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uantum spin Hall insulators in
plumbene monolayer decorated with amidogen,
hydroxyl and thiol functional groups
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Nishat Tasnim Hiramony † and Samia Subrina *

Two-dimensional Quantum Spin Hall (QSH) insulators featuring edge states that are topologically protected

against back-scattering are arising as a novel state of quantummatter. One of themajor obstacles to finding

QSH insulators operable at room temperature is the insufficiency of suitable materials demonstrating the

QSH effect with a large bulk band gap. Plumbene, the latest group-IV graphene analogous material,

shows a large SOC-induced band gap opening but the coupling between topological states at different

momentum points makes it a topologically trivial insulator. Pristine plumbene can be chemically

functionalized to transform it from a conventional insulator to a topologically non-trivial insulator with

a considerable bulk band gap. In this work, three new QSH phases in plumbene have been theoretically

predicted through functionalization with amidogen (–NH2), hydroxyl (–OH) and thiol (–SH) groups. The

derived electronic properties show non-trivial topological states in plumbene with very high bulk band

gaps ranging from 1.0911 eV to as high as 1.1515 eV. External strain can be used to further enhance and

tune these bulk gaps, as demonstrated in this work. We also propose a H-terminated SiC (0001) surface

as a suitable substrate for the practical implementation of these monolayers to minimize lattice

mismatch and maintain their topological order. The robustness of these QSH insulators against strain

and substrate effects and the large bulk gaps provide a promising platform for potential applications of

future low dissipation nanoelectronic devices and spintronic devices at room temperature.
Introduction

Topological insulators are a novel class of materials that display
bulk band gaps but have gapless edge or surface states that are
protected against back-scattering from non-magnetic impuri-
ties because their directionality and spin are coupled.1 These
unique states can result in dissipation-less transport and can be
used in low power electronic applications as well as topological
quantum computing.2 Kane and Mele were the rst to predict
a quantum spin Hall (QSH) phase in graphene in 2005.3

Although graphene was the rst material predicted to show the
QSH phase, an experimentally proven QSH phase was rst
found in mercury-telluride (HgTe) quantum wells4 and InAs/
GaSb quantum wells.5 All well-known topological materials
feature band inversion, i.e., the conventional orderings of their
conduction bands and valence bands at some high-symmetry
momentum points are reversed.6
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Group-IV two-dimensional materials possessing a honey-
comb lattice structure such as graphene, silicene, germanene,
stanene and plumbene have been a topic of intensive research
since the discovery of graphene in 2004.7 The linear dispersion
of energy near the Fermi level in these materials has led to very
high carrier mobilities where electrons can act as massless
Dirac fermions.8,9 As mentioned earlier, the QSH phase in gra-
phene has been found through theoretical approaches;
however, the SOC in graphene is very weak and the SOC induced
band gap opening at the degenerate Dirac point is in the order
of 10−5 eV.10,11 This implies that graphene can only be realized
as a QSH insulator at unrealistically low temperatures. Other
two-dimensional graphene analogous materials such as sili-
cene, germanene and stanene have also been reported to be
topological insulators.12–14 It has been predicted that these novel
2D materials will support the QSH effect with a SOC band gap
opening of 1.55 meV for silicene, 23.9 meV for germanene and
0.3 eV for stanene. As we go to higher atomic number atoms, we
see a rise in the SOC-induced band gap opening because the
magnetic eld due to orbital motion increases with a higher
atomic number, and hence, the coupling effect between the
orbital magnetic eld and spin magnetic moment also
increases. Although silicene, germanene and stanene show
higher band gaps in the presence of SOC than graphene, it is
Nanoscale Adv., 2023, 5, 3357–3367 | 3357
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difficult to nd use of these materials as QSH insulators at high
temperature. Plumbene, the latest graphene analogous two-
dimensional structure, has emerged as a promising candidate
for application as a room temperature QSH insulator due to its
high band gap opening in the presence of SOC.15 However, the
difference between plumbene and other group-IV 2D structures
is that a topologically trivial property has been anticipated for
pristine plumbene.16,17 The source of this topologically trivial
property of pristine plumbene arrives from the coupling of
linear Dirac bands at the K point and quadratic non-Dirac
bands at the G point as explained in ref. 18. The quadratic non-
Dirac bands at the G point are special in plumbene and are not
seen in the other group-IV monolayers. Both of these states at
the G point and K point are topologically non-trivial.18 However,
the coupling between these two results in the global topologi-
cally trivial property of plumbene. Even though pristine plum-
bene is topologically trivial, the strong SOC makes it appealing
for application as a QSH insulator at room temperature through
some modication.

Certain schemes such as chemical decoration18–20 and
application of an electric eld22 have been employed to modify
the topological behavior of group IV monolayers. Wang et al.
have demonstrated that two dimensional arsenene oxide, where
oxygen is used as the surface functional group for two-dimen-
sional arsenene, is suitable for application as a room tempera-
ture QSH insulator.21 The problem with applied electric eld is
that the band gap opening is very small to be useable at room
temperature.22,23 In contrast chemical functionalization has
opened up large band gaps in low buckled plumbenemonolayer
as well as bringing in topological behavior that can be appli-
cable at room temperature.18–20,24,25Over the years different types
of functional groups have been used to passivate two-dimen-
sional hexagonal structures. The hydrogenation and halogena-
tion of two-dimensional monolayer Xenes (X= C, Si, Ge, Sn, Pb)
have been predicted to open up large band gaps,26,27 as high as
1.34 eV in the case of uorinated plumbene monolayer.19

Organic functional groups such as methyl (–CH3),25 ethynyl (–
C2H)18 and CH2–O–CH3

28 have also shown large band gap QSH
phases in plumbene with bulk gaps 0.9818, 0.912 and 0.8 eV.
Another type of functional group used is cyanogen (–CN) which
gives a band gap of 0.92 eV in plumbene monolayer and the
resulting material is a QSH insulator. The way that chemical
functionalization changes the topological invariant is by
breaking the band degeneracy at the K/K′ point and thus
destroying the constructive coupling of the two different
momentum points, namely G and K.

Despite the opening of giant bulk gaps, not all functional
groups can ensure the application as room temperature QSH
insulators. Plasma hydrogenation and halogenation carried out
experimentally have shown increasing defects and disorders on
the substrate.29 Moreover, hydrogenated surfaces are prone to
becoming oxidized when exposed to the ambient.30,31 The
preparation of high quality hydrogenated and halogenated lead
lms remains a challenge due to these problems. Most of the
studies done on plumbene monolayer in recent years are
limited to the realm of theoretical predictions. Even if some
functional groups are experimentally feasible, the
3358 | Nanoscale Adv., 2023, 5, 3357–3367
environmental impacts of some functional groups such as
cyanogen also need to be considered. Hence, the search for
groups that are experimentally synthesizable with low disorders
and have low toxicity still remains a challenge in the application
of plumbene thin lm QSH insulators. The amidogen (NH2)
functional has previously shown promise in the functionaliza-
tion of nanostructures32–36 and amidogen functionalized two-
dimensional bismuthene and antimonene lms have shown
non-trivial Z2 invariant and helical edge states.37 Double-sided
passivation of a graphene-like borophene structure with ami-
dogen has also opened up a large bulk global band gap.38 Other
functionals such as hydroxyl (–OH) and thiol (–SH) have shown
phase transitions to a topological insulator phase in germa-
nene,39,40 arsenene41 and bismuthene42 monolayers with bulk
band gaps and helical edge states, but these functionals remain
unexplored in plumbene monolayers.

Inspired by the epitaxial growth of plumbene on a nano-
watercube,43 in this work the effect of amidogen, hydroxyl and thiol
radical groups on the QSH phase in plumbene has been studied.
We observe non-trivial topological states in plumbene with very
high bulk band gaps ranging from 0.926 to as high as 1.0259 eV.
We also observe the tunability and robustness of the proposed
QSH insulators, as reported by previous investigations on other 2D
materials. For instance, a rst-principles study of single layer
RuClBr demonstrates electronic correlation dependent quantum
phase transitions and shows that the QAVHE phase has complete
spin and valley polarization.44 The electron valley polarization is
also susceptible to magnetic control by an external magnetic eld.
More studies such as that done by Zhang et al.45 on Nb2O3 shows
the emergence of a nontrivial QAH phase in the material when
SOC is considered, which is robust against biaxial strain and gives
a tunable band gap. This motivated us to examine the robustness
and tunability of the non-trivial topological phase by applying
biaxial strain. Furthermore, H-terminated SiC (0001) has been
proposed as an ideal substrate for maintaining their topological
order in the experimental realization of these materials.

Computational details

All the density functional theory (DFT)46,47 based rst-principles
calculations in this work were performed using Quantum
ESPRESSO.48–51 The plane-wave basis set and the projector
augmented-wave (PAW) method52 as implemented in Quantum
ESPRESSO have been employed. To describe the exchange-
correlation energy, the generalized gradient approximation
(GGA) within the Perdew–Burke–Ernzerhof (PBE) functional53

has been adopted. A Monkhorst–Pack mesh54 has been used
here to sample the Brillouin zone. A value of 60 Ry has been
used as the kinetic energy cutoff for the wave function and 600
Ry has been set as the kinetic energy cutoff for charge density
and potential. For geometry optimization, the atoms and cell
parameters are relaxed until the total energy changed less than
7.3 × 10−8 Ry between two consecutive scf steps and all
components of all forces were smaller than 3.9 × 10−4 Ry
bohr−1. Since the PBE functional is known to underestimate the
band gap, the Heyd–Scuseria–Ernzerhof (HSE06)55 functional
has also been employed to get the corrected band gap values.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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The HSE band gap has been calculated from the difference of
the lowest unoccupied and highest occupied levels determined
by self-consistent calculations. A gamma centered k point grid
size of 10 × 10 × 1 was employed to sample the Brillouin Zone.
The q sampling of the Fock operator has to be a factor of the k
mesh, and therefore, the q mesh size was chosen to be 5 × 5 ×

1. Spin–orbit coupling has been included in all of the calcula-
tions. Using the following equation, we determine the forma-
tion energy per atom for the three structures.

Ef = E(PbR) − E(Pb) − E(R)

Here, E(PbR), E(Pb) and E(R) are the energies of the chemically
decoratedmonolayer per Pb atom, of the pristine monolayer per
Pb atom and of the R functional group respectively. Here, R =

NH2, OH and SH.
To conrm the presence of non-trivial topological order in

the functionalized monolayers, maximally localized Wannier
functions (MLWF) are calculated and an MLWF tight-binding
Hamiltonian is constructed using the tool Wannier90.56 Then
the Z2 invariants are calculated with the help of Wannier-
Tools.57 In addition, the edge state spectrum is calculated for
each monolayer based on the iterative Green's function
method58 as implemented in WannierTools.

Then, the evolution of the band gaps of the functionalized
monolayers with the application of external biaxial strain has
been studied since strain engineering has previously been
demonstrated as an excellent method to tune material proper-
ties. The lattice constant is changed according to the following
equation to observe the effect of external biaxial strain.

3 ¼ a� a0

a0
� 100%

Here, a is the lattice constant under strain and a0 is the lattice
constant of the fully relaxed, unstrained structure. We applied
biaxial strain ranging from −6% to +6% on the decorated
monolayers.
Results and discussion

Plumbene has a two-dimensional hexagonal lattice similar to
graphene and it has three possible structures: planar, low-
Fig. 1 (a) The top-view (top) and side-view (bottom) of the geometry-op
the honeycomb lattice with the high-symmetry points labelled. The unit

© 2023 The Author(s). Published by the Royal Society of Chemistry
buckled and high-buckled.18,24,59 Pb atoms are sp3 hybridized in
buckled plumbene, whereas they are sp2 hybridized in planar
plumbene. Since sp2 bonding between Pb atoms is unfav-
ourable, geometries with high and low buckling are more stable
than those with a planar geometry.15 Among the two buckled
congurations, the high-buckled one is more stable in pristine
plumbene but the low-buckled one has been reported to be
more stable when plumbene was decorated with some func-
tional groups.24 For this reason, low-buckled plumbene, in
pristine and decorated forms has been studied in this work.
Fig. 1 shows the schematic structure of plumbene and the
Brillouin zone of the hexagonal crystal lattice.

The schematic structures of the functionalized monolayers
are shown in Fig. 2. The unit cell of each functionalized
monolayer consists of two Pb atoms, each of which is bonded to
a functional group (–NH2 or –OH or –SH). The optimized lattice
parameters (a), Pb–Pb bond lengths (l) and buckling heights (d)
of the pristine and three functionalized plumbene monolayers
have been listed in Table 1.

The lattice constants and the Pb–Pb bond lengths are greater
in the functionalized monolayers in comparison to those in
pristine plumbene. On the other hand, the buckling height has
dropped upon functionalization due to the weak hybridization
between the s and p orbitals.19 Similar results have been ob-
tained in other functionalized plumbene structures.19,25 The
lowering of the buckling height plays a vital role in the deter-
mination of the electronic properties of these materials. The
formation energy of each functionalized structure is calculated
since it is an indicator of stability of the structure. The obtained
values of formation energy are given in Table 1. All of these
values are negative, which shows that there exists no phase
separation between the Pb atom and the functional groups and
also ensures electronic stability of these structures.

Next, to explore the topological non-triviality of the mate-
rials, their electronic band structures are calculated. The band
structures of pristine plumbene monolayer are shown in
Fig. 3(a) and (b) without and with SOC respectively. Without
SOC, the band structure does not feature a gap. Upon inclusion
of SOC, it can be seen that an indirect band gap opens up. The
conduction band minimum (CBM) lies at K, whereas the
valence band maximum (VBM) lies close to G. SOC opens up
a signicant band gap of 0.413 eV. This value is in good
timized structure of plumbene and (b) Brillouin zone corresponding to
cell is marked in the top-view with a red parallelogram.

Nanoscale Adv., 2023, 5, 3357–3367 | 3359
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Fig. 2 The top-view (top) and side-view (bottom) of the geometry-optimized structures of (a) PbNH2, (b) PbOH and (c) PbSH. The unit cell is
marked in the top-view of each structure with a red parallelogram.

Table 1 The crystal parameters of the unit cell in relaxed structures including the lattice constant (a), Pb–Pb bond length (l), bucking height (h),
band gap calculated with GGA (Eg), band gap with GGA + SOC (E*

g), band gap with HSE + SOC (Eg,HSE) and formation energy (Ef)

Structures a (Å) l (Å) h (Å) Eg (eV) E*
g ðeVÞ Eg,HSE (eV) Ef (eV)

Pb 4.9241 2.9971 0.9489 0 0.4827 — —
PbNH2 5.1555 3.0625 0.7119 0.4605 0.926 1.1359 −2.6407
PbOH 5.2865 3.1152 0.5920 0.458 1.0259 1.1515 −3.3711
PbSH 5.1991 3.0993 0.7311 0.540 0.9403 1.0911 −2.3555

Fig. 3 The orbital-resolved band structures of (a) pristine plumbene without SOC, (b) pristine plumbene with SOC, (c) PbNH2 without SOC, (d)
PbNH2 with SOC, (e) PbOH without SOC, (f) PbOH with SOC, (g) PbSH without SOC, and (h) PbSH with SOC.

3360 | Nanoscale Adv., 2023, 5, 3357–3367 © 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The projected density of states (PDOS) of the pz orbitals of (a) Pb and N atoms in PbNH2, (b) Pb and O atoms in PbOH, and (c) Pb and S
atoms in PbSH in the absence of SOC.
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agreement with reported values of 0.421 eV 19 and 0.44 eV.18

Without SOC, in the band structure of pristine plumbene, two
degeneracies exist simultaneously. There is a quadratic band
dispersion with degeneracy at G and a linear Dirac band
dispersion involving degeneracy at the K point of the Brillouin
zone. It is evident from the orbital projections that the degen-
erate bands at the K point are dominated by pz orbitals. The
coupling between the two topological states around the G and
K/K′ points causes pristine plumbene to be a global topologi-
cally trivial insulator.18
Fig. 5 Band structures calculated by using DFT andWannier functions sh
the Wannier charge centers (WCCs) of (b) PbNH2, (d) PbOH and (f) PbSH

© 2023 The Author(s). Published by the Royal Society of Chemistry
The band structures of the chemically decorated plumbene
monolayers have been shown in Fig. 3(c)–(h). In the absence of
SOC (Fig. 3(c), (e) and (g)), the band gap at the K point is
signicantly enhanced in the functionalized monolayers in
comparison with that of pristine plumbene monolayer
(Fig. 3(a)). The conduction band minima (CBM) and valence
band maxima (VBM) of all the band structures are located close
to the G point. Through the projection of the bands onto
different atomic orbitals, it can be observed that the pz-rich
bands which were observed at the K point in pristine plumbene
have moved apart from each other and away from the Fermi
own in the same plot for (a) PbNH2, (c) PbOH and (e) PbSH; evolution of
.

Nanoscale Adv., 2023, 5, 3357–3367 | 3361
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Fig. 6 Calculated total and spin edge density of states of PbNH2 are shown in (a) and (d) respectively, and those for PbOH and PbSH are shown in
(b), (e) and (c), (f) respectively. The calculated band structure of a zigzag-edged nanoribbon of PbNH2 is shown in (g), and those for PbOH and
PbSH are shown in (h) and (i) respectively.

Fig. 7 Calculated band gaps (with SOC) as a function of external
biaxial strain.

3362 | Nanoscale Adv., 2023, 5, 3357–3367
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energy level in decorated plumbene. Functionalization leads to
liing of degeneracy in the band structure at the K point which
paves the way to the realization of a non-trivial topological
phase in decorated plumbene monolayers. The effect of SOC on
the band structures is signicant. Once the presence of SOC is
taken into account (Fig. 3(d), (f) and (h)), the conduction bands
are lied upwards, whereas the valence bands are pulled
downwards, producing larger global indirect gaps. The band
gaps calculated using the PBE functional for the monolayers
are: 0.926 eV in PbNH2, 1.0259 eV in PbOH and 0.9403 eV in
PbSH, as tabulated in Table 1. These band gaps are ample for
using these materials at room temperature. Using HSE, the
band gaps of the materials are further enhanced. The calculated
HSE band gaps for the three decorated monolayers are: 1.1359
eV in PbNH2, 1.1515 eV in PbOH and 1.0911 eV in PbSH.
Compared to the PBE band gaps, these HSE band gaps are
considerably higher, as expected. From the projected band
structures, it can be seen that an s–px,y band inversion exists
both in the absence and presence of SOC. This band inversion is
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2na00912a


Fig. 8 The top-view and side-view of PbNH2 standing on a
ffiffiffi

3
p � ffiffiffi

3
p

supercell of the SiC substrate are shown in (a) and (b) respectively. The unit
cell of the system is in a commensurate (

ffiffiffi

3
p � ffiffiffi

3
p

) R30° reconstruction of SiC (0001). The corresponding figures for composite structures based
on PbOH and PbSH are shown in (c) and (d) and (e) and (f) respectively.
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indicative of the existence of non-trivial band topology in
chemically decorated plumbene, whereas SOC is only respon-
sible for opening up a giant band gap in the band structures.19 –
NH2, –OH and –SH functionalized plumbene monolayers
possess giant band gaps (>0.9 eV) as observed in Fig. 3(d), (f)
and (h). This makes them potential candidates for room
temperature applications.

The projected density of states (PDOS) of the pz orbital of Pb
atoms and pz orbital of N, O and S atoms in PbNH2, PbOH and
PbSH monolayers respectively has been shown in Fig. 4 without
taking SOC into consideration. The contribution of the pz
orbitals mostly exists far away from the Fermi energy. This is
consistent with the projected band structures where it was
observed that chemical decoration causes the contributions of
pz orbitals to move away from the Fermi energy level. This
eliminates the degeneracy existing at the K point of the Bril-
louin zone in the band structure of pristine plumbene as
mentioned earlier. Furthermore, it is apparent from Fig. 4(a)
that the DOS pattern of pz orbitals of Pb atoms and that of N
atoms in PbNH2 monolayer align with one another, hinting
towards the formation of covalent bonds between these orbitals.
This argument is also valid for Pb and O atoms in PbOH
monolayer in Fig. 4(b) and for Pb and S atoms in PbSH mono-
layer in Fig. 4(c). The bond formation is the reason why the
contribution of the pz orbitals of Pb atoms moves away from the
Fermi level.

To conrm the topological non-triviality of the functional-
ized plumbene monolayers, maximally localized Wannier
functions (MLWFs) are obtained and a tight-binding Hamilto-
nian is constructed on the basis of these functions. The results
obtained for PbNH2, PbOH and PbSH are shown in Fig. 5. The
© 2023 The Author(s). Published by the Royal Society of Chemistry
fact that the Wannier interpolated band structure coincides
with the electronic band structure obtained from DFT (Fig. 5(a),
(c) and (e)) asserts the correctness of Wannierization for each
monolayer. The Wannier charge center (WCC) curves are ob-
tained from the Wannier functions. From the WCC curves, Z2

can be computed by counting the number of times an arbitrary
horizontal line crosses the WCC curves. If the number of
intersections is even, Z2 is 0, indicating that the material is
topologically trivial whereas for an odd number of intersections,
Z2 is 1, implying that the material is topologically non-trivial.
The WCC curves of –NH2, –OH and –SH decorated plumbene
have been shown in Fig. 5(b), (d) and (e) respectively. An odd
number of crossings can be observed between the red
horizontal reference line and the WCC curves, indicating that
Z2 is 1.

Additionally, the edge state spectrum is calculated for each
monolayer. 2D topological insulators have a band gap in the
bulk and gapless topologically protected edge states at the
edges. Thus, while the bulk is insulating, the edges conduct. In
pristine plumbene, the breakdown of the QSH effect is attrib-
uted to the unavoidable interaction between the two pairs of the
topologically protected edge states.18 If there are odd number of
edge states, the QSH state would survive in the system. The
gapless edge states in PbNH2 are shown in Fig. 6(a). The edge
states connect the conduction band and the valence band by
crossing in a linear fashion, resulting in a zero band gap. The
spin-projected edge states have been displayed in Fig. 6(d). The
red and blue colours correspond to the projections of spin-up
and spin-down electrons respectively. It is apparent that the
edge states are counter propagating as one would expect. The
calculated bands of a zigzag nanoribbon of PbNH2 can be seen
Nanoscale Adv., 2023, 5, 3357–3367 | 3363

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2na00912a


Fig. 9 The orbital-resolved band structures of the composite structure corresponding to PbNH2 without andwith SOC are depicted in (a) and (b)
respectively, and those for PbOH and PbSH are shown in (c) and (d) and (e) and (f) respectively.
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in Fig. 6(g), where the gapless edge states are visible. The cor-
responding gures for PbOH and PbSH are shown in Fig. 6(b),
(e), (h) and (c), (f), (i) respectively. Next, the robustness and
tunability of the band gap of the said structures are investi-
gated. Strain engineering has reported to yield fascinating
properties in two-dimensional materials. Practically, materials
can be strained through different schemes, such as, lattice
mismatch,60,61 exible substrates,62,63 piezoelectric substrates,64

patterned substrates,65 AFM tips,66–68 etc. Fig. 7 depicts how the
bulk band gap changes with external strain. The trend of change
in the band gap with external strain is similar in all three
materials. For all of the decorated monolayers, the global band
gap keeps increasing with compressive strain and reaches
a maximum value, and then keeps decreasing with further
compressive strain. The global band gaps keep increasing for
biaxial compressive strain with a maximum band gap of 0.9863,
1.0707 and 0.9433 eV for PbNH2, PbOH and PbSH at −4%,−4%
and −2% strain respectively. The band gaps show a continually
decreasing trend in the case of tensile biaxial strain. It is evident
that applying strain can help tune the band gap of thematerials,
which is very advantageous in many applications. On the other
hand, higher band gaps achieved by applying compressive
3364 | Nanoscale Adv., 2023, 5, 3357–3367
strain can help make use of the QSH phase in these materials at
higher temperatures.

Now, for practical applications, free-standing two-dimen-
sional lms must be deposited or grown on a substrate by
different deposition or epitaxial processes. In 2019, Yuhara et al.
reported the epitaxial growth of plumbene on a Pd1−xPbx (111)
alloy surface.43 To investigate the potential for experimental
realization of decorated monolayers studied in this work, we
deposit them on a H-terminated (

ffiffiffi

3
p � ffiffiffi

3
p

) R30° reconstruction
of the SiC (0001) surface. The substrate consists of a SiC bilayer
with H atoms on both the top and the bottom surface. The top-
view and side-view of the relaxed structure of PbNH2 standing
on the substrate are illustrated in Fig. 8(a) and (b) respectively.
The structures corresponding to PbOH and PbSH are shown in
(c) and (d) and (e) and (f) respectively.

The obtained band structures of the composite structures
without and with SOC are shown in Fig. 9. The structure is
modeled by placing the SiC bilayer under the decorated
monolayers where the bottom H atoms of SiC are kept xed in
position. The unit cell of the composite structure consists of 26
atoms for PbNH2 and 24 atoms for PbOH and PbSH. To
correctly account for the van der Waals interaction, a dispersion
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Interlayer distances, lattice mismatches and global band gaps (without and with SOC) of the decoratedmonolayers on the SiC substrate

Material
Lattice mismatch
(%)

Interlayer distance
(Å)

Eg without
SOC (eV)

Eg with
SOC (eV)

PbNH2 on SiC 4.468 2.4668 0.382 0.811
PbOH on SiC 1.879 1.4824 0.438 1.010
PbSH on SiC 3.542 2.2360 0.511 0.866
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corrected DFT method (optB88-vdW) is used.69,70 The lattice
mismatch between the PbNH2 layer and SiC substrate is 4.468%
and that for the PbOH and PbSH layers is 1.879 and 3.542%
respectively. The distances between adjacent layers are 2.4668 Å,
1.4824 Å and 2.2360 Å respectively for PbNH2, PbOH and PbSH.
The interlayer distances are greater than the H–H bond length,
which indicates the presence of van der Waals interactions in
the interface. The projected band structures show that the
bands near the Fermi level are unaffected by the substrate. The
substrate bands do not affect the band inversion, and hence,
the topological order of the monolayers. However, the global
band gaps are slightly changed aer the growth of the
substrates on the monolayers. Table 2 lists the band gaps
without and with SOC when the substrate is brought into the
picture.
Conclusion

In this work, three quantum spin Hall insulators based on
plumbene monolayer have been theoretically predicted and
analyzed. The negative formation energy reveals that they
possess structural stability. The electronic band structure, Z2

invariant and gap-connecting, counter-propagating edge states
in these monolayers bear signatures of their topological non-
triviality. The band structure reveals that they possess a bulk
gap and the edge density of states reveals that there are gap-
connecting states at the edges. The giant bulk band gap, tunable
by external biaxial strain, ensures that they can be used at room
temperature. It has also been shown here that their topological
non-triviality is robust against strain, which makes them
useable for practical applications where strain might be inevi-
table. Biaxial compressive strain creates an even larger band gap
and biaxial tensile strain results in a reduced band gap.
Furthermore, the monolayers have been placed on a H-termi-
nated SiC (0001) substrate and their band structures obtained
thereaer reect the retention of the quantum spin Hall state,
pointing to the possibility of practical realization and thus
adding one more point to their applicability in practical
scenarios. These edge states of the quantum spin Hall insula-
tors are protected by time-reversal symmetry. The robust gap-
less edge states protect these chemically decorated monolayers
from back-scattering,71 which makes them prospective candi-
dates for use in dissipation-less transport devices and low-
power quantum electronic devices at room temperature.
Conflicts of interest

There are no conicts of interest to declare.
© 2023 The Author(s). Published by the Royal Society of Chemistry
References

1 X. L. Qi and S. C. Zhang, The quantum spin Hall effect and
topological insulators, Phys. Today, 2010, 63(1), 33–38, DOI:
10.1063/1.3293411.

2 C. Nayak, S. H. Simon, A. Stern, M. Freedman and S. Das
Sarma, Non-Abelian anyons and topological quantum
computation, Rev. Mod. Phys., 2008, 80(3), 1083–1159, DOI:
10.1103/RevModPhys.80.1083.

3 C. L. Kane and E. J. Mele, Quantum Spin Hall Effect in
Graphene, Phys. Rev. Lett., 2005, 95(22), 226801, DOI:
10.1103/PhysRevLett.95.226801.

4 M. König, et al., Quantum Spin Hall Insulator State in HgTe
Quantum Wells, Science, 2007, 318(5851), 766–770, DOI:
10.1126/science.1148047.

5 I. Knez, R. R. Du and G. Sullivan, Evidence for helical edge
modes in inverted InAs/GaSb quantum wells, Phys. Rev.
Lett., 2011, 107(13), 136603, DOI: 10.1103/
PhysRevLett.107.136603.

6 G. Yang, J. Liu, L. Fu, W. Duan and C. Liu, Weak topological
insulators in PbTe/SnTe superlattices, Phys. Rev. B: Condens.
Matter Mater. Phys., 2014, 89(8), 085312, DOI: 10.1103/
PhysRevB.89.085312.

7 K. S. Novoselov, et al., Electric Field Effect in Atomically Thin
Carbon Films, Science, 2004, 306(5696), 666–669, DOI:
10.1126/science.1102896.

8 K. S. Novoselov, et al., Two-dimensional gas of massless
Dirac fermions in graphene, Nature, 2005, 438(7065), 197–
200, DOI: 10.1038/nature04233.

9 L. Matthes, O. Pulci and F. Bechstedt, Massive Dirac
quasiparticles in the optical absorbance of graphene,
silicene, germanene, and tinene, J. Phys.: Condens. Matter,
2013, 25(39), 395305, DOI: 10.1088/0953-8984/25/39/395305.

10 M. Gmitra, S. Konschuh, C. Ertler, C. Ambrosch-Draxl and
J. Fabian, Band-structure topologies of graphene: spin–
orbit coupling effects from rst principles, Phys. Rev. B:
Condens. Matter Mater. Phys., 2009, 80(23), 235431, DOI:
10.1103/PhysRevB.80.235431.

11 Y. Yao, F. Ye, X.-L. Qi, S.-C. Zhang and Z. Fang, Spin–orbit
gap of graphene: rst-principles calculations, Phys. Rev. B:
Condens. Matter Mater. Phys., 2007, 75(4), 041401, DOI:
10.1103/PhysRevB.75.041401.

12 C.-C. Liu, W. Feng and Y. Yao, Quantum Spin Hall Effect in
Silicene and Two-Dimensional Germanium, Phys. Rev. Lett.,
2011, 107(7), 076802, DOI: 10.1103/PhysRevLett.107.076802.

13 Y. Xu, et al., Large-Gap Quantum Spin Hall Insulators in Tin
Films, Phys. Rev. Lett., 2013, 111(13), 136804, DOI: 10.1103/
PhysRevLett.111.136804.
Nanoscale Adv., 2023, 5, 3357–3367 | 3365

https://doi.org/10.1063/1.3293411
https://doi.org/10.1103/RevModPhys.80.1083
https://doi.org/10.1103/PhysRevLett.95.226801
https://doi.org/10.1126/science.1148047
https://doi.org/10.1103/PhysRevLett.107.136603
https://doi.org/10.1103/PhysRevLett.107.136603
https://doi.org/10.1103/PhysRevB.89.085312
https://doi.org/10.1103/PhysRevB.89.085312
https://doi.org/10.1126/science.1102896
https://doi.org/10.1038/nature04233
https://doi.org/10.1088/0953-8984/25/39/395305
https://doi.org/10.1103/PhysRevB.80.235431
https://doi.org/10.1103/PhysRevB.75.041401
https://doi.org/10.1103/PhysRevLett.107.076802
https://doi.org/10.1103/PhysRevLett.111.136804
https://doi.org/10.1103/PhysRevLett.111.136804
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2na00912a


Nanoscale Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

by
 F

ai
l O

pe
n 

on
 7

/2
3/

20
25

 9
:1

6:
31

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
14 M. Ezawa, Monolayer Topological Insulators: silicene,
Germanene, and Stanene, J. Phys. Soc. Jpn., 2015, 84(12),
121003, DOI: 10.7566/JPSJ.84.121003.

15 S. Mahdavifar, S. F. shayesteh and M. B. Tagani, Electronic
and mechanical properties of Plumbene monolayer: a rst-
principle study, Phys. E, 2021, 134, 114837, DOI: 10.1016/
j.physe.2021.114837.

16 X.-L. Yu and J. Wu, Evolution of the topological properties of
two-dimensional group IV a materials and device design,
Phys. Chem. Chem. Phys., 2018, 20(4), 2296–2307, DOI:
10.1039/C7CP07420D.

17 X.-L. Yu, L. Huang and J. Wu, From a normal insulator to
a topological insulator in plumbene, Phys. Rev. B, 2017,
95(12), 125113, DOI: 10.1103/PhysRevB.95.125113.

18 Y. Li, J. Zhang, B. Zhao, Y. Xue and Z. Yang, Constructive
coupling effect of topological states and topological phase
transitions in plumbene, Phys. Rev. B, 2019, 99(19), 195402,
DOI: 10.1103/PhysRevB.99.195402.

19 H. Zhao, et al., Unexpected Giant-Gap Quantum Spin Hall
Insulator in Chemically Decorated Plumbene Monolayer,
Sci. Rep., 2016, 6, 20152, DOI: 10.1038/srep20152.

20 H. Zhao, et al., First-principles prediction of a giant-gap
quantum spin Hall insulator in Pb thin lm, Phys. Chem.
Chem. Phys., 2016, 18(46), 31862–31868, DOI: 10.1039/
c6cp06034j.

21 Y. Wang, et al., Two-dimensional arsenene oxide: a realistic
large-gap quantum spin Hall insulator, Appl. Phys. Lett.,
2017, 110(21), 213101, DOI: 10.1063/1.4983781.

22 Z. Ni, et al., Tunable Bandgap in Silicene and Germanene,
Nano Lett., 2012, 12(1), 113–118, DOI: 10.1021/nl203065e.

23 S. Nigam, S. K. Gupta, C. Majumder and R. Pandey,
Modulation of band gap by an applied electric eld in
silicene-based hetero-bilayers, Phys. Chem. Chem. Phys.,
2015, 17(17), 11324–11328, DOI: 10.1039/C4CP05462H.

24 Y. H. Lu, D. Zhou, T. Wang, S. A. Yang and J. Z. Jiang,
Topological Properties of Atomic Lead Film with
Honeycomb Structure, Sci. Rep., 2016, 6(1), 21723, DOI:
10.1038/srep21723.

25 S. Mahmud and M. K. Alam, Large bandgap quantum spin
Hall insulator in methyl decorated plumbene monolayer:
a rst-principles study, RSC Adv., 2019, 9(72), 42194–42203,
DOI: 10.1039/c9ra07531c.

26 J. E. Padilha, R. B. Pontes, T. M. Schmidt, R. H. Miwa and
A. Fazzio, A new class of large band gap quantum spin hall
insulators: 2D uorinated group-IV binary compounds, Sci.
Rep., 2016, 6(1), 26123, DOI: 10.1038/srep26123.

27 A. Mahmood and G. Rahman, Structural and electronic
properties of two-dimensional hydrogenated Xenes, J.
Phys.: Condens. Matter, 2020, 32(20), 205501, DOI: 10.1088/
1361-648X/ab6cbd.

28 Z. X. Pang, Y. Wang, W. X. Ji, C. W. Zhang, P. J. Wang and
P. Li, Two-dimensional ligand-functionalized plumbene:
a promising candidate for ferroelectric and topological
order with a large bulk band gap, Phys. E, 2020, 120,
114095, DOI: 10.1016/j.physe.2020.114095.
3366 | Nanoscale Adv., 2023, 5, 3357–3367
29 J. Wu, et al., Controlled Chlorine Plasma Reaction for
Noninvasive Graphene Doping, J. Am. Chem. Soc., 2011,
133(49), 19668–19671, DOI: 10.1021/ja2091068.

30 J. R. Dahn, B. M. Way, E. Fuller and J. S. Tse, Structure of
siloxene and layered polysilane (Si6H6), Phys. Rev. B:
Condens. Matter Mater. Phys., 1993, 48(24), 17872–17877,
DOI: 10.1103/PhysRevB.48.17872.

31 S. Yamanaka, H. Matsu-ura and M. Ishikawa, New
deintercalation reaction of calcium from calcium disilicide
synthesis of layered polysilane, Mater. Res. Bull., 1996,
31(3), 307–316, DOI: 10.1016/0025-5408(95)00195-6.

32 S. H. Lim, R. Li, W. Ji and J. Lin, Effects of nitrogenation on
single-walled carbon nanotubes within density functional
theory, Phys. Rev. B: Condens. Matter Mater. Phys., 2007,
76(19), 195406, DOI: 10.1103/PhysRevB.76.195406.

33 L. Lai and A. S. Barnard, Stability of Nanodiamond Surfaces
Exposed to N, NH, and NH2, J. Phys. Chem. C, 2011, 115(14),
6218–6228, DOI: 10.1021/jp1111026.

34 V. S. Kandagal, A. Pathak, K. G. Ayappa and
S. N. Punnathanam, Adsorption on Edge-Functionalized
Bilayer Graphene Nanoribbons: assessing the Role of
Functional Groups in Methane Uptake, J. Phys. Chem. C,
2012, 116(44), 23394–23403, DOI: 10.1021/jp307039m.

35 T. He, et al., Tuning the electronic structures of
semiconducting SiC nanotubes by N and NHx (x = 1, 2)
groups, J. Chem. Phys., 2006, 125(19), 194710, DOI:
10.1063/1.2360269.
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