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Pressure-induced structural phase transition of paracrystalline silicon

Murat Durandurdu and D. A. Drabold
Department of Physics and Astronomy, Ohio University, Athens, Ohio 45701-2979

~Received 9 July 2002; published 18 November 2002!

We report on the pressure-induced phase transition in a model of paracrystalline silicon~amorphous silicon
with a crystalline grain! using anab initio constant pressure simulation technique. The paracrystalline model
transforms into a high-density amorphous phase at 16 GPa with a discontinuous volume change of;24%. The
transformation of the crystalline grain begins at the boundary and proceeds into the core. We also study the
pressure-induced crystallization of the network using the Gibbs free-energy calculation and find a transition
from the paracrystalline silicon tob-Sn at 3–4 GPa. The electronic nature of the pressure-induced
semiconductor-metal transition is discussed.
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I. INTRODUCTION

The application of pressure to solids leads to a dive
collection of interesting phenomena. The most dramatic m
be pressure-induced insulator-metal phase transitions.
pressure-induced phase transitions in crystalline sili
(c-Si) have been studied extensively. The diamond struc
of c-Si transforms into a metallicb-Sn phase around 9.5–1
GPa.1–3 Under further compression,c-Si undergoes a struc
tural transformation from theb-Sn to anImma structure at
13 GPa.4 The Imma phase transforms into the simple he
agonal~sh! structure near 16 GPa.2–4 The hexagonal closed
packed~hcp! structure is observed at 42 GPa.2,3 In addition,
a phase Si~VI ! between sh and hcp is obtained at 39 GP2

Recently the structure of Si~VI ! was identified as orthorhom
bic with 16 atoms per unit cell and space group symme
Cmca.5 On release of pressure,c-Si does not transform bac
to the diamond structure. Instead, a metastableBC8 phase is
recovered on slow pressure release from theb-Sn,6 while
two tetragonal phases are obtained from very rapid pres
release.7 Theexpandedphase of silicon, clathrate Si136 with a
wide gap of;2 eV, transforms to ab-Sn structure at 8
GPa.8

The behavior of amorphous silicon (a-Si), porous silicon
(p-Si), and nanocrystalline silicon under pressure, howe
is very different from that of diamond and clathrate. Nan
crystalline silicon transformed directly to a sh structure at
GPa.9 Upon pressure release, anImma, b-Sn, and finally an
amorphous phase was recovered. Inp-Si, a diamond tob-Sn
transformation was reported.10 However, Debet al. showed
pressure-induced amorphization of diamond silicon at 15
GPa in ap-Si sample.11 That is, the crystalline portion of the
sample appears to transform to a high-density amorph
phase upon compression.

For a-Si, contradictory high-pressure data has been
ported. Amorphous samples obtained using pressure-ind
amorphization exhibited a sharp phase transition tob-Sn at 8
GPa on compression.12 We note that samples formed by th
method contain crystalline grains and have some differ
physical properties compared to amorphous thin films.13 The
crystallization ofa-Si, however, was not seen in other inve
tigations, and instead a high-density disordered phase
obtained.14–16
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Fluctuation electron microscopy17 investigations have
shown that as-deposited amorphous silicon thin films exh
significant medium-range order, which is interpreted as in
cating the presence of small-crystalline grains (,30 Å) em-
bedded in a disordered matrix.18–20 The grains have crystal
line topology, with some distortions induced by the gra
boundaries. Since the grains are dilute and deformed,
are difficult to separate from the amorphous ‘‘backgroun
using diffraction experiments. Nevertheless, the grains c
tribute significant medium-range order to the amorphous t
films, which is detectable by fluctuation electron microsco
Such materials have been designatedparacrystalline.19 In
this paper, we study the pressure-induced phase transitio
a 400-atom model of paracrystalline silicon~para-Si! includ-
ing a single-crystalline grain, using anab initio constant
pressure-relaxation simulation. We find that the model und
goes a first-order phase transition to a high-density am
phous phase at 16 GPa. On the other hand, the Gibbs
energy calculation predicts a structural transformation fr
the para-Si model to ab-Sn structure at 3–4 GPa. The di
continuous metallization of the network is in agreement w
experimental studies of amorphous thin films14,15 and com-
puter simulation of a continuous random network model
a-Si.16 It is also found that the localized electronic states
zero pressure become extended with the application of p
sure.

II. METHODOLOGY

The simulations reported here are carried out on a 4
atom model ofpara-Si. Thepara-Si model is generated us
ing a generalized version of the bond-switching method
Wooten, Winer, and Weaire.21 The model has one grain con
sisting of 44 atoms. It has a structure factor and electro
density of states essentially identical to continuous rand
network models ofa-Si.22 Compared to a 4000-atom mod
with four crystalline grains of roughly the same size~100
atoms!, the 400-atom model does not reproduce the fluct
tion microscopy signal, which indicates that the mediu
range order is not realistic. Nevertheless, the simulation d
faithfully model a crystalline grain embedded in an amo
phous matrix. At zero pressure, the 400-atom model is
laxed with a local orbital first-principles quantum molecula
©2002 The American Physical Society04-1
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dynamics method of Sankey and Niklewski.23 The method
employs the density-functional theory within the loca
density approximation using the Harris functional with ha
norm-conserving pseudopotentials. This Hamiltonian w
successfully applied in c-Si including high-pressure
phases,23 expanded volume phases of silicon~‘‘zeolites with-
out oxygen’’!,24 a-Si.25,26 The combination of thisab initio
technique with the Parrinello and Rahman method27 was em-
ployed to study a first order amorphous to amorphous ph
change in Si~Ref. 16! and Ge,28 a continuous amorphous t
amorphous phase transformation in GeSe2,29 ZB→Cmcm
→Imm2 transitions in GaAs,30 a diamond to simple hexago
nal phase transition in Si,16 and a diamond tob-Sn phase
change in Ge.28 Pressure is increased in an increment o
GPa up to 15 GPa, after which an increment of 0.5 GP
carried out in order to accurately estimate the transition p
sure. For each value of the applied pressure, we fully re
the system according to the criterion that the maximum fo
is smaller than 0.01 eV/Å. The optimization is perform
with the conjugate-gradient technique. We useG-point sam-
pling for the supercell’s Brillouin-zone integration, which
reasonable for a 400-atom model. A fictitious cell mass
113103 amu was found to be suitable for this simulation

III. RESULTS AND DISCUSSIONS

A. Structural properties

The pressure volume curve of thepara-Si model is de-
picted in Fig. 1. The volume changes smoothly up to 1
GPa, and at which point it drops;2.5%. At 16 GPa, an
abrupt decline of the volume is seen, indicating a first-or
pressure-induced phase transition. The volume drops a
24%, which is close to the value of;21–23% reported in
the diamond tob-Sn transformation ofc-Si.31,32The discon-
tinuous metallization of the model is in agreement with t
experimental result on conductivity of the amorphous t
films14,15 and the previous simulation ofa-Si.16 Crystalliza-
tion of the model is not observed, and instead a transi

FIG. 1. The normalized volume ofpara-Si anda-Si as a func-
tion of pressure.
20520
s

se

is
s-
x
e

f

5

r
ut

n

from diamond to a high-density amorphous phase is se
which was recently reported in ap-Si sample with an aver-
age crystalline size of;50 Å.11

To show the evolution of high-density nucleation cente
we visualize the model at three different pressures in Fig
The white atoms represent fourfold coordinated ato
whereas the black ones correspond to higher coordinate
oms (.4). At 15 GPa, the nucleation begins in the vicini
of defects with large bond angle deviations, which ena
distortions leading to a more close packed topology. At 1
GPa and an intermediate step at 16 GPa, the size of
higher coordinated clusters grows. This result suggests
the transition in thepara-Si model is not homogeneous.

Dramatic structural changes are seen at the boundar
the grain after the normalized volume reaches a value of
At this volume,;20% of the disordered matrix transform
to a highly coordinated geometry, but the crystalline gra
still persists in the network. Although the size of crystallin

FIG. 2. Nucleation centers define in the model at~a! 15 GPa,~b!
15.5 GPa, and~c! 16 GPa~an intermediate step!. Black atoms have
coordination.4.
4-2
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grain in the model is small, we find that the transformation
the grain begins at the interface and gradually proceeds
the core.

The real-space pair distribution functiong(r ) is given in
Fig. 3. The peak positions shift to shorter distances, indic
ing tighter packing of the network, with pressure up to
GPa. The intensity of the peaks changes slightly until
transition pressure, at which a huge coordination chang
observed. At the transition pressure, the intensity of the
peak decreases abruptly with a broadened distribution,
its position moves to a larger distance, reflecting a mu
higher (' eight- to ninefold! coordination. The intensity o
the second peak exhibits a sharp decrease, and its pos
shifts toward a shorter distance.

The bond angle distribution function of the model
shown in Fig. 4. The model retains ideal~fourfold! coordi-

FIG. 3. The real-space pair distribution functiong(r ) of the
para-Si model under pressure.g(r ) of thea-Si model is also given
at the transition pressure~16.25 GPa!.

FIG. 4. The bond angle distribution function~BADF! of the
para-Si model, and thea-Si model at transition pressure.
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nation up to 12 GPa shows a smooth distribution with
single peak centered at the tetrahedral angle. Above this p
sure, the distribution is broadened with a significant decre
in the intensity. At 15.5 GPa, a peak appears near 60° in
distribution due to the higher coordinated topology. At t
transition, the function is rather broad with important pea
around 60°, 90°, and 150°. The peak at 60° is a clear in
cation of a close-packed geometry with metallic bonding

The structural properties of thepara-Si geometry under
the application of pressure are presented in Table I. The c
pression up to 15 GPa causes the narrowing of tetrahe
angles, and shortened bond lengths with no increase in
coordination. At the transition, the average coordination fr
the first minimum ofg(r ) within a critical cutoff radiusr c
53.02 Å is found to be 8.9 and quite sensitive to choice
the cutoff radius. The average bond length changes from 2
to 2.55 Å, and the average bond angle drops to 98.0
which is intermediate between the tetrahedral and octahe
values of 109.5° and 90°, respectively.

B. Gibbs free energy calculation

In order to study crystallization of the model, we compu
the volume dependence of Gibbs free energy. Diamo
b-Sn, andpara-Si are optimized for several volumes and
to the Birch-Murnaghan equation of state. We report
minimum structural energy per atomEmin and corresponding
atomic volumeVmin for each structure in Table II. For dia
mond andb-Sn structure, the relative total-energy differen
per atom (DEmin5Emin

b2Sn2Emin
diamond) and the ratio of the

equilibrium volume (Vmin
r 5Vmin

b2Sn/Vmin
diamond) are found to

be 0.289 eV/atom and 0.74, respectively. These values
comparable to 0.27 eV/atom and 0.77 reported in accu
self-consistent calculations.31

TABLE I. Structural properties of thepara-Si model under pres-
sure: average bond length~ABL !, average bond angle~ABA !, width
of bond angle distribution~WBAD!, and average coordination num
ber ~ACN!.

Pressure~GPa! 0 12 15 15.5 16

ABL ~Å! 2.38 2.308 2.29 2.31 2.55
ABA 109.22° 108.9° 108.69° 106.90° 98.07°
WBAD 10.47° 11.58° 12.90° 18.67° 32.97°
ACN 4.000 4.000 4.015 4.200 8.975

TABLE II. The minimum energiesEmin , the relative energy
differenceDE5Ei2Ediamond, the corresponding minimum volum
per atomVmin , and its ratioVmin

r 5Vmin
i /Vmin

diamond, wherei is dia-
mond,b-Sn, andpara-Si phase.

Structure Diamond b-Sn para-Si

Emin ~eV/atom! 2108.006 2107.717 2107.826
DEmin ~eV/atom! 0 0.289 0.183
Vmin (Å3/atom) 20.76 15.42 21.20
Vmin

r 1.0 0.74 1.013
4-3
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The calculated Gibbs free energies (G5Etot1PV) at
zero temperature for diamond,b-Sn, and thepara-Si struc-
ture are shown in Fig. 5. The transition pressure betw
diamond andb-Sn phase is found to be 9 GPa, which
consistent with the result of 9.5–15.4 GPa reported in pre
ous experiment and theoretical studies.32 The transition vol-
ume of diamondVt(diamond) andb-Sn Vt(b-Sn) is 0.924
and 0.684, respectively.Vt(diamond) value is in good agree
ment with experiment and theoretical results of 0.89–0.9
whereas the transition volume ofb-Sn is less than
0.70–0.719.32

The Gibbs free-energy curve of thepara-Si network and
b-Sn crosses about 3–4 GPa, indicating a first-order ph

FIG. 6. ~a! Pressure dependence of energies of some tail st
and the Fermi level.~b! The normalized optical gap forpara-Si,
c-Si, anda-Si as a function of pressure.

FIG. 5. Gibbs free-energy curve ofc-Si, b-Sn, andpara-Si.
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setransition. The critical pressure of this transition is less th
that of the diamond tob-Sn transformation. The transitio
obtained between thepara-Si model andb-Sn agrees with
the experimental study ofa-Si under pressure but, the pre
dicted crystallization pressure~3–4 GPa! is much less than 8
GPa, which is probably due to the relative energy differen
between thepara-Si structure andc-Si (DEmin5Emin

para

2Emin
diamond50.183 eV!. This value is higher than an exper

mental result 0.0977 eV fora-Si, as extrapolated to 0 K from
the measurement at 960 K using the specific heat listed
that work.33 When the slope of the common tangent line
considered in energy volume curve, a network with a sm
energy difference at the same minimum volume yields
increase of the slope and so the transition pressure.

One expects that there is no easy pathway betw
para-Si andb-Sn structure, and the crystallization requir
bond breaking and a large displacement of some atom
contrast to the diamond tob-Sn transition. The displacemen
of atoms is hindered at low temperatures and needs m
thermal activation. Thus the crystallization ofpara-Si is ki-
netically inhibited in the simulation.

C. Electronic structure

The application of silicon depends strongly on the nat
of the electron states near the Fermi level. The pressure
pendence of a few tail states and the Fermi level are give
Fig. 6. The valence tail states tend to move gradually tow
the center of the band gap up to 15.5 GPa, and after

es

FIG. 7. The localized states near the band gap.Q2 is the inverse
participation ratio, measuring spatial localization of the state. N
the delocalization at 16 GPa, clearly reflecting a metallic state.
4-4
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pressure the shift of the states becomes more dramatic.
conduction tail states shift into higher energies at low pr
sures. With further increase of the pressure, the states be
to move to lower energies. When the higher coordination
encountered in the network at 15 GPa, the states m
abruptly to the middle of the band gap. The Fermi lev
exhibits a smooth increase up to 12 GPa. Above this p
sure, it shifts to a lower energy. When the topology h
higher coordination, the conduction tail states and the Fe
level reveal a complex behavior.

In amorphous tetrahedral materials, the optical gap
creases with pressure~0–1 GPa!.34,35 The pressure coeffi
cient of the fundamental absorption ina-Si is positive,
10.25 meV/kbar,34 whereas it is negative inc-Si,
21.5 meV/kbar,34 and ina-Si:H, 21 meV/kbar.37,36Figure
6 shows the pressure dependence of the optical gap ofc-Si
and a-Si and para-Si. The optical gap ofc-Si decreases
smoothly with the application of pressure, and the press
derivative of the gap is found to be21.73 meV/kbar in the
pressure range 0–17 GPa, which is consistent with the
perimental result of21.5 meV/kbar.34 However, the behav-
ior of thepara-Si anda-Si model under pressure is differe
from that ofc-Si: It increases initially, reaches a maximum
and then decreases under pressure. Above 12 GPa, the g
thepara-Si declines because of the increase in the coord
tion. In the pressure range 0–6 GPa, we find that the pres
derivative of the band gap in thepara-Si model is10.39
meV/kbar, which is comparable to10.25 meV/kbar value of
amorphous silicon.34

In order to study the pressure dependence of the loca
tion of electron states, we define the Mulliken charge38

Q(n,E), for atomn associated with the eigenvalueE. This
charge can then be used as a measure of the localization
given stateQ2(E)5N(n51

N Q(n,E)2, whereN is the number
of atoms in a supercell. For a uniformly extended sta
v
-

,

y

at

, J
a

s,

J
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Q2(E) is 1, while it isN for a state perfectly localized on
single atom. The localization of the electron states near
band gap is depicted in Fig. 7. As expected, the states
the band gap are quite localized at zero pressure, and
localization of these states decreases gradually, indica
pressure-induced delocalization of the states, similarly to
found in thea-Si ~Ref. 16! and thea-GeSe2 model.29 At the
transition pressure, the tail states are abruptly delocalize
seen in thea-Si networks.16

IV. CONCLUSIONS

We have studied the pressure-induced phase transitio
a 400-atom model ofpara-Si using anab initio constant
pressure relaxation technique. The model undergoes a
order phase transition into an amorphous metallic phase.
transition is inhomogenous and begins in the vicinity of d
fects. The embedded crystalline~diamond! grain transforms
to a high disordered topology, which is consistent with t
study of p-Si under pressure. The transition of the gain b
gins at the boundary and proceeds into the bulk. In orde
reveal the size effects of the crystalline grains, it is wo
repeating these types of calculations using large models
a different size of grains. A Gibbs free-energy calculati
predicts the pressure-induced crystallization of thepara-Si
network. We find that the small increase of the coordinat
dramatically changes the electronic structure of the mod
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