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Recently, two-dimensional semiconductor materials with moderate band gaps and significant light

absorption have been highly sought for application in photocatalysis and nanoelectronics. In this study,

novel monolayer SiN and GeN have been predicted by using first-principles calculations. They have

excellent thermal and dynamic stabilities and present indirect band gaps of 2.58 eV and 2.21 eV with

anisotropic carrier mobility, respectively. Suitable band gaps and band edges of SiN and GeN indicate

that they can simultaneously produce both hydrogen and oxygen in the pH range of 6 to 14 and O to 10,
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respectively. Theoretical studies on strain engineering show that their band gaps could be effectively

tuned by both biaxial tensile and compressive strain. Our work enriches the family of two-dimensional
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1. Introduction

Two-dimensional (2D) atomic layered materials have attracted
tremendous interest due to their extraordinary chemical and
physical properties, and they have great potential application in
the photocatalysis and nanoelectronic fields."” Graphene
possesses excellent thermal conductivity, high carrier mobility
and other exotic properties.** However, graphene lacks a band
gap, which limits its application in semiconductor technology.
This defect motivated the search for novel 2D materials. In
recent years, some 2D materials, including, but not limited to,
black phosphorene (BP),” transition-metal dichalogenides
(TMDs),*** monolayer group IV,"* monolayer group V,">** and
monolayer group III monochalcogenides,"** have been
explored. Due to the high carrier mobility and direct band gap,
BP is emerging as a contender in the field of 2D materials.**"”
The monolayer TMDs, represented by MoS,, with a direct band
gap and excellent stability, are promising candidates for elec-
tronic devices.'®" Furthermore, some of the 2D materials put
forward by early theoretical researches have been synthesized
experimentally even without a natural parent material after-
wards, like silicone and germanene.”*** Therefore, the theoret-
ical study is always the forerunner to discover more novel 2D
materials.
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semiconductor materials and shows that monolayer SiN and GeN are promising candidates for
electronic devices and photocatalysis.

Recently, monolayer silicon and germanium monopnictide
MX (M = Si and Ge; X = P and As) with the space group of C2/m
has been theoretically studied.” They are proved to be stable
which have the band gaps of 2.02-2.64 eV lying in the visible
light region. Among these MX materials, 2D SiP, GeP and GeAs
have been synthesized experimentally.>*~** The devices based on
these three materials exhibit anisotropic behaviors and photo-
catalytic activity, indicating their great potential for anisotropy
optoelectronic and photocatalytic applications. In theoretical
studies, the monolayer SiAs has a high carrier mobility up to
8.98 x 10®> ecm® V' s7', which is much higher than that of
silicon (about 1.40 x 10° ecm® V' s 1).3°3 The designed
monolayer SiAs and GeAs also present great photocatalysis
potential for water splitting with appropriate band edge posi-
tions.*® A detailed comparison of the activation barriers for
various possible paths in the interlayer region of bilayer GeP
indicates that Li atom can diffuse about 50 times faster than in
the graphene bilayer, making it highly desirable for application
as lithium-ion batteries electrode.*® Through absorbing
different 3d transition metal (TM) atoms on monolayer MX
without magnetic, the corresponding TM-MX shows various
magnetic moments, which might have potentials in spintronics
and magnetoelectric devices.*® Moreover, the electronic and
optical properties of monolayer MX (M = Si and Ge; X = P and
As) can be accurately turned by uniaxial or biaxial strain.**>’
Thus, monolayer MX can be a potential candidate in high speed
electronic devices and photocatalysis. Due to the electronic
structure with 1s”2s”2p®, the nitrogen (N) is relatively small in
size and large in electronegativity. Replacing the elements of 2D
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materials by N always brings interesting properties,***® such as
the newly synthesized 3R-MoN,, isotypic with rhombohedral
R3m MoS,.* It presents three times more active than the MoS,
for the hydrodesulfurization of dibenzothiophene and twice as
high in the selectivity to hydrogenation. The monolayer MN (M
= Si and Ge) with the space group of C2/m is unexplored. The N
atoms may lead to a host of interesting physical and chemical
properties of significant utility, such as novel electronic struc-
tures, which might be beneficial for applications in optoelec-
tronic and electronic devices.

In this work, the structures, stabilities, electronic properties,
photocatalysis, and strain engineering of monolayer (ML) MN
(M = Si, Ge) with the space group of C2/m are investigated using
first-principles calculations in this study. The calculation
results prove the dynamic and thermal stabilities of the ML SiN
and GeN. They possess indirect band gaps of 2.58 eV and
2.21 eV, respectively, which can be accurately tuned by homo-
geneous biaxial tensile and compressive strain. Moreover, ML
GeN has the perfect band edge positions for both producing
hydrogen and oxygen simultaneously from a pH range of 0 to 10
and high optical absorbance. The ML SiN can produce hydrogen
and oxygen from a pH range of 6 to 14. These excellent prop-
erties illustrate that ML SiN and GeN can be the promising
materials for photocatalysis and electronic devices.

2. Methods

In this study, first-principles calculations are performed by
using density-functional theory (DFT) with projector-
augmented wave (PAW) potentials to study the electronic
structures by the Vienna Ab initio Simulation Package
(VASP).**** The generalized gradient approximation (GGA) with
the Perdew-Burke-Ernzerhof (PBE) functional* is adopted for
exchange-correlation energy. To obtain more accurate band
gaps, the Herd-Scuseria-Ernzerhof hybrid functional (HSE06)
is employed to calculate band structures and the standard

Fig. 1
symmetric points.
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(a) Top and (b) side view of ML MN (M = Si, Ge). The unit cell is shown by the black rectangle. (c) Brillouin zone of ML MN with high

View Article Online

Paper

mixing fraction is set to 0.25 for the exact exchange.*” For all
geometric optimizations and electronic structure calculations,
the energy cutoff for the plane-wave basis is set to 500 eV. The
convergence criteria of energy and Hellmann-Feynman force
for the ionic relaxation are set at 10™° eV and 0.01 eV A™Y,
respectively. The Brillouin zone sampling is used the Mon-
khorst-Pack scheme with 3 x 17 x 1 and 5 x 27 X 1 k-point
grids for the geometry optimizations and electronic properties
calculations, respectively. To obtain the band structures, 60
uniform k-points along the high symmetric lines in the first
Brillouin zone are used. A vacuum space of 20 A is employed for
the monolayers along the z direction to avoid the interlayer
interactions. The valence electron configurations of the N, Si
and Ge atoms are 2s’3p’, 3s’3p> and 4s’4p”, respectively.
Phonon dispersion spectra are obtained by using the finite
displacement method utilized in the PHONOPY code*® with 1 x
6 x 1 supercell sheets. The thermal stabilities of these two novel
nitrides in 1 x 5 x 1 supercells are obtained by performing ab
initio molecular dynamics (AIMD) simulations by VASP soft-
ware. The simulations at the temperature of 300 K, 800 K and
1000 K last for 5 ps with a time step of 1 fs, which are controlled
by using the Nosé heating bath scheme.*” For strain engi-
(b~ by)
0
where b, and b are the lattice constants of these two novel
nitrides before and after structure deformation, respectively.
Then, the carrier effective masses are calculated by the formula
m* = h*(0°E/0k*)"", where E is the energy eigenvalue; k is the
wave vector and 7 is the reduced Planck constant.

neering, the strain value can be defined as ¢ = x 100%,

3. Results and discussion
3.1 Structural and stability

The structures of ML MN (M = Si and Ge) is shown in Fig. 1a
and b, with the space group of C2/m (no. 12). They both contain
12 M atoms and 12 N atoms in the rectangular unit cell. Each M

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Phonon dispersion spectra of MLs (a) SiN, (b) GeN. The evolution of total energies of MLs (c) SiN, (d) GeN from AIMD simulations. The

insets show snapshots of supercells at the end of 5 ps.

atom is coordinated to three N atoms and one M atom, and
each N atom bonds to three neighboring M atoms. The opti-
mized lattice parameters of ML SiN and GeN are a = 17.449 A
and 18.947 A, and b = 2.956 A and 3.118 A, respectively.

To investigate the dynamic stabilities of ML SiN and GeN, the
phonon dispersion spectra along high symmetric lines in the first
Brillouin zone are calculated, as shown in Fig. 2a and b. The
highest frequency modes of ML SiN and GeN are about 977 cm ™"
and 751 cm™?, respectively, which are much larger than that of SiP
(400 cm™")*® and GeP (300 cm™'),?? indicating the large mechan-
ical robustness of the M-N bonds. The phonon dispersion spectra
show no imaginary phonon mode in Brillouin zone except for
avery small pocket near I" point. This small pocket of instability in
the flexural phonon branch is not a real physical effect, while they
reveal the difficulty of achieving numerical convergence in the
flexural phonon branch for 2D material.* The above results
suggest the dynamic stability of ML SiN and GeN.

To further examine the thermal stabilities of these two novel
nitrides, the AIMD simulations are performed at room
temperature (300 K, see Fig. S1t) and elevated temperatures
(800 K and 1000 K) for 5 ps with a time step of 1 fs. The time-

This journal is © The Royal Society of Chemistry 2020

dependent evolution of total potential energies and selected
snapshots of these two novel nitrides are shown in Fig. 2c and d.
Even at a temperature as high as T'= 1000 K, the total potential
energy of ML SiN fluctuates smoothly with small amplitude and
there is no bond breaking or significant structural reconstruc-
tion during the simulation, indicating the excellent thermal
stability of ML SiN. The ML GeN maintains its structural
stability at the temperature of 800 K during the simulation (see
Fig. 2d), while its structure is deformed with the broken GeGe2
bonds (defined in Fig. 1) at the temperature of 1000 K (see
Fig. S17).

Based on the calculated phonon dispersion spectra and
AIMD simulations, it is evident that the ML SiN and GeN are
dynamically and thermally stable, which can ensure the
important feasibility of their successful fabrication in industrial
applications.

3.2 Electronic properties

The band structures along high symmetric lines are calculated
at both PBE and HSEO6 levels of theory to explore the electronic
properties of ML SiN and GeN. As shown in Fig. 3a and b, the

RSC Adv, 2020, 10, 14225-14234 | 14227
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Fig. 3 Band structures of MLs (a) SiN and (b) GeN at HSEQ6 (red line)
and PBE (blue line) levels of theory. The horizontal dash line located at
0 eV represents the Fermi level. Partial density of states (PDOS) of MLs
(c) SiN and (d) GeN at HSEO6 level of theory.

Table1 Calculated effective masses along the I'-Y direction and I'-X
direction at HSEO6 level of theory

Electron Hole
MLs -y I'-X -y I'-X
SiN 0.52 1.14 0.56 3.77
GeN 0.31 0.55 1.02 2.10

ML SiN and GeN are semiconductors with indirect band gaps of
1.54 eV and 1.30 eV at the PBE level of theory. Using the more
accurate HSE06 method, the band gaps of SiN and GeN are
2.58 eV and 2.21 eV, respectively, which lie in the visible light
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Fig. 5 Band alignments of ML SiN and GeN relative to the vacuum
energy level. The band edges are calculated by using HSEO6 method.

region. The obtained band gaps of SiN and GeN are smaller
than ML SiP (2.64 eV) and GeN (2.31 eV) at the HES06 level of
theory, respectively.” Compare the band gaps of MN (M = Si
and Ge) and that of MP, an increase tendency in the band gaps
of both SiX and GeX (X = N and P) can be observed with the
increase of X atomic numbers. The mechanism behind this
behavior is discussed in the ESI Note 1.7 For both ML SiN and
GeN, the valence band maximums (VBMs) are halfway between
I' and Y along the high symmetry line and the VBMs are all close
to the Fermi level. On the contrary, the conduction band
minimum (CBM) of ML GeN locates at I" point, whereas the
CBM of ML SiN at M point. In addition to the moderate band
gaps, an impressive feature of these two novel nitrides is their
significantly anisotropic band dispersion around the band gap.
As displayed in Fig. 3, both the bottom of the conduction bands
and the top of the valence bands are highly dispersed along the
I’-Y direction, while these bands are nearly flat along the I'-X
direction (except the CBM of ML GeN along the I'-X direction).
Therefore, the corresponding effective masses of electrons and
holes are also highly anisotropic, as shown in Table 1, due to the
inverse proportion relationship between curvature and effective
masses. For different directions, the values of effective masses
along I'-X direction are several times higher than that along I'-
Y direction. For example, the effective masses of electron and
hole of ML SiN along I'-Y direction are 0.52m, and 0.56my,
respectively, whereas effective masses of electron and hole

Fig. 4 Partial charge densities of the ML SiN: (a) CBM (c) VBM from the top view with an isosurfacg of 0.0025 e A3, respectively. Partial charge
densities of the ML GeN: (b) CBM and (d) VBM from the top view with an isosurface of 0.0012 e A~3, respectively.
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Fig. 6 Optical absorbance spectra A(w) for MLs (a) SiN and (b) GeN. A(w) are calculated using the PBE functional followed by a rigid energy shift to

take into account the band gap underestimation of the PBE functional.

along I'-X direction are 1.14m, and 3.77m,, respectively, m, is
the electron rest mass. In order to understand the above
differently anisotropic band dispersion, the partial charge
densities of ML SiN and GeN are plotted in Fig. 4. The results
show that the spatial electron cloud of the bottom of the
conduction bands along the y direction is continuous (marked
as red rectangles in Fig. 4), which hints large mobility along this
direction. Along other directions, the electron cloud is isolated
in each unit cell with an inappreciable overlap (marked as black
rectangles in Fig. 4), indicating low mobility along this
direction.

The partial density of states (PDOS) are also computed to
gain a deep insight into their band structures, as shown in
Fig. 3c and d. The VBM of ML SiN is mainly contributed to the

hybridized 3p orbitals of Si atoms and 2p orbitals of N atoms.
Similar to ML SiN, the VBM of ML GeN is mainly contributed to
the 4p of Ge and 2p orbitals of N. For the CBM of ML SiN and
GeN, the N atoms contribute their 2p orbitals, while the char-
acters of contributed orbitals of Ge and Si are different. The Si
atoms contribute their 3p orbitals for the CBM band but the Ge
atoms do their 4s orbitals.

The ML SiN and GeN with the moderate band gaps and the
light carrier effective masses can be quite promising candidates
for high-performance electronic devices.

3.3 Photocatalysis

As is well-known, photocatalytic water splitting is an effective
way for solar energy conversion and storage to satisfy the
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Fig. 7 (a) Total energies and (b) the variation of band gap as functions of biaxial strain. (c) Band structures of the ML SiN and GeN under biaxial

strain in the range of —5% to 5%.
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Fig. 8 Atomic-orbital-projected band structures of ML (a) SiN and (b) GeN with the biaxial strain of —5% (left panels), O (middle panels) and 5% (right
panels). The sizes of the red, green, blue and magenta dots present the weights of the s, p,, p, and p, orbitals of Si, Ge and N, respectively. Without the
biaxial strain, the crystal orbitals schematic of the bottom of the conduction band of (c) ML SiN at M point and (d) ML GeN at I" point, respectively.

demand of energy.* 2D materials are promising photocatalysis
materials with ideal maximal specific surface,**> and they can
accelerate the migration of electrons and holes to the reaction
interfaces.**** In principle, two requirements should be fulfilled
for a prospective water-splitting photocatalyst: a moderate band
gap (lager than 1.23 eV) and suitable band edge positions
straddling redox potentials of water.”® The standard redox
potentials at pH = 0 are —5.67 eV for oxidation potential of O,/
H,0 and —4.44 eV for reduction potential of H'/H,. According
to the Nernst equation, the redox potentials will increase with
pH and the relationship can be expression: Eyyy;, = (—4.44 + pH
% 0.059) eV and Eg ;15,0 = (—5.67 + pH X 0.059) €V.** In present
research, the pH ranging from 0 to 14 is studied.

The band edge positions of these two novel nitrides and the
redox potentials under different pH values are displayed in
Fig. 5. In the case of ML SiN, both the VBM and CBM are higher
than oxidation potential of O,/H,0 and reduction potential of
H'/H, at pH = 0, respectively, which demonstrates that the ML

14230 | RSC Adv, 2020, 10, 14225-14234

SiN is photocatalytically active for hydrogen production. With
the increase of pH from 0 to 6 in reaction system, the oxidation
potential of O,/H,0 is gradually close to the VBM, while the
CBM is still higher than reduction potential of H'/H,. When pH
increases from 6 to 14, the reduction potential and oxidation
potential are involved in the band gap region, which means that
the CBM of SiN is higher than reduction potential of H'/H, and
its VBM is lower than oxidation potential of O,/H,O. This
suggests that the hydrogen and oxygen can be simultaneously
produced on the surface of ML SiN and the photocatalytic
capacity can be enhanced effectively by turning the pH value.
For the case of ML GeN, its CBM and VBM are involved in the
band gap region from a pH range of 0 to 10. This behavior
indicates that GeN transfers the photoexcited electrons and
holes to the water easily to produce both hydrogen and oxygen
simultaneously. When pH > 10, the reduction potential of H'/H,
is moved beyond the CBM of GeN, indicating the absence of
photocatalytic performance for hydrogen production.

This journal is © The Royal Society of Chemistry 2020
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The appropriate band gaps and band edge positions of ML
SiN and GeN inspire us to further explore their photon absorp-
tion properties. Therefore, we calculate the optical absorbance
spectra A(w) of the ML SiN and GeN by A(w) = Lwlme(w)/c, where
w is the frequency of light, c¢ is the speed of light in vacuum, L is
the vacuum space of 20 A between the isolated MN (M = Si and
Ge) layers and Ime(w) is imaginary part of the dielectric function
calculated with the independent-particle approximation.””
Following the previous researches,”* we compensate for the
band gap underestimation of the PBE functional by a rigid shift
of the absorption curves upward by the value of the bandgap
difference between the HSE06 and PBE functional, and the
optical absorbance spectra are shown in Fig. 6. The optical
absorbance spectra with different absorption behaviors for the
polarized lights in different direction reveal the strong optical
anisotropy of ML SiN and GeN. For ML SiN, it exhibits significant
light absorption starting at around 2.6 eV. By contrast, the
significant optical absorption of ML GeN starts at about 2.2 eV.
Thus, the ML GeN has prior visible light absorption to ML SiN. In
addition, the predicted optical absorbance attains to the
maximum absorption of 25% for ML SiN and GeN, which are
comparable with that of reported photocatalysts arsenene/
Ca(OH), heterostructure.®® With appropriate band edges and
high optical absorbance, ML SiN and GeN have promising
potential to be optoelectronics devices and used in photocatalytic
water splitting.

3.4 Strain engineering

It has been demonstrated that the electronic and optoelectronic
properties of 2D materials can be both experimentally and
theoretically controlled and modified by strain engineering.*"*
In this study, the electronic properties under mechanical strain
of both ML SiN and GeN have been explored. To simplify this
issue, we employ the homogeneous biaxial strain model and
study the electronic properties of ML SiN and GeN under the
strain ranging from —5% to 5%. Due to the rigid band shift
between PBE and HSEO06, the band gap of ML SiN and GeN
under biaxial strain are calculated using the PBE method in the
following discussion.®

The total energies of ML GeN and SiN as functions of strain
are summarized in Fig. 7a, in which the strain energies increase
monotonously with the increase of compressive and tensile
strain. The geometries of the systems can return to their orig-
inal states when the strains are removed, indicating that
deformation of GeN and SiN is elastic.** Fig. 7b shows the
variation of band gap of ML GeN and SiN versus biaxial strain.
Their gap value can be modulated monotonously from 0.77 eV
to 2.01 eV and from 1.47 eV to 0.52 eV for —5% = ¢ = 5%,
respectively. Meanwhile, their CBM and VBM remain at original
high symmetric points and thus the indirect gap feature is not
disturbed. The band structures of these two novel nitrides
under strain are plotted in Fig. 7c. It is found that the VBM of
ML SiN and GeN are insensitive to biaxial strain and always lie
near the Fermi level. The CBM of the ML SiN shifts upward with
the increase of tensile strain and shifts downward with
compressive strain, while the CBM of ML GeN presents the

This journal is © The Royal Society of Chemistry 2020
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Table 2 Bond lengths of ML GeN at e = 0 and ¢ = 5%

Bond do/A dsor/A
GeGel 2.488 2.716
GeGe2 2.482 2.450
GeN1 1.974 1.991
GeN2 1.949 1.975
GeN3 1.927 1.967
GeN4 1.924 1.963

opposite trend, which shifts downward with the increase of
tensile strain and shifts upward with compressive strain. This
opposite trend results in the opposite trend of their band gaps
variation. To gain a deep insight into this opposite trend under
strain, the atomic-orbital-projected band structures (AOPBS)
and the crystal orbitals schematics are plotted in Fig. 8. The
results show that the bottom of the conduction band of ML SiN
is mainly based on the 3p, orbitals of Si and 2p, orbitals of N.
Around the M point, the 3p, orbitals of Si have strong bonding
interaction with those of the Si atoms above and below along
the y direction (see Fig. 8c). This interaction can be increased by
the compression strain along y direction, leading to the
decrease of the energy of CBM and pushing down CBM at the M
point. Therefore, the compression strain narrows the band gap,
whereas the tensile strain enlarges the gap value. For ML GeN,
the bottom of the conduction band of ML GeN is at I" point and
mostly made of the 4s orbitals of Ge and a small contribution of
the 2p, orbitals of N. Thus, the energy of CBM is mainly decided
by the 4s orbital of Ge, whose stability can be increased/
decreased with the decrease/increase of GeGe2 bond lengths
(the bond lengths are defined in Fig. 1) along z direction (see
Fig. 8d). The GeGe2 bonds which are parallel to the z direction
become shorter under homogeneous biaxial tensile strain (see
Table 2), which increase the interaction between the 4s orbitals
of Ge and lead to the decrease of the energy of CBM and CBM's
pushing down at the I'" point. Thus, the biaxial tensile strain
narrows the band gap.

In a word, the electronic properties of the ML SiN and GeN
can be prominently adjusted by the biaxial strain to meet future
requirements of electronic devices.

4. Conclusions

In summary, we have investigated the structures, stabilities,
electronic properties, photocatalysis, and strain engineering of
the ML SiN and GeN by using first-principles calculations. Their
dynamic and thermal stability are confirmed by both phonon
dispersion spectra and AIMD. The moderate band gaps of
2.58 eV (SiN) and 2.21 eV (GeN) indicate that the ML SiN and
GeN are attractive semiconductors for future applications in
nanoelectronics. The band gap and band edges of ML GeN are
suitable to produce hydrogen and oxygen from a pH range of
0 to 10, and its maximum optical absorbance is about 25%. This
absorbance is comparable with that of reported photocatalysts
arsenene/Ca(OH), heterostructure, indicating the ML GeN
a promising candidate for photocatalytic water splitting. The
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SiN can produce hydrogen and oxygen from a pH range of 6 to
14 with optical absorbance as high as that of ML GeN. In
addition, strain engineering can drastically tune the band gaps
of these two novel nitrides. The band gap of ML SiN is found to
monotonously increase under tensile strain but decrease when
compressive strains are applied, while the ML GeN present an
opposite trend. The composition of conduction band bottoms
between monolayer SiN and GeN are different, resulting in their
opposite trend of band gap under the biaxial strain. These two
novel nitrides nanosheets with high stability, moderate band
gaps, excellent light absorption are expected to show great
application potential in electronic, sensors, photocatalysis, and
energy conversion field. Moreover, our results provide guidance
for experimentally synthesizing ML SiN and GeN.
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