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ARTICLE INFO ABSTRACT

Keywords: In this article, we theoretically propose a series of TiGeZ;H (Z = N, P, As) monolayers and comprehensively
Two-dimensional Janus materials investigate their structural, vibrational, piezoelectric, electronic, and transport properties using first-principles
Rf“m“‘ ac‘i."i‘ty simulations. The structural stability of the suggested monolayers is verified by phonon dispersion analysis, ab-
g:ﬁ:f:“sgzs initio molecular dynamics calculations, and Born-Huang mechanical stability criteria. Based on the calculations

for the mechanical response, it is shown that TiGeN;H is the stiffest material compared to the other
two structures with Young’s modulus found to be 252.11 Nm~!. Besides, we also examine the vibrational
characteristics of TiGeZ,H through the analysis of their phonon spectra and Raman active modes. Due to the
broken vertical mirror symmetry, TiGeZ;H monolayers possess both out-of-plane and in-plane piezoelectric
responses, in particular, the out-of-plane piezoelectric coefficient of TiGeAs;H is computed to be up to
—0.42 pm/V. Janus TiGeZ;H monolayers are found to be indirect semiconductors with decreasing bandgap as Z
changes from N to As. Particularly, the Rashba spin splitting is found in TiGeAs;H when the spin—orbit coupling
is taken into account. The calculations for the transport features indicate that while TiGeN;H monolayer
exhibits low electron mobility, both TiGeP;H and TiGeAs;H have electron mobility u, over 400 cm?V-1s-1,

Carrier mobility

which is suitable for applications in electronics.

1. Introduction

The successful fabrication of graphene monolayer is an impor-
tant milestone in the fields of material sciences, especially layered
two-dimensional (2D) nanostructures [1]. Over time, 2D layered mate-
rials have shown that they are versatile materials with diverse crystal
structures [2-4]. The physical properties of 2D materials depend sig-
nificantly on the composition of the compound, the number of atomic
layers, the symmetry of the structure, and so on [5,6]. Recently, a
high-quality MoSi,N, monolayer was successfully synthesized by the
common experimental method, namely chemical vapor deposition [7],
creating a new 2D material family called the M A, Z, family (M belongs

to transition metals, A is C, Si, or Ge, and Z refers to a pnictogen atom
N, P, or As) [8]. M A,Z, materials have attracted the community’s at-
tention because they have many extraordinary physical characteristics.
For example, a septuple-atomic-layer MoSi,N, monolayer, which can
be formed by stacking MoN, layer between two Si-N bilayers, is a non-
magnetic semiconductor [7,8] even though MoN, is a ferromagnetic
metal [9]. M A,Z, monolayers exhibit a good Raman intensity [10]
and high lattice thermal conductivity [11].

Due to the diversities of composition in the compound, MA,Z,
materials are a significant category of 2D materials that provide specif-
ically customized physical characteristics to fulfill the requirements of
various applications. Furthermore, the M A, Z,-based heterostructures
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have many outstanding features, such as MoSi,N,/NbS, possesses an
ultra-low Schottky barrier height [12], MoSi,N,/MoS, heterostructure
possesses large photocurrent density up to 1.6 mA cm~2 [13], or
MoGe,N,/BP heterostructure is predicted to be suitable for optoelec-
tronic device applications [14]. More specifically, several asymmetric
Janus structures based on MA,Z,, such as XMoSiN, (X = S, Se,
Te) [15], WSiGeN, [16], or HfSiGeN, [17], have been modeled and
theoretical calculations have shown that these structures have a sta-
ble crystalline structure with superior physical features. Motivated by
the successful experimental synthesis of Janus asymmetric structures,
namely Janus MoSSe [18,19], theoretical and modeling studies on 2D
asymmetric structures, including Janus based-M A,Z, materials [20,
21], have received increasing attention. Recent research results show
great application prospects of asymmetric structures in various fields of
electronics, spintronics, and optoelectronics [22,23].

Here, we theoretically propose a series of TiGeZ;H (Z = N, P,
As) monolayers and comprehensively explore their structural stability,
vibrational characteristics and Raman activities, piezoelectricity, elec-
tronic properties, and carrier mobility via first-principles simulations.
Our computed results reveal that TiGeZ;H monolayer, which can be
made from TiGe, Z, monolayer by substituting the top S-N layer with
one H layer, has a stable crystal structure and good Raman activities.
Janus TiGeZ;H monolayers shows a remarkably piezoelectric response
and high electron mobility.

2, Computational details

All first-principles simulations were conducted using density func-
tional theory (DFT) with the projector augmented wave (PAW) tech-
nique [24,25], as implemented in the Vienna ab initio simulation
package (VASP) [26,27]. The exchange—correlation energy was evalu-
ated using the generalized gradient approximation (GGA) proposed by
Perdew, Burke, and Ernzerhof (PBE) [28]. To enhance the comprehen-
sive examination of the electronic bandgap, we incorporated the hybrid
functional suggested by Heyd, Scuseria, and Ernzerhof (HSE06) [29].
The self-consistent calculations incorporated the inclusion of the spin—
orbit coupling (SOC) [30]. A cutoff energy of 600 eV was chosen for
the plane-wave basis set and the integration of the Brillouin zone (BZ)
was performed using a 12 x 12 x 1 k-point mesh grid. A convergence
threshold of 1076 eV was chosen for the total energy and the positions
of the atoms were loosened until the Hellmann-Feynman forces on each
atom were smaller than 10~3 eV/A during the structural optimization.
To prevent interactions between periodic slabs, a vacuum space of 30 A
was introduced vertically. We used the finite displacement technique
to examine the phonon dispersion based on PHONOPY code [31]. A
4 x 4 x 1 supercell was employed for calculations of the phonon
spectrum. The ab initio molecular dynamics (AIMD) simulation was
examined at a constant temperature of 300 K with a canonical ensemble
to test the thermal stability of the investigated structures. The total test
time is 10 ps with a time step of 1 fs. We used the dipole layer method,
which was implemented in the VASP, to correct the dipole moment re-
sulting from the broken mirror symmetry in Janus structures. The finite
displacement technique implemented in the VASP was used to calculate
the Raman activities in the proposed structures. The Raman activity of
each phonon branch at the I' point in the BZ was obtained by taking
the derivative of the macroscopic dielectric tensor [32]. The elastic
and piezoelectric coefficients were evaluated by employing strain-
stress relationships and density functional perturbation theory (DFPT).
In order to examine the carrier mobilities, we used the deformation
potential (DP) method as described by Bardeen and Schokley [33].

3. Results and discussion
3.1. Crystal structure and stability
Crystal structures of TiGeZ;H (Z = N, P, and As) monolayers are

depicted in Fig. 1. The unit-cell of TiGeZ;H contains six atoms, includ-
ing one Ti, one Ge, one H, and three Z atoms. The crystal structure of
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TiGeZ;H monolayer belongs to the P3ml space symmetry group. The
lattice constants a of TiGeZ;H monolayers are simulated to be 3.03,
3.62, and 3.76 A corresponding to Z = N, P, and As, respectively. The
value of a for TiGeZ;H increases with the increase in the size of the
atomic radius of Z atom from N to As. Table 1 reveals the computed
results for the crystal structure parameters for TiGeZ;H monolayers. It
is demonstrated that the monolayer thickness A of TiGeN;H, TiGeP;H,
and TiGeAs;H monolayers are 5.81, 7.53, and 7.97 A, respectively.
The large differences in thickness between studied monolayers are due
to large differences correspondingly in the interatomic bond lengths
between the monolayers. For example, the Z-H bond length d; for
TiGeN;H is 1.03 A, which is much smaller than that for TiGeAs;H
(1.53 A), as revealed in Table 1. It should also be noted that the Janus
ZrGeZ;H (Z = N, P, and As) structures have also been reported in a
recent work [34]. However, with the large difference in atomic size
between Ti and Zr, there should be a large difference in the lattice
constants of TiGeZ;H and ZrGeZ;H. For example, the lattice constant
of TiGeN;H is 3.03 f\, which is significant smaller than that of ZrGeN3H
(3.18 A) [34]. Since the physical properties, especially the electronic
and transport properties of 2D materials are highly dependent on the
perfection of the crystal structure, the difference in crystal structure
between these two groups of materials can lead to many differences in
their physical properties.

To evaluate the physical viability of TiGeZ;H monolayers, we sys-
tematically test the stability of their crystalline structure. Firstly, we
analyze the cohesive energy per atom E_, to evaluate the strength
of the interatomic chemical bonding in the studied structures. For
TiGeZ;H monolayers, E_,; can be calculated via the expression as:
E. - (N1iEri + NgeEge + NzEz + NyEy) — Ei
coh = Nri+ NG, + Nz + Ny ’

where E,, is the monolayer total energy. The energy of the isolated
element A (A = Ti, Ge, Z, and H) is denoted by E, and N, indicates
the number of A atoms in the unitcell.

The computed values of E_, for TiGeZ;H are revealed in Table 1.
It is indicated that the values of E_, for TiGeN;H, TiGeP;H, and
TiGeAs;H monolayers are 6.85, 5.12, and 4.68 eV/atom, respectively.
The positive value of E_;, confirms the energetic stability of TiGeZ;H.
The value of E_, for Janus TiGeN;H is estimated to be 6.85 eV/atom,
which is higher than that of TiGeP;H, and TiGeAs;H monolayers,
implying that TiGeN;H is more energetically stable than TiGeP;H and
TiGeAs;H monolayers. The greater the cohesion energy, the stronger
the chemical bond. Computed results show that the chemical bonds in
TiGeN,H are the strongest, which is consistent with the obtained results
for structural parameters that the length of the chemical bonds in
TiGeN;H monolayer are shorter than those in other studied materials.

To provide further context for understanding the nature of the
chemical bonding, we show the electron localization function (ELF)
of TiGeZ;H in Fig. 1(b). In the ELF contours, the electron accumula-
tion/depletion is denoted by the blue/red color. It is demonstrated that
strong electron localization is found near the hydrogen atom. Also, we
can see a high charge density around the Z atoms, specifically the Z(3)
atom (bottom Z atom). Meanwhile, a quite low charge density is found
around both Si and Ge atoms.

In Fig. 1(c), we reveal the phonon dispersion of TiGeZ;H to analyze
their dynamical stabilities. Due to the unitcell containing six atoms,
phonon dispersion of TiGeZ;H has 18 vibrational modes. Three acous-
tic phonon modes are found in the low-frequency region. There are 15
optical phonon modes are available in the higher regions. It is demon-
strated that there is no phononic gap between acoustic optical phonon
vibrations, suggesting the strong optical-acoustic scattering available in
TiGeZ;H monolayers. With strong optical-acoustic scattering, TiGeZ;H
monolayers can be exhibited low-thermal conductivity. However, one
distinct phononic gap in the optical vibrational region is observed in
all three studied structures. This distinct phononic gap is found within
the frequency ranges of 850-3350, 500-2300, and 400-2100 cm™!
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Fig. 1. (a) Crystal structure, (b) ELF contour map, and (c) phonon dispersions of 2D Janus TiGeZ,H monolayers. Electron depletion and accumulation are indicated respectively

by the blue (0.0) and red (1.0) regions in ELF maps (b).

Table 1

Lattice constant a (1\), bond lengths d (A), bond angle ¢ (°), thickness 4k (1\), and cohesive energy E, (eV/atom) of TiGeZ,H

(Z =N, P, and As).

a d, d, d3 dy ds Oz Ptz Paizce Pazcez A4k Econ
TiGeN;H 3.03 1.03 209 210 1.88 186 122.90 66.23 123.33 109.62 5.81 6.85
TiGeP;H 3.62 142 251 249 231 2.34 12349 66.34 122.84 116.88 7.53 5.12

TiGeAs;H 3.76 153 261 259 242 245

123.81 66.91 123.10 117.80 7.97 4.68

for TiGeN;H, TiGeP;H, and TiGeAs;H, respectively. The presence of
this large gap is a consequence of the differences in the atomic mass
between the constituent elements in the considered structures.

It is important to note that no soft modes (imaginary frequency)
are available in the phonon spectra of studied TiGeZ;H materials. The
negative frequencies are the signal that the studied structure might
be unstable because the restore forces, which are against the atom
displacement, are eliminated. Obtained results for phonon dispersion
indicate that TiGeZ;H monolayers are all dynamically stable. Besides,
the AIMD test is performed to analysis of the thermal stabilities of
TiGeZ;H materials. In Fig. 2, we present the obtained simulations for
the total energy variations to time at room temperature of TiGeZ;H
monolayers by the AIMD. It is revealed that the total energies of
TiGeZ;H monolayers change slightly, only about 0.5 eV, within 10 ps
period of the AIMD test. The crystalline structures after 10 ps of
the TiGeZ;H monolayers remained robust. Neither the breaking of
chemical bonds nor any structural phase transition was detected. This
confirms the thermodynamical stability of the studied materials at room
temperature.

3.2. Raman active modes and vibrational properties

When figuring out the physical characteristics of materials, the
Raman spectrum is extremely important. Raman spectroscopy is a
non-destructive analytical technique that provides detailed information
about the structural and physical properties of the considered mate-
rials [35]. One can use Raman spectroscopy to distinguish between
different crystalline phases of a material [36,37]. The number of layers
in 2D layered structures can be determined by Raman spectroscopy [38,
39]. The intensity and position of certain Raman peaks are sensitive
to the layer thickness [40]. Besides measuring the Raman spectrum

experimentally, we can determine the Raman activities of materials by
DFT calculations through deriving the macroscopic dielectric tensor at
the I' point within small difference method [41]. Since the symmetry
of TiGeZ;H (Z = N, P, As) monolayers belong to P3m1 (No. 156) space
group, the corresponding irreducible representation of the phonon
branches at the I' point can be represented as Ipjqon = 6A; +6E. Here,
A, vibrational modes are assigned to non-degenerate vibrations along
the vertical direction and E modes refer to doubly degenerate in-plane
vibrations. The acoustic vibrations contain one A; phonon mode and
one E phonon mode. The irreducible representation for optical modes
can be shown as:

Toptic = 5A; + SE. )]

In the materials with P3ml space group, both A; and E modes are
found as Raman actives, implying that we can detect them by Raman
spectroscopy. Fig. 3 represents the I'-centered Raman spectra and the
corresponding atomic displacements of the optical vibrations in Janus
TiGeZ;H monolayers. The Raman spectrum of TiGeZ;H principally
contains ten peaks. Our calculations indicate that while some Raman
peaks in TiGeP;H and TiGeAs;H monolayers are weak in intensity, all
10 peaks in the Raman spectrum of TiGeN;H monolayer can be clearly
observed as depicted in Fig. 3(a). In the Raman spectrum of TiGeN;H,
the fourth A, vibrational mode (at a frequency of 832 cm™) is very
robust. Meanwhile, the most robust mode in the Raman spectrum for
TiGeP3;H and TiGeAs;H is the second A; modes at frequencies of 351
and 230 cm™!, respectively. These A; modes are mainly attributed to
the out-of-plane vibrations of Z atoms. In the case of TiGeAs;H, the
third A; mode, which is significantly attributed to the out-of-plane
vibrations of the Ti atom, is also highly robust. In all three studied
structures, the intensity of E modes, which arise from in-plane vibra-
tions of the atoms, is generally weaker than that of A; modes. From
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Table 2
The relaxed-ion elastic stiffness coefficient C;

5j» Young’s modulus Y,p, Poisson ratio v, and piezoelectric coefficients ey;, ey,
dy,, and d;, of 2D Janus TiGeZ,;H materials.

Cn Ci Ces Y v en €31 dy dy

(N/m) (N/m) (N/m) (N/m) 1071 C/m 1071 C/m (pm/V) (pm/V)
TiGeN,;H 286.87 99.57 93.56 252.11 0.35 2.80 -0.22 1.50 -0.07
TiGeP;H 116.18 36.94 39.62 104.44 0.32 —0.65 —0.44 -0.82 -0.29
TiGeAs,H 100.03 35.83 32.10 87.20 0.36 -1.05 -0.58 -0.58 —0.42
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Fig. 2. The time-dependence of the total energies of TiSiZ,H monolayers at room
temperature by AIMD tests. Insets indicate the crystal structure of TiSiZ,H at 10 ps.

Fig. 3, we can see that the A; phonon mode is the highest optical mode
for all three Janus structures. There is a strong association between the
redshift observed in the Raman spectra of TiGeZ;H monolayers and the
increase in the atomic size of the Z atoms from N to As. The highest
optical mode A, (the fifth A; mode) is observed at frequencies of 3372,
2311, and 2100 cm™1, respectively.

3.3. Mechanical characteristics and piezoelectric response

In this part, we examine the mechanical characteristics of TiGeZ;H
monolayers. The elastic coefficients C;; (using Voigt’s notation) are
determined by analyzing the uniaxial strain-dependent unit-cell en-
ergy [42]. The computed results for the elastic coefficients C;; of
TiGeZ;H materials are presented in Table 2. It is shown that TiGeN;H
possesses high elastic coefficients with C;; = 286.87 N/m and C, =
93.56 N/m. Meanwhile, the calculated values for C;;(C;,) of TiGeP;H
and TiGeAs;H monolayers are found to be 116.18(36.94) and
100.03(35.83) N/m, respectively. The obtained results for C;; satisfy the

Born-Huang criteria of the 2D hexagonal structures [(C121 - C122) >0
and Cgg > 0] [43,44], suggesting the mechanical stability of TiGeZ;H
monolayers.

From obtained elastic stiffness coefficients C;;, we can analyze the
fundamental features of TiGeZ;H, including Young’s modulus Y, and

Poisson’s ratio v, which are written as

Cc2 —c?
Yp = ”TI” ®
Ci
v = —=, (C))
Cll

As indicated in Table 2, TiGeN;H has a high Young’s modulus, up to
252.11 N/m. It is known that the higher Y, indicates stronger resis-
tance of material against the applied forces. Meanwhile, both TiGeP;H
and TiGeAs;H monolayers are mechanically softer than TiGeN;H with
Y,p of 104.44 and 87.20 N/m, respectively, as revealed in Table 2. The
computed values of v for TiGeN;H, TiGeP;H, and TiGeAs;H are found
to be 0.35, 0.32, and 0.36, respectively. Obviously, TiGeZ;H mono-
layers possess a high Poisson ratio, demonstrating the ductile char-
acter of the studied structures. With a large Poisson’s ratio, TiGeZ;H
monolayers easily respond to induced uniaxial strains.

The piezoelectric effect plays a decisive role in the use of mate-
rial in applications that convert mechanical to electrical energy and
vice versa. The piezoelectric effect is a unique characteristic of some
materials where an electric dipole moment is created when external
stress is applied, and vice versa. This phenomenon occurs specifically
in noncentrosymmetric materials. Recent studies, both experimental
and theoretical, show that two-dimensional materials have a more
prominent piezoelectric effect than their corresponding bulk forms [45-
48]. As shown in Fig. 1(a), Janus TiGeZ;H has a non-centrosymmetric
structure and we can treat TiGeZ;H as piezoelectric materials with both
in-plane and out-of-plane piezoelectricity. As a ground state property,
the piezoelectricity can be calculated using the DFT method. Impor-
tantly, the recently experimentally measured piezoelectric coefficients
of MoS, [49] are in good consistent with previous DFT prediction
released by Duerloo et al. [42]. In this study, we use the compu-
tational techniques proposed by Duerloo et al. [42] to examine the
piezoelectricity of Janus TiGeZ;H monolayers.

In non-centrosymmetric materials, applying uniaxial strains can
alter the polarization. According to the modern theories of polariza-
tion [50], linear piezoelectricity can be determined by the uniaxial
strain-dependence of polarization. The linear piezoelectricity can be
analyzed via the third-rank piezoelectric stress e;; and strain d;
tensors. We can calculate these piezoelectric tensors based on the
relationship with the surface electrical polarization P, and strain/stress
€;/0 ) tensor as [42]:

oP:

ejk = ?,lk ®)
oP,

ijk = E, 6)

where i,j,k € {1,2,3} with 1, 2, and 3 referring respectively to
Cartesian directions x, y, and z. The piezoelectric stress tensor in 2D
structures e;; needs to be renormalized by the unit of lattice parameter
along the z direction, namely e?® = z-¢’P. We calculate the ¢;; through
density functional perturbation theory (DFPT) method. It is worth
mentioning that the orthorhombic supercell is utilized for calculating
the piezoelectric coefficients.
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Fig. 3. Calculated Raman spectra of Janus TiGeZ,H monolayers (a) and displacements of atoms of the optical vibrational modes in Janus TiGeN;H monolayer (b). The numbers
in parentheses indicate the order of the vibrational modes A, and E with increasing frequency, namely E(1) < E(2) < --- < E(5) and A;(1) < A;(2) < -+ < A|(5).
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Fig. 4. Calculated piezoelectric coefficients e (a) and d (b) of TiGeZ,;H monolayers.

Janus TiGeZ;H monolayers exhibit both in-plane (e;,) and out-of-
plane (e;,) piezoelectric responses when subjected to applied strain,
due to the breaking of vertical mirror symmetry. The values of piezo-
electric strain tensors d;; can be found by using the relations: [51]

€11
dy = ——7—, 7)
"=ey-cp

€31
dy = ————. 8
3 Ci+Cpp ®

The computed values for piezoelectric coefficients of TiGeZ;H ma-
terials are presented in Table 2. The values of in-plane coefficients
e;1(dyp) for TiGeN3;H, TiGeP;H, and TiGeAs;H are computed to be
2.80 x 10° C/m (1.50 pm/V), —0.65 x 10!° C/m (-0.44 pm/V), and
—-1.05 x 101° C/m (-0.58 pm/V), respectively. Obviously, TiGeN;H
monolayer exhibits the highest in-plane piezoelectric coefficients e;;

and d,,. Meanwhile, TiGeAs;H monolayer possesses the highest value
of out-of-plane piezoelectric coefficient d;; (absolute value), up to
—0.42 pm/V. We show the comparison of piezoelectric coefficients
between the structures in Fig. 4. The computed values of d;; for
TiGeZ;H, which vary from —0.07 to —0.42 pm/V as listed in Table 2,
are comparable to those of similar 2D hexagonal structures, including
MoSiGeN, monolayer (-0.014 pm/V) [16] or Janus structures of group
III monochalcogenide monolayers (0.07-0.46 pm/V) [51]. The high
piezoelectric responses in TiGeZ;H monolayers render them a viable
contender for implementation in piezoelectric nanodevices.

3.4. Electronic properties

The application prospects of a material are largely determined by
its electronic properties. These properties affect how a studied material
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Table 3
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Bandgaps E, (eV) calculated by PBE, HSE06, and PBE+SOC method, valley spin splitting 4 (meV), Rashba constant a (meV A),
potential difference A® (eV), and work functions @, (eV) and @y (eV) on the Z and H sides of TiGeZ;H monolayers.
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Fig. 5. (a) The PBE and HSE06 band structures of TiGeN,H (a), TiGeP,H (b), and
TiGeAs;H (c) monolayers. The charge densities at the CBM and VBM are shown on the
right side.

interacts with electric fields, light, or other materials, which directly
affects its potential use in various technologies, including electronics,
optoelectronics, or energy storage. We here explore the electronic
characteristics of Janus TiGeZ;H materials via the calculations for
electronic bands and related parameters. In Fig. 5, we show the com-
puted band structures of TiGeZ;H monolayers along the high-symmetry
directions of the first BZ M—K-I'-M based on the DFT calculations. It
is shown that TiGeZ;H monolayers are indirect semiconductors. It is
demonstrated that the valence band maximum (VBM) is found at the
I’ while the conduction band minimum (CBM) is sitting at the M point
in the first BZ. At the PBE theoretical level, the bandgaps of TiGeN;H,
TiGeP;H, and TiGeAs;H monolayers are computed to be 1.84, 0.39,
and 0.25 eV, respectively. For comparison, the computed bandgap of
TiGeZ;H is wider than that of TiGe2Z; (the PBE bandgap of TiGeN,

is 0.82 eV and both TiGeP, and TiGeAs, are metallic) [8]. The PBE
functional in DFT simulations, however, underestimates the accuracy
of the semiconductor bandgap. Therefore, to correct the bandgap of
the investigated structures, we also calculate the band structures of
TiGeZ;H monolayers by using the HSE06 functional. It is found that the
HSE06 bandgaps of TiGeN;H, TiGeP;H, and TiGeAs;H monolayers are
3.10, 1.20, and 1.07 eV, respectively. The HSE06 bandgap of TiGeZ;H
is much wider than its PBE bandgap, however, the profiles of the PBE
and HSE06 band diagrams are quite similar as illustrated in Fig. 5.
Along with the band structures, the charge densities at the CBM and
VBM of Janus TiGeZ;H are also shown in Fig. 5. In the case of Janus
TiGeN;H monolayer, the charge density of the CBM is significantly
distributed among Ti atom, and N-H and Ge-N bonds. Meanwhile,
the charge density of the VBM is distributed among the upper Ti-N
bond. The charge densities of the VBM of TiGeP;H and TiGeAs;H are
distributed among the lower Ti-N bond while the charge density of
the CBM of TiGeP;H (TiGeAs;H) is distributed among the Ti-N bonds
(Ge-N and N-H bonds).

Spin—orbit coupling (SOC) is a crucial factor in determining the
electronic characteristics of nanomaterials, especially in materials with
heavy elements or large atomic numbers. It not only alters the elec-
tronic band structure but also enables new functionalities such as
control and manipulation of spin. Understanding and harnessing the
SOC effect are crucial for the development of advanced spintronic
devices and for exploring emerging quantum phenomena in nanostruc-
tures. In momentum space, SOC causes the splitting of electronic bands
of materials due to the interaction between the spin of an electron and
its motion. In heavy-based compounds, this spin-splitting can result
in significant modifications to the electronic band structure. Particu-
larly, in the structural asymmetry, SOC can generate spin-dependent
electronic characteristics, including the Rashba and Dresselhaus effects.
These phenomena result in spin polarization and can be utilized for
spintronics applications, such as spin-based electronic devices or in-
formation storage. To evaluate the influence of SOC on the electronic
characteristics of TiGeZ;H monolayers, we calculate their band struc-
tures using the PBE+SOC method as shown in Fig. 6. When SOC is
included, the spin degeneracy is eliminated and there is spin splitting in
the band structures of TiGeZ;H monolayers. Obviously, the influence
of SOC on TiGeAs;H is stronger than on the other two structures due
to the larger atomic size of As. In the presence of the SOC effect, the
bandgap of TiGeAs, decreases sharply, reaching 0.18 eV, which is much
narrower than it PBE gap (0.25 eV) as listed in Table 3. Meanwhile,
the SOC effect only slightly reduces the bandgaps of TiGeN;H and
TiGeP;H monolayers. The bandgaps of TiGeN, and TiGeP, monolayers
are computed to be 1.82 and 0.32 eV, respectively. Furthermore, a
small valley spin splitting 4 is available at K point in both valence (4,/)
and conduction (i) bands of the studied structures. The computed
values of A, (ic) for TiGeN;H, TiGeP;H, and TiGeP;H monolayers are
12.50(34.40), 26.40(36.30), and 130.40(54.50 meV), respectively. It is
clear that the influence of SOC on the electronic structure of TiGeN;H
and TiGeP;H monolayers is insignificant compared to that of TiGeAs;H.
In the case of TiGeAs;H, besides having a valley spin splitting 4 at the
K point, we also observe Rashba-type splitting at the high symmetry
point I' of the conduction band in the reciprocal space as shown in
Fig. 6(c). The model for Rashba spin splitting is also illustrated in
Fig. 6(c), in which the Rashba effect is quantitatively investigated
through three parameters, namely Rashba energy E, momentum offset
kg, and Rashba constant ai. While both E; and ki can be obtained
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Fig. 6. Band structures of TiGeN,H (a), TiGeP,H (b), and TiGeAs;H (c) monolayers calculated by PBE+SOC method. An illustration of the Rashba SOC splitting is shown in (c).

directly from the electronic band, the value of az can be calculated
based on the formula as ag = 2Eg/kg [52,53]. It is computed that
TiGeAs;H possesses the same Rashba energy of 2.70 meV in the I'-K
and I'-M directions, namely EX = E¥ = 2.70 meV. Meanwhile, a very
slight difference in the momentum offsets % and kX is found in the
Rashba spin splitting of TiGeAs;H. It is calculated to be kX = 0.017 A-1
and k¥ = 0.015 A-1. As revealed in Table 3, Rashba constants ok

and a;‘{ for TiGeAs;H are computed to be 317.65 and 360.0 meV 1°\,
respectively. These obtained values for Rashba constants of TiGeAs;H
are comparable to those of Janus MoSSe (479 meV A) or MoSeTe
(322 meV A) [53]. It is clear that the difference in Rashba parameters
in the 'K and I'-M directions of TiGeAs;H is insignificant. We can
roughly conclude that the Rashba parameters exhibit limited sensitivity
to the investigated directions in the reciprocal space for TiGeAs;H
monolayer.

Another important characteristic of electronics that we examine in
this section is work function. The work function reveals the energy
required to remove an electron from the Fermi level to a point outside
the material, typically in a vacuum. We can calculate the work function
@ based on the analysis of electrostatic potential with the characteristic
parameters being the vacuum energy level E,,. and obtained Fermi
energy level Ey via the expression as @ = E,,. — Er. Understanding
the relationship between electrostatic potential and work function is
essential for tailoring the electronic features of 2D nanostructures and
designing novel 2D material-based electronic and optoelectronic nan-
odevices. In Fig. 7, we present the computed results for the electrostatic
potentials via length along the z direction with dipole corrections of
Janus TiGeZ;H monolayers. Due to the vertical asymmetric crystal
structure, there is a distinct potential difference A® between the two
surfaces of the studied structures as shown in Fig. 7. It is noted that the
presence of out-of-plane inversion asymmetry in Janus materials leads
to the generation of intrinsic electric fields in the vertical direction (the
z direction) [54]. This field has the potential to enhance the separation
of electron-hole pairs, which is useful for applications in photocatalytic
water-splitting. In the case of Janus structure is under an external
electric field applied in the out-of-plane direction, it interacts with the
intrinsic field and can influence the electronic structure. The external
field can additionally alter the band structure, potentially reducing or
expanding the band gap. This effect is contingent upon the alignment of
the applied field with respect to the built-in field. The intrinsic dipole
moment of the Janus structure may be either amplified or diminished,
contingent upon the orientation of the applied field. This influences
charge distribution, displacing electron and hole densities to opposing
sides of the structure.

The computed potential difference A® for TiGeN;H, TiGeP;H, and
TiGeP;H monolayers are 2.65, 2.67, and 0.21 eV, respectively. As
presented in Table 3, the work function on the H side is lower than
that on the other side for all three examined materials, demonstrating
the easier escape of electrons on the H side compared to the other side.
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Fig. 7. Electrostatic potentials of TiGeN,H (a), TiGeP;H (b), and TiGeAs,H (c)
monolayers. The horizon green dashed line is the Fermi energy level.

3.5. Transport properties

Transport properties are fundamental to the application potential
of materials across various fields of technology. A thorough under-
standing of transport characteristics, especially carrier mobility, allows
us to design materials that meet specific functional and technolog-
ical requirements. We examine the transport features of the Janus
TiGeZ;H materials in this last part. The transport features, especially
carrier mobility, play an important role in determining the application
prospects of the proposed structures in electronic devices. We here
calculate the carrier mobility and other transport features of TiGeZ;H
materials. The carrier mobilities can be accomplished by employing
the deformation potential (DP) approximation proposed by Bardeen
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Table 4

Effective mass of carriers m* (in units of mass of free electron m,), 2D elastic modulus C,, (N m~1), DP constant E, (eV),
and mobility of carriers 4 (cm? V-1 s71) along the x/y axis of TiGeZ;H monolayers.

m_m h h Ef E e “y
Electron TiGeN,;H 3.21 5.68 158.90 158.77 -5.28 —4.52 8.84 6.81
TiGeP,H 0.51 1.49 73.00 73.00 -2.08 -2.48 434.75 275.72
TiGeAs;H 0.52 1.49 62.44 62.53 -2.63 -2.03 418.88 246.73
Hole TiGeN,;H 5.68 61.70 158.90 158.77 -5.34 -5.42 1.12 0.10
TiGeP,H 1.11 1.64 73.00 73.00 -5.14 -5.23 39.30 25.62
TiGeAs;H 1.07 1.49 62.44 62.53 —-4.83 -4.91 41.92 29.20

and Shockley [33]. The carrier mobilities in 2D structures u,n can be
written as follows [55]:

eh’C
oy = ———2 9

where the elastic modulus is denoted by C,p; E,; refers to the DP
constant; and temperature T = 300 K is set in the present calculation. e,
h, and kg stand for the elementary charge, reduced Planck’s constant,
and Boltzmann’s constant, respectively; the effective carrier mass is
denoted by m* and m* = , /mim?.

To obtain the values of the carrier mobility, we need to calcu-
late the transport parameters m*, C,p, and E,; through the following
expressions:

1 1 |02E(k)

1_1 ) 10
m*  h2| ok? 10

1 E,y
D=5 1)

uni

AE,

= —, (12)

Euni

where symbol E(k) represents the energy at the VBM/CBM that de-
pends on the wavevector k, 2 indicates the area of the optimized
unitcell, E,, is the total energy, ¢, stands for the applied uniaxial
strain along the x/y-axis, and AE.,, is the change in the position of
the VBM/CBM relative to the vacuum energy level.

The computed values for m* along the two transport directions x
and y are revealed in Table 4. It is found that TiGeN;H exhibits high
effective masses, both electron and hole. This is an important point that
allows us to predict that the carriers in TiGeN;H may have low mobility
because once the mass of the carrier is large, its ability to react to the
external field will slow down. Of course, the carrier mobility depends
not only on m but also on other parameters as released in Eq. (10).

The high values of m* in TiGeN;H are consistent with the obtained
band diagram of TiGeN;H as revealed in Fig. 5, that the larger the
radius of curvature of the band diagram around the band edges (the
CBM for electrons and VBM for the holes), the larger the carrier mass.
This is because the mass is inversely proportional to the 32 E(k)/dk? as
shown in Eq. (10). As revealed in Table 4, we can see that TiGeN;H has
directionally anisotropic effective masses. The computed m* along the
x and y axes for TiGeN;H is found to be 3.21m, and 5.68m, (m, refers
to the free electron mass), respectively. Meanwhile, both TiGeP;H and
TiGeAs;H have a lower electron mass. Consequently, TiGeN;H can be
very low carrier mobility. In Table 4, we also show the computed
results for the C,, and E,, which can be obtained via the fitting the
uniaxial strain-dependence of the energy shifts and band edge positions
as depicted in Fig. 8. The electron mobility along the x axis u, for
TiGeN;H is found to be only 8.84 cm? V-1 s~1 while the computed
values of u, for TiGeP;H and TiGeAs;H monolayers are up to 434.75
and 418.88 cm? V-1 571, respectively. With high electron mobility,
TiGeP;H and TiGeAs;H monolayers are suitable for applications in
nanoelectronics.

4. Conclusion

In conclusion, we proposed and thoroughly examined the physi-
cal properties of Janus TiGeZ;H monolayers using the first-principles
method. By analyzing the phonon spectra and AIMD tests, all three
proposed Janus TiGeZ;H monolayers are confirmed to be structurally
stable. Further, the mechanical stability of TiGeZ;H monolayers was
confirmed with the Born-Huang mechanical stability criterion. Our
examinations for the vibrational characteristics revealed that there are
ten Raman active modes, including five A; and five E optical modes, in
Janus TiGeZ;H structure. In each Janus structure, the most prominent
Raman peaks are A; mode and the redshift is observed in the Raman
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spectra of TiGeZ;H when the atomic size of the Z atom increases from
N to As. Janus TiGe Z;H monolayers exhibited as good piezoelectric ma-
terials with the presence of both in-plane and out-of-plane piezoelectric
responses due to their vertical asymmetric structure. While TiGeN;H
monolayer exhibits a high in-plane piezoelectric (d;; = 1.50 pm/V),
possesses an impressive out-of-plane piezoelectric coefficient d;; value
of TiGeAs;H up to —0.42 pm/V. At the ground state, Janus TiGeZ;H
monolayers are semiconductors with the indirect bandgap varying from
1.07 to 3.10 eV based on the calculations at the HSE06 theoretical level.
Moreover, Rashba spin splitting was found in Janus TiGeAs;H when the
SOC was taken into account. Particularly, Janus TiGeP;H and TiGeAs;H
monolayers possess electrons with high mobility, exceeding 400 cm?
V-1 571 which is advantageous for their application in nanoelectronics.
Our findings not only provide the basic physical characteristics of Janus
TiGeZ;H but also provide an important theoretical basis as a premise
for further study as well as the prospect for their application in various
fields of nanoscale devices.
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