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Large piezoelectric responses and ultra-high carrier
mobility in Janus HfGeZzH (Z = N, P, As)
monolayers: a first-principles study
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Breaking structural symmetry in two-dimensional layered Janus materials can result in enhanced new
phenomena and create additional degrees of piezoelectric responses. In this study, we theoretically
design a series of Janus monolayers HfGeZzH (Z = N, P, As) and investigate their structural
characteristics, crystal stability, piezoelectric responses, electronic features, and carrier mobility using
first-principles calculations.
dynamically stable and their mechanical stability is also confirmed through the Born—Huang criteria. It is
demonstrated that while HfGeNzH is a semiconductor with a large bandgap of 3.50 eV, HfGePsH and
HfGeAszH monolayers have narrower bandgaps being 1.07 and 0.92 eV, respectively. When the spin—
orbit coupling is included, large spin-splitting energy is found in the electronic bands of HfGeZzH. Janus
HfGeZsH monolayers can be treated as piezoelectric semiconductors with the coexistence of both in-

Phonon dispersion analysis confirms that HfGeZsH monolayers are
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plane and out-of-plane piezoelectric responses. In particular, HfGeZzsH monolayers exhibit ultra-high

DOI: 10.1039/d4na00304g electron mobilities up to 6.40 x 10° cm? V™! s7! (HfGeAszH), indicating that they have potential for

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 14 2024. Downloaded on 08/11/25 11:47:38.

(cc)

rsc.li/nanoscale-advances

1 Introduction

The piezoelectric property of materials demonstrates the ability
to convert energy effectively from electrical to mechanical
energy and vice versa. This property is attracting the attention of
scientists due to its applications in various fields, such as
sensors, nanogenerators, and medical devices."® The correla-
tion between piezoelectricity and the symmetry of the crystal
structure is widely recognized.* A material is classified as
piezoelectric when it possesses a non-centrosymmetric crystal
structure. Recent studies have shown that 2D nanomaterials
have great potential for application in piezoelectric devices
because they possess strong piezoelectric effects.>®
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various applications in nhanoelectronics.

In parallel with the search for new 2D structures, scientists
have succeeded in creating asymmetric Janus structures based on
known symmetric 2D structures, ie. successfully synthesizing
Janus MoSSe sheets.”® The successful fabrication of 2D Janus
materials has provided us with a new approach to studying 2D
structures. As a consequence, many Janus structures have been
proposed and studied systematically.>* Due to the lack of vertical
symmetry, Janus structures possess many outstanding physical
characteristicc compared to their original symmetric
structures.”° Janus materials show diverse application prospects
in various fields, such as electronics, optoelectronics, thermo-
electrics, and water-splitting catalysts.'”° In particular, 2D Janus
materials exhibit adherence to the non-centrosymmetric require-
ment, hence demonstrating their potential as piezoelectric
materials.*»** The piezoelectric effect was predicted in the MoS,
monolayer® and was later confirmed experimentally.>**® Group IV
monochalcogenides have shown strong piezoelectric responses
with a piezoelectric coefficient of 251 pm V~".>” The piezoelectric
effect has also been found in Janus group III chalcogenide
monolayers with an in-plane piezoelectric coefficient of up to 8.47
pm V.28 Besides, the reduction of mirror symmetry in the Janus
structure gives rise to vertical polarization, leading to enhanced
out-of-plane piezoelectricity.”® Very recently, the piezoelectric
effect has been reported in other 2D Janus materials, such as y-
Sn,XY (X/Y = S, Se, Te)*® or WSiZ;H (Z = N, P, As).*

Very recently, a MoSi,N, sheet was successfully experimentally
fabricated,* paving the way for a new 2D family, called the MA,Z,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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family,*” with many interesting application prospects. Soon after,
many MA,Z,-based Janus structures were proposed, including
XMoSiN, (X = S, Se, Te)** and MGeSiP, (M = Ti, Zr, Hf).** Many
novel physical properties have been reported in MA,Z,-based
Janus materials.**®” In this study, we propose the 2D Janus
HfGeZ;H (Z = N, P, As) monolayers and systematically investigate
their crystal structure characteristics, electronic states, elasticity,
and piezoelectric responses as well as the mobility of carriers.

2 Calculation details

The Vienna ab initio simulation package®®** was utilized to
perform first-principles calculations based on the projector
augmented wave approach.*®*! The electron exchange-correla-
tion functional was treated using the generalized gradient
approximation parameterized using the Perdew, Burke, and
Ernzerhof (PBE) functional.*> The hybrid functional suggested
by Heyd, Scuseria, and Ernzerhof (HSE06) was employed to
enhance the precision of electronic band gap analysis.** The
semiempirical DFT-D3 technique was applied for the weak van
der Waals forces, which may be available in the layered mate-
rial.** Spin-orbit coupling (SOC) was incorporated into the self-
consistent computations in order to examine the consequences
of SOC.** The plane wave basis set's energy cutoff was set at
650 eVand a 12 x 12 x 1 k-point mesh grid was used to sample
the Brillouin zone integration. Atom positions in the crystal
were totally relaxed until the forces on each atom were lower
than 1 x 107> eV A%, The energy convergence threshold was
chosen tobe 1 x 107° eV. A 35 A vacuum space was inserted into
the vertical axis to reduce the interlayer interactions. We used
the frozen-phonon technique as performed using the PHO-
NOPY code to compute the phonon spectra.** The thermal
stability of the investigated structures was examined via ab initio
molecular dynamics (AIMD) simulations at a constant temper-
ature of 300 K with a canonical ensemble within 10 ps (time step
of 1 fs). To rectify the dipole moment built in the asymmetric

HfGeZsH
(Z=N, P, As)

Fig. 1 Crystal structures of Janus HfGeZzH (Z = N, P, As) monolayers
in the (a) top and (b) side views.
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material, we added the dipole correction to our calculation. The
elasticity and piezoelectricity were investigated using the strain—
stress relationships and density functional perturbation theory
(DFPT). The deformation potential technique was employed in
order to examine carrier mobility in the studied structures.*’

3 Results and discussion

3.1 Crystal structure and stability

The optimized crystal structure of the Janus HfGeZ;H (Z = N, P,
As) monolayers is shown in Fig. 1. The unit cell of Janus
HfGeZ;H, as denoted by the rhombus in Fig. 1(a), consists of six
atoms, including three Z atoms, one H atom, one Hf atom, and
one Ge atom. It is calculated that the lattice parameter a of
HfGeZ,H is from 3.16 to 3.88 A, which depends on the atomic
size of the Z element. Due to the small atomic size of N
compared with P and As the values of the structural parameters
of HfGeN;H are much lower than those of HfGeP;H and
HfGeAs;H as revealed in Table 1. The lattice parameters for the
Janus HfGeZ;H monolayers are comparable to those of
HfGe,Z,.**

To evaluate the possibility of Janus HfGeZ;H monolayers
being fabricated experimentally, we investigated their stability
by calculating their phonon dispersion and cohesive energies.
Fig. 2(a) presents the phonon spectra of all examined
compounds. It is indicated that there are 18 vibrational
branches in the Brillouin zone due to the presence of six atoms
in the unit cell. As shown in Fig. 2(a), there are certain frequency
ranges where the optical modes and acoustic modes coexist,
which could result in strong acoustic-optical scattering in the
studied structures. Besides, we can observe a large distinct
phononic gap in the optical region in the phonon dispersion of
Janus HfGeZ;H monolayers. This is due to the large difference
in mass between the constituent elements in the examined
compounds. Notably, the vibrational branches all contain real
frequencies in the whole first Brillouin zone, reflecting the
dynamically stable structure of these Janus monolayers.
Furthermore, we performed AIMD simulations to verify the
thermal stability of the examined structures at room tempera-
ture. The calculated results for the variations in the temperature
during AIMD simulation of HfGeZ;H monolayers are revealed
in Fig. 2(b). It is indicated that the temperature fluctuations are
small at around 300 K and the crystal structures of HfGeZ;H
remain robust throughout the 10 ps of AIMD simulation. There
is neither chemical bond breaking nor structural phase transi-
tion during AIMD simulation. These support the hypothesis
that the HfGeZ;H monolayers are thermally stable. Indeed, we
explore the cohesive energy to examine the bond strength

Table1 Lattice constanta (A), thickness h (A) bond length d (A), cohesive energy E o, (€V per atom), and Bader charger q (|e|) of atoms for Janus

HfGeZzH monolayers

a h dy d, ds d, ds Econ quf qGe qz, qz, qz, qu
HfGeN;H 3.16 5.88 1.02 2.18 2.19 1.87 1.91 —7.28 —1.933 —1.577 1.067 1.406 1.128 —0.092
HfGeP;H 3.74 7.65 1.42 2.60 2.60 2.31 2.39 —6.47 —0.731 —0.010 —0.206 0.493 —0.051 0.506
HfGeAs;H 3.88 8.05 1.53 2.70 2.69 2.42 2.50 —5.05 —0.631 —0.070 —0.306 0.555 —0.107 0.558

© 2024 The Author(s). Published by the Royal Society of Chemistry

Nanoscale Adv., 2024, 6, 4128-4136 | 4129


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00304g

Open Access Article. Published on 14 2024. Downloaded on 08/11/25 11:47:38.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Nanoscale Advances Paper
(@  3500F . 2500
30001 2000 1
2000 - 1
o L HfGeN;H ] o0 HfGeP;H E HfGeAs;H
2 2500 eNs » eFs = 1500 | A :
8/ 2000 L i 8/ 1500 r 1 \9/
g g g 1000
=] (=1 =1 - 4
o 1500 1 5} L ] 15}
% 1000 % . %
59 —_ | 59 500 £ ] 59 500 | i
500 E E|
===
T M K T

Temperature (K)

HfGeP;H HfGeAs;H

0 2 4 6 8§ 100 2
Simulation time (ps)

Simulation time (ps)

6 8 10

Simulation time (ps)

Fig. 2 Phonon dispersion (a) and variations of temperature during AIMD simulation at room temperature (b) of Janus HfGeNzH, HfGePzH, and

HfGeAszH monolayers.

between atoms in the Janus configurations. Cohesive energy per
atom is determined according to the following formula:

(Eur + Ece + 3Ez + En)

Etot -
: , 1)

Eeon =

where E,,. denotes the total energy of Janus HfGeZ;H; Eyy, Ege,
Ey, and E; are the energies of single atoms Hf, Ge, H, and Z,
respectively.

Our computed results show that the cohesive energy, which
is calculated using eqn (1), has a negative value, as presented in
Table 1, confirming the energetic stability of the examined
monolayers. The values of E.,, are calculated to be —7.28,
—6.47, and —5.05 eV per atom for HfGeN;H, HfGeP;H, and
HfGeAs;H, respectively. Thus, the most energetically stable
structure is HfGeN;H. This is consistent with the fact that the
shorter the chemical bonds, the stronger the bond. Further-
more, we also carry out a Bader charge analysis to get insight
into the charge transfer between the atoms in the considered

compounds. In Table 1, we report the computed results for the
atomic Bader charges. It is easy to see that the H atom loses
a small amount of charge in the 2D compound HfGeN;H. For
the other compounds, most of the effective electrons move to
the H atom. Besides, we observe that the Hf and Ge atoms lose
their charges.

3.2 Electronic characteristics

We here discover the intriguing electronic features of the 2D
HfGeZ;H systems. We first explore the band structures of
HfGeZ;H as presented in Fig. 3. It is demonstrated that while
HfGeN;H is a wide direct bandgap semiconductor, both
HfGeP;H and HfGeAs;H are semiconductors with narrower
indirect bandgaps. The calculated values for the bandgap of
HfGeN;H, HfGeP;H, and HfGeAs;H are 2.28, 0.41, and 0.29 eV,
respectively. Although the PBE method is a popular method for
predicting the electronic characteristics of materials, this
method is known to underestimate the accuracy of bandgaps of

@ 6 PBE HSE06 ® 6 © 6 PBE HSE06
a 1 F T N [ - Y
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Fig. 3 Band structures of (a) HfGeNszH, (b) HfGePsH, and (c) HfGeAszH at the PBE and HSEO6 theoretical levels.
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Table 2 The PBE/HSE06/PBE + SOC bandgap E4 (eV), spin-splitting
energy A (eV), vacuum level difference A® (eV), and work function @ of
HfGeZsH monolayers

EgBE Egsms EgB]-}soc e Ag on .
WSIN;H 2.28 3.50 2.21 0.30 2.66 3.36 6.02
WSiP;H 0.41 1.07 0.36 0.26 0.68 2.70 3.38
WSiAs;H 0.29 0.92 0.17 0.36 0.19 2.68 2.87

semiconductors and insulators as demonstrated by Perdew and
Levy.** The GW approximation® or hybrid functionals, such as
HSEO06,* are considered a suitable solution for tuning the band
diagrams of semiconductors. At the HSE06 theoretical level, the
bandgaps of HfGeN;H, HfGeP;H, and HfGeAs;H are predicted
to be 3.50, 1.07, and 0.92 eV, respectively. It is clear that due to
the larger atomic radii of P and As compared to N, there is
areduced overlap of atomic orbitals in HfGeP;H and HfGeAs;H,
which results in their bandgaps being smaller than that of
HfGeN;H. By using the PBE functional, the computed bandgaps
of HfGeZ;H are much narrower than those evaluated by the
HSE06 approach. The computed data for the bandgaps of
HfGeZ;H are presented in Table 2.

When compounds are formed from heavy elements, the SOC
significantly influences their electronic characteristics. The
electronic landscape of 2D layered materials is enhanced by the
SOC effect, which renders them adaptable to a variety of
applications ranging from traditional electronics to cutting-
edge domains such as valleytronics and spintronics. The SOC
can remove the degeneracy of electronic states, leading to
energy splitting in the electronic bands, and can also modify the
band gap of the studied structures. The strength of SOC in 2D
structures can be tuned in different ways, including structural
modifications, particularly in structures with a lack of inversion
symmetry. Enhanced SOC in 2D structures could be useful for
applications in spintronic devices, where the spin degree of
freedom is a key parameter for spintronics. To evaluate the
influences of the SOC on the electronic features of HfGeZ;H, we
determined their energy band structures using the PBE + SOC

View Article Online
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approach as depicted in Fig. 4. When the SOC is taken into
account, spin degeneracy is eliminated and there is spin split-
ting in the band structure of the studied materials. It is shown
that a large spin-splitting energy A. is found at the k point of the
conduction band. The calculated value of A. for HfGeN;H,
HfGeP;H, and HfGeAs;H is found to be 0.30, 0.26, and 0.36 eV
respectively. In the presence of the SOC effect, the bandgap of
HfGeZ;H is slightly reduced. The PBE + SOC bandgaps of
HfGeN;H, HfGeP;H, and HfGeAs;H are respectively 2.21, 0.36,
and 0.17 eV as revealed in Table 2.

In Fig. 5, we reveal the weighted bands of HfGeZ;H to better
see the contribution of atomic orbitals in the formation of their
electronic band structure. As depicted in Fig. 5, we can see that
the tendency to form the band structure is similar in all inves-
tigated monolayers. It is indicated that the conduction band
minimum (CBM) of HfGeZ;H monolayers is mainly contributed
by the Hf-d orbitals. Meanwhile, the p orbitals of the group V
elements (N, P, and As) play a major role in forming the valence
band, particularly around the valence band maximum (VBM).
The Hf-d orbitals also have a significant contribution to the
valence band near the Fermi level.

One of the essential electronic properties that we need to
investigate is the electrostatic potential and work function. The
work function tells us about the ability of electrons to escape
from the material, and it depends on the vacuum level E, and
Fermi level Ef as ¢ = E, — E; Since Janus structures have
a vertically asymmetric crystal structure with atomic layers of
different electronegativities, polarization exists along the
vertical direction. In other words, the lack of mirror symmetry
causes an out-of-plane polarization in the Janus structure. It
should also be noted that large differences in electronegativity
between the surfaces will directly affect the value of the out-of-
plane piezoelectric constants. Therefore, when evaluating the
electrostatic potential of Janus materials, we need to include the
dipole correction in the calculations for the electrostatic
potential. Fig. 6 shows the electrostatic potential of the inves-
tigated monolayers with dipole corrections. It is easy to recog-
nize the asymmetry in the shape of the electrostatic potential,
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Fig. 4 Band structures computed by the PBE + SOC approach of (a) HfGeNzH, (b) HfGePsH, and (c) HfGeAssH monolayers.
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Table3 Elastic constants C; (Nm ™)

m™Y), diy (pm V™), and ds; (pm VY of Janus HfGeZzH

View Article Online
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. Young's modulus Yap (N m ™), Poisson's ratio », and piezoelectric coefficients ey, (1072 Cm™3), e5; (10720 C

Cn Ciz Cee Yop v €11 €31 diy d3
HfGeN;H 274.66 100.87 86.89 237.61 0.37 2.77 0.32 1.59 0.09
HfGeP;H 115.64 39.43 38.10 102.19 0.34 —0.65 0.14 —0.86 0.09
HfGeAs;H 100.67 37.87 31.40 86.42 0.38 —1.12 0.02 —1.78 0.01

which is attributed to the structural asymmetry of Janus
systems. Besides, because the sides of the Janus system are
made up of different atoms, the vacuum levels on the two sides
are also different, leading to unequal work functions on the two
sides of the systems. It is calculated that the vacuum level
difference A¢p between the two sides decreases as the Z element
changes from N to As. The computed values for HfGeN;H,
HfGeP;H, and HfGeAs;H are 2.66, 0.68, and 0.19 eV, respec-
tively. The obtained values of the vacuum level difference and
the work function at the two surfaces of the Janus material are
detailed in Table 3. The calculation results reveal that the work
functions at the two sides for the three HfGeZ;H systems go
from 2.68 to 3.36 €V. Indeed, the values for the work function
and the vacuum level difference gradually decrease with the
increasing atomic number of element Z. In each given Janus
system, the work function at the H surface is smaller than that
at the Z side. In other words, it is more difficult for electrons to
escape from the Z surface than from the H one.

3.3 Piezoelectric effect

Piezoelectricity is a crucial property of materials that enables
the transformation of mechanical energy into electrical energy
or vice versa. A piezoelectric semiconductor is subject to
significant limitations due to its crystalline symmetry. The
occurrence of piezoelectric effects is limited to structures that
lack centrosymmetry. The piezoelectric features of HFGeZ;H
materials can be attributed to their noncentrosymmetry,
resulting in both in-plane and out-of-plane piezoelectric effects.
Recent experimental measurements show good agreement
between experimental results® and previous DFT calculations®
for piezoelectric coefficients in 2D MoS, monolayers. Piezo-
electricity refers to the ground-state characteristics that are
strongly associated with polarization. Therefore, DFT calcula-
tions have been demonstrated to be a reliable method for pre-
dicting piezoelectric coefficients.

Initially, we compute the elastic stiffness coefficients Cj,
which are essential for determining the piezoelectric coeffi-
cients. Based on Cy, we can also evaluate the elastic stability as
well as the basic mechanical characteristics of the material. The
elastic stiffness coefficients C; are determined using the
energy-strain relationships. Here, the relaxed-ion coefficients,
whose positions of the atoms were relaxed at each value of
strain, are calculated. The relaxed-ion coefficients are antici-
pated to exhibit greater consistency with experimental
measurements than the clamped-ion coefficients.® Table 2
summarizes our calculated results for the relaxed-ion elastic
constants Cy4, C15, and Cge. Importantly, the obtained values of

© 2024 The Author(s). Published by the Royal Society of Chemistry

C;; for HfGeZ;H satisfy the criterion for mechanical stabilities
proposed by Born and Huang in 2D materials (Cy; > 0 and Ci>
— C1,> > 0),5*%* ensuring that our predicted Janus monolayers
are mechanically stable. Based on the results of these elastic
constants, we obtain Young's modulus Y, and Poisson's ratio »
as follows:

Ci? = 2
Yop = ——— 12 2
D c (2)
C]2
y= 12 3
C]] ( )

Our results show that Janus compounds HfGeZ;H possess
isotropic mechanical properties, which are attributed to their
isotropic structure. Table 2 reveals that the Young's modulii of
HfGeN;H, HfGeP;H, and HfGeAs;H are 237.61, 102.19, and
86.42 N m™', respectively. Young's modulus of HfGeZ;H is
comparable to that of MoGeZ;H;** however, it is much smaller
than that of graphene. It reflects that HfGeZ;H monolayers are
predicted to be mechanically flexible structures.

The modern theory of polarization has revealed that the
change in polarization e;; when uniaxial strain is applied is the
basis for evaluating the linear piezoelectric coefficient d;.>* In
2D materials, the linear piezoelectric effect may be understood
as a first-order coupling between the surface polarization (P;)
and the strain (ey) or stress (o) tensors. Here, i, j, k € {1, 2, 3}
and 1, 2, and 3 correspond respectively to x, y, and z.

The piezoelectric tensors e;; and dy; are third-rank tensors,
which are evaluated according to the following expression:*

OP,-
g 4
e’]k aejk ? ( )
JP;
d, = 2
ijk aa/k (5)

The crystallographic symmetry element is used to determine
the degree of piezoelectric response in 2D materials. In the case
of Janus asymmetric HfGeZ;H, which belongs to the point
symmetry group P3ml, it simultaneously possesses in-plane
(e11) and out-of-plane (e3;) piezoelectric coefficients. We can
calculate e;; and e;; by introducing uniaxial strain along the x
axis of the orthorhombic supercell using the density functional
perturbation theory. The coefficients d; are then calculated
according to the expression:*®

(6)
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€31

dy = ——r.
! Ch+Ci

)

Table 2 presents the computed results of the piezoelectric
coefficients of HfGeZ;ZH. The piezoelectric coefficient ey, is the
largest in the Janus HfGeN;H monolayer (2.77 x 107 Cm™),
while the magnitude of dy; is the largest in the HfGeAs;H
monolayer (—1.78 pm V'). These values are smaller than the
corresponding piezoelectric coefficients in structurally similar
compounds such as MoGeZ;H* and WSiZ;H.*®* More impor-
tantly, the out-of-plane piezoelectric coefficients in Janus
structures are non-zero, resulting from the breaking of mirror
symmetry due to different atoms at the two surfaces of the
material. Specifically, the values of e3; are 0.32 x 107'°,0.14 x
107'%, and 0.02 x 107'° C m™* for the HfGeN;H, HfGeP;H, and
HfGeAs;H monolayers, respectively. These results reflect that
the HfGeN;H monolayer has the highest e;; among the studied
monolayers, which is comparable to that of similar Janus
structures such as MoGeZ;H*>* and WSiZ;H.*® In addition, the
out-of-plane piezoelectricity d;; of HfGeZ;H monolayers has
a value ranging from 0.01 to 0.09 pm V', The obtained values
of d3; are close to that in the Janus WSiZ;H monolayer.*® The

View Article Online
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above results reveal that 2D Janus HfGeZ;H systems are suitable
for piezoelectric applications.

3.4 Carrier mobility

2D semiconductors with high carrier mobility offer great
potential for high-speed nanoelectronics. In the last section, we
investigate mobilities of carriers (electron/hole) of Janus
HfGeZ;H using the deformation potential (DP) theory suggested
by Bardeen and Shockley.”” The carrier mobility u,p for a 2D
nanostructure is written as:*’

_ eh3 C2D
T kg Tm*mtER’

Hop (8)
where e denotes the electron charge, kg is the Boltzmann's
constant, and /% is the reduced Plank's constant. m* is the
effective mass and the average effective mass is given by
m = ,/mymy,. The temperature is marked by 7. C,p, denotes the
elastic modulus and E; refers to the DP constant. The rectan-
gular supercell is chosen to calculate the carrier mobilities of
the studied structures with 7= 300 K.

The effective mass m*, elastic modulus C,p, and DP constant
E) are defined using

(a) —94.155 — : , . . —73.080 —67.650 — , , : ,
| W x direction 1 L M x direction W x direction
o ~94.160 2 direction 73.083 A y direction ~67.653 A y direction 1
)
:;D —94.165} Cip=150.71 N/m 1 =73.086 1 Cop=73.49 N/m Cyp=64.07 N/m
B 2, = 150.78 N/m C=73.51 N/m =67.656 1 Clp=64.09 N/m 1
8 _94.170} -73.089
| —67.659 1
& _94.175} {13092
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94.180 —73.095 {1 —67.662 1 1
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Fig. 7 (a) The total energy shifting and (b) positions of the CBM/VBM in HfGeZsH monolayers as functions of the uniaxial strain e,

Table4 Computed effective mass of carriers m* (in units of mass of a free electron my), 2D elastic modulus C»p (N m™), DP constant £, (eV), and
mobility of carriers u (cm? V ! s of HfGeZzH along the x/y transport directions

m, my Con* Cop’ E* E P ™
Electron HfGeN;H 2.49 1.38 150.71 150.78 ~8.09 ~7.96 10.65 19.84
HfGeP;H 0.23 0.53 73.49 73.51 —1.77 ~1.90 6.26 x 10° 2.35 x 10°
HfGeAs,H 0.23 0.53 64.07 64.09 —1.64 ~1.80 6.40 x 10° 2.31 x 10°
Hole HfGeN;H 1.48 2.26 150.71 150.78 —5.69 —6.62 36.77 17.69
HfGeP;H 0.82 0.90 73.49 73.51 ~5.01 512 89.07 76.92
HfGeAs;H 0.77 0.83 64.09 64.09 —4.76 —4.87 97.35 86.88
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Ey = Sl (1)
Euni

where E(k) is the dispersion at the band edges, Q, refers to the
area of the optimized unitcell, E, indicates the total energy,
AE.qg. refers to the change in band-edge energy referencing to
the vacuum level, and ¢,,; denotes the uniaxial strain applied
along the examined transport directions (x/y).

It is demonstrated that the effective masses of electrons in
HfGeP;H and HfGeAs;H monolayers are small, indicating that
they exhibit high electron mobility. The effective mass of elec-
trons along the x direction m.® is found to be 0.23m, (m, is the
free electron mass) for both HfGeP;sH and HfGeAs;H mono-
layers. Meanwhile, the values of m, and m,¢ for HfGeN;H are
calculated to be 2.49m, and 1.38my,, respectively. This is because
the radius of curvature of dispersion around the CBM of
HfGeN;H is larger than that of HfGeP;H and HfGeAs;H. The
larger the radius of curvature (the flatter the dispersion), the
larger the effective mass because the effective mass is inversely
proportional to 9*E(k)/dk> as written in eqn (9). Fig. 7 shows the
uniaxial strain-dependence of the total energy and band-edge
positions in HfGeZ;H monolayers. From Fig. 7, we can see
that both C,p and E) exhibit quite directionally isotropic along
the two transport axes. The calculated results for the transport
parameters, including carrier mobilities, of HfGeZ;H mono-
layers are tabulated in Table 4. Our results reveal that the
electron and hole mobilities exhibit directional anisotropy
because the values of u. and uy, are different along the x and y
directions. This is mainly due to the directional anisotropy of
effective mass as mentioned above. As revealed in Table 4,
HfGeZ;H monolayers exhibit low hole mobility, ranging from
17.69 to 97.35 cm® V™! s71. Meanwhile, due to the low electron
effective mass, both HfGeP;H and HfGeAs;H have ultra-high
electron mobility, up to 6.40 x 10°> cm”® V" s~ ', This suggests
that HfGeP;H and HfGeAs;H monolayers are excellent candi-
dates for applications in electronic devices due to their high
electron mobility.

4 Conclusive remarks

The structural stabilities and basic physical properties of 2D
Janus HfGeZ;H (Z = N, P, As) monolayers were theoretically
studied based on the first-principles method. Janus HfGeZ;H
monolayers are predicted to be energetically, dynamically, and
mechanically stable. Our first-principles simulations demon-
strated that HfGeZ;H monolayers are all semiconductors with
high electron mobilities up to 6.40 x 10° cm® V' s, The
influences of the SOC on the band diagrams of HfGeZ;H are
significant; in particular, a spin-splitting energy of up to 0.36 eV
has been observed in Janus HfGeAs;H monolayers. Besides the
in-plane piezoelectric effect, vertical polarization due to the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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symmetry breaking in Janus HfGeZ;H gives rise to out-of-plane
piezoelectric responses with ds; ranging from 0.01 to 0.09 pm
V. Janus HfGeZ;H monolayers can be proposed for various
applications due to their versatile electronic features, high
electron mobility, and strong piezoelectric response.
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