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Abstract

Atomically thin two-dimensional (2D) materials have received considerable research

interest due to their extraordinary properties and promising applications. Here we pre-

dict the mono-layered indium triphosphide (InP3) as a new semiconducting 2D material

with a range of favourable functional properties by means of ab initio calculations. The

2D InP3 crystal shows high stability and promise of experimental synthesis. It possesses

an indirect band-gap of 1.14 eV and a high electron mobility of 1919 cm2V−1s−1, which

can be strongly manipulated with applied strain. Remarkably, the InP3 monolayer sug-

gests tunable magnetism and half-metallicity under hole doping or defect engineering,

which is attributed to the novel Mexican-hat-like bands and van Hove singularities in

its electronic structure. A semiconductor-metal transition is also revealed by doping

2D InP3 with electrons. Furthermore, mono-layered InP3 exhibits extraordinary opti-

cal absorption with significant excitonic effects in the entire range of the visible-light

spectrum. All these desired properties render 2D InP3 a promising candidate for future

applications in a wide variety of technologies, in particular for electronic, spintronic

and photovoltaic devices.
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INTRODUCTION

Since the discovery of graphene,1–3 one-atom-thick mono-layered two-dimensional (2D) nano-

materials have received unparalleled attention owing to their rich phenomena, exceptional

properties, and promising applications in nanoscale devices.1,4–13 The family of 2D nanoma-

terials is growing rapidly, including silicene,14,15 germanane,14 phosphorus allotropes,12,16,17

MXenes,18–20 and transition-metal chalcogenides.7,21–25 To date, their potential applications

in field-effect transistors, light-emitting devices, photovoltaic solar cells, and photocatalysts

have been studied intensively. However, inducing and controlling magnetism in 2D crystals

remains a challenge despite various proposed strategies, and new 2D materials with tunable

magnetic properties and half-metallicity are still in high demand for spintronic devices.7,26,27

In addition, 2D crystals with band-gap and optical properties comparable to silicon (∼1.16

eV) are still highly sought for efficient photovoltaic and optoelectronic applications,28,29

which requires sufficiently large (105 cm−1) absorption coefficients covering the entire visible

light wavelengths from 380 to 750 nm. To this end, the search for new 2D semiconductors

with desirable electronic and optical properties for photovoltaic solar cells is of great interest.

Numerous 2D nanomaterials have been readily exfoliated from their bulk crystals with

van der Waals (vdW) bonding between adjacent layers and exhibit exceptionally different

properties from their bulk courparts.1,30 As a layered compound of the In-P system, indium

triphosphide (InP3) was prepared under pressure in the 1980s and it can be quenched to

ambient conditions.31 With a space group of R3̄m, the structure of InP3 (Figure 1) is closely

related to that of arsenic, replacing systematically every fourth atom in the arsenic layer by

an indium atom and the rest by phosphorous.32 The layers stack on one another along the

c-axis with vdW bonds. Compared to other layered nanomaterials which have been cleaved

from their bulk crystals, one might therefore expect the fabrication of InP3 monolayers to

also be possible. However, it is surprising that InP3 monolayers are yet to be prepared, and

that a comprehensive understanding of the monolayer form is still lacking.

In this work, using ab initio density functional calculations and molecular dynamics sim-
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ulations, we identify the mono-layered InP3 as a new 2D semiconductor. We first investigate

comprehensively the electronic properties of the InP3 monolayer, both free-standing and

under applied strain. Then we show that the magnetic properties and half-metallicity of

2D InP3 crystal can be tuned by carrier doping and defect engineering (i.e., doped with

Ge). Furthermore, we present optical absorption coefficients in comparison with intrinsic

silicon and mono-layered MoS2, and discuss potential applications of this new 2D semicon-

ductor in optoelectronics, spintronics, as well as photovoltaics. Finally, we assess the lattice

dynamical and thermal stability of this new 2D crystal according to the calculated phonon

dispersion curves and molecular dynamics trajectories. The potential experimental approach

and feasibility to prepare 2D InP3 from its bulk form are proposed and explored as well.

COMPUTATIONAL METHODOLOGY

Within the framework of density functional theory (DFT), all calculations were performed

using a projector-augmented wave method33 as implemented in the Vienna ab initio Simu-

lation Package (VASP).34 The valence electron configurations are 3s23p3 for P, 5s25p for In,

and 4s24p2 for Ge, respectively. The generalized gradient approximation with Perdew-Burke-

Ernzerhof parametrization (GGA-PBE)35 was applied as the exchange-correlation functional

and the density functional dispersion correction (D3-Grimme)36 was adopted for a better

description of the van der Waals interactions between layers. A cut-off energy of 400 eV was

set for the plane wave basis. The convergence criteria were 1×10−2 eV/Å for the residual

forces on ions and 1×10−6 eV for the energy difference in electronic self-consistent loop.

Γ-centred k-meshes of 7×7×5 and 7×7×1 were used for bulk and mono-layered unit-cells,

respectively. To minimize the interlayer interactions under the periodic boundary condition,

a vacuum of 20 Å was constructed perpendicular to the layer plane for the monolayers. Elec-

tronic band structures were obtained by GGA-PBE (unless stated otherwise) and compared

with those from the Heyd-Scuseria-Ernzerhof (HSE06) screened hybrid functional.37 The
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phonon calculations were performed using a 4×4×1 supercell with the finite displacement

method.38–40

The carrier mobility (µ) is calculated based on the deformation potential theory,41 which

has been successfully used in many 2D materials.17,25,42,43 Accordingly, the carrier mobility

in 2D materials can be expressed as µ =
2eh̄3C

3kBT |m∗|2E2
DP

, where C is the elastic modulus

defined as C = (∂ε/∂δ)× V0/S0, in which ε is stress under the applied uniaxial strain δ and

V0/S0 is the volume/area of the optimized 2D structure. m∗ is the effective mass of electron

and hole, which can be calculated from the derivatives of electronic bands.44 EDP is the

deformation potential constant, defined as ∆E = EDP (∆l/l0), where ∆E is the shift of the

band edge positions with respect to the lattice dilation ∆l/l0 along the zigzag and armchair

directions of orthogonal cell. The relaxation time of carrier is estimated by τ = µm∗/e.

To include excitonic effects, the frequency-dependent dielectric matrices were predicted

using time-dependent Hartree-Fock approach (TDHF) on top of the HSE06 hybrid functional

calculations.45 Consequently, the absorption coefficients were derived from the dielectric

functions:46

α(ω) =
√

2ω[
√
ε21(ω) + ε22(ω)− ε1(ω)]1/2 (1)

The imaginary part of the dielectric functions ε2(ω) was obtained by summation over empty

states, while the real part ε1(ω) was calculated according to the usual Kramers-Kronig

transformation.46–48 Finally, all components of the absorption spectra and related optical

quantities could be determined.

Ab initio molecular dynamics (AIMD) simulations were performed for a 4×4×1 supercell

at 300 K using VASP. A canonical ensemble (NVT) with Nose-Hoover thermostat49,50 was

adopted. The total simulation lasted 10 ps with a timestep of 2 fs. During the AIMD

simulations, all the ions in the cell were allowed to move away from their equilibrium positions

with all degrees of freedom by removing any symmetry restrictions from the current structure

and maintaining only its translational periodicity.
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RESULTS AND DISCUSSION
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Figure 1 Crystal structures of indium triphosphide: (a) top view of 2×2 planer layers from c axis
and (b) side view of 2×1 supercell along b axis. (c) Calculated electronic band structure of bulk
InP3. The Fermi level is set at 0 eV.

Structure. Bulk indium triphosphide is a natural pseudo-two-dimensional crystal as

shown in Figure 1 (a) and (b), possessing planer 2D networks of puckered arsenic-type

honeycomb structure in the ab plane and van der Waals layers stacking along the c direction.

The D3-Grimme optimized lattice parameters of bulk InP3 are a=7.521 Å and c=9.975 Å,

which are in very good agreement with the experimental data of a=7.449 Å and c=9.885

Å.31 Excellent agreement between our calculated results and previous experiments is also

observed for the internal atomic positions of the bulk crystal as summarized in Table S1 of

the supporting information (SI), attesting to the reliability and accuracy of our prediction.

The optimized lattice constant of InP3 monolayer is 7.557 Å (also see SI for structural detail),

being slightly larger than its bulk form, and the bond angles of the mono-layered and bulk

formd are very different (Table S2). According to experiments, bulk InP3 is a metallic

conductor.31 This is however contrary to the anticipation that it should be semiconducting,

as it does not have four valence electrons to retain an electron octet on phosphorus, whereas,
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in germanium and tin triphosphides, the fourth electron of Ge and Sn was considered to

contribute to their metallic conductivity.31,32 As shown in Figure 1 (c), the bulk crystal is

metallic with electronic bands crossing the Fermi level, which is also the case for bi-layered

and tri-layered counterparts (Figure S1). While the InP3 monolayer is a semiconductor with

an indirect band-gap, and it is the surface relaxation which opens the gap (Figure S2), but

rather than the quantum confinement effect, as bond angles of the mono-layered and bulk

forms are significantly different (Table S2).

Electronic Structure. Figure 2 (a) illustrates the calculated electronic band structure

of 2D InP3 crystal. Clearly, the InP3 monolayer is an indirect band-gap semiconductor, as

the conduction band minimum (CBM) is at the Γ point, while the valence band maximum

(VBM) locates between the Γ and M points, which is only marginally higher in energy than

the Γ point. The weakly indirect band gap might be advantageous for photovoltaics (see

below), allowing simultaneously for strong absorption and long charge carrier lifetimes, as is

proposed in the promising hybrid perovskites.51 Remarkably, the calculated electronic band-

gap of the monolayer is 0.62 eV from GGA-PBE and 1.14 eV using the accurate HSE06

functional, very close to experimental gap of bulk silicon (∼1.16 eV),52 which is of particular

interest for photovoltaic and optoelectronic applications. It is interesting to see that the

top valence bands near the Fermi level are very flat and have the shape of Mexican-hat-like

bands around the Γ point, which result in high density of states and almost one-dimensional-

like van Hove singularities as suggested by Figure 2 (b). The Mexican-hat-like valence

bands are mostly contributed of the 3p and 5p orbitals of P and In atoms, respectively, and

these orbitals are strongly overlapping in the full energy range, indicating covalent bonding

characters of P-P and In-P bonds. The covalent bondings in 2D InP3 crystal are further

evidenced by the topological analysis of electron localization functions (ELF) in Figure 2

(c), where the ELF values of In-P and P-P bonds are all larger than 0.75, suggesting that

valence electrons are shared between the neighbouring atoms.53,54

One of the most effective approaches to tune the electronic structure and transport prop-
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Figure 2 (a) Electronic band structure, (b) density of states, and (c) electron localization
functions of the InP3 monolayer. The dashed line at 0 eV indicates the Fermi energy. (d)
Electronic band-gap of its orthogonal cell under various strains calculated using the HSE06
functional.
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erty of bulk and 2D semiconductors is strain engineering.30,41,55–57 The calculated electronic

band-gaps of the orthogonal cell (Figure S3a) under various strains are depicted in Figure

2 (d) (and Figure S3b for band-edges). Interestingly, the band-gaps of InP3 monolayer de-

crease gradually with either compressive or tensile strains and it does not show a monotonic

trend from compression to tension of the lattice as phosphorene and many other 2D materials

do.30 This exceptional behaviour is attributed to Mexican-hat-like flat valence bands near

the Fermi energy as discussed above. The one-dimensional-like electronic states result in a

non-monotonic response of the VBM to various strains, rather than a monotonic behaviour

as observed in the CBM (Figure S3b), which may be of interest for future application in

flexible electronic devices.

Table 1 Calculated deformation-potential constant (EDP ), 2D in-plane stiffness (C), effective
mass (m∗), carrier mobility, and relaxation time (τ) along the zigzag and armchair directions for
InP3 monolayer at 300 K.

Carrier type EDP (eV) C (N/m) m∗ (me) µ (cm2V−1s−1) τ(ps)
electron (zigzag) 4.118 43.280 0.259 540 0.080
hole (zigzag) 6.618 43.280 1.536 6 0.005
electron (armchair) 2.404 42.402 0.233 1919 0.254
hole (armchair) 0.846 42.402 4.017 52 0.119

Carrier Mobility. From the electronic band structure of 2D InP3, it can be clearly

seen that the conduction bands are very dispersive, indicating a high electron mobility. The

predicted deformation-potential constant, in-plane stiffness, effective mass, carrier mobility,

and relaxation time are summarized in Table 1. Most electronic quantities of the InP3

monolayer are moderately large and anisotropic along the zigzag and armchair directions

of the orthogonal cell, except the 2D stiffness. The directional 2D stiffnesses are relatively

isotropic, which may result from the planar puckered hex-atomic rings in the InP3 monolayer.

The calculated effective mass of electrons are an order of magnitude smaller than that of

the holes, owing to the flat valence band and more dispersive conduction band of 2D InP3,

where the former also leads to extremely low hole mobilities in both directions. The greatest

electron mobility of the InP3 monolayer is predicted to be 1919 cm2V−1s−1 along the armchair
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direction at 300 K, which is significantly higher than that of the MoS2 monolayer nanosheet

of ∼ 400 cm2V−1s−1,23 suggesting its great potential for nanoelectronics.
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Figure 3 (a) Calculated magnetic moment and magnetic energy of InP3 monolayer as a function
of carrier density, where negative and positive values correspond to electron- and hole- doping
densities, respectively. The magnetic energy is defined as the total energy difference between the
non-magnetic and ferromagnetic states, where positive values indicate ferromagnetic state is more
favourable. (b) Spin-resolved projected density of states at a hole concentration of 1.25×1014

cm−2. The inset depicts the corresponding spin density isosurfaces. The Fermi energy is indicated
by a dashed line at 0 eV.

Magnetism. Large density of states near the Fermi level is generally an indication of

electronic instabilities and transitions to different phases, such as magnetism and super-

conductivity.26,58,59 As we have shown above, 2D InP3 shows Mexican-hat-like bands and

one-dimensional-like van Hove singularities around the Fermi energy, which is especially

novel in 2D materials including graphene nanoribbons,58 GaS, GaSe, and α-SnO monolay-

ers.26,58,60 In the case of InP3 monolayer, we find that electronic instability can be driven

by the exchange interaction from hole doping and defect engineering. Firstly, the 2D InP3

crystal was doped with holes or electrons at various carrier concentrations. After full opti-

mization of the doped cells, we calculated the magnetic moment and the magnetic energy,

which is defined as the total energy difference between the non-magnetic and ferromagnetic

states (EMag. = ENM−EFM). We have also tested antiferromagnetic ordering, which we find
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to be higher in energy than ferromagnetic (Table S3 and S4). As shown in Figure 3 (a) and

Table S3, the hole-doped monolayer becomes ferromagnetic (1 µB/carrier) and half-metallic

with a large magnetic energy of 16.05 meV/carrier at a carrier density of 5.04×1013 cm−2.

The half-metallicity in hole-doped InP3 monolayer is mainly dominated by the 3p orbital of

the phosphorus atoms and the spin-density is primarily from the phosphorus along the out-

of-plane direction as illustrated in Figure 3 (b). Under hole-doping, the ferromagnetic states

of 2D InP3 stand up to a high carrier density of 1.96×1014 cm−2 with a magnetic moment

of 0.55 µB/carrier. The peak value of magnetic energy (37.68 meV/carrier) is observed at

1.25×1014 cm−2 with a large magnetic moment of 1 µB/carrier. Compared with GaSe mono-

layer (3 meV/carrier),26 the highest magnetic energy of InP3 monolayer is ∼10 times larger,

suggesting its superiority for spintronics. To obtain 2D half-metallic InP3 crystal, a dop-

ing hole density from 5.04×1013 cm−2 to 1.72×1014 cm−2 can be realized experimentally by

electrolyte and liquid gatings.61,62 With the increase of hole density, the monolayer becomes

metallic (Figure S4a and S4b). While, as seen from Table S3 and Figure S4e, the electron

doping does not induce any magnetism in 2D InP3, but resulting in a semiconductor-to-metal

transition, which would be of interest for nano-sensors.

On the other hand, the ferromagnetic state in 2D InP3 can also be induced by defect

engineering. For instance, by replacing one P atom of InP3 monolayer with Ge atom (Figure

S5a), we are able to make it ferromagnetic in our simulations. As shown in Table S3, the

substitution of one P with Ge atom in a 2 × 2 × 1 lattice results in a magnetic moment

of 1µB/cell. The corresponding magnetic energy is as high as 87.38 meV, which suggests a

moderate critical temperature. Interestingly, at odd with the hole-doped 2D InP3, the mag-

netic moment of Ge-doped InP3 monolayer originates instead from the defect states around

the Fermi level induced by Ge dopant (Figure S5b and S5c), including the contributions of

p orbitals from In, P, and Ge atoms as well. Other elemental dopants from the IVA group,

such as C, Si and Sn, may also be favourable for inducing ferromagnetism in 2D InP3 mono-

layer. Therefore, it is expected that 2D spintronics can be achieved in atomically thin InP3
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monolayer from experiments by defect engineering or hole doping.
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and TDHF methods, comparing with experimental spectrum of intrinsic silicon63 in the visible
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depicted as black bars. The grey background indicates the reference solar spectral irradiance (Air
Mass 1.5, ASTM G173-03).64

Absorption. The predicted InP3 monolayer has a similar indirect band-gap (1.14 eV) as

bulk silicon (∼1.16 eV), which is an optimal gap for photovoltaic and optoelectronic appli-

cations. To assess the optical performance, we have calculated the absorption coefficients of

2D InP3 crystal from the DFT/TDHF (excluding/including excitonic effect) mechods using

the accurate HSE06 functional and compared with the experimentally measured absorbance

of intrinsic silicon.63 As shown in Figure 4 and Figure S6, the overall in-plane (xx = yy)

absorption coefficients are large (105 cm−1) and comparable to that of the organic perovskite

solar cells,65 while the out-of-plane (zz) components are small due to the typically large cross

section in 2D materials. Remarkably, the predicted in-plane absorption coefficients of InP3

monolayer are significantly larger than that of intrinsic silicon for most wavelengths, and the

light absorbance of silicon descends dramatically above ∼400 nm wavelength. Furthermore,

unlike silicon and many other 2D materials23 which could only absorb light efficiently in a

very narrow range of wavelengths, the 2D InP3 crystal shows extraordinary light harvesting

ability in the entire visible solar spectrum from 380 to 750 nm, being comparable to the MoS2
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monolayer66 (Figure S6). This outstanding optical performance suggests mono-layered InP3

crystal is a very promising material for efficient photovoltaic solar cells and optoelectronic

devices.

Moreover, as illustrated in Figure 4, the absorption spectrum calculated from the TDHF-

HSE06 approach is significantly higher than that from the DFT-HSE06 method, indicating

large excitonic effects in many wavelengths, which enhances the absorption coefficients. The

strong excitation in InP3 monolayer may further lead to significant transfers of oscillator

strength from band-to-band transitions to the fundamental exciton states with high proba-

bility of optical transitions. And the large oscillator strength of InP3 monolayer also results

in strong light-matter interactions.67 Additionally, the strong light-matter interactions could

be guaranteed by the Van Hove singularities in the electronic density of states of InP3 mono-

layer, which also leads to enhanced photon absorption. This is analogous to the observation

in the transition metal dichalcogenides/graphene hetrostructures, which allows development

of extremely efficient flexible photovoltaic devices with a high quantum efficiency of ∼30%.68
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bulk crystal.

Exfoliation. To explore the possibility of fabricating the InP3 monolayer from the

surface of its layered bulk crystal, we have simulated the exfoliation process and predicted
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exfoliation energy with respect to separation as shown in Figure 5. The calculated exfoliation

energy of graphite is 0.31 J/m2, which is consistent with the experimental measurement69

(0.32±0.03 J/m2) and previous theoretical value70 (0.32 J/m2). For InP3, the calculated

exfoliation energy is 1.32 J/m2, which is higher than that of graphite but in the same

order of magnitude, indicating the InP3 monolayer could be prepared experimentally from

its bulk form using similar approaches as graphene by mechanical cleavage or liquid phase

exfoliation. Nevertheless, compared to those of Ca2N (1.08 J/m2)71 and GeP3 (1.14 J/m2),43

the exfoliation energies of the InP3 monolayer is fairly typical of 2D materials and the vdW

interactions are moderate, implying its potential in constructing vdW hetrostructures for

nanoelectronics.8

(a) (b)

0

50

100

150

200

250

300

350

400

450

500

Γ K Γ M

F
re

qu
en

cy
 (

cm
-1

)

-4.7

-4.6

-4.5

-4.4

0 2 4 6 8 10

T
ot

al
 E

ne
rg

y 
E

0
(e

V
/a

to
m

)

Time (ps)

Str. @ 10 ps

 MD 10 ps

 300 K

Str. @ 0 ps

Figure 6 (a) Phonon dispersion curves of the InP3 monolayer; (b) evolution of total energy and
snapshots of mono-layered InP3 from AIMD simulations at 0 ps and 10 ps.

Stability. The stability of 2D crystals is crucial for experimental fabrication and practi-

cal applications. The lattice dynamical stability of the InP3 monolayer was assessed by calcu-

lating the phonon dispersion curves as presented in Figure 6 (a). No imaginary phonon mode

is observed, indicating that 2D InP3 crystal is dynamically stable. The highest frequency of

optical modes reaches around 450 cm−1, which is comparable to that of black phosphorene,

suggesting apparent covalent P-P bondings. Moreover, to study its room-temperature ther-

mal stability, additional ab initio molecular dynamics simulations have been performed at
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300 K for the monolayer 4×4×1 supercell. As indicated by the AIMD snapshots illustrated

in Figure 6 (b), the planer puckered arsenic-type honeycomb networks are well maintained

within 10 ps, demonstrating the InP3 monolayer is stable at room temperature. The thermal

stability of 2D InP3 is further confirmed by the time-dependent evolution of total energies,

which are oscillating within a very narrow range. All the atoms in the cell are vibrating

around their equilibrium positions during the AIMD simulations and no phase transition

occurs at 300 K temperature.

CONCLUSIONS

In summary, we have theoretically predicted a new 2D semiconductor InP3 which shows

various exceptional electronic properties. The mono-layered InP3 has a weakly indirect band-

gap (1.14 eV) and exhibits high electron mobility (1919 cm2V−1s−1). Interestingly, we found

that 2D InP3 crystal shows electronic instabilities in its band structure, i.e., Mexican-hat-like

flat bands and van Hove singularities near the Fermi energy, which result in a non-monotonic

electronic response to compressive and tensile strains. Thanks to the novel band features,

robust ferromagnetic and half-metallic states can be induced and tuned by p-type doping

(hole concentration from 5.04×1013 to 1.72×1014 cm−2) or defect engineering (substitution of

P atom with Ge) in mono-layered InP3. These ferromagnetic half-metallic states, giving rise

to 100% spin-polarized currents, could be achieved readily from experiments by electrolyte

and liquid gatings or substitution of phosphorus with germanium atom. A semiconductor-

metal transition is also revealed in the InP3 monolayer under electron or high-concentration

hole doping. In addition, the InP3 monolayer possesses extraordinary optical absorbance (105

cm−1) with significant excitonic effects in the entire visible solar spectrum, which is better

than intrinsic silicon and comparable to mono-layered MoS2. Finally, as demonstrated, the

proposed InP3 monolayer shows good lattice dynamical and thermal stability and is expected

to be fabricated experimentally from its layered bulk crystal by exfoliation. These favourable
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features promote the investigated 2D InP3 crystal as a promising candidate for nano-scale

electronic, photovoltaic, and spintronic applications. We believe our work will stimulate the

fabrication and investigation of 2D InP3 crystal in the near future.
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