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HfN, monolayer: A new direct-gap semiconductor with high and
anisotropic carrier mobility”
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Searching for two-dimensional (2D) stable materials with direct band gap and high carrier mobility has attracted great
attention for their electronic device applications. Using the first principles calculations and particle swarm optimization
(PSO) method, we predict a new 2D stable material (HfN, monolayer) with the global minimum of 2D space. The HfN,
monolayer possesses direct band gap (~1.46 eV) and it is predicted to have high carrier mobilities (~103 cm?-V—1.s~1)
from deformation potential theory. The direct band gap can be well maintained and flexibly modulated by applying an
easily external strain under the strain conditions. In addition, the newly predicted HfN, monolayer possesses good thermal,
dynamical, and mechanical stabilities, which are verified by ab initio molecular dynamics simulations, phonon dispersion
and elastic constants. These results demonstrate that HfN, monolayer is a promising candidate in future microelectronic

devices.
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1. Introduction

Direct band gap and high carrier mobility of materials are
the significant fundamental requirement for next-generation
two-dimensional (2D) field effect transistors (FETs).=3! The
‘star material’ graphene has rapidly risen to be one of the
hottest stars in materials science due to its excellent electronic
properties and potential applications./*l However, graphene is
semimetallic, which lacks a band gap to switch current on
and off in transistors. This has greatly hindered its applica-
tions in microelectronic devices.!”) MoS, monolayer owns a
direct band gap for field effect transistors,!®) whereas it has
low carrier mobility (102 cm?-V~!.s71),[7) which is still much
lower than that of silicon (1400 cm?.V~!.s71). Although
single-layer black phosphorus has a moderate direct band gap
(1.51 eV)[1 and high carrier mobility (~10% cm?-V~1.s71),13]
its environmental instability (fast oxidation and light-induced
degradation) leads to a major hurdle for black phosphorus
based devices. Therefore, it is highly desired to find new 2D
direct band-gap semiconductors with high carrier mobilities
for development of microelectronics.

Transition metal nitride semiconductors have attracted
considerable attention in recent years owing to their excel-

[9-17

lent physical properties and wide applications. I For in-

stance, 2D MoN, shows ferromagnetism and undergoes a
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magnetic phase transition under applied strain.['®! YN, mono-
layer is the promising candidate for both spintronic and spin
caloritronic applications.!'??%) TaN, monolayer possesses a
robust FM ground state with high Curie temperature.!]
NbN monolayer was found to exhibit advantages for
valleytronics.??) TiN monolayer also possesses enhanced aux-
eticity and ferroelasticity.!?! Few-layered HfS; field effect
transistors display excellent field effect responses.*! Bulk
HfN, possesses ductility and shows anisotropy up to high
pressure.[>>l HfN, films were successfully prepared and are
a promising candidate material for the “via last process” in
through-silicon-via (TSV) technology.?®! Whether it is possi-
ble to prepare 2D HfN, remains an open problem.

In this work, using first-principles calculations and the
particle swarm optimization method, we extensively investi-
gate the possible structure of HfN; monolayer. On the basis
of simulations, we demonstrate that the thermally, dynami-
cally, and mechanically stable HfN, monolayer has several
prominent merits: (i) a moderate direct band gap (1.46 eV);
(ii) high carrier mobilities (~103 cm?-V~1.s71); (iii) a flexi-
bly modulated band gaps under external strain (from 1.16 eV
to 1.82 eV). This discovery renders HfN, monolayer a promis-

ing 2D material for applications in future microelectronics.
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2. Methods

A global search for the lowest energy stable structure
for HfN, monolayer by using the particle-swarm optimiza-
tion (PSO) method as implemented in CALYPSO code,?”!
which has resoundingly predicted many two-dimensional (2D)
structures.??8-331 More details have been added to the Sup-
porting Information. The structure relaxations are performed
using the density functional theory (DFT) with the Perdew—
Burke—Ernzerhof (PBE)!**! exchange—correlation functional,
as implemented in the Vienna ab initio simulation package
(VASP).[31 A large plane wave cutoff energy of 500 eV with
the energy precision of 107> eV and the force precision of
102 eV was used to ensure the convergence. A 30 A vacuum
slab to avoid spurious interactions in the z direction. To ob-
tain accurate electronic properties, the hybrid Heyd—Scuseria—
Ernzerhof functional (HSE06)*®! was also employed. Spin
orbit coupling (SOC) was considered in the calculation of elec-
tronic band structure due to the existence of heavy elements.
Phonon dispersion is obtained by the density-functional per-
turbation theory®’! and the first-principle MD simulations
within the Canonical ensemble (NVT) ensemble with the time
step of 1 fs at 300 K to evaluate the thermal stability. The tem-
perature is controlled by using the Nosé—Hoover method. 3!
The carrier mobility y was calculated based on the de-

formation theory.**! The carrier mobility u in 2D materials is
given as lp = 3;:;’?%, where 7 is the reduced Planck con-
stant, Cop is the elastic modulus, kg is Boltzmann constant,
T is temperature (set to be 300 K), m* is the effective mass,
and E represents the deformation potential constant along the
transport direction. More detail information is shown in the

supporting information.

3. Results and discussion
3.1. Structural properties

Figure 1(a) presents the top and side views of atomic
structure for HfN, monolayer, in which each Hf atom is sur-
rounded by six N atoms and the Hf atom is in the centers of Ng
trigonal prisms. The structure exposes P6m2 symmetry (space
group No. 187) with hexagonal lattice. The optimized lattice
parameters are a = b = 3.42 A and with Hf at 1f (2/3, 1/3,
1/2) and N at 2g (0, 0, 0.472), respectively. More detail pa-
rameters are shown in the Supporting Information (Table S1).
Calculation of the electron localization functions (ELF) shows
the electron distributions of this HfN, monolayer, as shown in
Fig. 1(b). Clearly, the electrons are mainly distributed and well

delocalized at center between N and Hf atoms, which suggests

the strong covalency in Hf—N bonds.
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Fig. 1. (a) Top and side views of HfN, monolayer; (b) the electron localization function (ELF) with isovalue of 0.75; (c) fluctuation of total
potential energy in the ab initio molecular dynamics (AIMD) simulation at 300 K, and (d) phonon dispersion of HfN, monolayer.
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3.2. Stability properties

The stability of a crystal is important for the experimen-
tal fabrication. The thermal and dynamical stabilities of HfN;
monolayer are first examined via ab initio molecular dynam-
ics (AIMD) simulations and phonon dispersion. Figure 1(c)
shows the fluctuations of the total potential energies and fi-
nal structure of HfN, monolayer at 300 K for 5 ps. The
small fluctuations of energy and integrity of original config-
uration confirm the thermal stability. Meanwhile, there is no
imaginary mode in the whole Brillouin zone, suggesting the
dynamic stability of HfN,; monolayer (Fig. 1(d)). Notewor-
thy, the largest frequency of HfN, monolayer reaches up to
21.2 THz (708 cm™!), which is greater than that in MoS,
(473 cm ™). The large frequency strongly indicates the ro-
bust Hf-N interaction in HfN, monolayer. The good stabili-
ties strongly suggest that 2D HfN, monolayer could survive at
room temperature.

The mechanical properties is also examined by calculat-
ing the elastic constants. The elastic constants are Cj; = Cy =
149.4 N/m, C]2 = C2| =90.3 N/m, and C66 =29.4 N/m. As
a result, this monolayer also meets the mechanical stability
Born criteria (C11Ca — C12C>1 > 0 and Cgg > 0) and has good
in-plane stiffness. In-plane Young’s moduli along x and y di-
rections of HfN, monolayer, which can be deduced from the
elastic constants by E, = (C11Ca — C12C21)/Cx and Ey =
(C11Cx2 — C12C21) /C1 1, are calculated to be 94.8 N/m, which
is lower than that of graphene (334 N/m),/*!! but higher than
that of silicene (61 N/m).[*?l High Young’s modulus suggests
the strong bonding nature. As E is equal to Ej, HfN, mono-
layer is mechanically isotropic. Poisson’s ratio and Young’s
moduli as functions of the arbitrary direction in xy plane were
presented in a 2D polar representation curve (Figs. 2(a) and
2(b)). This figure also shows the isotropic properties.

Although HfN, monolayer has good thermal, dynamic,
and mechanical stabilities, this only means that it is a local
minimum. Note that the global minimum structure has higher
possibility to be realized in experimental process. Is the above
discussed HfN, monolayer the global minimum on the 2D
potential energy surface? To address this issue, the particle
swarm optimization method was performed to global search
for the lowest-energy stable structure for this monolayer. Our
global search shows that the proposed HfN, monolayer has
the lowest energy in our 2D global search space, which holds
a great promise to obtain this monolayer experimentally.

3.3. Electronic properties

The band structure of the lowest-energy HfN, monolayer
is shown in Fig. 2(c). Clearly, it is a semiconductor with a di-
rect band gap. Both VBM and CBM locate at high symmetry
K point. The PBE result gives a direct band gap of 1.46 eV,
which is slightly smaller than that of MoS, (1.67 eV). Con-

sidering that the PBE functional usually underestimates the
band gap, we recalculate the band structure of HfN, mono-
layer using the hybrid functional (HSE06) and find that the
gap widens the gap to 2.68 eV (2.14 eV for MoS,), as shown
in Fig. S1. When considering the spin—orbit coupling (SOC)
effect (Fig. S1), the band gaps reduce to 1.28 eV (PBE+SOC)
and 2.45 eV (HSE+4-SOC). From Fig. S1, there is only a slight
energy level splitting around the K point, and the overall SOC
effect has a negligible influence on the band structure. De-
tailed analysis of different atomic components reveals that the
conduction band minimum is dominated by orbitals of the Hf
atom, whereas the valence band maximum is dominated by or-
bitals of the N atom. Due to the fact that the intrinsic physical
properties would also be affected by the substrate and desir-
able band gap modulation, it is necessary to investigate the
effect of external strain on the electronic properties of HfN,
monolayer. Figure 3 shows the band gaps under biaxial strain
(from —3% to 3%) for HfN, monolayer. Clearly, the external
strain has a rather pronounced effect on the electronic struc-
ture, and the direct band gap can be well maintained. Under
a biaxial compression strain, the band gap of HfN, monolayer
increases with the increasing strain. While under tensile strain,
the band gap decreases. Under the whole strains (from —3%
to 3%), the band gaps decrease from 1.82 eV to 1.16 eV, which
indicates that this monolayer can be flexibly modulated by ap-
plying an easily external strain. This property would endow it
with a wider range of applications in optoelectronic devices.
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Fig. 2. (a) Calculated orientation-dependent Young’s modulus and (b)
Poisson’s ratio; (c) projected band structure with corresponding density
of states for HfN, monolayer at PBE level.
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Fig. 3. Dependence of band gaps under biaxial strain (from —3% to 3%) for HfN, monolayer.

Table 1. Deformation potential constant E, elastic constant Cop, ef-
fective mass m* /me, and carrier mobility 1 at 300 K for electrons and
holes in HfN, monolayer.

EleV  Gp/(N/m)  m*/me  plem?v— s~
x =357 154.42 0.62 447
electron
y -3.86 155.25 0.35 1206
1.13 154.42 0.87 2262
hole
1.36 155.25 0.46 5464

As discussed above, HfN, monolayer possesses a highly
stable and novel electronic structure. To further investigate
its potential applications in 2D electronic and optoelectronic
devices, its electron and hole mobilities at room temperature
are calculated as presented in Table 1. The details for the
electron mobility calculations are provided in the Figs. S2
and S3. According to Table 1, the in-plane stiffness of
HfN, monolayer are 154.42 N/m and 155.25 N/m along the
x and y directions, respectively, implying that this mono-
layer has isotropic mechanical properties. The achieved elec-
tron mobilities are 447 cm?-V~'.s7! and 1206 cm?>-V~!.s~!
along the x and y directions, respectively, which are much
higher than that of MoS, (72.16 cm?.V~!.s~! for x direc-
tion and 60.32 cm>-V~!.s~! for y direction).**! For holes,
the mobilities are all higher than those of electrons, which
are 2262 cm?>-V~'.s7! and 5464 cm?-V~!.s7! along x and y
directions, respectively. It is worth noting that the predicted
hole mobilities are higher than electron mobilities, showing
anisotropic behavior. From Table 1, it can be seen that the
elastic modulus of x direction is almost equal to that of y di-
rection. This anisotropic behavior is mainly originated from
E and m*. The small deformational potential constants are the
main reason for the high carrier mobilities. The exceptionally

high carrier mobility makes HfN,; monolayer compelling can-

didates for applications in electronic devices.

4. Conclusions

In summary, using density functional theory computa-
tions and particle-swarm optimization techniques, we have
successfully predicted a direct-band gap metal-nitride HfN,
monolayer, which is highly stable and exhibits high intrinsic
carrier mobilities. The direct band gap of 1.46 eV is close to
that of MoS; (1.67 eV) at the PBE level, which is well main-
tained under external biaxial strains (from —3% to 3%). This
direct band gap semiconductor is also confirmed by the hybrid
functional with spin—orbit coupling effect (2.45 eV). In addi-
tion, this monolayer also possesses intrinsic acoustic-phonon-
limited carrier mobility (~103 cm?-V~!.s~1), which is higher
than that of MoS; monolayer. Interestingly, the mobility of
holes is larger than that of electrons due to the small defor-
mational potential constants. The direct band gap can be well
maintained and flexibly modulated by applying an easily ex-
ternal strain. The robust direct gap and high carrier mobilities
render 2D HfN, monolayer promising for future high-speed
electronic and optoelectronic devices.

The supporting information gives the details about the lat-
tice parameters of HfN, monolayer (Table S1), band struc-
ture of HfN, monolayer under different exchange—correlation
functional (Fig. S1), and the details for the electron mobility
calculations (Figs. S2 and S3).
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