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Abstract

We investigate the electronic, photocatalytic and optical properties of a fully hydro-

genated indium nitride H–InN–H monolayer under biaxial strain εb and external electric

field E using density functional theory. Our findings demonstrate that the H–InN–H mono-

layer is a semiconductor with an indirect energy gap of 2.591 eV. Under a biaxial strain

or electric field, the indirect–direct band gap transition can occur and its band gap depends

dramatically on the εb and E. Our analysis of band edge alignment shows that the H–InN–

H monolayer can possess photocatalytic activity for water splitting when an electric field

or biaxial strain is applied. The optical characteristics of the H–InN–H monolayer depends

greatly on the strain. The first optical gap of the H–InN–H monolayer is at the incident

energy light of 3.320 eV and the tensile strain causes the first optical gap to shift towards

the visible light region.
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1 Introduction

Since the successful mechanical exfoliation, graphene has become one of the

materials that scientists are of prime interest [1]. Graphene has created a pro-

found revolution in nanoelectronic technologies and many new-generation devices

based on graphene with outstanding functions have been built [2]. However, in

the semimetal form with zero band gap band, graphene has certain limitations

in its application to optoelectronic devices [3]. In parallel with finding a way to

overcome this drawback in graphene [4, 5], scientists have looked for other two-

dimensional (2D) layered graphene-like materials [6–10]. These materials, espe-

cially binary compounds, have shown great potential applications in nanoelectronic

devices and photocatalytic water splitting [11–16]. The group-III nitride monolay-

ers such as InN or GaN are semiconductors with many promising applications in

technology [17]. In particular, with the ability to high-speed data transfer [18], InN

is expected to be a material with many applications in new-generation devices.

The InN thin-films have been successfully synthesized recently by the metal-

organic chemical vapor deposition [19] and the plasma-assisted molecular beam

epitaxy [20]. Previously, the surface-functionalization of InN has been studied ex-

perimentally [21]. In the monolayer form, InN is a semiconductor with band gap

from 0.6 eV to 0.8 eV [17, 22, 23]. Based on the analysis of the phonon spec-

trum, one has confirmed that the InN monolayer is dynamically stable at equilib-

rium [22,24]. Prete and co-workers have demonstrated that the InN monolayer is an

excellent candidate for applications in optoelectronic devices due to its outstanding

optical properties [23, 25]. Similar to graphene or other layered two-dimensional

(2D) materials, electronic and transport properties of InN monolayer depend greatly

on the strain or applied pressure [26]. Recently, one of the ways to modify the physi-

cal properties of 2D materials is using the chemically surface-functionalization [27,
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28]. Lin and co-workers has demonstrated that the surface-functionalization of

group III monochalcogenide monolayers with hydrogen is a significant change in

their electronic properties, especially the increase in their band gap to satisfy the

requirements for possesses photocatalytic activity for water splitting in these mono-

layers [29]. Previously, modification of electronic properties of GaN and related bi-

nary compound monolayers by chemical functionalization has been studied by ab-

initio calculations [30, 31]. Using first-principles calculations, Vu and co-workers

have demonstrated that surface-functionalization not only alters the band alignment

of the GeC monolayer, but also significantly changes its optical properties, in par-

ticular it greatly alters the absorption characteristics of the monolayer [32, 33].

In this work, we systematically consider the electronic, photocatalytic and

optical properties of a fully hydrogenated indium nitride H–InN–H using density

functional theory. Influence of a biaxial strain εb and external electric field E on the

electronic, photocatalytic and optical properties of the H–InN–H monolayer is also

studied. We focus on the modification of the band structures, photocatalytic activity

for water splitting and basic optical characteristics of the H–InN–H monolayer in

the presence of the εb and electric field E.

2 Computational method

In the present study, we perform all calculations for the pristine InN and fully

hydrogenated indium nitride H–InN–H monolayers based on density functional

theory (DFT) using the Quantum Espresso package [34]. We use the generalized

gradient approximation (GGA) by Perdew-Burke-Ernzerhof (PBE) [35, 36]. Be-

sides, to correctly treat the weak van der Waals interactions which may exist in the

layered material, we use also the Grimme’s semi-empirical DFT-D2 method [37].

For a plane-wave basis, the energy cut-off is set to be 500 eV. In the Brillouin
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zone, a (15 × 15 × 1) k-mesh is used for calculations of electronic properties of

the pristine InN and fully hydrogenated indium nitride H–InN–H monolayers. The

structures of monolayers were fully optimized with the criteria for force and energy

convergence is 10−3 eV/Å and 10−6 eV, respectively. A supercell (4 × 4) for the

InN monolayer was built for the calculations. To avoid any interaction that might

exist between neighbor slabs, a perpendicularly vacuum space of 20 Å to the 2D

surface of the monolayers was used in our calculations.

To consider the effect of biaxial strain on physical properties of monolayers,

we define the biaxial strain εb via the lattice parameters before L0 and after strain

L of the H–InN–H monolayer as εb = (L − L0)/L0. In this work, a biaxial strain

from −10% to 10% is applied to the H–InN–H monolayer. The minus and plus

signs refer to the compressive and tensile biaxial strains, respectively. Besides, We

have applied electric field perpendicular to the H–InN–H monolayer 2D surface to

investigate its effect on the electronic, photocatalytic and optical properties of the

H–InN–H monolayer.
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Fig. 1. Top ans side views of atomic structure after relaxation of monolayers (a) pristine

InN and (b) fully hydrogenated indium nitride H–InN–H at equilibrium. a, b, c are the

coordinate axes.
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3 Results and discussion

Monolayer InN is a compound consisted of the In and N atoms which ar-

ranged in the hexagonal lattice. At equilibrium, monolayer InN is in the planar

structure with the lattice parameter of 3.616 Å. Our obtained result is consistent

with the previous DFT studies [17, 22, 25]. Due to the surface-functionalization

by hydrogen atoms, the planar structure of InN monolayer is broken and fully hy-

drogenated indium nitride monolayer H–InN–H has a low-bucked structure with

bucking constant of ∆ = 0.639 Å. The optimized atomic structures of the InN

and H–InN–H monolayers at equilibrium are depicted in Fig. 1. Our calculated

results also indicate that the structure of monolayer InN is significantly changed

upon the surface-functionalization by hydrogen atoms. The lattice parameter of the

H–InN–H is a = 3.590 Å which is smaller than that of the pristine InN mono-

layer. The thickness of the H–InN–H monolayer (distance between two hydrogen

layers) is 3.365 Å. However, in the H–InN–H monolayer, the difference in bond

lengths between H atoms and N/In atoms are quite large, dH–In = 1.688 Å and

dH–N = 1.038 Å. The structural parameters of both pristine InN and H–InN–H

monolayers are also listed in Tab. 1. The binding energy Eb is calculated via the

following expression:

Eb = Etot − naEIn − nbEN − ncEH, (1)

where Etot is the total energy of the InN monolayer, EIn, EN, and EH are the total

energies of the In, N, and H atoms, respectively. na, nb, and nc are the numbers

of the In, N, and H atoms in the computed cells, respectively. The obtained results

for the binding energies of the pristine InN and fully hydrogenated InN monolayers

are−12.126 eV and−19.746 eV, respectively. All the binding energies are negative

that implies that the binding between atoms in these systems are strong. Also, to
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Table 1

Calculated lattice parameter a, bond lengths between atoms d, bucking constant ∆, thick-

ness (Å), binding energy Eb (eV), and band gap (eV) of pristine InN and H–InN–H mono-

layers at equilibrium.

a dIn–N dIn–H dN–H ∆ Thickness Eb Band gap

InN 3.616 2.088 - - - - −12.126 0.712

H–InN–H 3.590 2.169 1.688 1.038 0.639 3.365 −19.746 2.591

Fig. 2. Phonon dispersion curves of (a) InN and (b) fully hydrogenated indium nitride

H–InN–H monolayers at equilibrium.

check the dynamically stability of the monolayers, we perform the calculations for

the phonon dispersion curves of the pristine InN and H–InN–H monolayers. As

shown in Fig. 2, we can see that there are no soft phonon modes in the phonon

dispersion curves of these monolayers. This implies that both the pristine InN and

H–InN–H monolayers are dynamically stable at equilibrium.

At equilibrium, our DFT calculations indicate that both the pristine InN and

H–InN–H monolayers are indirect-gap semiconductors. The calculated energy gap

of the pristine InN and H–InN–H monolayers are 0.712 eV and 2.591 eV respec-

tively. Obviously, the surface-functionalization leads to significantly increase the

band gap of the monolayer InN. It is well-known that the GGA-PBE functional un-
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Fig. 3. Band structure and PDOS of (a) InN and (b) H–InN–H monolayers at equilibrium.

derestimates the band gap of the semiconductors [38] and some corrections, such as

the Heyd–Scuseria–Ernzerhof (HSE06) hybrid functional [39] or GW method [40],

have been suggested. However, the calculated band structure of monolayer at the

GGA-PBE and HSE06 levels are the same profile. The basic characteristics of the

electronic properties of the monolayers are unchanged whether they are calculated

by GGA-PBE and HSE06 functionals. Band structures and partial density of states

of the InN and H–InN–H monolayers are shown in Fig. 3. The band structures are

plotted along the K-Γ-M-K high-symmetry direction in the range of energy from

−8 eV to 8 eV. We can see that, in both monolayers, the conduction band minimum

(CBM) and the valence band maximum (VBM) are located at the Γ- and K-point,

respectively. Looking inside the band structure of the H–InN–H monolayer, we

realize that even though the VBM located at the K-point, however the energy dif-

ference between the highest energies of the valence band at the K-point and Γ-point

is very small. This point can suggest that we can modulate the band structure of the

H–InN–H by external conditions such as electric field or strain engineering and

we can expect that indirect-direct band gap transition will occur in the presence

of strain or electric field. To better see the contribution of the orbitals of atoms to

the formation of electronic bands, we also calculated the partial density of states

(PDOS) as illustrated in Fig. 3. In the case of the H–InN–H as shown in Fig. 3(b),
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we see that the valence band of the H–InN–H monolayer is mainly contributed by

the N-p orbitals. In the energy region from −6 eV to 0 eV, the contribution of the

N-p orbitals to the valence band is markedly superior to that from other orbitals.

Besides, the valence band near the Fermi level is significantly contributed from the

In-s orbital. The In-s and In-p orbitals contribute fairly evenly to the conduction

band at the high energy domain of from 5 eV to 8 eV. Our calculations indicate

that, while the contribution of the HIn-s orbitals of the H atom on the In side to the

bands of the H–InN–H monolayer is significant in a small range of energy near the

Fermi level, the contributions of the s-orbitals from H atoms from both sides, i.e.,

HIn-s and HN-s orbitals, to both the valence and conduction bands is quite small.

It is well-known that the layered materials are sensitive particularly to struc-

tural perfection. We next investigate the influence of biaxial strain εb on the elec-

tronic properties of the fully hydrogenated indium nitride H–InN–H monolayer.

Fig. 4. Band structures of the H–InN–H monolayer under different levels of the εb (a) and

the E (b).
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The calculated band structures of the H–InN–H monolayer under different levels

of the εb are depicted in Fig. 4(a). We can see that, the influence of the strain engi-

neering εb on the band structure of the fully hydrogenated indium nitride H–InN–

H monolayer is significant, particularly in the tensile strain case εb > 0. When

the tensile biaxial strain was introduced, as above-predicted, the VBM of the H–

InN–H monolayer has moved from the K- to Γ-point and the H–InN–H mono-

layer becomes a direct semiconductor. It means that the tensile biaxial strain leads

to the indirect–direct energy gap transition in the fully hydrogenated indium ni-

tride monolayer. Contrary to the case of tensile strain, the influence of compression

strain on the band structure of the fully hydrogenated indium nitride monolayer is

quite weak. Under the compression strain, the fully hydrogenated indium nitride H–

InN–H monolayer is still the indirect semiconductor and the energy gap of the fully

hydrogenated indium nitride monolayer is changed insignificantly due to the com-

pression biaxial strain as shown in Fig. 5(a). In the presence of compression biaxial

strain from 0 to −10%, the energy gap of the H–InN–H tends to increase slightly

then decrease. However, the decrease is not significant. The maximum band gap is

2.678 eV at the εb = −5% compared to 2.591 eV at equilibrium εb = 0%. Also,

from Fig. 5(a) we can conclude that the tensile strain not only leads to indirect–

direct band gap transition but also quickly reduces the energy gap of the H–InN–H

monolayer. In the tensile case εb > 0, the change tendency of the energy gap is

quite obvious. The energy gap of the H–InN–H monolayer decreases linearly with

the tensile strain.

Similar to the case of the H–InN–H under strain engineering, the electronic

properties of the H–InN–H monolayer depend quite strongly on the external elec-

tric field E, especially when the intensity of the electric field is quite large. To

investigate the influence of the E on the electronic properties of the H–InN–H

monolayer, an electric field is applied perpendicularly to the 2D surface of the fully
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Fig. 5. Band gap of the H–InN–H monolayer as a function of the biaxial strain (a) and

the electric field (b). Unfilled and filled symbols refer to the indirect and direct band gaps,

respectively.

hydrogenated indium nitride monolayer and the direction of the electric field is

along the c-direction. In this work, a large range of the E from−6 V/nm to 6 V/nm

is applied to the system. Band structures of the H–InN–H monolayer in the pres-

ence of the external electric field E are shown in Fig. 4(b). Our DFT calculations

demonstrate that the negative E did not change the characteristics of the forbid-

den band of the H–InN–H monolayer, that is, the H–InN–H monolayer is still an

indirect semiconductor under the negative field. In the case of the positive electric

field, the position of the VBM is moved from the K- to Γ-point while the CBM

remains at the Γ-point. It means that the indirect–direct gap transition has occurred

and the H–InN–H monolayer becomes a direct semiconductor when placed in an

electric field oriented along the positive direction of the c-axis. The obtained results

demonstrate that in the E varying from −4 to 4 V/nm, the influence of the electric

field on the band gap is quite weak. The energy gap of the H–InN–H monolayer

at E = −4 V/nm and E = 4 V/nm are 2.167 eV and 2.761 eV, respectively. This

value is not much different from the band gap at the equilibrium state (2.591 eV).

However, as the intensity of the E continues to increase, band gap of the H–InN–H

monolayer quite quickly decreases as shown in Fig. 5(b).
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It is well-known that the standard oxidation and potentials are dependent on

the pH value [41]. The standard oxidation potential O2/H2O at the pH = 0 is

1.23 eV vs. the normal hydrogen electrode (NHE) or−5.67 eV vs. the vacuum level

and the standard hydrogen reduction potential of the H+/H2 is 0 eV vs. the NHE or

−4.44 eV vs. the vacuum level. The condition for the material possessing the pho-

tocatalytic activity is the conduction band minimum (CBM) must be more negative

than the standard hydrogen reduction potential of the H+/H2 (0 eV) and the valence

band maximum (VBM) must be more positive than the oxidation potential O2/H2O

(1.23 eV). Also, because the standard oxidation potential O2/H2O is 1.23 eV vs.

the NHE, therefore the energy gap required for photocatalysts must be bigger than

1.23 eV. As above-mentioned, the energy gap of the monolayer H–InN–H at equi-

librium is 2.591 eV. Therefore, the H–InN–H monolayer is capable of possessing

photocatalytic properties. We will examine the photocatalytic properties for water

splitting of the H–InN–H monolayer and the effect of strain εb and electric field on

its photocatalytic activity through calculations for the CBM and VBM edge align-

ment. Our DFT findings demonstrate that at the equilibrium state, the positions of

the CBM and VBM are located at 0.022 eV and 2.613 eV, respectively. It means

that the H–InN–H monolayer at the equilibrium state does not possess the photo-

catalytic activity for water splitting. However, because the position of the VBM is

much more positive than the standard oxidation potential O2/H2O. This means that

the ability to possess the photocatalytic activities for water splitting depends greatly

on the location of the CBM. If the external conditions such as εb or E can shift the

CBM position towards the negative side of the standard oxidation potential, the

H–InN–H monolayer will possess photocatalytic activity for water splitting. The

VBM and CBM edge alignment of the H–InN–H monolayer under the εb and E is

illustrated in Fig. 6. From Fig. 6(a), we can see that when the εb is applied, the fully

hydrogenated indium nitride H–InN–H monolayer possesses photocatalytic activ-
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Fig. 6. Band alignment. The CBM and VBM edge alignment of the H–InN–H monolayer

under biaxial strain (a) and electric field (b). The standard hydrogen reduction and oxidation

potentials for water splitting at the pH = 0 are indicated by the horizontal dashed lines.

ity for water splitting in a quite large range of the εb from −7% to −3%. Focusing

on the calculated results for the CBM and VBM edge alignment of the H–InN–H

monolayer under external electric field in Fig. 5, we can see that the electric field

E can also tune the photocatalytic properties in the H–InN–H monolayer. Under

the applied E varying from 2 V/nm to 4 V/nm, the H–InN–H monolayer posses

the photocatalytic activity for water splitting with the CBM located at a slightly

negative position than the standard oxidation potential.

We next investigate the optical characteristics of the fully hydrogenated in-

dium nitride H–InN–H under the εb and E. We concentrate only on the basic char-

acteristics such as dielectric function ε(ω) and the absorption coefficient α(ω) of

the H–InN–H monolayer. In this work, the incident light is polarized along the a-

axis (parallel polarization) with the energy of photon in the range from 0 to 20 eV.

The dielectric function ε(ω) is given by

ε(ω) = ε1(ω) + iε2(ω), (2)

where ε2(ω) is the imaginary part of the ε(ω) which is calculated by sum of the

transitions between occupied–unoccupied states and the real part ε1(ω) can be es-
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timated through the Kramer-Kronig transformation. The ε2(ω) is given by [42, 43]

εij2 (ω) =
V e2

2πh̄m2ω2

∫
d3k

∑
nn′
〈kn |pi|kn′〉〈kn′ |pj|kn〉

× fkn(1− fkn′)δ(Ekn′ − Ekn − h̄ω), (3)

wherem and e are respectively the mass and charge of the electron, ω is the electro-

magnetic irradiation frequency, p is the momentum operator, k is the wavevector,

|kn〉 part stands for the crystal wave-function regarding to energy Ekn, and fkn is

the function of the Fermi distribution.

In Fig. 7, we show the parts of the dielectric function of the H–InN–H mono-

layer as function of the εb and E. Our obtained results indicate that the first optical

gap of the H–InN–H monolayer is at the incident energy light of 3.320 eV. This

energy value corresponds to the boundary between the visible light and ultraviolet

light. Focusing on the effect of the strain εb on optical characteristics of the H–

Fig. 7. Calculated parts of dielectric functions of the H–InN–H monolayer under biaxial

strain εb (a,b) and external electric field (c,d).
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InN–H monolayer, we realize that, as shown in Fig. 7(b), the tensile strain causes

the first optical gap to shift towards the lower energy region (shift to the visible

light region) while the first optical gap is shifted to the higher energy domain in the

presence of the compressive strain εb < 0. Unlike the case of strain engineering,

the influence of the external electric field E on the parts ε1(ω) and ε2(ω) of the di-

electric constant is quite weak as shown in Fig. 7(c,d). This is also consistent with

the previous results for other surface-functionalized 2D materials that the effect of

electric fields on their optical properties is very weak [32, 33].

The absorption coefficient α(ω) is defined through the ε(ω) function which is

given by [43, 44]

α(ω) =

√
2ω

c

[√
ε21(ω) + ε22(ω)− ε1(ω)

]1/2
. (4)

In Fig. 8, we illustrate the obtained results for the α(ω) of the H–InN–H mono-

layer under the εb and E. At the equilibrium state, the maximum of the absorption

coefficient is α(ω)max = 6.377 × 104 cm−1 at 10.929 eV. Obtained results demon-

strate that, while the influence of the E on the absorption coefficient α(ω) is negli-

gible, the maximum of the α(ω) can be increased by compressive strain.

Fig. 8. Calculated α(ω) of the H–InN–H monolayer under biaxial strain εb (a) and external

electric field (b).
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4 Conclusion

In this work, we have considered the electronic, photocatalytic and optical

properties of the surface-functionalizated indium nitride monolayer with hydrogen

atoms H–InN–H under strain engineering and electric field by density functional

theory. Our DFT calculations demonstrate that the electronic and optical properties

of the H–InN–H monolayer depend greatly on the strain engineering. The shifting

of the first optical gap due to the effects of biaxial strain, especially the first optical

gap shifting to the visible light domain in the tensile strain case, plays an important

role in the prospect of application in optoelectronic devices. Most importantly, the

H–InN–H monolayer can possess photocatalytic activity for water splitting when

the strain engineering or electric field when was introduced. This has opened up

great perspectives on the use of the H–InN–H monolayer as a photocatalyst for

applications in water-splitting technology.
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