3.218 Å and
c = 5.242 Å). Lattice parameters of the three GaN poly-
morphs calculated by DFT-GGA with dispersion corrections
are listed in Table I, along with experimental values and re-
ported GGA and LDA results of w-GaN for comparison. Our
results, closely matching experimental values, lie between
previous results of GGA [38] and LDA [39], showing that the
combination of GGA and dispersion corrections reduces the
excessive correction to the LDA overbinding [40]. Excellent
agreement with experimental lattice parameters for w-GaN
indicates the accurate determination of structures for the two
new phases, laying down the groundwork for the phonon
dispersion and energy-band-structure calculations.

The structure of bct-GaN (Fig. 2) is described as a simple
tetragonal Bravais lattice with a basis consisting of two oppo-
sitely oriented, planar, four-atom rings parallel to (001), each
made of alternating Ga and N atoms, displaced along [111] by
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TABLE I. Space groups, equilibrium lattice parameters and Wyckoff positions of atoms for w-GaN, bct-GaN, and Z-GaN at zero pressure.
Experimental and previous theoretical results for w-GaN are included for comparison.

Phases Space groups Equilibrium lattice parameters (Å) Wyckoff positions of atoms

w-GaN P63mc a = b = 3.196, 3.190,a 3.245,b 3.162c Ga 2b (1/3, 2/3, 0)
c = 5.208, 5.189,a 5.296,b 5.142c N 2b (1/3, 2/3, 0.377)

bct-GaN P42/mnm a = b = 5.491, c = 3.200 Ga 4 f (0.180, 0.180, 0)
N 4g (0.817, 0.183, 0)

Z-GaN Pbam a = 5.289, b = 11.097, c = 3.205 Ga 4g (0.185, 0.588, 0), 4h (0.819, 0.166, 0.5)
N 4g (0.694, 0.088, 0), 4h (0.190, 0.167, 0.5)

aReference [37], experiment.
bReference [38], DFT-GGA.
cReference [39], DFT-LDA.

half the unit cell diagonal from each other. There are two types
of Ga-N bonds in bct-GaN with lengths 1.989 and 1.925 Å,
denoted by d1 and d2 in Fig. 2(c), respectively. Z-GaN shares
structural similarity with bct-GaN and can be viewed as a
simple orthorhombic Bravais lattice with a 16-atom basis
consisting of two oppositely oriented eight-atom clusters [one
delineated by the red outline in Fig. 2(d)], displaced along
[110] by half the base diagonal from each other. There are
six different types of Ga-N bonds in Z-GaN with lengths
2.001, 1.963, 1.978, 1.961, 1.941, and 1.936 Å, denoted by
di (i = 1 − 6), respectively.

All atoms are fourfold coordinated in bct-GaN and Z-GaN,
as in w-GaN and zb-GaN. Familiar honeycomblike patterns
are seen when both bct-GaN [Fig. 2(c)] and Z-GaN [Fig. 2(d)]
are viewed along [100], as w-GaN along [0001]. The unit
cells of both bct-GaN and Z-GaN contain parallelograms

composed of four atoms (two Ga and two N), in which the
bond angles Ga-N-Ga and N-Ga-N (denoted by θ1 and θ2,
respectively) are θ1 = 89.04◦, θ2 = 90.96◦ for bct-GaN and
θ1 = 91.31◦, θ2 = 88.70◦ for Z-GaN. Figure 2(a) shows that
the bond angles in the Ga-centered tetrahedron in bct-GaN
are θ2 = 90.96◦, θ3 = 112.44◦, θ4 = θ5 = 112.94◦, indicating
distorted tetrahedral coordination with regard to w-GaN and
zb-GaN due to the formation of parallelograms. Similarly,
Z-GaN also exhibits distorted tetrahedral coordination to ac-
commodate the near-square parallelograms. While each of
the two new phases exhibits unequal bond lengths due to the
coordination distortion, the average bond lengths, 1.957 Å for
bct-GaN and 1.963 Å for Z-GaN, are close to bond lengths
of w-GaN (1.961 Å along [0001], 1.954 Å for other bonds)
and zb-GaN (1.949 Å) [41]. The most important feature of
the two structures (bct-GaN and Z-GaN belonging to space

FIG. 3. Calculated phonon dispersion curves for (a) w-GaN, (b) bct-GaN, and (c) Z-GaN. A horizontal line is plotted at zero frequency for
easy visualization, and negative values signify imaginary frequencies, which are absent throughout the entire Brillouin zone for each of the
polymorphs.
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FIG. 4. Trajectories of atoms in the supercells of (a) bct-GaN and (b) Z-GaN during the last 2 ps of 10-ps AIMD simulations performed at
600 K. The trajectories viewed along different directions are presented. On the right panel, the chemical bonds are drawn to guide the eye. The
trajectories of Ga and N atoms are depicted in pink and blue, respectively.

groups P42/mnm and Pbam, respectively) is inversion sym-
metry, rendering them free of not only spontaneous but also
piezoelectric polarization, regardless of orientation and even
in the presence of shear strain.

B. Stability: Phonon calculations and AIMD simulations

The desired inversion symmetry comes at an energy
cost associated with the coordination distortion, warranting

a quantitative thermodynamic stability analysis. Here, the
total internal energy is taken as an indicator of thermo-
dynamic stability. Indeed, the total energies referenced to
the thermodynamically stable phase w-GaN are 120 and
78.1 meV/GaN unit for bct-GaN and Z-GaN, respectively,
well above 14.4 meV/GaN unit for zb-GaN. Nevertheless, a
metastable phase can exist despite high internal energy as
long as it is a local minimum of the energy surface and
hence is dynamically stable. We therefore calculate phonon
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dispersions of the two polymorphs as the first test of dynami-
cal stability.

Phonon dispersions are calculated for bct-GaN and Z-
GaN, along with w-GaN, again to provide validation and
comparison. Phonon dispersion curves in Fig. 3 show 12, 24,
and 48 phonon branches for w-GaN, bct-GaN, and Z-GaN,
respectively, stemming from their four-, eight-, and 16-atom
unit cells. The phonon frequencies and the overall features
of the dispersion curves for w-GaN are in agreement with
previous calculations and experiments [42–44]. For example,
there are only eight modes along the � → A direction and four
modes at the A point due to degeneracy, as shown in Fig. 3(a).
The excellent agreement validates our calculation scheme,
lending confidence to the results for bct-GaN and Z-GaN.
We have noticed the apparent discontinuities in dispersion
curves at the � point, displayed in Fig. 3(b) for bct-GaN
(the �-point phonon frequencies along the M → � direction
and the Z → � direction are not identical), and attributed
them to the dependence of the calculated LO-TO splitting on
the direction in which the nonanalytical correction to the �

point phonon frequencies is calculated in the limit q → 0
[25]. Most importantly, imaginary phonon frequencies are
absent throughout the entire Brillouin zone for both bct-GaN
and Z-GaN, confirming their dynamic stability. We note that
dynamic stability as manifested by the absence of imaginary
phonon frequencies is only a necessary condition for the
existence and synthesis of theoretically predicted polymorphs;
further work is needed to investigate the feasibility of synthe-
sis of bct-GaN and Z-GaN.

Having confirmed the dynamic stability of bct-GaN and
Z-GaN against small displacements, we further performed

AIMD simulations (600 K, 0 Pa, 10 ps) to evaluate their
thermal stability at high temperature. In Fig. 4, we present
the trajectories of atoms, viewed along different directions in
32-atom supercells of bct-GaN and Z-GaN during the last 2
ps of 10-ps AIMD simulations. At temperature as high as
600 K, despite small displacements of atoms, the atoms are
well localized around the equilibrium positions and the overall
atomic configurations of bct-GaN and Z-GaN are maintained,
confirming the thermal stability of the found phases at high
temperature.

C. Band structures

To determine the band structures of bct-GaN and Z-GaN,
which are of critical importance for their potential use in
LEDs, the GW method is utilized to calculate quasiparticle
energies at high-symmetry k points. Once again, w-GaN pro-
vides comparisons with the experimental band gap and previ-
ous calculations. With no experimental structural parameters
for the predicted bct-GaN and Z-GaN, our calculated values
(Table I) are used, as their accuracy has been justified by the
excellent agreement with experiment for w-GaN. The band
structures of three GaN polymorphs are displayed in Fig. 5.
Our DFT-LDA calculations show that w-GaN, bct-GaN, and
Z-GaN have direct band gaps of 2.11, 2.08, and 2.04 eV at
the � point, respectively, exhibiting remarkable similarities to
each other in electronic properties, perhaps due to the struc-
tural similarities. Figure 5(a) shows that the overall shapes
of the bands of w-GaN agree well with previous theoretical
calculations [45–47] and experimental measurements [48].
While our LDA band gap of w-GaN (2.11 eV) corresponds

FIG. 5. Calculated band structures of (a) w-GaN, (b) bct-GaN, and (c) Z-GaN. Black curves are energy dispersion curves calculated by
LDA, while yellow circles indicate GW-corrected energies at high-symmetry k points for the highest valence and lowest conduction bands.
The LDA valence-band maximum is set to 0 eV and indicated by a horizontal dotted line for easy visualization.

104604-6



STABILITY AND ELECTRONIC PROPERTIES OF GAN … PHYSICAL REVIEW MATERIALS 3, 104604 (2019)

FIG. 6. Supercells of ten-layer slabs of w-GaN, h-GaN, bct-GaN, and Z-GaN with {0001}, (0001), (100), and (100) surfaces, respectively.
Larger pink spheres represent Ga cations and smaller blue ones represent N anions.

well with the published DFT-LDA value (2.13 eV) [38], it
is nevertheless considerably smaller than the experimental
value (3.39 eV) [49]. The GW calculations yield larger energy
gaps at high-symmetry points for w-GaN, in better agreement
with experimental results [48]. The GW band gaps of w-GaN,
bct-GaN, and Z-GaN are 3.26, 3.22, and 3.18 eV, respectively,
which remain direct at the � point and close not only to
each other, but also to the experimental band gap of w-GaN,
although the GW band gap of w-GaN is still 0.13 eV smaller
than the experimental value, suggesting that the calculated
band gaps for bct-GaN and Z-GaN are slightly underestimated
by similar amounts. It follows that our predicted direct wide
band-gap bct-GaN and Z-GaN, if successfully synthesized, are
promising materials for use in GaN-based LEDs.

D. Relative stability of GaN polymorphs
in the case of ultrathin films

Figure 6 shows the supercells of ten-layer slabs of w-
GaN, h-GaN, bct-GaN, and Z-GaN used for ultrathin-film
calculations. The number of layers is counted such that two
adjacent monolayers in w-GaN, bct-GaN, and Z-GaN slabs
are considered as one layer. The variation of the energies
per GaN unit of the slabs of four GaN polymorphs with the

number of layers (2–20) is shown in Fig. 7(a). The slabs
of all four polymorphs demonstrate the same trends that the
energies per GaN unit decrease with the number of layers,
converging to the bulk energies and indicating the decreasing
contribution of surface energies. For very thin films (less
than four layers), h-GaN has the lowest energy, w-GaN the
highest, while bct-GaN and Z-GaN are in between. As the
film thickness increases, the energies of bct-GaN and Z-GaN
become lower than that of h-GaN at four layers and six layers,
respectively. For thicker films with 14 or more layers, the
energy of w-GaN falls below that of h-GaN. Note that the
bct-GaN and Z-GaN slabs are the most energetically favorable
and close in energy due to their structural similarity for films
between six and 20 layers. At 16 layers, the bct-GaN slabs
become less stable than Z-GaN, corresponding to our bulk
calculations [see the inset in Fig. 7(a)].

To estimate the relative stability of thicker films of these
polymorphs, the calculated energies of the w-GaN, bct-GaN,
and Z-GaN slabs (Eslab) for the number of layers nlayers �
10 are fitted to the linear functions of the form Eslab =
2AEsurf+0.5nlayersEbulk, where 2A is the area of two surfaces
per supercell of the slab, Ebulk is the bulk energy per unit cell
of four polymorphs, and the surface energy Esurf is assumed
to be constant, as described by Morgan [50]. The resulting
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FIG. 7. (a) Calculated energies per GaN unit as a function of the
number of layers for w-GaN, h-GaN, bct-GaN, and Z-GaN slabs.
The energies are plotted with respect to that of bulk w-GaN, which is
taken as a reference. The inset shows an enlarged view of the range
14–18 layers. (b) Calculated cleavage energies as a function of the
slab thickness for w-GaN, h-GaN, bct-GaN, and Z-GaN slabs.

curves of the energies per GaN unit of the w-GaN and bct-
GaN (Z-GaN) slabs cross at nlayers ≈ 47(70), at which w-GaN
will become energetically more favorable than bct-GaN (Z-
GaN), corresponding to the bulk case.

The cleavage energies of w-GaN, h-GaN, bct-GaN, and
Z-GaN slabs are shown in Fig. 7(b), plotted as a function of
slab thickness. The slab thickness is defined as the number of
unit cells per supercell of the slab times the corresponding
lattice parameter. The cleavage energies are calculated by
subtracting the energy of bulk w-GaN from the energies of
slabs and dividing by the area of both surfaces per supercell of

FIG. 8. (a) Calculated energies per GaN unit as a function of the
slab thickness for w-GaN, h-GaN, bct-GaN, and Z-GaN slabs. The
energies are plotted with respect to that of bulk w-GaN, which is
taken as a reference. (b) Calculated cleavage energies as a function
of the number of layers for w-GaN, h-GaN, bct-GaN, and Z-GaN
slabs.

slabs, following the scheme adopted by Freeman et al. [9] The
relative stability of four polymorphs indicated by the compar-
ison of the cleavage energies [Fig. 7(b)] is consistent with that
indicated by the comparison of the energies [Fig. 7(a)]. The
cleavage energy of the w-GaN slabs converges to 6.8 J/m2

with increasing film thickness, while the cleavage energies of
the h-GaN, bct-GaN, and Z-GaN slabs increase nearly linearly
with film thickness. For very thin films, h-GaN has the lowest
cleavage energy. As the films increase in thickness, h-GaN
becomes less stable with respect to bct-GaN (at ∼1.0 nm),
Z-GaN (at ∼1.3 nm), and w-GaN (at ∼3.4 nm). For films more
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than ∼4.2 nm thick, the cleavage energy of Z-GaN falls below
that of bct-GaN. The relatively high energy and high cleavage
energy for the very thin films of w-GaN can be attributed to its
polar unit cell which has higher surface energy than those of
nonpolar h-GaN, bct-GaN, and Z-GaN, as pointed out before
in the ZnO case by Morgan [50].

Additionally, the variation of energies with slab thickness
of four polymorphs is shown in Fig. 8(a). For very thin
films, h-GaN has the lowest energy, w-GaN the highest, while
bct-GaN and Z-GaN are in between. As the film thickness
increases, the energies of bct-GaN and Z-GaN become lower
than that of h-GaN at 1.1 nm and 1.4 nm, respectively. For
thicker films (more than 3.5 nm thick), the energy of w-GaN
falls below that of h-GaN. At 3.7 nm, the bct-GaN slabs
become less stable than Z-GaN. Figure 8(b) displays the
variation of cleavage energies with the number of layers for
the slabs of four polymorphs. For very thin films, h-GaN has
the lowest cleavage energy. As the films increase in thickness,
h-GaN becomes less stable with respect to bct-GaN (at four
layers), Z-GaN (at six layers), and w-GaN (at 14 layers). For
films consisting of more than 15 layers, the cleavage energy
of Z-GaN falls below that of bct-GaN. Note that the estimated
critical thickness holds good only in the freestanding case;
the favorable phase can be biased by the selected substrate
in experimental growth.

IV. CONCLUSIONS

Two GaN polymorphs, bct-GaN and Z-GaN, have been
predicted. We have performed DFT calculations to investigate
equilibrium structures, phonon dispersions, and band struc-
tures of bct-GaN and Z-GaN, as well as w-GaN, the results
of which closely match previous theoretical and experimental
results and thus validate our calculation scheme. The phonon
dispersions indicate that bct-GaN and Z-GaN are dynamically
stable. The AIMD simulations at 600 K further prove that bct-
GaN and Z-GaN remain stable at high temperature. The GW

calculations of band structures show that bct-GaN and Z-GaN
have direct band gaps at the � point with values similar to that
of w-GaN, therefore suitable for LED applications in the same
spectral ranges if successfully grown. To investigate phase
competition of GaN growth in the ultrathin film stage, we have
extended our study to the relative stability of films of four
GaN polymorphs, w-GaN, h-GaN, bct-GaN, and Z-GaN with
varying numbers of layers. For very thin films (<four layers),
h-GaN which is dynamically unstable in bulk form, is the most
stable of four polymorphs. As the film thickness increases,
bct-GaN (Z-GaN) becomes energetically more favorable than
both h-GaN and w-GaN and persists up to 47 (70) layers,
suggesting the possibility of their growth under appropriate
experimental conditions. And once the growth of bct-GaN
and Z-GaN is initiated in favorable thin-film condition, they
can continue to grow to bulk size due to their dynamical and
thermal stability.

Note that bct-GaN and Z-GaN are both centrosymmetric
and hence possess neither spontaneous polarization nor piezo-
electric polarization regardless of heterojunction stacking ori-
entation and even in the presence of shear stress, broadening
potential solutions to the internal polarization field problem
beyond those offered by zb-GaN and nonpolar and semipolar
w-GaN. This unique advantage merits further investigations,
and the metastability and the feasibility of kinetic growth of
these predicted GaN polymorphs and the associated alloys
with the same crystal structures remain to be confirmed by
experiment. We anticipate this work to offer an alternative ap-
proach to the further enhancement of the luminous efficiency
of GaN-based LEDs.
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