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Phase transition in twinned nanolayered silicon structures under uniaxial compression:
Molecular dynamics simulations and first-principles total-energy calculations
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Molecular dynamics simulations and first-principles total-energy calculations were carried out to investigate
the behavior of nanolayered (111) twinned silicon structures under uniaxial compression. The diamondlike
silicon structure inside the thin (<3 nm) twin layers was found to transform to the orthorhombic structure
(space group Fmmm) at ~25 GPa under uniaxial compression and to the tetragonal structure (space group
I4/mmm) upon decompression. The first structural transformation is a first-order phase transition and the new
structure is characterized by an increased failure stress above 37 GPa. First-principles pseudopotential calcu-
lations confirmed the formation of the tetragonal phase and showed that both the orthorhombic and tetragonal

phases would possess metal properties.
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I. INTRODUCTION

Silicon exhibits a set of structural transformations under
hydrostatic pressure.! In particular, bulk silicon crystalline-
silicon (c-Si) (diamondlike phase with space group Fd3m)
undergoes the following phase transformations under com-
pression and upon decompression: The c-Si structure trans-
forms to the tetragonal body-centered metallic B-tin (3-Si)
phase (I4,/amd) at ~11-12.5 GPa.!> The $-Si phase un-
dergoes a transformation to the related /mma structure at 13
GPa.>* A further increase in pressure leads to the appearance
of a simple hexagonal (sh) (P6;/mmc) structure near 16
GPa.>> At pressures above 40 GPa and 80 GPa, the
hexagonal-closed-packed and the face-centered-cubic struc-
ture are observed, respectively.! Bulk Si does not transform
back to the ground-state c-Si structure upon full pressure
release. Instead, a variety of metastable crystalline and amor-
phous phases have been reported.>” Among them, the cubic

body centered be8 (Ia3), tetragonal st12 (P4,22), and rhom-

bohedral r8 (R3) structures are observed.®®® Amorphous
semiconductor silicon transforms to the metallic amorphous
high-density phase at approximately 10 GPa.!° Most of the
observed phase transitions in c-Si under hydrostatic pressure
were successfully accounted for in the framework of various
empirical potential and first-principles approaches.!!~13

The effect of uniaxial strain on silicon structures was in-
vestigated to a smaller extent. To the best of our knowledge,
there are only a few first-principles investigations devoted to
this problem.'®!7 Stable phases under uniaxial compression
were found to be c-Si, B8-Si, and sh structures, i.e., the same
as those observed under hydrostatic condition.'® At high
uniaxial compressions of Si nanospheres, the creation of B-Si
in the particle core led to volumetric changes, an increase in
elastic moduli, and significant hardening.'”

Recently, using the fact that Si layers grown epitaxial on a
B-induced Si (111) V3 X \/3 surface have a twinned orienta-
tion with respect to the substrate,'® the Si twinning superlat-
tices have been grown by molecular-beam epitaxy.'®?"
nghly boron-doped Si(111) samples were used as substrates.
The 3 X \3 reconstruction was prepared using the surface
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segregation of during annealing. The thickness of the
twinned layers did not exceed 2.5-3 nm.?’ So far, we did not
found any study on uniaxial phase transitions in nanolayered
silicon twinned structures. The investigation of the behavior
of such structures under uniaxial compression could enhance
our knowledge on silicon nanostructures and enable us to
suggest possible fields of applications.

In this paper we report the results of the study of nano-
layered twinned silicon structures under uniaxial compres-
sion. The investigations were carried out using molecular
dynamics (MD) simulations based on the Tersoff potential
and a first-principles pseudopotential approach. The empha-
sis was put on the structures that were composed of a se-
quence of twin segments in the (111) direction and new
fivefold-coordinated orthorhombic and tetragonal silicon
phases inside the twin segments were predicted.

The paper is organized as follows. In Sec. II we present
our theoretical framework and the computational details.
Section III contains the results of molecular dynamics simu-
lations and first-principles calculations and their significance.
Finally, Sec. IV contains the main conclusions.

II. MODELING AND COMPUTATIONAL ASPECTS

Twinned nanolayered silicon structures of 5760 atoms
were represented by rectangular prisms (4.0X3.8
X 7.5 nm?) that consisted of 1, 2, 4, and 8 twin nanosized
segments oriented perpendicularly to the z direction. The z
axis was aligned with the (I 1 1) direction of crystalline
silicon. The four twinned structures, t-1, t-2, t-4, and t-8,
with segment thicknesses of 7.5 nm, 3.3 nm, 1.9 nm, and 0.9
nm, respectively, were generated. The x axis and y axis in the

odd segments were aligned along the (112) and (110) direc-
tions in c-Si, respectively, whereas in the even segments,

they were aligned along the (112) and (110) directions, re-
spectively.

Molecular dynamics simulations based on the Tersoff
potential?! were performed for these structures under
uniaxial strains by using the XMD code.?? Initial samples
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were equilibrated for 10 ps at 300 K. To determine the stress-
strain curves we used the following approach: at each time
interval (1000 MD steps that correspond to approximately
1.0 ps), the systems were uniaxially compressed by applying
a positive external pressure along the z direction, Pz=nAP,
where n is a number of time intervals and AP is a small
pressure increment. We chose AP=0.002 Mbar. The simu-
lations were carried out at 300 K in the NPT ensemble (con-
stant number of particles-pressure-temperature) with periodic
boundary conditions, supporting the bulk modulus B con-
stant. Since at each time interval the atomic forces relaxed,
the normal and lateral dimensions were optimized. Such a
procedure provides a strain rate of 10° s~!. The z component
of the atomic stress tensor was calculated and averaged over
a region of space to obtain a macroscopic stress field.”> We
also used AP=0.008 Mbar, in which case the macroscopic
stress increased but the structural transformations were unaf-
fected. During decompression, a similar approach was used.
The final decompressed structures were equilibrated for 10
ps at 300 K.

Calculations of the cubic (Fd3m) and tetragonal
(I4/mmm) silicon structures were carried out using the
QUANTUM-ESPRESSO first-principles code?® for 8-atom unit
cells. Vanderbilt ultrasoft pseudopotentials were used to de-
scribe the electron-ion interaction.’* In this approach, the or-
bitals are allowed to be as soft as possible in the core regions
so that their plane-wave expansion converges rapidly.”* The
nonlinear core corrections were taken into account.”? To de-
scribe the exchange-correlation energy, the generalized gra-
dient approximation® was employed. The criterion of con-
vergence for the total energy was 10 Ry/f.u. To speed up
convergence, each eigenvalue was convoluted with a Gauss-
ian with a width of 0.02 Ry. The cutoff energy for the plane-
wave basis was set to 32 Ry. The integration in the Brillouin
zone was performed with a set of special k points determined
according to the Monkhorst-Pack scheme®® using a (8% 8
X 8) mesh. The densities of states (DOSs) of the cubic,
orthorhombic, and tetragonal silicon structures were calcu-
lated with the tetrahedron method.?

The equilibrium geometry of each structure under consid-
eration was calculated by considering the simultaneous re-
laxations of the ions and of the unit cells without preserving
the symmetry with a Parinello-Rahman method.?” The relax-
ation of the atomic coordinates and of the unit cell was con-
sidered to be complete when the atomic forces were less than
1.0 mRy/bohr, the stresses were smaller than 0.05 GPa, and
the total energy during the structural optimization iterative
process was changing by less than 0.1 mRy.

III. RESULTS AND DISCUSSION
A. Empirical-potential molecular dynamics simulations

The stress-strain curves of the t-1, t-2, t-4, and t-8 twin
silicon structures under uniaxial compression are shown in
Fig. 1. At uniaxial compression strains <0.3, all the samples
exhibit usual stress-stress relations with yield and flow
stresses of ~12 GPa and 25 GPa, respectively. None of the
samples shows an increase in flow stress caused by nanoseg-
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FIG. 1. Stress of the twinned structures as a function of uniaxial
compression strain.

mentation. However, and in contrast to the t-1 and t-2 struc-
tures, for the t-4 and t-8 samples, a further increase in strain
leads to a drastic increase in stress that reaches 37 GPa. This
indicates a different nature in the structural transformation
for these two sets of samples under uniaxial strain.

To gain insight into the mechanism that operate during the
structural transformation exhibited by these twinned struc-
tures we calculated the pair-correlation function (PCF) and
the bond-angle distribution [g(®)] of the t-1 sample under
the uniaxial strain £=0.32, which corresponds to the flat re-
gion in the stress-strain curve (cf. Fig. 1). In Fig. 2 we com-
pare the calculated functions for the t-1 sample with those for
the high-density amorphous (HDA) structure that was gener-
ated by hydrostatic compression of the initial low-density
amorphous (LDA) silicon at 9-10 GPa.?® Let us recall that
the LDA to HDA pressure-induced phase transition at 10
GPa was first experimentally reported in Ref. 10. We see that
both distributions are similar. However some discrepancies
exist. Therefore, we assume that the plastic flow of the t-1
and t-2 sample caused by uniaxial compression occurs
through amorphization. In the plastic-flow region, the struc-
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FIG. 2. PCFs and bond-angle distributions [g(®)] of the t-5760
structure without twin segments (t-1) and under compression strain
of £=0.32 (full line) and those of the HDA structure obtained in
Ref. 28 (dashed line).
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FIG. 3. Projection of the atomic configurations of the t-4 struc-
ture on the y-z plane: (a) without strain, £=0; (b) under uniaxial
compression with a strain £=0.315; and (c) after decompression.
The horizontal lines locate the interfaces between the twin
segments.

ture of these samples can be considered as a mixture of HDA
and compressed c-Si structures.

A quite different phenomenon is observed for the t-4 and
t-8 twinned structures. In Fig. 3 we show the atomic configu-
rations of the t-4 sample at different stages of uniaxial com-
pression and decompression. We see that the flat region in
the stress-strain curve of this sample can be assigned to the
formation of a new ordered structure. Hence in this case, the
phase transition is associated to the transformation from the
initial twinned structure to another ordered structure. This
structural transformation is a first-order phase transition that
is accompanied with a volume jump, which is corroborated
by the calculated dependence of the sample volume on
uniaxial pressure as shown in Fig. 4.

The mechanism of formation of the new ordered structure
under uniaxial compression is illustrated in Fig. 5. It is seen
that, at first, uniaxial compression leads to a “flattening” of
the atomic arrangement on the x-y planes that are situated
parallel to the twin interfaces [cf. Fig. 5(b)]. Upon further
compression, these planes shift in pairs in opposite directions
in the y direction [cf. Fig. 5(c)]. As a result, a new fivefold-
coordinated structure forms. Since the described structural
transformation under uniaxial compression is not observed
for the t-1 and t-2 samples, we predict that it will take place
only for the (111) twinned silicon structures with segment
thickness not exceeding ~3 nm. For the twinned structures
under consideration, the twin interfaces are the planes of
easy slip. The shift of the atomic planes initiated by uniaxial
compression will begin in a parallel way to these interfaces

Cell volume (A’*/atom)
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FIG. 4. Sample volume of the t-4 and t-8 structures as a function
of the uniaxial pressure during compression and decompression.
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FIG. 5. Evolution of the atomic configuration of one of the
segments of the t-4 structure under uniaxial compression with a
strain: (a) £=0, (b) £€=0.172, and (c) £=0.315. The x, y, and z axes

correspond to the (112), (1,10), and (1 1 1) directions in c-Si.

in opposite directions. The thinner the twin segments are, the
easier the slip of the atomic planes is. Therefore, uniaxial
compression leads to the creation of the new fivefold-
coordinated structure only in the twinned structures with thin
segments.

During decompression, the initial structure is not recov-
ered [cf. Figs. 3(c) and 4]: the new fivefold-coordinated
structure lengthens, however, does not recover completely.
Indeed, Fig. 4 shows that the volume of the decompressed
structures is smaller by ~10% as compared to the one of the
compressed samples.

A comprehensive analysis of the atomic configurations of
the compressed and decompressed t-4 structures enabled us
to identify their crystalline structures. For this purpose, the
initial unit cells were built by extracting the repeated cells
inside several segments and after averaging. The final crys-
talline structures were then identified with the help of the
ISOTROPY code.”” The compressed and decompressed t-4
structures were identified as the orthorhombic (space group

B
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FIG. 6. (Color online) Unit cells of the primitive (a) orthorhom-
bic (space group Fmmm) and (b) tetragonal (space group 14/mmm)
lattices (cf. Table I).
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FIG. 7. PCF of the t-4 structures (solid line) (a) under compres-
sion with strain £=0.315 and (b) upon decompression. [(a) and (b)]
PCFs of the predicted structures (dashed line).

Fmmm) and tetragonal (space group I4/mmm) structures.
The primitive orthorhombic and tetragonal unit cells are
shown in Fig. 6. The orthorhombic cell transforms into the
tetragonal one provided c=a. The cell parameters of both
structures are summarized in Table I. The bond lengths of
the nearest five neighbors are distributed as follows:
1-2.500 A, 2-2.371 A, and 2-2.550 A for the Fmmm
phase, and 1-2.401 A and 4-2.495 A for the I4/mmm
phase. For the sake of comparison, in c-Si, the bond length is
2.351 A.

We calculated the pair-correlation functions and bond-
angle distributions for the compressed and decompressed t-4
structures as well as for the predicted Fmmm and I4/mmm
structures. The computed dependences are shown in Figs. 7
and 8. It is seen that the corresponding curves agree rather
well. Some observed discrepancies are caused by the fact
that the predicted Fmmm and [4/mmm structures reflect
structures inside the segments, whereas the t-4 structures in-
clude also twin interfaces.

B. First-principles calculations

The Fmmm to I4/mmm transformation upon decompres-
sion was confirmed by the results of first-principles calcula-
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FIG. 8. Bond-angle distributions [g(6)] of the t-4 structures
(solid line) (a) under compression strains £=0.315 and (b) upon
decompression. [(a) and (b)] The g(#) dependencies of the identi-
fied structures (dashed line).

tions. We optimized the Fmmm structure using the pseudo-
potential approach.>® The structural relaxation was carried
out without preservation of cell symmetry and by allowing
cell variation. The final I4/mmm relaxed structure is found
to be close to the corresponding structure predicted from MD
simulations (cf. Table I). This result validates to a large ex-
tent the empirical procedure used in the present investiga-
tion.

To draw an analogy to uniform compression, we investi-
gated the total energy E; and the Gibbs free energy H=E,
+ PV at zero temperature for the c-Si and /4/mmm phases as
functions of cell volume and pressure, respectively. These
dependencies, calculated using first-principles and empirical
procedures, are presented in Fig. 9. One can see that the total
energy and the Gibbs free energy calculated with both ap-
proaches agree fairly well. In particular, the pressures of the
c-Si to I4/mmm transition, predicted by both methods prac-
tically coincide. We note here that the new fivefold-
coordinated silicon phases could not be detected under hy-

drostatic pressure, since the silicon (space group Fd3m) first
transforms into the tetragonal B-tin polytype (space group
I4,/amd) at pressure in the range 11-12.5 GPa that is lower
than the pressure of ~17 GPa, at which the new stable

TABLE 1. Symmetry, lattice parameters (a, b, and c¢), atomic positions (in terms of a, b, and c), and
Wyckoff positions (WPs) of the ordered structures after uniaxial compression and decompression of the t-4

structure.
a b c
Structure Symmetry (A) A) (A) WP X y z

Unstrained Fd3m 5.430 8b 0.625 0.625 0.625
(£=0) (No. 227)  5.469° 000) 0.375 0375 0375
Compressed Fmmm 4602  7.199  4.200 8h 0.500 0326  0.500
(£=0.315) (No. 69) (00.6740) 0500 0674 0.500
Decompressed  I4/mmm 3302 3302  6.560 de 0.000 0.000 0317
(=0.315-0.00  (No. 139)  3380* 3.380* 6.167¢0 (00.6830) 0000 0.000 0.683

#Present results based on first-principles pseudopotential calculation.
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FIG. 9. Total (E7) energy-cell volume (V) and Gibbs free energy
(H), pressure (P) dependencies for the Fd3m (solid line), and
14/mmm (dashed line) structures calculated by using [(a) and (b)]
the Tersoff approach and [(c) and (d)] the first-principles pseudopo-
tential method.

I4/mmm phase forms. The fivefold-coordinated I4/mmm
silicon phases can form upon decompression of the com-
pressed Fmmm structure at room temperature. In turn, the
latter phase arises provided uniaxial compression is imposed
on the (111) twinned silicon structures with thin segments.
Nevertheless, it is worth noting the analogy between the
Fd3m(c-Si)-14,/ amd(B-tin)-P4,22(st12) transitions in bulk
Si under hydrostatic compression and decompression and the
Fd3m-Fmmm-I4/mmm transitions in Si twinned structures
under uniaxial compression and decompression.

In Fig. 10, the total DOSs of the initial cubic silicon struc-
ture and of the phases of the t-4 structure that are stabilized
under uniaxial compression and decompression are shown.
The initial structure is semiconducting, whereas the ortho-
rhombic and orthogonal phases are metallic. The cubic sili-
con exhibits a band gap ~1.1 eV that is higher than the
value found in our calculations (~0.7 eV). This discrepancy
is due to the well-known underestimation of the band gaps
by density-functional theory. We see that the decompression
of the orthorhombic structure leads to the formation of a
distinct minimum in the DOS. Nevertheless, the decom-
pressed tetragonal phase remains metallic. One can expect
that, for the metallic phases, the high DOS at the Fermi level
may give rise to superconductivity.

IV. CONCLUSIONS

Molecular dynamics simulations of nanolayered silicon
twinned structures under uniaxial compression enabled us to
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FIG. 10. DOSs of several Si structures: (a) the diamondlike
phase (space group Fd3m) and the model structures having space
groups (b) Fmmm and (c) I4/mmm. The DOS have been calculated
with the first-principles pseudopotential method using primitive
8-atom (a) cubic, (b) orthorhombic, and (c) tetragonal unit cells,
respectively. The Fermi energy is located at the zero of energy.

arrive at the following conclusions: (1) uniaxial compression
of the (111) twinned silicon nanolayered structures causes
the formation of segmented structures with the fivefold-
coordinated orthorhombic structure (space group Fmmm) in-
side these segments at ~25 GPa. Such a structural transfor-
mation only occurs for the twinned nanolayered structures
with layer thickness not exceeding ~3 nm. This transforma-
tion is a first-order phase transition and the new structure is
characterized by an increase in the failure stress above 37
GPa. The orthorhombic phase transforms into the tetragonal
one (space group I4/mmm) after decompression at 300 K.
(2) First-principles pseudopotential calculations confirmed
the formation of the tetragonal phase predicted from
empirical-potential molecular dynamics simulations and
showed that both the orthorhombic and tetragonal phases
will exhibit a metallic character. (3) Finally, given the fact
that the (111) twinned silicon nanolayered structures can be
prepared by molecular-beam epitaxy, the further experiments
on uniaxial compression of such structures would be appro-
priate to verify our theoretical results.
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