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Potential applications of Ill-nitrides have led to their monolayer allotropes, i.e., two-dimensional (2D) IlI-
nitrides, having attracted much attention. Recently, alloying has been demonstrated as an effective
method to control the properties of 2D materials. In this study, the stability, and the electronic and
chemical properties of monolayer Gag ,nAlLN alloys were investigated employing density functional
theory (DFT) calculations and the cluster expansion (CE) method. The results show that 2D Gag_,AlN
alloys are thermodynamically stable and complete miscibility in the alloys can be achieved at ambient
temperature (>85 K). By analyzing CE results, the atomic arrangement of 2D Gay_nAlLN was revealed,
showing that Ga/Al atoms tend to mix with the Al/Ga atoms in their next nearest site. The band gaps of
Gap_»AlN random alloys can be tuned by varying the chemical composition, and the corresponding
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bowing parameter was calculated as —0.17 eV. Biaxial tensile strain was also found to change the band
gap values of Gag_»AlN random alloys ascribed to its modifications to the CBM positions. The chemical
properties of Gag_»AlLN can also be significantly altered by strain, making them good candidates as
photocatalysts for water splitting. The present study can play a crucial role in designing and optimizing
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Introduction

III-Nitrides, including AIN, GaN and InN and their alloys, are
promising semiconductors that possess tunable band gaps
covering the spectral range from ultraviolet to infrared."* The
excellent properties of III-nitrides have made them ideal candi-
date materials for modern electronic and optoelectronic
devices.>® Meanwhile, due to their unique surface properties,
II-nitrides exhibit great potential in photocatalysis and have
recently gained importance in the hydrogen evolution reaction,
oxygen evolution reaction and carbon dioxide reduction.*”
The wide-ranging applications of III-nitrides have also
brought their monolayer allotropes, i.e., two-dimensional (2D)
III-nitrides, into the focus of research interest. 2D IlI-nitrides
were first predicted using first-principles calculations,® and then
synthesized via graphene encapsulation.’ 2D Ill-nitrides were
found to have different forms, among which graphene-like planar
GaN and AIN (2D hexagonal GaN and AIN) were extensively
studied.'®™" Previous works demonstrated the stability of 2D
hexagonal GaN and AIN from ab initio phonon calculations.'*"*
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2D lll-nitrides for next-generation electronics and photocatalysis.

Additionally, 2D hexagonal GaN and AIN were found to retain
their stability under thermal excitations as confirmed by ab initio
finite temperature molecular dynamics (MD) calculations per-
formed under 1000 K.** Similar to bulk semiconductors, 2D III-
nitrides have demonstrated desirable properties for a broad range
of applications. For example, the band gap of 2D hexagonal GaN
can be tailored by decorating with H or F adatoms, showing
potential for optoelectronic devices;'® the 2D GaN/Mg(OH), het-
erostructure was predicted to have suitable band structures and
adsorption abilities that promote water splitting.'®

However, the low stability of 2D III-nitrides is a bottleneck
for their applications.® Since their bulk counterparts do not
have layered structures like graphite, the fabrication of layered
III-nitrides inevitably introduces unsaturated dangling bonds
on the surface, which makes the synthesis difficult and thus
hampers their large-scale applications. Modification strategies
are required to overcome the limitations and tune the physical
and chemical properties of 2D IlI-nitrides. Recent research has
shown that alloying can be an effective strategy in 2D materials
to enhance the thermodynamic stability and achieve tunable
electronic and optical properties.'”'® 2D alloys like Mo -
W,S, and Mo;_yW,Se, were found to exhibit negative for-
mation energies, which indicate that alloying can successfully
stabilize 2D structures.'”” Among the Ill-nitrides, Kanli et al.
investigated the dynamical stability and band gap bowing of
2D Ga(;_yALN ordered alloys;'” Wines et al. demonstrated the
electronic and thermoelectric properties of 2D By_gALN,
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Al Ga,N, and Ga(;_,In,N alloys.'® Despite those great prior
efforts, several aspects of 2D IlI-nitride alloys remain not well
understood, i.e., the atomic ordering of alloy structures and the
band gap bowing effect for random alloys. In addition, the
strain effect to the electronic properties and the chemical
properties of 2D Ga(;_nAl N have not been explored yet.

In light of the above limitations, the present study investi-
gated the stability, electronic and chemical properties of mono-
layer Gag;_»ALN alloys employing density functional theory
calculations (DFT) and the cluster expansion (CE) method.
The stability of 2D Ga;_nALN alloys was examined and the
atomic arrangement of alloys was revealed. We found that 2D
Ga(;_nALN alloys are thermodynamically stable, and the com-
plete miscibility in alloys can be achieved at ambient tempera-
ture. Using random alloy structures, the electronic properties of
2D Ga(;—nALN alloys were then investigated, with the band gap
bowing parameter calculated to be —0.17 eV. Biaxial tensile
strain was then applied to study their effect to the band gap
values and chemical properties of 2D Ga;_nALN alloys, with
continuously tunable properties observed by varying chemical
composition. Our work may guide the future design of 2D
Ga(;_nALN alloys in electronics and photocatalysis.

Computational methods

Cluster expansion

In the CE formalism,*>*! each metal site in an alloy configu-

ration is assigned an occupation variable ¢;, with ¢; being equal
to +1 or —1, representing which species is present at this site
(e.g., +1 for Ga, and —1 for Al). In this way, any alloy configu-
ration can be well described by a vector ¢ = (g, 01, 01, ...)
containing all the ¢; information of the lattice. As a result, the
formation enthalpy of a particular alloy configuration is
expressed as®>??

AH <6> = ;mﬂaéa (6)

where o denotes a cluster, including singles, pairs and triplets.
m,, is the number of symmetry-equivalent clusters of o, and J, is
the effective cluster interaction (ECI) parameter, representing
the energy contribution from cluster . The summation is taken
over all symmetry-non-equivalent clusters. £, is the cluster
correlation function defined as

&, <5> = <H o i>
ico

with the angle bracket representing the average of the spin
product of all symmetry-equivalent clusters o’ of o. The ECIs are
determined by fitting a certain number of samples obtained
from density functional theory (DFT) calculations, and the
fitted ECIs can then be used to predict the formation enthalpies

of any alloy configuration quickly by just calculating the &,.
In this work, the CE method was employed using the Alloy-
Theoretic Automated Toolkit (ATAT) code to fit the formation
enthalpies of Ga(;_»ALN alloys.”” The formation enthalpies of
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70 ordered structures up to 22 atoms per cell were calculated
from density functional theory (DFT) calculations, and then
were used to fit the ECI values. The performance of the CE
fitting was evaluated by cross-validation score with values of
around 0.1 meV. The fitted ECIs were then used to predict the
formation enthalpies of more than 1000 Gap_nhALN alloy
configurations.

Special quasi-random structure (SQS) method

SQS method was applied to investigate the stability and elec-
tronic properties of totally disordered Ga(;_»ALN alloys.>! For a
random alloy, the correlation function is defined as (2x — 1),
with x the concentration of alloy and k the number of metal
sites in the cluster (e.g., k = 2 for pairs.).>* The SQS method
generates special structures that have correlation functions
close to random alloys, then these SQS structures can be used
to simulate the physical properties of random alloys. In this
study, SQS structures were constructed in 6 x 6 supercells for
x =1/6, 1/3, 1/2, 2/3, and 5/6.

Free energy of random alloys

The free energy of random alloys F(x, T) is temperature-
dependent and can be analytically estimated using the follow-
ing equation:

F(x,T) = AH(x) — TS(x)

Here, AH(x) is the formation enthalpy obtained from DFT calcula-
tions and T is the temperature. S(x) is the entropy and can be
estimated using a mean-field approach, which is defined as***°

S(x) = —kg[xInx + (1 — x)In(1 — x)]

where kg is the Boltzmann constant. Positive and negative free
energies indicate immiscible and miscible alloys, and the
miscibility of alloys is tunable by increasing the temperature.
The above equations can be used to estimate the critical
temperature for complete miscibility (Tcy) of random alloys.

Gibbs free energy of adsorption
Based on the computational hydrogen electrode (CHE) model,>®
the Gibbs free energy of adsorption AG was calculated via

AG = E,q + AZPE — TAS (S1)

where E,q4 is the adsorption energy calculated as

Ead = Esurface+adsorbate - Esurface - Eadsorbate (SZ)

AZPE and AS are the changes in zero-point energy and entropy
during adsorption, and T is the room temperature set as 298 K.

DFT calculations

Spin-polarized DFT calculations®” were performed employing
the Vienna Ab Initio Simulation Package (VASP).”®*° The inter-
actions of electrons with ion cores were represented via the
projector-augmented wave (PAW) method,*’ and the exchange-
correlation was described by the Perdew-Burke-Ernzerhof
(PBE) functional.*"*> To obtain more accurate band gap values,
the hybrid Heyd-Scuseria-Ernzerhof (HSE06) functional was
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implemented for the calculation of electronic properties.>® A
kinetic cutoff energy of 550 eV was set for the plane-wave basis
functions. To avoid periodic image interactions, a vacuum layer
of at least 15 A was set along the layer direction for all the
structures. All structures were relaxed until the residual forces
were smaller than 0.02 eV A™' and the electronic energy
converged to 10~ eV. For alloys generated for CE fitting, the
k-point density was 1000 K points per reciprocal atom; for SQS
structures with larger supercells, a I'-centered k-point mesh of
2 x 2 x 1 was used. For the calculations of the adsorption, the
effect of van der Waals (vdW) interactions was considered using
the DFT-D3 method.’***

Results and discussion
Configurations and stabilities of Ga;_,Al,N alloys

We start from 2D GaN and AIN with graphene-like planar
honeycomb structures. The optimized structures of 2D hexago-
nal GaN and AIN are presented in Fig. 1, with lattice constants
calculated to 3.21 A and 3.13 A respectively, comparable to
those reported in the previous theoretical studies.'>*® 68 unique
2D Ga(;_»ALN alloy configurations in the whole concentration
range were then generated based on the pristine structures and
optimized using PBE functionals. After structural optimization,
Gag_nALN alloys retain their original hexagonal planar cell shape
(see examples of Ga;;_»ALN in Fig. S1 in the ESIt). Due to such
small lattice distortion in the structures, it is expected that the
standard CE method can properly match the structures and
accurately fit the formation enthalpies of Ga;_»ALN alloys.””
Fig. 2(a) shows the CE simulated results for 2D Ga(;_,ALN
alloys. The formation enthalpies AH for all alloy configurations
are positive, which indicates that no Gaj_,AlLN alloy struc-
tures can be stable at 0 K. We also constructed a series of SQS
structures representing random alloys at concentrations of x =
1/6, 1/3, 1/2, 2/3 and 5/6, with corresponding optimized con-
figurations shown in Fig. 2(c) and calculated AH plotted in
Fig. 2(a). As demonstrated, random alloys also have positive AH
that lies within the range of CE predicted values. This implies
that Ga;_ALN random alloys are also unstable and have the
tendency of segregation at 0 K. To understand the relationship
between atomic arrangement and the AH, the fitted ECI para-
meters were analyzed and are presented in Fig. 2(b). Here, only

0. _0 _0O o _0O O
Side- Q-0-0©8-080—~ 0008080
OGa ©OA oN

Fig. 1 The top and side views of monolayer Ill nitrides, where Ga, Aland N
atoms are shown in green, blue and grey, respectively.
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small clusters (pairs and triplets) are presented, as the contribu-
tions of larger clusters to the AH are negligible. For a cluster,
positive/negative J, indicates that the interaction between the
same species at the metal sites is repulsive/attractive, and such
an atomic arrangement will lead to a positive/negative energy
contribution to the formation enthalpy. By analyzing ECIs, as
shown in Fig. 2(b), we observed negative J, values with highest
magnitudes for the nearest pair and triplet, indicative of a
tendency of clustering but not alloying for neighboring atoms.
However, it can be seen that J, for the next nearest pair is
positive, and the magnitude is also comparably high. This makes
the mixing of next nearest atoms possible. Therefore, if there
exist stable Ga(;_,ALN alloys, clustering in alloys is likely to be
observed but only with a cluster size of 2 or 3 atoms.

To further investigate the stability of Ga;_AlN alloys, we
calculated the phonon dispersion curves of 2 x 2 Gag Al 5N,
which is the alloy configuration predicted to have the highest
AH among all concentrations (see Fig. S2 in the ESIt). The
phonon frequencies are found to be positive, indicating the
stability of this alloy structure. Since 2 x 2 GaysAl,sN has
the highest AH and is found to be stable, we can safely assume
that all other alloy configurations should be stable. Moreover,
since the magnitude of the positive AH is very small (below
7 meV), it is anticipated that negative free energies of mixing
for alloys can be easily achieved by considering the entropic
contributions. We calculated the free energy of mixing for
Ga(;_nALN random alloys. As depicted in Fig. 3, by increasing
the temperature to room temperature (300 K), the free energies
of random alloys continuously decrease from positive to nega-
tive. The critical temperature for complete miscibility is calcu-
lated as 85 K, at which temperature the free energies of random
alloys in the whole concentration range start to become nega-
tive. Therefore, thermodynamically stable Ga;; _AlLN alloys is
experimentally achievable.

Electronic properties

As alloying is expected to change the electronic properties of 2D
III-nitrides, we then investigated the evolution of the band gap
with the composition x for Ga;;_»AlN random alloys. For the
calculations of band gap values, HSE06 functionals were used
to obtain accurate results. Additionally, we have compared the
results for band gaps calculated using HSE06 and PBE func-
tionals to investigate the effect of functional choice, which
shows a negligible impact on the band gap trends (see Fig. S5
in the ESIT for details). The band gaps of pristine GaN and AIN
are calculated as 3.44 and 4.04 eV respectively, in good agree-
ment with previous works.""'> Following the Vegard’s law,*®
the lattice constant for alloys should vary linearly with the
concentration x. We observed such linearity for Ga_ALN
random alloys, as shown in Fig. S3 (ESI{), with the lattice
constant decreasing linearly with increasing Al concentration.
On the other hand, the dependence of band gap on concen-
tration is often nonlinear and can be described using a
quadratic rule:

Eo(Gag_»ALN) = (1 — x)E,(GaN) + xE,(AIN) — bx(1 — x)

Phys. Chem. Chem. Phys., 2023, 25, 32549-32556 | 32551
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Fig. 3 Free energies of mixing for Gagy_AlLN random alloys vs. concen-
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where b is the bowing parameter describing the deviation from
the linearity. Fig. 4(a) shows that band gaps of random alloys
increase nonlinearly with the increasing x. The variation of the
band gap comes from the shifting of conduction band minimum
(CBM), as shown in Fig. 4(b). By mixing Al into GaN, CBM
continuously moves to higher energy levels, while the valence
band maximum (VBM) remains nearly constant. The bowing
parameter b is calculated as —0.17 eV. We note that in the
previous study, the bowing parameter for ordered 2D Ga(;_xALN
alloys was calculated to —0.35 eV."® The difference in b values
might originate from the different atomic arrangements of alloys.

32552 | Phys. Chem. Chem. Phys., 2023, 25, 32549-32556

To demonstrate the accuracy of our calculations, 2 x 2 ordered
alloy configurations used in the previous work were utilized to
perform band gap calculations, with obtained b = —0.33 €V (see
Fig. 84, ESIT), comparable to that in the previous work. The results
indicate that the ordering effect on the electronic properties of 2D
Ga;_nALN cannot be neglected. As 2 x 2 ordered alloy structures
consider only the most extreme cases of Gay_yALN, random
structures used in this work are more likely to be consistent with
the real alloys in experiments. Therefore, b values obtained from
random alloys are expected to be more accurate to calculate the
band gaps of Gay_nALN alloys realized in experiments. Apart
from the observed band bowing effect, the continuous changes of
band gap values with concentrations also demonstrate that band
gap tailoring of 2D Ill-nitrides is achievable via alloying.

To further understand the variations in band gaps, the
projected density of states (PDOS) for AIN, GaN, and Ga, 5Al, sN
random alloy were calculated. As shown in Fig. 4(c), it is found
that the VBMs in both AIN and GaN are primarily composed of
p orbitals from nitrogen atoms. While the contribution of d
orbitals from aluminum atoms to the CBM in AIN is still
negligible, the d orbitals of gallium atoms in GaN make a
significant contribution to the CBM. Therefore, the increased
mixing of Ga d orbitals into the CBM of AIN is expected to shift
the CBM position downwards, while the VBM position should
remain nearly constant, due to the fixed nitrogen concentra-
tions. This is precisely the case for the GajsAlysN random
alloy. It also explains the evolution of CBM and VBM positions
in Gagy_gAlLN with varying concentration x, and that the

This journal is © the Owner Societies 2023
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variations of the band gaps mainly arise from the shifting of
the CBMs.

Effect of strain

The electronic properties of 2D Ga(;—ALN under the tensile
strain are further investigated, which is of importance for the
tuning of physical and chemical properties. We used Gags-
Aly sN random alloys as a representative of Gag_ALN alloys
and studied the band gap variation under an applied biaxial in-
plane tensile strain up to 8% for GaN, AIN and Ga, 5Al, 5N. It is
noted that such high strains were proven to be affordable for

(a) (b) o

2D Ill-nitrides, as previous work observed an 8% strain in stable
AIN nanosheets epitaxially grown on Ag(111) substrate.* In
addition, elastic constants of Ga;_ALN random alloys were
calculated to further demonstrate their mechanical stabilities
(see Table S1 in the ESIt for details). Fig. 5(a) shows the variation
of the band gap with applied biaxial strain. It can be seen that
the change in the band gap is more significant for GaN than AIN
under the same strain. The band gaps decrease monotonically
with increasing strains from 3.44 to 1.85 eV for GaN and from
4.04 to 3.12 eV for AIN. By contrast, the effect of strain on the
band gaps of GaysAlysN is moderate, with band gap values
dropping from 3.78 to 2.51 eV up to 8% strain. The VBM and

45 -@- GaN -@- GaNVBM -@- GaNCBM
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— =2
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(a) Band gap values of GaN, AIN and Ga;_xAlN random alloy as a function of strain. (b) The VBM and CBM positions of GaN, AIN and Gag_AlLN

random alloy as a function of strain. Black dashed lines indicate the position of potentials of oxidation (O,/H,0) and reduction (H*/H5) at pH O for water
splitting. Band gaps, VBMs and CBMs were obtained using HSEO6 functionals.
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CBM positions of GaN, AIN and Ga, sAl, sN under various strains
are presented in Fig. 5(b). We can see that after applying strain,
for all three structures, CBM positions gradually shift to lower
energy levels, contributing to the decreasing band gap values,
while the changes in VBM positions are negligible. These results
indicate the possibilities of adjusting the electronic properties of
2D Ga(;_»ALN alloys by strain engineering, showing promise for
potential novel optoelectronic applications.

Potential applications in photocatalysis

As wide band gap semiconductors, 2D Ill-nitrides are also
potential photocatalysts with appropriate band edge positions
for water splitting. To drive two half-reactions of water splitting,
i.e., hydrogen evolution reaction (HER) and oxygen evolution
reaction (OER), at pH 0, a suitable photocatalyst should have
the energy of CBM more positive than —4.44 eV for reduction of
H' and the energy of VBM more negative than —5.67 eV for
oxidation of H,0.'® As indicated in Fig. 5(b), GaN, AIN and
Gay sAly 5N have suitable band edge positions for water splitting
under acidic conditions. Although the applied strains will
narrow the band gaps and lower the CBM positions, the CBM
positions of Ill-nitrides are still positive enough for water
reduction even at 8% strain. The optical properties of 2D
Ga(;_nALN random alloys were also investigated. The absorp-
tion spectra for 2D Ill-nitrides along x and y directions are
shown in Fig. S6 (ESIt). It is found that while the absorption
along the x direction shows slightly better absorption compared
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to the y direction, the absorption for both directions exhibits
similar trends with concentration. Specifically, the absorption
is enhanced as the Al concentration decreases. This observation
is also consistent with the trends observed for band gaps.
Finally, the chemical reactivity on 2D Gay_»ALN was
explored, using 2D Ga, sAl, sN random alloy as a representative
(see results for other Ga(;_)Al,N random alloys in Fig. S7, ESI¥).
The free energy pathways of the HER and the OER are shown in
Fig. 6(a) and (b), respectively. For the HER, it is found that the
hydrogen adsorption configurations on all substrates are simi-
lar, with hydrogen atoms adsorbed on top of the N atoms
(see Fig. S8 in the ESIf). The calculated AGy for hydrogen
adsorption on GaN and AIN are 0.93 and 1.57 eV. As alloying
continuously tunes the electronic structures, it is expected that
the AGy for Gay sAl, 5N should have a value between those for
pristine GaN and AIN. The AGy for Ga, sAly sN is calculated as
1.14 eV as expected, closer to that for GaN because the H atom
prefers to adsorb on the N atom surrounded by Ga atoms
(see Fig. 6(a)). Similar trends can be observed in the case of
OER. For all three structures, while oxygen atoms prefer to
adsorb on N atoms, *OH and *OOH show stronger adsorption
on metal atoms (Fig. S9, ESIT). As shown in Fig. 6(b), the energy
difference of the potential limiting step for the OER on
GaysAly 5N has a value between those of pristine GaN and
AN, indicating that the OER activity of Ga, sAl, sN falls between
that of GaN and AIN. The overpotential for OER on Gag sAly sN
is calculated as 0.87 V. We further investigated the coverage
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effect on catalytic properties, using HER as an example. As
shown in Fig. 6(c), It is found that AGy decreases with increas-
ing hydrogen coverage, showing an enhanced activity with the
increasing intermediate coverage.

Additionally, the modifications to the chemical reactivity of
2D II-nitride alloys can further be realized by strain. As
depicted in Fig. 6(d), by applying biaxial in-plane tensile strain
up to 8%, the AGy for adsorption on 2D Ga, sAly sN random
alloy decreases from 1.14 eV to —0.25 eV, indicating a transition
of adsorption strength from weak to strong. We note that the
AGy for the alloy is close to the thermoneutral value near
zero at 7% strain, which demonstrates that optimal catalyst
performance on 2D Gay_»ALN can be achieved by strain
engineering.

Conclusions

In conclusion, density functional theory in conjunction with
the cluster expansion method were performed on monolayer
Ga(;_nALN alloys to investigate their stability, and electronic
and catalytic properties. Our results show that 2D Ga(;_,AlLN
alloys are thermodynamically stable. Although positive for-
mation enthalpies AH are observed for all alloy configurations,
the calculated free energies of alloy formation indicate the
complete miscibility in the alloys achieved at only 85 K, far
below the room temperature. By analyzing the fitted ECI para-
meters, the atomic arrangement of alloys was then revealed,
showing that Ga/Al atoms tend to mix with the Al/Ga atoms in
their next nearest site. On the front of electronic properties, by
varying chemical compositions, the band gaps of Ga;_xAlLN
random alloys exhibit an apparent bowing effect with bowing
parameter b = —0.17 eV, which comes from the variation of
CBM positions with alloy concentrations. Besides, we found
that biaxial tensile strain can further decrease the band gap
values of random alloys significantly, due to its modifications
to the CBM positions of alloys. Meanwhile, as potential photo-
catalysts, Ga;_xALN random alloys are confirmed to have
suitable band edge positions for water splitting over the entire
range of concentration, even under high strains. Finally, on the
front of chemical properties, tunable HER and OER properties
with varying concentrations are found. Furthermore, by exam-
ining hydrogen adsorption on 2D Ga,sAlysN under biaxial
strains, we found that Ga,;Al,sN is an ideal catalyst for the
HER with the Gibbs free energy of hydrogen adsorption AGy
close to zero at 7% strain. The present study might guide the
future design of electronics and broaden the possible usage of
2D HI-nitrides in photocatalysis.
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