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 A B S T R A C T

The microstructural evolution and thermal transport properties of gallium nitride (GaN) subjected to ultrafast 
melt-quenching are investigated using molecular dynamics simulations. Varying cooling rates lead to distinct 
nucleation pathways and the formation of defect-rich microstructures comprising zincblende and wurtzite 
phases, including unique superlattice-like arrangements. Characteristic nucleation cores and a range of defects, 
including twins, stacking faults, and dislocations, emerge and significantly influence phonon transport. 
Quenched GaN exhibits ultralow thermal conductivity, with reductions up to 99% compared to pristine GaN, 
primarily due to phonon scattering at grain and phase boundaries. Notably, coherent zincblende/wurtzite 
interfaces maintain high thermal conductance owing to efficient phonon mode matching. These findings offer 
atomistic insights for engineering heat conduction in GaN through controlled microstructural design.
1. Introduction

Gallium nitride (GaN), with its wide direct bandgap of ∼3.4 eV, 
high electron mobility, and exceptional thermal and chemical stability, 
has emerged as a cornerstone material for high-power-density, high-
frequency, and high-temperature electronics and optoelectronics [1,2]. 
These attributes enable GaN-based devices to function reliably under 
extreme operating conditions that typically exceed the capabilities of 
conventional silicon-based technologies.

The performance and versatility of GaN devices depend critically 
on controlling and engineering its microstructure. Various strategies 
have been employed toward this goal, including chemical doping [3], 
strain engineering [4], and the fabrication of nanostructures such as 
thin films, nanowires, quantum dots, and heterostructure superlat-
tices. Among these approaches, the design of phase-engineered GaN 
nanostructures offers unique opportunities for tailoring electronic and 
thermal properties at the atomic scale.

At ambient pressure, GaN crystallizes predominantly in two closely 
related tetrahedrally coordinated structures: the thermodynamically 
stable wurtzite (WZ) phase and the metastable zincblende (ZB) phase. 
The WZ lattice can be derived from the ZB lattice by a relative sliding 
of successive (111) planes along the [111] direction. Their cohesive 
energies differ by less than 5 meV/atom (−4.529 eV/atom for WZ 
and −4.524 eV/atom for ZB), underscoring their near-degeneracy. This 
small energy difference, combined with their close crystallographic 
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relationship, results in highly coherent ZB/WZ interfaces with low 
interfacial energy. Importantly, these dual-phase interfaces are chem-
ically homogeneous — comprising only Ga and N atoms — thereby 
avoiding the detrimental intermixing and defect formation common to 
heterostructures of different chemistries.

Despite these similarities, the two polymorphs differ in stacking 
sequence, lattice symmetry, and corresponding physical properties. By 
combining WZ and ZB domains into a superlattice — hereafter referred 
to as a ZB/WZ superlattice — one can exploit their distinct elec-
tronic structures to realize tunable bandgaps, tailored carrier transport, 
and potentially enhanced thermal management. This concept mirrors 
polymorph-engineered heterostructures in other III–V semiconductors, 
where control over superlattice periodicity enables the realization of 
tailored optoelectronic properties.

Several studies have reported the synthesis of ZB/WZ superlat-
tices in various semiconductors. For example, Zhang et al. [5] fab-
ricated a Cd1−𝑥Zn𝑥S semiconductor with a ZB/WZ superlattice struc-
ture via an oriented-attachment growth mechanism during nanocrystal 
coarsening, demonstrating its potential for photocatalytic water split-
ting. Algra et al. [6] achieved microstructural control in indium phos-
phide (InP) through zinc doping, enabling the formation of a ZB/WZ 
twinning superlattice instead of the pure WZ phase. Similarly, Caroff 
et al. [7] tuned the indium arsenide (InAs) microstructure by vary-
ing growth temperature, yielding well-defined ZB/WZ superlattices. 
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Jacobs et al. [8] identified coherent {0001}∕{111} ZB/WZ interfaces 
in GaN nanowires, while Dick et al. [9] produced ZB/WZ twinned 
superlattices in InAs via metal–organic vapor phase epitaxy (MOVPE), 
controlling the stacking sequence through adjustments in temperature 
and V:III precursor ratio. Their work revealed a diversity of nanowire 
morphologies, including periodically twinned ZB nanowires, ZB/WZ 
polytypic superlattices, isolated stacking faults, and short WZ segments 
embedded in ZB. Spirkoska et al. [10] investigated GaAs growth under 
varying rates and arsenic fluxes, finding conditions that yield either 
pure ZB or twinned ZB/WZ superlattice structures. In molecular dy-
namics simulations, Tan et al. [11] observed extensive ZB/WZ twins 
in melt-quenched GaN. Analogous stacking-disordered structures have 
also been reported in CdSe and other III–V compounds [12–14], where 
subtle thermodynamic and kinetic effects mediate the coexistence of 
hexagonal and cubic polymorphs. Collectively, these studies indicate 
that small free-energy differences combined with high interfacial coher-
ence favor the co-formation of ZB and WZ domains, particularly under 
far-from-equilibrium solidification conditions.

Beyond GaN, the controlled coexistence of multiple polymorphs 
has been widely studied in metals, ceramics, and high-entropy alloys, 
where cooling rates strongly influence atomic mobility and crystal-
lization pathways [15–20]. Cross-nucleation, where one polymorph 
nucleates epitaxially on another due to structural compatibility, has 
been identified as a key mechanism in such systems. For GaN, un-
derstanding these polymorphic interactions is not only scientifically 
intriguing but also technologically significant, as ZB/WZ superlattices 
could simultaneously reduce defect densities, enable precise bandgap 
engineering, and improve thermal transport.

Despite these promising prospects, the microstructural evolution 
of GaN under ultrafast melt-quenching remains largely unexplored. 
In particular, the atomic-scale mechanisms driving the formation of 
ZB/WZ twins, coherent interfaces, and superlattice-like domains during 
rapid solidification are not well understood. This knowledge gap is es-
pecially critical given emerging interest in integrating GaN-based heat 
spreaders or thermoelectric coolers directly into GaN power modules. 
Such monolithic architectures minimize Kapitza resistance at interfaces, 
enabling superior heat dissipation and improved device reliability.

Motivated by these challenges, the present work employs large-scale 
molecular dynamics simulations to investigate the nucleation, growth, 
and structural organization of GaN during ultrafast melt-quenching. We 
focus on the emergence of WZ and ZB domains, the formation of twin 
and grain boundaries, and the development of coherent ZB/WZ super-
lattice domains. Furthermore, we systematically evaluate the thermal 
conductivity of the resulting microstructures, with particular emphasis 
on the role of polymorphic interfaces, grain boundaries, and defect 
populations.

The remainder of this paper is organized as follows. Section 2 
describes the simulation methodology and computational protocols. 
Section 3 presents the results on microstructural evolution and thermal 
transport in melt-quenched GaN, followed by discussion of the under-
lying mechanisms. Finally, Section 4 summarizes our key findings and 
outlines future research directions.

2. Methodology

2.1. General setup of molecular dynamics simulations

All the molecular dynamics simulations in this study are performed 
using the LAMMPS Molecular Dynamics Simulator [21]. The atomic 
interactions within GaN are modeled using the Stillinger–Weber poten-
tial [22]. A time integration step of 1 fs is used, and periodic boundary 
conditions are applied along all three spatial dimensions.
2 
2.2. Melt-quench simulations

Melt-quench simulations are carried out on a WZ GaN structure 
containing approximately 0.25 million Ga and 0.25 million N atoms, 
with dimensions of 20.7 × 17.6 × 16.6 nm3. Initial atomic velocities are 
assigned randomly according to a Gaussian distribution corresponding 
to a temperature of 300 K. The system is then heated to 4600 K 
while maintaining the pressure at 0 Pa, using the isothermal–isobaric 
(NPT) ensemble with a Nosé–Hoover thermostat and barostat [23,24], 
as implemented in LAMMPS through the ‘‘fix npt’’ command. The target 
temperature of 4600 K, significantly exceeding the melting point of 
GaN, ensures complete melting and atomic diffusion. After reaching 
4600 K, the system is equilibrated for 300 ps under the same ensemble 
conditions. Subsequently, the molten GaN is quenched from 4600 K to 
10 K at different cooling rates (0.1, 0.5, and 1 K/ps), while maintaining 
0 Pa pressure. Atomic configurations are recorded at intervals of 100 
ps, 20 ps, and 10 ps for cooling rates of 0.1, 0.5, and 1 K/ps, respec-
tively, to enable detailed analysis of microstructure evolution during 
the quenching process.

2.3. Thermal transport modeling

Equilibrium molecular dynamics (EMD) simulations are employed 
to compute the lattice thermal conductivity (𝜅) of the GaN structures 
using the Green–Kubo formalism. Initially, atomic velocities are ran-
domized based on a Gaussian distribution corresponding to an average 
temperature of 20 K. The system is then gradually heated from 20 K to 
the target temperature over 0.3 ns using a Nosé–Hoover thermostat and 
barostat [23,24], followed by a 1.2 ns equilibration. After equilibration, 
a microcanonical (NVE) ensemble is used for 8 ns to collect the heat 
flux data necessary for 𝜅 calculations.

The lattice thermal conductivity is calculated using the Green–Kubo 
relation [25]: 

𝜅 = 𝑉
𝑘𝐵𝑇 2 ∫

∞

0
⟨𝐽 (𝑡)𝐽 (0)⟩ 𝑑𝑡, (1)

where 𝑘𝐵 is the Boltzmann constant, 𝑇  is the system temperature, 
𝑉  is the simulation cell volume, 𝑡 is time, and 𝐽 (𝑡) is the heat flux. 
⟨𝐽 (𝑡)𝐽 (0)⟩ represents the heat flux autocorrelation function. Due to 
the notable noise associated with the Green–Kubo approach, follow-
ing previous studies [26–28], we perform five sets of independent 
EMD simulations, which have different initial velocities, for pristine 
GaN cases, and three sets of independent EMD simulations for melt-
quenched GaN and nanograined GaN to minimize the uncertainty in 
predicting thermal conductivity values. Additional details regarding the 
Green–Kubo calculations can be found in our previous work [29,30].

While EMD simulations enable evaluation of the bulk thermal con-
ductivity, nonequilibrium molecular dynamics (NEMD) simulations are 
conducted to study interfacial thermal transport, particularly to de-
termine the interfacial thermal resistance (Kapitza resistance). The 
leftmost and rightmost atomic layers are fixed to act as boundaries 
preventing heat leakage. A hot thermostat is applied to the left side 
to maintain a high temperature, and a cold thermostat to the right 
side to maintain a low temperature, thereby establishing a steady-
state temperature gradient and heat current across the system. More 
details of the setup of NEMD simulations can be found in our previous 
study [31].

The interfacial thermal resistance 𝑅 is calculated as: 

𝑅 =
𝐴𝑐 ⋅ 𝛥𝑇

𝑞
, (2)

where 𝑞 is the steady-state heat current, 𝐴𝑐 is the cross-sectional area 
perpendicular to the heat flow, and 𝛥𝑇  is the temperature drop across 
the interface.

We note at the outset that the Stillinger–Weber interatomic po-
tential used in this study is not parametrized to yield quantitatively 
accurate values of 𝜅. Instead, our objective is to capture the qualitative 
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Fig. 1. Phase fraction analysis during the quenching process of GaN at cooling rates of (a) 0.1, (b) 0.5, and (c) 1 K/ps. The blue and orange curves display the 
fraction of ZB and WZ phases of GaN. The insets show the snapshots of phase distribution within the simulation domain. Blue and orange denote ZB phase and 
WZ phase, respectively, while white regions represent unidentifiable phase.
trends and assess how structural features (such as anisotropy, phase 
boundaries, twin boundaries, grain boundaries, and dislocations) im-
pact thermal conductivity in melt-quenched GaN, particularly in the 
presence of coexisting defects.

3. Results and discussions

3.1. Microstructure evolution during quenching

Figs.  1a–c present the molecular dynamics simulation results of the 
quenching process of GaN at three different cooling rates: 0.1, 0.5, and 
1 K/ps. Across all cases, significant nucleation of crystalline ZB and 
WZ phases occurs upon cooling. However, the onset temperature of 
crystallization and the resulting microstructure are notably influenced 
by the applied cooling rate, as discussed in detail below.

We first examine the slowest cooling case of 0.1 K/ps, as shown 
in Fig.  1a. The plot tracks the evolution of the volume fractions of ZB 
and WZ phases as the system cools. Insets a1–a4 provide representative 
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snapshots of the atomic configuration, visualized using Identify Dia-
mond Structure. Specifically, ZB and WZ regions are colored blue and 
orange, respectively, while defective regions are rendered transparent 
to better highlight the crystallization process.

At temperatures well above the melting point, the system exhibits 
fully disordered liquid behavior. Atoms undergo rapid, uncorrelated 
motion with no persistent ordering, as confirmed by the absence of 
any crystalline fraction and the homogeneous structure seen in inset 
a1. While transient clusters may form, thermal agitation dissolves them 
rapidly.

Upon cooling to approximately 3152 K, both ZB and WZ phases 
nucleate nearly simultaneously, reflected by a sharp increase in their 
volume fractions. This concurrent nucleation is attributed to the small 
cohesive energy difference between the two polymorphs. The first 
stable crystallite, observed in inset a2, consists of an interleaved ZB/WZ 
structure—essentially a ZB/WZ superlattice. Such dual-phase formation 
have been previously reported in both experimental studies [8] and MD 
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simulations [11], and they form naturally due to the minimal energetic 
difference of ∼10 meV/atom between the two phases [12].

As the system continues to cool, multiple ZB/WZ composite nuclei 
form and expand into larger crystalline domains. At 3133 K (inset 
a4), the structure becomes substantially more crystalline, comprising 
approximately 14.7% ZB and 18.6% WZ phases. The remaining regions 
are still undergoing solidification and consist of liquid, amorphous 
solid, or interfacial areas such as phase and grain boundaries.

Below a characteristic temperature of 2900 K, the crystallization 
front stabilizes, and the system enters an annealing regime in which 
only minor structural changes occur. At the end of the quench (10 K), 
the final structure (inset a5) consists of well-defined ZB and WZ grains 
interspersed with structural defects, including twins and dislocations. 
Notably, the structure contains 45.2% ZB and 41.8% WZ phases, both 
in crystalline form. The remaining non-crystalline regions are primarily 
localized at ZB–WZ phase boundaries and grain boundaries. The na-
ture and evolution of these defects formed during quenching will be 
discussed in a subsequent section.

Figs.  1b and 1c show the corresponding results for faster cooling 
rates of 0.5 K/ps and 1 K/ps. At a rate of 0.5 K/ps, the first stable 
nucleus emerges at approximately 3026 K (inset b2), while at the 
highest rate of 1 K/ps, nucleation is further delayed to around 2976 K 
(inset c2). In both cases, the initial nuclei adopt the same ZB/WZ 
superlattice motif as observed in the 0.1 K/ps case, but they form at 
progressively lower temperatures with increasing cooling rate.

This lower nucleation temperature reflects a greater degree of un-
dercooling, which enhances the thermodynamic driving force for nu-
cleation. Consequently, a larger number of nucleation sites emerge 
throughout the molten GaN, resulting in more crystalline grains. Sicne 
the total volume of the final, solidified GaN remains nearly constant, 
the increased number of grains means smaller average grain size. This 
trend is evident in the final structures shown in Figs.  1b5 and 1c5, 
which display more numerous and finer grains compared to the more 
coarsely grained structure in Fig.  1a5. The refinement in grain size with 
increasing cooling rate leads to a higher grain boundary density.

3.2. Nucleation cores and twinning of ZB/WZ superlattice structures

A prominent feature of the quenched GaN structures is the extensive 
presence of ZB/WZ superlattice-like phase domains. Detailed analysis 
of the nucleation events captured in our MD simulations reveals three 
distinct geometries for the nucleation core — spherical, tetrahedral, 
and diamond-shaped — resulting in three nucleation pathways, as 
illustrated in Fig.  2, to form ZB/WZ superlattice domains in GaN.

The most common nucleation motif involves a spherical ZB core, as 
shown in Fig.  2a. This process typically initiates with the formation of a 
small cluster of ZB GaN. Although the WZ phase is thermodynamically 
more stable in bulk GaN [32], prior studies suggest that ZB structures 
possess a lower nucleation energy barrier [13], likely due to their 
higher crystallographic symmetry. Early-stage nucleation of ZB clusters 
preceding WZ formation has also been reported in other III–V and II–VI 
semiconductors, such as ZnO, CdSe, CdTe [33–35].

As cooling proceeds, WZ layers nucleate heteroepitaxially on the 
ZB core, forming a sandwich-like ZB/WZ configuration. This behavior 
aligns with classical cross-nucleation theory, where one polymorph 
nucleates epitaxially on another with a small free energy difference [36,
37]. In GaN, the near-degeneracy in free energy between ZB and 
WZ phases [12] allows thermal fluctuations in the supercooled melt 
to overcome the nucleation barrier [38,39]. Additionally, the excel-
lent crystallographic compatibility between ZB and WZ — specifically, 
{111}ZB ∥ {0001}WZ and ⟨110⟩ZB ∥ ⟨112̄0⟩WZ — promotes coherent 
heteroepitaxial nucleation with minimal interfacial energy.

The second nucleation motif involves a tetrahedral ZB core, as 
shown in Fig.  2b. This nucleus forms as a stable tetrahedron bounded by 
four equivalent {111} planes. The tetrahedral core remains structurally 
intact during cooling and serves as a rigid seed for the subsequent 
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epitaxial growth of WZ layers. As temperature decreases, WZ layers 
nucleate coherently on each of the tetrahedron’s faces, resulting in 
four distinct ZB/WZ superlattice domains oriented along the normals of 
the tetrahedral faces. Compared to the spherical core, which typically 
gives rise to a single superlattice, the tetrahedral core facilitates the 
formation of a superlattice cluster with multiple growth directions. 
This behavior mirrors the formation of tetrapod-shaped ZnO and ZnS 
nanowires, where ZB tetrahedra serve as cores for WZ leg growth [33,
34].

Subsequently, as shown in the last snapshot of Fig.  2b, a twin forms 
between two legs of a tetrahedral nucleation core. The orientation 
relationship between these legs closely resembles the {101̄3} twin as 
previously reported in ZnO nanowires, where pure WZ legs nucleate 
from a ZB core [34]. In contrast, our simulations reveal that the legs 
are composed of ZB/WZ superlattice structures rather than pure WZ.

The third observed motif is a diamond-shaped nucleus formed by 
the coalescence of two mirrored ZB tetrahedra sharing a common {111}
plane (Fig.  2c), providing multiple {111} facets that act as low-energy 
sites for subsequent epitaxial growth of ZB/WZ superlattice layers. 
The growth mechanism is analogous to that observed in the single 
tetrahedral case but offers additional facets for crystal growth and 
superlattice expansion.

Additionally, the last snapshot of Fig.  2c shows that as the super-
lattice structures grow outward along the legs of the diamond-shaped 
core, they maintain this twin symmetry between neighboring super-
lattice domains. Moreover, it is interesting to note the two tetrahedra 
forming the diamond-like core form a {111} twin relationship.

In all three nucleation pathways, the ZB phase consistently initiates 
the process, followed by coherent heteroepitaxial growth of WZ lay-
ers. The repeated involvement of crystallographically aligned planes, 
coupled with the nearly identical free energies of the two phases, fa-
cilitates cooperative nucleation and stabilizes the formation of intricate 
ZB/WZ superlattice architectures. Functionally, these twin between dif-
ferent superlattice domains act as grain boundaries separating distinct 
superlattice domains.

3.3. Dislocations and stacking faults

Dislocations and stacking faults are frequently observed in melt-
quenched materials. In this section, we examine the evolution of these 
crystal defects during the quenching process and investigate how their 
formation and transformation depend on the cooling rate.

3.3.1. Dislocations
Extensive dislocation formation is observed in the melt-quenched 

GaN structures obtained from our simulations. Fig.  3a shows the evo-
lution of dislocation density during quenching at a cooling rate of 
0.1 K/ps, as analyzed using the Dislocation Extraction Algorithm (DXA) 
implemented in OVITO [40]. The DXA analysis reveals the formation 
of several dislocation types, including 1/6⟨112⟩ Shockley, 1/2⟨110⟩ Per-
fect, 1/6⟨110⟩ Stair-rod, and 1/3⟨111⟩ Frank dislocations. Dislocation-
like defects that do not match these classifications are labeled as 
‘‘Other’’. Fig.  3f demonstrates that ‘‘Other’’ dislocations are formed 
mostly in grain boundary regions, thus it can serve as an approximate 
measure of the amount of grain boundaries in the structure.

At temperatures above the nucleation point (3152 K), the system 
is fully molten and exhibits no dislocation activity (Fig.  3b). As the 
temperature drops and the first nuclei emerge, a sudden increase 
in the density of 1/6⟨112⟩ Shockley (green curve) and ‘‘Other (or 
grain boundaries)’’ (red curve) is observed (Fig.  3a). This jump coin-
cides with the onset of solidification, where both ZB and WZ phases 
begin to form, thus leading to more Shockley dislocations, and the 
nucleation and growth of grains leads to more grain boundaries. As 
nucleation progresses and crystalline grains grow, various types of 
dislocations develop and expand throughout the polycrystalline struc-
ture (Fig.  3e). Among all observed dislocations, 1/6⟨112⟩ Shockley 
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Fig. 2. Nucleation process of three representative nucleation motifs observed during the early stages of ZB/WZ superlattice formation in GaN: (a) spherical ZB 
core with heteroepitaxial WZ layers; (b) tetrahedral ZB core with WZ growth on three {111} facets; (c) diamond-shaped core formed by coalesced twin tetrahedra, 
serving as a multifaceted template for ZB/WZ superlattice growth. The last snapshot of each panel shows the final, large-scale superlattice or twinned superlattice 
structure after growth from the corresponding nucleation core.

Fig. 3. Evolution of dislocation density during the quenching process at a cooling rate of 0.1 K/ps. Panels (b)–(f) show dislocation distributions at selected 
temperatures (3500 K, 3152 K, 3150 K, 3133 K, and 10 K) indicated in panel (a).

Computational Materials Science 262 (2026) 114399 
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Fig. 4. The quenched microstructure at the cooling rate of 0.1 K/ps with 
dislocation analysis using ZB and WZ as the references. (a) and (b) 2D and 
3D microstructure using ZB as the reference structure. (c) and (d) 2D and 3D 
microstructure using WZ as the reference structure. The top and bottom rows 
represent the same regions for direct comparison.

dislocations (green) are the most prevalent, followed by ‘‘Other’’ (red), 
Perfect (blue), Stair-rod (purple), and Frank (brown) dislocations. As 
shown in Fig.  3f, many of these defects originate at grain boundaries 
and phase interfaces. Notably, Shockley dislocations predominantly 
reside within grains rather than along boundaries, indicating that they 
are likely associated with stacking faults or phase interfaces within the 
grains.

To further understand the nature of Shockley dislocations, we an-
alyze the largest grain in the quenched structure at 0.1 K/ps (Fig. 
3f). As shown in Fig.  4a, Shockley dislocations are predominantly 
located at the interfaces between ZB and WZ phases in the superlattice-
like ZB/WZ microstructure. To isolate these dislocations more clearly, 
we remove the ZB atoms from the visualization. The resulting WZ-
focused microstructure(Fig.  4b) reveals that Shockley dislocation lines 
are concentrated along the ZB/WZ interfaces. This confirms that the 
Shockley dislocations are intrinsic features of the ZB/WZ phase bound-
aries, in agreement with prior studies on stacking fault and dislocation 
formation in semiconductor superlattices [41,42].

Because the DXA method requires a reference crystalline structure, 
we conduct parallel analyses using both ZB and WZ as references. 
While the primary discussion above employs the ZB structure as the 
reference — owing to the broader understanding of dislocation types 
in cubic systems — we perform a complementary analysis using the 
WZ structure to ensure the robustness of our interpretation.

As shown in Figs.  4d–f, DXA using the WZ reference identifies 
additional dislocation types, including 1/3⟨12̄10⟩, ⟨0001⟩, ⟨11̄00⟩, and 
1/3⟨11̄00⟩ dislocations, along with unclassified defects (‘‘Other’’). Each 
of these WZ-identified dislocations has a one-to-one correspondence 
with the dislocations previously identified using the ZB reference. For 
example, the 1/3⟨11̄00⟩ dislocation identified in WZ maps precisely to 
the 1/6⟨112⟩ Shockley dislocation identified using ZB. Similar corre-
spondence is observed between 1/3⟨12̄10⟩ perfect dislocation in WZ 
and 1/2⟨110⟩ perfect dislocation in ZB. These results confirm that both 
reference systems capture the same underlying dislocation network, 
thereby validating the structural interpretation.

To elucidate the impact of cooling rate on dislocation formation, we 
examine the results from the faster quenching cases (0.5 and 1.0 K/ps), 
as shown in Fig.  5. As in the 0.1 K/ps case, the dislocation density 
rises sharply during solidification, followed by a gradual increase as 
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the system cools further, as expected for the annealing process. Across 
all cooling rates, Shockley dislocations remain the dominant type. A 
key difference among the three cases lies in the onset temperature 
of dislocation formation: higher cooling rates delay the onset of both 
solidification and dislocation nucleation, consistent with the enhanced 
undercooling discussed in Section 3.1.

A particularly notable feature emerges in the evolution of 1/2⟨110⟩
Shockley dislocations (green curve) for the 0.5 K/ps case, shown in 
Fig.  5a. Immediately following the abrupt increase associated with 
solidification, the Shockley dislocation density steadily decreases as the 
temperature drops to 2500 K. Simultaneously, the density of 1/2⟨110⟩
perfect dislocations (blue curve) gradually increases. This inverse trend 
is not coincidental, but rather indicative of a dislocation reaction 
mechanism in which Shockley partials recombine to form perfect dis-
locations.

Such behavior is negligible at the slower 0.1 K/ps cooling rate (Fig. 
3a), where the density of perfect dislocations remains low. In contrast, 
it becomes prominent in the faster cooling cases (Figs.  5a and 5b), 
where the density of perfect dislocations reaches nearly half or one 
third that of Shockley dislocations. This enhanced recombination can 
be attributed to the finer grain sizes at higher cooling rates, which in-
crease the likelihood of Shockley partials encountering one another — 
especially at ZB/WZ phase boundaries — thus facilitating the formation 
of perfect dislocations.

Furthermore, the total dislocation density in the final quenched 
structure shows a pronounced dependence on cooling rate. As sum-
marized in Fig.  5c, the density of Shockley dislocations decreases 
significantly with increasing cooling rate, reflecting the diminished 
development of well-ordered ZB/WZ superlattice regions due to the 
restricted grain growth. In contrast, the density of 1/2⟨110⟩ perfect 
dislocations increases with cooling rate.

Taken together, these findings underscore the sensitivity of dis-
location structures in melt-quenched GaN to the cooling rate. Faster 
quenching results in higher levels of crystalline imperfection, reduced 
phase ordering, and increased structural disorder, which are closely 
linked to both grain refinement and interfacial interactions during rapid 
solidification.

3.3.2. Stacking faults
Stacking faults constitute a common class of planar defects that are 

essentially local disruptions in the regular stacking sequence of atomic 
planes. In the quenched GaN structures investigated in this work, 
stacking faults are observed in both ZB- and WZ-dominant regions. 
These faults originate from growth irregularities (faults), resulting in 
local intermixing of ZB and WZ layers. Given the small energy differ-
ence between the two phases, the high quenching rate promotes their 
coexistence, leading to frequent phase intergrowth and the emergence 
of stacking faults.

Fig.  6 illustrates the various stacking faults observed in WZ struc-
tures. The ideal WZ phase exhibits an ABABAB stacking sequence 
oriented along the 𝐜-axis (⟨0001⟩ direction), where each layer (A or B) 
represents a basal layer containing a two-atom basis of Ga and N atoms. 
The C position represents a third possible basal layer site that is not 
occupied in the WZ structure. Four types of intrinsic stacking faults are 
identified in WZ structures, labeled as Intrinsic I, II, III, and Extrinsic 
SFs [43]. It should be noted that the stacking faults formed during the 
quenching process must be bounded by misfit dislocations or end at 
grain boundaries.

While the stacking faults in the melt-quenched GaN in this work are 
growth faults, in the following discussions, we will elucidate their struc-
ture, particularly the stacking sequence and displacement vector, by 
making an analogy with the stacking faults formed through dislocation 
slip in fcc and hcp crystals.

The Intrinsic I stacking fault is formed through the growth of a 
single ZB layer within the WZ matrix. It is the energetically most 
favorable type among all four types of stacking faults shown in Fig. 
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Fig. 5. (a, b) Evolution of dislocation density during quenching at cooling rates of 0.5 K/ps and 1.0 K/ps, respectively. (c) Final dislocation densities in quenched 
GaN as a function of cooling rate for various dislocation types.
Fig. 6. Stacking faults in the WZ structure. Gold regions indicate the WZ phase, while blue regions indicate ZB layers. The ideal WZ phase exhibits an ABABAB 
stacking sequence oriented along the 𝐜-axis (⟨0001⟩ direction), where each layer (A or B) corresponds to a basal plane containing a two-atom basis of Ga and N. 
The C position represents a third possible basal layer site that is not occupied in the WZ structure.
6. Specifically, the stacking sequence of the Intrinsic I stacking fault 
is AB-A-CACA. Such a stacking sequence agrees with the 𝐼1 stacking 
fault in the hcp lattice, which is equivalent to removing a basal layer, 
followed by a subsequent slip of a partial dislocation with a Burgers 
vector of 𝑏𝑝 = 1∕3⟨101̄0⟩ [44,45]. Therefore, the resulting displacement 
vector for the Intrinsic I stacking fault is 𝐛𝐩 + 1

2 𝐜 = 1∕6⟨202̄3⟩.
Intrinsic II stacking faults, in contrast, form through the growth of 

two ZB layers within the WZ matrix. As shown in Fig.  6, their stacking 
sequence is AB-AC-BCBC. This stacking sequence is analogous to the 
stacking faults induced by the glide of a Shockley partial dislocation 
with a Burgers vector of 1∕3⟨101̄0⟩ in hcp materials [46]. The only 
difference is that WZ has a pair of Ga and N atoms that corresponds to 
a single atom in hcp materials. Thus, the resulting displacement vector 
is equal to 𝑏𝑝 = 1∕3⟨101̄0⟩.

The Intrinsic III stacking fault is formed by the growth of two ZB 
layers, separated by a single WZ layer in the middle, within the WZ 
matrix. As shown in Fig.  6, its stacking sequence is AB-A-C-A-BABA. 
The Intrinsic III stacking fault can be viewed as being bounded by 
two partial dislocation slips of 1∕3⟨101̄0⟩ in adjacent basal planes [44]. 
Accordingly, the corresponding displacement vector is 2𝐛𝐩, and its 
energy lies between those of Intrinsic I and Intrinsic II [44,45].

Finally, the extrinsic stacking fault consists of the growth of three 
ZB layers within the WZ matrix. Its stacking sequence is determined 
to be AB-ACB-AB, as shown in Fig.  6. Compared to the ideal ABABAB 
stacking sequence in WZ, this stacking fault can form through the 
accidental growth of an extra C basal layer in the original WZ stacking 
sequence. Thus, its displacement vector is 12 𝐜. Such extrinsic stacking 
faults are much rarer than intrinsic ones in the WZ structure because 
their formation requires overcoming a high energy barrier [44].

Stacking faults are also prominent in regions dominated by the ZB 
structure. The stacking sequence or faults in ZB structures are struc-
turally analogous to those observed in face-centered cubic materials. 
As shown in Fig.  7, the perfect ZB structure is characterized by an 
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Fig. 7. Stacking faults in the ZB structure. Blue atoms indicate the ZB 
phase, while gold atoms indicate WZ layers. The ideal ZB phase exhibits an 
ABCABCABC stacking sequence oriented along the ⟨111⟩ direction, where each 
A, B, or C layer corresponds to a close-packed plane containing a two-atom 
basis of Ga and N.

ABCABC stacking sequence. Stacking faults in this phase appear as 
local deviations from this sequence and can be classified as intrinsic 
or extrinsic.

Intrinsic stacking faults in the ZB structure are formed through the 
growth of two WZ layers within the ZB matrix. As shown in Fig.  7, the 
corresponding stacking sequence is ABC-AC-ABC. In the fcc lattice, this 
sequence reflects the absence of a B layer and can be introduced by the 
glide of a single Shockley partial dislocation [47,48]. Correspondingly, 
the displacement vector for the intrinsic SF is 1∕6⟨11̄2⟩.

In contrast to intrinsic stacking faults, an extrinsic stacking fault 
consists of two WZ layers separated by one ZB layer, yielding an ABC-A-
C-B-CABC stacking sequence, as illustrated in Fig.  7. In the fcc lattice, 
this pattern corresponds to the insertion of an extra C layer into the 
ideal ABCABCABC stacking. As shown by Tian et al. [47], this fault can 
be formed through the sequential glide of two Shockley dislocations in 
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Fig. 8. Temperature-dependent thermal conductivity 𝜅 of (a) pristine WZ and ZB GaN crystals and (b) melt-quenched GaN samples obtained at different cooling 
rates, artificially constructed polycrystalline WZ GaN with varying grain sizes, and amorphous GaN.
scenarios involving significant dislocation activity, while it is formed 
through a growth fault in our melt-quenching simulations. Accordingly, 
the displacement vector for the extrinsic SF is 1∕3⟨11̄2⟩.

3.4. Lattice thermal transport properties

3.4.1. Melt-quenched GaN and nanograined GaN
To gain insight into thermal transport in the melt-quenched GaN 

structures with complex microstructural features discussed in Sec-
tion 3.1, we first examine the baseline thermal conductivity, 𝜅, of 
pristine ZB and WZ GaN crystals. Fig.  8a shows the temperature-
dependent 𝜅 values predicted from EMD simulations. As expected, WZ 
GaN exhibits notable anisotropy due to its hexagonal lattice structure. 
Specifically, 𝜅 along the 𝑐-axis is significantly higher than that along 
the 𝑎- and 𝑏-axes. In contrast, ZB GaN displays isotropic 𝜅, consistent 
with its cubic symmetry. Notably, ZB GaN has higher 𝜅 than WZ GaN 
along the 𝑎∕𝑏 axes but lower 𝜅 than WZ GaN along the 𝑐-axis, with this 
difference becoming more prominent at lower temperatures.

Although a full phonon-level analysis is beyond the scope of this 
work, it is worth highlighting that literature reports diverge regarding 
both the magnitude and anisotropy of 𝜅 in WZ GaN. For instance, 
Lindsay et al. [49] predicted higher 𝜅 along the 𝑎∕𝑏 directions based 
on first-principles calculations, while Monte Carlo simulations from 
Luo et al. [50], incorporating full phonon dispersion, suggested the 
𝑐-axis has higher 𝜅. Experimental studies by Zheng et al. [51], using 
time-domain thermoreflectance (TDTR), showed only weak anisotropy. 
Similarly, Tran et al. [52] employed both thermoreflectance mea-
surements and Boltzmann transport equation (BTE) simulations under 
the relaxation time approximation. Their experiments revealed minor 
anisotropy over a wide temperature range, while their BTE analysis 
showed higher 𝜅 along 𝑎∕𝑏 below 300 K, transitioning toward isotropy 
at elevated temperatures. Despite these discrepancies, the consensus is 
that anisotropy in WZ GaN is modest, and differences among reports 
largely arise from the treatment of phonon scattering—whether via 
relaxation-time approximations or full iterative solutions to the BTE.

While the Stillinger–Weber potential employed in our simulations 
was not explicitly parameterized for phonon transport, it successfully 
captures key qualitative trends, such as the anisotropy of WZ GaN and 
the temperature dependence of 𝜅. Furthermore, the predicted values 
are in reasonable agreement with experimental data, supporting the 
potential’s suitability for the current study. Nevertheless, we note that 
future work using machine learning potentials trained on high-fidelity 
quantum data, such as those developed in recent studies [53–57], could 
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offer enhanced accuracy and transferability, especially for disordered 
and defect-rich structures of various materials.

Fig.  8b presents the thermal conductivity of melt-quenched GaN 
samples obtained under varying cooling rates. At 300 K, 𝜅 ranges from 
approximately 4 to 12 W/m K, representing a dramatic 97%–99% re-
duction from that of pristine crystals shown in Fig.  8a. This substantial 
suppression underscores the promise of ultrafast melt-quenching as a 
strategy for engineering low-𝜅 materials for thermoelectric and thermal 
barrier applications.

The results clearly indicate that 𝜅 decreases with increasing cooling 
rate. Faster cooling yields smaller grains and higher defect densities, 
as discussed in Section 3.1, which intensify grain boundary scattering 
of phonons and suppress phonon heat conduction. The influence of 
ZB/WZ superlattice regions on thermal transport will be examined 
further in the following subsection.

Interestingly, all melt-quenched samples exhibit a mild reduction in 
𝜅 with increasing temperature. The slowest quenched sample
(0.1 K/ps), which is the most crystalline, shows the most pronounced 
temperature dependence. This behavior is characteristic of crystalline 
materials, where anharmonic phonon–phonon scattering intensifies 
with temperature [58,59]. In contrast, heavily disordered materials 
or materials containing a high density of interfaces typically exhibit 
increasing 𝜅 with temperature due to enhanced inelastic phonon trans-
mission across structural interfaces or increased hopping of localized 
vibrational modes [60–64].

To further assess the role of grain boundaries, we constructed 
nanograined WZ GaN models using Voronoi tessellation with average 
grain sizes of 10 nm and 6.3 nm. As shown in Fig.  8b, the 10 nm 
grain model exhibits higher 𝜅 than the 6.3 nm case, whose 𝜅 drops 
to approximately 4–5 W/m K, which is comparable to that of the 
fastest-quenched (1 K/ps) melt-quenched sample. These results pro-
vide direct evidence that phonon scattering at grain boundaries is 
the primary limiting factor for thermal transport in melt-quenched 
GaN. Increasing the density of grain boundaries, whether through 
rapid quenching or intentional nanostructuring, substantially reduces 
𝜅, making these structures highly promising for thermal insulation and 
energy conversion applications.

3.5. Superlattice-like ZB/WZ GaN structures

Superlattices, particularly those with aperiodic or disordered layer 
thicknesses, are known to exhibit markedly reduced thermal conduc-
tivities compared to their bulk counterparts [65–68]. This observation 
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Fig. 9. Comparison of thermal conductivity 𝜅 in WZ GaN/ZB GaN superlattices with coherent and incoherent interfaces. (a) A coherent interface formed by aligning 
the [0001] direction of WZ GaN (orange) with the [111] direction of ZB GaN (blue). (b) An incoherent interface formed at arbitrary crystallographic orientations. 
(c) Cross-plane temperature-dependent thermal conductivity 𝜅 of superlattices with coherent and incoherent interfaces, obtained from EMD simulations.
naturally motivates the hypothesis that the superlattice-like domains 
comprising ZB and WZ GaN in melt-quenched samples could be key 
contributors to the suppressed thermal conductivity 𝜅. However, as we 
demonstrate in this section, these domains can retain relatively high 
𝜅 values, approaching those of pristine crystals, depending strongly on 
the nature of the interfacial structure.

Before presenting our simulation results, we highlight a critical 
crystallographic feature: WZ GaN and ZB GaN possess nearly identical 
local bonding environments, with the primary difference being their 
stacking sequences. Specifically, WZ GaN follows an ABAB sequence 
along the [0001] direction, whereas ZB GaN exhibits an ABCABC 
sequence along the [111] direction. When these two phases interface 
with the [0001] direction of WZ GaN aligned to the [111] direction of 
ZB GaN, atomically coherent phase boundaries can form, as illustrated 
in Fig.  9a. These coherent interfaces are energetically favorable and 
commonly arise during the rapid solidification of GaN. In contrast, 
incoherent interfaces, which are formed when the phases meet at 
arbitrary crystallographic orientations, are also possible and are shown 
in Fig.  9b.

To assess the effect of interface coherence on thermal transport, 
we perform EMD simulations on ZB/WZ GaN superlattices featuring 
both coherent and incoherent interfaces. Two average layer thicknesses, 
31.2 Å and 18.2 Å, are considered to evaluate the dependence of 𝜅
on period length, a crucial factor known to significantly affect phonon 
transport in superlattice structures.

As shown in Fig.  9c, superlattices with coherent interfaces maintain 
high cross-plane thermal conductivities, on the order of ∼300 W/m K, 
which are only 20%–30% lower than that of pristine WZ or ZB GaN 
crystals. This is in stark contrast to prior reports of both periodic and 
aperiodic superlattices, where thermal conductivity reductions of 70% 
or more have been observed [66,69,70], and in extreme cases, reduc-
tions approaching 95% have been reported [29,67]. Some aperiodic 
superlattices have even demonstrated thermal conductivities below the 
effective alloy limit, approaching those of amorphous solids [29].

In contrast, ZB/WZ GaN superlattices with incoherent interfaces 
show a dramatic suppression in 𝜅, with values ranging from 1 to 
2 W/m⋅K, which are significantly lower than even the melt-quenched 
GaN samples discussed previously. Furthermore, the thermal conduc-
tivity of these incoherent-interface superlattices exhibits a strong de-
pendence on period length, underscoring the dominant role of interface 
scattering in limiting phonon transport.

To gain deeper insight into the underlying mechanisms, we calcu-
lated the interfacial thermal resistance (𝑅𝐼 ) of individual interfaces 
using NEMD simulations, as described in Section 2. The examined 
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interfaces include coherent and incoherent ZB/WZ phase boundaries, 
as well as representative grain boundaries in both WZ and ZB GaN.

Table  1 summarizes the extracted 𝑅𝐼  values from our simulations. 
The coherent ZB/WZ interface exhibits an exceptionally low thermal 
resistance of 1.08 × 10−10 m2K/W, over an order of magnitude lower 
than that of the incoherent interface (1.35×10−9 m2K/W) and markedly 
lower than those of all grain boundary types. Remarkably, this value 
is also one to two orders of magnitude smaller than the typical inter-
facial resistances reported for conventional material systems such as 
Cu/diamond [71] and Si/Ge [72], as predicted by molecular dynamics 
simulations.

To further elucidate the influence of interface coherence on ther-
mal transport across ZB/WZ interfaces, we decomposed the interfacial 
thermal conductance (i.e., the inverse of 𝑅𝐼 ) into frequency-dependent 
contributions following the approach of Refs. [61]. As shown in Fig. 
10a, the conductance across all phonon frequency ranges is substan-
tially suppressed for the incoherent ZB/WZ interface compared with 
the coherent one. Fig.  10b presents the vibrational density of states 
(vDOS), calculated from the Fourier transform of atomic velocity–
velocity autocorrelation functions using velocity data obtained from 
equilibrium MD simulations. Evidently, the vDOS profiles of the ZB and 
WZ phases are highly similar—the differences are far less pronounced 
than those observed in the thermal conductance spectra in Fig.  10a. 
This indicates that the pronounced and broadband reduction in 𝐺(𝜔) for 
the incoherent interface does not stem from vibrational spectrum mis-
match, which typically dominates the Kapitza resistance at interfaces 
between dissimilar materials, as described by the conventional acoustic 
and diffuse mismatch models [59,73], nor the need for redistributing 
heat flux at the interface [64]. Instead, the elevated 𝑅𝐼  and suppressed 
𝐺(𝜔) of the incoherent ZB/WZ interface primarily originate from its 
insufficient (weakened) and incoherent atomic bonding [74].

The ultralow 𝑅𝐼  of the coherent ZB/WZ interface can be attributed 
to two main factors: (1) the atomically smooth and structurally co-
herent nature of the interface, stemming from the minimal mismatch 
between the two phases, which differ only in their stacking sequence 
perpendicular to the interface; and (2) the highly similar phonon 
dispersion relations of WZ and ZB GaN, as shown in Fig.  11, which 
facilitate efficient phonon transmission across the interface. These fea-
tures collectively enable coherent interfaces to maintain high thermal 
conductivities, in contrast to the severe phonon scattering encountered 
at incoherent boundaries.

4. Conclusion

In this study, we conducted a comprehensive investigation of the 
microstructural evolution and thermal transport properties of GaN 
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Table 1
Interfacial thermal resistance (𝑅𝐼 ) for representative interfaces in melt-quenched GaN. The third column presents the 𝑅𝐼 of each 
interface normalized by that of the coherent ZB/WZ phase boundary. Coherent interfaces exhibit the lowest thermal resistance 
that is an order of magnitude lower than that of grain boundaries or incoherent interfaces.
 Interface type 𝑅𝐼 (×10−9 m2K/W) Relative 𝑅𝐼 (𝑅𝐼∕𝑅𝐼,coh-ZB/WZ) 
 Coherent ZB/WZ phase boundary 0.11 1.0  
 Incoherent ZB/WZ phase boundary 1.35 12.3  
 Grain boundary within WZ GaN 0.79 7.2  
 Grain boundary (type 1) within ZB GaN 0.85 7.7  
 Grain boundary (type 2) within ZB GaN 1.20 10.9  
 Grain boundary (type 3) within ZB GaN 0.82 7.5  
Fig. 10. (a) Comparison of the interfacial thermal conductance spectra 𝐺(𝜔) for the coherent and incoherent ZB/WZ interfaces. (b) Comparison of the vDOS of 
bulk ZB GaN and bulk WZ GaN, along with the vDOS calculated for the interfacial regions of the coherent and incoherent ZB/WZ interfaces.
Fig. 11. Phonon dispersion relations of WZ GaN and ZB GaN obtained from 
phonon spectral energy density (SED) analysis in EMD simulations, following 
the same procedure in Ref. [75]. A 1.2 by 2.2 by 62.3 nm3 supercell was used 
in the SED calculation of WZ GaN and 1.8 by 1.8 by 54 nm3 supercell was 
used for ZB GaN. The similarity in phonon spectra supports efficient phonon 
transmission across the coherent interface.

under ultrafast quenching, using classical molecular dynamics sim-
ulations. By systematically varying cooling rates, we elucidated the 
nucleation and growth mechanisms that give rise to complex crys-
talline domains, including ZB, WZ, and ZB/WZ superlattice structures. 
Our results demonstrate that higher cooling rates suppress nucleation, 
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promote undercooling, and lead to the formation of finer grains with 
increased structural disorder due to restricted atomic mobility.

A key finding is the identification of three characteristic nucleation 
core geometries (i.e., spherical, tetrahedral, and diamond-shaped) that 
serve as precursors for ZB/WZ superlattice formation. These struc-
tures evolve through heterogeneous epitaxial growth of WZ layers on 
ZB cores, driven by the minimal free energy differences and crys-
tallographic compatibility between the two phases. The resulting mi-
crostructures exhibit a rich variety of defects, including twins, stacking 
faults, and multiple dislocation types. Twinning occurs both within ZB 
regions and across ZB/WZ superlattice domains, while stacking faults 
are prominent in both ZB- and WZ-rich regions. Dislocation analysis 
reveals the presence of mostly Shockley and perfect dislocations, whose 
densities and types depend strongly on the local phase and thermal 
history.

We further examined the impact of these microstructures on phon-
on-mediated thermal transport. Quenched GaN, characterized by nano-
scale grains, phase boundaries, and a high density of dislocations, 
exhibits ultralow lattice thermal conductivities, i.e., up to 99% lower 
than that of pristine GaN. This dramatic reduction is primarily at-
tributed to enhanced phonon scattering at grain boundaries, a conclu-
sion supported by additional simulations of nanograined WZ-GaN mod-
els. These results underscore the significant tunability of GaN thermal 
transport via ultrafast melt-quenching and nanoscale microstructural 
engineering.

Interestingly, we find that coherent WZ-GaN/ZB-GaN interfaces 
retain relatively high thermal conductivity, approaching bulk values. 
This behavior contrasts with prior superlattice-based expectations and 
is attributed to the atomically smooth, coherent interfaces and strong 
phonon mode matching across the boundary. In contrast, incoherent 
phase boundaries lead to a substantial thermal conductivity reduction, 
with values as low as 1–2 W/m K, lower even than those of melt-
quenched structures. Non-equilibrium molecular dynamics simulations 



M. Lotfpour et al. Computational Materials Science 262 (2026) 114399 
further show that the interfacial thermal resistance of coherent WZ-
GaN/ZB-GaN boundaries is orders of magnitude lower than that of 
incoherent boundaries and grain interfaces.

Overall, this work provides atomistic insights into solidification 
dynamics, defect formation, and polymorph coexistence in GaN under 
non-equilibrium conditions. These findings not only deepen our under-
standing of the thermal behavior of laser-melt-quenched GaN but also 
offer practical guidance for tailoring thermal transport in GaN-based 
devices through controlled microstructure design.
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