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González-Hernández1 4, J. Rivera-Julio2 3, C. Espejo1, M. V.

Milosevic2, and F. M. Peeters2

1 Grupo de Investigación en F́ısica Aplicada, Departamento de F́ısica, Universidad

del Norte, Barranquilla, Colombia.
2 Departement Fysica, Universiteit Antwerpen, Groenenborgerlaan 171, B-2020

Antwerpen, Belgium.
3 Condensed matter theory group, Centro Atomico Bariloche and CONICET, S. C.

de Bariloche, 8400 S. C. de Bariloche, Argentina
4 Institut für Physik, Johannes Gutenberg Universität Mainz, D-55099 Mainz,

Germany

E-mail: alvarogonzalez@uninorte.edu.co

Abstract. First-principles calculations have been carried out to investigate the

stability, structural and electronic properties of two−dimensional hydrogenated GaAs

with three possible geometries: chair, zigzag−line and boat configurations. The

effect of van der Waals interactions on 2D H−GaAs systems has also been studied.

These configurations were found to be energetic and dynamic stable, as well as

having a semiconducting character. Although two−dimensional GaAs adsorbed with

H tends to form a zigzag−line configuration, the energy differences between chair,

zigzag−line and boat are very small which implies the metastability of the system.

Chair and boat configurations display a Γ−Γ direct bandgap nature, while pristine

2D−GaAs and zigzag−line are indirect semiconductors. The bandgap sizes of all

configurations are also hydrogen dependent, and wider than that of pristine 2D−GaAs

with both PBE and HSE functionals. Even though DFT−vdW interactions increase

the adsorption energies and reduce the equilibrium distances of H−GaAs systems,

it presents, qualitatively, the same physical results on the stability and electronic

properties of our studied systems with PBE functional. According to our results,

two−dimensional buckled gallium arsenide is a good candidate to be synthesized by

hydrogen surface passivation as its group III−V partners two-dimensional buckled

gallium nitride and boron nitride. The hydrogenation of 2D-GaAs tunes the bandgap of

pristine 2D-GaAs, which makes it a potential candidate for optoelectronic applications

in the blue and violet ranges of the visible electromagnetic spectrum.

Submitted to: J. Phys.: Condens. Matter

Keywords :Density Functional Theory, bandgap tuning, hydrogen, two- dimensional

gallium arsenide.
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Two dimensional hydrogenated GaAs 2

1. Introduction

Electronic properties of 2D materials can

be tuned by chemical functionalization [1,

2]. When radical atoms are adsorbed on

the 2D surface they can form covalent, ionic

or van der Waals bonds with the in-plane

atoms. These atoms change the 2D-material

hybridization from sp2 to sp3, which leads to

the opening of a bandgap, eg. graphene, a

gapless semimetal, becomes a wide bandgap

semiconductor when is fully hydrogenated [3].

Furthermore, adsorption of hydrogen on 2D

materials modifies their structural, optical,

magnetic and mechanical properties [4, 5].

Chemical adsorption of hydrogen atoms

on two-dimensional materials generates other

new crystals with different geometries. There-

fore, new hydrogen-based two-dimensional

crystals are built with different physical

properties from their pristine parent mate-

rial. Among the several ordering patterns

of adatoms on the pristine 2D-material, the

most studied metastable geometries are chair,

zigzag-line and boat [2, 4, 6–8]. As shown in

Figure 1, in the chair (boat) geometry the hy-

drogen atoms alternate singly (pairwise) on

either side of the GaAs plane, while in the

zigzag-line configuration the hydrogen atoms

of one hexagon alternate three-up and three-

down on the GaAs plane. For the chair con-

figuration the unit cell is hexagonal, while for

the other two cases the unit cell is rectangular.

Shu et al [4] found that hydrogenated ger-

manene tends to form chair and zigzag-line

configurations, where its electronic and optical

properties show close geometry dependence.

They also reported that chair (zigzag-line) hy-

drogenated configuration is a direct (indirect)

bandgap semiconductor. The authors high-

light that the zigzag-line germanane could be

used as a good optical linear polarizer due to

highly anisotropic optical responses. In other

theoretical study of germanane, Rivera−Julio

et al [2] reported that the presence of various

isomers in a mostly chair conformation ma-

terial is expected due to the very small en-

ergy difference between the chair, z-line, and

boat configurations. Sofo et al reported that

graphane has two favorable conformations: a

chair and boat geometry. Both of them present

a direct bandgap at gamma point with 3.5 eV

(3.7 eV ) for the chair (boat) configuration [3].

The surface of 2D group III-V materials

could be chemically modified by hydrogena-

tion [4, 5, 9]. It has been found both theoreti-

cally and experimentally that hydrogen passi-

vation stabilizes two dimensional buckled III-V

sheets [10]. Recently, two-dimensional buck-

led gallium nitride was synthesized by hydro-

gen surface passivation and graphene encapsu-

lation [10]. Chen et al reported that surface

hydrogenation tunes the electronic and mag-

netic properties of 2D-BN [11]. Hydrogeniza-

tion causes the 2D-BN sheet to have a smaller

energy bandgap than the pristine one, while

semihydrogenated BN is a ferromagnetic metal

[12]. The configuration in which the hydrogen

atoms are adsorbed on III-V devices plays an

important role in their electronic properties.

The fully hydrogenated 2D-BN prefers the

zigzag-line configuration rather than the boat

or chair configuration [13,14]. All three hydro-

genated 2D-BN geometries: chair, zigzag-line

and boat, are direct wide-bandgap semicon-

ductors, where, their bandgap sizes are also hy-

drogen geometry dependent. The hydrogena-

tion of 2D III-V materials could be of great

interest not only to be stabilized and synthe-

sized [10] but also to be used in a wide range of

applications such as hydrogen storage, biosen-

sors and bandgap tuning for manufacturing na-

noelectronic devices [5].

Recently, 2D GaAs has been theoreti-
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Two dimensional hydrogenated GaAs 3

Figure 1. (Color online) Schematic representation for : (a) 2D-GaAs hexagonal unitcell (b) 2D H-GaAs chair

configuration, (c) 2D H-GaAs rectangular unitcell (d) 2D H-GaAs boat configuration, (e) 2D H-GaAs zigzag-line

configuration, and (f) high symmetry points in the Brillouin zone for the rectangular unitcell of 2D H-GaAs.

cally predicted to be a mechanically and dy-

namically stable semiconductor with buckled

geometry not only in its pristine hexagonal

unitcell but also forming a graphene-GaAs

van der Waals heterostructure [15–17]. The

authors also reported that electronic prop-

erties of GaAs and graphene can be mod-

ulated in a graphene-GaAs heterostructure

[17]. In addition, some theoretical and ex-

perimental research highlight the importance

of graphene/GaAs systems for future practical

applications in plasmonic and photonic tech-

nology [18–22]. However, to the best of our

knowledge, there are no previous studies about

two-dimensional hydrogenated buckled GaAs

system.

Although the dynamical stability of pris-

tine 2D-GaAs has already been studied the-

oretically by first-principles calculations [15–

17], this material has never been synthesized.

The fact that some two-dimensional group III-

V materials have been grown by functional-

ization with hydrogen passivation [10, 23, 24],

motivated us to study the stability of two-

dimensional hydrogenated buckled gallium ar-

senide. Thus, in order to explore a possible

path towards the synthesis of 2D-GaAs, we

have studied the dynamic stability of 2D-GaAs

when it is functionalized with hydrogen. We

have also determined the structural, mechani-

cal and electronic properties of both materials

to evaluate if hydrogen passivation improves

these properties with respect to the pristine

material. We will also contrast our results

with other ab-initio theoretical studies of two-

dimensional hydrogenated materials that have

already been synthesized; indeed some of their

physical properties are similar to those dis-
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Two dimensional hydrogenated GaAs 4

played by 2D-HGaAs, such as 2D-HBN and

2D-germanane. Finally, we will present po-

tential applications for 2D-HGaAs taking into

account the physical properties found in this

study.

Therefore, the structural and electronic

properties, as well as the energy and dynamical

stability of 2D hydrogenated GaAs sheets will

be studied in this work taking into account

three different geometric configurations: chair,

zigzag-line and boat using the Perdew-Burke-

Ernzerhof functional (PBE) [25] within DFT

framework [26, 27]. Furthermore, in order to

study the effect of van der Waals interactions

on energy stability, and both structural

and electronic properties of 2D hydrogenated

GaAs, long range electronic correlations will be

treated by the Grimme’s method (DFT−D2)

[28].

2. Computational details

The calculations were performed using vienna

ab-initio simulation package (VASP) [29, 30]

employing the first principles projected aug-

mented wave (PAW) method in the framework

of the DFT [26,27]. Exchange and correlation

effects were treated with the generalized gra-

dient approximation (GGA) implemented in

the Perdew-Burke-Ernzerhof functional (PBE)

[25]. Core electrons were described by the pro-

jector augmented wave (PAW) method [31,32]

wherein d states for Ga and As were included

as valence electrons in their PAW pseudo-

potentials. The valence electron configura-

tions for H, Ga and As are considered as

1s1, 3d104s24p1 and 3d104s24p3, respectively.

The 2D-GaAs buckled hexagonal primitive

cell, with one Ga atom and one As atom,

see Figure 1(a), was constructed from the

zinc-blende structure in the (111) plane [16].

The electron wave function was expanded in

plane waves up to a cutoff energy of 500 eV

for all the calculations. A gamma-centered

grid of 25×25×1 k -point has been used to

sample the irreducible Brillouin zone in the

Monkhorst-Pack special scheme for calcula-

tions [33]. Phonon calculations have been per-

formed by taking into account the interactions

in a 8×8×1 2D H-GaAs supercell [34]. The

PYPROCAR code was used to plot the elec-

tronic bands of 2D H-GaAs [35]. In addition,

a 20 Å vacuum spacing between the adjacent

supercells is kept to avoid interactions. For

comparison, in order to study the effect of

van der Waals interactions on energy stability,

and both structural and electronic properties

of 2D H−GaAs systems, calculations were also

performed using Grimme’s method (DFT−D2)

[28]. To correct the bandgap values ob-

tained by GGA-PBE and DFT-D2, hybrid

functional Heyd-Scuseria-Ernzerhof (HSE) [36]

band-calculations are carried out on the re-

laxed structures obtained with GGA-PBE and

DFT-D2, respectively.

Figure 2. (Color online) Phonon dispersion curves

for (a) pristine 2D-GaAs, (b) 2D H-GaAs chair

configuration, (c) 2D H-GaAs boat configuration and

(d) 2D H-GaAs zigzag-line configurations with DFT-

PBE functional.
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Two dimensional hydrogenated GaAs 5

Table 1. Structural parameters for the pristine 2D-GaAs and three different configurations of 2D H-GaAs

obtained by using PBE and vdW-Grimme method (DFT-D2) for comparison. The bandgap (Eg(eV)) was

calculated with PBE and HSE functional. The adsorption (Ead(eV/atom)) and formation (Ef (eV/atom))

energies were calculated with PBE functional and vdW-Grimme method (DFT-D2) for comparison.
Hex-unitcell Rect-unitcell GaAsH-Configurations
Teo Teo Teo Teo Chair Chair Boat Boat Zigzag-line Zigzag-line
(Å) vdW (Å) (Å) vdW (Å) (Å) vdW (Å) (Å) vdW (Å) (Å) vdW (Å)

ahex(Å) 4.05 4.00 – – 4.08 4.01 – – – –
3.97 [15]
4.05 [16]

arect(Å) – – 7.01 6.93 – – 6.74 6.49 5.96 5.55
brect(Å) – – 4.04 4.00 – – 4.06 3.99 4.06 3.99

dGa−As(Å) 2.41 2.39 2.41 2.39 2.48 2.45 2.49 2.46 2.48 2.45
dGa−H(Å) – – – – 1.56 1.56 1.56 1.56 1.56 1.55
dAs−H(eV) – – – – 1.52 1.51 1.52 1.51 1.52 1.51
buckling(Å) 0.58 0.60 0.51 0.60 0.79 0.80 0.88 0.92 0.86 0.86

0.55 [15]
0.58 [17]

EgPBE (eV) 1.09 ΓK 1.35 ΓK – – 1.68 ΓΓ 1.87 ΓΓ 2.16 ΓΓ 2.20 ΓΓ 2.23 ΓD 2.30 ΓD
1.29 ΓK [15]
1.08 ΓK [16]

EgHSE (eV) 1.89 ΓK 2.18 ΓK – – 2.51 ΓΓ 2.73 ΓΓ 2.98 ΓΓ 3.00 ΓΓ 3.19ΓD 3.32 ΓD
EadPBE

(eV/atom) – – – – -1.180 -1.200 -1.179 -1.204 -1.182 -1.214
EfPBE

(eV/atom) – – – – -0.046 -0.066 -0.045 -0.070 -0.048 -0.080

Table 2. Bader charge state of Ga, As, HGa and

HAs atoms in chair, boat and zigzag-line configurations

for 2D H-GaAs systems with PBE and DFT-D2

functionals.
Bader charge state

Pristine 2D-GaAs Chair Boat Zigzag-line
(e) (e) (e) (e)

Ga +0.60 +0.84 +0.72 +0.70
vdW +0.59 +0.84 +0.70 +0.67
As −0.60 −0.21 −0.23 −0.20

vdW −0.59 −0.20 −0.20 −0.16
HGa – −0.37 −0.32 −0.31
vdW – −0.37 −0.31 −0.31
HAs – −0.26 −0.17 −0.19
vdW – −0.26 −0.17 −0.19

3. Results and discussion

3.1. Energetic and dynamic stability

In order to study the 2D hydrogenated GaAs

stability in the chair, boat and zigzag-line

configurations, the adsorption energy was

calculated. The adsorption energy is defined

by:

Ead = EH−GaAs − EGaAs − nHEH , (1)

where EH−GaAs and EGaAs are the energies

of the hydrogenated and pristine 2D-GaAs lay-

ers, nH is the number of isolated spin-polarized

hydrogen atoms, and EH is the energy of

a single isolated H atom. Table 1 displays

these energies for comparison. The values ob-

tained for chair, boat and zigzag-line configu-

rations are -1.180 eV/atom (-1.200 eV/atom),

-1.179 eV/atom (-1.204 eV/atom) and -1.182

eV/atom (-1.214 eV/atom), respectively, with

PBE (DFT-D2) functional. We can see that

all configurations are energetically stable with

both PBE and DFT-D2 functionals. The ad-

sorption energy value found for the chair ge-

ometry is of the same order of that reported

for H-BN (-1.04 eV/atom) in the same geom-

etry [12]. As H-BN chair configuration, the

2D hydrogenated GaAs presents an exother-

mic reaction and it could be obtained by the

reaction of GaAs layers with H atoms. The

zigzag-line configuration is energetically more

favorable than the chair and the boat by 2meV

(14 meV ) and 3 meV (4 meV ), respectively,

with PBE (DFT-D2) functional. These tiny

energy differences with both PBE and DFT-
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Two dimensional hydrogenated GaAs 6

D2 indicate the metastability of 2D hydro-

genated GaAs system. We can see that the

adsorption energy is more negative with DFT-

D2 when compared to that of PBE functional

for each configuration by 20 meV (chair), 25

meV (boat) and 32 meV (zigzag-line). Us-

ing first principles density functional calcula-

tions, Bhattacharya et al reported that 2D

hydrogenated BN prefers the zigzag-line con-

figuration rather than the boat or chair con-

figuration [13]. Tang et al found similar re-

sults for H-BN by dispersion-corrected den-

sity functional theory computations (DFT-D2)

[14]. Regarding graphane, theoretical studies

found that the chair configuration is the most

stable one [7, 8, 37]. The energy stability or-

der of our studied configurations was zigzag-

line (zigzag-line), chair (boat) and boat (chair)

with PBE (PBE-D2) functional. The reported

energy stability order for H-BN and H-Ge was

zigzag-line, boat and chair [2, 13, 14]. Authors

also stated the metastability of these systems.

For graphane, the reported configurations or-

der was chair, zigzag-line and boat [37].

In order to compare the stability of H-

GaAs with respect to other hydrogenated 2D

systems, we calculated the 2D H-GaAs forma-

tion energies by the following mathematical ex-

pression:

Ef = EH−GaAs − EGaAs − nHE
∗
H , (2)

where EH−GaAs and EGaAs are the energies

of the hydrogenated and pristine 2D-GaAs lay-

ers, nH is the number of hydrogen atoms, and

E∗
H is the energy of a H2 molecule divided by

two. From Table 1, the energy values obtained

for the chair, boat and zigzag-line configura-

tions are, respectively, -0.046 eV/atom (-0.066

eV/atom), -0.045 eV/atom (-0.070 eV/atom)

and -0.048 eV/atom (-0.080 eV/atom) with

PBE (DFT-D2) functional. The formation

energies of our systems are negative, which

physically means that hydrogenation of 2D-

GaAs is feasible to occur. Sofo et al [3] re-

ported a formation energy of -0.15 eV/atom

and -0.10 eV/atom for graphane chair and

boat configurations, respectively. Indeed,

graphane has already been experimentally syn-

thesized by various methods such as hydrogen

plasma exposure of graphene, thermal exfolia-

tion of graphene oxides, STM-assisted hydro-

genation of graphene, plasma-enhanced CVD

and electron-induced dissociation of HSQ on

graphene [37, 38]. In addition, the fact that

both thermal stability of hydrogenated boron

nitride adsorbed on Ni(111) has been found

experimentally [23, 24] and two-dimensional

buckled gallium nitride has been synthesized

by hydrogen surface passivation and graphene

encapsulation on SiC(0001) [10], paves the way

for the synthesis of other potential 2D group

III−V materials such as buckled 2D-GaAs.

In order to study the dynamical stability

of our systems, we have calculated the

phonon dispersion at Γ point by a frozen

phonon approach. Figure 2 displays the

phonon dispersion curves for the pristine

2D-GaAs, and chair, boat and zigzag-line

configurations with DFT-PBE functional. It

proves stability of the studied system, since

there are no imaginary frequencies in the

phonon dispersion. Some negative frequencies

near Γ point are visible as well. This feature

has been found in other 2D-systems [39–43]

and highlights the flexural acoustic mode of

2D-systems. They are often present in the

theoretical calculations due to finite numerical

and convergence accuracy close to Γ point [40].

The highest frequency modes, corresponding

to H bond stretching modes, occur at 65.1

THz (2170 cm−1) for the boat configuration,

and at 64.8 THz (2160 cm−1) and 64.7 THz

(2157 cm−1) for the chair and zigzag-line

configurations, respectively. These results are
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Two dimensional hydrogenated GaAs 7

in accordance with those found for the energy

stability of our systems. The vibrational

frequency is lowest (highest) for the most (less)

stable configuration. Therefore, the zigzag-line

(boat) configuration has the highest (lowest)

stability and the lowest (highest) mode of

vibration. The reported highest frequency

modes for graphane in the boat (3026 cm−1)

and chair (2919 cm−1) configurations are

higher than those reported in this work. This

suggests a more covalent character for the H-

C bond in graphane as compared to that of

H-GaAs.

3.2. Structural properties

To study the structural properties of pristine

2D-GaAs, and compare them to those found

for chair, boat and zigzag-line configurations,

we have first optimized the structural param-

eters of 2D-GaAs hexagonal primitive cell.

Then, from the obtained values, the 2D-GaAs

rectangular unit cell has been constructed and

relaxed (Figure 1(c)). The longer side length

(arect) of this latter unit cell is three times the

Ga-As shortest distance (dGa−As) of the hexag-

onal unit cell, while the other side (brect) is

equal to the lattice parameter of the hexagonal

primitive cell (ahex). Finally, from these opti-

mized hexagonal and rectangular unit cells, the

chair (Figure 1(b)), and boat (Figure 1(d)) and

zigzag-line (Figure 1(e)) configurations were

built and relaxed, respectively.

The optimized parameters for 2D-GaAs

monolayers: hexagonal and rectangular unit-

cells, and chair, boat and zigzag-line configu-

rations are depicted in Table 1. Our results for

hexagonal 2D-GaAs unit cell are in good agree-

ment with previous theoretical ones reported

by DFT. Although the average Ga-As distance

is almost the same for the three configura-

tions, a slight difference in H atoms bonding of

the chair, boat and zigzag-line configurations

is found. Different from chair configuration,

both boat and zigzag-line have two different

GaAs bond lengths. In the former configura-

tion, the GaAs distances are equal because all

GaAs bonds connect with H atoms attached at

opposite sides of the sheet. On the contrary,

for both latter configurations, the length of the

GaAs distance, where Ga and As bonding the

H atoms lying on the opposite side of the plane,

is shorter than those ones bonding the H atoms

on the same side of the plane. For boat (zigzag-

line) configuration the shortest Ga-As distance

was 2.483 Å (2.483 Å); while the largest, due to

H-H repulsion, was 2.493 Å (2.485 Å). Regard-

ing to GaH and AsH bonds, we can see that,

due to the charge repulsion, GaH bond lengths

are larger than those of AsH in all three con-

figurations. The GaH (AsH) bond lengths in

all three configurations are almost the same,

but higher than those found for BH (NH) in

H-BN [13] and CH in graphane [3].

A comparison of structural results shows

that both unit cell lattice parameters (hexago-

nal and rectangular) and cation-anion distance

(dGa−As and dAs−H) decrease when we go from

the DFT-D2 functional to PBE, while cation-

cation distance (dGa−H) is the same for both

functionals.

The average Ga-As distance (dGa−As) for

chair, boat and zigzag-line configurations are

larger than the one found for pristine 2D-GaAs

by 2.90% (2.51%), 3.32% (2.93%) and 2.90%

(2.51%), respectively, when using PBE (vdW)

functional, as shown in Table 1. In order to get

physical insight on the plasticity and stiffness

of pristine 2D-GaAs when hydrogenated, the

mechanical properties for hexagonal pristine

2D-GaAs and hexagonal 2D-HGaAs chair

configuration are compared. We found that

in-plane Young’s modulus (Poisson’s ratio) for

pristine 2D-GaAs is higher (smaller) than that
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Two dimensional hydrogenated GaAs 8

of 2D-HGaAs chair configuration when using

PBE functional by 125% (31.92%), which

means that the pristine 2D-GaAs material

displays less stiffness and more plasticity when

hydrogenated. The values found for the in-

plane Young’s modulus (Poisson’s ratio) for

pristine 2D-GaAs and 2D-HGaAs materials

are 44.4 Jm−2 (0.32) and 19.7 Jm−2 (0.47),

respectively. The Poison’s ratio ν and the in-

plane Young’s modulus Y are obtained from

the calculated C11 and C12 elastic constants

and multiplied later by the corresponding

optimized unit-cell z distance. Their respective

definitions are [44]:

ν = C12/C11 (3)

Y = (C2
11 − C2

12)/C11 (4)

3.3. Electronic structure and Bader charge

transfer analysis

The electronic band structures for the pristine

2D-GaAs sheet, and chair, boat and zigzag-line

configurations for 2D H-GaAs obtained with

the PBE functional are displayed in Figure

3. The red lines represent the contributions

of GaAs-4pz orbitals, the black lines represent

the contributions of GaAs-4pxy mixed orbitals,

while the yellow ones the contribution of either

GaAs-4s (pristine 2D-GaAs) or GaAs-4s and

H-1s mixed orbitals (2D H-GaAs). We can

see in Figure 3(a), for the pristine 2D-GaAs

sheet, that hybridized 4pz and 4pxy orbitals

are near the Fermi level in the valence bands,

and 4s and 4p mixed unoccupied orbitals, in

the conduction bands. In addition, 4s orbital

can be seen at the bottom of the conduction

band. From band structures for the chair,

boat and zigzag-line configurations (Figures

3(b), 3(c) and 3(d), respectively) we can see

in the valence bands an increased overlapping

between pz and both planar pxy and s orbitals

Figure 3. (Color online) Electronic band structure

for (a) the pristine 2D-GaAs sheet, and (b) chair, (c)

boat and (d) zigzag-line configurations for 2D H-GaAs,

with DFT-PBE functional. The red lines represent

the contributions of GaAs-4pz orbitals, the black lines

the contributions of GaAs-4pxy mixed orbitals, and

the yellow lines represent the contributions either the

GaAs-4s orbitals (pristine 2D-GaAs) or GaAs-4s and

H-1s mixed orbitals (2D H-GaAs).

when compared to the ones for pristine 2D-

GaAs sheet (Figure 3(a)). As a result, the

sp2 hybridization becomes weaker, and the

sp3 one, stronger. Therefore, the average

Ga-As atoms bond length (dGa−As) for all

three configurations is much larger than that

of pristine 2D-GaAs, as shown in Table 1.

Furthermore, in comparison to pristine 2D-

GaAs band structure, an extra s orbital, due

to H contribution, is shown in the bottom of

the valence bands for all three configurations.

From Figures 3(a), 3(d) and 1(f), we

can see that pristine 2D-GaAs and zigzag-

line configurations are Γ-K and Γ-D indirect

semiconductors, respectively; while, from

Figures 3(b) and 3(c), the Chair and boat
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Two dimensional hydrogenated GaAs 9

configurations display a Γ-Γ direct bandgap

nature. As shown in Table 1, the corrected

bandgap values for chair, boat and z-

line configurations with HSE method are

higher than those ones found by DFT-

PBE (DFT-D2) for chair, boat and z-line,

by 49.40% (46.00%), 37.96% (36.36%) and

43.05% (44.35%), respectively. The bandgap

sizes of all studied configurations are also

hydrogen dependent, and wider than that

of pristine 2D-GaAs with PBE, PBE-vdW

and HSE functionals, as shown in Table

1. Thus, the presence of H on 2D-

GaAs layer opens the bandgap of 2D-GaAs

layer, which makes it potential candidate for

optoelectronic applications in the visible range.

A qualitatively similar opening bandgap effect

of H on graphene has been reported by Sofo et

al [3]. On the contrary, hydrogenation causes

2D-BN sheet to have a smaller bandgap than

the pristine one [12].

The bandgap energy for pristine 2D-

GaAs changes from 1.89 eV (red light) to

2.51 eV (blue light), 2.98 eV (violet light),

and 3.19 eV (violet light) for chair, boat,

and zigzag configurations, respectively, with

the HSE approach when hydrogenated. It

can be noticed from Table 1 that hydrogen

tunes the Γ-K indirect bandgap of pristine

2D-GaAs to Γ-Γ direct one for both chair

and boat configurations, while the zigzag

configuration remains indirect. Moreover,

given that the energy differences for all three

configurations are tiny, ∼ 2-3 meV with PBE

functional, our results indicate that 2D-HGaAs

is metastable in the chair, boat, and zigzag-

line configurations, and thus the synthesis

of these phases could be feasible by using

the appropriate growth conditions and/or a

specific substrate. Hence, the hydrogenation

of 2D-GaAs tunes the bandgap of 2D-GaAs,

which makes it a potential candidate for

optoelectronic applications in the blue and

violet ranges of the visible electromagnetic

spectrum.

In order to get physical insight about the

direction of charge transfer and ionicity of the

studied 2D H-GaAs configurations, we have

calculated the charge transference by Bader

analysis [45]. For pristine 2D-GaAs a charge

transfer of −0.60e (−0.59e) from Ga to As

atoms with PBE (DFT-vdW) functional was

found, as shown in Table 2. This charge

transference is larger than that of −0.34e

found in 2D H-BN [13], which means that our

system is more ionic. For other configurations

of H atoms, due to the charge conservation

principle, the electron lost by the Ga atoms

is gained by As, HGa and HAs atoms of the

corresponding unit cell. For instance, we see in

Table 2, for the chair configuration, a positive

charge for Ga of +0.84e, while the net negative

charge for As (-0.21e), HGa (-0.37e) and HAs

(-0.26e) atoms is -0.84e.

The Bader analysis of Ga, As and H

atoms in the three 2D H-GaAs configurations

displays that in all configurations As, HAs

and HGa acquire a negative charge state,

gain electrons, while Ga acquires a positive

charge state, looses electrons, as shown in

Table 2. Physically, this takes place due to

the electronegative difference between Ga, As

and H atoms. We can also see that in all

configurations the charge transference is higher

than that of pristine 2D-GaAs sheet, which

means that the ionicity increases. This result

agrees with the increased sp3 hybridization

found in the band structure analysis for all

configurations. The charge transference order

found for our systems is chair > boat >

zigzag-line. Table 2 also shows that the

charge transference in all configurations is

slightly minor with DFT-vdW when compared

to that with PBE functional, but follow the
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Two dimensional hydrogenated GaAs 10

same qualitative trend. This effect cannot

be directly attributed to van der Waals

interactions since the DFT-D2 method is not

self-consistent; rather, it is due to both the

small change in atomic positions with respect

to the ones obtained from PBE and the short

range electronic interactions.

4. Conclusions

The ground state structure, stability, struc-

tural and electronic properties of two-

dimensional hydrogenated GaAs with chair,

boat and zigzag configurations have been stud-

ied by first-principles calculations with PBE

and DFT-vdW functionals. To correct the

bandgap values obtained by GGA-PBE, cal-

culations with the hybrid functional Heyd-

Scuseria-Ernzerhof (HSE) are carried out. The

formation energy and phonon dispersion anal-

ysis display that all three hydrogenated con-

figurations are stable semiconductors, where

the most stable configuration is the zigzag, fol-

lowed with a slight energy difference by chair

(boat) and boat (chair) configurations with

PBE (DFT-vdW) functional. Our results indi-

cate that 2D-HGaAs is metastable in the chair,

boat and zigzag-line configurations, and thus

the synthesis of these phases could be feasi-

ble by using the appropriate growth conditions

and/or a specific substrate. On the other hand,

DFT-vdW interactions increase the adsorption

energies and reduce the equilibrium distances

when compared with PBE functional for the

three configurations, but display qualitatively

the same physical results on their stability

and electronic properties. The calculated me-

chanical properties indicate that pristine 2D-

GaAs displays less stiffness and more plasticity

when it is hydrogenated. Electronic structures

analysis shows that hydrogen reduces the in-

plane sp2 (σ bonding) hybridization, and in-

creases the sp3 hybridization when compared

with pristine sheet. As a result, the 2D hy-

drogenated GaAs layers have a larger bandgap

than the pristine one with both PBE and HSE

functionals. In addition, zigzag is a Γ−D in-

direct semiconductor, while chair and boat are

Γ−Γ direct semiconductors.

The bandgap energy for pristine 2D-GaAs

changes from red to violet (blue) range for

boat and zigzag (chair) configurations, with

the HSE approach when hydrogenated. Our

findings indicate that the presence of H on 2D-

GaAs tunes the bandgap of pristine 2D-GaAs,

which makes 2D-HGaAs a potential candidate

for optoelectronic applications in the blue and

violet ranges of the visible electromagnetic

spectrum. Moreover, they suggest that 2D

buckled-GaAs could be a good candidate to be

synthesized by hydrogen surface passivation.
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