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ABSTRACT: We perform a comprehensive study of the phase space
of two-dimensional hydrogenated silicon. To scan the composition
space, we employ an efficient constrained global structural prediction
method, capable of exploring all possible bonding patterns on an equal
footing. We find an interesting landscape of crystalline geometries,
among which hydrogenated versions of mono- and bilayer silicene and
haeckelites. The lowest energy phases, however, are buckled, with
geometrical features similar to those of surface reconstructions. We
observe that many structures can be described as connected nanowires
exhibiting shared silicon pentagons. All studied systems are semi-
conducting with sizable band gaps. Considering the similarity of some
of these structures with recently synthesized 2D silicon phases and
their low formation energies, we expect that these 2D materials can be produced experimentally.

■ INTRODUCTION
Since the seminal realization of graphene monolayers,1 many
other interesting two-dimensional (2D) materials, with several
promising technological applications, have been successfully
synthesized.2−7 Two prominent materials belonging to this
family are silicene and germanene, which are group IV buckled
honeycombmonolayers. As our current semiconductor industry
is, to a large extent, based on silicon, these two 2D materials are
particularly interesting as they may be compatible with existing
technology. Unfortunately, as there is no layered sp2 counterpart
of graphite for Si and Ge, a simple fabrication of silicene and
germanene via sonication and exfoliation is not possible. For this
reason, the 2D allotropes of these elements are typically
produced by epitaxial growth on substrates.8 In the case of
germanium, the topochemical deintercalation of CaGe2

9 allows
to synthesize large crystals of germanane, a single-layer crystal
composed of germanium with one hydrogen bonded in the z-
direction for each atom. These monolayers can then be cleaved
to yield flakes of multilayer germanane.10 Due to its large band
gap, this material has poor conductivity. However, thermal
annealing at temperatures higher than 75 ◦C causes partial
dehydrogenation of GeH, reverting it to metallic multilayer
germanene state.9,11 A similar procedure using a fluorine-based
treatment of CaGe2 allowed to intercalate germanene layers in a
CaF2 matrix.12 Analogous experiments have yielded bilayer
silicene sandwiched between planar crystals of CaF2 and/or
CaSi2.

13

Comparing the electronic band structure of graphene with the
ones of silicene and germanene, we observe that they are also
semi-metals displaying Dirac cones at the Fermi level at the K
point of the 2D Brillouin zone.14 The absence of a band gap

limits their application in optoelectronics, but it is a limitation
that can be overcome by chemical functionalization. One such
example is the hydrogenation of silicene that leads to the silicane
family of compounds. Silicane has been extensively studied in
the literature15−24 and remains a topic of high interest.
Silicane is just one phase in the rich 2D configuration space of

SixH1−x binaries. The tendency of Si to form sp3 bonds often
leads to dangling bonds in 2D structures, making therefore
hydrogenation favorable. The systematic functionalization with
H of known 2D polymorphs can therefore easily give
dynamically stable structures. However, it is reductive to think
that the phase diagram of 2D SixH1−x is simply a hydrogenated
version of the one of 2D elemental Si. In fact, we cannot exclude
that H can stabilize free-standing structures for which no pure Si
counterpart exists.
To explore this possibility we decided to study the phase

diagram of free-standing quasi-2D Si−H compounds through-
out its entire composition range. To this end we applied well-
tested crystal structure prediction algorithms, coupled to
accurate and efficient electronic structure methods. In the
following, we discuss in detail the methods and results of this
work.
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■ METHODS

The phase stability diagram of Si−H binaries was built using ab
initio global optimization methods. Specifically, we resorted to
the minima hopping method (MHM).25,26 This algorithm was
coupled to a soft confining potential to maintain atoms in a
quasi-2D configuration throughout the structural search
procedure.27 The confining potential is turned on at a distance
of 2.5 Å from a reference plane. This means that a restoring force
acts on atoms moving outside a 5 Å wide interval along the z-
direction.28 This soft constraint is notmeant to set a hard limit to
the thickness of the structure but rather to avoid having atoms
move into the vacuum region, as this would reduce the efficiency
of the algorithm.
In order to ensure a good sampling of the phase space, fast

calculations are crucial. Therefore, we used density-functional
tight-binding, as implemented in the DFTB+ package29 to
compute the forces and energies which were fed to the MHM
code. We relied on the “pbc-0−3” set of Slater-Koster
parameters of ref 30 and 31. The sampling of the composition
space was done by performing MHM runs at different fixed
stoichiometries. The complete list is given in the Supporting
Information. For each composition, we considered multiples of
the unit formula with at most 20 atoms in the unit cell. We also
used the GENSTR tool of the ATAT package32,33 to
systematically generate hydrogenated silicene bilayers to include
in the study as points of comparison. When analyzing the results,
we identified some structures where dangling bonds could be
saturated by adding/removing H atoms. Because of this, a few
entries lie outside the listed stoichiometries.
Low-energy structures were selected for a subsequent

refinement using the more accurate density-functional
theory,34,35 as implemented in the Vienna Ab-initio Simulation
Package (VASP, version 5.4.4).36,37 Spin-polarized calculations
(always starting form the ferromagnetic configuration) were
performed using the Perdew−Burke−Ernzerhof (PBE)38

approximation to the exchange-correlation functional. A plane-
wave cutoff of 520 eV was used, along with Γ-centered k-point
grids dense enough to ensure an accuracy of 2 meV/atom in
total energy. Structure optimization was performed until forces
were smaller than 5 meV/Å. A minimum separation of 20 Å in
the direction perpendicular to the layers was used to minimize
the effect of the periodic copies. With the exception of the
structures selected for further analysis, information regarding
the band gap was extracted from self-consistent calculations on a
regular k-point grid.
Elastic constants were determined using the Pymatgen

package39,40 together with the method described in ref 41,
straining each structure within ±1% at steps of 0.2%. By
restricting deformations to this range, we can still assume the
validity of infinitesimal strain theory. At each fixed value of strain
the atoms were randomly displaced to break symmetry and their
positions were subsequently optimized (with a fixed cell).
Deformation potentials42 were determined by measuring the

shift in the conduction and valence bands as a function of strain.
The shifts were measured with respect to the vacuum level.
Within the scope of the present calculations, this quantity was
defined as the maximum of the local electrostatic potential (i.e.,
Hartree plus ionic contributions) along the perpendicular
direction to the slab. In order to simplify the process, we only
computed these quantities for strain along the x- and y-
directions. For a given strain mode (having imposed the same

range as for the calculation of elastic constants) the dependency
of the band shift with the strain is approximately linear:

ECBM/VBM CBM/VBM εΔ = Ξ · (1)

and by fitting, we obtain the deformation potential, Ξ. For more
information, we direct the reader to the Supporting Information.

■ RESULTS AND DISCUSSION
We are interested in building the convex hull of stability for the
Si−H binary. This construction is very useful in the field of
materials science. From it information on the relative stability of
compounds can be extracted, providing insight on which phases
are within reach of experimental synthesis. The key quantity to
build the convex hull are the formation energies for a given
SixH1−x compound, which were calculated as

E E xE x E(1 )form Si H2
= − − − (2)

where E, ESi, and EH2
are the energies per atom of the structure of

interest, of bulk Si, and of the isolated H2 molecule, respectively.
Unless otherwise explicitly stated, whenever discussing for-
mation energies throughout the remainder of the text we make
reference to Eform.
However, when drawing the convex hull for 2D materials we

have to keep a few things in mind. First, all free-standing 2D
systems are higher in energy than their corresponding bulk
reference phases. As such, they all lie above the hull. It is
therefore more meaningful to draw convex hulls of 2D systems,
as usually seen in literature (e.g., refs 44 and 45), by choosing
adequate 2D structures as reference phases. We will also follow
this approach, and define a modified formation energy by

E E xE x E(1 )form
2D

Si
2D

H2
= − − − (3)

where ESi
2D is the energy per atom of the most stable 2D structure

of Si found in this work (see Figure S2). Second, the hull of a 2D
system can be very influenced by the thickness of the considered
structures. However, within the concept of a (quasi-) 2D system,
thickness can vary from 0 to several Ångstrom (e.g., single-layer,
double-layer, etc.). If this is not taken into consideration when
drawing the hull, it can lead to a misleading image of the stability
landscape. Finally, as previously mentioned, most 2D systems
are grown on substrates, introducing therefore additional
constrains on their real phase diagram besides strain. In fact,
the computed convex-hull of a free-standing 2D system does not
include the energy contribution due to interaction of the 2D
material with the substrate. One must therefore be careful when
analyzing results from free-standing studies, as the effect of a
specific substrate should ideally be included a posteriori.
Figure 1 displays the convex-hull of thermodynamic stability

of the SixH1−x binary, obtained with the procedure described in
the previous section. The y-coordinate of each point represents
Eform
2D (as given by eq 3) for a crystal structure with a fraction x of

Si, and the color of the point indicates the value of the band gap
of the corresponding structure. Figure S3 shows the same figure
that has been color-coded to give information on the layer
thickness of a specific structure. The geometries of all relevant
structures are given in the Supporting Information. We name
individual entries according to their stoichiometry and relative
ordering of energy. For example, SimHn−II is the second lowest
energy phase at the SimHn composition. As mentioned before, to
draw this diagram, we choose as elementary references the H2
molecule and the lowest energy 2D Si polymorph found here
(Si−I, see Figure S2).
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To capture the effect of the layer thickness discussed in the
Introduction, we draw a series of convex hulls for different
thickness intervals. Specifically, we considered three different
cases: <4.0 Å (blue hull), <6.8 Å (yellow hull), and ≥6.8 Å (red
hull). The choice for these values corresponds loosely to single-
layers, thin double-layers, and thicker double-layers. Before
going into the detailed description of the structures we can
extract some interesting information from the phase diagram.
First, we start by noting that the hydrogen-rich part of the

diagram is considerably less populated than its silicon-rich
counterpart. The results of the MHM for this region consist
mostly of either silane molecules (SiH4) or polymer chains,
surrounded by H2 molecules (see Figure S1 for an example).
Although physically relevant, these results were discarded as
they are not “proper” 2D structures.
Second, the evolution of the hull as a function of thickness

follows the expected trend. Since hydrogenation is a surface
effect, the maximum ratio of adsorbed H is reduced as the
thickness increases. Thus, the minima of the hull shifts to the
silicon-rich side of the diagram as thickness increases. This
explains the distribution of thicknesses as seen in Figure S3. We
also see this effect on the distribution of the band gaps as
hydrogen-richer structures tend to have larger band gaps.
However, silicon-rich structures above the hull are either
metallic (which is the dominant behavior for silicene and its
multilayer configurations) or small gap semiconductors (usually
due to uneven hydrogenation of the layer).
Ref 43 contains a study of the phase diagram of hydrogenated

bilayers of silicon performed via cluster-expansion methods.
Using the results of the expansion, the authors draw a half
convex hull (x = 0.5−1.0 according to our convention) using the
fully hydrogenated planar bilayer and monolayer silicene as
reference phases. From the information available in the
Supporting Information of ref 43, we reconstructed the reported
structures and plotted their formation energies in Figure 1 with
“×” symbols. As we can see, these structures lie not only above

the red convex hull (thick layers) but also above the yellow one
(intermediate thickness range) This indicates that the low-
energy behavior of the 2D phase diagram of Si−H is not
dominated by hydrogenated bilayer silicene, as assumed in ref
43, but rather by other geometrical arrangements.
Finally, we consider the formation energies of hydrogenated

dumbbell configurations. In ref 46, the lowest energy dumbbell
configurations of 2D silicon were found to be the armchair−
dumbbell (ad) and zigzag−dumbbell (zd) silicene. These highly
buckled Si structures are stabilized by the adsorption of H
atoms.15 This is visible from their location on the phase diagram,
indicated by triangles (△) at x = 0.75 and 0.71 for H-ad and H-
zd, respectively. Although the energy gains relative to silicene
due to hydrogenation of ad- and db-silicene are significant, they
become lost in the middle of the phase diagram. In fact, H-ad
and H-zd are not the lowest energy allotropes for their
composition and are in direct competition with several other
structures of similar thickness.
We now move on and discuss some particular low-energy

phases that are on, or close to, the convex hull. In the first two-
thirds of the composition range the hull is dominated by two
points: x = 1/2 and 2/3.
At x = 1/2, the lowest energy structure we find is silicane

(SiH−I), with a formation energy of 0.03 eV/atom. Perhaps not
surprisingly, this is the only structure on the convex hull of
thermodynamic stability for thicknesses below 4.0 Å. This phase
is followed by washboard silicane and boat silicene, both of
which, although also based on the honeycomb lattice, display
different arrangements of H atoms. All of these structures have
been well studied in the literature (e.g., refs 16,19,47, and 48).
Above these, we find other hydrogenated structures with more
complex atomic arrangements.
At x = 0.6, slightly above the yellow convex hull, we can

identify the hydrogenated version of penta-silicene (H-
5Si).49−51 In this peculiar structure, Si atoms are arranged in
buckled pentagons (or more specifically, the buckled Cairo
pentagonal lattice), with H atoms attached to each of the out-
most atoms. Although the pure penta-silicene presents
imaginary phonon modes, the hydrogenated version is
dynamically stable.52

At x = 2/3, the lowest energy polymorphs are hydrogenated
silicene bilayers. Similar to the monolayer, these structures have
already been investigated.17,43 Between these bilayers and the
Si8H4 polymorph of ref 43, we still find Si2H−III (Eform = 0.06
eV/atom) and Si2H−IV (Eform = 0.07 eV/atom).
Si2H−III is presented in Figure 2. Structurally, it can be

described as a layer composed of connected nanowires (see
Figure S4). When viewed from the [100] direction, the wire
cross sections are shaped as two distorted pentagons with a
shared edge, as we can see in Figure 2a. This motif will be
observed several times in the following. The top- and bottom-
most Si atoms (i.e., the exposed surfaces of the thin layer) are
bonded to H atoms, while the other atoms are connected
through a 2.35 Å Si−Si bond. Thanks to the presence of
hydrogen, all Si atoms have the desired 4-fold coordination and
create an irregular tetrahedral network. In Figure 2a,b, we show
two side views of the quasi-2D layer, whose surfaces are
perpendicular to the z-axis. We easily identify which surface
atoms are saturated by hydrogen. Figure 2c shows the in-plane
(xy-plane) atomic arrangement. Similar figures will be presented
for all interesting structures in the following.
The corresponding electronic band structure is depicted in

Figure 2d. We can immediately see that this 2D system is a

Figure 1. Phase stability diagram of the SixH1−x family of 2D
compounds. Energies per atom are calculated as defined in eq 3, with
respect to the reference energies of the isolated H2 molecule and the
lowest 2D Si polymorph found by the MHM. The color of each point is
coded to its band gap (calculated as difference of Kohn−Sham
eigenvalues from self-consistent calculations) as indicated by the color
scale on the right. Three different convex hulls are drawn for three
ranges of allowed thickness (Δ). The hydrogenated versions of
armchair−dumbbell (ad) and zigzag−dumbbell (zd) silicene are
indicated by H-zd and H-ad (and represented by the △ symbols at x
= 0.75 and 0.71, respectively) The data points shown as “×” are
structures belonging to the convex hull of ref 43. We also explicitly label
the Si8H4 structure of this reference. The position of the hydrogenated
silicene bilayers is indicated by the label H−Bi. The hydrogenated
penta-silicene is labeled as H-5Si.
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semiconductor, but the exact nature of the gap is hard to
establish without zooming in on the band edges. In fact, this
structure has three very close conduction band minima. The
lowest minima occurs along the Y−Γ line (henceforth calledΔ),
followed by the minima at Γ, and last, the larger direct Y→ Y gap
(see Figure S10 for a detailed image). The fundamental Y→ Δ
gap is 1.30 eV, with the other two gaps being only slightly larger
(about 0.01 eV). The ordering of the gaps can be modified
applying strain along the y-direction. For values of ε = 0.01, the
minima at Δ goes above the minima at Y, making the band gap
direct and reducing its size. The band structure is highly
anisotropic, reflecting the geometrical anisotropy of this 2D
phase. Indeed, both electron and hole bands are highly
dispersive along the Γ−S and the S−Y directions, while they
are rather flat along the X−S and Y−Γ directions. As a
consequence, the hole effective masses at Y are highly
anisotropic, being significantly smaller in the high-dispersion
directions.
The atomic arrangement of Si2H−IV is presented in Figure 3.

Analogous to Si2H−III, this structures include “wires” that in
this case are connected via two zigzag lines of SiH. This leads to
the tubular configuration shown in Figure 3a. The wires are
tilted with respect to those of Si2H−III, making this structure
resemble a standard hexagonal pattern when viewed from above.

In spite of the symmetry reduction, the electronic structure of
Si2H−IV bears many resemblances to that of Si2H−III. In fact,
the gap of Egap = 1.23 eV is comparable with the one of Si2H−III,
as are the dispersion and the anisotropy of the bands. The gap is
also indirect from Γ to Y.
Moving to higher values of x in the phase diagram, almost on

the red convex hull, with a formation energy of 0.06 eV/atom,
we find Si5H2−I (see Figure 4). In this structure we again

recognize double-pentagon wires, but in this case the wires are
closer to each other, separated by the usual hexagons also
present in bulk silicon, seen for example from the [100]
direction of its primitive cell. The outermost Si atoms, two of
which belong to hexagons and one to pentagons, are saturated
with hydrogen. This phase has a slightly smaller band gap of 1.09
eV at Y, and it also presents anisotropic band dispersion close to
the gap as the previous structures.
Considering higher Si contents, at x = 0.75 we find another

interesting structure. Si3H−I lies on the convex hull with a
slightly higher formation energy than the previously considered
polymorphs (Eform = 0.08 eV/atom). Its crystal structure is
presented in Figure 5. Looking at the atomic arrangement from
the [110] direction, we recognize hexagonal, pentagonal, and
square rings. This structure is thicker than the previous ones due
to the corrugation of the layer. From the electronic point of view,

Figure 2. Crystal structure of Si2H−III: (a) side view from the [100]
direction, (b) side view from the [010] direction, and (c) top view of
the (001) surface. The electronic band structure of the material is
shown in panel (d).

Figure 3. Crystal structure of Si2H−IV: (a) side view from the [100]
direction and (b) top view of the (001) plane. The electronic band
structure of the material is shown in panel (c).

Figure 4. Crystal structure of Si5H2−I: (a) side view from the [100]
direction and (b) top view of the (001) plane. The electronic band
structure of the material is shown in panel (c).

Figure 5. Crystal structure of Si3H−I: (a) side view from the [100]
direction, (b) side view from the [110] direction and (c) top view of the
(001) plane. The electronic band structure of the material is shown in
panel (d).
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this phase is semiconducting, with an indirect gap of 1.33 eV.
The bottom of the conduction band can be found at Y, while the
top of the valence band is located close to Γ, along the Γ−X line.
Curiously, if we remove all H atoms of Si3H−I, then the resulting
Si-configuration bears some resemblance to the nanosheet
proposed in ref 53. This nanosheet was predicted from ab initio
calculations of the reconstruction of the Si [111] surface using
molecular dynamics at finite temperature.
The secondmost stable structure for x = 0.75 is Si3H−II (Eform

= 0.11 eV/atom), pictured in Figure 6. Although in this case it

becomes harder to see the structure as an assembly of
“nanowires”, its geometry can still be described in the same
way as that of Si2H−IV. Here, however, these wires are
connected by two Si2H chains pointing in opposite directions.
This gives the structure a profile made from two types of
irregular pentagons. As in the case of Si3H−I, this layer is rather
corrugated, leading to a larger thickness. From the electronic
point of view, this structure shows an indirect gap of 1.09 eV.
Si3H−III (Eform = 0.12 eV/atom) is qualitatively different

from the two previously discussed structures. As evident from
Figure 7c, this polymorph is made of two stacked honeycomb

monolayers. Due to the distribution of H atoms, eachmonolayer
is buckled. As can be expected from the simpler geometry, the
band structure is more isotropic and presents rather parabolic
bands. The top of the valence band is located at Γ, while the
bottom of the conduction band is at Y, leading to an indirect
band gap of 1.26 eV.
Si4H−I is the lowest energy structure at x = 0.8, and it lies on

the 2D convex hull. In this case, the “wires” connect forming
squares, as fewer H atoms are bound on the layer surfaces. As
seen from its crystal structure (Figure 8), the main difference

with respect to Si3H−I is the absence of the buffer line of
hexagons seen along the [100] direction (the [110] direction of
Si3H−I). Curiously, this difference does not seem to affect
significantly the band gap, as Si4H−I presents an indirect gap of
1.31 eV. The band structure is, however, more complex, with
several minima out of the symmetry points both at the
conduction and the valence edge. This structure has a formation
energy of Eform = 0.12 eV/atom.
At x = 0.87, the lowest energy structure that we found (Si6H−

I) is a half-hydrogenated trilayer silicene. Above it, we find
Si6H−II. This polymorph has geometrical patterns similar to the
previously considered structures. The Si wires are in this case
connected by a stripe of planar bilayer silicene, yielding the
profile seen in Figure 9b. Looking at the structure from the [001]
direction, we recognize a partially hydrogenated double-layer of
silicene, but with a rather different corrugation pattern. Being a
silicon-rich polymorph, it presents a much higher formation
energy (Eform = 0.23 eV/atom) than do the previously discussed
structures. In addition, the band gap is significantly smaller (0.26
eV). In this case, the bottom of the conduction band is found at
the S point, while the top of the valence band is along the line
between X1 and Y.
The band gap of the 2D layers seems to be mostly insensitive

to the specific geometrical arrangement of the atoms. In fact, the
band gaps of Si2H−III, Si2H−IV, Si3H−I, Si3H−II, Si3H−III,
Si5H2−I and Si4H−I all lie within a range of 1.1−1.3 eV, in spite
of the very different geometries and band structures (Table 1).
In these layers, the lack of dangling bonds, the sp3 hybridization,
and the 2D confinement of the electrons all collude to yield a
band gap considerably higher than the one of bulk silicon. The
exception is Si6H−II, which has a much smaller gap. This can be
understood from its geometry: although all Si atoms in this

Figure 6. Crystal structure of Si3H−II: (a) side view from the [100]
direction and (b) top view of the (001) plane. The electronic band
structure of the material is shown in panel (c).

Figure 7. Crystal structure of Si3H−III: (a) side view from the [100]
direction, (b) side view from the [1-10] direction and (c) top view of
the (001) plane. The electronic band structure of the material is shown
in panel (d).

Figure 8. Crystal structure of Si4H−I: (a) side view from the [100]
direction, (b) side view from the [010] direction and (c) top view of the
(001) plane. The electronic band structure of the material is shown in
panel (d).
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structure are 4-fold coordinated, we find that some atoms have
three bonds in the plane with the last one perpendicular to it.
The angles between the bonds therefore become 120 and 90°,
considerably different from the ideal 109.5° characteristic of the
sp3 hybridization. This leads to an increase of the energy (similar
to what is observed in planar silicene bilayer) and a reduction of
the gap.
The other lowest-energy structures that we do not show are

either small modifications of the presented structures, with a
different fraction of H, or higher energy allotropes with more
complex structures. Similar to graphene, silicene can also form
haeckelite54 structures. Typically Si haeckelites have higher
formation energies than carbon haeckelites, but they can be
stabilized either via dumbbells46,55,56 or hydrogenation.57 SiH−
X and SiH−XII are examples of such structures (see Figure 10).
Although they are higher in energy than silicane by about 0.05
eV/atom, the stabilizing effect of H allows not to rule out the
possibility to synthesize these interesting 2D phases.
We also performed calculations of the elastic response of the

lowest-energy 2D Si−H structures. A summary of the computed
elastic constants are presented in Table 2, together with Young
moduli and Poisson ratios for the x and y directions. The angle-
dependent planar elastic coefficients are plotted in Figures S6−
S8. All considered structures obey the Born−Huang stability
criteria.58 As expected, all structures show an asymmetric
response: Si5H2−I is the most symmetric structure, even if it

does not have exactly 4-fold symmetry. Overall, the calculated
values for the Young modulus vary in the range of 50−109 N/m.
These values are significantly larger than those of silicane (Y2D =
56N/m and ν = 0.24)48 and penta-silicane (Y2D = 23N/m and ν
= 0.61)52 and comparable to those of zigzag−dumbbell silicane
(Y2D = 70−73 and ν = 0.17−0.27) and armchair−dumbbell
silicane (Y2D = 64−88 and ν = 0.24−0.30).15 Consequently, one
would expect a higher mechanical strength for the newly
reported structures. The Poisson ratios do not differ largely from
those of the other above-considered structures, and no out-of-
ordinary elasticities (e.g., negative ν) are reported.

■ CONCLUSIONS
In conclusion, using structural prediction methods we
performed a comprehensive study of the binary phase diagram
of free-standing 2D hydrogenated silicon. We find many
interesting low-energy structures in the silicon-rich part of the
diagram (x > 0.5). These phases bear structural similarities
among them and present several arrangements typical of silicon
surface reconstructions. The common building block of many of
these structures are Si nanowires with a cross section formed by
a pair of fused pentagons. These wires are then linked either
directly or through bridging atoms, forming silicon double-
layers. Other structures are better described as a stacking of two
shifted silicene layers. Some of the exposed silicon atoms at the
surface are then saturated by bonding to hydrogen, with a
resulting increased stability. This geometrical patterns differ
from previously proposed multilayer silicene structures. Instead
they are closely related to geometries proposed for the
reconstruction of silicon surfaces.
Most of the studied 2D structures are semiconducting, with

PBE band gaps in the range of 1−1.5 eV. We note that bulk
silicon has a PBE band gap of 0.58 eV and that the PBE
consistently underestimates band gaps by more than 40%.59

Although it is hard to say whether these structures can be
synthesized, the corresponding silicon arrangements have
already been experimentally observed. For example, calcium-
intercalated silicene nanosheets have recently been synthesized
via fluoride diffusion on CaSi2.

13 TEM imaging of these stacked
structures revealed that the nanosheets form in the AB and AA′
bilayer configurations or alternatively in another structure
defined W-BLSi. It turns out that these structures correspond to
the Si sublattices of Si2H−I, Si2H−II, and Si4H−I, stabilized by
charge transfer due to the “sandwich” configuration inside the
CaF2 matrix.13 Although the synthesis of these polymorphs is
complicated and heavily dependent on many external factors
(e.g., the substrate), it is reasonable to expect that these 2D
silicon structures could be experimentally observed. Several of
them present lower formation energies than Si4H−I, and many
of them also possess similar geometrical motifs.

Figure 9. Crystal structure of Si6H−II(a) side view from the [100]
direction, (b) side view from the [11̅0] direction, and (c) top view of
the (001) surface. The electronic band structure of the material is
shown in panel (d).

Table 1. Formation Energies (Eform, eV/atom), Electronic
Band Gaps (Egap, eV), and Deformation Potentials (Ξ, eV) of
the Indicated Bands and Strain Modes for All the Structuresa

structure Eform Egap Ξx
CBM Ξy

CBM Ξx
VBM Ξy

VBM

SiH−I 0.03 2.12
Si2H−III 0.06 1.30 −10.38 1.03 −9.19 −0.41
Si2H−IV 0.07 1.23 −10.54 1.89 −8.85 −0.62
Si5H2−I 0.06 1.09 −10.08 −0.34 −9.40 −3.22
Si3H−I 0.08 1.33 0.94 −10.60 −7.80 −3.04
Si3H−II 0.11 1.09 −1.09 −9.89 −5.31 −5.84
Si3H−III 0.12 1.26 2.93 −10.99 −0.27 −5.23
Si4H−I 0.12 1.31 −10.24 0.30 −4.26 −6.87
Si6H−II 0.23 0.26 −0.10 −5.98 −6.73 −4.13

aSilicane is indicated here as SiH-I, but no deformation potentials
were calculated for this material.

Figure 10. Top view of the crystal structures of (a) SiH−X and (b)
SiH−XII.
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