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Pressure-induced structural phase transition of paracrystalline silicon
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We report on the pressure-induced phase transition in a model of paracrystalline (@lhcorphous silicon
with a crystalline graipusing anab initio constant pressure simulation technique. The paracrystalline model
transforms into a high-density amorphous phase at 16 GPa with a discontinuous volume chagéwfThe
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 tg3-Sn at 3—4 GPa. The electronic nature of the pressure-induced
semiconductor-metal transition is discussed.
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I. INTRODUCTION Fluctuation electron microscopy investigations have
shown that as-deposited amorphous silicon thin films exhibit
The application of pressure to solids leads to a diversaignificant medium-range order, which is interpreted as indi-
collection of interesting phenomena. The most dramatic mayating the presence of small-crystalline grairs30 A) em-
be pressure-induced insulator-metal phase transitions. THeedded in a disordered matri%:?° The grains have crystal-
pressure-induced phase transitions in crystalline silicorine topology, with some distortions induced by the grain
(c-Si) have been studied extensively. The diamond structurboundaries. Since the grains are dilute and deformed, they
of c-Si transforms into a metalli8-Sn phase around 9.5-12 are difficult to separate from the amorphous “background”
GPal~® Under further compressior-Si undergoes a struc- using diffraction experiments. Nevertheless, the grains con-
tural transformation from th@-Sn to animma structure at  tribute significant medium-range order to the amorphous thin
13 GPa' The Imma phase transforms into the simple hex- films, which is detectable by fluctuation electron microscopy.
agonal(sh) structure near 16 GPa’ The hexagonal closed Such materials have been designapatacrystalline'® In
packed(hcp) structure is observed at 42 GPaln addition,  this paper, we study the pressure-induced phase transition in
a phase $VI) between sh and hcp is obtained at 39 GPa. a 400-atom model of paracrystalline silicGuara-Si) includ-
Recently the structure of &1) was identified as orthorhom- ing a single-crystalline grain, using aab initio constant
bic with 16 atoms per unit cell and space group symmetnpressure-relaxation simulation. We find that the model under-
Cmca® On release of pressure;Si does not transform back goes a first-order phase transition to a high-density amor-
to the diamond structure. Instead, a metast8d8 phase is phous phase at 16 GPa. On the other hand, the Gibbs free-
recovered on slow pressure release from ,ﬂqsn,ﬁ while energy calculation predicts a structural transformation from
two tetragonal phases are obtained from very rapid pressutge para-Si model to a6-Sn structure at 3—4 GPa. The dis-
releas€. Theexpandeghase of silicon, clathrate Siwitha  continuous metallization of the network is in agreement with
wide gap of~2 eV, transforms to g3-Sn structure at 8 experimental studies of amorphous thin fitth® and com-
GPa® puter simulation of a continuous random network model of
The behavior of amorphous silicoa<Si), porous silicon a-Si.'® It is also found that the localized electronic states at
(p-Si), and nanocrystalline silicon under pressure, howeveizero pressure become extended with the application of pres-
is very different from that of diamond and clathrate. Nano-Sure.
crystalline silicon transformed directly to a sh structure at 22
GPa® Upon pressure release, tnma, B-Sn, and finally an
amorphous phase was recoveredpi8i, a diamond tg3-Sn
transformation was reportéd. However, Debet al. showed The simulations reported here are carried out on a 400-
pressure-induced amorphization of diamond silicon at 15—1@&tom model ofpara-Si. Thepara-Si model is generated us-
GPa in ap-Si sample' That is, the crystalline portion of the ing a generalized version of the bond-switching method of
sample appears to transform to a high-density amorphoud/ooten, Winer, and Weairé.The model has one grain con-
phase upon compression. sisting of 44 atoms. It has a structure factor and electronic
For a-Si, contradictory high-pressure data has been redensity of states essentially identical to continuous random
ported. Amorphous samples obtained using pressure-inducewtwork models of-Si.?2 Compared to a 4000-atom model
amorphization exhibited a sharp phase transitiog4n at8  with four crystalline grains of roughly the same siZ00
GPa on compressidif.We note that samples formed by this atoms, the 400-atom model does not reproduce the fluctua-
method contain crystalline grains and have some differention microscopy signal, which indicates that the medium-
physical properties compared to amorphous thin fitiiBhe  range order is not realistic. Nevertheless, the simulation does
crystallization ofa-Si, however, was not seen in other inves- faithfully model a crystalline grain embedded in an amor-
tigations, and instead a high-density disordered phase wgsous matrix. At zero pressure, the 400-atom model is re-
obtained*-16 laxed with a local orbital first-principles quantum molecular-
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FIG. 1. The normalized volume gfara-Si anda-Si as a func-
tion of pressure.

dynamics method of Sankey and NiklewékiThe method
employs the density-functional theory within the local-
density approximation using the Harris functional with hard
norm-conserving pseudopotentials. This Hamiltonian was
successfully applied inc-Si including high-pressure
phaseg? expanded volume phases of silictieolites with-

out oxygen”),?* a-Si.>>?6 The combination of thisb initio
technique with the Parrinello and Rahman metfodas em-
ployed to study a first order amorphous to amorphous phase
change in SiRef. 16 and G€”® a continuous amorphous to
amorphous phase transformation in Ge&eZB—Cmcm
—Imm2 transitions in GaAs? a diamond to simple hexago-
nal phase transition in $f and a diamond tg3-Sn phase
change in G&® Pressure is increased in an increment of 3
GPa up to 15 GPa, after which an increment of 0.5 GPa is
carried out in order to accurately estimate the transition pres-

sure. For each value of the applied pressure, we fully relax FIG. 2. Nucleation centers define in the modelatL5 GPayb)

_the system according to the criterion .th?“ the maximum force15.5 GPa, andc) 16 GPa(an intermediate st¢pBlack atoms have
is smaller than 0.01 eV/A. The optimization is performed .o dination>4.

with the conjugate-gradient technique. We Us@oint sam-
pling for the supercell’s Brillouin-zone integration, which is
reasonable for a 400-atom model. A fictitious cell mass o
11x 10® amu was found to be suitable for this simulation.

from diamond to a high-density amorphous phase is seen,
which was recently reported in@&Si sample with an aver-
age crystalline size of-50 A1

To show the evolution of high-density nucleation centers,
[ll. RESULTS AND DISCUSSIONS we visualize the model at three different pressures in Fig. 2.
The white atoms represent fourfold coordinated atoms
whereas the black ones correspond to higher coordinated at-

The pressure volume curve of tipara-Si model is de- oms (>4). At 15 GPa, the nucleation begins in the vicinity
picted in Fig. 1. The volume changes smoothly up to 15.5%f defects with large bond angle deviations, which enable
GPa, and at which point it drops 2.5%. At 16 GPa, an distortions leading to a more close packed topology. At 15.5
abrupt decline of the volume is seen, indicating a first-ordeiGPa and an intermediate step at 16 GPa, the size of the
pressure-induced phase transition. The volume drops abohigher coordinated clusters grows. This result suggests that
24%, which is close to the value ef21-23% reported in the transition in thgara-Si model is not homogeneous.
the diamond tg3-Sn transformation o¢-Si.>**2The discon- Dramatic structural changes are seen at the boundary of
tinuous metallization of the model is in agreement with thethe grain after the normalized volume reaches a value of 0.8.
experimental result on conductivity of the amorphous thinAt this volume,~20% of the disordered matrix transforms
films'*®and the previous simulation @-Si.'° Crystalliza- to a highly coordinated geometry, but the crystalline grain
tion of the model is not observed, and instead a transitiorstill persists in the network. Although the size of crystalline

A. Structural properties
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6.0 ' T ' T " TABLE I. Structural properties of thpara-Si model under pres-
12.GP sure: average bond lengtABL ), average bond angl@&BA ), width
15 GP: of bond angle distributioWBAD), and average coordination num-
_____ 15.5 GPa ber (ACN).

—— 16 GPa
40 r e 3G 7

PressurdGPa 0 12 15 155 16

ABL (R) 2.38 2.308 2.29 231 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

a(n)

20 - .

nation up to 12 GPa shows a smooth distribution with a
single peak centered at the tetrahedral angle. Above this pres-
0.0 . : . ! . sure, the distribution is broadened with a significant decrease
1.8 3.8 5.8 7.8 in the intensity. At 15.5 GPa, a peak appears near 60° in the
r(A) distribution due to the higher coordinated topology. At the
o . transition, the function is rather broad with important peaks
FIG. 3. The real-space pair distribution functigiir) of the around 60°, 90°, and 150°. The peak at 60° is a clear indi-
para-Si model under pressurg(r) of thea-Si model is also given cation of a close-packed geometry with metallic bonding.
at the transition pressud6.25 GPa The structural properties of theara-Si geometry under
the application of pressure are presented in Table I. The com-
grain in the model is small, we find that the transformation ofpression up to 15 GPa causes the narrowing of tetrahedral
the grain begins at the interface and gradually proceeds intangles, and shortened bond lengths with no increase in the
the core. coordination. At the transition, the average coordination from
The real-space pair distribution functigifr) is given in  the first minimum ofg(r) within a critical cutoff radiusr
Fig. 3. The peak positions shift to shorter distances, indicat=3.02 A is found to be 8.9 and quite sensitive to choice of
ing tighter packing of the network, with pressure up to 16the cutoff radius. The average bond length changes from 2.31
GPa. The intensity of the peaks changes slightly until thao 2.55 A, and the average bond angle drops to 98.07°,
transition pressure, at which a huge coordination change ihich is intermediate between the tetrahedral and octahedral
observed. At the transition pressure, the intensity of the firsyalues of 109.5° and 90°, respectively.
peak decreases abruptly with a broadened distribution, and
its position moves to a larger distance, reflecting a much
higher (= eight- to ninefold coordination. The intensity of
the second peak exhibits a sharp decrease, and its position In order to study crystallization of the model, we compute
shifts toward a shorter distance. the volume dependence of Gibbs free energy. Diamond,
The bond angle distribution function of the model is g-Sn, andpara-Si are optimized for several volumes and fit
shown in Fig. 4. The model retains idedburfold) coordi-  to the Birch-Murnaghan equation of state. We report the
minimum structural energy per atoly,;, and corresponding
atomic volumeV,;, for each structure in Table Il. For dia-
mond andB-Sn structure, the relative total-energy difference
per atom QEq,=E~ S"—EJ2M°"Y and the ratio of the
15.5GPa _ equilibrium volume ' =VE. Syvdiamend are found to
16 GPa be 0.289 eV/atom and 0.74, respectively. These values are
a-Si ] comparable to 0.27 eV/atom and 0.77 reported in accurate
self-consistent calculatioris.

B. Gibbs free energy calculation

0.040 d T

12 GPa
15 GPa

0.030

0.020

BADF

TABLE II. The minimum energie€,,;,, the relative energy
differenceAE=E'— E¥aM°nd the corresponding minimum volume
per atomV,;,, and its ratioV! ,,=Vi . /vdiamend ‘\wherei is dia-
mond, 8-Sn, andpara-Si phase.

0.010

Structure Diamond B-Sn paraSi

0000 % 800 1300  180.0 Epnin (€V/atom —-108.006 —107.717 —107.826

Angle (Degres) AEin (eV/atom 0 0.289 0.183

Vimin (A3/atom) 20.76 15.42 21.20

FIG. 4. The bond angle distribution functiqiBADF) of the Viiin 1.0 0.74 1.013
para-Si model, and the-Si model at transition pressure.
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FIG. 5. Gibbs free-energy curve ofSi, 8-Sn, andparaSi.
0.00
The calculated Gibbs free energie&€E,,;+PV) at > 0.06 | 16 GPa .
zero temperature for diamon@;Sn, and thepara-Si struc- o
ture are shown in Fig. 5. The transition pressure between g 003 | .
diamond andB-Sn phase is found to be 9 GPa, which is
consistent with the result of 9.5-15.4 GPa reported in previ- 0.00 ' mem———————n e w s et
ous experiment and theoretical studféghe transition vol- -50 -40 -30 -20 -10 00
ume of diamonav,(diamond) and3-Sn V,(3-Sn) is 0.924 E(eV)

and 0.684, respectively/;(diamond) value is in good agree-

. . . FIG. 7. The localized states near the band @gapis the inverse
ment with experlmer_n_ and theoretical resuIFs of 0'89_0'928|oarticipation ratio, measuring spatial localization of the state. Note
whereas the transition volume of3-Sn is less than

> the delocalization at 16 GPa, clearly reflecting a metallic state.
0.70-0.71¢"

The Gibbs free-energy curve of tipara-Si network and

B-Sn crosses about 3—4 GPa, indicating a first-order phast ansition. The critical pressure of this transition is less than
’ t

at of the diamond t@-Sn transformation. The transition
obtained between thpara-Si model andB-Sn agrees with

Conduction States @ the experimer)tallstudy «-Si under pressure but, the pre-
18 L 4 dicted crystallization pressuf8—4 GPais much less than 8
: x ] GPa, which is probably due to the relative energy difference
> 23 i between theparaSi structure andc-Si (AEpi,=ERi
= : ] —gdiamond_() 183 e\}. This value is higher than an experi-
5 o8 Fermi Level _ mental result 0.0977 eV fa-Si, as extrapolatedtO K from
T I the measurement at 960 K using the specific heat listed in
_33 | Valence States _ ] that work®® When the slope of the common tangent line is
————— ] considered in energy volume curve, a network with a small
38 energy difference at the same minimum volume yields an
. ' ' ' increase of the slope and so the transition pressure.
B 1.0 4 %9 ®) ] One expects that there is no easy pathway between
e | TTTTTTee- %= S para-Si and 8-Sn structure, and the crystallization requires
'-'CJL i'e | bond breaking and a large displacement of some atoms in
& contrast to the diamond t8-Sn transition. The displacement
32 o5k —o para-Si ] of atoms is hindered at low temperatures and needs more
% 6---© c-Si thermal activation. Thus the crystallization péra-Si is ki-
S #*——% a-Si ] netically inhibited in the simulation.
2
0.0 1 : 1 N 1 C. Electronic structure
0.0 5.0 10.0 15.0

The application of silicon depends strongly on the nature
of the electron states near the Fermi level. The pressure de-

FIG. 6. (a) Pressure dependence of energies of some tail statggendence of a few tail states and the Fermi level are given in
and the Fermi level(b) The normalized optical gap fgrara-Si,  Fig. 6. The valence tail states tend to move gradually toward
¢-Si, anda-Si as a function of pressure. the center of the band gap up to 15.5 GPa, and after this

Pressure (GPa)

205204-4



PRESSURE-INDUCED STRUCTURAL PHAS. .. PHYSICAL REVIEW B 66, 205204 (2002

pressure the shift of the states becomes more dramatic. Thg,(E) is 1, while it isN for a state perfectly localized on a
conduction tail states shift into higher energies at low pressjngle atom. The localization of the electron states near the
sures. With further increase of the pressure, the states begiggq gap is depicted in Fig. 7. As expected, the states near
to move to onver energies. When the higher coordination ishe pand gap are quite localized at zero pressure, and the
encountered in the network at 15 GPa, the states mOVRcajization of these states decreases gradually, indicating
abruptly to the middle of the band gap. The Fermi levelyressure-induced delocalization of the states, similarly to that
exhibits a smooth increase up to 12 GPa. Above this presynd in thea-Si (Ref. 16 and thea-GeSe model?® At the

sure, it shifts to a lower energy. When the topology hasyansition pressure, the tail states are abruptly delocalized as
higher coordination, the conduction tail states and the Fermicen in thea-Si networkst®

level reveal a complex behavior.
In amorphous tetrahedral materials, the optical gap in-
creases with pressur@—1 GPa>**® The pressure coeffi-

cient of the fundamental absorption ®Si is positive, We have studied the pressure-induced phase transition in
+0.25 meV/kbar! whereas it is negative inc-Si, 4 400-atom model oparaSi using anab initio constant
—1.5 meV/kbar}* and ina-Si:H, —1 meV/kbar’*°Figure  pressure relaxation technique. The model undergoes a first-
6 shows the pressure dependence of the optical gapSf  order phase transition into an amorphous metallic phase. The
and a-Si and para-Si. The optical gap ofc-Si decreases transition is inhomogenous and begins in the vicinity of de-
smoothly with the application of pressure, and the pressurgects. The embedded crystallitdiamond grain transforms
derivative of the gap is found to be1.73 meV/kbar in the o a high disordered topology, which is consistent with the
pressure range 0—17 GPa, which is consistent with the extudy of p-Si under pressure. The transition of the gain be-
perimental result of- 1.5 meV/kbar}* However, the behav- gins at the boundary and proceeds into the bulk. In order to
ior of the para-Si anda-Si model under pressure is different reveal the size effects of the crystalline grains, it is worth
from that ofc-Si: It increases initially, reaches a maximum, repeating these types of calculations using large models with
and then decreases under pressure. Above 12 GPa, the gapsotiifferent size of grains. A Gibbs free-energy calculation
the para-Si declines because of the increase in the coordinapredicts the pressure-induced crystallization of paga-Si

tion. In the pressure range 0—6 GPa, we find that the pressurstwork. We find that the small increase of the coordination

derivative of the band gap in theara-Si model is+0.39  dramatically changes the electronic structure of the model.
meV/kbar, which is comparable t60.25 meV/kbar value of

amorphous silicori?

In order to study the pressure dependence of the localiza-
tion of electron states, we define the Mulliken chafye,  We thank Dr. John Abelson for introducing us to paracrys-
Q(n,E), for atomn associated with the eigenvalle This  talline silicon and for conversations which stimulated this
charge can then be used as a measure of the localization ofark. This work was supported by the National Science
given stateQ,(E) = NE?ZlQ(n,E)Z, whereN is the number  Foundation under Grant Nos. DMR-02-05858 and DMR-00-
of atoms in a supercell. For a uniformly extended state81006.

IV. CONCLUSIONS
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