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Abstract

Two-dimensional (2D) van der Waals (vdW) layered materials offer a unique combi-
nation of electronic and structural properties attractive for technological applications.
Most of them show strong vdW interactions, which lead to the interlayer-coupled op-
toelectronic properties due to the quantum confinement. Here we present a systematic
computational study of one Mxene, 2D double-metal-layered scandium chloride car-
bides (ScaCCly). Unlike conventional quantum-confined nanosystems, 2D ScyCCly
exhibits weak vdW interactions with robust interlayer-decoupled optoelectronic prop-
erties and extremely high and anisotropic carrier mobilities of about 1—4.5 x 10*
em?V~1s~! that consequently produces comparatively large drain currents. Specifi-
cally, 2D ScoCCly family has a strong light-harvesting ability and could be utilized as
efficient donor materials in excitonic solar cell. Overall, in combination with high struc-
tural stability against ambient conditions, interlayer-decoupled robust optoelectronic
properties potentially relax the requirements for the fabrication of high quality mono-
layers and for selection of suitable substrates, and suggest promising next-generation

optoelectronic applications.
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Two-dimensional (2D) van der Waals (vdW) layered materials have been a subject of
intense studies and shown wide applications for the past decade.'™ Although conventional
2D materials exhibit exotic phenomena, they suffer from some intrinsic drawbacks. For
example, graphene has extremely high carrier mobilities due to the existence of a massless
Dirac cone, and thus holds promise for high-speed field effect transistors (FET) devices.57
Unfortunately, the vanishing energy gap greatly limits its widespread application in this
field.® The prototype 2D transition metal dichalcogenides (TMDs), monolayer molybdenum
disulfide (MoSs), is a direct-bandgap semiconductor. However, its small carrier mobility
which is (60—200cm?V ~1s71)%10 geveral orders of magnitude lower than that of graphene,%7
is prohibitive for practical applications. Black phosphorus with a unique puckered struc-
ture exhibits an inherently moderate band gap!' and an increased carrier mobility (103
cm?V~1s71) 1 Yet, black phosphorus-based electronic devices undergo rapid performance
degradation when exposed to air due to chemical instability of the material.'? These sit-
uations call for a need to explore 2D semiconductors that exhibit a moderate energy gap,
high carrier mobility and light-harvesting ability, stability at ambient conditions, as well as
feasible experimental access.

Within 2D vdW layered materials, the interlayer coupling is primarily driven by vdW
interactions. Most of 2D materials have strong vdW interactions, standing for significant
interlayer coupling which results in thickness-dependent electronic structures due to vary-
ing quantum confinement. '3 Such strong coupling challenges fabrication routes to prepare
precisely defined single-crystal monolayer and/or multilayers to attain desired electronic
structures, let alone the large-scale synthesis required for a wide use.'* In the opposite
limit, 2D materials with weak vdW interactions may have essentially single-layer defined
electronic structure insensitive to a bulk composition or an interlayer-decoupled property.
Importantly, such weak vdW interactions greatly relax synthetic requirements for prepar-

ing uniform single-crystal monolayers, and avoid the negative impacts on monolayers from

substrate effect and thus suggest future applications at low cost. Tongay et al.'* reported
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that the electronically and vibrationally decoupled effects could be realized in 2D ReS, crys-
tal which has similar band gaps across a variety of multilayer structures. Nevertheless, this
contradicts observed strong interlayer vibrational modes in bulk ReS,,!® and to recently mea-
sured optical absorption,'® photoluminescence,!'” photoemission'® and transport behavior
of ultrathin crystals which demonstrate thickness-dependence of the electronic and optical
properties. Consequently, the true electronically interlayer-decoupled system is yet to be
observed. Zha et al.?’ reported that 2D Sc,CF, displays high carrier mobility (up to 5 x
10 em?V~1s71), but the large gap (above 2.0 eV)?! prohibits its applications for field-effect
transistors and solar cells. A similar 2D ScoCCly material may have a smaller gap and supe-
rior electronic properties. Given that homologous layered compound of ScoCCl, bulk crystal
has been successfully synthesized a while ago,?? this material may finally address the above
demands for future optoelectronic devices.

In this Letter, we subject 2D ScyCCly to a broad range of ab initio calculations outlined
in section Methods. We find that 2D ScyCCl, has unusually weak vdW interactions and
interlayer-decoupled electronic, transport, and optical properties. Here the vdW interaction
is caused by the large electro-negativity of Cl atomic planes and the vanishing wavefunction
overlap around Fermi level. This strongly contrasts conventional 2D materials showing
strong vdW interactions with interlayer-coupled properties. Moreover, 2D Sco,CCly also

1s=1 which consequently

features highly anisotropic carrier mobility of 1—4.5 x 10* cm?V~
leads to comparatively large drain currents. The calculated optical absorbance spectra of 2D
ScoCCly further reveals the promising light-harvesting ability with the interlayer-decoupled
optical band gaps of about 1.52 eV. Importantly, such weak vdW interactions could greatly
relax the requirements for the fabrication of high quality monolayers and for the selection of
suitable substrates in future experimental and industry exploration.

The calculations of geometry optimization, electronic structures were performed using

Vienna ab initio Simulation Package (VASP).?* The phonon calculations were carried out

using finite displacements as implemented in PHONOPY code.?* The derivatives of macro-
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scopic dielectric tensors with respect to that normal mode coordinate were computed so as
to obtain the off-resonance Raman activities of vibrational modes.?® The carrier mobility ()
was obtained in the framework of the deformation potential (DP) theory.?%2” The quantum
transport properties were simulated via the Non-Equilibrium Green’s Function (NEGF) for-
malism and the current flowing through the device was evaluated via the Landauer-Buttiker
formula: 282 The GW calculations were performed without self-consistency in the Green’s
function and the screened Coulomb interaction (GOWO0 approximation) in combination with
the random phase approximation (RPA) or Bethe-Salpeter equation (BSE) calculations to
calculate the quasi-particle band gap and the light absorbance with or without electron-
hole (e-h) interactions, as implemented in YAMBO code.*The methods and computational
details are presented in the Supporting Information.

Layered ScyCCly crystal has two phases, e.g., 1T (P3ml) and 3R (R3m) phases of

t.22 Our calculations show that 3R phase is more sta-

ScoCCly, as observed in experimen
ble and energetically favorable by about 0.09 eV per formula unit compared to 3R one,
which is also in line with the experimental observation.?? We therefore only consider the 1T
phase of ScoCCly in this work. The bulk and one-layer (1L) crystal structures of ScoCCly are
shown in Figures. la—c. The bulk phase crystallizes in the trigonal space group P3ml, in
which ScoC plane is halogenated by two Cl atomic layers in a bridge-coordinating way. The
calculated lattice constants via structural optimization for bulk and 1L Sco,CCly are almost
identical with @ = b = 3.42 A, close to the experimental values of 3.40 A in the bulk phase.??
In 1L ScyCCly, one atomic layer of C atoms is shrouded by two Sc atomic layers that are
halogenated by two layers of Cl atoms on each side. The central C atoms are octahedrally
coordinated to six Sc atoms. In the ScgC octahedron, the six Sc—C bonds display an almost
identical bond length of 2.328 A. Phonon spectrum (Figure S1) displays that all phonon
branches are positive across the entire Brillouin zone, indicating phase stability without any

dynamical instability in 1L ScoCCly. We also performed the ab initio molecular dynamics

under NVT ensemble for about 6 ps at 300 K. The results show no signs of a structural
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disruption and suggest the high thermal stability for 2D ScyCCly (Figure S2).

The 1L ScyCCly is an indirect band gap semiconductor with a band gap of 0.840 eV
(PBE level) or 1.672 eV (HSEO06 level). The valence band maximum (VBM) and conduction
band minimum (CBM) are located at the I' and M points, respectively, in the Brillouin zone
(BZ) (Figure 1d). The VBM consists of hybridized p—d orbitals from Sc-d states (mainly
d,, and d,?) and p states (mainly p, and p,) of C and Cl atoms, and the CBM mostly
consists of Sc-d orbitals (mainly d,, and d,,) (see Figures le—f). According to Bader charge
analysis,3! Sc atoms lose 1.54 electrons per atom, whereas Cl and C atoms gain 0.63 and
1.83 electrons per atom, respectively, coinciding with the difference charge density shown in
Figure S3. The Electron Localization Function (ELF) (Figure S4) also shows that there is
very little electron localization between Sc—C and Sc—Cl bonds, reflecting that ionic bond
character is dominant in ScyCCly, similar to a monolayer T1,0.3? Table 1 summarizes the
variations in geometries as a function of the layer number from 1 to 3. The lattice parameter
a remains the same value (3.42 A) when passing from bulk to SL Sc,CCl, whereas the Sc—C
and Sc—Cl bond lengths grow by 0.006 and 0.003 A, respectively. All thicker few-layer
structures retain semi-conducing features and have nearly identical band dispersions to that
of the 1L ScyCCly. Few-layer and bulk ScoCCl; have weakly varying band gap of 0.796—0.84
eV (PBE level) or 1.63—1.672 eV (HSEO06 level) when going from bulk to 1L (Figure 2 and
Table S1), suggesting the existence of interlayer-decoupled electronic structure in few-layer
and bulk ScoCCly. This is in a stark contrast to conventional 2D materials, where band
structures are strongly dependent on the number of layers. 3334

The carrier mobilities (u) were obtained in the framework of deformation potential the-
ory.?%2" An orthogonal supercell model of 1L structure was built (Figure 2e) to give an
intuitive variations of carrier mobilities. The band structure of the orthogonal model shows
a direct band gap with CBM and VBM located at the same I" point (Figure 2f). This suggests
that a direct interband tunnel FET could be realized without relying on the phonon-assisted

optical transitions. As listed in Table 1, the electron effective masses along x and y are 0.23
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and 1.32 me, respectively, smaller than those for holes (0.685 and 2.26 m.). The low effective
mass for the electron is attributed to the strong band dispersion in CB, which is associated
with the weakly varying atomic potential within ScyC plane.?? The 2D elastic modulus in x
and y directions are 158.9 and 160.1 N/m, respectively, stemming from the nearly identical
energy response in the two directions when subject to uni-axial strain (Figure S5a—b). The
obtained deformation potentials for electrons and holes are 1.18—1.19 and 1.79—1.88 €V,
respectively, significantly smaller than those in monolayer MoS, (5.3—11.4 €V),3 graphene
(5.0 €V),3% and h-BN (3.67).37 Such small E; values can be interpreted well by the extremely
low overlap between real-space charge distributions of the VBM and CBM (Figures le and
f). These above features finally produce the high and anisotropic carrier mobilities of 1.9
x 10* and 1 x 103 em?V~1s™! for electrons and holes along x directions, respectively. The
carrier mobilities in 2L and 3L ScoCCl, are in general significantly larger while retaining
similar traits compared to the 1L ScyCCly. Except for the elastic modulus C’s monotonous
increase as a function of the number of layers (Table 1 and Figure S6), the potential constant
(E1) in two directions has an almost constant value of about 1.07—1.40 and 1.76—2.05 for
electrons and holes, respectively. The increase of F; in 2L and 3L structures is less than 0.5
relative to 1L structure, displaying layer-independent features. It should be noted that when
going from 2L to 3L, Cyp and E; for electrons have a 1.5 and 1.30-fold increase, respectively,
finally producing relatively unchanged electron mobility. The largest carrier mobilities are
4.5 x 10* cm?V~1s7! and 1.0 x 10* cm?V~!s7! for electrons and holes, respectively, along
x direction. High carrier mobilities usually produce large drain currents in FET devices, as
supported in our calculations of transport properties by the NEGF formalism (see Methods
in SI and Figures S7 and S8). These large carrier mobility and drain currents suggest the
potential applications of 2D Sco,CCly in high-speed electronic devices

We have also predicted the optical absorption spectra of few-layer ScoCCly by conducting
the GW calculations to determine both the quasi-particle band gap and the light absorbance

as described in Methods in Supporting Information. Figure 3 shows that their GoW, gap are
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2.10, 1.98, 1.94 and 1.55 €V, for 1L, 2L, 3L and bulk structures, respectively, about 0.2 eV
lower than the on-set edges of light absorption based on GW + RPA for few-layer ScoCCls.
This phenomenon could be originated from the transition rule. The VBM at I' and CBM at
M possess the same parity of —1, leading to a forbidden electronic transition between them.
The allowed lowest transitions are found at the M point with a direct transition of 2.27, 2.19,
2.16 and 1.72 eV for few-layer and bulk systems (Table S1), respectively. The first prominent
optical absorption peaks (defined as the optical band gap) for all studied systems are located
at about 1.52 eV (Figure 3 and S9), corresponding to excitions with binding energies (E;)
of 0.75, 0.67, 0.63 eV for 1L, 2L and 3L ScyCCly, respectively. Similar to other 2D systems,
large exciton binding energies arise from the reduced screening in low-dimensional systems.
This optical band gap remains constant with change in thickness, displaying light absorption
independence to the number of layers. The final optical band gap in bulk phase resides at
about 1.66 eV, only about 0.14 eV larger than those in few-layer ScoCCls.

To evaluate the light-harvesting ability, we calculated the absorbed photon flux (Jus )
for 2D ScyCCly family (see details in Supporting Information). The obtained J,;s values of
1L, 2L and 3L structures are 1.32, 4.51 and 7.80 mA /cm?. There numbers are comparable to
and higher than those for siligraphene®*3? (2.32—2.70 mA /cm?) and phosphorene (1.12—2.38
mA /em?)?? with an artificially specified layer thickness Az of about 1 nm. As for the bulk
phase, the absorbance for a flat layer of thickness Az = 1 nm using A = 1 — e~*%% is 4.78
mA /em?. This is generally higher compared to 1 nm thick representative bulk materials of
relevance, such as crystalline Si (0.1 mA/cm?) and GaAs (0.3 mA/cm?).*! These J,;, values
demonstrate that the 2D ScyCCly family has a strong light absorption in the visible region
(390 — 700 nm), suggesting 2D ScoCCly compounds would be superior light absorbers in
excitonic solar cells. If paired with suitable acceptors with matching band alignments, one
can envision a ScyCCly based excitonic solar cells. Further studies of these optoelectronic
devices are ongoing.

Our simulations have shown that 2D ScoCCly exhibits interlayer-decoupled electronic,

8

ACS Paragon Plus Environment

Page 8 of 20



Page 9 of 20

oNOYTULT D WN =

The Journal of Physical Chemistry Letters

transport and optical properties. This feature could be ascribed to the weak vdW interac-
tions. We calculated the interlayer coupling energy of bilayer structure to be about 5 meV
(PBE level in the absence of vdW correction) or 95 meV (DFT-D2 level with vdW terms
(Figure S10a), see Methods in Supporting Information) per unit cell. This is smaller than
that of already synthesized 2D ReS, crystals (18 meV, PBE level),'* and far smaller than
that of MoS, (58 meV, PBE level) in reference!* and 42 meV (PBE level, this work)] or
149 meV (DFT-D2 level). If we describe the interlayer coupling energy with respect to con-
tributing atoms, 2D ScyCCly has a binding energy of about 9 meV per atom which is about
3 times smaller than that of bilayer MoSy (25 meV). Such weak interlayer coupling energy
leads to the decoupling of lattice vibrations between adjacent layers in ScoCCly, as supported
by our calculated Raman spectrum in Figure S10b. Such weak vdW interactions are ratio-
nalized by the following two factors: (1) The large electronegativity of Cl atoms leads to the
“hard” outer layer of Cl atoms with contracted electron clouds and weak polarization and
further lessens the dipole-induced interlayer interactions; (2) Vanishing wavefunction overlap
around the Fermi level appears in both bulk and multilayer structures, as shown in Figure
4, which produces the electronically insensitive nature between interacting ScoCCly layers.
Thus, 2D ScyCCl,y has interlayer-decoupled electronic structures, nearly constant values of
the deformation potentials, and exciton peaks at about 1.52 eV in both bulk and multilayer
structures, standing in contrast to conventional quantum-confined nanosystems. Switching
to other two homologous halides ScoCXy (X = Br, I), and owing to the fact that halogen
atoms have Cl > Br > I order of electronegativity, we expect the increase of weak vdW
interactions and the reduction of interlayer-decoupled feature from ScoCCly to ScoCBry and
to ScyCls.

Experiments on conventional 2D systems are also usually limited by the availability of
large-area monolayers or by high sensitivity to material thickness or by tightened restrictions
of suitable substrates. In contrast, the weak vdW interactions successfully enable straightfor-

ward experimental access and relax synthetic requirements for preparing large-area, single-
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crystal monolayers, and for selection of suitable substrates. Therefore, 2D ScoCCly serves
as a promising platform to probe 2D excitonic and lattice physics at low cost. Moreover,
the outer Cl atomic layers could provide experimental access of 2D ScyCCly via chlorina-
tion over a bare ScoC monolayer. Our ELF calculations verified that the inner ScoC layer
has a metal feature with 2D electride states delocalized above both surfaces of the ScyC
plane (Figure S11). Due to traits of the bare Sc metal atomic layer and anionic electride
states, the ScoC sheet is highly sensitive to oxygen or water contamination. We calculated
the adsorption energies of isolated O atoms and HyO molecules on 1L Scy,CCly to evaluate
chemical stability when exposed to air. Obtained adsorption energy for an isolated O atom
is 2.56 eV /atom, being higher than that on phosphorene (about 2.1 ¢V /atom), suggesting
the higher inertia to oxidation. The adsorption energy of a single H,O is —0.11 eV /molecule,
being smaller than that of phosphorene (—0.187 ¢V /molecular), indicating better robustness
against humidity.

In conclusion, using first-principles calculations, we have computationally studied the
optoelectronic properties of Sc-based Mxene materials of 2D double-metal-layered ScyCCls.
We show that 2D Sc,CCly displays weak vdW interactions. This weak interlayer interactions
ensure intrinsic interlayer-decoupled optoelectronic properties and allow to bypass the strict
requirements for the preparation of high purity monolayers and for selection of suitable
substrates. Specifically, we attribute this unusual feature to the large electronegativity of
Cl atoms and vanishing wavefunction overlap around the Fermi level. In combination with
the anisotropic effective masses and monotonically increasing elastic modulus, 2D ScyCCl,
exhibits comparatively high and anisotropic carrier mobility of up to 4.5 x 10* and 1.0 x
10* em?V~1s7! for electrons and holes, respectively. The calculated electronic and optical
features suggest that ScoCCl, is also a promising donor material for light harvesting in solar
cell. In addition, 2D ScyCCly could be experimentally accessible via mechanical exfoliation
from its corresponding 3D bulk phase and has high structural stability against ambient

conditions. Overall these results suggest the high feasibility of 2D ScyCCly for high-speed
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electronic and photovoltaic applications.
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Energy (eV)

Figure 1: (a) Crystal structure of bulk ScoCCly: Purple, gray and green balls are Sc, C, and
Cl atoms, respectively. (b) Top and (c) side views of a single layer (1L) ScaCCly. The blue
dashed line in (b) denotes the unit cell. (d) Band structure of 1L ScoCCly calculated based
on HSE06. The Fermi level is shifted to VBM. Isosurface (0.006 e/A?) of partial charge
densities at (e) A and (f) B points in (d) plot. A and B points are the VBM and CBM,
respectively.
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30 Figure 2: Band structures of (a) bilayer (2L), (b) trilayer (3L), and (c) bulk ScyCCly with
31 primitive unit cells based on HSE06 level. Few-layers band structures are plotted along the
32 high symmetry lines M—I'-=K—M, and those of bulk phases are presented along the high
33 symmetry lines M—I'-K—M—-L—A—H—L in the BZ. The Fermi level is set to zero. The
35 indirect band gaps of primitive cell are indicated by red lines. (d) The associated BZ of
36 bulk phase. (e) Rectangular supercell of the 11-ScyCCly with a unit cell labeled by the
37 blue dashed line. (f) Band structure of the rectangular supercell of 1L ScoCCly, where the
38 transition of indirect-direct band gap is realized by band folding from M to I". The direct
band gap with CBM and VBM locating at the same I' point is also indicated by red line.
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Figure 3: Optical absorbance spectra of few-layer (a—c) and bulk (d) ScaCCly for light
incident in the z direction and polarized along the in-plane direction. The light absorbances
are calculated based on GW + RPA (green) and GW + BSE (yellow) levels for including
and excluding e—h interactions, respectively. Red dashed lines show the evolution of the
first optical peak as a function of the material thickness. In panel (b), the absorbance of
phosphorene along armchair direction is also presented with those of 2L ScoCCly, which are
overlapped to the incident AM1.5G solar flux to reflect the ability of light harvesting.
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Figure 4: (a) Spatial structure of wavefunctions for the VBM and CBM in 2L ScyCCly, using
an isosurface of 0.004 eA=3. (b) Spatial structure of wavefunctions for the VBM and CBM
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in 3L ScyCCly, using an isosurface of 0.002 eA=3.

Table 1: Calculated deformation potential constant (E;), 2D elastic modulus
(Cop in unit of N/m), effective mass (m* in unit of m.) and mobility ( x in unit
of cm?V~1s7!) for electrons (e) and holes (h) along the x and y directions in the

2D 1L-Sc,CCl, at 300 K.

*

Ny Carrier type FE;  Chyp m I
e(x) 1.17 158.9 0.23 19277
1L h(x) 1.88 158.9 0.685 1127
e(y) 1.19 161.1 1.319 3351
h(y) 1.79 161.1 2.260 380
e(x) 1.07 311.9 0.231 45342
oL, h(x) 2.05 311.9 0.412 4437
e(y) 1.04 316.7 1.337 8421
h(y) 2.03 316.7 1.809 1047
e(x) 1.40 475.8 0.232 40457
aL, h(x) 1.76  475.8 0.379 10227
e(y) 1.34 479.8 1.325 7806
h(y) 1.76  479.8 1.887 2074
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