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We report on the formation of quasi-two-dimensional nanostructures of silicon by quenching liquid silicon
confined in slit nanopores. The formation processes are investigated by molecular-dynamics �MD� calculations
using the Tersoff potential. We find that single- or double-layer nanosheets are formed according to the slit
width. Both of these nanosheets contain hexagonal planes, and the structure of the single-layer nanosheet is the
same as that of graphene. The stability of these nanosheets within the slit nanopore is confirmed by first-
principles MD calculations up to 300 K. The present findings demonstrate the possibility of the synthesis of
novel nanostructures by confinement in nanopores.
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The fabrication of nanoscale materials has been a topic of
intense research for the past decades. Since the discovery of
carbon nanotubes by Iijima,1 nanoscale forms in a variety of
materials have been explored in experiments and numerical
calculations.2–8 In particular, silicon �Si� nanoforms, such as
nanotubes �NTs�, nanowires, and nanosheets, have been a
focus of growing interest due to their potential technological
applications.9–16 One of the appealing features of such low-
dimensional structures is the quantum confinement effect,
which is able to alter energy band structures. Many attempts
have thus been made to design novel electronic devices
based on these Si nanoforms.2,3

Exploiting nanopores is a promising way to produce low-
dimensional nanoscale materials. A molecular-dynamics
�MD� study by Koga et al. has demonstrated that water con-
fined in a cylindrical nanopore crystallizes into ice NTs.6 The
characteristics of these ice NTs strongly depend on the diam-
eter of the nanopores: square, pentagonal, and hexagonal ice
NTs have been formed according to the diameter of the
nanopore.6 It has also been demonstrated that quasi-two-
dimensional �quasi-2D� crystal or amorphous ice can be
formed in slit nanopores.7,8 These quasi-2D ices contain lay-
ered structures in which hydrogen bonds are preserved as in
a bulk ice.

Similar to confined water, liquid Si �l-Si� in nanopores
also exhibits phase transitions to low-dimensional crystalline
structures. The formation of single-walled Si NTs from l-Si
in a cylindrical nanopore has recently been demonstrated14

by MD calculations using the Stillinger-Weber potential. The
structures of these Si NTs are different from the structure of
a single-walled carbon NT; they are rather similar to those of
ice NTs mentioned above. It has also been reported that the
Tersoff potential17 yields Si nanowires consisting of icosahe-
dral structures in cylindrical nanopores.15 However, despite
much work on such quasi-1D Si nanostructures, knowledge
of 2D Si nanostructures is currently lacking. Two-
dimensional nanoforms of Si are in fact potential candidate
materials for field-effect transistors with thin channel layers,
these transistors being one of the key devices in nanoscale
technology. It is therefore a matter of great interest to explore
possible 2D Si nanostructures.

In this Rapid Communication, we demonstrate the forma-

tion of 2D layered structures of Si in slit nanopores by MD
calculations using the Tersoff potential. According to the slit
width, single-or double-layer structures have been formed by
quenching a confined l-Si. The stability of these layered
structures has been further confirmed by first-principles MD
�FPMD� calculations, which strongly support the existence
of these layered Si nanosheets.

We performed MD simulations of Si atoms confined be-
tween two parallel-plane walls that act as chemically inert
confinement for the Si atoms. The interaction between Si
atoms was described by the Tersoff potential.17 It is known
that the Tersoff potential provides an accurate description of
a high-pressure polymorph of Si �Ref. 18� as well as liquid
and amorphous states at normal pressure, which is helpful in
simulating the confined Si system as shown later. Each atom
also interacts with the slit walls via the 9-3 Lennard-Jones
�LJ� potential.19 The LJ parameters for the Si-wall interaction
were calculated by the Lorenz-Berthelot combining rule:
�12=�1+�2=3.74 Å and �12= ��1�2=8.2125�10−2 eV,
where �1 and �1 are the LJ parameters for graphite and �2
and �2 are those for the SiH4 molecule.20 Our preliminary
calculations of Si in cylindrical nanopores have shown that
both structureless and realistic structured walls �carbon NTs�
yield essentially the same results.15,21 Materials such as lay-
ered oxides and graphite can be considered potential candi-
dates for the actual slit wall.22

Liquid Si consisting of 512 Tersoff atoms was first pre-
pared in the slit nanopore of width hz=9.3 Å with free
boundary conditions �in the x and y directions�. This con-
fined l-Si was equilibrated for �1 ns at 2400 K and was then
quenched down to 0 K at a rate of 2�1010 K /s �10 K per
500 ps� by velocity scaling. In this quenching process, a lay-
ered structure was formed in the slit nanopore. Similar pro-
cedures were followed to perform subsequent MD runs with
different slit widths �hz=6.5–13 Å�. Some of these MD runs
employed 2D periodic boundary conditions �in the x and y
directions� and a quench rate of 1�1010 K /s, but such de-
tailed conditions did not exert a significant influence on the
formation of the layered structures. For the layered structures
obtained in the Tersoff MD simulations, FPMD calculations
based on plane-wave density functional theory �DFT� were
performed to examine their stability. The unit structures con-
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taining 32 or 64 atoms were extracted from the obtained
layered structures in the Tersoff MD simulations and were
arranged in a supercell with periodic boundary conditions.23

FPMD runs were then initiated at constant volume �fixed
area density and slit width�, and the stability in the slit nan-
opore was confirmed up to 300 K. Considering that the
whole formation process cannot be simulated by FPMD due
to its heavy computation, a combination of empirical MD
and FPMD appears promising for exploring novel nanostruc-
tures in computer simulations.

The temperature dependence of the potential energy per
atom, U, in the quenching process for the confined system
with 512 Tersoff atoms is shown in Fig. 1�a�. We clearly see
that U exhibits a sharp drop at �1700 K, suggesting a first-
order transition from a liquid to a solid state. The tempera-
ture dependence of the atomic mobility also supports the
occurrence of the liquid-solid transition. The root-mean-
square displacement �RMSD� parallel to the wall during
10 ps was calculated for each atom, which was then aver-
aged over atoms and 50 time origins at each temperature.
The inset of Fig. 1�a� shows the temperature dependence of
the 2D RMSD. A sharp drop is again seen at �1700 K and
the RMSD is less than 1 Å at temperatures �1700 K. So-
lidification at �1700 K therefore is manifest. We have con-
firmed that the RMSD perpendicular to the wall �not shown�
also exhibits a sharp drop at �1700 K.

The 2D radial distribution function g�rxy� is given in Fig.
1�b�. At 2400 K, the first peak is found at �2.35 Å, but the
second and third peaks are much broader than the first peak.
In contrast, g�rxy� at temperatures �400 K indicates that a
crystalline ordering is formed in the confined system.

The number density profile perpendicular to the wall also
confirms the liquid-crystal transition �Fig. 1�c��. A broad dis-
tribution with two visible peaks ��3 and �6 Å� is seen at
2400 K. These two peaks grow in intensity and split into two
subpeaks upon quenching to 400 K. The distribution be-
tween 3.8 and 5.5 Å disappears at 400 K, indicating the for-
mation of a double-layer structure.

Atomic configurations �quenched to 0 K� of the double-
layer structure thus obtained are displayed in Figs. 2�a� and
2�b�. It is clearly shown that the �0001� plane of the hexago-
nal diamond structure is formed in parallel to the walls. This
structure is similar to that of double-layer TIP4P ice.7

Viewed from the �0001� direction �perpendicular to the
walls�, all atoms in the upper layer are stacked onto the at-
oms in the lower layer, in contrast to those in the �111� plane
of the cubic diamond structure in which one atom in the
lower hexagonal layer is found in the middle of each hexa-
gon in the upper layer. The average length of the inplane
bond is 2.33 Å and that of the interplane bond is 2.36 Å.
These two bond lengths should be equal in the bulk diamond
structure. The tetrahedra in this double-layer Si are thus
slightly distorted.

In contrast to the bulk crystal Si, which possesses cubic
diamond �CD� structure, the double-layer Si formed in our
simulations contains the hexagonal diamond �HD� structure
only. To gain further insight into the formation of the double-
layer structure, local atomic configurations in the confined
l-Si were carefully examined. Figure 2�c� shows a local
atomic configuration peculiar to the confined l-Si. As can be

seen, four-membered rings �rectangular configurations� are
formed parallel or perpendicular to the slit walls. In particu-
lar, the formation of the four-membered rings perpendicular
to the walls �red atoms in Fig. 2�c�� appears to play a key

FIG. 1. �Color online� �a� Temperature dependence of the po-
tential energy per atom for the Tersoff Si in the slit nanopore of
hz=9.3 Å �the Si-wall interactions is excluded�. Inset: temperature
dependence of 2D RMSD during 10 ps. �b� 2D radial distribution
function for the confined Tersoff Si at 20 K �dashed lines�, 400 K
�solid lines�, and 2400 K �dotted lines�. �c� Distribution of the num-
ber density in the z direction �perpendicular to the walls� for the
confined Tersoff Si at 400 K �solid lines� and 2400 K �dotted lines�.
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role in the formation of the HD structure. Owing to the con-
fined space, tetrahedral structures are slightly distorted, and
thus, atomic bonds tend to form rectangular configurations
that are typically formed in high-pressure polymorphs of
Si.26 Once such rectangles are formed perpendicular to the
walls, a fragment of the HD structure is easily constructed
due to the geometrical restriction of �distorted� tetrahedral
bonds as shown in Fig. 2�c�. It is therefore considered that
the double-layer Si with HD structure is more easily formed
than that with CD structure in the slit nanopore of hz�9 Å.
We should remark here that, using the Tersoff potential, both
the HD and CD structures have exactly the same structural

energy �U�, although the latter has never been formed in
double-layer Si. We therefore consider that the HD structure
is formed because of the kinetic effect that is significantly
influenced by the confinement. In fact, we found triple-layer
structures having CD structure as well as HD structure in the
case of hz�12 Å �the formation of triple-layer Si will be
discussed elsewhere�.

We have obtained double-layer Si in the slit nanopore of
hz=9.0–11.0 Å. However, in the case of hz�7.5 Å, the for-
mation of the double-layer structure has never been observed
due to insufficient space. Instead, a single-layer structure has
been formed in our calculations. Figure 3�a� shows the tem-
perature dependence of U for the Tersoff l-Si in the slit na-
nopore of hz=6.5 Å. In contrast to the confined system of
hz=9.3 Å �Fig. 1�a��, U exhibits a gradual change upon
quenching. Our visual inspection reveals that the system is
almost in a solid state below �2000 K, while it remains in a
liquid state above �2000 K. In fact, the 2D RMSD �parallel
to the wall� during 10 ps is less than 1 Å at temperatures

FIG. 2. �Color� Structures of the confined Tersoff Si �displayed
in perspective�. �a� Top view and �b� side view of the double-layer
Si confined in the slit nanopore of hz=9.3 Å. �c� A local atomic
configuration in the confined l-Si viewed from the z direction �per-
pendicular to the walls�. A fragment of the HD layer �blue and red
atoms� is formed parallel to the walls, and a four-membered ring
�red atoms� is formed perpendicular to the walls.

FIG. 3. �Color online� �a� Temperature dependence of the po-
tential energy per atom for the Tersoff Si in the slit nanopore of
hz=6.5 Å �the Si-wall interactions is excluded�. Inset: temperature
dependence of 2D RMSD. �b� Structure of the single-layer Si con-
fined in the slit nanopore of hz=6.5 Å.
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�2000 K �inset of Fig. 3�a�; see also Fig. 1�a��, although its
variation is continuous. It should be remarked that the previ-
ous MD calculation has demonstrated that TIP4P water con-
fined in a cylindrical nanopore also exhibits continuous tran-
sitions from a liquid to an ice NT according to external
pressure.6 The fact that continuous transitions from a liquid
to a crystalline phase are observed according to external con-
ditions appears to be peculiar to confined �low-dimensional�
systems.

The atomic configuration of the single-layer Si thus ob-
tained is displayed in Fig. 3�b�. This single layer is, as can be
seen, a flat hexagonal layer. The single-layer Si therefore
possesses the same structure as that of graphene. The average
bond length is 2.31 Å and the bond angle is, needless to say,
120°. It is demonstrated that the formation of layered struc-
tures can be controlled—i.e., the number of hexagonal
layers—by adjusting the slit width.

The stability of the single- and double-layer Si within the
slit nanopore was further examined by FPMD calculations.
Using the steepest-descent algorithm with Hellmann-
Feynman forces based on plane-wave DFT, the single-layer
�32-atom� and double-layer �64-atom� structures were opti-
mized in the slit nanopore of hz=6.5 and 9.0 Å, respectively.
In this optimization process, the hexagonal layer of the
double-layer Si became flatter, but apart from this, no signifi-
cant structural change occurred. FPMD simulations were
then performed for the optimized structures at 300 K. Each
atom vibrates around its original lattice position and no

structural transformation was observed. Our FPMD calcula-
tions thus provide convincing evidence that both of these
layered structures are stable in the slit nanopores.

In summary, we have demonstrated the formation of
single- and double-layer nanosheets of Si in slit nanopores.
The layered structures obtained have not previously been
observed in any nanoforms of Si. It is therefore expected that
new properties or functions will be exhibited in these layered
Si, especially in single-layer Si whose structure is the same
as that of graphene. It is worth noting that layered-Si-rich
transition-metal silicide has recently been proposed,16 which
may be highly relevant to the layered Si obtained in our
calculations. The present findings suggest that controlling the
formation of nanostructures is possible by exploiting self-
organized formation in confined systems such as slit pores.
The novel Si nanostructures obtained in our calculations
definitely open new venues for future research regarding
electronic and optical nanodevices.
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