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Topological, Valleytronic, and Optical Properties of

Monolayer PbS

Wenhui Wan, Yugui Yao,* Liangfeng Sun, Cheng-Cheng Liu, and Fan Zhang*

Lead sulfide (PbS)! is an attractive material that has been
receiving significant scientific attention. Consisting of elements
with high natural abundance, PbS can be converted into an
excellent thermoelectric material. The ZT values of PbS can
even be made as high as 0.8 at 723 K upon nanostructuring and
enhanced to 1.1 at 923 K when processed with spark plasma
sintering.l?l Due to the small effective mass (m*) and the large
dielectric constant (g), PbS exhibits an exciton Bohr radius
(ag ~€ /m*) as large as 20 nm.! Strong quantum confinement,
a determining characteristic for a quantum dot, can thus be
easily achieved in PbS. Synthetic techniques can control the dot
sizes and tune the band gaps of PbS colloidal dots from 0.7 to
2.1 eV, spanning an ideal range for single- and multijunction
photovoltaic device applications.*]

Recently, with large spin-orbit couplings (SOC) and L-point
band inversion, IV-VI semiconductors SnTe/SnSe in the
rocksalt structure have been demonstrated®! to be 3D topo-
logical crystalline insulators (TCI) protected by mirror sym-
metries. Although 3D bulk PbS is topologically trivial, its thin
films!'%1% are predicted to be 2D TCI’s depending on the
thickness, 10111516 and a transverse electric field can switch
on/off the topological edge conducting channels,'] based on
first-principle calculations using the Perdew-Burke—Ernzerhof
(PBE) functional.??! Excitingly, quasi-2D nanoplates of IV-VI
semiconductors?!22 and nanocrystalline PbS (001) films with
thickness of a few atomic layers have recently been synthe-
sized.?*?Y However, the topological, valleytronic, and optical
properties of PbS few layers have yet to be comprehensively
investigated to date.

Therefore, understanding the unique properties of PbS few
layers at a microscopic view is of fundamental importance.
The preliminary PBE calculations may under- or overestimate
the band gaps, whose signs are decisive for determining the
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topological nature of the few layers. Hence more advanced cal-
culations are immediately called for. Applying the transverse
electric field is not practical for a flat monolayer. In contrast,
asserting external strain is more efficient in tuning the band
topology and switching on/off the edge channels. Here, we per-
form first-principle calculations using the more accurate Heyd—
Scuseria~Ernzerhof (HSE) hybrid functional®! to examine the
band structures of PbS (001) few layers, with a focus on the
monolayer. We reveal that the band gaps of few layers exhibit
even—odd layer-dependent oscillations without band inversions.
We demonstrate that the uniaxial and biaxial compressive
strains can tune the monolayer to a 2D topological insulator
(TT) and TCIL,[%26?7] respectively. Although inversion symmetry
dictates the elliptical dichroism to vanish, optical pumping
provides an efficient tool to characterize the three topological
phases and to facilitate tunable charge, spin, and valley Hall
effects.

The first-principle calculations are performed using the pro-
jector augmented plane waves method?®! implemented in the
Vienna ab initio simulation package.*>3% A Monkhorst—Pack
gridP! of 10 x 10 x 1, a vacuum layer of 16 A, and a plane-wave
energy cutoff of 400 eV are used. Both the lattice constants and
the ion positions are allowed to be optimized until the force
on each ion is less than 0.01 eV A~'. The HSE hybrid func-
tional,”’l more accurate and reliable than the PBE functional,**!
is applied to the calculations of electronic band structures with
SOC included. Hereafter, we will label these two methods as
HSE+SOC and PBE+SOC, respectively.

Figure 1 shows the lattice structure and the first Brillouin
zone (BZ) of PbS (001) few layers. The calculated lattice con-
stant of bulk PbS is a’ = 6.000 A, in agreement with the experi-
mental value of 5.936 A.’% An even-layer film is made of a
combination of bilayer blocks, whereas an odd-layer film has
an extra monolayer or trilayer block in its center. We find that
in each case, after lattice relaxation, the interlayer distances
have periodic contractions and extensions relative to the bulk
value, as a response to the electrostatic forces acting on the sur-
face ions. The band structures of PbS (001) few layers based
on our HSE+SOC method, from monolayer to hexalayer, are
shown in Figure 2a. To compare the energy gaps, Figure 2b
also plots the results from an optical experiment,! as well as
the less accurate calculations using PBE functional. Clearly,
the band gaps obtained by the HSE+SOC method are closer to
the experimental values. While the direct band gap gradually
increases to the bulk value as the layer number increases, it
oscillates strongly®} between odd- and even-layer films. A sim-
ilar phenomenon has also been observed in the PbSe quantum
wells.B* Our calculations reveal that in even-layer films the rel-
atively smaller interlayer distances within bilayer blocks result
in stronger interlayer orbital hybridization and thus their larger
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Figure 1. a) The side view, b) the top view, and c) the first Brillouin zone
of a PbS (001) few layer. In (b), aq is the few-layer lattice constant; a” is
the bulk lattice constant.

band gaps. Moreover, we find that none of these few layers
exhibit any band inversion, revising previous results.1%11.13]
Intriguingly, the few-layer band gaps vary from 0.24 to 1.92 eV,
covering a wide spectrum from infrared to visible. Such a prop-
erty makes PbS (001) few layers promising for optoelectronic
applications.

Unexpectedly, the monolayer PbS has a sharply reduced
band gap. This arises for two reasons. First, the bulk crystal
has cubic symmetries, and a strong crystal field effect is pre-
sent in the monolayer.’ Second, the small band gap is also
consistent with the fact that a pressure can decrease the band
gap of PbSPS); The lattice constant of monolayer is ay = 4.069 A,
equivalently a’=+2a, =5.754 A in Figure 1b, which is smaller
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Figure2. Theband structures of PbS (001) few layers. a) The band structures
from monolayer to hexalayer, obtained by the HSE+SOC method. b) The
layer (N) dependence of the band gaps (E,), obtained by the PBE+SOC
method, by the HSE+SOC method, and by an optical experiment.[2
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Figure 3. The lattice constants and the band structures for the com-
mensurate KF-PbS monolayer-KF. a) The lattice constant (a*) and the
band gap (E,), as functions of the KF layer number (N*). ag is the lattice
constant of the flat freestanding monolayer. b) The band structure with
N* = 8. The blue and green colors indicate the contributions from PbS
and KF, respectively. The red lines are the fitted bands using the effective
k - p Hamiltonian Equation (1).

than the aforementioned bulk value a’ = 6.000 A. Although few-
layer PbS has been synthesized!?>3¢ and bilayer PbS is dynami-
cally stable based on its phonon spectrum, we find that a flat
monolayer is unstable toward buckling Pb and S sublattices
in opposite out-of-plane directions through phonon calcula-
tions. In experiment, PbS few layers can be stabilized by sand-
wiching them in between CdS shells.?*3%1 We hereby propose
an improved structure after a systematic examination, i.e., the
monolayer sandwiched in between two KF layers. To avoid the
unbearable computational cost of the HSE+SOC calculations,
we adopt the PBE+SOC method to show the band structure of
KF-PbS monolayer-KF. As shown in Figure 3a, the strain on
the PbS monolayer is less than 4.5% and tolerable in the syn-
thesis.l’”38 As shown in Figure 3b, the electronic states near
the Fermi level are mainly contributed by the PbS monolayer,
while the contribution from the KF layers is negligible because
of their large band gaps.

Because the lattice constant of KF is smaller than that of
PbS, both the lattice constant and the band gap of the sand-
wiched structure decrease with increasing the number of the
KF layers, as evidenced in Figure 3a. Beyond the KF tetralayer,
intriguingly, band inversions occur at both X and Y points in
the 2D BZ. Inspired by this observation, we investigate how
a strain modulates the PbS monolayer band structure and
whether the resulting one is topologically nontrivial. We define
the strain as & = (a; — ao)/a, along the i direction, where a; and
ag are the lattice constants of PbS monolayer with and without
strain, respectively. When ¢, , = 0, our calculations reveal that
the conduction band minima (CBM) are dominated by the
p, orbital (odd parity) of Pb at both X and Y points, whereas
the valence band maxima (VBM) are, respectively, dominated
by the p, and p, orbitals of S (even parity), hybridized with the
s orbital of Pb, at X and Y points. Importantly, this indicates?% a
normal insulator (NI) without band inversions.

We now consider the biaxial strain effects based on the
HSE+SOC method. Because of the intact C, symmetry, the
parity eigenvalues of the energy bands must be the same at
X and Y points. This fact prevents the PbS monolayer from
turning into a 2, TI?® under a biaxial strain. However, a
strained monolayer can be a 2D TCI, as we now demonstrate.
Our calculations reveal that a biaxial compressive strain (g, = €,)
stronger than —2.2% can produce band inversions at the X and
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Figure 4. Strain-induced topological phases in the PbS (001) monolayer.
a) The band gaps (E;) and the phase diagrams as functions of the biaxial
strain (), calculated by HSE+SOC and PBE+SOC methods. b) The band
gaps at Xand Y points (my y), the fundamental gap (mj) across the entire
2D BZ, and the phase diagram as functions of the uniaxial strain (g),
calculated by the HSE+SOC method. c) The even number of band inver-
sions induced by a biaxial strain. d) The odd number of band inversions
induced by a uniaxial strain. In (c) and (d), the green color represents
the component of Pb-p, orbital; the + denotes the parity eigenvalues of
the states at VBM and CBM. e,f) The corresponding band structures of
17 nm nanoribbons corresponding to (c) and (d), respectively. In (e) and
(f), the red lines are the edge states, and strains larger than those in (c)
and (d) are used for clarity.

Y points in the 2D BZ, as shown in Figure 4a,c. Evidently, a flat
monolayer respects a mirror symmetry (z — —z). It follows that
there exists a mirror Chern number C, .9 We find that C, =0
for any tensile strain or a compressive strain weaker than
—2.2% whereas C,, =2 for the case with a stronger compressive
strain, as summarized in Figure 4a.

To visualize the bulk-boundary correspondence dictated by
C, =2, we calculate the band structure of a strained 17 nm
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wide nanoribbon (a TCI) terminated by S atoms. As clearly
seen in Figure 4e, there are two pairs of states cross the band
gap, with Dirac-like crossing points at X and T' points. Our
real-space charge distribution calculations further confirm
that these states are indeed the anticipated edge states pro-
tected by the mirror symmetry. As reflected by Figure 4a, our
finding on the unstrained PbS monolayer based on the more
advanced HSE+SOC method is qualitatively different from
previous ones!'®111] that adopted the less accurate PBE+SOC
method. However, the phase diagrams (not considered previ-
ously) obtained by the two methods share the same quali-
tative trend: the TCI phase can be achieved under a biaxial
compressive strain whereas the NI gap is enlarged by a tensile
strain.

We further consider the effects of a uniaxial strain*** g,
along the y direction, which breaks the C, symmetry and thus
allows the energy bands at X and Y points to exhibit opposite
parity eigenvalues. We find that the CBMs respond little to the
strain due to their Pb-p, orbital nature, and that the energy
of VBM at X point rises more rapidly than that at Y point, as
shown in Figure 4b. The VBM at X point has the character of
an antibonding state between Pb-s and S-p, orbitals, and its
energy is determined by the integral Ej =(w,|H |w,.), which
is proportional to the x-direction cosine of the vector from Pb
to S atoms; a similar argument applies to the VBM at Y point.
Since the compressive strain g, decreases the y-direction dis-
tance between Pb and S atoms, the band gap must be first
inverted at X point. Nevertheless, when ¢, lies between —-2.7%
and —10.0%, only one band inversion occurs at X point and a
fundamental band gap exists across the entire 2D BZ. When
€, goes beyond —10.0%, the bands at Y point become inverted,
too. Based on the Fu-Kane criterion,?” the former phase must
be a Z, TI while the latter one Z, trivial.

Since the aforementioned mirror symmetry remains intact,
we can also calculate the mirror Chern numbersl® C, for the
three phases. We find that C, switches from 0 to 1 and then
to 2 at g, =-2.7% and —10.0%, respectively. Furthermore, We
calculate the edge states of the TI phase using the same method
as we did for the TCI case. With anisotropic strains ¢, = -3.0%
and g, = 3.5%, as plotted in Figure 4f. the band structure of
the 17 nm nanoribbon hosts only one helical edge states near
X point. For g, stronger than —10.0% the band gap at Y point
is also inverted, and a TCI phase with similar band structure
to Figure 4e is identified. Therefore, the uniaxial strain[*0-+7]
offers a controllable way to induce topological phase transitions
among the NI, TI, and TCI phases, as well as to switch the
number of helical edge states among 0, 1, and 2. We note that
the TI and TCI phases exhibit dissipationless quantum spin
Hall (QSH) transport via their helical edge channels. These
unique features, together with the relatively larger band gaps
compared to HgTe/CdTel*®l and InAs/GaSb*! QSH systems,
make the PbS monolayer promising for controllable low-power
electronic devices.

With the above knowledge, we now construct an effective
model to describe the PbS (001) monolayer. We choose the
Pauli matrices o to denote the electron spin and 7, = +1 to rep-
resent the conduction and valence bands near the band gap.
Given the little group Dy, at the X point, we further choose
time reversal, spatial inversion, and three mirror reflection
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vanish at each valley, as the P and 7 sym-
metries together dictate the Berry curvature
to be zero. This result is independent of the

&, NiorTcl
XY

topological nature of PbS (001) monolayer,
as a strain does not break P or 7 symmetry.
(In a TMDM, the broken P symmetry and

the intact 7 symmetry give rise to the oppo-
site nontrivial Berry curvatures and hence
the opposite circular dichroism at K and K’
valleys.)

However, there are strong spin and
valley polarizations in the optical absorb-
ance of PbS (001) monolayer. It is the
M, symmetry that allows the decoupling

between the two spins. The optical spin
(s) and valley (v) polarizations can be
defined as

Zo.|»Pacr|2 zalr,%o'lz

s v

0 o)

Figure 5. The optical spin-valley polarizations and the anomalous Hall effects for the excited
electrons in optoelectronic transport. a) The optical spin polarization 1° and b) the optical
valley polarization 1" for the three phases. 6 is the light ellipticity, and ¢ = tan™'(v,/v,) is the
band anisotropy. The white dashed line represents ¢ = 0.267 for the PbS (001) monolayer,
obtained by fitting Figure 2b to Equation (1). c—e) Schematic figures for the charge-, spin-, and
valley-Hall effects for the photoexcited electrons in the three phases. 6 = 0 and 7/4 denote the

linearly and circularly polarized lights, respectively.

operators to be 7 =io K, P=1., M,=itr,0,, M,=i0,, and
M, =io., respectively. To the linear order the symmetries dic-
tate the k - p Hamiltonian around X to be

Hy = (mx +mki +mk})T, )
+ (U T, +0,k,T,0,)+(c.k: +ck)),

where v ’s are the Fermi velocities, m ’s are the mass terms, and
¢ ’s break the electron-hole symmetry. Hy can be obtained by
a C4(2) rotation of Hy around I'. Essentially, the mass terms
capture all the physics of band inversions. In fact, the symme-
tries dictate any strain to only renormalize the my y terms to
the lowest order. The unstrained monolayer is a NI, i.e., all ms
are positive. Under a uniaxial strain stronger than —2.7% but
smaller than —10.0%, the monolayer is a T1, i.e., only one of my
y switches signs. Under a uniaxial (biaxial) strain stronger than
—-10.0% (-2.2%), the monolayer is a TCI, i.e., both my y switch
signs. The red lines in Figure 3b plots the fitted bands using
Equation (1), and Es in Figure 4 show the my y in various sce-
narios. With P and M. symmetries of Hyy, we further com-
pute Z, and C, topological invariants and obtain the same
values as above.

Like transition metal dichalcogenide monolayers
(TMDM),P%>1 the PbS (001) monolayer also has two valleys,
ie., X and Y. One may naturally wonder whether the PbS (001)
monolayer has a similar circular dichroism.’%°!l In general,
the elliptical dichroism is proportional to the valence-band
Berry curvature. It follows that the elliptical dichroism must
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where ¢ = £ denote the up and down
spins, and o = * represent the X and
Y wvalleys. For an elliptically polarized
light,  P(6, ¢)="P. cosO+iP,sinh, where
Poy=W.|PeylW,) are the optical matrix
elements, 6 is the light ellipticity, and ¢ =
tan~!(v,/v,) is the band anisotropy. Focusing
on the interband transitions characteristic to
the X and Y points, we obtain

| P ['=mlv’cos’[p + 8o sgn(my)], 3)
| B° ['=mlv’ sin’[p— O sgn(my)], (4)

1
with v=(v2+v})2 and m, the free electron mass. The com-
bined factor 6o in Equations (3) and (4) immediately sug-

gests that the elliptical dichroism ~2(| RO —| P (-6))
vanishes for each valley, consistent with our symmetry

argument. Given my = my for the NI and TCI phases,
it follows from Equations (3) and (4) that ns = —sin(2¢)
sin[20sgn(m)]. Thus, the NI and TCI phases exhibit opposite
spin polarizations, which are prominent for circularly polar-
ized lights 6 = m/4, as seen in Figure 5a. Similarly, we find
n" = cos(2¢)cos(20), as plotted in Figure 5b; the NI and TCI
phases share the same valley polarization that is pronounced
(vanishing) for linearly (circularly) polarized lights. Although
the valley polarization is weak in the PbS monolayer, it may
turn out to be strong in other 2D systems (with the little
group D,,) to which Equation (2) can be applied. For the TI
phase, the inverted valley has a much smaller gap, and 1"’
are dominated by the valley close to the probing threshold.
Evidenced by Figure 5a,b, n" =1 reflecting the perfect valley
polarization, and 1s ~ sin (2¢)sin (26) indicating that the spin
polarization is vanishing (pronounced) for linearly (circu-
larly) polarized lights.

Adv. Mater. 2017, 29, 1604788
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Besides characterizing the three phases, the spin-valley selec-
tion of optical pumping may facilitate the realization and con-
trol of intriguing Hall effects in optoelectronic transport. Such
anomalous bulk transport is due to the geometric Berry cur-
vature of photoexcited states at the conduction bands, in con-
trast to the quantized edge transport dictated by the topological
invariant of the entire valence bands. Based on Equation (1),
we derive the Berry curvature Qf = osgn(m,)v,v,2/2m for
the conduction-band edge and —Qj, for the valence-band edge.
Upon the application of an in-plane electric field Ex, the excited
electron and hole respectively acquire an anomalous transverse
velocity +eEQgy. This implies tunable charge, spin, and valley
Hall effects upon optical pumping and strain, as illustrated in
Figure 5c—e.

In conclusion, we have shown that the band gaps of PbS
(001) few layers exhibit even—odd layer-dependent oscillation
without any band inversion, by carrying out first-principle cal-
culations employing the HSE hybrid functional. These results
should be more reliable than those previously obtained by the
less accurate PBE functional. In particular, we reveal that the
uniaxial (biaxial) compressive strain can tune the monolayer
to a 2D TI (TCI). Hence, PbS monolayer is promising for
controllable low-power electronic devices. Although elliptical
dichroism vanishes in the monolayer due to inversion sym-
metry, optical pumping provides an efficient tool to characterize
the three topologically different phases and to facilitate the real-
ization of charge, spin, and valley Hall effects that are tunable
by external strain and light ellipticity. These unique properties,
together with their band gaps covering a wide spectrum from
infrared to visible, making the PbS few layers and particularly
the monolayer as a fertile ground for topological, valleytronic,
and optoelectronic studies. Finally, we note that similar results
are anticipated for other IV-VI semiconductors.

Acknowledgements

W.W., Y.Y.,, and C.C.L. were supported by the MOST Project of China
(Nos. 2014CB920903 and 2016YFA0300603), the National Nature
Science Foundation of China (Grant Nos. 11574029 and 11225418).
L.S. was supported by the Office of the Vice President for Research
& Economic Development at Bowling Green State University. C.C.L.
and F.Z. were supported by the research enhancement funds at the
University of Texas at Dallas. F.Z. is grateful to the Kavli Institute for
Theoretical Physics for their hospitality during the finalization of this
work, which was supported in part by the National Science Foundation
under Grant No. PHY11-25915.

Received: September 6, 2016
Revised: October 27, 2016
Published online: January 16, 2017

[1] S. E. Kohn, P. Y. Yu, Y. Petroff, Y. R. Shen, Y. Tsang, M. L. Cohen,
Phys. Rev. B 1973, 8, 1477.

[2] L. D. Zhao, S. H. Lo, J. He, H. Li, K. Biswas, J. Androulakis, C. I. Wu,
T. P. Hogan, D. Y. Chung, V. P. Dravid, M. G. Kanatzidis, J. Am.
Chem. Soc. 2011, 133, 20476.

[3] F. W. Wise, Acc. Chem. Res. 2000, 33, 773.

[4] L.Sun,).].Choi, D. Stachnik, A. C. Bartnik, B. R. Hyun, G. G. Malliaras,
T. Hanrath, F. W. Wise, Nat. Nanotechnol. 2012, 7, 369.

Adv. Mater. 2017, 29, 1604788

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advmat.de

[5] M. Aerts, T. Bielewicz, C. Klinke, F. C. Grozema, A. ). Houtepen,
J. M. Schins, L. D. Siebbeles, Nat. Commun. 2014, 5, 3789.

[6] T. H. Hsieh, H. Lin, J. Liu, W. Duan, A. Bansil, L. Fu, Nat. Commun.
2012, 3, 982.

[7] Y. Tanaka, Z. Ren, T. Sato, K. Nakayama, S. Souma, T. Takahashi,
K. Segawa, Y. Ando, Nat. Phys. 2012, 8, 800.

[8] P. Dziawa, B. Kowalski, K. Dybko, R. Buczko, A. Szczerbakow,
M. Szot, E. tusakowska, T. Balasubramanian, B. M. Wojek,
M. Berntsen, T. Story, Nat. Mater. 2012, 11, 1023.

[9] S.Y. Xu, Nat. Commun. 2012, 3, 1192.

[10] ). Liu, T. H. Hsieh, P. Wei, W. Duan, ). Moodera, L. Fu, Nat. Mater.
2014, 13, 178.

[17] E. O. Wrasse, T. M. Schmidt, Nano Lett. 2014, 14, 5717.

[12] J. Wang, . Liu, Y. Xu, J. Wu, B. L. Gu, W. Duan, Phys. Rev. B 2014,
89, 125308.

[13] X. Li, F. Zhang, Q. Niu, ). Feng, Sci. Rep. 2014, 4, 6397.

[14] Y. Shi, M. Wu, F. Zhang, ). Feng, Phys. Rev. B 2014, 90, 235114.

[15] J. Liu, X. Qian, L. Fu, Nano Lett. 2015, 15, 2657.

[16] Y. Kim, C. L. Kane, E. ). Mele, A. M. Rappe, Phys. Rev. Lett. 2015,
115, 086802.

[17] S. Safaei, M. Galicka, P. Kacman, R. Buczko, New J. Phys. 2015, 17,
063041.

[18] C. Niu, P. M. Buhl, G. Bihlmayer, D. Wortmann, S. Bliigel,
Y. Mokrousov, Phys. Rev. B 2015, 91, 201401.

[19] X. Li, F. Zhang, A. H. MacDonald, Phys. Rev. Lett. 2016, 176,
026803.

[20] J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 1996, 77, 3865.

[21] J. Shen, Y. Jung, A. S. Disa, F. |. Walker, C. H. Ahn, J. J. Cha, Nano
Lett. 2014, 14, 4183.

[22] M. Safdar, Q. Wang, Z. Wang, X. Zhan, K. Xu, F. Wang, M. Mirza,
J. He, Nano Lett. 2015, 15, 2485.

[23] G. B. Bhandari, K. Subedi, Y. He, Z. Jiang, M. Leopold, N. Reilly,
H. P. Lu, A. T. Zayak, L. Sun, Chem. Mater. 2014, 26, 5433.

[24] S. Khan, Z. Jiang, S. M. Premathilka, A. Antu, ). Hu, A. A. Voevodin,
P. ). Roland, R. . Ellingson, L. Sun, Chem. Mater. 2016, 28, 5342.

[25] ). Paier, M. Marsman, K. Hummer, G. Kresse, I. C. Gerber,
J. G. Angyén, J. Chem. Phys. 2006, 124, 154709.

[26] C. L. Kane, E. . Mele, Phys. Rev. Lett. 2005, 95, 226801.

[27] R. ). Slager, A. Mesaros, V. Juri¢i¢, |. Zaanen, Nat. Phys. 2013, 9, 98.

[28] P. E. Blochl, Phys. Rev. B 1994, 50, 17953.

[29] G. Kresse, ). Hafner, Phys. Rev. B 1993, 48, 13115.

[30] G. Kresse, J. Furthmiiller, Phys. Rev. B 1996, 54, 11169.

[37] H. ). Monkhorst, ). D. Pack, Phys. Rev. B 1976, 13, 5188.

[32] O. Madelung, U. Réssler, M. Schulz, Semiconductors: Group 1V Ele-
ments, IV-IV and 111-IV Compounds, Landolt-Bérnstein, New Series,
Group Ill, Vol. 41, Pt. A, 2005.

[33] C. X. Liu, H. Zhang, B. Yan, X. L. Qi, T. Frauenheim, X. Dai, Z. Fang,
S. C. Zhang, Phys. Rev. B 2010, 81, 041307.

[34] G. Allan, C. Delerue, Phys. Rev. B 2004, 70, 245321.

[35] P. Barone, T. c. v. Rauch, D. Di Sante, ). Henk, I. Mertig, S. Picozzi,
Phys. Rev. B 2013, 88, 045207.

[36] R. T. Lechner, G. Fritz-Popovski, M. Yarema, W. Heiss, A. Hoell,
T. U. Schullli, D. Primetzhofer, M. Eibelhuber, O. Paris, Chem.
Mater. 2014, 26, 5914.

[37] A. P. Gaiduk, P. I. Gaiduk, A. N. Larsen, Thin Solid Films 2008, 576,
3791.

[38] H. Guo, C. H. Yan, J. W. Liu, Z. Y. Wang, R. Wu, Z. D. Zhang,
L. L. Wang, K. He, X. C. Ma, S. H. Ji, W. H. Duan, X. Chen,
Q. K. Xue, APL Mater. 2014, 2, 056106.

[39] L. Fu, C. L. Kane, Phys. Rev. B 2007, 76, 045302.

[40] G. Signorello, E. Loértscher, P. Khomyakov, S. Karg, D. Dheeraj,
B. Gotsmann, H. Weman, H. Riel, Nat. Commun. 2014, 5, 3655.

[41] C. Androulidakis, E. N. Koukaras, O. Frank, G. Tsoukleri, D. Sfyris,
J. Parthenios, N. Pugno, K. Papagelis, K. S. Novoselov, C. Galiotis,
Sci. Rep. 2014, 4, 5271.

wileyonlinelibrary.com

(5 of 6) 1604788

o
o
3
=
G
2
a
-
o
<=




=
o
=
<
—
=
=
=
=
o
v

1604788 (6 of 6)

ADVANCED
MATERIALS

ADVANCED
SCIENCE NEWS

www.advmat.de

[42] O. Frank, G. Tsoukleri, J. Parthenios, K. Papagelis, |. Riaz,
R. Jalil, K. S. Novoselov, C. Galiotis, ACS Nano 2010, 4,
3131.

[43] T. Mohiuddin, A. Lombardo, R. Nair, A. Bonetti, G. Savini, R. Jalil,
N. Bonini, D. Basko, C. Galiotis, N. Marzari, K. Novoselov, A. Geim,
A. Ferrari, Phys. Rev. B 2009, 79, 205433.

[44] G. Tsoukleri, J. Parthenios, K. Papagelis, R. Jalil, A. C. Ferrari,
A. K. Geim, K. S. Novoseloy, C. Galiotis, Small 2009, 5,
2397.

[45] F. Ding, H. Ji, Y. Chen, A. Herklotz, K. Dorr, Y. Mei, A. Rastellj,
O. G. Schmidt, Nano Lett. 2010, 10, 3453.

www.advancedsciencenews.com

[46] L. Smith, V. Moroz, G. Eneman, P. Verheyen, F. Nouri,
L. Washington, M. Jurczak, O. Penzin, D. Pramanik, K. De Meyer,
|EEE Electron Device Lett. 2005, 26, 652.

[47] L. Washington, F. Nouri, S. Thirupapuliyur, G. Eneman, P. Verheyen,
V. Moroz, L. Smith, X. Xu, M. Kawaguchi, T. Huang, IEEE Electron
Device Lett. 2006, 27, 511.

[48] M. Kénig, S. Wiedmann, C. Briine, A. Roth, H. Buhmann,
L. W. Molenkamp, X. L. Qi, S. C. Zhang, Science 2007, 318, 766.

[49] I. Knez, R. R. Du, G. Sullivan, Phys. Rev. Lett. 2011, 107, 136603.

[50] X. Xu, W. Yao, D. Xiao, T. F. Heinz, Nat. Phys. 2014, 10, 343.

[51] K. F. Mak, J. Shan, Nat. Photonics 2016, 10, 216.

wileyonlinelibrary.com

© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Adv. Mater. 2017, 29, 1604788



