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Abstract
Stable structures of layered SnS and SnSe and their associated electronic and vibrational spectra are
predicted usingfirst-principles DFT calculations. The calculations show that bothmaterials undergo a
phase transformation upon thinningwhereby the in-plane lattice parameters ratio a/b converges
towards 1, similar to the high-temperature behaviour observed for their bulk counterparts. The
electronic properties of layered SnS and SnSe evolve to an almost symmetric dispersionwhilst the gap
changes from indirect to direct. Characteristic signatures in the phonon dispersion curves and surface
phonon states where only atoms belonging to surface layers vibrate should be observable
experimentally.

Introduction

Chalcogenides are a remarkable family of layeredmaterials, displaying an extensive range of optical, electronic,
thermal andmechanical effects [1]. They are used as phase-changematerials in rewritable data storage [2], as
high performance thermoelectrics [3, 4], and as absorbing layers in photovoltaic cells [5–7]. Lead (Pb)
chalcogenides and their alloys have been heavily studied for their excellent thermoelectric properties [8–11] but
the presence of toxic chemical elements is amajor industrial disadvantage. Great efforts have been invested
recently in a less toxic analogue: Tin chalcogenides (SnXwithX=S, Se, Te).

Emerging properties in 2D confined systems can be exploited in awide variety of applications [12–15]. To
date, typical 2Dmaterials such as graphene, transitionmetal dichalcogenides (TMD) and phosphorene have
been investigated for applications in FETs [16, 17], solar cells [18], lithiumbatteries [19], caloritronic devices
[20].Monochalcogenides are naturally layered compounds. In comparisonwith other 2Dmaterials,
monochalcogenides exhibit a greater interaction between the layers. They can, nevertheless, be grown in the
formof flakes of only a fewmono-atomic layers thick [21]with exfoliation energy of the order of graphene [22].
Chalcogenides slabs are semiconductors with lowband gap and highmobility and are stable at room
temperature [23]. This differentiate them fromother 2Dmaterials and open the field of potential applications to
electronic nanodevices such as high-performance FET [17]. The lower symmetry of the chalcogenides
monolayers, compared toTMDs,might also induce properties such as ferroelectricity and a phase transition
between different polarization states [23].

The reduction of the dimensionality of the crystal (3D to 2D ) has an impact on the geometry of the layers
and hence on elastic, electronic and vibrational properties, which vary with the number of layers. Recent
theoretical studies of electronic structure changes in few-layer SnX have been reported, indicating that the
band gap expands significantly (from 1.32 eV indirect to 2.72 eV direct) as the number of layers is decreased
[24]. Deb andKumar reproduced this study taking into account the relaxation of the atomic positions and
the unit cell [25]. Mehboudi et al andGomes et al also studied electronic and optical properties formono and
bilayers [26, 27].
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Inwhat follows, the structural, vibrational and electronic properties of SnS and SnSe are studied to gain
insight into the behaviour of these compounds in few-layer form. In particular, we focus on the possible
structural transformations, variations of the vibrational spectra and electronic structure resulting from
reduction of the dimensionality of the crystal. Both Raman spectroscopy and reflectivitymeasurements offer
easy and non-destructive characterizationmethods: a comparisonwith the computationally predicted spectra
can be used to assess thematerial thickness.We represent the results as a function of 1/nwhere n is number of
layers. This gives us a easyway of including the bulk properties (n = ¥) and visually appreciate the convergence
of the different properties towards this limit.

Few-layer structures

Tin chalcogenides exist in an orthorhombic (Pnma) bulk structure comprisingweakly coupled layers of
covalently bound Sn–X (X=S or Se) atomic bilayer units (figure 1). Bothmaterials can be isolated in few-layer
form [28]. In the following, ‘layer’will refer to the natural atomic bilayer unit.We consider the structural
distortions appearingwhen this compound is isolated in free standing slabs, with thicknesses from1 to 6 layers,
and compare the geometry of the slabs with the bulk. The binding energy of SnS and SnSe layerss are 30 and
10 meVÅ−2 respectively (see supplemental information available online at stacks.iop.org/JPMATER/2/
044005/mmedia)which classifies these compounds as ‘easily/potentially exfoliable’ according to the criteria
used inMounet et al [29].

We performdensity functional theory (DFT) calculations where the exchange correlation terms are
calculatedwithin the generalized gradient approximation (GGA) of Perdew et al [30]. The structures of Sn–X
bulk are obtained by fully relaxing the internal positions and the shape of the unit-cell. Relaxed and experimental

Figure 1. Layered orthorhombic (Pnma) bulk crystal structure of SnX (X = S, Se): red and green circles represent Sn andX,
respectively. Projection of theYZ (left) andXZ (right) planes for both compounds (slabs and bulk) shifted to align the atoms in the
upper left corner. In theYZ plane, the accordion-like bonds are stretched as the number of layers are increased. The angle departs from
90◦ and the layer evolves towards thePnma positions as the number of layers increases. The puckering of the surface differs when
comparing SnS and SnSe. In SnSe, the puckering of the surfaceincreases with thickness, while in SnS the difference in relative height of
the atoms remains constantwith the number of layers.
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lattice constants are specified in table 1. These results slightly overestimate (within 2%) the experimental values,
which is within the error expected for semi-local DFT calculations with theGGA.

Few-layer structures are relaxed, and the lattice parameters are allowed to vary in the in-plane directions.
Details of the calculations can be found in theMethods section. As can be seen infigure 2, when reducing the
number of layers, the in-plane lattice parameters (a and b) converge, and are almost identical for themonolayer
case of SnSe. This behaviourmirrors experimental studies on heterostructures containing SnSe slabs [32] and
the high-temperature behaviour of both compounds [3, 4]. Themonolayer of SnS also rectifies, but its a/b ratio
does not converge to 1: wefind a small dynamical instability for perfect square in-plane parameters (see
Supplemental information). Condensing these unstablemodes atΓ creates a distortion on the atomic
coordinates along the a axis, breaks the symmetric 0.25/0.75 reduced coordinates, and leads to a b 1¹ .
Although the in-plane lattice parameters are closer to each other in themonolayer case with respect to bulk, the
anisotropy of theX andY direction is kept. Indeed, unlike in the high-temperature CmCmphase, we still
observe a zigzag pattern in theY direction. The resulting symmetry of the crystal is triclinic. The difference in
total energy between the two structures is 9 meV/f.u., and it is entirely possible that epitaxy or other substrate
constraints will stabilize the square lattice of the SnSmonolayer aswell. The results formonolayers comparewell
with other theoretical studies [23, 27, 33, 34].

The internal coordinates and the interlayerdistanceof the atomsalso evolvewith the slab thickness.Tovisualize the
evolutionof the internal coordinates of the atoms, their projectionson theYZ andXZplaneshavebeen superimposed
infigure1.Thepositionsof theupper left atomshavebeenalignedandonly the innermost layer of the slab is shown.
TheYZprojection shows that thebondanglesdeviate from90◦when thenumberof layers increases, to acquire the
familiar accordion shapeof bulk.Thechange in theXZplane ismuchweaker.The internal coordinates showsurface
effects already in the3 layer case, and inner layers converge towards the shapeof thebulk (figure1) as the thicknessof
the slab increases. Surface layers converge, instead, towards coordinates between thoseof thebulk and themonolayer.

Because of the attractive electrostatic interaction between the layers, the interlayer distance decreases with
the number of layers following a 1/n law (figure 3). The interlayer gap is significantly smaller in the SnS case, and
varies less. The interlayer distances aremeasured between closest atoms belonging to adjacent layers as depicted
in the right panel offigure 3. Starting from4 layers, differences can be seen between those on the edge and those
in the centre of the slab. The distances reported infigure 3 correspond to the central ones.

Table 1.Relaxed and experimental lattice parameters of
bulk Sn–X.Computed results overestimate the
experimental ones by 1% to 2%,which is expected in
DFT-GGA.

a (Å) b (Å) c (Å)

SnS Computed 4.06 4.41 11.40

Exp [31] 3.98 4.33 11.18

SnSe Computed 4.21 4.50 11.72

Exp [3] 4.13 4.44 11.49

Figure 2. a/b ratio as a function of the inverse of the number of layers.
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Wenotice a subtle difference between the two compounds: the puckering of the surface (Sn andX atoms are
not on the same plane of the surface of a layer) slowly disappears when reducing the number of layers in SnSe
while it stays constant in SnS. This difference shows distinct hybridization of the (on average) half-filled p
orbitals at the surface, which is closer to pure px,y,z in SnSe, leading to the in-plane lattice parameters ratio a/b
being closer to 1 than for SnS, as inα-Po [35, 36] or high pressure Ca [37]. Thismay be linked to the size of the
surface lone pairs, or to the relative alignment of the orbital energy levels.

Electronic bandstructures

Electronic band structures are calculated for bulk and few-layermaterials using the relaxed lattice parameters
reported above. Comparisonwith experimental bulk values shows an underestimation of the fundamental gap,
which is expected forDFT calculations, but can often be correctedwith a constant factor. Opticalmeasurements
are reported by numerous authors [38–43], and, for SnS,Malone et al synthetized and renormalized them to
comparewith 0 K results [6]. They show thatmeasurements spread from1.16 eV to 1.5 eV for SnS and from
0.90 eV to 0.95 eV for SnSe, while our results yield 0.85 eV and 0.57 eV respectively.

Figure 4 shows the fundamental and optical gaps of the SnX compounds as a function of the number of
layers. The band gap increases for thinner layers, due to quantum confinement effects. Nevertheless, the
fundamental gap remains indirect in our calculations, except for themonolayer were the gap is almost direct (the
difference between fundamental and optical gap is less than 0.03 eV). The reduced energy difference between
indirect and direct band gapswill result in a sharper onset of optical absorption.

A comparison between our band structures for relaxed lattice parameters and fixed bulk lattice parameters
[24], shows that the X-M-Y path presents a higher degree of symmetry in the relaxed case. This is directly related
to our prediction that the in-plane lattice parameters converge as the number of layers is reduced. Globally, we
are able to tune the band gap over a large range (0.6 and 0.4 eV for SnS and SnSe, respectively) by changing the
thickness of these compounds, which is very useful in optoelectronic applications. The electronic dispersions for
both compounds can be found in supplemental information.

Electronic band structures are also calculated for bulk and few-layermaterials using the Tran–Blaha
modifiedBecke-Johnson (TB-mBJ)meta-GGA functional [44, 45] using the relaxed lattice parameters reported
above. In general, the band gap predicted by the TB-mBJ functional is comparable tomore computationally
demanding techniques such asGWor hybrid functionals [46]. Comparisonwith experimental bulk values
shows an excellent agreement. Our result for SnS bulk yields 1.32 eV, which compareswell with other theoretical
predictions (GW1.26 eV [47], HSE06 1.24 eV [27]). Predicted SnSe bulk band gap, 1.00 eV, is exactly the same
result as with hybrid functionalHSE06 [27] and slightly overestimate theGWcorrected gap (0.829 eV [48]). The
results with the TB-mBJmeta-GGA functional are presented in supplemental informations.

Raman and reflectivity spectra

Phonon dispersion curves were calculated for the bulk and the few layer compounds. In themonolayer case, we
find a small unstable phononmode atΓ that breaks the 1/4-3/4 symmetry of the reduced coordinates in theX

Figure 3. Interlayer distance between of SnX layers. Right panel: the distance ismeasured between the atoms closest to each other in
adjacent layers (Sn atoms).
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axis. In the other structures, the absence of any imaginary values confirms the dynamical stability of our
predicted structures. The band structures split between low- and high-frequencymanifolds. This is a signature
of binary compoundswhere themasses of the two atoms are sufficiently different [49]. In SnS, the gap in the
phonon dispersion curves ismore pronounced than in SnSe, due to the larger difference inmass between the
two atoms.

By projecting themode eigenvectors over the atoms and using a colour code (figure 5), we identify surface
modeswhich are not present in the bulk compound. The red curves in the phonon spectra representmodes
from the S atoms at the surface.We clearly identify the red curves asmodeswhere only S atoms from the surface
dominate. AtΓ, several surfacemodes are isolated from the bulkmanifold, around 120, 140, 230 and 280 cm−1.

A useful input for experimental characterization is the prediction of Raman and IR reflectivity spectra.
Figure 6 shows the comparison of our simulated Raman spectra for bulk compounds and the experimental
results of Chandrasekharet al [50], showing good agreement with calculated frequencies within 13%of the
experimental ones.We alsofind agreementwithin 1%between the thickest SnSflake presented in thework of
Liet al [21] and our theoretical study of the bulk compounds. B1g andB2g phononmodes do not appear in the
experimental work of Liet al [21]. In ourwork, their relative Raman intensities is lower than the intensity of
othermodes. Theymight be hidden on a unified graph. Figure 7 shows the evolution of the Raman spectrawith
the thickness. The spectra change drastically between the 1- and 2-layer cases, and there are fewer active peaks in

Figure 4.Electronic gaps of themultilayer and bulk SnX compounds, as a function of the inverse of the number of layers n and
calculatedwithGGAPBE functional. The gap is proportional to 1/n. In both compounds, the gap of themonolayer is almost direct.
Stars shows experimental results [38–43].

Figure 5.Phonon band structure of a 4 layer SnS slab. Colours represent the contributions of the different atoms to themodes. Sn
atom in green, S atoms from inner layers in blue, S atoms of surface layers in red. Amix of these three primary colours showsmodes
with contributions fromdifferent atoms.We identify a surface state at 120 cm−1 with lower energy than the corresponding bulk
mode. Also, the twomodes of highest energy involve only surface atoms.

5

J. Phys.:Mater. 2 (2019) 044005 ADewandre et al



themonolayer. The surface states are also visible as they are Raman active. Thesemodes are indicated by a black
arrow infigure 7. The frequency of the surfacemodes appear to be converged already for 3- and 4-layer slabs.
However, the relative intensity of themodewillmost likely decrease with thickness, as can already be observed
between 3 and 4 layers.We can relate the surfacemodes with the bulk B3gmode of SnS and SnSe at respectively
103 cm−1 and 173 cm−1 by comparing their eigenvectors. The equivalence of the induced atomic displacements
are shown in the supplemental information. This is also the onlymodewhose intensity in perpendicular
polarization ismuch larger than for parallel polarization, giving an easy way to identify it, with a depolarization
ratio I

I
r = ^


is larger than 0.75.

Figure 6.Comparison of theoretical bulk results for SnS (left) and SnSe (right)with experimental work of Chandrasekhar et al [50].

Figure 7. Simulated powder averaged Raman spectra for SnX slabs. The surfacemodes, indicated by a black arrow, can be related to
the B3gmode of SnS and SnSe bulk spectra at respectively 103 cm−1 and 173 cm−1 and shows a large parallel component compared to
the other Raman activemodes.
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In supplemental information, we show the reflectivity of IR frequency waves normal to the surface, with
electric field along the two optical axes of the crystal (as defined in [51]). The different peaks correspond to polar
phononmodes in resonancewith the incident electric field. In all spectra, the general shape is dictated by the
resonancewith onemode at about 225–250 cm−1.More polarmodes resonate when the number of layers
increases. Also, the difference between the in-plane components of the IR reflectivity tensor evolves with the
number of layers: for the 1-layer slab, the in-plane components are almost identical. However, with increasing
number of layers, the difference between theX andY component spectra becomes significant as phononmodes
of SnS (SnSe)with frequencies around 100 cm−1 (75 cm−1) resonate onlywith the polarized electric field.
Tancogne-Dejean et al demonstrated that standard ab initio formalisms fail for the out-of-plane optical response
in a 2D system [52], andwe do not present here theZ component of the reflectivity.

Born effective charges, Bader charges and dielectric tensor

Wenow turn to the dielectric response and the electronic density distribution of the SnX slabs. The Born
effective charge quantifies the variation of amaterial’s polarizationwhen the atoms are displaced, and is
defined as:

Z
E P F

1
2

*
 t t

=
¶
¶ ¶

=
¶
¶

=
¶
¶

( )

withE the total energy,  the electric field, τ an atomic displacement, P the electrical polarization, and F the force
on the atom. The Z* also govern the frequency split between longitudinal and transverse opticalmodes.Wefind
that the Born effective charge tensors stay roughly constant as a function of the number of layers (see SI). This
implies that the local electronic configuration of the atoms and the fundamental bonding nature do not change
significantly when the number of layers varies.

To complete our analysis of the electronic density distribution, we also calculate the Bader charges [53],
which confirm that the (static) electronic charge is not redistributed by nanostructuring. The Bader charges
increase slightly with the number of layers in the slab, showing amore ionic character in the bulk (see SI). As S is
more electronegative than Se, the transfer of charge is larger in SnS compared to SnSe.

Dielectric constantmeasurements are easy to perform and give crucial information on the electronic
response ofmaterials. Our bulk values (figure 8) compare well with previous experimental works [50]. The
computation of dielectric properties in 2D systems requires care as our calculations are performedwith
periodically repeated slabs separated by vacuum. In this periodic approach, the calculated dielectric tensor
contains both the contribution of the slab and of the vacuum. For 2Dmaterials of geometrical thickness t
computed in a cell of cross-plane lattice parameter c, an effective dielectric constant ò2D can be derived as

c t1 12D DFT = + -( ) from the dielectric constant computed in the periodically repeated approach òDFT
[27, 54–56], to be able to compare the different 2D and 3D results.We choose the geometrical thickness tgeom as
the distance between the two outermost atoms in a slab, plus one bulk interlayer distance—a common choice in

Figure 8. In-plane components of the electronic dielectric tensor for SnS and SnSe. The comparisonwith the experimental results of
Chandrasekharet al [50] is shown on the left of the figure.
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TMDs,where ò2D is relatively insensitive to t. For both SnX compounds, however, the variationwith t ismuch
stronger: the calculated effective electronic dielectric tensor ò2D, presented infigure 8, increases with 1/n. This
behaviour is counter-intuitive, as ò should vary as E1 g [57], andEg increaseswith thinning.

This effective dielectric constantmodel has been applied successfully on numerous systems including
TMDs [55] but has also been found to fail formonochalcogenides by Gomes andCarvalho in [27]without an
explanation. In our case the gap decreases and the 3DDFT bare dielectric constant increases with thickness, as
expected, but the variations do not follow a square root lawwith a constant prefactor, and themodel dielectric
constant can be smaller in the bulk than in themonolayer. In practice, thismeans that the effective dielectric
thickness is not a simple function of the geometric thickness, and is super-linear for thin slabs whichwe saw is
not reflected in the Bader or Born charges.We have verified that this is not simply correlated to the extension
of the electronic density outside the surface, which is very similar in all slabs. In figure 9(a), we present a
comparison of the geometrical thickness tgeom and an effective thickness teff defined as theminimum thickness
of the different layers required to retrieve the linearity between ò2D and E1 g . In figure 9(b), we also present
the resulting electronic dielectric constant rescaled with teff, which recovers (by construction) the intuitive
relation between ò and Eg. For the same reasons as for the reflectivity, we do not report the out-of-plane
component of ò.

Figure 9. (a)Comparison between teff and tgeom. (b)Electronic dielectric constant ò2D rescaledwith teff (note the subtle difference with
figure 8, as t t constanteff geom¹ + ).
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Summary and conclusions

Wecalculate electronic and phononic properties of SnS/SnSe slabs from1 to 4monolayers in order to pinpoint
spectroscopic signatures of 2Dmaterial thickness.We propose several simple non-invasive techniques to
discriminatemono and few layer Sn chalcogenide samples. The behaviour of these two iso-electronic
compounds is globally similar uponnanostructuring, but presents subtle differences.We identify structural
distortions of the unit cell, as the thickness of the slab is reduced, leading to the in-plane lattice parameter ratio
a/b being closer to 1 for themonolayers. The structural evolution of the unit cell with nanostructuring drives the
transition from indirect to direct band gap as the number of layers is reduced, and the optical band gap expands.
Surface phononmodes are identified and can be associated to a B3g bulkmode through a comparison of the
eigenvectors of the respective phononmodes. The unique depolarization ratio of thesemodes allows us to
identify them in the Raman spectra. Furthermore, themonolayer spectra show a specific feature: the number of
activemodes are reduced compared to thicker layers, which can then be used to distinguish between a
monolayer, a few-layer slab or a thicker sample. Reflectivity spectra show a similar evolution and can also be used
to determine the thickness. The local electronic environment of the atoms are almost independent of layer
number, as quantified by the Bader (static) andBorn (dynamical) charges. Finally, the electronic gap and
phononic properties have a strong thickness dependence, and commonmodels for the effective 2Ddielectric
constant break down, due to a super-linear variation of the effective dielectric thickness. The results have the
potential to enable fast recognition of ultrathin chalcogenide samples, andwe hope to stimulate experimental
work on the dielectric properties of these systems.

Methods

DFT calculations are performed using the ABINIT package [58, 59], which implements the plane-wave
methodology (here using norm-conserving pseudopotentials). The exchange-correlation energy is given by the
GGAof Perdew, Burke and Ernzerhof [30]. Norm-conserving Troullier–Martins type pseudo-potentials
generatedwith fhi98PP code are used to describe interactions between atomic cores and valence electrons of
SnSe andwe use anONCVPSP [60] generated pseudo-potential for SnS. Both produce lattice parameters that
comparewell with experiment [3, 50].

We have checked that includingVan derWaals interactionswithin theGrimmeD3 approximation [61] does
not affect the interlayer distance significantly, and it is not employed for the results above.

Thewave functions are represented in a plane-wave basis with a cutoff energy of 30Ha for SnSe and 40Ha
for SnS. The reciprocal space of SnSe bulk is sampledwith a 4×4×4Monkhorst–Pack-type grid [62], whereas
an 8×8×8 unshifted grid is used for SnS bulk. The total energy is converged towithin 3 meVper unit cell
with respect to the k-point grid and cutoff kinetic energy of the planewaves used as a basis set. Atomic positions
and lattice parameters are relaxed using a Broyden [63] algorithmuntil themaximal absolute force on the atoms
is less than 10−6Ha/Bohr. The phonon band structure along high symmetry lines is obtained by standard
methods based on response function calculations and density functional perturbation theory [64]. Ten
irreducible q-points from an unshifted 4×4×4 grid are used for the calculation of dynamicalmatrices.
Vibrational properties are also checked for higher k-point grid (up to 16×16×16) andwe have a convergence
on phononmode eigenvalues of 0.1 cm−1. Electron band structures are also calculated using the TB-mBJmeta-
GGA functional [44, 45, 65].α=−0.012 andβ=1.023 Bohr1/2 are the parameters that are used in our
calculation. Electron band structures are also calculated on afiner 24×24×24 k-point grid. For few layer
calculations, convergencewith respect to the size of the vacuum in the unit cell is also performed, towithin
1 meVwith a vacuumgap of 20 Bohr. Also, the dispersion along the vacuum is suppressed by considering
k-point and q-point grids with only one point along theZ axis.

Raman intensities are computed using perturbation theory to calculate the third derivative of the energy
with respect to two electricfields and one atomic displacement [66]. In our simulations, the energy of the
incident light is chosen to be 2.41 eV (514,8 nm) and the temperature 300 K [67].We use a common
approximation of calculating the third derivative only within the local density approximation. Thewidth of the
Raman peaks ismainly determined by anharmonic scattering, which limits the phonon lifetime.We do not
consider this effect here, and broaden the peakswith a Lorentzian function having afixedwidth of 5× 10−6Ha.
The Raman tensor is averaged to represent a powder sample as in [68].

Acknowledgments

The authors gratefully acknowledge funding from the Belgian FondsNational de la Recherche Scientifique
FNRS (PDRT.1 077.15-1/7) and theCommunauté Française de Belgique (ARCAIMED15/19-09).

9

J. Phys.:Mater. 2 (2019) 044005 ADewandre et al



Computational resources have been provided by theConsortiumdes Equipements deCalcul Intensif (CECI),
funded by FRS-FNRSG.A. 2.502 0.11; the Tier-1 supercomputer of the FédérationWallonie-Bruxelles, funded
by theWalloonRegion underG.A. 1117545; and by PRACE-IPDECI grants, onARCHER, Beskow and
Salomon (ThermoSpin, ACEID,OPTOGEN, and INTERPHON3IPG.A. FP7RI-312763 and 13G.A. 653838 of
H2020). ZZ acknowledges financial support by the Ramon yCajal program (RYC-2016-19344), the Spanish
programPGC2018-096955-B-C43 (MICIU/AEI/DEDER,UE) the CERCAprogramme of theGeneralitat de
Catalunya (Grant 2017SGR1506), and by the SeveroOchoa programme (MINECO, SEV-2017-0706).We are
also grateful to the Royal Society, the EuropeanResearchCouncil (ERC-2009-StG-240500-DEDIGROWTH),
and the Engineering andPhysical Sciences ResearchCouncil block grants for their financial support.

ORCID iDs

Zeila Zanolli https://orcid.org/0000-0003-0860-600X

References

[1] Eggleton B J, Luther-Davies B andRichardsonK 2011Nat. Photon. 5 141
[2] WuttigM andYamadaN 2007Nat.Mater. 6 824–32
[3] Zhao LD, Lo SH, Zhang Y, SunH, TanG,UherC,WolvertonC,Dravid VP andKanatzidisMG2014Nature 508 373–7
[4] Dewandre A,HellmanO, Bhattacharya S, RomeroAH,MadsenGKandVerstraeteM J 2016Phys. Rev. Lett. 117 276601
[5] Burton L, ColombaraD, Abellon R,Grozema F, Peter L, Savenije T,DennlerG andWalshA 2013Chem.Mater. 7 3739
[6] Malone B andKaxiras E 2013Phys. Rev.B 87 245312
[7] Vidal J, Lany S, d’AvezacM, Zunger A, Zakutayev A, Francis J andTate J 2012Appl. Phys. Lett. 100 032104
[8] LaLondeAD, Pei Y,WangHand Jeffrey SnyderG 2011Mater. Today 14 526–32
[9] LaLondeAD, Pei Y and SnyderG J 2011Energy Environ. Sci. 4 2090–6
[10] RomeroAH,Gross EKU,VerstraeteM J andHellmanO2015Phys. Rev.B 91 214310
[11] ShafiqueA and Shin YH2017 Sci. Rep. 7 504
[12] NovoselovK S, GeimAK,Morozov SV, JiangD, Zhang Y,Dubonos SV,Grigorieva I V and Firsov AA 2004 Science 306 666
[13] Cui Y andKoski K 2013ACSNano 7 3739
[14] Coleman J E 2011 Science 331 568
[15] WangQ,Kalantar-ZadehK, Kis A, Coleman J and StranoM2012Nat. Nano 7 699
[16] WangQH,Kalantar-ZadehK,Kis A, Coleman JN and StranoMS 2012Nat. Nanotechnol. 7 699
[17] Schwierz F 2010Nat. Nanotechnol. 5 487
[18] WangX, Zhi L andMüllenK2008Nano Lett. 8 323–7
[19] Ji L, RaoM, ZhengH, Zhang L, Li Y, DuanW,Guo J, Cairns E J andZhang Y 2011 J. Am. Chem. Soc. 133 18522–5
[20] ChenX, Liu Y, GuBL,DuanWand Liu F 2014Phys. Rev.B 90 121403
[21] LiM,WuY, Li T, ChenY,DingH, Lin Y, PanN andWangX 2017RSCAdv. 7 48759–65
[22] ZhouM,ChenX, LiM andDuA2017 J.Mater. Chem.C 5 1247–54
[23] Fei R, KangWandYang L 2016Phys. Rev. Lett. 117 097601
[24] Tritsaris G,Malone B andKaxiras E 2013 J. Appl. Phys. 113 233507
[25] DebAK andKumarV 2017Phys. Status Solidi b 254 1600379
[26] MehboudiME2016Phys. Rev. Lett. 117 246802
[27] Gomes LC andCarvalhoA 2015Phys. Rev.B 92 085406
[28] Jiang J E 2017 2DMater. 4 021026
[29] MounetNE 2017Nat. Nanotechnol. 13 246
[30] Perdew J P, BurkeK and ErnzerhofM1996Phys. Rev. Lett. 77 3865–8
[31] von SchneringHGandWiedemeierH 1981Z. Kristallogr. 156 143
[32] LudemannM,GordanO, ZhanD, BeekmanM,Atkins R and JohnsonD 2014 Langmuir 30 8209
[33] WangH andQianX 2017 2DMater. 4 015042
[34] QinG,QinZ, FangWZ, Zhang LC, Yue SY, YanQB,HuMand SuG 2016Nanoscale 8 11306–19
[35] LegutD, FriákMand ŠobM2007Phys. Rev. Lett. 99 016402
[36] VerstraeteM2010Phys. Rev. Lett. 104 035501
[37] DiGennaroM, Saha SK andVerstraeteM J 2013Phys. Rev. Lett. 111 025503
[38] AlbersW,HaasC, VinkH J andWasscher JD 1961 J. Appl. Phys. 32 2220–5
[39] ParenteauMandCarloneC 1990Phys. Rev.B 41 5227–34
[40] AlbersW,HaasC,OberH, Schodder GR andWasscher JD 1962 J. Phys. Chem. Solids 23 215–20
[41] Koteeswara ReddyN,HahnYB,DevikaM, SumanaHR andGunasekharKR 2007 J. Appl. Phys. 101 093522
[42] Ortiz A, Alonso JC, GarciaM andToriz J 1996 Semicond. Sci. Technol. 11 243–7
[43] Lambros AP,GeraleasD and EconomouNA1974 J. Phys. Chem. Solids 35 537–41
[44] Waroquiers D, Lherbier A,Miglio A, StankovskiM, Poncé S,OliveiraM JT,GiantomassiM, Rignanese GMandGonzeX 2013 Phys.

Rev.B 87 075121
[45] Traoré B, BouderG, Lafargue-Dit-HauretW, Rocquefelte X, KatanC, Tran F andKepenekianM2019 Phys. Rev.B 99 035139
[46] KollerD, Tran F andBlaha P 2011Phys. Rev.B 83 195134
[47] Malone BDandKaxiras E 2013Phys. Rev.B 87 245312
[48] ShiG andKioupakis E 2015 J. Appl. Phys. 117 065103
[49] Lindsay L, BroidoDA andReinecke T L 2013Phys. Rev. Lett. 111 025901
[50] ChandrasekharHR,Humphreys RG, ZwickU andCardonaM1977Phys. Rev.B 15 2177
[51] GonzeX and LeeC 1997Phys. Rev.B 55 10355–68
[52] Tancogne-DejeanN,Giorgetti C andVéniardV 2015Phys. Rev.B 92 245308

10

J. Phys.:Mater. 2 (2019) 044005 ADewandre et al

https://orcid.org/0000-0003-0860-600X
https://orcid.org/0000-0003-0860-600X
https://orcid.org/0000-0003-0860-600X
https://orcid.org/0000-0003-0860-600X
https://doi.org/10.1038/nphoton.2011.309
https://doi.org/10.1038/nmat2009
https://doi.org/10.1038/nmat2009
https://doi.org/10.1038/nmat2009
https://doi.org/10.1038/nature13184
https://doi.org/10.1038/nature13184
https://doi.org/10.1038/nature13184
https://doi.org/10.1103/PhysRevLett.117.276601
https://doi.org/10.1002/chin.201410009
https://doi.org/10.1103/PhysRevB.87.245312
https://doi.org/10.1063/1.3675880
https://doi.org/10.1016/S1369-7021(11)70278-4
https://doi.org/10.1016/S1369-7021(11)70278-4
https://doi.org/10.1016/S1369-7021(11)70278-4
https://doi.org/10.1039/c1ee01314a
https://doi.org/10.1039/c1ee01314a
https://doi.org/10.1039/c1ee01314a
https://doi.org/10.1103/PhysRevB.91.214310
https://doi.org/10.1038/s41598-017-00598-7
https://doi.org/10.1126/science.1102896
https://doi.org/10.1021/nn4022422
https://doi.org/10.1126/science.1194975
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1038/nnano.2012.193
https://doi.org/10.1038/nnano.2010.89
https://doi.org/10.1021/nl072838r
https://doi.org/10.1021/nl072838r
https://doi.org/10.1021/nl072838r
https://doi.org/10.1021/ja206955k
https://doi.org/10.1021/ja206955k
https://doi.org/10.1021/ja206955k
https://doi.org/10.1103/PhysRevB.90.121403
https://doi.org/10.1039/C7RA09430B
https://doi.org/10.1039/C7RA09430B
https://doi.org/10.1039/C7RA09430B
https://doi.org/10.1039/C6TC04692D
https://doi.org/10.1039/C6TC04692D
https://doi.org/10.1039/C6TC04692D
https://doi.org/10.1103/PhysRevLett.117.097601
https://doi.org/10.1063/1.4811455
https://doi.org/10.1002/pssb.201600379
https://doi.org/10.1103/PhysRevLett.117.246802
https://doi.org/10.1103/PhysRevB.92.085406
https://doi.org/10.1088/2053-1583/aa6aec
https://doi.org/10.1038/s41565-017-0035-5
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1524/zkri.1981.156.1-2.143
https://doi.org/10.1021/la501722d
https://doi.org/10.1088/2053-1583/4/1/015042
https://doi.org/10.1039/C6NR01349J
https://doi.org/10.1039/C6NR01349J
https://doi.org/10.1039/C6NR01349J
https://doi.org/10.1103/PhysRevLett.99.016402
https://doi.org/10.1103/PhysRevLett.104.035501
https://doi.org/10.1103/PhysRevLett.111.025503
https://doi.org/10.1063/1.1777047
https://doi.org/10.1063/1.1777047
https://doi.org/10.1063/1.1777047
https://doi.org/10.1103/PhysRevB.41.5227
https://doi.org/10.1103/PhysRevB.41.5227
https://doi.org/10.1103/PhysRevB.41.5227
https://doi.org/10.1016/0022-3697(62)90004-5
https://doi.org/10.1016/0022-3697(62)90004-5
https://doi.org/10.1016/0022-3697(62)90004-5
https://doi.org/10.1063/1.2729450
https://doi.org/10.1088/0268-1242/11/2/017
https://doi.org/10.1088/0268-1242/11/2/017
https://doi.org/10.1088/0268-1242/11/2/017
https://doi.org/10.1016/S0022-3697(74)80008-9
https://doi.org/10.1016/S0022-3697(74)80008-9
https://doi.org/10.1016/S0022-3697(74)80008-9
https://doi.org/10.1103/PhysRevB.87.075121
https://doi.org/10.1103/PhysRevB.99.035139
https://doi.org/10.1103/PhysRevB.83.195134
https://doi.org/10.1103/PhysRevB.87.245312
https://doi.org/10.1063/1.4907805
https://doi.org/10.1103/PhysRevLett.111.025901
https://doi.org/10.1103/PhysRevB.15.2177
https://doi.org/10.1103/PhysRevB.55.10355
https://doi.org/10.1103/PhysRevB.55.10355
https://doi.org/10.1103/PhysRevB.55.10355
https://doi.org/10.1103/PhysRevB.92.245308


[53] Bader R FW1994Atoms inMolecules: AQuantumTheory International Series ofMonographs onChemistry (Oxford,NewYork: Oxford
University Press)

[54] Freysoldt C, Eggert P, Rinke P, Schindlmayr A and SchefflerM2008Phys. Rev.B 77 235428
[55] Laturia A andVandenbergheWG2017Dielectric properties ofmono- and bilayers determined from first principles 2017 Int. Conf. on

Simulation of Semiconductor Processes andDevices (SISPAD) (Kamakura, Japan: IEEE) pp 337–40
[56] ThygesenK S 2017 2DMater. 4 022004
[57] CzajaWandGranacher I 1963Helv. Phys. Acta 36 1073–80
[58] GonzeX et al 2005Z. Kristallogr. 220 558
[59] GonzeX et al 2009Comput. Phys. Commun. 180 2582
[60] HamannDR2013Phys. Rev.B 88 085117
[61] Grimme S, Antony J, Ehrlich S andKriegH 2010 J. Chem. Phys. 132 154104
[62] MonkhorstH J and Pack JD 1976Phys. Rev.B 13 5188–92
[63] BroydenCG1965Math. Comput. 19 577–93
[64] VerstraeteM andZanolli Z 2014Density functional perturbation theoryComputing Solids:Models, Ab-initioMethods and

Supercomputing, LectureNotes of the 45th Spring School 2014 ed S Blügel et al vol 35 (Jülich: Forschungszentrum Jülich) pC2.1
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