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A B S T R A C T   

Employing constant pressure ab initio simulations, we have shed light on the previously unknown high-pressure 
behavior of amorphous gallium nitride. Our findings reveal a two-step transformation sequence under pressure. 
The initial transition involves a polyamorphic transformation from a low-density amorphous (LDA) phase to a 
high-density amorphous (HDA) phase with an average coordination number of 5.4. Upon pressure release, the 
HDA state partially reverts to a denser amorphous network with a higher coordination number (4.34) compared 
to the original LDA phase. Further pressurization triggers the crystallization of the HDA state into a rocksalt 
structure. Remarkably, the electronic structure of the amorphous forms of GaN exhibits insignificant sensitivity 
to changes in coordination number, maintaining a band gap of approximately 1.7–2.0 eV across all phases.   

1. Introduction 

The crystalline form of gallium nitride (c-GaN) adopts a wurtzite 
(WZ) structure within the hexagonal crystal system polymorphs. Clas
sified as a type III-V compound, c-GaN stands out as a prominent 
member of third-generation semiconductors, boasting exceptional 
properties like a wide band gap, excellent thermal conductivity and 
stability, and high electron mobility [1–6]. These properties translate 
into practical applications in areas like power electronics, with minia
turized, highly integrated devices offering enhanced power conversion 
efficiency, rapid switching speeds, and elevated power density [7,8]. 
Furthermore, GaN crystals pave the way for advancements in laser dis
plays, smart grids, 5G communication, household lighting, and more. 

Amorphous gallium nitride (a-GaN) emerges as a promising alter
native to its crystalline counterpart. Extensive prior research has 
investigated the properties of a-GaN [9–16]. Compared to c-GaN, a-GaN 
may involve reduced processing costs due to potentially less stringent 
requirements [9]. Furthermore, its amorphous nature allows for depo
sition on a wider range of substrates and a unique capability to incor
porate dopant atoms at higher concentrations compared to c-GaN [10]. 
This characteristic could lead to substantial modifications in the band- 
gap structure of a-GaN, paving the way for novel applications in opto
electronics distinct from those achievable with c-GaN [9,10]. 

Recent theoretical investigations employing advanced computa
tional techniques have provided deeper insights into the atomic struc
ture within a-GaN [17–21]. These studies have highlighted a chemically 
ordered structure with some inherent structural defects. 

There has been considerable interest in understanding the high- 

pressure behavior of c-GaN as well. High-pressure experiments have 
revealed a WZ-to-Rocksalt (RS) phase transition in GaN between 37 and 
52 GPa at room temperature [22–26]. Additionally, first-principles 
calculations at 0 K have predicted a transition to the RS phase at pres
sures ranging from 33 to 56 GPa [27–36], closely aligning with the 
experimental findings. However, the high-pressure behavior of its 
amorphous counterpart remains elusive. This discrepancy underscores a 
significant gap in our understanding. To address this gap, we propose a 
novel investigation utilizing constant-pressure ab initio calculations to 
shed light, for the first time, on the high-pressure behavior of a-GaN. 

2. Method 

In our research, we employed an ab initio approach based on density 
functional theory (DFT) to conduct high-pressure simulations on a-GaN 
[37]. We utilized the Troullier and Martins scheme [38] to construct 
pseudopotentials, incorporating the Ga 3d states into the core. The 
simulations were carried out under constant pressure within the 
isoenthalpic-isobaric (NPH) ensemble with the power quenching tech
nique. Valence electrons were described using double zeta plus polar
ized (DZP) basis sets, and Brillouin zone integration was performed at 
the Γ point, employing the generalized gradient approximation (GGA) 
Perdew–Burke–Eruzerhof for solids (PBESol) functionals [39]. Pressure 
optimization was achieved using the Parrinello-Rahman method [40], 
with relaxation conducted till the maximum force was less than 0.01 eV/ 
Å. The Hartree and exchange–correlation contributions to energy were 
determined with a mesh grid energy cut-off of 150 Ry. 

For accurate band gap estimations in different phases of GaN, GGA +

E-mail address: murat.durandurdu@agu.edu.tr.  

Contents lists available at ScienceDirect 

Computational Materials Science 

journal homepage: www.elsevier.com/locate/commatsci 

https://doi.org/10.1016/j.commatsci.2024.113062 
Received 8 March 2024; Received in revised form 21 April 2024; Accepted 25 April 2024   

mailto:murat.durandurdu@agu.edu.tr
www.sciencedirect.com/science/journal/09270256
https://www.elsevier.com/locate/commatsci
https://doi.org/10.1016/j.commatsci.2024.113062
https://doi.org/10.1016/j.commatsci.2024.113062
https://doi.org/10.1016/j.commatsci.2024.113062
http://crossmark.crossref.org/dialog/?doi=10.1016/j.commatsci.2024.113062&domain=pdf


Computational Materials Science 241 (2024) 113062

2

U calculations were performed. Hubbard potentials (U) were evaluated, 
particularly focusing on WZ-GaN, where the experimental band gap was 
found to be 3.26–3.41 eV [41–43]. Utilizing U = 8.25 eV for N-p state 
and U = 3.0 eV for Ga-p state, an approximate HOMO-LUMO band gap 
energy of 3.4 eV was obtained for WZ-GaN. These parameters were then 
applied consistently across all phases predicted to estimate their elec
tronic structure. 

Considering the structural resemblance between amorphous 
aluminum nitride (a-AlN) and a-GaN, an a-AlN model [44] was used to 
generate an a-GaN configuration. Following relaxation, the resulting 
model was found to be in good agreement with previous studies [18,21]. 
Visualization of the structures at the atomic level was facilitated using 
VESTA software [45], with further analysis carried out using the ISAACS 
program [46]. 

3. Results 

3.1. c-GaN at high pressure 

To ensure the reliability of our ab initio simulations for studying 
high-pressure behavior in GaN, we validated our chosen techniques and 
parameters by reproducing the well-characterized WZ-to-RS phase 
transformation at 155 GPa. Fig. 1 presents the equation of state for c- 
GaN, showing a gradual decrease in volume with increasing pressure 
followed by a sudden drop at 155 GPa, indicating a first-order phase 
transformation at this pressure. Symmetry analysis using the Phonopy 
code [47] confirms that the structure at this pressure exhibits Fm3m 
symmetry, with lattice parameters of a = b = c = 3.868 Å, and verifies 
the occurrence of the WZ-to-RS phase transformation at this pressure 
(see Fig. 2). This successful validation underscores the reliability of our 
simulation methods and parameters for further investigations. 

It is noteworthy here that the transition pressure of 155 GPa 
observed in the dynamical simulation is significantly higher than the 

experimental results of 37–52 GPa. This discrepancy poses a primary 
challenge associated with the Parrinello-Rahman method. The over
estimation in simulations suggests that there is an inherent energy 
barrier that the system needs to overcome for a solid phase to transform 
into another. Several inherent limitations in our simulation methodol
ogy contribute to this gap. Firstly, the use of periodic boundary condi
tions, while eliminating surface effects, can lead to an overestimation of 
transition pressures. Secondly, our simulations are inherently cleaner 
than real-world materials, as impurities often act as nucleation centers, 
lowering the required pressure for phase transitions. In the absence of 
these “seeds” for change in our simulations, the critical pressure may 
appear higher than it actually is. Lastly, the rapid pressurizing rates 
utilized in simulations may not allow sufficient time for the material to 
fully relax and rearrange, leading to the formation of “frozen states.” In a 
real experiment with slower pressure changes, the material would have 
more time to adjust and transition at a lower pressure. 

The thermodynamic theorem, however, does not account the po
tential presence of an activation barrier that separates the two structural 
phases. Consequently, as a subsequent step, we employ energy (E)-vol
ume (V) calculations to investigate the stability of the WZ and RS phases. 
By fitting their energy-volume data (Fig. 3) to the third-order Birch- 
Murnaghan equation of state, we can determine the transition pressure 
where the enthalpy of the two phases becomes equivalent (H = Etot +

PV, with P = -dEtot /dV obtained through direct differentiation of the 
calculated energy-volume curves). The computed enthalpy curve of the 
WZ and RS states, presented in Fig. 3, allows us to determine a transition 
pressure of approximately 35 GPa. This finding aligns favorably with 
experimental and theoretical results falling within the range of 33–56 
GPa [22–36]. 

3.2. a-GaN at high pressure 

The equation of state of a-GaN is also depicted in Fig. 1. Similar to the 
crystalline form, the volume exhibits a gradual change, and at 95 GPa, a 

Fig. 1. Pressure-volume relation of crystalline and amorphous forms of GaN obtained using 
dynamical simulation. This plot highlights the distinct compressibility behaviors of the 
different phases. It is important to note that RS phase obtained directly from HDA phase 
through compression ultimately reaches a higher density than the RS phase derived from WZ- 
GaN at high pressures. 

M. Durandurdu                                                                                                                                                                                                                                  



Computational Materials Science 241 (2024) 113062

3

noticeable volume collapse occurs, indicating a first-order phase change 
at this pressure. Further compression leads to a steady volume decrease 
until 320 GPa, followed by a minor additional collapse. Upon pressure 
release from 95 GPa, a hysteresis effect occurs: the volume partially 
recovers, but not entirely, suggesting a permanent densification in a- 
GaN. 

To explore the structural changes induced by pressure, our investi
gation begins with analyzing the partial pair distribution functions 
(PPDFs) of the amorphous structure under various applied pressures. As 
depicted in Fig. 4, the PPDFs reveal the persistence of an amorphous 
network at 95 GPa, as evidenced by the absence of significant long-range 
correlations. This finding provides compelling evidence for a low- 
density amorphous (LDA) phase to high-density amorphous (HDA) 
phase transformation, known as polyamorphism, in GaN. The HDA state 
persists up to 320 GPa, where prominent peaks in the long-range cor
relations indicate pressure-induced ordering in the material. The visu
alization of the structure in Fig. 2 supports the crystallization at 320 
GPa. However, analyzing the symmetry of this structure using Phonopy 
code proves challenging due to the presence of structural and coordi
nation defects. Based on the observed high-pressure behavior of c-GaN, 
we hypothesize that this structure might resemble an imperfect RS 
structure, potentially exhibiting similar behavior under high pressure. 

Given the typical correlation between pressure-induced amorphous- 
to-amorphous phase transitions and alterations in coordination numbers 
(CN) in nonmetallic systems, we undertook an investigation of CN as a 
function of pressure, illustrated in Fig. 5. At ambient condition, the CN 
of both Ga and N atoms in the LDA phase is 4.027 and about 90 % of Ga 

atoms and 95 % of N atoms present fourfold coordination. The 
remaining atoms are threefold and fivefold coordinated, in fairly 
agreement with the previous model [18]. With the application of pres
sure, CN initially experiences a minor increase until reaching 95 GPa, 
whereupon it sharply escalates to 5.4. Further compression leads to a 
gradual increase in CN with step-like increases at certain pressures 
before attaining a final value of 5.97 at 320 GPa. Analysis of the coor
dination distribution reveals that in the HDA state, approximately 43 % 
and 48 % of Ga atoms demonstrate fivefold and sixfold coordination, 
respectively, with the remainder primarily fourfold coordinated. Simi
larly, for N atoms, the percentages of fivefold and sixfold coordination 
are roughly 42 % and 46 %, correspondingly. Consequently, despite the 
phase transformation, some atoms retain tetrahedral coordination. At 
320 GPa, the majority of atoms are sixfold coordinated, as expected. 

Decompressing the model from 95 GPa reveals a persistent influence of 
the high-pressure phase on the structure. Although CN initially decreases 
slowly, a significant acceleration occurs below 25 GPa, ultimately leading 
to a final value of 4.34 for both Ga and N atoms at ambient pressure as 
depicted in Fig. 5. This significant observation suggests that the recovered 
model does not fully revert to its original state but instead retains signa
tures of the high-pressure motifs. Specifically, approximately 30 % of Ga 
and N atoms exhibit fivefold coordination, a characteristic of the high- 
pressure phase, in the recovered model, while 65 % remain fourfold co
ordinated, closer to the original state. These findings suggest that the 
pressure-induced transformation in a-GaN is partially irreversible. The 
recovered material exhibits a hybrid structure that combines elements of 
both the original and high-pressure phases. 

Fig. 2. Ball-stick representation of GaN phases at different pressures. This figure visually depicts the structural transformations of GaN under pressure.  
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The bond angle distribution functions (BADFs) illustrated in Fig. 6 
offer valuable insights into the structural arrangement under pressure. 
Surprisingly, the analysis of the a-GaN model (LDA phase) yields un
expected results regarding its bond angle distribution. Contrary to the 
anticipated dominant peak around the ideal tetrahedral angle (109.47◦) 
attributed to fourfold coordination, the observed distribution exhibits 
broad peaks with a main peak near the tetrahedral angle, consistent with 
previous findings [18]. Notably, the distribution also reveals unexpected 
subpeaks at angles around 88◦–90◦ and wider angles, representing a 
significant deviation from the ideal tetrahedral configuration. These 
subpeaks suggest the presence of distinct local structural arrangements 
within the model. Similar observations have been made in other 
nitrogen-based amorphous models like AlxGa1-xN and InN, attributed to 
the existence of edge-sharing units (fourfold rings) absent in their 
crystalline counterparts [20,48]. 

As pressure increases, the main peak undergoes a gradual shift to
wards lower angles, indicating a noticeable distortion within the sys
tem. Accompanied by the amorphous-to-amorphous phase 
transformation, the main peak relocates to approximately 90◦. Further 
compression induces minimal changes due to the limited alteration in 
CN. However, at 320 GPa, the peaks at 90◦ and 180◦ become more 
pronounced, resembling the RS structure, suggesting intensified struc
tural ordering. The distinct BADF of the recovered model suggests that 
the decompression process does not fully restore the original structure. 
The presence of the 90◦ peak indicates the persistence of structural 
features acquired during the high-pressure phase, even after returning to 
ambient pressure. This observation supports the notion of an irreversible 

amorphous-to-amorphous phase transformation as previously discussed. 
We now turn our attention to the analysis of the electronic structure 

of some GaN phases. The computed electron density of states (EDOS) for 
specific phases, obtained through GGA + U calculations, is depicted in 
Fig. 7. For each phase, the Fermi level is shifted zero eV. Referring back 
to our methodology section, the HOMO-LUMO band gap of WZ-GaN is 
estimated to be approximately 3.4 eV, aligning well with experimental 
data ranging from 3.26 to 3.41 eV [41–43]. The LDA phase of GaN 
manifests a band gap energy of around 2.0 eV, while its HDA counterpart 
exhibits a slightly reduced value of 1.7 eV. Furthermore, the recovered 
amorphous phase presents a band gap of 1.86 eV. The predicted RS 
phase, on the other hand, demonstrates a band gap of about 1.76 eV. 
These findings imply that even significant variations in CN do not result 
in notable changes in the electronic structure of GaN in its amorphous 
states. 

4. Discussion and conclusion 

Computational simulations reveal a fascinating two-step trans
formation sequence in a-GaN subjected to increasing pressure. The 
process initiates with the LDA phase undergoing a first-order transition 
into a HDA phase. Subsequently, this HDA phase transforms further into 
a RS structure. While amorphous-to-amorphous transitions are 
commonplace in materials like ice, silicon, and various glasses [49–64], 
the observed first-order nature of the LDA-HDA transformation in GaN is 
exceptionally rare among amorphous compounds. Additionally, 
pressure-induced crystallization, as seen in a-GaN, is another uncommon 

Fig. 3. The computed energies of WZ and RS phases are plotted as a function of volume (a) and the calculated 
enthalpies of WZ and RS structures are plotted as a function of pressure (b). The enthalpy curves of the WZ and 
RS phases intersect around 35 GPa, indicating a structural phase transition from the WZ to RS phase at 
this pressure. 
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Fig. 4. Partial pair distribution functions (PPDFs) at selected pressures. The emergence of distinct peaks at 320 GPa signifies the development of long-range order 
within the material, indicating pressure-induced crystallization into the RS phase. 
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phenomenon in response to high-pressure treatments typically applied 
to amorphous materials [44,65,66]. This unique pressure sensitivity 
further underscores the distinct behavior of a-GaN. 

Our simulations suggest that the LDA-HDA transition in a-GaN ex
hibits partial irreversibility, unlike the reversible transformations 
commonly observed in most amorphous compounds at ambient tem
perature. This behavior adds another layer of intrigue to a-GaN’s 
response to pressure. However, it is crucial to acknowledge that the 
employed simulation technique, while successful in predicting various 
phase transformations, might have limitations. The observed partial 
irreversibility could potentially arise from these limitations, high
lighting the need for further investigations, particularly experimental 
ones, to definitively confirm a-GaN’s behavior under real-world pressure 
conditions. 

Interestingly, the electronic structure of the amorphous forms of GaN 
appears relatively insensitive to changes in CN. Despite significant 
variations in CN among the LDA, HDA, and recovered phases, all exhibit 
a band gap of approximately 1.7–2.0 eV. This implies that over- 
coordinated motifs (having five or more bonds) do not significantly 
affect the electronic structure of a-GaN. 

The Parrinello-Rahman technique used in our simulations is known 
to overestimate transition pressures. In the WZ-to-RS phase trans
formation, this overestimation ranges from 3 to 4.2 compared to 
experimental values of 37–52 GPa at room temperature. Therefore, a 
similar overestimation is expected for a-GaN. Consequently, we 

anticipate the actual LDA-HDA phase change in GaN to occur around 22 
to 32 GPa in real-world conditions. 

In conclusion, this study exposes remarkable pressure-induced 
transformations in a-GaN, characterized by a rare first-order amor
phous-to-amorphous transition and subsequent crystallization. The 
observed partial irreversibility and pressure sensitivity further empha
size the unique response of a-GaN compared to other amorphous ma
terials. Additionally, the electronic structure exhibits remarkable 
resilience to changes in CN, suggesting minimal impact on its funda
mental properties. While acknowledging potential limitations of the 
simulation technique, this work paves the way for further exploration of 
this intriguing material and its response to external stimuli. 
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Fig. 5. Variation of coordination number (CN) as a function of pressure. This 
plot reveals a significant increase in CN upon transition from the LDA to HDA 
phase, followed by a decrease upon decompression. The incomplete recovery to 
the initial CN suggests partial irreversibility in the amorphous-to-amorphous 
transformation. 

Fig. 6. Bond angle distribution function (BADF) at selected pressures. The 
broad peaks with a main peak near the tetrahedral angle and subpeaks at wider 
angles are characteristic of a-GaN. The shift in the main peak towards lower 
angles with increasing pressure indicates a distortion within the structure. 
Notably, the recovered phase retains a peak around 90◦, suggesting the 
persistence of structural features acquired during the high-pressure 
transformation. 
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