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Ultrathin semiconductors with great electrical and photovoltaic
performance hold tremendous promise for fundamental research
and applications in next-generation electronic devices. Here, we
report new 2D direct-bandgap semiconductors, namely mono- and
few-layer In,Ge,Teg, with a range of desired properties from
ab initio simulations. We suggest that 2D In,Ge,Teg samples should
be highly stable and can be experimentally fabricated by mechan-
ical exfoliation. They are predicted to exhibit extraordinary optical
absorption and high photovoltaic conversion efficiency (>31.8%),
comparable to the most efficient single-junction GaAs solar cell.
We reveal that, thanks to the presence of van Hove singularities in
the band structure, unusual quantum-phase transitions could be
induced in monolayers via electrostatic doping. Furthermore,
taking bilayer In,Ge,Teg as a prototypical system, we demonstrate
the application of van der Waals pressure as a promising strategy to
tune the electronic and stacking property of 2D crystals. Our work
creates exciting opportunities to explore various quantum phases
and atomic stacking, as well as potential applications of 2D
In,Ge,Teg in future nanoelectronics.

Semiconductor-based electronic devices, which work through
the modulation of the charge carrier density and hence electrical
resistance or even spin magnetism, permeate almost every facet
of our lives." Nowadays, one of the most widely used semi-
conductors in integrated circuits and optoelectronic devices is
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New concepts

For next-generation sub-nanometer nanoelectronics, the search of new 2D
materials that exhibit suitable electronic bandgap, large optical absorbance
and tunable magnetism is a priority and challenging task as well as a cutting-
edge topic in both solid-state physics and materials science. On the other
hand, although hydrostatic pressure has been applied to tune the dynamic
band-structure of moiré superlattices and the electronic interactions and
superconductivity in twisted bilayer graphene, unfortunately knowledge on
tuning electronic and stacking properties of these 2D systems under van der
Waals (vdW) pressure remains elusive. Here new 2D direct-bandgap
In,Ge,Te, semiconductors with such desired comprehensive properties
have been proposed for future nanoelectronics. These 2D crystals present
remarkable light absorption in the entire visible light spectrum and high
power-conversion efficiency. Unusual quantum-phase transitions in single-
layer In,Ge,Tes, have been revealed by electrostatic carrier doping. As
demonstrated in bilayer In,Ge,Tes, van der Waals deformation provides a
promising route to engineer the electronic structure and layer stacking of
ultrathin crystals.

gallium arsenide (GaAs)*® and GaAs holds the world record for the
highest photovoltaic conversion efficiency of a single-junction
solar cell.® Diluted magnetic Ga(As,Mn) semiconductors have also
been used to fabricate spintronic devices.”® To date, a two-
dimensional (2D) form of GaAs has not yet been found and it
is unlikely to be competitive for future sub-nanometer micro-
electronics owing to quantum-confinement effects.’ Therefore,
ultrathin semiconductors with suitable direct bandgap, large
optical absorbance and tunable magnetism are highly sought-after
for next-generation nanoelectronic technological applications.
Among the promising candidates for utilization in future
microelectronic devices, 2D materials show many noteworthy
advantages, including their ultimately few-atom-thin thickness,
rather straightforward assembly and easy integration into
heterostructural devices.'®>* Graphene was the first isolated
single-layer material, but it does not have an electronic band-
gap, which greatly restricts its practical applications.'>'" In
contrast to graphene, the widely investigated 2D material MoS,

This journal is © The Royal Society of Chemistry 2020
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possesses a too-large bandgap (1.9 eV) for microelectronic and
optoelectronic devices.>* Very recently, it has been reported that
few-layer Cr,Ge,Teq exhibits intrinsic magnetism** and has a
small bandgap (0.74 eV);*® while being isostructural with
Cr,Ge,Teg, bulk In,Ge,Tes was synthesized for thermoelectric
applications,*® but its 2D forms are unknown. So far, most well-
studied 2D semiconductors do not exhibit controllable spin
ordering,">*”° although magnetism could be electrically
induced in a few known 2D monolayers.*'*> Despite continuous
effort on the development of 2D semiconductors, the search for
desirable 2D candidates is still of great interest and a priority in
solid-state physics and materials science.

On the other hand, variation of interfacial stacking has been
demonstrated to be an effective approach to engineer the physical
and chemical properties of 2D bilayer materials.***° For instance,
the electronic bandgap and phonon frequencies vary with the twist
angles, as realized in stacked MoS, bilayers by chemical vapour
deposition.*” In graphene bilayers, precise control of so-called
magic angles introduces many excellent properties and correlated
electronic phases (e.g., superconducting and insulating states),*®*!
which has also been a continuously growing field in 2D materials
science.””™* Although hydrostatic pressure has recently been
applied to tune the dynamic band-structure of graphene moiré
superlattices,” and the electronic interactions as well as super-
conductivity in twisted bilayer graphene,’® unfortunately knowl-
edge on tuning electronic and stacking properties of these 2D
systems under van der Waals (vdW) pressure,*® which could be
considered as an out-of-plane deformation controlling the vdW
interactions, remains elusive and needs to be revealed.

In this work, we successfully address the above-mentioned
challenges via ab initio calculations and molecular-dynamics
simulations. We firstly report excellent comprehensive properties
of 2D direct-bandgap semiconductors (including mono- and few-
layer In,Ge,Tes), which have never been reported before. By
assessing the exfoliation energy and lattice dynamics, we suggest
that the proposed 2D crystals should be highly stable and could
be feasibly prepared from the bulk layered crystal via mechanical
cleavage, as for graphene. Moreover, these 2D crystals exhibit a
remarkable degree of light absorption in the entire visible solar-
irradiation spectral range and a very high theoretical power-
conversion efficiency, comparable to the currently most efficient
singlejunction GaAs solar cell. We demonstrate that, under
electrostatic carrier doping, novel quantum-phase transitions
can be achieved in In,Ge,Tes monolayers, indicating its potential
application in nanoscale spintronic devices. Taking bilayer
In,Ge,Tes as a model system, we further reveal that electronic
and stacking properties can be tuned by applying a moderate
vdW pressure. All these desired properties render 2D In,Ge,Teg
crystals a very promising platform for future microelectronics
and optoelectronics.

Crystal structure

Bulk In,Ge,Teg is a layered compound with trigonal symmetry
R3 (space group No. 148).%° The structure is constructed from a
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hexagonal close packing of tellurium atoms connected by indium
and germanium atoms in the pseudo-two-dimensional xy plane
(Fig. 1(a)), stacking along the z axis through van der Waals
interactions (Fig. 1(b)). There are two types of octahedron in the
xy plane: Ge,Tes and InTes octahedra with paired germanium
atoms and a single indium atom occupying the octahedral centers,
respectively. The calculated lattice constants and electronic band-
gaps of the bulk and few-layer crystals are summarized in Table 1.
Compared to experimental data,® the structural properties of bulk
In,Ge,Te, are well reproduced quantitatively by the GGA+D3-
Grimme approach. As shown in Table 1, the lattice parameters
(a) of the few-layer In,Ge,Te, crystals are all very close to that of the
bulk crystal, indicating negligible influence from the inter-layer
vdW interactions and surface relaxations.

In contrast, quantum confinement has a large impact on the
layer-dependent electronic bandgaps of In,Ge,Tes. Interestingly,
the bulk crystal is an indirect bandgap semiconductor (Fig. S1,
ESIt), while the monolayer has a direct bandgap (Fig. 1(c)). With a
decrease of layer number, the bandgap changes from 0.91 eV
(indirect) for the bulk to 1.44 eV (direct) for the monolayer
(Table 1), which is an increase of 58%, significantly larger than
in MoS, (47%; 1.90 eV for the bulk and 1.29 eV for its
monolayer).”> Not knowing the physical mechanism for the
basis of the charge mobility, we estimated the mobility from
deformation-potential theory, hence without accounting for
scattering events with defects or the formation of small polar-
ons. Interestingly, the carrier mobilities (Table 2) are also greatly
affected by the numbers of layers. The largest carrier mobility of
the monolayer is predicted to be ~98 cm® V' s™* along the
[010] direction, which is larger than the most-studied MoS,
monolayer (21 ecm®> V' s7!' from Monte Carlo and DFT
simulations),”” and it is enhanced up to 486 cm® V' s~ for
the AB-stacked bilayer crystal and 4075 cm® V' s™* for the bulk
phase (Table 2), confirming the presence of evident quantum-
confinement effects. However, the carrier mobility of few-layer
In,Ge,Tey is not as large as graphene and black phosphorus
(=10* em? V' s~ 1), which might limit their application in high-
speed field-effect transistors. On the other hand, few-layer and
bulk crystals have comparable carrier mobilities to Si and GaAs
(>10° em® V' s71) and relatively larger bandgaps than graphene,
which is indicative of potential applications in optoelectronic
devices and will be discussed later.

Feasibility of experimental preparation

2D crystals often can be prepared by mechanical cleavage and liquid
exfoliation from their layered bulk vdW-bonded crystals.'**®*° The
exfoliation energy of 2D In,Ge,Tes was estimated by simulating the
cleavage process (Fig. S2, ESIt). As shown in Fig. 1(d), our predicted
exfoliation energy of the benchmark material graphite is
~0.31 ] m~ 2, which is in excellent agreement with the experi-
mentally measured value (0.32 £ 0.03 ] m ?)°° and previous
theoretically calculated data (0.32 J m~>),>" ensuring the reliability
and accuracy of our calculations. For 2D monolayer, bilayer and
trilayer In,Ge,Tes, the exfoliation energies are predicted to be
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Fig.1 Geometry of In,Ge,Teg crystals: (a) top view of the 2 x 2 single-layer supercells and (b) side view of the bulk along the y axis as well as the
octahedra. (c) Electronic band structure of the monolayer. The dashed line indicates the position of the Fermi energy set at 0 eV. (d) Calculated exfoliation
energy of few-layer In,Ge,Teg crystals in comparison with graphite. (e) Phonon dispersion curves and (f) AIMD evolution of the total energy for the
monolayers. The insets show snapshots of single-layer structures after 10 000 AIMD time-steps (color coding of atoms is the same as in (a and b)).

Table 1 Calculated lattice parameters a (A), van der Waals gap (A), and
electronic band gap E, (eV) of monolayer (ML), AA- and AB-stacked
bilayers (BL), ABC-stacked trilayer (TL) and bulk crystals of In,Ge,Teg using
GGA with the D3-Grimme vdW correction and HSEO6 functional, compar-
ing with the available experimental data in parentheses®

Crystal a vdW gap E,
ML 7.201 — 1.44
BL-AA 7.203 3.361 1.17
BL-AB 7.201 3.367 1.21
TL 7.204 3.310 1.12
Bulk 7.203, 21.485 3.315 0.91
(7.086, 21.206) (3.282) —

around 0.30 J] m >, very close to that of graphene, As,S;
(0.28 ] m %% and CrOCl (0.21 ] m?).*” As the previously
predicted As,S; and CrOCI monolayers have been successfully
fabricated in recent experiments,”*>* we therefore anticipate that
the mono- and few-layer In,Ge,Tes should be able to be feasibly
prepared in air from the bulk crystals by mechanical cleavage or
similar preparation methods. Thanks to the weak vdW interac-
tions between the adjacent layers, these 2D crystals are also
potential candidates for the construction of vdW heterostructures
or composites in future nanoelectronic applications.>>>®

Crystal stability

Lattice-dynamical calculations and molecular-dynamics simu-
lations have been performed to assess the structural stability of
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Table 2 Calculated deformation-potential constant Epp (€V), 2D in-plane
stiffness C (N m™Y), effective mass m* and carrier mobility i (cm? V=1 s7%)
for the monolayer (ML), AA/AB-stacked bilayers (BL) and bulk crystal of
In,Ge,Teg at 300 K. e and h refer to electron and hole carriers, respectively

Layer Carrier Epp c m* i
ML e [100] 5.549 38.370 0.692 36.9
h [100] 3.549 38.370 1.644 16.0
e [010] 8.261 38.910 0.287 98.3
h [010] 6.261 38.910 0.696 29.1
BL-AA e [100] 5.302 62.624 0.658 73.1
h [100] 3.052 62.624 1.541 40.2
e [010] 9.333 63.863 0.313 106.3
h [010] 7.583 63.863 0.672 34.9
BL-AB e [100] 4.852 62.027 0.481 161.7
h [100] 3.352 62.027 3.744 5.6
e [010] 5.008 63.098 0.271 486.4
h [010] 3.758 63.098 0.734 117.8
Bulk e [100] 9.537 196.129 0.104 2830.7
h [100] 5.710 196.129 0.945 95.6
e [010] 9.096 251.913 0.103 4074.9
h [010] 4.411 251.913 0.619 479.7

2D In,Ge,Tes monolayers. According to the phonon-dispersion
curves in Fig. 1(e), there are no imaginary phonon frequencies,
indicating that single-layer In,Ge,Tes is dynamically stable. The
highest frequency of optical modes in the monolayer is around
270 cm™ ', which is in fact indicative of weak chemical

bonding.>”"*® Ab initio molecular-dynamics (AIMD) simulations

This journal is © The Royal Society of Chemistry 2020
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at 300 K suggest that the monolayer is thermally stable, because
the lattice structures are well maintained after 20 ps run times,
as demonstrated by the AIMD snapshots (Fig. 1(f)). The appre-
ciable thermal stability is further confirmed by the time-
dependent total energies of the system, which only show small
oscillations within 20 ps. During the AIMD simulations, all ions
in the lattice vibrate around the local minima and no phase
transition or separation was observed, demonstrating that 2D
In,Ge,Te¢ crystals should be highly stable at 300 K.

Quantum-phase transitions

The electronic structures (Fig. 1(c)) of 2D In,Ge,Tes monolayer
show relatively flat valence bands below the Fermi energy,
resulting in a very sharp peak in the density of states. This
interesting characteristic is called a one-dimensional-like van
Hove singularity and usually indicates electronic instability and
thus controllable quantum-phase transitions, as reported in 2D
GaSe, InP; and nanoribbons.****° Fig. 2(a) illustrates the calcu-
lated phase diagram of an electrostatically doped 2D In,Ge,Tes
monolayer at various carrier concentrations. Interestingly, the
electronic instability can be driven by exchange interactions
from both hole and electron doping. The hole-doped monolayer
(Table S1 and Fig. S3, ESIt) turns out to have nonmagnetic and
then ferromagnetic metallic states (3.43 x 10" cm?), which
has been similarly observed in hole-doped GaSe and InP;
monolayers.*>® Under electron doping, the In,Ge,Tes monolayer

(€)

NM FM

LA UL BN T ]
-20 -10 0 10 20 30 40
Carrier Concentration (10'3electron-cm™)

DOS (a.u.)

Fig. 2 (a) Diagram of quantum-phase transitions in 2D In,Ge,Teg mono-
layer under electrostatic doping, where negative and positive carrier
concentrations correspond to hole and electron doping, respectively.
(NM = non-magnetic; FM = ferromagnetic; AFM = anti-ferromagnetic.)
The shaded-white region at zero indicates the semiconducting state of the
pristine system. (b) Isosurfaces of spin charge-density differences (purple
shading) along the z and x axes and (c) spin-dependent density of states
(DOS) of the 2 x 2 monolayer supercell at an electron-doped concen-
tration of 1.6 x 10'* cm™2. The Fermi level is set at 0 eV.

This journal is © The Royal Society of Chemistry 2020
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first behaves as a nonmagnetic (NM) metal and then shows
ferromagnetic (FM) metallicity when the carrier density is
between 1.08 x 10" and 2.12 x 10"* cm™>. A further increase
of electron-doping density (>2.12 x 10'* em™?) could induce an
unusual magnetic transition from FM to antiferromagnetic
(AFM) metallic states, which has rarely been reported before.
These quantum-phase transitions could be achieved experimentally
by applying electrolyte gates, with proven high carrier densities of up
to 4 x 10" cm ™ for both electrons and holes,” or even by alloying
the samples with higher valence elements, such as Ge/Sn at In sites
and Sb/Bi at Ge sites. Besides the exotic semiconductor-to-metal
transitions, 2D In,Ge,Tes monolayer also presents electrically tun-
able magnetism, which is a different type of magnetic behavior
compared with Cr,Ge,Te,>®* and renders it a very promising
candidate for fundamental research on electromagnetic phenom-
ena and for potential applications in spintronic devices.

To gain further insight on the quantum-phase transitions,
the spin charge-density difference and density of states of a
single-layer 2D crystal at an electron-doped concentration of
1.6 x 10! cm™? are illustrated in Fig. 2(b) and (c), respectively.
It is clear that the magnetic states are dominated by the valence
electrons from the indium and tellurium atoms, as indicated by
the surrounding spin charge densities. This is consistently
demonstrated by the spin-dependent projected density of states
shown in Fig. 2(c), where the electronic states around the Fermi
level are primarily contributed by the 5 s orbital of the In atoms
and 5 p orbital of the Te atoms in both majority and minority spin
channels. Below the Fermi energy, it is mostly determined by the
Te-5 p orbitals. A similar phenomenon can be observed in the DOS
of 2D monolayer crystals at different doping concentrations
(Fig. S4, ESIt). Therefore, it would be very interesting to further
tune the properties of 2D In,Ge,Tes by Te defect engineering.

Atomic stacking under vdW pressure

The influence of vdW pressure can induce novel physical phenom-
ena in nano-enclosures and create new chemical compounds.*® To
tune the vdW interactions of layered In,Ge,Tes, here we constructed
AA- and AB-stacked bilayers, as depicted in Fig. 3(a). Different
amplitudes of vdW pressures are applied vertically along the vdW
directions of the bilayer crystals, which could be experimentally
achieved with a scanning tunnelling microscope tip® or by fabricat-
ing the samples encapsulated between the flakes of boron nitride or
few-layer graphite,’>*> where the deformation could be con-
trolled via the distance between two flakes. Fig. 3(b) presents the
evolution of the relative total energy (Eax — Eap) With pressure
and change of vdW gaps. Obviously, under zero pressure and for
all tensile pressures, the free-standing AB-stacked bilayer is
always the ground state as its total energy is lower than that
of the AA-stacked one. With an increase of compressive pressure
(corresponding to a decrease of the vdW gap), the relative total
energy becomes zero at 1.56 GPa (that is a reduction of the
interlayer distance of 0.62 A), indicating there is a possible
stacking transition from the AB to AA configurations, which may
due to steric effects as there is no newly formed chemical bond

Nanoscale Horiz., 2020, 5,1566-1573 | 1569
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Fig. 3 (a) Schematic diagram of AA- and AB-stacked bilayers under vdW pressure. (b) Relative total energy of the bilayer systems with respect to vdW
pressure and gap change. The dotted lines indicate the zero-energy point and transition pressure. (c) Phonon-dispersion curves of an AA-stacked bilayer
under 1.56 GPa vdW pressure. (d) Total electronic density of states as well as electronic band structures of (e) AA- and (f) AB-stacked bilayers under zero
pressure. The Fermi energy is denoted by a horizontal dashed line and set to 0 eV. The red arrows indicate obvious differences of bands at the top of the

valence band and bottom of the conduction band.

between adjacent layers. Our lattice-dynamical simulation
further demonstrates that the AA-stacked bilayer is stable at
1.56 GPa, because no imaginary mode is found in the calculated
phonon-dispersion curves (Fig. 3(c)).

In addition, the electronic structures of these AA- and
AB-stacked bilayers are different, as shown in Fig. 3(d), which
would be helpful for experimentalists to characterize these
stacking configurations. The calculated electronic density of
states suggests that the valence bands of both AA- and
AB-stacked bilayers are very similar and the most significant
difference is observed in their conduction bands. The
conduction-band minimum in the AA-stacked bilayer is lower
in energy than that in the AB-stacked one, which leads to a
~40 meV smaller electronic bandgap of the former, indicating
their different electronic properties. Further evidence could be
found in the electronic band structures (Fig. 3(e and f)). The
AB-stacked bilayer shares some band features with the mono-
layer, e.g., dispersive bands at the top of the valence band and at
the bottom of the conduction band, while the AA-stacked bilayer
has relatively flat bands, especially around the conduction-band
minimum. As a result, the AB-stacked bilayer shows much
higher overall carrier mobilities compared with the AA-stacked
crystal (Table 2). It is noticed that, for both stackings under
compressive vdW pressure, the lowest conduction bands around
I’ point move down toward the Fermi energy and the electronic
bandgap decreases, while the top valence bands do not change
obviously (Table S2 and Fig. S5, ESIt). Therefore, the electronic
and stacking properties of AA- and AB-stacked bilayers could be
possibly tuned via vdW pressure and electrically detected by
experiments, indicating potential utilization in nanoelectronic
sensors.®

1570 | Nanoscale Horiz., 2020, 5, 1566—-1573

Optical absorption and photovoltaic
conversion

As discussed above, the In,Ge,Tes monolayer has a direct band-
gap of 1.44 eV, which is very close to that of GaAs, suggesting its
great potential for optoelectronic and photovoltaic applications.
To assess the optical performance, we predicted the absorption
coefficients of the monolayer, bilayer, and trilayer forms of
In,Ge,Tes in comparison with the absorption spectra of GaAs
and Si crystals. As illustrated in Fig. 4(a), we notice that the
calculated absorption spectra of GaAs and Si are in reasonable
agreement with experimental measurements,®°® where the
small discrepancies between theory and experiment can be
understood as being due to the surface roughness of crystal
samples and temperature effects, which are not included in our
calculations. It is interesting to see that the overall in-plane
absorption coefficients of the single-layer In,Ge,Te, crystal are
appreciably large (~ 10> cm™") and comparable to that of GaAs,
while being significantly larger than that of intrinsic silicon.®®
Especially, all of the 2D In,Ge,Tes crystals exhibit a much
stronger absorbance than GaAs in the wavelength range of 520~
700 nm (Fig. 4(a)). We also noticed that the AA- and AB-stacked
bilayers show a similar optical absorbance, indicating that the
stacking configuration does not have a great impact on the absorp-
tion performance. Thanks to the extraordinary visible-light absor-
bance, these 2D crystals offer great possibilities for atomically-thin
optoelectronic devices, as further discussed below.

Based on the Shockley-Queisser (SQ) theory,®”"°® the conversion
efficiency (spectroscopic-limited maximum efficiency, SLME) can
be calculated using the absorption coefficients to describe the
photovoltaic performance of a solar cell, assuming that the

This journal is © The Royal Society of Chemistry 2020
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Shockley—Queisser (SQ) limit.%”

material is free of exciton, Holstein-like polaron and defect effects.
The predicted photovoltaic conversion efficiencies under the
standard AM1.5G solar spectrum® are summarized in Fig. 4(b)
for thin-film solar cells with a typical thickness of ~2 pm;”
nevertheless, such an assumption should be rigorously checked
by future experiments. Taking the most efficient single-junction
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GaAs solar cell as a benchmark, its conversion efficiency is
calculated to be 31.4%, which is in excellent agreement with
previous simulation results (32%)”" and slightly higher than the
experimental world-record value (29.1%),° suggesting good
reliability of our theoretical estimation. Strikingly, the predicted
conversion efficiency of the single-layer In,Ge,Tes crystal is
31.8%, which is comparable to that of GaAs. The efficiencies
of bilayer (32.1%) and trilayer (32.2%) In,Ge,Teg crystals are
even higher than GaAs and 2D trilayer silicene (29%),”" while
the bulk material shows an efficiency of 28.8%, close to the SQ
limit, indicating their great potential for photovoltaic and
optoelectronic applications. As 2D In,Ge,Tes may exhibit a large
absorption in the infra-red region, which could lead to extensive
heating during operation and possible degradation, therefore
careful attention should be paid to the design of high-
temperature optoelectronic devices.

As indicated by the SQ limit, the electronic bandgap has a
large effect on the photovoltaic conversion efficiency. Fig. 5(a)
illustrates the bandgaps of the single-layer orthogonal cell of
In,Ge,Tes under uniaxial and biaxial strains. Apparently, the
bandgap could be well tuned from ~1.0 to 1.5 eV by applying
strains and it varies gradually, but not monotonically like
phosphorene and many other 2D materials under compressive
and tensile loadings.*® This interesting behaviour is due to the
aforementioned one-dimensional-like van Hove singularities
(almost flat valence bands) which also result in a nonmono-
tonic shift of the VBM under various strains (Fig. S6, ESIT).
The response of the SLME conversion efficiency of biaxially
strained monolayer In,Ge,Tes coupling with various bandgaps
is summarized in Fig. 5(b). Very large SLMEs can be achieved at
around 1.32-1.42 eV under appropriate strains. It seems that
the bandgap plays a more important role than the optical
absorbance in improving the conversion efficiency of strained
crystals, where the absorption spectra vary slightly under strain
and are still comparable to that of GaAs (Fig. S7, ESIT). As the
SLME changes obviously with bandgap (Fig. 5(b) and Fig. S8,
ESIY), it is possible to introduce external electrical/magnetic
fields”>”® to optimize the bandgap and hence improve the
photovoltaic performance of these 2D crystals.

W
S
Conversion Efficiency (%)

-4 -3 -2 -1 0 1 2 3 4
Biaxial Strain (%)

Fig. 5 Calculated (a) electronic bandgap of the In,Ge,Teg monolayer under various strains and (b) photovoltaic conversion efficiency of biaxially

strained single-layer In,Ge,Teg crystal, using the HSEO6 functional.
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To summarize, we have predicted new 2D In,Ge,Tes semi-
conductors with excellent electronic and optical properties
from ab initio simulations. These 2D crystals have direct band-
gaps (from 1.12 to 1.44 eV), possess moderate carrier mobilities
(up to ~486 cm® V! s7') and indicate excellent dynamical and
thermal stability, which are very appealing for future microelec-
tronic and optoelectronic applications. They show a low exfolia-
tion energy (~0.30 ] m~?) and hence it is expected that they could
be experimentally fabricated by mechanical cleavage. Of the most
interest, all of them are predicted to exhibit extraordinary light
absorption in the entire visible solar spectrum and a high
photovoltaic conversion efficiency (>31.8%), which is compar-
able to the most efficient single-junction GaAs solar cell (31.4%)
and trilayer silicene (29%). Therefore, these novel 2D crystals will
be of great promise for next-generation nanoelectronics.

In addition, two types of phase transformations have been
found in the proposed 2D In,Ge,Tes crystals. We highlighted
that unusual quantum-phase transitions from a semiconductor
to a FM/AFM-metallic state could be achieved in single-layer
In,Ge,Te, by electrostatic carrier doping, and these transitions
are dominated by the In-5 s and Te-5 p orbitals. Using the
In,Ge,Te¢ bilayer as a prototypical system, we further revealed a
possible AB to AA stacking transition at 1.56 GPa and explored
the electronic structures under vdW pressure, demonstrating
that the application of vdW pressure is an effective and con-
venient strategy to manipulate the electronic and stacking
properties of ultrathin 2D crystals. Taken together, our work
will stimulate fundamental investigations on quantum phase
transitions and potential applications of high-performance
2D IITA-VIA semiconductors for future spintronic and opto-
electronic devices.
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