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Forward and reverse high-pressure transitions in bulklike AlAs and GaAs epilayers
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We report Raman studies of the transformations between the zinc-blende (a) and high-pressure (P)
phases of bulk GaAs and A1As epitaxial films under increasing and decreasing hydrostatic pressure using

a 300-K diamond-anvil press. The forward a-P thresholds, as measured by the simultaneous onset of
opacity and loss of Raman signal, are P,'=12.4+0.4 GPa for A1As and Pg =17.3+0.4 GPa for GaAs.
On decompression from 20 GPa or less, reversal to the zinc-blende state occurs in both materials with a
hysteresis of 6-8 GPa; otherwise, GaAs enters a metastable phase. After reversal, the returning optical-
phonon peaks exhibit asymmetric broadening and negative frequency shifts. Analogy to ion-bombarded
GaAs shows that postreversal material is comprised of zinc-blende microcrystallites with diameters -65
0 0
A and —175 A in GaAs and AlAs, respectively. Thermodynamic considerations based on the hysteresis
and microcrystallite size suggest that the surface energy per unit area for a P nucleus in a pure a matrix

0
is -0.04-0. 15 eV/A, in rough agreement with previous microscopic calculations for a rocksalt —zinc-
blende AlAs/GaAs heterointerface. We propose that the kinetic homointerface in the bulk nucleation
transitions is similar to the static sixfold-fourfold heterointerface involved in the superlattice phase
changes discussed in the second paper.

I. INTRODUCTION

The fundamental character of pressure (P) -induced
phase transitions in covalent semiconductors has been
recognized since their discovery some 30 years ago. '

These strongly first-order transitions result from the need
for closer packing in order to stabilize the relatively open
tetrahedral lattice (a phase) against hydrostatic compres-
sion. The properties of the resulting high-pressure struc-
tures (p phase) reflect the basic competition between co-
valent, metallic, and ionic bonding in semiconductors.

Considerable optical, electrical, and x-ray measure-
ments have established the underlying features of these
phase changes. In typical homogeneous bulk semi-
conductors, the lowest pressure transition involves a
change from fourfold to sixfold nearest-neighbor coordi-
nation with a 15—20% volume decrease. ' Group-IV
and weakly ionic III-V materials adopt the body-
centered-tetragonal p-Sn structure; this phase generally
exhibits metallic (actually semimetallic) transport proper-
ties, and can be superconducting. ' ' "Prototypical for
this category is the Sn transformation, which occurs on
warming above 286.2 K without compression. With in-

creasing ionicity above 0.3 in III-V and II-VI com-
pounds, the lowest pressure transition tends toward the
Bl (rocksalt) structure, ' or, for intermediate ionicity
cases, to distorted versions of this structure. The latter
may have either narrow-gap or semimetallic character.
The p phase of GaAs belongs to this category and is
known to be semimetallic. '" ' The a-p transformation
generally proceeds via a nucleation mechanism which can
exhibit sluggish kinetics, requiring anywhere from
seconds to hours for completion at room temperature.

For many materials the a-p transition reverses when the
pressure is reduced, but for others, e.g., Si, Ge, ' and
GaAs, ' ' opaque metastable states can be retained at 1

bar and 300 K. When reversal occurs, there is often con-
siderable threshold hysteresis, ' as expected from the
sluggish nucleation mechanism. ' However, the condi-
tions required for reversal or for formation of a metasta-
ble state, and the properties of pressure-cycled semicon-
ductor phases have been studied much less extensively
compared to the work on forward transitions.

Initial attempts to describe these transitions theoreti-
cally, and to predict their thresholds, were based either
on theories of elastic instability, ' or, more successfully,
on semiempirical correlations emerging from the dielec-
tric theory of ionicity. ' Progress in density-functional
methods' has led to microscopic treatments that correct-
ly select the high-P phase from among known possibili-
ties. ' ' These treatments show that several candidate
structures —e.g. , p-Sn, Bl and distorted Bl, NiAs, simple
hexagonal —can be energetically quite close; they also
predict the a-P transition pressures in reasonable agree-
ment with experiment.

The original motivation for the experiments reported
in this paper (designated Paper I) on bulk GaAs and bulk
A1As films was to provide a benchmark for our results on
high-pressure transitions in GaAs/A1As superlattices
(SL's) discussed in Paper II to follow. However, it soon
became clear that the phase changes in homogeneous
bulk GaAs and A1As exhibit many interesting features
that are still not well understood, and therefore warrant
separate discussion. These features emerge in the present
Raman measurements because, unlike many earlier stud-
ies, we pay as much attention to the reverse p~a transi-
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tion as to its forward counterpart. ' Experimentally,
these aspects relate to the occurrence of reversal, its
threshold hysteresis, and the postreversal condition of
bulk GaAs and A1As. We shall see that the physics of
these phenomena depends strongly on the nucleation pro-
cess inherent to the u-P phase change in semiconductors.
Particularly important is the surface-energy density for
pressure-induced nucleation of a P nucleus within zinc-
blende (ZB) material. In our work, an experimental esti-
mate of this key quantity is obtained.

Additionally, atmospheric oxidation has inhibited Ra-
man experiments on bulk A1As. Hence, besides exploring
the bulk transitions in this substance (observed previously
by visual means only ), the present study fulfills a need
to document the phonon pressure response in bulk ZB
AlAs compared to related bulk and SL systems. Also we
report here results for the negative pressure shift of
TA(X) in GaAs that conform more closely to material
trends correlated with the a-P transitions.

There are many interconnections between the experi-
mental findings in Papers I and II, and the results for
bulk GaAs and A1As will bear strongly on our analysis of
SL phase transitions. We hope to make clear that a uni-

fying characteristic is the role of internal a/P
interfaces —momentary homointerfaces in pure bulk
solids, and static heterointerfaces in the SL's. In particu-
lar, the possibility is discussed that a fourfold-sixfold
geometry proposed on theoretical grounds by Martin
exists at the surface of a P nucleus growing in an other-
wise pure a matrix.

The present paper is organized into five sections. The
comprehensive account of experimental procedures (Sec.
II) that follows this introduction is intended to cover as-
pects common to both papers I and II. The Raman re-
sults for bulk GaAs and A1As (Sec. III) are then de-
scribed in four subsections dealing with (Sec. III A) pho-
non pressure response, (Sec. IIIB) forward and reverse
a-P transformations, (Sec. IIIC) transition-induced mi-

crocrystallinity, and (Sec. III D) evidence for metastable

GaAs. The subsequent discussion of these results (Sec.
IV) makes a connection to the energy density of internal
a/P interfaces. We also consider briefly a correlation be-
tween TA(X) softening and the bulk a-P thresholds. Fi-
nally, the main conclusions in Paper I are summarized in
Sec. V.

II. EXPERIMENT

The growth architectures of the bulklike A1As and
GaAs films studied in this work, designated BL1 and
BL2, respectively, are listed in Table I. (Similar designa-
tions, SL1—SL6, are used to label the GaAs/AlAs super-
lattices discussed in Paper II.) The present samples are
grown by molecular-beam epitaxy (MBE) without inten-
tional doping on [001j-oriented semi-insulating n-type
GaAs substr ates. The desired film thicknesses are
achieved according to the calibrated deposition rates of
the growth apparatus, which have been determined by es-
tablished x-ray and electron microscope analysis. Since
the films (2 pm of AIAs in BL1 and 8 pm of GaAs in
BL2) contain several thousand monolayers, both may be
considered bulklike for the purposes of these experi-
ments. BL1 has a 1000-A-thick GaAs cap layer to
prevent atmospheric oxidation of the A1As sandwiched
underneath. Although this cap tends to attenuate the
A1As Raman signal for P &4.0 GPa, viz. , below the
direct-to-indirect gap (I -X) crossover of GaAs, it also
provides a corroborative Raman calibration of the inter-
nal BL1 pressure (see below).

We employ a high-pressure diamond-anvil cell (DAC)
to generate ruby-calibrated pressures up to 30 GPa at
room temperature. This DAC is a standard National In-
stitute of Science and Technology type utilizing 0.35
carat type-I diamonds in a gasketed (Inconel X750, 250
pm initial thickness) opposed Bridgman-anvil
configuration. The pressure chamber consists of a 200-
pm-diam gasket hole between the diamond anvils filled
with a 4 to 1 (by volume) methanol to ethanol medium;

TABLE I. Summary of sample characteristics and detected phase-transition pressures in GPa. P,
and P~ denote the forward a-P thresholds in A1As and GaAs, respectively, and R ' is the pressure where

transparency returns on decompression from the P,„ listed in brackets. Previous experimental and
theoretical results are tabulated. The equilibrium thresholds fall roughly midway between the P' and
R '. (See Sec. IV A, and Ref. 13.) S,„b denotes the (001) GaAs substrate.

Samples

Architecture
Thickness (pm)

pt
pt

'Reference 23 ~

Reference 24, theory.
'Reference 22, theory.
Cap layer.

'Reference 9.
Reference 11.
Reference 12.

BL1

GaAs/AlAs/S, „b
0.1/2.0/S, „b

12.4+0.4
17.2+0.4

6.0+1.5
[-14 GPa]

BL2

GaAs/S-b
8.0/S, „b

17.3+0.4

9.0+1.5
[-18 GPa]

12.3+0.4'
17.2+0.4'
17.2+0.7g

Previous results

90
17.0+0.5'
17.0b

7.6'
16.0+1.6
16.0'
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this mixture remains hydrostatic at 300 K until 9.5 GPa,
above which it develops pressure gradients. These gra-

dients, which at 20 GPa can be as large as 3—4 GPa
across the gasket hole, are minimized by annealing the
DAC at -70'C —75'C for about an hour. After anneal-

ing, the observed pressure variation across the gasket
hole is no greater than 1 GPa at 20 GPa, and less at
lower pressures.

Sample preparation for the DAC is usually not routine
because of the small dimensions required to reach high
pressure. Specimens of BL1 and BL2 are thinned on the
substrate side to a total thickness of 15-25 pm, which
gives sufficient transparency above 4 GPa to permit visu-

al observation of their phase transitions. To accomplish
the thinning without producing numerous dislocations in
the epitaxial films, the GaAs substrates are lapped
mechanically to -80 pm, and then polished chemically
with 5% NaOC1 solution on a soft semiconductor-grade
polishing pad until reaching the final thickness. It is
important to protect the epitaxial-layer side and sample
edges with sufficient mounting wax. After cleaning with
acetone and distilled water, the samples are gently
cleaved into -50 pmX70 pm rectangular platelets bor-
dered by [110j cleavage planes normal to the film sur-

face. These specimens are then 1oaded into the DAC
sample chamber by means of a sharp dissecting needle.

Besides the sample, several tiny ruby chips usually are
loaded into the gasket hole to calibrate the pressure by
the R-line fluorescence technique. Use of multiple ruby
chips allows correction for nonhydrostatic gradients that
persist after annealing. The pressure at a given specimen
site is determined by linearly interpolating the R-line fre-
quencies recorded at various locations in the gasket hole
to that specimen site. Above 9.5 GPa, this procedure
enhances the precision of measuring the specimen s inter-
nal pressure. The precision can be gauged by comparing
the interpolated ruby results with pressures predicted by
Raman measurements of the GaAs LO(I ) phonon fre-
quency at the same specimen sites. (The signal is from
the cap layer in BL1.) For this purpose we use the cali-
bration in Fig. 1, obtained by fitting all pretransition Ra-
man data on the bulk GaAs film BL2. The agreement
between the ruby and Raman site pressures is generally
+0.4 GPa. This agreement is sufficiently consistent that
the GaAs LO(l ) peak could be used to determine the
pressure when ruby was omitted from one loading of
sample BL1 intended for x-ray studies.

Particular care is taken not to "overshoot" the phase-
transition thresholds. As an expected threshold is ap-
proached, the pressure is increased in steps of 0.5 GPa
followed by long periods (-1 h) of annealing. Ruby and
Raman measurements are recorded before and after each
increase and annealing period, and the sample's visual ap-
pearance is examined and stored on videotape. We detect
the onset of a transition by the nucleation of opaque p
domains showing no ZB Raman peaks. These domains
grow and coalesce within the transparent ZB a phase un-
til the entire specimen is converted. (See the photographs
in Ref. 23 and Paper II for examples of this process. ) In
some runs the transition goes immediately to completion,
while, in others, nonhydrostatic conditions preserve the

60—
GaAs

40
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5 IO

PRESSURE (GPa j

15 20

FIG. 1. Measured pressure shift of the GaAs LO(I ) frequen-

cy in the 8-pm-thick MBE film of sample BL2. Solid curve and
displayed equation give the quadratic best fit to -70 data
points. This was used to corroborate DAC pressures measured
in the present work by the ruby interpolation technique. (See
text. )

specimen in a partially transformed state until the pres-
sure is raised further. We take the transition threshold to
be either the site pressure at the transparent-opaque
boundary, or that recorded immediately after darkening
at the center of a fully transformed specimen; the quoted
pressure is always the interpolated ruby value, except for
a single BL1 run calibrated directly by the GaAs LO(I )

peak. Since repeated measurements in independent DAC
loadings of each sample (2 for BL1, 3 for BL2, and also 2
each for the SL's in Paper II) agree with each other within
the +0.4 GPa site precision, we believe that this margin
is a fair assessment of the overall uncertainty in the for-
ward (increasing pressure) a-p thresholds. The anticipat-
ed uncertainty in the p-a reverse thresholds is probably
+1.5 GPa, due to the larger steps employed during pres-
sure reduction.

The Raman measurements are performed at 300 K us-
ing a standard double monochromator with 1800
groove/mm holographic gratings in combination with ei-
ther photomultiplier, or intensified Si-diode-array detec-
tors, and computer-controlled data acquisition and pro-
cessing. We incorporate custom-built microprobe fore
optics to focus the Kr+ or Ar+ laser excitation into the
DAC, and collect the backseat tered light. The mi-
croprobe achieves 250X magnification, with a 50 mm
working distance, and 1/f =1.4 collection efficiency.
Video recording of pressurized specimens using a color
television camera mounted on an optical port is part of
our standard operation. With this system, Raman
scattering can easily be measured from —10-pm-diam
isolated spots within the DAC —the resolution being
confirmed by placing pinholes of appropriate size at a
secondary focus within the microprobe. This ability is
important for probing as close to a phase boundary as
possible. Incident laser powers of & 30 mW focused to 10
pm at the specimen are used; this is at least a factor of 2
below the observed levels for damage at low pressures
where absorption is greatest. Both the present work and
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that discussed in Paper II employ the same Raman-
scattering apparatus.

III. RESULTS

A. Phonon pressure response in the ZB phase

Typical ZB-phase Raman spectra recorded for A1As
and GaAs at 1 bar and 8.5 GPa are shown in Fig. 2. The
spectra are a composite of data from both samples. The
traces include the one-phonon zone-center longitudinal
optic [LO(I )] and transverse optic [TO(l )] peaks of A1As
and GaAs, and the two-phonon acoustic-overtone [2TA]
band of GaAs; the latter exhibits structure similar to oth-
er tetrahedral semiconductors due to zone-boundary crit-
ical points. ' These are the most intense Raman features
observed. We find no sign of the A1As 2TA band, and, in
particular, of the 2TA(X) peak which is expected in A1As
at -220 cm ' (1 atm) by simple frequency scaling rela-
tive to GaAs. This absence is probably due to the GaAs-
cap layer in sample BL1—the AlAs 2TA band being
dominated by cap-layer scattering [e.g. , by the GaAs
2A(io feature] because of greater resonance enhancement
in GaAs than A1As with the available laser lines. Al-
though the cap-layer component of the BL1 spectra
(v(330 cm ') has not been included in Fig. 2, we find
that it does not differ significantly at any pressure from
the pure GaAs BL2 results.

At 1 bar the GaAs and A1As one-phonon peaks exhibit
the standard tetrahedral selection rules for unpolarized
backscattering at a (001) surface —namely, LO(l ) is al-

lowed and TO(I ) is dipole forbidden. With increasing
pressure, the GaAs LO(I ) peak strengthens according to
the expected pressure-tuned resonance behavior found in
earlier work. In addition, "forbidden" TO(I ) scattering
appears with increasing intensity in both the AlAs and
GaAs spectra until it becomes comparable to LO(I ).
This occurs in the present bulk films and the SL's treated
in Paper II, and it also was observed in previous DAC
work on bulk GaAs. Our studies on substrate-backed
and free-standing specimens indicate that the TO(l )

enhancement arises from allowed forward scattering of
reflected laser light from the specimens' back surface,
Mich only becomes optically accessible at elevated pres-
sures.

The pressure dependence of the A1As and GaAs pho-
non frequencies observed in samples BL1 and BL2 is
plotted in Fig. 3. Following standard trends, the optic
frequencies increase and the zone-boundary transverse-
acoustic phonons soften under compression. The solid
curves are least-square fits to the data, and the corre-
sponding best-fit parameters and linear mode Gruneisen
constants, y= —d(lnv)/d(lnV), are listed in Table II.
Variations between the y's found in this work and the
literature values included in Table II can be attributed to
the different compression methods (uniaxial versus hy-
drostatic) and/or pressure ranges of the data sets. We
note that the LO(I ) and TO(1 ) Griineisen constants for
A1As are similar to each other and to those of GaAs, as
expected. Although there are no previous reports of the
optical-phonon pressure shifts in bulk A1As, Table II
shows that the present results are similar to typical
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FIG. 2. Room-temperature Raman spectra for ZB-A1As in
sample BL1 (right of dashed line) and ZB-GaAs in sample BL2
(left of dashed line) at 1 bar and 8.5 GPa under 647.1 nm excita-
tion. For sample BL1, scattering from the GaAs cap layer is
not shown. Data at 1 bar were recorded outside the DAC, and
that at 8.5 GPa with both samples loaded side-by-side in the
DAC. Labels identify first-order optical-phonon lines of A1As
and GaAs, and major critical point features in the acoustic-
overtone band of GaAs.
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FIG. 3. Phonon frequencies as a function of hydrostatic pres-
sure for the prominent AlAs and CJaAs Raman features mea-

sured for samples BL1 and BL2. Solid curves are least-square
fits (parameters in Table II) to the data points.
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TABLE II. Quadratic-fit parameters (v= vo+ aP +bP ) for the pressure shifts of the AlAs (BLl) and

GaAs (BL2) phonon frequencies plotted in Fig. 3, and corresponding linear Griineisen constants y.
Bulk moduhi used to calculate y are from Ref. 38; the overall uncertainties in the present y's are +5%
for LO(I ) and TO(I ), +8% for 2TA(X), and +10% for 2A(K). Previous results are given for compar-

ison.

Sample

Phonon

mode

v(0)

(cm ')

a

cm
GPa

b

cm
GPa

work expts.

Gruneisen constant y
Present Previous

GaAs LO(I )

2A(X)
2TA(X)

291.2

268.1

228.0
160.3

3.76

3.9$

—0.72
—2.5

—0.035

—0.032

0.97

—0.24
—1.20

1.23'
1.09'
1.39'
1.29'

—0.4'
—1.62'

0.93'
0.81

1.05d

0.04'
—1.92'

A1As LO(I )

TO(I )

402.1

360.8
4.81
4.86

—0.049
—0.038

0.93
1.05

0 86b, f

0.99b, f
1.06I'

'Trommer, Muller, and Cardona (1980),Ref. 34.
Reference 39.

'Wickholdt et al. , Ref. 40; Raman studies with iI~=1.06 pm averaged for [001] and [111]uniaxial

stress.
Hiinermann et al. , Ref. 40; reststrahlen studies averaged for [001]and [111]uniaxial stress.

'Yu and Welber, Ref. 34.
Confined A1As-like mode in a 55 A/44 A GaAs/A1As SL.

N'Reference 41; confined A1As-like mode in a 20 A/ 60 A GaAs/AlAs SL.

findings for A1As confined modes in SL's. ' ' The soften-

ing of the GaAs TA(X) mode is discussed in Sec. IV B in

relation to the a-P transition threshold.

Ga As
(BL2)

(b)

21.8 GPQ II

(a)

13.6 GPa

AlAs
(B1 t)

B. Forward and reverse a-P transformations

As noted above, visual microscopy provides a con-
venient means for detecting the appearance of the opaque
p phase. In addition, visual studies can yield substantial
information about the transition kinetics. For the bulk
GaAs film BL2, we find that the a-p change is rather
sluggish, with the opaque domains expanding by roughly
a few IMm per minute. This is similar to the a-p kinetics
in many other bulk semiconductors, e.g., Si, GaP, InSb,
etc. In contrast, the A1As transition in sample BL1
exhibits comparatively rapid kinetics, going to com-
pletion after (at most) a few tenths of a second, during
which momentary opaque-transparent boundaries, with
we11-defined but undetermined crystallographic orienta-
tions, can appear. There is no ambiguity in visually iden-
tifying the AlAs transition in sample BL1, since this
occurs some 5 GPa below the analogous a-P change in
the sample's GaAs substrate and cap layer. The latter
transformation, however, must be detected by Raman
scattering.

Pressure-Raman data illustrating the a-p transitions of
bulk AlAs and bulk GaAs in samples BL1 and BL2 are
presented in Figs. 4(a) and 4(b), respectively. The rec-
tangular inset-sketches depict the specimen morphology
and the laser focus position at the indicated pressures.

(f)
I—
Z'.

17.3 G 12.3 G

saaha -~~%~~~Te

s.e G~a

Z,'

Z,'

i bar

8.9 GPa

ibar

1

250 350 450

PHONON FREQUENCY (cm )

FIG. 4. Zinc-blende-phase LO{I ) and TO(l ) Raman peaks
(A,I =647. 1 nm) of A1As (a), and GaAs (b) at various increasing
pressures through their a-P phase transitions at P,' =12.4+0.4
GPa and Pg =17.3+0.4 GPa, respectively. After the transitions
only a flat background can be detected. Visual specimen ap-
pearance (i.e., opaque or transparent) and laser location are in-

dicated by the shading and solid circle in the rectangles.
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The upper two panels of each figure show that the ZB
LO(l ) and TO(l ) peaks of A1As and GaAs disappear
coincident with the onset of opacity in the respective
samples. No P-phase Raman signal could be detected at
high pressure in samples BL1 and BL2.

Unannealed pressure gradients enable us to catch sam-
ple BL2 in a state of incomplete transition with its ZB-
phase LO(I ) and TO(I ) peaks persisting in the transpar-
ent region of the specimen. This is shown in the 17.3-
GPa data of Fig. 4(b). The presence of these gradients is
also indicated by the broadening of the GaAs peaks at
17.3 GPa compared to the Fig. 4(b) data at 8.9 GPa and
1 atm. In contrast, for sample BL1 the AlAs optical-
phonon peaks at 12.3 GPa [Fig. 4(a)j are not broadened
with respect to the P (9.5 GPa hydrostatic results. This
shows that more complete annealing occurs at 12.3 GPa
than at the higher a-P threshold of GaAs, and this, com-
bined with the faster kinetics of the AlAs transition, ex-
plains why sample BL1 could not be retained in a mixed
a-P state. Using the pressure-calibration procedures de-
scribed in Sec. II, we find in samples BL1 and BL2 that
the a-P forward thresholds are P,'=12.4+ .04 GPa for
bulk AlAs, and P'=17.3+0.4 GPa for bulk GaAs. The
present values agree well with the earlier visual observa-
tion for AlAs, and with the accepted x-ray determina-
tions for GaAs (Refs. 9 and 12) corresponding to organi-
zation of the orthorhombic GaAs-II lattice. ' These re-
sults are included for comparison in Table I along with
some theoretical predictions.

Just as the onset of opacity signals transformation to a
semimetallic or narrow-band-gap phase, the return of
visual transparency on decompression is clear evidence
for a down-cycle transition to a semiconducting state
with band gap exceeding 1.65 eV. We find, in the bulk
films BL1 and BL2 (and in the SL's studied in Paper II),
that this may or may not occur depending on the max-
imum pressure P,„reached during the preceding up cy-
cle. The critical maximum seems to be -20 GPa. If
P,„ is below this value, transparency is regained. How-
ever, if P „exceeds 20 GPa, all GaAs-containing sam-

ples return to 1 atm with their GaAs components in a
metastable phase that remains opaque during the entire
down cycle. ' This will be discussed further in Sec. III D
below.

In those runs where transparency does return, we ob-
serve threshold hysteresis compared to the previous up-
cycle transitions; this hysteresis is -6 GPa for AlAs and
—8 GPa for GaAs. Similar hysteresis is well known for
the forward and reverse a-P transitions in other bulk
semiconductors. It can be related (see Sec. IV) to the
surface formation energy of a P nucleus within an a ma-
trix. The observed pressures R' at which BL1 and BL2
regain visual transparency are listed with the associated
P,„ in Table I.

The return of a transparent state does not guarantee
reversal to the ZB phase. However, the AlAs and GaAs
Raman spectra in Fig. 5 demonstrate that the latter is,
indeed, the case for samples BL1 and BL2. The Fig. 5
panels compare (from bottom to top) pretransition data
with spectra recorded after the samples again become
transparent during cycles in which P,„&20 GPa. For

Ga As
(SL2) 2nd cycle up

AE As
( SL1)

GPa

(c)

I )) I

I st cycle down

O GPa

(b)

LLJ

I—

l )~ I

I st cycle up

GPa

(a) Before P cycling

250

bar

I n I

350 350

bulbar

450

PHONON FREQUENCY (crn )

FIG. 5. Pressure-cycling study of the TO(I ) and LO(I ) Ra-
man peaks (A,

&
=568.2 nm) in AlAs and GaAs before transform-

ing, and after reversal to the ZB phase. (a) Pristine BL1 and
BL2 samples outside the DAC. (b) Pretransition spectra taken
on compression. (c) Postreversal spectra on decompression
from above P,' for BL1 and Pg for BL2 (P,„(20 GPa). (d)
Postreversal spectra of the same specimens on recompression
from near 1 bar. Note in (c) and (d) that the ZB peaks have
reappeared, but show low-energy broadening and violation of
the TO(I ) selection rule compared to similar pressure spectra in

(b).

C. Transition-induced microcrystallinity

Evidence for transition-induced ZB microcrystals ap-
pears in the increased disorder suggested by the asyrn-
metric peak broadening, and breakdown of the TO(l )

both A1As and GaAs, the ZB LO(I ) and TO(1) peaks
reappear in consonance with transparency during
decompression. The peaks are weaker and broader than
before, but they grow in strength and sharpen as the pres-
sure is reduced to near 1 bar and then raised to 8—11
GPa. (See top two figure panels. ) Such changes show
that the reverse P-a transitions are extremely sluggish in
these bulk samples, with the initial fraction of returning
ZB material increasing during the -20 h of each experi-
ment. It is difficult to assess the extent that reversal ap-
proaches completion, since samples often acquire a hazy
appearance indicating that internal light scattering from
transition-induced microcrystalline domains (see below)
affects transmission. However, in order to regain visual
transparency, we believe the reversal fractions probably
exceed 90%—assuming a typical direct absorption of
—5X104 cm ' for any opaque P material remaining

within the 2 pm of AlAs and 15 pm of GaAs in samples
BL1 and BL2, respectively. ' '
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selection rule after reversal [compare Figs. 5(b) —5(d)].
Additionally, there is a residual negative frequency shift
of the LO(I ) [and to a lesser extent the TO(I"}]peak in

postreversal material, from which size estimates of the
microcrystalline domains can be made. ' Let us consider
these effects more quantitatively.

Whenever possible, specimens were retrieved from the
DAC to investigate their 1 bar phases after pressure cy-
cling, and typical Raman results for GaAs in sample BL2
are displayed in the rniddle two panels of Fig. 6. Com-

paring Figs. 6(a) and 6(b) we find the following: after re-

versal the ZB LO(1') peak falls 3.0+0.5 cm ' below the
original 1 bar LO(I ) frequency, the ZB TO(I ) and LO(I }

peaks in cycled samples exhibit at least a factor of 2

asymmetric broadening toward low energy, and the pos-
treversal TO(I') intensity is comparable to that of LO(I )

(whereas previously it was not detected). Similar Raman
spectral changes have been studied extensively for the
damaged surface region of GaAs subjected to variable-
dosage ion bombardment. ' In that situation, the mag-

nitude of the induced redshift and the asymmetric
broadening of the LO(I ) peak were explained by a
spatial-correlation model with finite-size spherical re-

gions representing microcrystalline domains of ZB GaAs.
Based on direct application of this model, our LO(1 } re-
sults indicate that the GaAs specimens undergoing P-a
reversal return to 1 bar containing a mosaic of ZB micro-

0

grains having -65 A average diameter. Given such
small domains, it is not surprising to have sufficient
orientational disorder to relax the TO(1'} selection rule.

A similar analysis for A1As in retrieved BL1 samples is
hampered by attenuation losses due to the sample's GaAs
cap. However, comparisons between ZB spectra record-
ing during the first- and second-cycle compressions at
corresponding pressures in the range 6—8 GPa (where the
cap layer is transparent) show a postreversal shift in the
A1As LO(1) peak of —0.8+0.5 cm '. This suggests a
larger micrograin diameter in reversed A1As, which
would be —175 A based on the Ref. 42 results. Hence it
appears from these estimates that the transition-reversal
process produces a much finer microcrystalline mosaic in
GaAs than in A1As.

D. Evidence for a metastable phase of GaAs

V)

G

O C

I—
(/)

IJJ
I—
Z.'

Z.'
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350

FIG. 6. Comparison of 1 bar GaAs Raman spectra in (a) the
pristine BL2 film showing the LO(l ) peak marked by the
dashed line; (b) a BL2 specimen after transformation and rever-
sal showing a 3 cm ' redshift of LO(l ); (c) the characteristic
four-peak spectrum of metastable GaAs (again in BL2); and (d)
an as-grown sputtered amorphous GaAs film [reproduced from
Zallen et al. (Ref. 43)]. Note that the 8 cm ' difference between
the highest peak frequency in (c) and LO(I ) cannot be explained
by ZB microcrystallites.

A detailed Raman study of the metastable GaAs phase
retained in samples BL1 and BL2 has been reported else-
where by the authors. ' Here we summarize the main
points of that work in relation to the a-P transition and
its reversal.

Figure 6(c) shows the Raman spectrum of sample BL2
after cycling to 1 bar from P,„=21.8 Gpa. Note that
the highest frequency peak is shifted by —8 cm ' from
the original 1 bar LO(I) position. For ion-bombarded
GaAs, the LO(l } Rarnan peak exhibits a similar shift to
lower frequency with increasing fluence. In this case, the
maximum observed shift of the ZB LO(I ) peak is
—4. 5 crn ', corresponding to a correlation diameter of
-45 A. Within the spatial-correlation picture, the
domain size required to cause the shift of —8 cm
found in sample BL2 after pressure cycling [Fig. 6(c)]
would be -6 A. This is far below any stable microcrys-
talline diameters observed in the ion-implantation work.
For heavier implantation doses, the Raman scattering be-
cornes dominated by a growing broadband component
resembling the spectrum of amorphous (a-) GaAs. In
contrast, the four peaks in Fig. 6(c) are much too sharp to
have an amorphous origin, as is apparent by comparison
to the Fig. 6(d) trace for sputtered a-GaAs.

Figure 7 shows that similar results are found for other
GaAs-containing samples which do not regain tran-
sparency on decompression. Panels 7(a) —7(d) represent,
respectively, spectra for melt-grown GaAs, a 1000 A
GaAs film (i.e., the BL1 cap layer), a free-standing
GaAs/A1As SL, and the 8 pm GaAs film in BL2—each
retrieved from the DAC after pressurization above 20
Gpa. The four traces exhibit similar peaks that are sharp
compared to the a-GaAs spectrum shown in Fig. 6(d),
and they have their highest peak frequency some 8—10
cm below the original ZB LO(I ) position. Further-
more, preliminary 1 bar x-ray studies of sample BL1 after
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FIG. 7. Raman spectra at 1 bar after reaching P,„&20 Gpa
for (a) GaAs substrate material, (b) the epitaxial face of sample
BL1, (c) SL2 studied in paper II, and (d) the bulklike GaAs
overlayer in sample BL2. Dashed line marks the ZB LO(I ) po-
sition. The metastable GaAs signature is evident even for the
AlAs-containing samples shown in (b) and (c).

equivalent pressure cycling do not show the halo Laue
patterns characteristic of amorphous solids, although the
actual crystal structure was not identified. (Also see
Ref. 13.) Consequently, the 1 bar Raman spectra of Fig. 7
have been assigned to a metastable microcrystalline
GaAs phase, different from its ZB and amorphous states;
the most likely candidate structures are sixfold coordinat-
ed intermediates between the known high-pressure forms,
GaAs II (distorted rocksalt) and GaAs III (distorted hex-
agonal). ' '

Finally, we find that all retrieved samples not regaining
transparency (BL and SL alike) show no A1As Raman
signal. Since this may simply reflect weak intensity, we
are unable to determine whether or not a metastable
A1As phase occurs.

IV. DISCUSSION

A. Energy density of the internal a /P homointerface

It is well known for first-order phase transitions
proceeding via a nucleation mechanism that the surface
energy required to grow nuclei of P material within an a
matrix gives rise to a kinetic barrier against P nuclei
smaller than a certain critical size. ' This barrier also
leads to the hysteresis between forward and reverse
thresholds commonly observed in such phase transitions.
It is of interest here (also for the discussion in Paper II) to
estimate the a/P surface energy based on our observa-

tions of hysteresis and microcrystallite size for the GaAs
and A1As transitions.

We must consider, as a function of pressure, the
difference in Gibbs free energy between a pure a phase
and an a phase containing a P nucleus of radius r .This
has both volume and surface terms, and for a spherical
embryo at temperature T and pressure P, it can be ex-
pressed as

b, G~ =4m.r hu~ —Ths~ +P hV
3 V

for the critical radius, and

b, G~ (r*)= ', mr' o~—0 (3)

for the barrier height. Note that because (hV/V)~ &0,
both r' and the barrier height decrease with increasing
pressure above P0 until fluctuations overcome the bar-
rier, and growth proceeds for r ) r* at the observed
threshold P =P'. Analogous equations apply for the P to
a reverse transition, with the obvious exchange of super-
scripts, and the realization that the volume change is now
positive so that reversal can occur only at P =R '& P0.
Since o.~0 is the same for the forward and reverse transi-
tions in this simple model, we expect that r* will corre-
spond to (P —Po ) = (P ' R') /2, which p—rovides the
desired link to the observed hysteresis.

If one now considers what minimum sizes of P nuclei
might be likely, we find that the possible range of r* is re-
stricted by experiment. The redshifts of LO(l ) observed
in postreversal spectra imply that nuclei exist with radii
—35 A in GaAs and -90 A in AlAs. On the other
hand, the GaAs ion-implantation studies find no regions
of microcrystalline correlation with stable radii less than

0-20 A before increasing dosage produces amorphiza-
tion. ' Using these limits, the typical value

+E~ +4ar o P

Here hu ~ and As~ are the changes in energy density
and entropy density on going from a to P, (hV/V)~ is
the fractional transition volume change, E~ accounts for
the strain induced by the a matrix within the volume of
the P nucleus, and cro~ is the energy per unit area of the
a/P homointerface (always positive and the same, wheth-
er we consider P in a, or vice versa). For fiuctuations to
favor growth, hG~ must decrease as r increases incre-
mentally. This only occurs for radii exceeding a critical
value r* at which Eq. (1) is a maximum. The hysteresis is
introduced by recalling that the bracketed expression in
Eq. (1) vanishes at Po, the equilibrium pressure for transi-
tion between the two phases considered in isolation. (Po
cannot be measured precisely because of the hysteresis.
See Ref. 13.) Expanding the bracket to first order in
(P —Po), neglecting Ep since there is likely to be
numerous strain-relieving dislocations at the growth in-
terface, and performing the maximization yields

Pa
0

Pa

(P Po)—
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1 pao2

pro= (C —in8}, (4)

where A.o is the distance between dislocations, p and v are
the shear modulus and Poisson's ratio, ao is the lattice
constant (approximately equal to the Berger's displace-
ment), 8 is the grain-boundary angle, and C is the disloca-
tion core contribution which we take to be 0.23 follow-

ing Ref. 50. Evaluating Eq. (4) for the grain-boundary
angle (27') where the energy density achieves a broad
maximum, one finds that Martin's fourfold-sixfold energy
density (i.e., 0.05 eV/A ) corresponds to the separation
Ao=16 A/dislocation for both GaAs and AlAs. This is

about two-thirds of the r* value obtained when the same
energy density is used in Eq. (2). This seems reasonable
considering the significant volume decrease and coordina-
tion change that occur during the a-P phase transition.

B. TA(X) softening and the a-P transition

An interesting, but as yet empirical, correlation has
been proposed between the negative Gruneisen constant
of the TA(X) mode and the measured a-P transition pres-
sure in bulk tetrahedral semiconductors. ' This corre-
lation is displayed in Fig. 8. Although surprisingly well
followed for many different-ionicity materials, previous
experiments have suggested that GaAs was an excep-
tion. However, this is not confirmed by the present
work; the GaAs yz~~~~= —1.2+0. 1 obtained from a
linear fit to our data (Fig. 3} falls reasonably within the
Fig. 8 correlation. It is difficult to explain the discrepan-

(b, V/V)~ = —18%,' ' and the measured hysteresis
(from Table I), we estimate from Eq. (2) that the areal en-

ergy density for the a/P homointerface is in the range
o~~ =0.05—0.08 eV/A for GaAs, and o~~ =0.04—0. 15
eV/A for A1As.

These estimates are of some interest, both for the
present treatment of a/P homointerfaces in bulk GaAs
and A1As, and for the energy of a/P heterointerfaces be-
tween the layers of GaAs/A1As SL's considered in Paper
II. Martin has calculated the total energies of
GaAs/A1As SL s in various mixed-coordination
fourfold-sixfold geometries using microscopic local-
density-functional methods. ' He finds that the energy
of a fourfold-sixfold SL formed by joining ZB GaAs
(fourfold) to NiAs-structure A1As (sixfold) in the [111]
stacking sequence As —GaAs-Al-As —is 0.7 eV/atom-pair
higher than the energy average (by mole fraction) of the
separate constituents. This yields an interface energy

0

density of -0.05 eV/A, which is in fair agreement with
the Eq. (2) estimates. To put the numbers in perspective,
the excess nucleation energy calculated by Martin corre-
sponds to roughly 0.4 broken bonds of GaAs or A1As (1.6
eV each for GaAs and 1.89 eV each for A1As) (Ref. 47)
per hexagonal unit-cell cross section in a (111) ZB
plane. 4'

An alternative macroscopic approach is to model the
interface of a P nucleus within an a matrix by an array of
dislocations such as are formed at a grain boundary.
The interface energy should then be given by an expres-
sion similar to the Read-Shockley formula,

-0.5—

—l.0

x
I-

34]

-2.0

-2.5 l I

10 20
P (GPa )

FIG. 8. Empirical correlation between the TA(X) Gruneisen
constant and the a-P threshold pressure obeyed by many semi-
conductors. The present GaAs result satisfies the correlation
much better than previous findings. (See text. )

cy with the earlier results.
Despite this success for GaAs, we view the propor-

tionality between yz~~x~ and the observed P' with cau-
tion. Because of the large and material-dependent hys-
teresis associated with the a-P transition, it would be
preferable to look for a correlation between y~~~x~ and
the true equilibrium threshold, i.e., Po in Eq. (2). This
will have a steeper slope than that in Fig. 8. Unfor-
tunately, as demonstrated above for GaAs, measurements
of Po are usually hampered by sluggish transition kinet-
ics, formation of metastable phases, and dependence on
specimen history and/or nonhydrostatic conditions.
However, it is important that accurate experiments be
undertaken (e.g., see Ref. 13 for very recent work) since
present calculations, which obtain only Po, cannot be
properly compared to the measured P' in cases of large
hysteresis. Alternatively, it would be interesting to ex-
tend microscopic theories by including the interface ener-
gy of a P nucleus within an a matrix along lines similar to
those applied in the fourfold-sixfold calculation of Ref.
24, or in recent work on fourfold-fourfold heterointer-
faces. Besides allowing a more direct comparison with
the obsej ved P', this should give considerable insight into
the little understood kinetics of the a-P phase change in
semiconductors.

V. SUMMARY

The Raman spectra of bulklike A1As and GaAs epitax-
ial films have been studied under increasing and decreas-
ing hydrostatic pressure through their a~/ phase transi-
tions. The pressure shifts of the ZB-phase LO(1) and
TO(I ) peaks of both materials and the TA overtone band
of GaAs are measured with high precision. Our

y~~~x~
= —1.2+0. 1 for GaAs, though considerably

different from prior results, conforms more closely to ob-
served material trends for correlation with the a-P transi-
tion pressures. A careful search was unable to detect the
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ZB AlAs 2TA band at any pressure. Previous results for
AlAs have been reported only for thin multilayers
(see Table II).

The increasing pressure a-P thresholds of AIAs and
GaAs are P,'=12.4+0.4 GPa and P'=17.3+0.4 GPa,
respectively. Transformation proceeds via a nucleation
mechanism in both materials, with the growth kinetics
appreciably more sluggish in GaAs than in AlAs. The
forward a-P transitions in GaAs and A1As are reversible
on decompression, as long as P „&20GPa; transparen-
cy and the ZB Raman peaks reappear concurrently, but
take several hours to reach maximum strength. The re-
verse thresholds R ' exhibit approximately 6 GPa and 8

GPa hysteresis in AlAs and GaAs, respectively.
After reversal, the returning LO(I ) and TO(I') peaks

are asymmetrically broadened and shifted to lower ener-

gy, much as in studies of moderate-dosage ion bombard-
ment in GaAs. Applying a spatial-correlation model,
we conclude that the postreversal phases are strongly
microcrystalline —the average size of correlated ZB
domains being -65 A in GaAs and —175 A in AlAs.
Hence the ZB-microcrystallite size obtained in GaAs
after decompression from P' &P,„&20 GPa is close to
the minimum size observed in ion-implantation stud-
ies ' before complete amorphization. This is not
surprising considering the —18% volume decrease and
the fourfold to sixfold coordination change during these
transitions.

The Raman results on GaAs show that reducing pres-
sure to 1 bar from P „)20 GPa produces a metastable
non-ZB crystal structure, distinct from the amorphous
form. ' (Amorphization seems to occur after decompres-
sion from megabar pressures. ' ' ) For A1As we cannot
determine whether decompression from above 20 GPa
produces reversal to the ZB phase, or a metastable state
analogous to that found in GaAs.

The positive surface energy o.~o required to nucleate a
P-phase nucleus within an a matrix gives rise to a
minimum radius r * which must be exceeded for sustained
growth of P nuclei. Straightforward thermodynamics al-
lows us to deduce cr~~ from our estimates of microcrystal-
lite size and the measured hysteresis. We find that cr~~

should be -0.05 —0.08 eV/A in GaAs, and
-0.04—0. 15 eV/A jn AlAs.

The surface of a I3 nucleus represents an expanding
boundary between sixfold and fourfold coordinated po-
lymorphs of the same material. Given the chemical simi-
larity of AlAs and GaAs, we propose that this kinetic
boundary resembles, both in structure and in energy, the
static P-AlAs/a-GaAs heterointerface discussed for SL
phase transitions in Paper II. Hence, at least in the early
stages of nucleus growth, a candidate for the expanding
P/a homointerface is the NiAs(sixfold)/ZB(fourfold) ar-
rangement considered for (111)A1As/GaAs SL's in Ref.
24. The order-of-magnitude agreement between the
theoretical energy density found in that work, and our
present estimates of o~~, supports this connection. An
alternative grain-boundary picture for a P nucleus within
an a matrix yields reasonable numbers for the spacing of
dislocations at the nucleus surface; in its SL analog, we
will consider the role of heterointerface misfit disloca-
tions.
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