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ARTICLE INFO ABSTRACT

Keywords: In this work, we investigate the electronic and optical properties of two configurations of haft-
Monolayer InN hydrogenated indium nitride monolayers H-InN and 2H-InN using first-principles calculations.
Haft-hydrogenation Both H-InN and 2H-InN monolayers are semiconductors with indirect bandgap quite larger

Electronic states than that of pure InN monolayer. When the spin-orbit coupling was included, their bandgap is

significantly reduced. Upon the hydrogenation, charge transfers from InN plane to functional-
ized species H in H-InN while a small amount of charge has been transferred from H atoms to
InN plane in 2H-InN monolayer. Haft-hydrogenated InN monolayers can strongly absorb light
in a wide range from visible light to infrared which opens possibilities for their application in
optoelectronic devices.

Optical characteristics
First-principles calculations

1. Introduction

Since its discovery in 2004, graphene has been a hot material of interest to scientists for more than 15 years because of its
outstanding physical and chemical properties [1]. The success of the application of graphene in nanoelectronic devices has spurred
a large-scale search of two-dimensional (2D) layered materials [2-8]. A series of 2D graphene-like structures, such as silicene,
germanene, transition metal dichalcogenides or monochalcogenides, were discovered and studied extensively [9-12]. Recently,
Sahin and co-workers have shown that the group III-V binary compounds have many extraordinary properties [13], which do not
exist in other 2D hexagonal structures, with potential applications in optoelectronic and photocatalytic devices [14,15]. Nitride-based
compounds have also attracted a lot of interest because they have many interesting physical properties [16-18].

Monolayer InN is group III-V binary compound formed from In and N atoms. Unlike another group III-V binary compounds
containing In, such as InP, InAs and InSb, monolayer InN has a planar structure (all InP, InAs, and InSb monolayers have low-
bucking structures) [13]. At equilibrium, calculated energy gap of bulk InN using Heyd-Scuseria-Ernzerhof hybrid functional
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Fig. 1. Different views of optimized atomic structure (top panel) and phonon spectra (bottom panel) of (a) pure InN, (b) H-InN, and (¢) 2H-InN monolayers.

is 0.50 eV [19]. Monolayer InN is a semiconductor with a small energy gap around 0.6 eV [13,16]. Monolayer InN has been
experimentally synthesized by different methods with band gap varying from 0.63 eV to 0.72 eV [20-22]. Previous studies have
shown that similar to other two-dimensional (2D) monolayers, electronic properties of monolayer InN are also very sensitive to
external influences such as strain engineering [23] or defects [24]. Also, monolayer InN has thermal stability up to 600 K and can
sustain under large strain engineering [25]. In addition to traditional methods of changing physical properties of materials such
as strain engineering [26], electric fields [27] and forming heterostructures [28-32] or place on the semiconductor substrates, a
new way has been proposed and proved effective for controlling the physical and chemical properties of 2D monolayers being the
chemically functionalization their surface with atomic gases [33]. Recent studies have demonstrated that surface functionalization
of 2D layered materials can lead to the emergence of new properties that do not exist in pure materials [34-36]. Hydrogenation of
bulk InN has been experimentally studied for a long time [37]. Fu and co-workers have shown that hydrogenation enhances the peak
intensity of the photoluminescence spectra in the InN epifilms [38]. The change in physical properties, especially the opto-electronic
properties, of the 2D layered materials in general and monolayer InN in particular when their surfaces are functionalized opening
possibilities for their application in the next-generation devices.

In the present work, we systematically consider the electronic and optical properties of two kinds of haft-hydrogenated InN
monolayers i.e, the H-InN and 2H-InN monolayers, using the density functional theory. We focus on investigating the changes in
geometric structure, band structure and optical characteristics of a monolayer InN when it was haft-functionalized with hydrogen
atoms.

2. Methodology

All simulations in this Letter were performed based on density functional theory (DFT) using the Quantum Espresso code [39].
We use the generalized gradient approximation (GGA) suggested by Perdew-Burke-Ernzerhof (PBE) [40,41] as exchange—correlation
potential. The spin-orbit coupling (SOC) was included in all self-consistent simulations for electronic structures [42]. The projector
augmented wave method is used to consider the electronic properties of monolayers. The norm conserving pseudopotential [43]
was used and the cut-off of energy for a plane-wave basis is set to be 500 eV. In our calculations, we use a (15 x 15 X 1) k-mesh
in the Brillouin zone. To optimize the structures of the monolayers, the criteria for energy and force convergence was used in our
calculations being 107° ¢V and 103 eV/A, respectively. Also, it is well-known that the PBE functional underestimates the band
gap of the semiconductors [44]. To correct the band structures and energy gap values, calculations by Heyd-Scuseria—Ernzerhof
(HSEO06) hybrid functional [45] are carried out. To eliminate the interactions which may exist between neighbor slabs, we use a
large vertical vacuum space of 20 A in our calculations.
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Table 1
Calculated lattice constant a, bond lengths d, and buckling constant 4h (A). Obtained band gaps (in units of eV) by the
PBE functional EFF, PBE+SOC method EFPF*S°C, and HSE06 hybrid functional E}S**° and binding energy E, (eV).

Configuration a dyn dipnt dy.y Ah EPPE EFPEASOC E}ISE06 E,

InN 3.616 2.088 - - 0 0.710 0.237 1.721 -12.126
H-InN 3.647 213 1.757 - 0.320 2.260 1.815 3.157 —-13.660
2H-InN 3.848 2.236 1.722 1.045 0.249 2.648 2.332 3.594 -18.673

3. Results and discussion

Atomic structures after fully relaxation of pure InN and haft-hydrogenated InN monolayers are shown in Fig. 1. In this work,
we consider two configurations of haft-hydrogenated InN monolayer (or one-side hydrogenated InN monolayer). There are one
hydrogen atom bonded directly with the In atoms H-InN monolayer [Fig. 1(c)] and two hydrogen atoms bonded with the In and N
atoms on the same side 2H-InN [Fig. 1(c)]. Our calculations demonstrate that after fully relaxation, while the pure InN monolayer
has a planar structure, both two configurations of haft-hydrogenated InN monolayers have a low-bucking structure and the bucking
constant 4h for the H-InN and 2H-InN monolayer is 0.320 A and 0.249 A, respectively. After fully relaxation, the lattice constant
of the pure InN monolayer is 3.616 A. Our obtained result for lattice constant of the pure InN monolayer is close to the calculated
result of Zhuang and co-workers (3.63 A) [46]. Compared to pure InN monolayer, haft-hydrogenation has increased the lattice
constant of the system, particularly in the case of 2H-InN monolayer (3.848 A). Besides, the difference in bonding lengths between
hydrogen and In dy, j; and N dy_; atoms in the 2H-InN monolayer is quite large. These bond lengths are dy, ;; = 1.722 A and N
dy_yg = 1.045 A. We listed the lattice parameters of both pure InN and haft-hydrogenated InN monolayer in Table 1. To check the
dynamical stability, the phonon spectra of pure InN, H-InN and 2H-InN monolayers have been calculated. As shown in the bottom
panel of Fig. 1, we can see that no soft modes (imaginary frequencies) are found in the phonon dispersion curves, guaranteeing that
the monolayers are dynamical stable.

The binding energy E, of the monolayers is calculated by the follows

E, = Eyor — npp Eyy — nyEx — ng By, (€Y

where E,, is the total energy of the InN monolayer, Ex and ny are the total energy of the X atom (X = In, N, H) and numbers of the X
atoms in the simulated cells, respectively. Our calculated results reveals that the binding energy of all configurations InN, H-InN, and
2H-InN is negative. The binding energy E, for the InN, H-InN, and 2H-InN monolayers is E;"™ = —12.126 eV, E}™ = —13.660 ¢V,
and EfH‘I“N = —18.673 eV, respectively. The negative binding energy calculated by Eq. (1) implied that the binding between atoms is
strong in the monolayer InN and haft-hydrogenated InN monolayers. In case the InN monolayer is hydrogenated with one hydrogen
atom as shown in Fig. 1(a), in principle, there are two possible configurations: H-InN and InN-H. Our calculations have shown that
H-InN configuration is most stable configuration. Therefore, in this work we only investigate this configuration.

Band structures of pure InN and haft-hydrogenated InN monolayers are depicted in Fig. 2. Our DFT simulations demonstrate
that both pure InN and haft-hydrogenated InN monolayers are indirect semiconductors. The band gap of pure InN monolayer at
equilibrium is 0.710 eV at the PBE level. This result is close to the available experimental data (around 0.7 eV) [20-22]. Upon
haft-hydrogenation, the band gap of hydrogenated InN monolayers increases significantly to 2.260 eV for the H-InN monolayer
and 2.648 eV for the 2H-InN monolayer. Focusing on the contributions of atomic orbitals to the forming of the electronic bands
of the monolayers, we also plotted the partial density of states (PDOS) of monolayers as shown in Fig. 2. We can see that, in two
configurations of hydrogenated InN monolayers, the contributions of the orbitals of the N atoms are larger than that of the In atoms
in the valence bands. However, the contribution of the orbitals of the In to the conduction band is more prominent than that of
the N atoms. Besides, the contribution of the Hy,-s orbital (Hy, refers to the H atom that is directly bonded to the N atom in the
monolayers) to electronic bands is superior to that of the Hy-s orbital.

It is well-known that the PBE functional underestimates the band gap of the semiconductors [44]. One also showed that Heyd—
Scuseria-Ernzerhof (HSE06) hybrid functional [45] or the GW approximation [47] can be estimated more accuracy the energy gap
of semiconductors. Therefore, in this work, along with the PBE functional, the HSE06 functional [45] was used to calculate the band
gap of the monolayers. As shown in Fig. 2, we can see that the calculated band structures of monolayers using the HSE06 and PBE
functionals have the same profile. Calculated band gaps of the InN, H-InN, and 2H-InN monolayers are also listed in Table 1. We
can see that the calculated results for band gaps by the HSE give much larger value than that by the PBE method.

We already know that influences of the spin—orbit coupling (SOC) on the electronic states of 2D monolayers are quite important.
When the SOC is included, the band structure of the monolayers, especially the valence band, is significantly changed. In Fig. 3(a),
we show the band structures of pure InN and haft-hydrogenated InN monolayers calculated by the PBE+SOC method. Our obtained
results indicate that when the SOC is included, small orbit-splitting energy has appeared in the valence band. Also, the PBE+SOC
method has shown that the energy gap of InN monolayers has decreased significantly when the SOC is included. Calculated band
gaps of the pure InN and haft-hydrogenated InN monolayers by both the PBE and PBE+SOC methods are depicted in Fig. 3(b). From
Fig. 3(b) we can see that although the SOC effect reduces the band gap of monolayers, this reduction is uneven. While the SOC
effect reduces up to 67% of the band gap of the pure InN monolayer (reduced from 0.710 eV to 0.237 eV), the band gap of the
haft-hydrogenated InN monolayer is only reduced by 20% for the H-InN monolayer or 12% for the 2H-InN monolayer when the
SOC is included.
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Fig. 2. Calculated band structures and PDOS of the pure InN (a), haft-hydrogenated N-InN (b) and 2H-InN (c) monolayers using the PBE functional.
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Fig. 3. (a) Calculated band structures of haft-hydrogenated InN monolayers using PBD+SOC approach and (b) band gap of haft-hydrogenated InN monolayers.

Table 2
Internal charge of constituent atoms and transferred charge between InN plane and
functionalizated species H (in unit of ¢) in pure InN and haft-hydrogenated InN monolayers.

Configuration s p Total Charge Transferred charge
InN In 0.85 1.0 1.85 1.15 -
N 1.75 4.4 6.15 -1.15
H-InN H 1.19 - 1.19 -0.19 +0.19
In 0.79 1.07 1.86 1.14
N 1.80 4.15 5.95 -0.95
2H-InN Hy, 1.28 - 1.28 —-0.28 -0.03
Hy 0.70 - 0.70 0.30
In 0.90 1.05 1.96 1.04
N 1.77 4.30 6.07 -1.07

Together with the calculations for the PDOS, where we can see the contribution of atom orbitals to the formation of electronic
bands, we performed calculations for the electron density to see the distribution of electrons in atoms of the systems. Contour plot
of the electron density of atoms in the pure InN monolayer and two configurations of haft-hydrogenated InN monolayers is shown
in Fig. 4. Fig. 4 reveals that the electron density is enriched in both N and In atoms. In the cases of hydrogenated InN monolayers,
electron enrichment is just for the Hy atoms as shown in Fig. 4(c). The distribution of electronic charger in the Hy, atoms in
both cases of H-InN [Fig. 4(b)] and 2H-InN [Fig. 4(c)] is small. Also, we perform the calculations for the internal distribution of
charge and transferred charge between atoms in the haft-hydrogenated InN monolayers using the Mulliken population analysis [48].
The calculated internal charge distribution of constituent atoms in the pure InN and haft-hydrogenated InN monolayers using the
Mulliken population analysis is listed in Table 2. Our calculated results reveal that while the charge transfers from the InN monolayer
to functionalized species H in the H-InN configuration, a small amount of charge has been transferred from H species to the InN
monolayer in the 2H-InN monolayer when the InN monolayer is haft-functionalized by the hydrogen atoms.
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Fig. 4. Contour plot of electron density of atoms with 0.02 Bohr® interval from 0 to 0.2 e/Bohr=3 of the pure InN (a), H-InN (b), and 2H-InN (c) monolayers.
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Fig. 5. Dielectric function of pure InN monolayer and haft-hydrogenated H-InN and 2H-InN monolayers: (a) real part ¢,(w) and (b) imaginary part &,(w).

In this part, we examine the optical characteristics of the two configurations H-InN and 2H-InN. The dielectric function
e(w) = €;(w)+ie,(w) and the absorption coefficient A(w) of these haft-hydrogenated InN monolayers will be focused investigation. The
incoming parallel polarized light (along the g-axis) with photon energy in the interval from 0 to 20 eV was used in this calculation.

Actually, the imaginary part ¢,(w) can be estimated first by sum of the occupied-unoccupied transitions and the real part £, (w)
can be obtained via the Kramer—Kronig transformation. The parts of the dielectric function ¢,(w) and ¢,(w) can be expressed as the
following [49,50]

sgj(w) :#rzza)z / d’k ; (kn |p;| kn')(kn' |pj‘ kn)
X finl = Sy )6(Exy — Eyg, — ho), 2
and
sl(w):l+%P/0°o %m/, ®

where o is the frequency of the incoming electromagnetic irradiation, |kn) part stands for the crystal wave-function regarding to
energy Ey, with k being the wavevector, p = (p,, p,,p,) is the momentum operator, fy, is the function of the Fermi distribution, V'
is the volume of the unit cell, and P stands for the principal value of the integral.

In Fig. 5, we present the calculated results for the dielectric function of the haft-hydrogenated InN monolayers under incoming
light perpendicularly polarized in the energy domain from O to 20 eV. Also, the parts of the &(w) of the pure InN monolayer are
calculated for comparison. Our calculated results reveal that the imaginary part ¢,(w) of the dielectric function of both H-InN and
2H-InN monolayers does not a response to the parallel polarized light in the low energy domain from 0 to 2 eV. Compared to the
pure InN monolayer, where the first optical gap is in the visible light region, the first optical gaps of the haft-hydrogenated InN
monolayers are in the ultraviolet region. As shown in Fig. 5(b), the first optical gaps in the H-InN and 2H-InN monolayers are in
3.748 eV and 3.859 eV, respectively. It means that the first optical gap of the pure InN monolayer (at 1.706 eV) has shifted quite
a bit from the visible light region to the ultraviolet region upon the functionalization with hydrogen atoms.

The absorption coefficient A(w) and optical reflectivity R(w) can be defined via the e(w) function which is given by [50,51]

5 1/2
A(w) = @ [\ / E%(UJ) + sg(w) - sl(w)] , (©))]
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The calculated absorption coefficient A(w) and optical reflectivity R(w) of the pure InN monolayer and haft-hydrogenated indium
nitride H-InN and 2H-InN monolayers are shown in Fig. 6(a) and (b), respectively. As depicted in Fig. 6(a), we can see that the whole
the A(w) of pure InN monolayer absorbs strongly the visible light, the haft-hydrogenated InN monolayers (both two configurations
H-InN and 2H-InN) absorb strongly the light in the ultraviolet region. Upon the haft-hydrogenation, the A(w) of the H-InN and
2H-InN monolayers changes significantly. The absorption coefficient of both H-InN and 2H-InN monolayer is quite high in the
ultraviolet region. Compared to other configurations, the H-InN monolayer has the highest absorption coefficient. The maximum
absorption coefficient for the H-InN monolayer is up to 5.970x 10* cm~! at the incoming photon energy of 9.230 eV compared with
4918 x 10* cm~! at 8.049 eV in the case of the 2H-InN monolayer and 4.818 x 10* cm~! at 9.206 eV for the pure InN monolayer.
Focusing on the visible region as depicted in the inset in Fig. 6(a), we can see that the pure InN monolayer strongly absorbs the
visible light with an optical peak located at 2.248 eV while the absorption coefficient of the haft-hydrogenated InN monolayers
increases sharply in the visible light region. In the visible light region, the absorption coefficient of the 2H-InN monolayer reaches to
1.20x10* em™! at incoming photon energy of 3.3 €V, slightly greater than that of both pure InN monolayer (A(w)™N = 1.03x10* cm™!
at 2.248 eV) and the H-InN monolayer (A(w)!-I"N = 1.01x10* em™! at 3.3 eV) in this region. Fig. 6(b) shows the optical reflectivity
R(w) of the monolayers in the energy region from 0 to 20 eV. We see that, in a fairly wide energy domain, from 0 to 10 eV,
the optical reflectivity of the haft-hydrogenated InN monolayers is only varying around 0.03. In the larger energy domain of the
incoming light, the optical reflectivity of both pure InN and haft-hydrogenated InN monolayers are reduced and asymptotic to zero.

RY(w) = 5)

4. Conclusion

We have systematically investigated the electronic states and optical characteristics of haft-hydrogenated InN monolayers using
first-principles calculations. Our calculations demonstrated that both H-InN and 2H-InN monolayers are indirect semiconductors
with band gaps quite higher than that of the pure InN monolayer. While the charge has been transferred from InN monolayer to the
H species in the H-InN configuration, a small amount of charge from the H species in the 2H-InN configuration has been transferred
to the InN monolayer. Haft-hydrogenation not only changes the electronic structure of the InN monolayer but also changes its optical
characteristics significantly. With a wide range of light absorption, especially strong absorption in the ultraviolet light domain, the
haft-hydrogenated InN monolayers are expected to have many potential applications in optoelectronic devices.
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