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Similar to bulk semiconductors, alloying suggests a promising strategy to tailor the fundamental properties of
two-dimensional (2D) systems with constituent composition. In that sense, detailed understanding of atomic
structure and stability analysis are required to predict and design new 2D alloys. In this paper, we analyze the
structural, mechanical, electronic, thermal, and optical properties of monolayer Ga; —,Al N ordered alloys for
varying concentration by using ab initio methods. Following the determination of ground state geometries by

taking into account the possibility of segregation, we investigate the stability of the considered structures by
phonon spectrum analysis and high temperature molecular dynamics calculations. Our results indicate that the
properties of 2D Ga; —,AlN can be modified continuously by controlling the Al concentration. Tunability of the
desired properties broadens the possible usage of 2D semiconductors in nanoscale applications.

1. Introduction

Intensive research on the family of group Ill-nitrides (or group III-N)
[1,2] with tunable band gap that spans from the infrared to the deep
ultraviolet, has led to diverse optoelectronic devices involving light
emitting diodes, detectors, and lasers [3-5]. Following their theoretical
prediction [6-8], the realization of two-dimensional (2D) GaN [9] and
AIN [10,11] has expanded the promising applications of group III-N
semiconductors to low-dimensional systems and also makes miniatur-
ization of the current devices probable. The free-standing monolayers of
GaN and AIN can have different forms [12], but in general their gra-
phene-like planar honeycomb structures, namely h-GaN [13] and h-AIN
[14] have been rigorously examined. Both h-GaN and h-AIN are wide
band gap semiconductors with exceptional properties which have been
revealed in extensive studies [12]. For instance, their 2D sheets, de-
corated with H or F atoms have been explored and their ferromagnetic
and half-metallic characteristics have been pointed out [15]. The tun-
able electronic properties of 2D group Ill-nitride heterostructures have
been investigated and their potential applications including solar cells
have been suggested [16-20]. Chemical functionalization of GaN [21]
and AIN [22] monolayers with various adatoms have been shown to
provide novel electronic and magnetic properties.

The applications of 2D semiconductors, in specific group III-nitrides
are limited by scalability and/or formability issues, and also
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controllable modification of their (opto-) electronic properties [8]. Al-
loying offers a promising strategy, since band gap of bulk semi-
conductors can be directly controlled with constituent composition
[23-25]. Even though alloying in 2D is different from bulk systems due
to dimensionality effects and boundary conditions [16,26,27], this ap-
proach is recently realized for 2D transition metal dichalcogenide
(TMD) alloys and Mo;_,W,S,[17], Mo;_,W,Se»[28,29], and
MoS,pSeza —x»[30] have been synthesized within this class. These
systems have been analyzed in detail and their tunable optical prop-
erties have been demonstrated [17,31]. In addition to TMDs, hexagonal
boron-carbon-nitride (h-BC,N) composites have been examined by
scanning tunneling microscopy to reveal the dynamics of mixing and
order-disorder transitions which are crucial for growth of 2D alloys
[32]. The alloys of 2D group IV systems (Si;_,Cy, Si;—,Ge,, and
Ge; _,C,) have been studied and the variation of their thermodynamic,
structural, and electronic properties with composition have been ex-
plored [33]. The geometry and band structures of 2D SbBi alloy films
have been studied by ab initio methods and their topological properties
including topological phase transitions have been examined [34].
Among group IlI-nitrides, the fundamental properties of In,Ga;_,N
alloys have been explored by first-principles calculations, and structural
parameters, mixing enthalpies, and band gaps for different structures
have been reported. Although bulk Ga; —,AlL N have been synthesized
[35,36] and studied extensively [37], apart from studies on doping of
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Fig. 1. Top views of the optimized atomic structures of Ga; —,AL,N alloys with bond charges. The 2 x 2 super cell (with respect to primitive unit cell of pristine
system) are laid out by solid lines as 2D parallelogram. Turquoise, yellow, grey spheres stand for Ga, Al and N atoms, respectively. Lattice constants (a, b) and charge

transfer are indicated for each system.

2D GaN with Al [38], alloys of GaN and AIN are not yet considered
albeit their structural similarity and lattice match and also possibility of
using them in various optoelectronic applications [27,17].

Motivated with the recent synthesis of 2D GaN and AIN, and their
potential implementation in nanoelectronics, we examine the funda-
mental properties of Ga; —,Al,N ordered alloys [39,40] in planar and
hexagonal form, where x indicates the Al content. Starting from the
pristine h-GaN and h-AIN which also set the end-points, optimized
structures of alloys are obtained and cohesive/substitution energies are
calculated. Following the analysis on phase segregation, the dynamic
stability of the alloys is taken into account and is studied by phonon
spectrum analysis and high temperature molecular dynamics (MD) si-
mulations. Next, the variation of structural, mechanical, electronic,
thermal, and optical properties of Ga; _,ALN alloys (0 < x <1, 0.25
interval) are explored and trends are revealed.

2. Method

We performed first principles calculations using the Vienna Ab in-
itio Simulation Package (VASP) [41-44] based on density functional
theory (DFT). Projector-augmented wave (PAW) potentials [45,46]
were used to describe Ga, Al, and N elements and plane-wave basis set
with an energy cutoff of 520 eV was taken. The exchange-correlation
functional was approximated by generalized gradient approximation
(GGA) within Perdew, Burke, and Ernzerhof (PBE) scheme [47]. The
Brillouin zone of 2 X 2 super cell was sampled with 21 x 21 x 1 k-point
mesh set by Monkhorst-Pack method [48]. The atomic positions were
optimized by using conjugate gradient method following the mini-
mization of the total energy of the system. The energy and force con-
vergence criteria between the two consecutive steps were taken to be
10~%eV and 0.01 eV/A, respectively. A super cell with a vacuum spa-
cing of ~20 A was used to avoid spurious interaction between periodic
images in adjacent cells. The density derived electrostatic and chemical
(DDEC) approach method was utilized for the analysis of interionic
charge-transfer [49].

Following expressions are used for; cohesive energy,

E.(x) = (1 — x)Er(Ga) + xEr(Al) + Er(N) — Er(Ga;_ALN) 1)
average substitution energy,
Eqp(x) = ([xEr(Al) + Er(GaN)] — [(xEr(Ga) + Er(Ga;—yALN)])/x

(2)
free energy of mixing,
Byix (X) = Epi () — TSpuix (%) 3)
and internal energy of mixing,
Epix(x) = Er(Ga;_ALLN) — (1 — x)Er(GaN) — xE7 (AIN) “4)

where Er(Ga), Er(Al), Er(N), Er(GaN), Er(AIN), and Er(Ga;_,Al,N)
correspond to total energy of single Ga, single Al, single N, h-GaN, h-
AIN, and Ga; _,AL\N alloy. S and T indicate entropy and temperature,
respectively. All energies are normalized to unit cell of pristine systems.

As fundamental band gaps are underestimated at GGA level, we also
performed calculations with hybrid functionals (HSE06) [50,51], which
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is formed by mixing 25% of the Fock exchange with 75% of the PBE
exchange and 100% of the PBE correlation energy.

Phonon spectra of Ga; —,ALN were calculated by Phonopy package
[52] based on Density Functional Perturbation Theory (DFPT) im-
plemented in VASP. The dynamical stability of the structures was fur-
ther tested by ab initio molecular dynamics (MD) calculations using
microcanonical ensemble by scaling the atomic velocities at 300K,
600K, and 900K for 3 ps total simulation time. A larger super cell
(6 X 6 x 1) was used for the stability analysis.

The frequency dependent dielectric functions of the structures were
calculated by using random phase approximation (RPA) within GGA-
PBE with an increased k-point mesh of 117 x 117 X 1 and including a
total number of 96 bands.

3. Results and discussion
3.1. Structural properties and energetics

We start from the pristine h-GaN and h-AIN systems, monolayers of
which have stable, planar honeycomb structures with calculated lattice
constants, a of 3.21 A and 3.13 A, respectively [12,7,13,14]. Following
the optimization of pristine structures, we design Ga; —,Al,N ordered
alloys[39,40] for x = 0, 0.25, 0.50, 0.75, 1 where x refers to Al content.
2% 2 super cell (with respect to primitive unit cell of bare systems)
which is shown in Fig. 1 is considered. Ga; — ,ALN has hexagonal lattice
similar to pristine systems and optimized lattice constant, a decreases
with increasing x following Vegard’s Law [53,54] as illustrated in
Fig. 2(a). Buckled geometries are also tested, however the planarity is
preserved for all x values. Hybridization among sp? orbitals of cation
(Ga or Al) and anion (N) form strong o-bonds and perpendicular p,
orbitals form 7-bonds which maintain the planar geometry. As expected
there is a charge transfer (Q*) from cation to anion atoms which is
shown in Fig. 1 where positive (negative) values indicate charge do-
nation (accumulation). The charge transferred to N gradually increases
with increasing x which is correlated with the electronegativity dif-
ference between Al and Ga. Similar to a, the cohesive energy (E.) of the
alloy varies almost linearly with x and it increases with increasing Al
content as presented in Fig. 2(b). Owing to similar geometry and lattice
match, 2X 2 super cell is tested to be sufficient to study the funda-
mental properties of the ordered patterns [55]. When calculations are
repeated with 4x4 super cell with different arrangements of Al at
specified x, same a values are obtained and E. differs only up to
+10meV.

One of the possible methods to manufacture such alloys is the
chemical vapor deposition (CVD) technique and in that sense the en-
ergy required to substitute Ga with Al (Ej,;) gives an indication about
feasibility of the procedure. As shown in Fig. 2(c), the calculated
average Eg,, is positive for all x, implying that substitution is en-
ergetically favored. This result is correlated with the E. of end-point
pristine systems where E.(AIN) is significantly larger than E.(GaN). We
also calculate step-wise Ej,, in addition to average Ej,; formulated in
the Methodology part. For this case, the energy of consecutive systems
are compared instead of only bare h-GaN and similar results are ob-
tained. Even though E;, is positive, it does not guarantee that
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Fig. 2. The variation of (a) Lattice constant, a (b) Cohesive energy, E. (c)
Substitution energy, Ey), and (d) Mixing energy, E,; with x.

substitution is spontaneous. In order to analyze the reaction path for
substitution, we perform Nudged Elastic Band (NEB) calculations [56],
starting from adsorption cite of Al on h-GaN. Our calculations indicate
that there is a small energy barrier (79 meV) for Al to substitute Ga. The
details of NEB calculation are available as Supplemental material[57].
These results indicate the possibility of forming Ga; - ,ALN by sub-
stitution of Ga with Al atoms.

Finally, we calculate the free (F,;) and internal energy of mixing
(Epix) for Ga; —,ALN. Even E,,;, (x) is small but positive (up to 6 meV/
cell), E,;; becomes negative once mixing entropy is taken into account
as illustrated in Fig. 2(d). The entropic contributions promote mixing
and the suggested alloys are thermodynamically stable without ten-
dency of segregation at ambient temperatures. All the obtained results
are summarized in Table 1.

3.2. Stability

Although negative F,;, at ambient temperature points out that alloy
is energetically favored over segregated phases, we also analyze the
dynamic stability of Ga;_,AlN systems. Firstly, we calculate the
phonon frequency spectrum for all x. As shown in Fig. 3, all the phonon

Table 1
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frequencies are positive, indicating that there are no imaginary modes
in the spectrum and thus demonstrates the stability of the considered
structures. Additionally, gradual shift of optical modes with increasing
x is noticed which can be correlated with the reduced total atomic mass
and stronger bonds. To further test the stability against thermal ex-
citation, we perform abinitio MD calculations on prototype Gag sAlg sN
system. We start from 300 K and gradually increase the temperature to
600K and finally 900K for total simulation time of 3 ps. Apart from
small fluctuations, the structure remains stable even at 900 K indicating
a dynamic stability. The snapshots of the atomic structure at different
temperatures are given as Supplemental material[57].

3.3. Mechanical properties

Resolving the atomic structure and stability, we analyze the fun-
damental properties starting from the mechanical response in the
elastic regime. Strain engineering is a commonly used strategy to
modify the physical properties of 2D systems [58,59]. We calculate the
in-plane stiffness (Y;p) and Poisson’s ratio (v) of considered systems by
using the following formulas:
ch—ch

c
and v=-22

C11 C11

Yop ©)
where c;’s are the elastic constants (hydrostatic and shear terms).

The obtained values which are also listed in Table 1 for pristine h-
GaN (Y;p = 110N/m; v = 0.43) and h-AIN (Y;p = 114 N/m; v = 0.46)
are in agreement with previous studies [12]. Both Y;p and v slightly
escalates with increasing x as the endpoint values are close to each
other and linear variation is not explicit [60] as shown in Fig. 4(a) and
(b). When compared, Ysp of Ga; _,ALN is significantly smaller than that
of h-BN [61] (289 + 24 N/m) which is another member of 2D group III-
nitrides, because of weakened Ga(Al)-N bond with respect to B-N bond
(i. e Ga; _, ALLN; is softer). On the other hand v is almost double times
that of h-BN and also significantly larger than most of the realized 2D
systems [59].

3.4. Electronic properties

Similar to their pristine constituents, Ga;_,ALN alloys are non-
magnetic, wide band gap semiconductors as shown in Fig. 5. The (in-
direct) fundamental band gap (E,_;) arises from 7 — 7*-bands derived
from antibonding-7 and bonding-7-bonds separated by a significant
energy. The conduction band minimum (CBM) shifts to higher energy
levels with increasing Al content, resulting in widening of E,_;. This
widening of E,_; with x can be attributed the common-anion rule which
anticipates an increase in band gap with decreasing atomic number,
which in general holds for isovalent, common-cation (or anion) bulk
semiconductors. Different from their bulk counterparts, Ga;_,ALN
have indirect band gap between I'-K points, ranging from 2.15eV to
2.91 eV (calculated at DFT-PBE level) set by pristine systems. As ex-
pected, E,_; blue-shifts once HSE06 correction is applied but the band
profile and trends remained the same (Fig. 6). The dependence of E;,_;
on x is nonlinear and deviates from Vegard’s Law. The deviation from
linearity can be quantified by a bowing parameter (8) which can be

Optimized lattice constant a, bond length between cation and anion dg, - and da; -y, cohesive energy E., average substitution energy Ej,;,, Poisson’s ratio v, in-plane
stiffness Y;p, charge transfer from cation to anion Q*, indirect band gap E,_; (HSE06 results are given in parenthesis) of Ga; _ALN alloy.

a dga-n dai-~ E. Equpb v Yap Q* Eg—i

A A A (eV/pair) (eV) - (N/m) e (eV)
GaN 3.21 1.854 - 8.04 - 0.43 110 1.19 2.15 (3.42)
Gao Al 25N 3.19 1.853 1.807 8.64 2.371 0.44 110 1.32 2.41 (3.65)
Gag s50Alp 50N 3.17 1.855 1.806 9.23 2.376 0.44 112 1.39 2.62 (3.81)
Gag 25Alp.75N 3.15 1.853 1.807 9.83 2.382 0.45 112 1.46 2.78 (3.95)
AIN 3.13 - 1.805 10.43 2.390 0.46 114 1.59 2.91 (4.04)

15



M. Kanli, et al.

Computational Materials Science 167 (2019) 13-18

%0 x=0 x=0.75] | x=1
20 I L
N
I
£
S 10 l
|
or K M rr K M rr K M rr K M rr K M r

Fig. 3. Phonon dispersion bands along major symmetry directions in
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with x.

defined as:

Ey(Gay_ALN) = xF, (AIN) + (1 — x)E,(GaN) — fx(1 — x) ©)

and g is calculated as —0.35 eV. Albeit nonlinearity, evolution of band
structure indicates that E,_; can be adjusted continuously with varying
x and thus tunable in the near UV range. In order to remove the possible
constraints, the calculations at DFT-PBE level are repeated with 4 x 4
super cell and for different ordered configurations. Excluding the zone
folding effects, similar electronic structure pattern is obtained and E;_;
only differs up to + 0.1 eV which confirms that size does not alter the
obtained results [26,55].

Finally, work function of alloys (®,) which describes the photo-
electric threshold of the material are calculated. ®,, is a critical para-
meter to control the field-emission properties of 2D optoelectronic de-
vices. ®,,(GaN) and ®,,(AIN) are calculated as 4.41 and eV 4.40eV,
respectively, which are compatible with the earlier results [62]. In
parallel with the obtained results for pristine systems, ®,, of alloys re-
mains almost constant (~4.41 eV) and does not vary with the Al con-
tent.

3.5. Thermal properties

Following the analysis of the phonon modes, we calculate the heat
capacity (C,) of the Ga; _,ALN as the contribution of lattice vibrations

the Brillouin zone calculated for Ga; _,ALN alloys.

The 2 x 2 super cell (with respect to
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X

Fig. 6. The variation of band gap (E,_;) of Ga; _,AlN with x. E,_; calculated
with PBE and HSEO6 are shown by red and blue lines, respectively.

mainly dominates C, at all practical temperatures. C, determines not
only the thermal energy stored within the alloy but also how quickly it
radiates heat. C, at constant volume can be calculated by [52]:

hwqj

2
Cy, = kg| —
2 s ()
l

where q is the wave vector, wg, is the phonon frequency at g with
phonon mode index j, T is the temperature, kz is the Boltzmann con-
stant and % is the reduced Planck constant. When compared, the var-
iation of C,(GaN) with T is compatible with earlier reports [63,64]. As
expected, C, increases with temperature for all compositions and con-
verges to a constant value of 24 J.K™1.mol~! as shown in Fig. 7 ap-
proaching Dulong-Petit limit. At low T (i. e up to 300 K), C, gets smaller
values with increasing x. It can be correlated with the shift of optical
modes with increasing Al content (Fig. 3) as C, varies much faster for
high-frequency optical phonon modes than low-frequency acoustic
phonon modes at low temperature [63].

exp(hcoqj /kgT)
[exp(feg /ksT) — 1]

@)

3.6. Optical properties

The optical response of Ga;_,Al\N is analyzed by calculating the
imaginary part of dielectric function (e;(w)) which is presented in
Fig. 8. The absorption onsets of Ga; —,ALN blue-shift with increasing x

= = \ = = =

al x=0| [ // x=0.25 / x=0.50| | x=0.75] | x=1
S [
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5 \
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Fig. 5. The electronic band structures of Ga; —,ALN for x = 0, 0.25, 0.50, 0.75, 1. The 2 x 2 super cell (with respect to primitive unit cell of pristine system) is
considered. The fundamental band gaps are shown by red arrows. Fermi level is set to zero.
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in compatible with the band gap of the structures. Main absorption
peaks appear in the near UV region of the spectrum and they also shift
to higher energy values as Al content increases. Moreover all systems
have secondary remarkable absorption peak at far-UV region and their
energies mainly depend on the constituent concentrations. The profile
of Gag 75Alp.2sN and Gag osAlg 75N show similarity with the pristine h-
GaN and h-AIN, respectively. While main peak of Gag;s5Alp 25N
(Gag o5Alg 75N) blue-shifts, secondary absorption peak red-shifts when
compared to h-GaN (h-AIN). In the case of Ga, sAlysN where Ga and Al
contents are equal, two successive peaks for the main and secondary
absorption are noticed indicating that the alloy possesses the character
of both pristine systems equally. Due to the featured optical absorption
over the UV range, alloys can be evaluated as a promising material for
optoelectronic devices.

4. Conclusion

In summary, we design monolayer Ga; _,ALN ordered alloys with
hexagonal lattice and investigate the variation of their structural, me-
chanical, electronic, thermal, and optical properties with concentration.
We find that similar to pristine h-GaN and h-AIN, the planar geometry
and hexagonal lattice are preserved. The optimized lattice constant
gradually decreases with increasing x in accordance with Vegard’s Law.
The activation barrier to substitute Ga with Al is calculated to be low
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(79 meV) and moreover substitution is found to be energetically fa-
vorable. The mixing energy at ambient temperature is negative for all
cases indicating that alloying is preferred against segregation. The
phonon spectrum analysis and high temperature MD calculations fur-
ther support the dynamical stability of the considered structures. The
calculated in-plane stiffness indicates that Ga; _,Al,N is softer than h-
BN (or graphene) but has significantly high Poisson’s ratio which is
larger than most of the realized 2D systems. Similar to their pristine
constituents, Ga;_,ALN alloys are wide, indirect band gap semi-
conductors. Band gap widens with increasing x, albeit the variation is
not linear. Heat capacity of the alloys has a tendency to decrease with
increasing Al content at low temperatures but approaches the classical
limit at high temperatures. The absorption onset of the considered
systems remain in the near UV range and prominent absorption peaks
blue-shifts with increasing x in compliance with the variation of the
band gap. The stability of Ga;_,AlN ordered alloys and their con-
tinuously tunable fundamental properties suggest these systems as
promising 2D semiconductors for wide range of applications at reduced
scales.
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