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Utilizing the exceptional characteristics of two-dimensional (2D) materials for solid-state electronic devices
presents an appealing strategy that could potentially address the need to prolong Moore’s law. Evidently, the
prevailing fraction of technically viable materials, which have already been successfully scaled up for industrial
production, belongs to the category of non—van der Waals (n-vdW) materials. In recent years, research on
n-vdW 2D materials has garnered significant growth owing to their potential for diverse applications and the
development of synthesis techniques. In this paper, we stabilize 1-atom-thick ScX (X = P, As, Sb) monolayers
drawn from their n-vdW bulk counterpart in the wurtzite phase by applying a minimal tensile strain of 1-2%.
The resulting high flexibility, owing to the extremely small in-plane elastic constants (6—43 N/m) and Young’s
modulus (6-20 N/m), suits them ideally for extensive strain engineering on a large scale. Complex mixing
of acoustic and optic phonon modes for higher strains ensures a large shear-piezoelectric coefficient of up to
die = —228.08, —469.87, and —397.52 pm/V for ScP, ScAs, and ScSb respectively. This coefficient notably
surpasses that in amino acids, making it the highest reported to date, and is accompanied by high in-plane
piezoelectric coefficients, |dy;| and |da;| > 100 pm/V and highly strain-tunable shear piezoelectric coefficient
dys ranging from —90 to 210 pm/V. The monolayers exhibit rich band structures, including flat bands at the
top-most valence band and a large spin splitting of ~100 meV, making them ideal for applications in LED and
laser devices and opening exciting avenues for exploration in spintronics. In this paper, we present an in-depth
analysis of band flattening caused by tensile strain and demonstrate the strong integrability of ScP monolayer
with Si substrate. The ScP monolayer retains its flat band feature when implanted on silicon, which promises
significant advancements in various practical applications.
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I. INTRODUCTION

After the introduction of graphene [1], two-dimensional
(2D) materials have served as a fertile ground for sub-
stantial scientific investigation from both conceptual and
practical perspectives. The modern century has already seen
several revolutionary material discoveries and technological
breakthroughs in 2D materials [2-15], yet the quest for 2D
materials remains limited to the ones which have layered
three-dimensional (3D) counterparts, that is, the van der Waals
(vdW) 2D materials. However, high air sensitivity, difficulty
in persistence of performance, and maintenance of desired
layer thickness under different temperatures and ambient con-
ditions constrains the use of vdW 2D materials in practical
applications. The preponderance of materials currently in use
with extensive technological applications includes silicon,
metal oxides, nitrides, and sulfides, which are non-vdW (n-
vdW) structures, thereby underlining the importance of the
latter [16,17].

Due to the difficulties in producing n-vdW materials in the
ultrathin limit with substantial lateral size or area, the impact
of confinement in one dimension (1D) on these materials is
still unexplored. Unlike vdW 2D materials, the synthesis of
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n-vdW 2D materials has been majorly focused on bottom-
up approaches. The interest of the scientific community in
this field has recently been rekindled by advances in the
cleaving of n-vdW bulk materials by state-of-the-art top-down
exfoliation, the liquid phase exfoliation method, to their ul-
trathin counterparts. This unexpected direction emerged in
2D material research after the successful exfoliation of n-
vdW compounds to atomic thin sheets [18,19]. Advancements
in synthesis techniques and the development of fabrication
methods have enabled the exploration of alternative applica-
tions, resulting in the demonstration of cutting-edge device
prototypes. After that, many n-vdW 2D materials came into
the picture experimentally and theoretically, exhibiting great
potential in electronic and optoelectronic properties [20—34],
some of which are very crucial from the perspective of practi-
cal applications [22,24,25,34].

Moreover, the n-vdW materials consisting of cations with
low oxidation states are easier to exfoliate, as shown by their
low exfoliation energies, which are even comparable with that
in graphene [35]. While exfoliating a n-vdW monolayer from
its bulk counterpart, one coordination is reduced, which is to
be compensated through a strengthening of the anion-cation
bond, i.e., decrease in length of the anion-cation bond. How-
ever, the anions with more extended wave functions show
inability in doing so. As a result, the binary semiconduc-
tors having elements other than the first row do not hold
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stability at the single-atomic-layer thickness in general [36],
e.g., the planar CdS monolayer has been stabilized via mini-
mal biaxial strain. These semiconductors show some unusual
features in their band structures. In this paper, we have taken
1-atom-thick hexagonal (h-) ScX (X = P, As, Sb) monolayers,
which are dynamically unstable as established in our previous
work [21] and another report [37]. The planar graphitic h-ScX
monolayers are 2D counterparts of the 3D wurtzite structure
of ScX. These monolayers are put through uniform biaxial
strain and found to be stabilized with a minor strain of 1-2%
and can then withstand strain up to 13-14%. The structural
integrity against a high range of strain, coupled with a low
elastic constant, results in high flexibility, which in turn pro-
vides motivation to engineer material properties using strain.

2D materials have been demonstrated to exhibit supe-
rior properties compared with their 3D bulk counterparts
in various aspects, among which piezoelectric applications
and strain engineering are of our concern for this paper.
Piezoelectricity has been studied for various 2D materials
[38—43] after a theoretical prediction in 1H-MoS, by Duerloo
et al. [40] followed by its experimental verification [44,45].
High piezoelectric coefficients studied in group-IV(A) [46,47]
and group-IV(B) [42] prompted us to explore piezoelectric-
ity in these group-IIIB-VA binary semiconductors. Despite
extensive computational investigations into the in-plane and
out-of-plane piezoelectricity of 2D materials, there is a rela-
tive scarcity of studies focusing on the shear piezoelectricity
in these materials. Experimental measurements have shown
that the bulk wurtzite GaN and AIN structures have a shear
piezoelectric coefficient of 3.1-3.6 pmV ! [48]. A high piezo-
electric shear coefficient djs5 or d;g is needed in various
applications such as actuators, sensors, transducers, structural
health monitoring, vibration control systems, and pressure
sensors [49-54]. Further, shear piezoelectricity is very ef-
fective in biomedical applications, considering the helical
structures of polymer chains in living bodies [55-58]. Re-
cently, very high shear piezoelectric coefficient d;s has been
theoretically reported in group-IV(A) Janus dichalcogenide
monolayers by Nandi et al. [59]. The shear piezoelectric coef-
ficient d|¢ has long been overlooked in scientific research, but
a recent article in Nature Materials revealed an astonishingly
high value of 178 pm/V for S-glycine amino acid [49]. This
coefficient has since been used in experimental pressure sen-
sors [50] and biomedical applications [52], sparking interest
and potential for this previously underestimated field of study.
In this paper, high increase in the shear-mode piezoelectric co-
efficient (dj¢) is realized in ScX monolayers accompanied by
high in-plane piezoelectric coefficients (d,; and dy;) through
positive tensile strain. Along with that, the shear piezoelectric
coefficient djs can be significantly tuned through uniform
biaxial tensile strain. Phonon dispersion and electronic struc-
ture within this stability range have been studied in detail
for ScP, while ScAs and ScSb are expected to show similar
behaviors. Complex mixing of optical and acoustic phonon
modes supports the high shear-mode piezoelectric coefficient
d16.

Another leading field in contemporary physics is the study
and development of flat-band materials. Several systems, such
as heavy fermions, high-temperature superconducting materi-
als, *He, and 2D electron systems, are predicted to exhibit a

flat band according to theoretical models [60—62]; however,
the field was popularized after the realization of nearly flat
bands experimentally at the magic angle in twisted bilayer
graphene [63]. As the interaction between fermions becomes
stronger, the energy spectrum of individual particles near the
Fermi level gradually flattens, resulting in a plateau. This
flattening of the spectrum is linked to the growth of the
effective mass of fermions at the Fermi level (mg) and a
corresponding spike in the density of states (DOS). In this
paper, the top valence band flattens upon the application
of tensile strain. Flat bands in the valence band maximum
(VBM) of a semiconductor can be useful in certain electronic
and optoelectronic devices such as LEDs and lasers because
they can lead to an increased DOS in the VBM. Along with
that, a large spin splitting found in the VBM is understood
to extend its promising application in spintronic devices. The
dangling bonds of 2D n-vdW materials when cleaved from
their bulk counterpart are instrumental for their integration
on the surface of other n-vdW 2D or 3D materials. This in-
tegration paves the way for numerous industrial applications.
In this context, we have demonstrated the compatibility of a
ScP monolayer with a silicon substrate and observed that the
flat-band feature investigated in this paper remains intact and
holds significant advantages when implemented on an elec-
tronic industry material such as silicon. It is anticipated that
this theoretical study will potentially trigger the experimental
synthesis of these structures, leading to the progression of
cutting-edge electronic materials and their diverse range of
applications.

II. COMPUTATIONAL DETAILS

Density functional theory encoded in VASP [64,65] has
been utilized to conduct first-principles calculations. Pro-
jected augmented-wave [66] potentials have been employed
to describe the interaction among ions and electrons, while
the GGA-PBE [67] functionals have been utilized to calculate
exchange-correlation functionals. To avoid the underesti-
mation of band gaps by PBE and to ensure the reliable
computation of electronic properties, the screened hybrid
HSEQ6 [68] has been implemented by replacing 25% of the
exchange-interaction from GGA-PBE with that of HSE06
functionals. The expansion of wave functions has been carried
out with an energy cutoff of 500 eV, and both atoms and
unit cell have been fully relaxed until the Hellmann-Feynman
forces on them reach < 0.01eV/A. The convergence criteria
for self-consistent calculations have been set to 10 %eV. The
I'-centered k-mesh of sizes 12 x 12 x 1 has been utilized
to sample the hexagonal Brillouin zone. To minimize interac-
tions between periodic images, a vacuum thickness of ~22 A
has been maintained along the z direction. Phonon dispersion
curves have been obtained using density functional perturba-
tion theory incorporated into the PHONOPY code [69] for a
5 x 5 x 1 k-mesh employing a 2 x 2 x 1 supercell with
8 atoms. To validate the thermal stability of ScX monolay-
ers, ab initio molecular dynamics (AIMD) simulations are
conducted at room temperature 7y = 300 K using a time step
of 5 ps. A Nosé-Hoover thermostat [70], implemented in
VASP, is employed for temperature control. Finally, the finite
differences method available with VASP has been employed
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FIG. 1. (a) Bulk three-dimensional (3D) counterpart of ScX (X = P, As, Sb). (b) Side view of exfoliated buckled ScX in two dimensions

(2D). (c) and (d) Top and side views of 1-atom-thick planar ScX.

to calculate the elastic stiffness moduli for the relaxed ions.
The DFPT method integrated in VASP was used to determine
the relaxed-ion piezoelectric stress coefficients by combining
the ionic and electronic contributions [71].

III. RESULTS AND DISCUSSIONS

The exfoliation of n-vdW 2D materials is orientation de-
pendent due to their vectorial physical properties. Two layers,
one each of Sc and X (X = P, As, Sb) atoms, have been taken
from the bulk wurtzite cell of ScX [Fig. 1(a)] in the direction
[0 0 1] and put in a unit cell with a vacuum thickness of 20 A,
which is the buckled 2D hexagonal ScX (h-ScX), as can be
seen in Fig. 1(b). Relaxing only ions, the wurtzite-derived
buckled phase ScP is found to be higher in energy than the
bulk counterpart by 1.17 eV and dynamically unstable with a
maximum negative/imaginary frequency of —66cm~!. After
full relaxation of the atoms along with the cell, the buckled
monolayers easily get transformed into 1-atom-thick planar
graphitic monolayers of h-ScX, the top and side view of which
can be seen in Figs. 1(c) and 1(d). The reorganization of atoms
in the exfoliated 2D layer can be attributed to the dangling
bonds present at the surface. The energy of the optimized
graphitic ScP monolayer is lower than the wurtzite-derived
2D layer by 336 meV/atom yet much higher than that of
the bulk counterpart. Generally, the exfoliation energies for
the n-vdW materials are expected to be higher than that of
vdW materials, as the detachment of the layers involves bond
breaking [35,72]. The exfoliation energy of the ScX monolay-
ers is calculated in accordance with Ref. [73]. The respective
values 0.18, 0.17, and 0.15 e:V/A2 for ScP, ScAs, and ScSb
are found to be comparable with experimentally realized 2D
n-vdW binary semiconductor Fe,O3 (~0.14eV) and other
previously reported 2D n-vdW materials [74] and 2-atom-
thick ScX monolayers as reported in our previous work [21].

Further, dynamic stability of the planar h-ScX has been
checked using phonon dispersion. Softening of the flex-
ural acoustic (ZA) mode along the entire Brillouin zone
with the most negative frequencies of —31.68, —18.02, and
—11.67cm™" at high-symmetry point M for ScP, ScAs, and
ScSb, respectively, as can be seen in Fig. S1 in the Supple-
mental Material (SM) [75], suggests the dynamic instability
of the structures. In general, the structure is optimized in a
way to attain the lowest energy and thermodynamically most
favorable state of the structure, but in this case, the ground
state or the thermodynamically most favorable structure is not
dynamically stable. Therefore, a higher-energy state can be
pondered. Further, when the monolayers are truncated from
the bulk phase, the bond length decreases because of the lost
coordination from the bulk phase. The decreased anion-cation
distance leads to a Coulomb repulsion between the electron
clouds present on the anions and cations. Therefore, extending
the ion distances and thus reducing the Coulomb repulsion
can be a desirable approach toward the stability of planar
graphitic 2D n-vdW monolayers. For that, applying strain
would be the first idea adapted. A biaxial tensile strain has
thus been applied to the ScX systems. The cohesive energy
tends to diminish with the tensile strain, as shown in Fig. S2
in the SM [75], which is okay since we are moving away from
the thermodynamically most favorable state. The decreased
cohesive energy is still comparable with many presynthesized
well-known stable 2D materials [76-79], clearly indicating
the maintenance of thermodynamic stability of the 2D mono-
layers under tensile strain. Nonetheless, there are other vital
parameters to be considered for the stability of any system.
The thermal stability of the structures at room temperature has
been confirmed using AIMD calculations. The calculations
were performed with a time step of 1 ps and a temperature
of 300 K for a duration of 5 ps, as shown in Fig. S3 in the
SM [75]. The structures remained intact throughout the entire
simulation period.
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Phonon dispersion corroborates stability under a minor
strain of +1, +2, and +1% for ScP, ScAs, and ScSb, re-
spectively, which is evidenced by the disappearance of the
imaginary phonon modes. The bond distances are increased
with higher strain, reducing the Coulomb repulsion among
the electrons present in the orbitals of nearby atoms, thereby
stabilizing the structures. Nonetheless, the structures are still
planar, unlike the previously reported similar structure nonpo-
lar buckled CdS [36]. Taking a closer look at the phonon dis-
persion of the pristine structures, it is visible that the phonon
instability is caused by the out-of-plane flexural acoustic (ZA)
mode contributed by the X atom. The non-I" nature of the
deepest phonon instabilities implies that atoms are moving
in different directions in adjacent unit cells. The phonon dis-
persion affirms that the structures are further stable up to a
biaxial strain of +13, +14, and +14% for ScP, ScAs, and
ScSb, respectively, as can be seen in Figs. S4-S6 in the SM
[75]. Another way to stabilize the monolayers is by applying
uniaxial tensile strain along the lattice vectors, ensuring the
stability up to 20%, as can be seen in Fig. S7 in the SM [75].

The Born-Huang stability criteria, which state that
C11Co — C%z > 0 and Cg > 0, are satisfied by the elastic
constants of strained ScX monolayers, affirming the me-
chanical stability of these materials. Elevating biaxial strain
alleviates the in-plane elastic constants significantly, as can be
seen in Table S1 in the SM [75]. The markedly low-elastic co-
efficient can be ascribed to the ionic nature of the interatomic
bonding. These results are indifferent to the choice of the unit
cell. We have also conducted these studies on an orthorhombic
cell for ScP, and found to be equal to that in the hexagonal unit
cell, as evident from the results compared in Tables S1—S3 in
the SM [75]. The static Young’s moduli of the monolayers
ScP (Yop = 9-20N/m), ScAs (Yop = 9-18 N/m), and ScSb
(Yop = 6-14N/m) are notably diminutive (see Table S2 in
the SM [75]) compared with graphene (Y>p = 340 N/m) [80],
h-BN (Yop = 279.2N/m) [81], MoS; (Yop = 118-141 N/m)
[82], phosphorene (Yop = 23.0-92.3N/m) [83,84], and sil-
icene (Yop = 60N/m) [85,86], implying a high degree of
flexibility and thereby inspiring for the investigation of appli-
cations of in-plane strain engineering. Additionally, to assess
the stretchability of t-ScX nanosheets, we investigated the
stress-strain relationship for strain applied along both the x
and y directions, with a maximum strain of 25%. As strain
is introduced, stress gradually builds up on the surface of the
nanosheets until it reaches the ultimate stress point or failure
stress, at which point the material begins to rupture. The
stretchability of the material is directly linked to the magni-
tude of the ultimate stress point. To determine the true stress in
GPa (N/m?), VASP utilizes 3D periodic boundary conditions.
Consequently, it is necessary to scale or renormalize the 2D
elastic stiffness constants by the z lattice constant or supercell
thickness. This can be achieved through the equation Csp =
Cap/c, where Csp op) represents the 3D (2D) elastic stiffness
constant, and ¢ denotes the z lattice constant or supercell
thickness [41]. The ultimate strain limits for the monolayers
are as high as 16-24%, as can be seen in Fig. S8 in the
SM [75]. The flexibility and ability to withstand deformation
without failure contribute to the durability and reliability of
materials. High ultimate strain allows materials to undergo
significant elongation or compression before reaching their

breaking point, making them suitable for applications where
deformation resistance is crucial. Additionally, materials with
high ultimate strain can exhibit improved formability and
shape adaptability, making them easier to process and mold
into complex shapes. The ultimate strengths of the monolayers
are comparable with that of phosphorene (10 N/m) [87].

Therefore, the mode-dependent stable phonon dispersions
are analyzed further for ScP, as can be seen in Fig. S9 in
the SM [75]. The in-plane longitudinal optical (LO) and
transverse optical (TO) modes lower in energy, while the
out-of-plane optical (ZO) mode rises in energy with tensile
strain. Therefore, a decreasing energy gap between the TO
and ZO modes is observed, which further vanishes followed
by the overlapping of the optical modes. There is a visible
mixing of in-plane optical and acoustic phonon modes at
strain >9% caused by the complex crossing of the phonon
branches, which is generally found in systems having several
constituent atoms in their unit cell. Due to the mixing of
phonon modes, the excitation of one phonon will impact the
other. The process of interaction of electrons with phonons
can be related to both optical and acoustic modes simultane-
ously. Therefore, the interaction of electrons with the lattice
would be interesting to study. The optical phonon modes
acquire lower frequencies with the tensile strain, leading to a
cogent mixing of phonon branches. The TO mode is found to
mix with longitudinal acoustic (LA) and transverse acoustic
(TA) modes, as can be seen in Fig. 2 when a certain aspect
of lattice strain interacts with relative sublattice oscillation.
This interaction occurs because not all the constituent atoms
occupy the center of symmetry with potential consequences
for piezoelectric and sublattice-piezoelectric effects. Concur-
rently, strong electron-phonon coupling is expected due to
the complex mixing of LA, TA, and TO modes, suggesting
a large value of the piezoelectric constant and, therefore, a
large piezoelectric strain coefficient (PSC). Piezoelectricity
is analyzed with tensile strain and the shear PSC d;¢ shows
significant enhancement in magnitude. In-plane piezoelectric
constants dp; and dp; accompany dj¢, though dy, increases
in the positive direction, while dj¢ and d,; increase in the
negative direction, as shown in Fig. 3. The arousal of neg-
ative signs of dig and dp; after +3% strain is attributed to
the dominance of electronic contribution over the ionic. The
equal-in-magnitude-but-opposite-in-sign in d»; and d,, repre-
sents the opposite shifts of the ions under tensile strain.

For a 2D hexagonal structure, the d¢ piezoelectric con-
stant represents the change in the electrical polarization of a
material along the x axis, per unit area, per unit shear stress
applied in the xy plane, a schematic of which is shown in
Fig. 4. In other words, dj¢ is used to study the behavior of
the material when it is subjected to longitudinal-transverse
stress in the xy plane. The high increase in the magnitude of
dy¢ is thus well aligned with the complex mixing of LA, TA,
and TO modes. The values of d;¢ have been increased to as
high as dj¢ = —228.08, —469.87, and —397.52 pm/V in ScP,
ScAs, and ScSb, respectively, through tensile strain, which is
much higher than in bulk 3R-TMDCs (MoS; = —8.3pm/V,
MoSe; = —10.3pm/V, WS, = —5.1pm/V, and WSe, =
—7.0pm/V) [88], BiB3O¢ = 13.9pm/V [89], and even
amino acids (asparagine = 13 pm/V, histidine = 18 pm/V,
leucine = 12.5pm/V, and glycine = 178 pm/V) [49,90].
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FIG. 2. Phonon dispersion of ScP with tensile strain +9 to +13%. Visible complex mixing of longitudinal acoustic (LA), transverse

acoustic (TA), and transverse optical (TO) phonon modes.

With that, the d;5 piezoelectric constant which represents the
change in the electrical polarization of a material along the
X axis, per unit area, per unit shear stress applied about
the y direction or in the xz plane, is sufficiently high and can be
easily tuned via tensile strain in the range —90 to 210 pm/V,
as can be seen in Fig. S10 in the SM [75]. The high values
of shear piezoelectric coefficients of 2D planar hexagonal
structures can be used to create highly sensitive sensors for
detecting changes in mechanical stress, pressure, and force
and also in actuators, energy harvesting, filtering and medical
devices, and pressure sensors [49-54,91,92]. However, more
research is needed to understand the properties and behaviors
of the structures to develop practical applications. Again, the
trend in the tuning of the piezoelectric constants through pos-
itive strain remains unaffected by the choice of the unit cell.
The results obtained from the orthorhombic cell (Fig. S11 in
the SM [75]) can be compared with those obtained from the
hexagonal cell for ScP (Fig. 3).

The ZO mode arises by the swing of Sc and X atoms in
vertically opposite directions. That is, if the Sc atom is moving

in the up direction, the neighboring X atoms will be moving in
the down direction, which generates a time-varying electrical
dipole moment in the direction perpendicular to the plane of
the monolayer. With the expansion of the unit cell along the
in-plane directions, the frequency of oscillation increases in
the out-of-plane direction. The out-of-plane oscillations (ZO)
achieve a higher frequency than the in-plane oscillations (LO
and TO) >~13% and thus cause the time-varying dipole
moment in the perpendicular direction of the plane of the
monolayer to increase, thereby leading to instability in the
system again which is seen by the presence of soft TA modes.
The stability of these graphitic ScX monolayers with a vast
range of tensile strains points to their suitability for different
heterostructure formations and for use on different substrates.

Further, the effect of biaxial tensile strain on the elec-
tronic structure of the 1-atom-thick scandium pnictides has
been examined. The unstrained unstable structure of the ScX
structures possess a direct band gap at the K point (see Fig.
S12 in the SM [75]), which remains direct on the appli-
cation of biaxial strain. There is an interesting shift in the
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FIG. 3. Variation of piezoelectric coefficients, dy¢, d21, and da, of ScX (X = P, As, Sb) with biaxial strain up to 13%.
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FIG. 4. Stress about the z direction or in the xy plane, causing
polarization in the x direction.

energy of the bands in the valence band. This shift can be
understood by scrutinizing the contribution of different or-
bitals in the band edges. It is observed that the parabolic
inverted-valleylike band is contributed by in-plane orbitals
(Sc_px, Sc_py, Sc_dxy, Sc_dx2, P_px, and P_py), while the
nearly flat bands are contributed by the out-of-plane orbitals
(Sc_dyz, Sc_dxz, and P_pz). The former band is evidently
sensitive to the application of in-plane tensile strain, owing
to its orbital composition. As a result, with the application of
in-plane tensile strain, the parabolic inverted-valleylike band
is lowered in energy, leaving the nearly flat band as the top-
most valence band, as can be seen in Fig. 5(a). Further, it
is succinct from Fig. 5(b) that the nearly flat bands become
more flattened with tensile strain. The fundamental physics
here can be well understood from the renowned Kronig-
Penny model [93]. According to the model, the bandwidth of
a certain band is given by the relationship W = 1/(Voba)?,
where a and b are the widths of the potential well and the
barrier, or correspondingly, the lattice period, respectively.
Biaxial tensile strain stretches the in-plane lattice vectors and,
therefore, suppresses the bandwidth. In solids, the kinetic
energy and the electron correlation effects are associated with
the bandwidth. Thus, the lowering of the bandwidth gives
rise to flat bands near the Fermi level isolated from other
valence bands. These flat bands are also tunable within the
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— 6%
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Energy (eV)

FIG. 6. Splitting of nearly flat top-most valence band in ScP
monolayer.

wide range of biaxial tensile strain. Systems with flat bands
around the Fermi level provide intriguing environments for
investigating the fascinating physics of strong electron corre-
lations [94]. Furthermore, flat valence bands indicate a higher
effective mass of holes that can be useful in semiconductor
devices such as solar cells, where the heavier holes can be
more easily collected and used to generate electrical power.
Additionally, materials with higher effective mass of holes can
be used in thermoelectric devices to convert waste heat into
electricity. In electronic devices, high effective mass of holes
also leads to greater electron-hole recombination rate, which
is useful in LED and lasing devices.

A large splitting in flat bands of the order of 100 meV
is observed while including relativistic corrections (Fig. 6).
The splitting of flat bands in the VBM of a semiconductor
can be beneficial for certain electronic devices due to the
increase in DOS in the VBM. Furthermore, the increased
DOS can lead to increased optical absorption and improved
performance in optoelectronic devices, such as LEDs and
lasers. Additionally, the splitting of flat bands can lead
to increased spin-polarization and improved spin-dependent
transport properties, which can be useful for spintronic de-
vices, such as magnetic random-access memories (MRAMs)
and spin-field-effect transistors (spin-FETs) that rely on the
spin of electrons and holes to perform their functions. As an-
ticipated in earlier studies, the band dispersion differs between
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the orthorhombic and hexagonal cells [95-98]. However, the
change in electronic structure upon the application of biaxial
tensile strain is invariant with respect to the choice of unit cell,
as demonstrated in Figs. 5 and S13 in the SM [75].

Significantly, an intriguing advantage arises from the
simultaneous presence of flat bands and piezoelectricity.
Piezoelectricity is a phenomenon where the material can gen-
erate an electric charge in response to applied mechanical
stress or strain. The more the electrical charge, the stronger
the piezoelectric response will be. The flat band resulting from
high DOS in the VBM can contribute to this enhanced piezo-
electric response by making more charge carriers available in
a small energy range under strain, leading to a more efficient
conversion of mechanical energy into electrical energy. Both
the flattening of the bands and piezoelectricity are found to
increase with strain. Therefore, the presence of a flat band in
a material can be linked to the observed large piezoelectricity,
suggesting that the unique electronic structure associated with
the flat band plays a crucial role in enhancing the piezoelectric
properties of the material.

Further, the ability of these monolayers to withstand high
strain along different directions makes them suitable for
supporting them on different substrates and in various het-
erostructures. The unstrained ScP monolayer is dynamically
stable when implanted on the Si substrate (Fig. 7) and there-
fore will manifest strong integration capability with Si-based
electronic devices. The stability of these monolayers on a Si
substrate lays the foundation for their successful implementa-
tion in various technological domains, unlocking possibilities
and opportunities for innovation of a wide range of practical
nanodevice applications, including but not limited to electron-
ics, optics, and energy storage [99—101].

Further, it is evident from Fig. 7 that ScP implanted on
silicon exhibits chemical bonding instead of vdW attraction.
Consequently, the resulting structure of ScP/Si may possess
distinct properties as compared with ScP or Si individually.

On that ground, we have examined the impact of Si substrate
on the ScP monolayer. It is interesting to note that the intro-
duction of the ScP monolayer onto the Si substrate results in
a notable flat band structure and a substantial enhancement in
the DOS near the Fermi level, as can be seen in Fig. 8.

While we note the preservation of the investigated flat
band feature, which offers significant advantages when im-
plemented on an electronic industry material like silicon, it
is worth mentioning that the implantation of ScP on a silicon
substrate induces a strain of 4.6% due to the lattice mismatch.
Consequently, we conducted a comprehensive comparison of
the piezoelectric properties between two strained systems: one
involving the combined ScP-Si system where ScP is strained
by 4.6% due to the silicon substrate and the other with free-
standing strained ScP with 4.6% strain, which was achieved
computationally through biaxial strain. Notably, the shear
piezoelectric coefficient d;g, which holds particular interest in
the ScP monolayer, exhibits a remarkable threefold enhance-
ment when implanted on silicon. This conclusion was drawn
by comparing the dj¢ values of ScP-Si (—37.19 pm/V) and
ScP at 4.6% strain (—10.52 pm/V). The piezoelectric coeffi-
cients dj¢, da1, and dy, for freestanding strained ScP at 4.6%
strain were obtained by interpolating the piezoelectric varia-
tion curve under strain. The in-plane piezoelectric coefficients
dy1 (—1.33 pm/V) and d5; (0.40 pm/V) in ScP-Si are reduced
compared with ScP (d,; = —3.11pm/V, dy; = 3.11 pm/V).
The detailed explanation and comparison for this is provided
in the SM [75]. Evidently, there are more flat bands in ScP-Si
relative to freestanding ScP. Concurrently, there is a threefold
enhancement in the shear piezoelectric coefficient dj¢. This
demonstrates a clear relationship between flat bands and high
shear piezoelectricity.

IV. CONCLUSIONS

In this paper, 1-atomic-layer-thick graphitic n-vdW mono-
layers of ScX (X =P, As, Sb) has been stabilized via the
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application of minute tensile strain whose stability has been
confirmed over a vast range of biaxial strain (~13-14%)
and uniaxial strain (~20%). The monolayers possess high
flexibility due to their exceptionally low in-plane elastic con-
stants (643 N/m) and Young’s modulus (6-20 N/m) arising
from the predominance of ionic interatomic bonding. There-
fore, they are proposed for applications where large-scale
strain engineering is needed. To investigate their potential, the
mode-dependent phonon dispersion, electronic structure, and
piezoelectric properties of the ScX monolayer were studied
under tensile strain. High shear piezoelectric coefficients are
attained up to djg = —228.08, —469.87, and —397.52 pm/V
for ScP, ScAs, and ScSb, respectively, opening a path for
pressure sensors and several biomedical applications. More-
over, excellent tuning via strain can be achieved in the shear
piezoelectric coefficient d;5 that can be useful in actuators and
resonators. The application of tensile strain flattens the top
valence band, accompanied by a spin splitting of ~100 meV,
resulting in strong fermion-fermion correlation effects. This
indicates a higher effective mass of holes, which is ex-
ploitable in semiconductor devices such as solar cells, where
heavier holes can be more easily collected and used to gen-
erate electrical power. Furthermore, this feature leads to a
greater electron-hole recombination rate, which is beneficial
for LEDs and lasing devices. These monolayers have promis-
ing applications in MRAMs and spin-FETs, which rely on
the spin of electrons and holes to perform their functions.

In addition, their ability to withstand high strain makes them
suitable for integrability with various substrates and in dif-
ferent heterostructures. The ScP monolayer exhibited robust
stability and maintained its flat band characteristic when im-
planted on a Si substrate, thereby opening opportunities for
innovation in a wide range of practical applications. These
findings demonstrate the potential of the ScP monolayer for
futuristic applications in the field of strain engineering and
semiconductor device design.
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