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First principle calculations based on density functional theory using GW approximation and two particle
Bethe—Salpeter equation with electron-hole effect were performed to investigate electronic structure and optical
properties of two-layered hydrogenated AIN. According to many body green function due to decrease in
dimension and considering electron-electron effect, direct (indirect) band gap change from 2 (1.01) eV to 4.83
(3.62) eV. The first peak in imaginary part of dielectric function was observed in parallel direction to a plane

obtaining 3.4 was achieved by bound exciton states possess 1.39 eV. The first absorption peak was seen in two
parallel and perpendicular directions to a plane which are in UV region.

1. Introduction

Recently, semiconductors and insulators with two dimensional (2D)
hexagonal structures have received huge attention due to their particular
properties [1-10]. Development of both theoretical and experimental
studies on Graphene encouraged researchers to look for new materials.
Through these findings, it took great effort into the synthesis of similar
structures to graphene such as silicene [11-14], germanene [14—17] and
also III-V binary compounds with hexagonal structures [18—22].

Newly, III-V binary compounds are such 2D materials which have
become the focus of attention. If carbon atoms in Graphene are
substituted with group III and V elements, 2D materials can be formed.
Through binary compounds, BN and AIN have received great attention.
Studying on AIN revealed that it possess highly chemical stability,
excellent mechanical properties and thermal conduction [10,23]. Also
AIN because of its semiconducting nature obtaining energy band gap
with amount of 6.2 eV through the group III nitrates can be used
favorably for nanoelectronic applications [24].

Recently, researchers have shown that it is theoretically and
experimentally possible to fabricate 2D nanostructured AIN [25]. It
was experimentally reported nanowires [25—28], nanoblelts [29-31]
and nanodots [32,33] of AIN were synthetized. Tsipas et al. developed
nanosheets of AIN on Ag (1 1 1) surface [10].

Zhang et al. studied the inherited defect of magnetic properties for
mono layered AIN and found out structures associated with N showed
ferromagnetic property with high Curie point in room temperature
[34]. More defects were investigated by others [35]. Studying on such
defects indicated that chemical modification can be an effective route in
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order to control the magnetic and electronic properties of mono layered
ALN. In 2015, Xinru Li and his team reported geometric and electronic
structures of 2D topological insulators (TIs), g-T1A (A=N, P, As, and
Sb) monolayers by first principle calculations. Their calculations
showed that g-T1A(A = As, Sb) have large band gap and due to their
strong spin orbit coupling can be found as promising 2D TIs.[36].

Recently, 2D hydrogenated planes were observed by researchers
[37,38]. It was shown that mono layered or two layered nanoribbons
fully or partially hydrogenated such as BN [39], ZnO [40] and AIN [24]
depicted intriguing properties. The results indicated that such proper-
ties are dependable to wideness and thickness of ribbons and edge
modifications. It was reported that doping of some materials by
hydrogen makes their energy band gap decreased [41,42]. Therefore
hydrogen can have a huge impact on the properties of such materials. It
was observed that hydrogenated mono-layered AIN possess lower
energy band gap compared to its pristine structure [43]. Zhang et al.
[44] works has encouraged us to calculate optical properties of
hydrogenated two-layered AIN using Bethe—Salpeter equation in order
to introduce electron-hole effect. Many body effects play a key role in
electronic and optical properties of low-dimensional systems such as
hexagonal mono-layered AIN [45], AIN nanotubes [46] and 2D
monolayers [47,48] due to the decrease in screening effects and
increase in electron correlation effects. Our first principle calculations
revealed that there are great electronic properties and optical response
in hydrogenated two-layered AIN associated with graphene. In Section
2 electronic and optical properties of hexagonal two-layered AIN by
using Bethe—Salpeter equation and will be discussed. In Section 3 the
results of calculations will be analyzed.
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Table 1
Optimized bond lengths of hydrogenated two-layered AIN.

Lattice constant (4) AN (A) Al-H (4) N-H (A)
LDA" 3.03 1.77 1.57 1.03
GGA" 3.11 1.83 1.58 1.029

@ Present calculation.
b Ref. [44]

2. Computational methods

Our calculations were performed using DFT and the quantum
espresso software package [49] which uses norm-conserving pseudo-
potential [50] in order to obtain ground-state electronic properties of
hydrogenated two-layered AIN. For the exchange and correlation
terms, the local density approximation with parameter of Pedrew-
Zunger [51] has been used. For charge density and pseudo-wave-
functions were expanded by plane waves with a cutoff energy equal to
80 Ry and 400 Ry. The Brillouin zone has been sampled using
18x18x1 Monkhorst-Pack k-point grids [52]. All the coordinates of
the atoms were relaxed until the Hellman—Feynman forces were less
than 0.02 eV/A for the entire geometry optimization. The lattice
constant was calculated to be 3.03 A which is in good agreement with
others [44]. AIN includes a 2D hydrogenated two-layered plane. We
carried out calculation with the periodicity along x-y axis and the
separation between planes along z axis was set to be 18 A to make sure
that they do not interact with each other. The optimized bond length
amounts of AIN after relaxation are shown in Table 1. Fig. 1. Presents
the top and side view of relaxed hydrogenated two-layered AIN. To
investigate the dynamic stability, we performed phonon calculations
and understood that there is not an instability related with a phonon
mode with K in BZ. We have considered the results shown in the Fig. 2.
By considering ground-state, the electron-electron effects can be
introduced via GoW, approximation (The calculations were performed
in none non-self-consistent) and self-energy term to obtain the
energies of quasiparticles. The energy can be calculated in GW
approximation from relations bellow:

Fig. 1. Top (a) and side views (b) of the relaxed hydrogenated two-layered AIN structure.
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Fig. 2. Calculated vibration frequencies of phonon modes Q versus k of hydrogenated
two-layered AIN.
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where Z,. is a normal factor. In order to determine exchange-
correlation potential, the local density approximation term was used.
The self-energy > can be calculated by GW approximation [53,54]:

Z =iGW (2)

where G is the one-particle green's function and W is the screened
coulomb interaction. The electron-hole effects can be considered after
obtaining the energies of quasiparticles. The electron-electron and
electron-hole effects can be calculated using yambo code [55]. Finally
by solving the Bethe—Salpeter equation, the effects mentioned can be
introduced into calculations [53,56].

(Esk — Eq)AS, + Z (veklK? + 2KV 'K’y = Q5AS,
k'v'e’ (3)
In equation above, Ey and E,y are energies of quasiparticles for
conduction and valence bonds, respectively. Q5 and AS are eigen values
and eigen functions. K¢ is related to screened coulomb interaction. GW
and Bethe—Salpeter calculations in terms of number of bands, energy
cutoff and number of K are well convergent. In our calculations,
amounts of 400 bands for expanding Green function, 10000 wave
vectors for exchange term and 400 wave vectors for self-energy
correlation were implemented. The optical absorption spectra was
obtained by including amounts of 9 valence bonds and 6 conduction
bonds when applied electric field is along x-z direction. It must note
that a reason for optioning such numbers is that optical spectra and
energies of quasiparticles were favorably convergent in this state, i.e.
the optical spectra and energy of a quasiparticle remain constant. In
GW and BSE calculations, the coulomb interaction along direction
which is perpendicular to two-layered plane, in amount of 40 Bohr was
truncated [57]. In two-particle Hamiltonian we have used Tamm-
Dankov approximation [53,54].

3. Results and discussion

By considering electron-electron effects, band structure of opti-
mized two-layered structure using LDA and GW approximation can be
seen in Fig. 3. By taking LDA, amounts of direct and indirect band gap
were observed in I' and I'-K points 2.21 eV and 1.01 eV, respectively
[44]. By taking self-energy corrections amounts of direct and indirect
band gap were increased to 4.83 eV and 3.62 eV, respectively. It also
reported the amount of the energy band gap for non-hydrogenated
mono-layered AIN was calculated to be 5.36 eV using GW+LDA [45].

Several works indicated that using calculations with GW approx-
imation made the energy band gap theoretically modified compared to
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Fig. 3. Electronic band structures of the hydrogenated two-layered AIN structure. The
black lines and the red circles in the band structures depict at DFT and GW calculations,
respectively. The Fermi level is set to zero. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

experimental values [55,58]. In our two-layered structure by imple-
menting quasiparticles corrections, the energy band gap using DFT
+LDA is increased to be 3.56 eV compared to GW+LDA approximation.
The increase in energy band gap is due to decrease in effective
electronic screening cause coulomb interaction to be enhanced. The
results of calculations with GW compared to DFT remarked that
electron-electron effects for two-layered structure have an effect on
conduction bands which is ineffective that of valence bands. Generally
the DFT (LDA or GGA) has some limitations for excited states and
conduction bands. The theories beyond DFT mostly modify the
conduction bands, but affect on both the valence and conduction bands
for some materials [59]. Our results showed that the GW calculations
only have influence on conduction band, while have little effect on
valance band. This results is in a good agreement with some previous
theoretical results [45,60,61].

Therefore the amount of energy in conduction bands of DFT
approximation is corresponded to that of GW if it is shifted to be
2.64 eV.

Fig. 4. shows real and imaginary part of dielectric function in terms
of incident photon energy along x and y directions by using GW+BSE
and GW+RPA calculations. The real and imaginary parts of dielectric
function along x axis are shown by black lines whereas these parts
along y axis using GW+BSE are depicted by black points in Fig. 4, a and
b. Also red lines and red points are indicator of dielectric function with
GW+RPA calculations. Fig. 4. shows that two spectra along x and y
direction are well matched with each other which implies that two-
layered structure along x and y direction is isotropic. This result shows
good agreement with 2D materials [59,62—64]. In GW+RPA calcula-
tions electron-electron effects were considered, although in GW+BSE
calculations both electron-electron and electron-hole effects are im-
plemented. In both directions, when self-energy correction is used, all
spectra move to higher energies (blue shift). When electron-hole
interaction effects are considered, all spectra move backward reversely.
Therefore removal of band gap broadened is indicative of quasiparticle
correction and change in optical absorption is due to the exciton effects.

Fig. 5. shows dielectric function in terms of incident photon energy
along x and z directions. By comparing both spectra it can be found out
the structure is non-isotropic. By comparing optical absorption in z and
x directions, it can be understood in amount of energies lover than
13 eV, absorption in x direction is more than z direction. This state is
inversed in amount of energies higher than 13 eV. More absorption in
lower energies along x and y compared to z direction implies that
structure is periodic along x and y direction whereas in z direction is
limited. As shown in Fig. 5. the first absorption peak (bright exciton) is
observed in range of 3.4 eV in x direction. This value is in the range of
3.5 eV along z direction. In both directions, the first absorption peak is
located in UV region. As seen in Fig. 5. the first peak in x and z
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Fig. 4. (a) Imaginary part and (b) Real part of dielectric function. The optical spectrum
for light polarized parallel to the hydrogenated two-layered AIN calculated with (black
line and circles) and without (red line and circles) consideration of the electron-hole
interactions, i.e., GW + BSE and GW + RPA, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

directions are close to each other because when layers are increased in
z direction, the structure becomes rather bulk which causes absorption
peak in z direction to move toward x direction. The binding energy of
the first exciton along x direction is calculated to be 1.39 eV. Due to
band structure of material and considering GW+BSE calculations, the
most significant contribution about absorption peak along x direction is
related to numbers of 8th and 9th bands transition into 10th band. The
numbers of energy intervals (shown in Fig. 5(a)) which cause dielectric
function to be zero (i.e. electromagnetic wave cannot be propagated in
these intervals) are more in amounts of energy lower than 13 eV along
x direction than that of z direction. Spatially, despite of x direction in
lower energies, there is no real root in z direction for real part of
dielectric function.

4. Conclusion

In this paper, optical properties of hydrogenated two-layered AIN
using BSE method associated with quasiparticle (QP) corrections in
GW approximation were studied. GW calculations showed that the
electron-electron effects have a significant effect on the band structure
of AIN, so it can modifies the band gap to the amounts of 2.61 eV. The
two-layered structure is isotropic along x and y direction, but non-
isotropic in z direction. The first absorption peak is shown along
parallel and perpendicular to the plane by using GW+BSE calculations
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Fig. 5. (a) Imaginary part and (b) Real part of dielectric function. The optical spectrum
for light polarized parallel (black line) and perpendicular (red line) to the hydrogenated
two-layered AIN calculated with consideration of the electron-hole interactions. (For
interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

are

3.44 eV and 3.5€V in UV region, respectively. Therefore it is

expected that structures based AIN exhibit remarkable properties,
which plays an important role in nanoelectronic industry.
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