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The kinetics of solid-solid phase transitions are explored using pressure-induced str
transformations in Si nanocrystals. In agreement with the predictions of homogeneous defo
theories, large elevations in phase transition pressure are observed in nanocrystals as com
bulk Si, and high pressure x-ray diffraction peak widths indicate an overall change in nano
shape upon transformation. In addition, unlike the BC8 phase recovered in bulk Si, amorph
nanoclusters are obtained upon release of pressure, providing an example of kinetic size cont
solid phases. [S0031-9007(96)00344-4]

PACS numbers: 64.70.Kb, 61.46.+w, 68.35.Rh, 81.30.–t
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Recent progress in the preparation of finite-sized se
conductor crystallites has created an opportunity to b
ter understand first order solid-solid phase transitio
Pressure-induced solid-solid phase transitions in exten
semiconductors are generally highly hysteretic, are nu
ated at defects, and typically involve multiple nucleatio
and domain fracture [1]. The space groups of the t
phases frequently have a group-subgroup relationship
This has led to the conclusion that these phase transit
must involve specific motions that carry the solid fro
one structure to another. Formally, this motion belongs
a specific irreducible representation of the higher symm
try group [2]. Convincing evidence for this model lies
the observation of soft modes, or vibrations of the crys
that tend towards lower frequency as the transition pr
sure is approached [3]. In this Letter, we demonstrate t
studies of pressure-induced transformations in nanoc
tals provide another route for observing the pathway
solid-solid phase transitions, as well as a means of
plaining the hysteresis and fragmentation observed in b
transformations.

Nanocrystals are smaller than the fragment domains
result when a single crystal undergoes a solid-solid ph
transition. In addition, unlike bulk crystals, nanocrysta
may be prepared with no interior defects, albeit with
large number of surface atoms. Nanocrystals of CdSe h
been observed to transform from wurtzite to rocksalt str
tures as single domains, with only one nucleation ev
per crystallite [4]. Further, these CdSe studies [4] dem
strated that the smaller the nanocrystallite, the hig
the transformation pressure. These observations led
hypothesis, consistent with a homogeneous deforma
mechanism for transition, in which the nanocrystals chan
shape upon structural transformation. If the nanocrys
have dominantly low index surfaces as synthesized in
low pressure phase, then the shape change must res
0031-9007y96y76(23)y4384(4)$10.00
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high index, high energy surfaces in the high pressure ph
provided the temperature is low compared to the surfa
diffusion temperature. These newly created high ene
surfaces destabilize the high pressure phase and, toge
with the absence of interior defect sites to initiate nuc
ation, explain the elevation in transformation pressure w
the reduction of nanocrystal size.

The homogeneous deformation hypothesis therefore
quires that nanocrystals change shape upon underg
pressure-induced solid-solid transformations. Observ
this change in shape, however, is not a simple ma
[5]. At atmospheric pressure, the shape of a nanocry
can readily be observed using transmission electron
croscopy [6]. The pressure-induced transitions obser
to date, although hysteretic, are reversible, so that b
transformation prevents simple analysis of shape in rec
ered samples. The shape must therefore be determine
high pressure. In this Letter we demonstrate that x-r
diffraction linewidths can be used to observe the chan
in shape that occurs when Si nanocrystals are conve
under pressure from the diamond to the primitive hexag
nal structure.

Beyond access to the microscopic nature of pha
transitions, another primary goal of nanocrystal resea
is the search for nonstandard bonding geometries in fin
size. In very small clusters, these unusual geomet
are sometimes found to be thermodynamically stable.
larger nanocrystals, however, the effect of size is n
sufficient to stabilize these novel bonding geometries.
dynamic processes such as crystal growth and struct
transformations, however, the possibility exists to u
smaller variations in thermodynamic stability to tra
metastablestructures in larger crystallites. This effect
seen in the growth of kinetically trapped rocksalt pha
CdS nanocrystals in a highly ionic polymer matrix [7
In this work, we demonstrate the kinetic trapping
© 1996 The American Physical Society
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amorphous Si (a-Si) nanoclusters upon release of press
from theb-Sn phase.

High pressure x-ray diffraction and optical absorpti
were used to examine the phase stability of SiO2 coated Si
nanocrystals [8]. This covalent semiconductor was cho
because it contrasts well with previous high press
studies on ionic semiconductor nanocrystals [4,9]. T
lack of ionic stabilization in Si results in an extremely ric
phase diagram: Bulk Si has been observed in as many a
different solid structures between atmospheric pressure
45 GPa. Extensive theoretical and experimental work
gone into understanding the many stable phases of bul
Bulk Si transforms from the diamond structure to theb-Sn
phase at approximately 11 GPa [10,11]. Theb-Sn phase
undergoes a transformation to the closely relatedImma
structure at 13 GPa [12]. TheImmaphase then converts t
a primitive hexagonal (PH) structure near 16 GPa [11–1
By 40 GPa, bulk Si is found in a hexagonal close pack
structure (HCP) [13]. Upon partial release of press
from 40 GPa, the PH andb-Sn phases are again observ
[11]. Bulk Si does not, however, transform back to t
diamond phase upon full release of pressure. Instea
number of metastable crystalline [14] and amorphous [
phases are observed. The most common of these, kn
as BC8, is a slightly distorted tetrahedral structure [16] a
is preceded by the more distorted R8 phase [17].

The nanocrystal samples used in these experim
consist of diamond phase Si crystallites coated with
approximately 15 Å thick layer of SiO2 [8]. The nanocrys-
tals were synthesized by gas pyrolysis [8] of Si2H6 and O2,
and characterized using transmission electron microsc
(TEM), electron diffraction, x-ray diffraction, lumines
cence, and optical absorption. Nanocrystal sizes ran
from 100 to 500 Å in diameter with size dispersions va
ing from 20% for small samples to 35% for larger sampl
Samples were observed to be highly crystalline, both
TEM and by agreement of TEM sizes and sizes calcula
from x-ray diffraction peak widths.

High pressure experiments were carried out us
piston-cylinder style diamond anvil cells; pressures w
determined using standard ruby fluorescence techniq
The Si nanocrystal samples were dissolved in ethyl
glycol (EG). Under pressure, EG forms a glass which
forms in a quasihydrostatic manner up to about 10 G
Above this pressure, EG will support significant press
gradients. High pressure optical absorption data w
obtained using a scanning Cary model 118 UV–visi
spectrometer. High pressure x-ray diffraction experime
were carried out on at the Standford Synchrotron Rad
tion Laboratory (SSRL). Monochromatic 20 KeV x ray
were utilized in an angle dispersive geometry. Diffra
tion peak widths were deconvoluted for both the inst
ment function and broadening due to pressure gradie
a Gaussian distribution of pressures around the meas
pressures was assumed. Pressure broadening was fou
change the peak widths by less than 20%. Domain s
e

n
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were calculated from the peak widths using the Sche
formula.

Like bulk Si, Si nanocrystals are indirect gap semico
ductors. Optical absorption thus shows only a featu
less rising edge in the diamond phase [18]. Despite
lack of discrete features, the onset of structural trans
mation can be easily seen in the absorption spectra
large increase in optical density (O.D.) [19] and the lo
of the

p
O.D. versus energy dependence in the spectr

Figure 1(a) shows the change in absorbance observe
96 Å diameter crystallites. These hysteresis data are
structed by integration of the absorption intensity betwe
1.95 and 2.05 eV. Similar results are obtained by integ
tion at any other comparable visible wavelengths. The
stroke semiconductor-to-metal transformation in Fig. 1
appears at approximately 22 GPa, in sharp contrast to
bulk Si diamond tob-Sn transition which takes plac
around 11 GPa [10,11]. Also, in contrast to bulk S
nanocrystals appear to recover to a semiconducting ph
while the metastable BC8 phase most commonly obser
in recovered bulk Si is a semimetal [16].

Since optical absorption cannot distinguish the ma
metallic high pressure phases of Si, diffraction exp
iments are required to determine the actual structu
involved. High pressure x-ray diffraction powder pa
terns obtained on 492 Å Si nanocrystals are presente
Fig. 1(b). Nanocrystals are initially in the diamond pha
[20] (circled 1) and are seen to be stable to well abo
the bulk Si diamond tob-Sn phase transition pressure
11 GPa [10,11]. With application of sufficient pressu
however, the system can be converted to the PH struc
[13] (2). Upon partial release of pressure, anImmaphase
is observed (3) as well as ab-Sn phase (not shown) [12]
Upon full release of pressure, instead of recovering
metastable BC8 phase [16] observed in bulk silicon,
sample appears to forma-Si (4).
g
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FIG. 1. (a) Phase behavior for 9.6 nm diameter Si crystalli
coated with SiO2 measured by optical absorption. The meta
semiconductor transition is seen at about 22 GPa (upstroke)
5 GPa (release). The arrow marks the bulk Si diamond tob-
Sn transition pressure. (b) High pressure x-ray diffraction d
obtained on 49 nm diameter Si nanocrystals coated with Si2.
Circled numbers are explained in the text.
4385
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A striking feature of the high pressure behavior obser
in Si nanocrystals is the extreme elevation in upstr
phase transformation pressure observed in crystallite
large as 500 Å in diameter. These nanocrystals con
,106 atoms per crystallite, so the vast majority of ato
are in an almost completely bulklike interior environme
A possible origin for this elevation in transition pressure
a low density of defect nucleation sites for transformat
in nanocrystals resulting from the crystalline nature of
Si lattice and the high quality Si/SiO2 interface [21,22].
This hypothesis requires further testing, since it appe
that in CdSe and CdS nanocrystals, which also sho
substantial elevation in transition pressure, the surface
as a nucleation site [23]. Insight gained from studies
CdSe and CdS nanocrystals can thus be used to pos
that high pressure phases are destabilized because th
face structure is disrupted upon structural transforma
[4]. It is highly unlikely that the stable Si/Si/O2 interface
can survive intact when the interior Si atoms, but not
exterior SiO2 atoms, undergo a phase transition. This
sults in the destruction of the low energy Si/SiO2 interface
upon structural transition. Large changes in surface en
result in significant elevations in transformation pressu
even for big crystallites. Analogous results have been
served in GaAs/AlAs superlattices. [24]. Future expe
ments that include the influence of different surfaces
different thicknesses of oxide will be required to fully d
termine the origin of the phase transition elevation.

Because of the symmetry of the structures involved
nanocrystals can be used to seek evidence for a path d
change in the shape of a nanocrystal upon transforma
providing direct confirmation of the homogeneous def
mation theory of phase transitions in solids [3]. Propag
ing atoms of a diamond phase crystallite along the p
posed transition path produces a crystallite with a lo
axis in the (001) direction, and shorter axes in the pl
of the degenerate (100) and (010) directions [25,26].
examining the widths of the (100) and (001) diffracti
peaks, evidence for overall changes in nanocrystal sh
upon transformation can be obtained [27].

Figure 2 shows an enlargement of the Si nanocrysta
diffraction pattern at 21 GPa. The peak widths in the (1
and (001) directions are clearly different. When decon
luted for the instrument function and pressure gradients
averaged over multiple diffraction patterns between 20
30 GPa, these peak widths correspond to domain size
549 6 68 Å in the (001) direction and267 6 10 Å in the
(100) direction. This results in an aspect ratio of2.1 6 0.3,
in good agreement with a value of,1.9 expected from the
change in unit cell shape along the most probable t
sition path [25,26]. The domain size in the (101) dire
tion is in reasonable agreement with the geometric ave
of these two domains. These results strongly sugges
overall change in nanocrystal shape upon transforma
Note that the alternative explanation, that the nanocrys
fragment upon transformation, can be ruled out from
4386
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FIG. 2. Expanded view of Fig. 1(b) (circled 2) shows that t
(001) and (100) diffraction peak widths differ. The differen
in domain size is due to a shape change in the crystallites.

data: At 17 GPa, a pressure where the nanocrystals
still clearly in the diamond phase, some broadening of
diffraction peaks in comparison to atmospheric press
is seen due to pressure inhomogeneity and strain. W
the peak widths in the PH (100) direction are significan
broader than the 17 GPa diamond phase lines, the
widths in the PH (001) direction are actually narrower th
the 17 GPa diamond phase lines. This effect cannot re
from fragmentation. The difference in peak widths th
provides direct evidence for an overall change in nanoc
tal shape. The results are a confirmation of the homo
neous deformation theory of phase transformations.

Another observation of interest is the recovery ofa-Si
upon release of pressure in nanocrystals, in contrast to
recovery of the metastable BC8 phase in bulk Si. Am
phous Si is a metastable phase of Si which can be ki
ically trapped upon release of high pressure under ce
circumstances [15]. Under the conditions of this expe
ment,a-Si is not kinetically favored in the bulk. A wide
variety of experimental and theoretical work, however,
suggested thata-Si is more stable than diamond phase
in very small size nanoclusters (below,30 Å in diame-
ter) [28]. This result is reasonable as long range bond
is not required to stabilize the amorphous phase. Whila-
Si is not predicted to be thermodynamically stable in lar
sizes, it is likely that some stabilization of the amorpho
phase persists even for 500 Å nanocrystals. These i
can be combined to explain the experimental result.
amorphous phase, while not the thermodynamic gro
state, is stabilized in finite size, and, as a result, the
rier for theb-Sn toa-Si reaction is reduced in compariso
to theb-Sn to BC8 reaction channel. An additional kine
factor favoring the dynamic formation ofa-Si in finite size
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systems can also be found: As theb-Sn toa-Si transition is
diffusive (that is, it has no symmetry prescribed transiti
path), no change in the nanocrystal shape is required u
transition, and thus there are no symmetry dictated chan
in the surface structure. All of this points to an importa
idea in nanocrystal studies: While “novel” bonding g
ometries do not generally appear to be thermodynamic
stable in large crystallites, it is possible to use kinetics
combination with the slightly altered stability of higher ly
ing states to trap metastable structures. This general
nomenon is worth further exploration.

In summary, high pressure optical absorption a
x-ray diffraction studies show large elevations in t
semiconductor-to-metal structural transformation in Si2

coated Si nanocrystals. The elevation can be attribu
to the absence of available nucleation sites and to
destruction of the low energy SiySiO2 interface at the
structural transformation. Recovery ofa-Si clusters upon
release of pressure shows further how the observed p
stability in nanocrystals can be controlled by kinetic
Formation ofa-Si clusters is demonstrated to be a kine
cally, rather than a thermodynamically, controlled proce
Finally, overall changes in the shape of a nanocry
upon transformation are observed by x-ray diffraction
Si crystallites. These changes, induced by the mo
of interior atoms along a transition path, are the root
kinetic control of phase stability in nanometer scale s
tems. Further, the observed changes in nanocrystal s
provide direct evidence that homogeneous deformati
play a role in phase transitions in semiconductors [29].
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