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Abstract – The search for realistic materials capable of supporting the room temperature
quantum spin Hall (QSH) eﬀect remains a challenge, especially when compatibility with the current electronics industry is required. We report a theoretical prediction to identify halogenated
silicon ﬁlms as excellent candidates, which demonstrate high stability, ﬂexibility, and tunable
spin-orbit coupling (SOC) gaps up to ∼0.5 eV under minimal strain below 3%. The extraordinary SOC strength is mainly contributed by the p-orbital of heavy halogen atoms hybridized with
the px,y -orbitals of Si scaﬀold, and thus can be easily manipulated by strain (being ∼100 times
more eﬀective than in silicene) or substrate. Not only the instability problem of silicene for real
applications is solved, but also it provides a new strategy to drastically enhance SOC of lightelement scaﬀolds by orbital hybridization. The silicon-based QSH insulator is most promising for
developing next-generation, low-power consumption nanoelectronics and spintronics at ambient
conditions.
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observed at low temperatures ≤ 10 K [6]. These materials
are also composed by heavy elements which are scarce and
often toxic. Large-gap 2D ﬁlms based on group IV, V and
III-V elements in honeycomb structures have been proposed recently [9–20]; however, none of the above materials is considered to be compatible with the current silicon
electronics industry, a major factor blockading the potential large-scale implementation of QSH insulators into the
existing technology.
To be integrated into the existing electronic circuit applications, low-dimensional materials such as 2D thin ﬁlms
are most desirable. 2D materials have drawn great interest
since the ﬁrst isolation of monolayer graphene in 2004 [21].
The silicon analog of graphene, silicene, with a one-atom–
thick honeycomb structure, has been both theoretically
predicted [22,23] and experimentally synthesized [24–29].
A major advantage of silicene ﬁlm is that its manipulation
is compatible with the existing silicon electronics. Silicene
exhibits a Dirac electron structure around the K-point
(a) Present address:
Institute of Physics, Chinese Academy
of Sciences - P.O. Box 603, Beijing 100190, China; e-mail: and a detectable SOC gap [23], which may yield the QSH
smeng@iphy.ac.cn
eﬀect, due to its low-buckling geometry. However, this
Introduction. – Topological insulators (TI) are an
intriguing new class of quantum matter, which exhibit
both an insulating bulk property and conductive edge
states in one material, due to the protection of timereversal symmetry in electronic band structures [1–3].
Spin-orbit coupling (SOC) interactions play a nontrivial
role in achieving such a peculiar behavior by enabling helical edge states and suppressing electron backscattering [4].
As a result, the quantum spin hall (QSH) eﬀect can be
supported in such materials by a pair of spin-momentum–
locked edge states upon breaking up inversion symmetry
at edges or surfaces [2,3]. In the past few years both twodimensional (2D) HgTe-based [5,6] and three-dimensional
(3D) Bi2 Se3 family [7,8] compounds are ﬁrst predicted by
ﬁrst principles and then veriﬁed in experiments to be QSH
insulators. However, most of these materials have very
low bulk band gaps opened by SOC interactions, therefore the intriguing Dirac-type surface states can only be
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Table 1: Structural and electronic properties of the Si-X (X = H, F, Cl, Br, I) ﬁlm and low-buckled silicene (LB Si). a0
is the equilibrium lattice constant of the unit cell. dSi-Si , dSi-X , ΔSi-Si denote the Si-Si bond length, Si-X bond length, and
the buckling distance in the Si framework, respectively. The cohesive energy Ec is deﬁned as Ec = Etotal − Esilicene − EX2 ,
where Etotal , Esilicene , EX2 are the total energy per unit cell of the Si-X ﬁlm, the free-standing silicene, and the gaseous X2
molecule, respectively. ac is the critical lattice constant when ΔEs-p reaches the zero. ε is the corresponding strain deﬁned as
ε = (ac − a0 )/a0 . ac and ε numbers in the parenthesis are the corresponding values with SOC considered.

a0 (Å)
dSi-Si (Å)
dSi-X (Å)
ΔSi-Si
Gap (eV)
Ec (eV/cell)
ac (Å)
Strain ε (%)

I
4.06
2.44
2.48
0.684
0.557
−2.15
4.25 (4.16)
+4.7 (+2.5)

Br
3.97
2.40
2.25
0.710
1.20
−3.29
4.42
+11.3

SOC gap of 1.55 meV is too small to support QSH behavior at ambient conditions [23]. Therefore, it is of vital
importance to discover silicon-based QSH insulators, with
a gap large enough to support room temperature quantum
operations.
Here we report a new series of silicon-based ﬁlms with
potential to support ambient QSH eﬀects. These ﬁlms,
comprising monolayer silicene with π-orbitals fully saturated by a halogen or hydrogen termination on both sides
of the nanosheet, are energetically stable and mechanically
ﬂexible. The biaxial ultimate stress of these Si-X (X = H,
F, Cl, Br and I) hybrid ﬁlms reaches 1.4 GPa and sustains
a large tensile strain up to ∼ 15–20%, similar to silicene.
A quantum phase transition in electronic structure from
trivial insulator to topological insulator is observed when
the tensile strain increases to a critical value. When SOC
interactions are included, the degenerated px,y states at
the Γ-point in the Brillouin zone split up and a gap ranging
from 0.03 to 0.5 eV is opened. In particular, we found that
a Si-I ﬁlm can potentially support the ambient QSH eﬀect
under minimal strains ≥ 2.5%, due to large SOC gaps. In
addition, this SOC gap can be easily tuned by strain, being
∼100 times more sensitive than that in bare silicene. Different from halogenated tin or germanium ﬁlms, whereas
the states derived from the backbone group IV element
dominate, the SOC gap of Si-I ﬁlms mainly comes from
the hybridized px,y states of halogen I, which are responsible for the extraordinary large SOC gap and sensitive tunable quantum electronic structure in hybrid Si ﬁlms. This
provides a new strategy to enhance SOC by functionalizing light-element scaﬀolds. Moreover, the half-silicane,
one-side fully hydrogen-saturated silicene, has been produced on a Ag(111) substrate via molecular beam epitaxial growth [30,31], which suggests that the stable, ordered
halogenated silicene can be synthesized.

Cl
3.94
2.39
2.08
0.725
1.28
−4.08
4.47
+13.5

F
3.96
2.39
1.63
0.700
0.690
−8.10
4.49
+13.4

H
3.89
2.36
1.50
0.719
2.33
−1.15
4.69
+20.6

LB Si
3.86
2.28
–
0.450
0
0
–
–

Fig. 1: (Colour online) (a) Side and (b) top views of the optimized halogenated/hydrogenated Si monolayer ﬁlm. (c) Cohesive energy as a function of the lattice constant for Si-X
ﬁlms. (d) Stress-strain relationship for Si-X ﬁlms, X = H, F,
Cl, Br, I. Results for free-standing silicene are also shown for
comparison.

augmented-wave method and the Perdew-BurkeErnzerhof functional [33] with a kinetic energy cutoﬀ
of 500 eV for plane waves are used. Critical electronic
structures are further conﬁrmed by the HSE06 hybrid
functional [34,35]. A vacuum layer of > 14 Å and
15 × 15 k-points sampling in the in-plane Brillouin zone is
employed. All atoms are allowed to relax until the force
on each atom is less than 0.01 eV/Å.
Figure 1 shows the atomic structure of halogenated/hydrogenated silicene. A set of X atoms are covalently boned to the pz -orbital of Si atoms above and
below the silicene sheet alternately, forming a graphanelike geometry. The optimized lattice constant for Si-X
ﬁlms is a0 = 3.89, 3.96, 3.94, 3.97, and 4.06 Å for H-,
F-, Cl-, Br-, I- terminated ﬁlms, respectively (see ﬁg. 1
and table 1), all larger than that of free silicene (3.86 Å).
Similar to monolayer silicene, the Si-X hybrid sheet also
presents a low-buckling geometry, with slightly larger SiResults and discussion. – Density functional theory Si interlayer distance of ∼0.7 Å, 0.2–0.3 Å larger than that
(DFT) calculations were carried out with Vienna ab ini- in silicene [22]. This distance is however closer to the cortio Simulation Package (VASP) [32]. The projector responding values in bulk Si (0.78 Å), implying a sp3 -like
67003-p2
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Fig. 2: (Colour online) Band structure for the Si-I ﬁlm at
lattice constant a = 4.06 Å (a), (b) and a = 4.4 Å (c), (d).
(a) and (c) are calculated without spin-orbit coupling (SOC);
while (b) and (d) are calculated with SOC turned on. A direct
SOC gap of 447 meV and an indirect bulk gap of 213 meV is
observed in (d). The “+”and “−” symbols denote the parity
of bands at the Γ-point for Si-I ﬁlms. (e) The band structure
showing topological metallic states (green line) for the saturated Si-I nanoribbon at a = 4.4 Å, and (f) the corresponding
electron density distribution. The black box depicts the supercell used. Both top and side views are shown.

hybridization in Si-X ﬁlms. These results are similar to
those of previous reports [36,37]. Interestingly, we note
that the buckling in Si-I is the smallest among all Si-X
ﬁlms, which is attributed to the large strain produced by
Si-I bonds. Consequently, the Si-Si bond length increases
gradually from 2.28 Å in bare silicene to 2.44 Å in Si-I
ﬁlms, suggesting the weakening in the in-plane σ bond
of the silicene honeycomb lattice.
The cohesive energy of Si-X ﬁlms is large, being 1.15,
8.10, 4.08, 3.29, 2.15 eV per unit cell for X = H, F, . . . , I
respectively, relative to free-standing silicene and gaseous
X2 molecules. Instead of forming π and π ∗ bands in silicene, the Si pz -orbitals in Si-X ﬁlms are saturated by X,
resulting in a strong covalent Si-X bond with strength of
2.84, 5.23, 3.58, 2.93, and 2.23 eV, for X = H, F, . . . , I,
respectively, comparable to the corresponding X-X bond
strength. Desorbing X2 molecules is energetically unfavored and blocked by a large kinetic barrier. These
ﬁlms are still energetically stable even with a large strain
about 15%. A detailed analysis of stress-strain relationship shows that the ultimate biaxial stress is larger than
1.4 GPa and the ﬁlms can sustain a tensile strain of up
to 15–20% for all cases (ﬁg. 1(d)). For comparison, bare
silicene, which has been successfully grown on a variety of
substrates in MBE experiments [24–29], has an ultimate
stress of 2.1 GPa at strain ε = 16%. Moreover, because
all of the active π and π ∗ Si bands have been saturated
by the pz -orbital of terminal X atoms, these Si-X ﬁlms

Fig. 3: (Colour online) Energy gap between s− - and (upper)
px,y -orbital at the Γ-point, ΔEs-p , as a function of the lattice
constant for Si-X ﬁlms. Stars denote the equilibrium lattice
constant of the respective ﬁlm. The thin line is with SOC
considered.

are chemically inert and only interacting weakly with the
substrate.
Representative electronic band structures of the Si-X
ﬁlm are shown in ﬁg. 2(a), (b), taking Si-I ﬁlm as an
example. Since the Si pz -orbital is covalently saturated
by the presence of X atoms, the graphane-like geometry would eliminate the π and π ∗ bands. Thereby, the
Dirac cone in the band structure at the K-point in the
Brillouin zone disappears. Instead, a large gap > 4 eV
evolves at the K-point. Consequently, all Si-X ﬁlms become a semiconductor with a direct band gap at the
Γ-point. The band analysis indicates that the conduction
band minimum (CBM) is originated from antibonding s− orbitals of Si atoms [9]; while the valence band maximum
(VBM) contains two doubly degenerated states resulted
from the hybridization of px,y = px ± ipy orbitals of Si and
the px,y orbitals of I (see ﬁg. S1 in [38]). The energy gap
between these two types of orbitals, s− and px,y , deﬁned
as ΔEs-p hereafter, accounts for the overall bulk band gap
of the Si-X ﬁlm.
Interestingly, the energy separation between s− and px,y
states ΔEs-p is very sensitive to the strain applied. With
increasing tensile strain, the ΔEs-p becomes smaller and
reaches zero at a critical strain value, as displayed in ﬁg. 3.
Under even greater strain, the s− -orbital becomes lower in
energy than the degenerate px,y states and now becomes
occupied. As a result, electrons in one of the degenerate
px,y states have to be removed and the state is emptied to
maintain charge neutrality. This leads to the fact that the
Fermi level, separating occupied and unoccupied bands, is
now located exactly at the band crossing of the two px,y
degenerate states. Therefore, the biaxial strain applied to
the Si-X ﬁlm would introduce an electronic transition from
a gapped semiconductor to a zero-gap semi-metal. From
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Fig. 4: (Colour online) (a) The Si-I ﬁlm supported on Cdterminated CdSe substrate. For eﬀective binding on the substrate, the bottom I layer is removed and the bottom Se layer
is saturated by H. (b) Band structure around the Γ-point with
SOC included.

DFT calculations, this transition takes place at a critical
lattice constant of ac = 4.25, 4.42, 4.47, 4.49, and 4.69 Å
for X = I, Br, Cl, F, and H, respectively (without SOC
included).
When SOC interactions are turned on, the degenerate
px,y states split into two separate bands at the Γ-point
and open up a SOC band gap (ﬁg. 2(b), (d)). In this
case, we deﬁne the energy separation ΔEs-p as the energy level diﬀerence between the s− -orbital and the upper
px,y band split by SOC. When ΔEs-p reaches a negative
value, the band inversion occurs and the Si-X ﬁlm becomes a topological insulator. The typical band structure
of Si-I ﬁlm at the lattice constant of 4.4 Å is shown in
ﬁg. 2(d). Under the strain, the s− -orbital becomes occupied with a negative ΔEs-p . The splitting between two
px,y orbitals yields a large global SOC gap of 213 meV.
The electronic structures are qualitatively reproduced by
the HSE06 hybrid functional (ﬁg. S2 in [38]). We note
that the strained Si-I ﬁlms are topological insulators which
can be directly characterized by the nontrivial Z2 number
(table S1 in [38]). The topological property is also conﬁrmed by the presence of a pair of Dirac-type helical edge
states for Si-I nanoribbons, as a result of the band symmetry with respect to spin and momentum degrees of freedom
(ﬁg. 2(e), (f)). Because of the protection of time-reversal
symmetry, the breakup of inversion symmetry at the ﬁlm
edges results in metallic edge states with locked spin and
momentum orientation within the energy gap opened by
SOC [2,3]. Since a diﬀerent spin component is locked with
diﬀerent momentum orientation, these materials suppress
electron backscattering in conductive edge states, supporting the quantum spin Hall eﬀect, and are thus called QSH
insulators [6].
We found that the critical strain where the transition
from a trivial semiconductor to a 2D topological QSH insulator occurs is diﬀerent for diﬀerent Si-X ﬁlms. In particular, a Si-I ﬁlm can reach the QSH eﬀect with the smallest
strain at a lattice constant of 4.16 Å (4.37 Å by HSE06
functional) when the SOC is turned on. Compared to its
equilibrium lattice constant a0 = 4.06 Å, this strain is minimal, amounting to 2.46%. Under tensile strain, band inversion occurs between s− and px,y states simply because
the σ-like bonds between Si 3s-orbitals are much weakened

Fig. 5: (Colour online) (a) Top and (b) side views of the Si-I
ﬁlm with 12.5% Br impurities at a lattice constant of 4.4 Å.
Yellow, orange and green spheres denote Si, I and Br, respectively. Dashed lines denote the supercell used. (c) Corresponding band structure plot with SOC included. The direct gap
of 417 meV is opened by SOC, and the bulk indirect gap is
189 meV. (d) Schematic setup for QSH measurement on patterned Si-I/Si-H ﬁlms anchored on the substrate through bonding at impurity sites (double-head arrows). Vertical arrows
show the spin orientation of electrons in the edge states and
horizontal arrows show their transport directions.

with the tensile strain, leading to a sharp decrease in the
orbital energy of s− antibonding states, while px,y bonding
states are up-shifted in energy instead (ﬁg. S3 in [38]).
This small strain can be easily achieved via epitaxial ﬁlm growth on substrates such as CdSe, mechanical
stretch, or nanoindentation as demonstrated for graphene
in the experiment [39]. As an example, we explicitly
demonstrate in ﬁg. 4 that Si-I ﬁlms grown on a Cdterminated CdSe(111) substrate fulﬁll this requirement.
Even the ﬁlm with only its upper surface terminated by
I is acceptable for this purpose. This setup exerts a large
strain onto a Si-I ﬁlm since the experimental lattice constant of CdSe(111) is 4.37 Å. Through band structure calculations we found that the topological property is well
preserved in the epitaxial Si-I ﬁlm, exhibiting a SOC splitting of 326 meV between px,y states and a direct gap of
287 meV at the Γ-point. In addition, considering multiple complications in the MBE fabrication process, we
also address potential eﬀects in the presence of impurities.
We found that even with a high density of Br impurities
(12.5%), the band structure and the large SOC gap of the
Si-I ﬁlm is unchanged in the presence of defects (ﬁg. 5).
The SOC energy splitting and indirect bulk gap is 417 meV
and 189 meV, respectively, for the Si-I ﬁlm with 12.5%
Br impurity, only slightly reduced from the corresponding values for a perfect Si-I ﬁlm (447 meV and 213 meV).
The tolerance of the topological band structures to defects and impurities implies that the fully saturated SiI ﬁlm can be anchored onto substrates through binding
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at defect sites, exerting strains without deteriorating its
topological properties, so that a QSH measurement can
be carried out in a hypothetic setup schematically shown
in ﬁg. 5(d). Moreover, the metallic edge states are immune
to the presence of non-magnetic impurities because of the
protection of time-reversal symmetry.
Strikingly, the band gap induced by SOC in the Si-X
ﬁlms is extraordinarily larger than that expected for Sibased materials [23]. The energy level splitting induced by
SOC reaches 0.52 eV for Si-I at a lattice constant of 4.16 Å.
Such a SOC gap is 2 orders of magnitude larger than that
in pristine low-buckled silicene ﬁlms (1.55 meV) [23]. It
even exceeds the SOC gaps in 3D Bi2 Se3 (0.3 eV) [7,8] and
the newly proposed honeycomb Sn-X ﬁlms (0.3 eV) [9,10],
making it ideal for realizing the room temperature QSH
eﬀect. It is also signiﬁcantly larger than the intrinsic SOC
strength of atomic Si (34 meV) [23]. This is in radical contrast to the Sn-X/Ge-X cases where atomic SOC of backbone Sn/Ge is larger than or comparable to the SOC gap
of the ﬁlm. The SOC gap at the Γ-point is only slightly
changed (from 447 to 427 meV) when the Hubbard onsite
energy U = 2 eV is turned on (ﬁg. S4 in [38]). Most importantly, such a material is fully compatible with the current
electronics industry based on silicon technology.
We note that besides the most promising Si-I ﬁlm, other
types of Si-X material are also meritorious. For instance,
the SOC energy gap is 142, 43, and 29 meV for Si-Br, SiCl, Si-F at lattice constant a = 4.5 Å, and 24 meV for
Si-H at lattice constant a = 4.7 Å, all are intrinsic QSH
insulators. All these gap values are larger than or comparable to the characteristic thermal activation energy of
25.8 meV at 300 K. However, a relatively large strain has
to be applied to the equilibrium structure to achieve the
quantum transition from a trivial semiconductor to a QSH
insulator. Molecular-dynamics (MD) simulations explicitly show that strained Si-X ﬁlms are thermodynamically
stable without decomposition or noticeable deviation in
its honeycomb lattice at 300 K. No obvious negative frequencies were detected from phonon dispersion calculations, except that the small imaginary frequency in the
transverse acoustical phonon branch around the Γ-point,
which is less than 8 cm−1 , comes from numerical inaccuracy (ﬁg. S5 in [38]).
It is commonly believed that materials composed by
light elements such as carbon and silicon have very small
SOC strength, rendering them unsuitable to support the
QSH eﬀect at ambient temperature. To achieve a largegap QSH insulator, 2D and 3D materials made of heavy
elements such as Hg and Bi are sought out to ensure strong
SOC [2–8]. Following this line of thinking, an artiﬁcial
honeycomb lattice based on heavy-element tin was proposed as a new platform to achieve ambient QSH behaviors and spintronic devices [9,10]. However, the present
work implies that it is plausible to use light elements to
form a large-gap QSH insulator via orbital hybridization.
Enlightened by this new insight, honeycomb lattices made
of heavy elements are not necessary. This fact will bring

Fig. 6: (a) The energy gap opened by spin-orbit coupling and
(b) the percentage of the orbital contribution in the px,y bands
from X atoms, fx , in the Si-X ﬁlms at a lattice constant of
4.5 Å (4.7 Å for Si-H). (c) The energy gap in the px,y bands
split by spin-orbit l coupling and (d) the percentage of the
orbital contribution from I atoms as a function of the lattice
constant in the Si-I ﬁlm.

out new strategies and opens new possibilities for designing functionalized quantum materials.
In contrast to the common belief that strong SOC comes
from the 2D scaﬀold material that forms the honeycomb
lattice [9,10], we found that the large SOC band gap can
be achieved by orbital hybridization between the honeycomb lattice of light elements (such as Si) and a layer of
terminating heavy elements (such as I). The analysis of the
orbital contribution to the px,y bands shows that the major contribution up to 70–85% comes from the px,y -orbitals
of I in a Si-I ﬁlm, while for a Si-H ﬁlm the H orbital contributes only negligibly, by less than 10% (see ﬁg. 6(a)).
For F-, Cl-, and Br-terminated silicene, orbital contribution from halogen p-orbitals ranges from 20% to 50%. Due
to the dominant presence of I states in hybrid px,y states,
the SOC strength in the Si-I ﬁlm is much enhanced than
that for pristine silicon ﬁlms. We note that the intrinsic
SOC strength for the Si element is 34 meV [23] and for I
it is ∼0.7 eV. At the lattice constant a = 4.3 Å (corresponding to a tensile strain ε = 5.9%), Si-I is a true QSH
insulator with the SOC energy splitting between the two
px,y states being 0.48 eV and a usable bulk gap between
the unoccupied px,y band and the occupied s− band of
∼0.2 eV, favoring the ambient temperature QSH eﬀect.
Interestingly, we found that the SOC band gap can be
easily tuned by the applied strain. Among the cases studied, the SOC energy splitting is largest, 552 meV for the
Si-I ﬁlm at the equilibrium lattice constant a = 4.06 Å,
while it reduces to 387 meV at the lattice constant
a = 4.6 Å. There is an approximate linear relationship
between the SOC splitting and the lattice constant (and
thus the strain) of Si-I ﬁlm. This linear dependence is
attributed to the level of hybridization between Si and
I px,y -orbitals, which also increases linearly with shrinking lattice constant (ﬁg. 6(b)). This fact implies that
strain engineering is not only an eﬀective way to introduce
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