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Nonequilibrium phase transitions and amorphization
in Si, Si/GaAs, Ge, and Ge/GaSb at the decompression of high-pressure phases
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The evolution of nonequilibrium phase transitions during the decompression of high-pressure mod-
ifications of Si, Si/GaAs, Ge, and Ge/GaSb at different temperatures was studied. At temperatures
below 120 K, the amorphization of Si and Ge high-pressure phases occurs upon the release of pressure.
The positions of the transitions to metastable crystalline Si and Ge phases and of the amorphiza-
tion of silicon and germanium on the P-T plane were found. The increase of the concentration
of the A®B® components in Si-based and Ge-based solid solutions (GaAs in Si and GaSb in Ge)
leads to the same change of the type of transitions as the decrease of the temperature does. This
makes the preparation of bulk amorphous tetrahedral Si-based and Ge-based semiconductors pos-
sible, using the decompression of high-pressure phases, even at room temperature. The kinetics of
the nonequilibrium transitions to crystalline phases and of the amorphization is briefly discussed.

I. INTRODUCTION

In order to produce amorphous substances of differ-
ent natures in recent years, in addition to the regular
methods (quenching from melt, sputtering, evaporation)
a number of solid-state amorphization techniques (ball
milling, irradiation, fast diffusion, amorphization of high-
pressure phases, etc.!™3) were used. Until now samples
of the amorphous tetrahedral semiconductors Si, Ge, etc.
as well as of solid solutions silicon-A3B% and germanium-
A3B® have only been prepared in a form of thin layers
(~ 1073 mm) (Refs. 4 and 5) by sputtering or evapora-
tion. This is because of the problems encountered when
the preparation of tetrahedral glasses was attempted by
quenching from the melt.®

On the other hand, it is not clear which of the charac-
teristics of amorphous Si and Ge films are connected to
the technology of preparation and influence of the sub-
strate, and which are the characteristics of the disordered
tetrahedral network of Si or Ge atoms. The method
of solid-state amorphization of high-pressure phases by
compression and decompression® seems to be very inter-
esting and promising. A disordered state of the tetrahe-
dral semiconductors GaSb, GaAs, GaP, Si, and Ge could
be produced recently by decompression of high-pressure
phases.” 10

The mechanism of a solid-state amorphization under
high pressure is not clear yet.> One of the most frequently
used models, the “cold melting” one, is based on the ex-
trapolation of melting lines into the region of stability of
a solid phase.!’™'* This model, however, cannot provide
the correct sign of the heat effect on the amorphization
and structure of the short-range order of the resulting
phase.'® The concept of a mechanical instability of the
lattice at definite P, T parameters seems to be more fruit-
ful. The lattice instability can be caused by softening of
phonon modes in a metastable crystal.l®

In accordance with results of Refs. 10 and 17, one can
prepare Si and Ge in disordered form by decompression
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“only at sufficiently low temperatures (~ 100 K). In order
to extend the possibility to prepare the pure amorphous
tetrahedral phase in a wide P-T range it would be inter-
esting to study phase transitions during decompression
of the solid solutions based on the high-pressure phases
of Si and Ge.

In this work the pressures at which the high-
pressure phases of Si and Ge as well as solid solu-
tions Gey_,(GaSb), and Si;_,(GaAs), transform to
metastable crystalline and amorphous phases were stud-
ied as a function of temperature. As a result, the cor-
responding kinetic lines of these transitions were deter-
mined.

II. EXPERIMENTAL DETAILS

We use the toroidal high-pressure chamber!® to pro-
duce pressures of 1-13 GPa. Si or Ge single-crystal
cylinders (2 mm in diameter, 1 mm height) and poly-
crystal cylinders of solid solutions Ge;_,(GaSb), or
Siy—»(GaAs), (3 mm in diameter, 2 mm height) were
placed into a container made of NaCl, pyrophylite, or
graphite with a pressure-transmitting medium of pipe-
stone. The nonhydrostaticity near the sample was es-
timated to be less than 0.2 GPa. The samples were
heated by passing an AC current through a nickel or
graphite heater or through the sample itself. In low-
temperature experiments the chamber was placed in a
vessel filled with liquid nitrogen. The temperature 80—
1500 K was measured by a chromel-alumel thermocouple
placed near the heater or the sample. Melting and metal-
semiconductor transitions were detected by a change in
the resistivity. Phase analysis of the resulting materi-
als was done by x-ray technique, and calorimetric studies
were carried out using Derivatograph C (Hungary). The
calibration procedure of the Derivatograph is described in
detail in Ref. 15. To produce the metallic high-pressure
phases Si II, Ge II (3-Sn structure), and the solid solu-
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tions of these phases Ge;_,(GaSb);, Si;—.(GaAs),, the
samples were pressurized to 813 GPa and were held
at 300-1000 °C. The decompression was done isother-
mally, at a pressure change rate of ~ 1 GPa/min.

III. RESULTS AND DISCUSSION

Upon decreasing the temperature of the decompression
a change of the types of the transitions was observed: Si
II - Sil, SiIll - SiIll, and Si Il — amorphous Si
(a-Si); Ge Il —» Ge I, Ge Il — Ge III, Ge II — (Ge
IV + Ge V), and Ge II — amorphous Ge (a-Ge) (see
Figs. 1 and 2). Here Si III and Ge III are well-known
metastable modifications of Si and Ge: bec (a = 6.64 A,
Ia3, Z = 16) and tetragonal (a = 5.80 A, ¢ = 6.63 A,
P43212, Z = 12), respectively. The Ge IV phase has a
bee structure similar to that of Si I (a = 6.97 A). As
reported in Ref. 19, the same phase was obtained during
decompression of Ge II at the temperature of dry ice.
Ge V has the structure of Lonsdeylite type (a = 3.94 A,
c = 6.55 A, P6zmmec, Z = 8); it forms when heating
the sample to room temperature. Complete Ge IV — Ge
V transition is observed at T =~ 370 K and heating rate
20 K/min. The Si III phase transforms upon heating
to T =~ 480-520 K (P = 0.1 MPa) to the Si IV phase
which has a Lonsdeylite type structure (a = 3.80 A c=
6.28 A).

All phase transitions have a finite pressure width of
0.5-1 GPa. The figures and tables present the values
corresponding to half of the change in resistivity regis-
tered during transitions.
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FIG. 1. P-T-phase diagram of Si with equilibrium and
nonequilibrium transitions. Equilibrium transitions are melt-
ing (diamond) and Si I — Si II (dashed line). Nonequilib-
rium ones are Si II — Si I (triangle), Si II — Si III (opened
circles), Si II — a-Si (starlet from Ref. 17, opened squares—
present data), Si/GaAs II — Si/GaAs III (closed circle), and
Si/GaAs II — a-Si/GaAs (closed square).
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Upon decreasing the temperature, around the temper-
atures where the types of the transitions changed, mix-
tures of the corresponding phases were formed after de-
compression in a wide temperature interval of AT ~ 50 K
(see Figs. 1 and 2). Transitions to a mixture of crystalline
and amorphous phases of pure Si and Ge are reached only
at low temperatures (7' < 150 K for Ge and T < 120 K
for Si). At higher temperatures the substances transform
to metastable crystalline phases as shown in Figs. 1 and
2. To retard these transitions and to promote the amor-
phization at higher temperatures, the solid solutions of
A3B® compounds in Si and Ge were used. The increase
of the concentration of A3B® (GaSb for Ge II and GaAs
for Si II) leads to the same change of the type of the
transitions at decompression as the decrease of the tem-
perature does. (See Tables I, II, and Figs. 3 and 4.)
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FIG. 2. (a) Concentration dependence of the amorphiza-
tion pressure of solid solutions Ge;_.(GaSb). (semiopened
circles) at room temperature and its extrapolation to pure
Ge. The asterisk indicates the transition Ge/GaSb II —
Ge/GaSb IV. (b) P, T — phase diagram of Ge with equilib-
rium melting point (opened circles) and Ge I +» Ge II equi-
librium transition (short-dashed line). Nonequilibrium tran-
sitions are presented: Ge I — Ge II (closed triangles), Ge
II - Ge I (opened triangles), Ge II — Ge III (diamonds),
Ge II — Ge IV (opened square), Ge II — mixture of Ge
IV, and a-Ge (semiopened squares), Ge II — a-Ge (starlet
from Ref. 17, closed squares—present data), Ge/GaSb II —
a-Ge/GaSb (semiopened circles), Ge/GaSb II — Ge/GaSb
IV (asterisk), the extrapolation for Ge II — a-Ge transition
from (a) (closed circle), and the approximation of the amor-
phization line of Ge (long-dashed line).
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TABLE L

Concentration dependence of the transition pressure and type of the phases obtained

at decompression of Si;_,(GaAs), high pressure alloys (T' = 300 K).

Xagans (%) P;; (GPa) Phase produced
0 8.9 Si III (a=6.64 A)
0.05 6.5 Si/GaAs III (a = 6.67 A)
0.11 4.3 a-Si/GaAs
>0.11 4.3 a-Si/GaAs + GaAs/Si (a = 5.65 A)
+0.01 +0.5

Analyzing the data obtained on the Ge;_,(GaSb),
system we can assume that it is possible to prepare
a continuous set of solid solutions between the high-
pressure phases Ge II and GaSb II with (B-Sn struc-
ture. In the case of silicon it was possible to dissolve
up to 11 mol% of GaAs in Si II. The lattice parameter
of the metastable solid solutions obtained [Si/GaAs III,
Ge/GaSb III, Ge/GaSb IV, and Ge/GaSb V, where,
for example, designation Si/GaAs III corresponds to a
solid solution Si; . (GaAs), with SiIIl-like structure] in-
creases approximately linearly with increasing the con-
centration of A3B5, following Vegard’s rule.

As the temperature is increased the Ge/GaSb IV phase
transforms to the Ge/GaSb V phase, with a hexago-
nal Lonsdale structure, at sufficiently moderate temper-
atures (=~ 330-370 K). Thus at room temperature a mix-
ture of Ge/GaSb IV and Ge/GaSb V phases is formed
over a few hours (Fig. 4). The Ge V phase has only been
prepared before in the form of a thin layer (~ 1073 mm)
by indenting the Ge I phase.?° Upon heating, the phases
SilV, Ge V, Si/GaAs IV, and Ge/GaSb V transform into
the equilibrium phases Si I and Ge I or to the solid solu-
tions Si/GaAs I and Ge/GaSb I, respectively (see Table
III). This is accompanied by a weak (< 0.5 kJ/mol) heat
absorption. The question of the relative stability of the
Si IV versus Si I and Ge V versus Ge I phases requires
further studies due to the high degree of disorder in these
modifications (see Fig. 4).

At high temperatures amorphous Si-based and Ge-
based solid solutions transform to the corresponding crys-
talline solid solutions (see Table III). Subsequent heating
of the crystalline solutions leads to the formation of eu-
tectic mixtures. Crystalline solid solutions of Ge I and
GaSb I, which can be formed in a wide concentration
range, may be conditionally classified into two groups

TABLE II.

according to Ref. 5: the diamondlike Ge/GaSb I and
sphaleritelike GaSb/Ge I (see Table III).

It appeared surprising that a relatively low concentra-
tion of the A3B® component in the Si-based and Ge-
based solid solutions (~ 10 mol %) leads to the changes
of the transition kinetics which are equivalent to those
caused by a twofold-to-threefold decrease of the temper-
ature. For relative concentration z > 0.12, bulk amor-
phous tetrahedral samples can be prepared by decom-
pression even at room temperature. The substituted
atoms are likely to be distributed homogeneously in the
amorphous matrix. This is supported by the appearance
of the metastable crystalline supersaturated Si/GaAs I
and Ge/GaSb I solid solutions after annealing of the
amorphous phases. The transitions Si II — Si III, Ge
II —» Ge III, and Ge IT — Ge IV have a martensiticlike
nature but at sufficiently high temperatures (150-300 K)
involve diffusion processes.2! In the case of solid solutions
the diffusion processes are retarded.

The concentration dependence of the pressure of tran-
sition to an amorphous phase, Py (), can be measured
in the wide concentration range for the solid solutions
a-Gej_,(GaSb), (see Fig. 2). Extrapolating P,,(z) to
z = 0 one can estimate the pressure corresponding to
the transition Ge II — a-Ge at room temperature if the
transitions Ge II — Ge I, Ge II — Ge III, and Ge II
— Ge IV were “frozen” (see Fig. 2). The concentration
dependence P,n,(z) is weak for £ > 0.5. This behavior
is obviously connected to the weak concentration depen-
dence of the width of the semiconducting gap?? and to
the weak variation of the P-T—phase diagram in this con-
centration range.

Unfortunately, it is difficult to perform this extrapola-
tion for a-Si;_.(GaAs), and therefore we have assumed
that Pam{Si}~ Pam{a-Sii—-(GaAs),}. As a result, the

Concentration dependence of the transition pressure and type of the phases obtained

at decompression of Ge;_.(GaSb). high pressure alloys (7' = 300 K).

Xaans (%) P, (GPa) Phase produced
0 8.0 Ge III (a=5.80 A, c=6.63 &)
0.02 Ge/GaSb III (a=5.82 A, c=6.65 &)
0.04 7.1 Ge/GaSb III (a =583 4, c=6.67 A)
0.06 Ge/GaSb IV (a=7.02 8) + Ge/GaSb V (a=3.97 &, c=6.60 A)
0.08 Ge/GaSb IV (a=7.05 &) + Ge/GaSbV (a =398 A&, c=6.634)
0.1 Ge/GaSb IV (a=7.07 &) + Ge/GaSb V (a=4.00 &, c=6.65 A)
0.12-0.6 3.2-2.0 a-Ge/GaSb
0.6-1.0 2.0-1.8 a-GaSb/Ge
+0.01 +0.3
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FIG. 3. X-ray diffraction patterns for Si;_.(GaAs), alloy.

Bottom curve indicates a mixture of amorphous Si/GaAs and
crystalline GaAs/Si I (sphaleritelike structure) phases. The
top curve corresponds to the same sample after annealing at
800 °C.

kinetic lines of amorphization may be extrapolated up to
the temperature ~ 300 K [see Figs. 1 and 2(b)]. Thus we
have established the position of the lines corresponding
to the transitions to metastable crystalline phases and to
the amorphization of Si II and Ge II phases on the P-T
plane at a fixed rate of pressure change.

In the framework of the classical theory of nucleation
and crystal growth, the value of the pressure hysteresis
for the transitions to the crystalline phases | Pyy — Peq |,
where P.q is the equilibrium pressure, should be approxi-
mately proportional to T~1/2.23 The data corresponding
to the Si I — Si III transition are in good agreement
with this relation in the wide temperature interval. In
the case of Ge, the situation is more complicated.

In order to explain the amorphization line, high-
pressure solid-state amorphization can be considered in

TABLE III.
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FIG. 4. X-ray diffraction patterns for different metastable

Ge/GaSb alloys: Ge/GaSb III with mole concentration
Zgasb = 0.02 (curve 1; unmarked crystallographic indexes
are 101, 111, 1034220, 301, 223), the mixture of Ge/GaSb IV
(the peaks 121, 123, and 400 are indicated), and Ge/GaSb V
(the peaks 100, 002, 101, 110, 103, and 112 are indicated) with
Zgasp = 0.1 (curve 2) and a-Geo.s6(GaSb)o.14 alloy (curve 3).

the framework of the model of the mechanical instability
of the lattice. In this model, the amorphization pressure
at T = 0 should correspond to the mechanical instability
of the lattice of the Si II and Ge II phases. The instabil-
ity is caused by the vanishing of an elastic modulus and
the corresponding phonon softening.

Extrapolation to low temperatures gives
P, {Ge}r0 = P*{Ge}= (—2) £ 2 GPa for Ge. For
Si, the correct extrapolation is more difficult, and the
linear one gives P*{Si}~ 0 GPa. Extrapolation of the
pressure dependence of the bulk moduli K(P) (Refs. 24
and 25) and frequencies of optical modes in the center of
Brillouin zone2?® gives large negative values of the pres-

Transformations of the metastable Si/GaAs and Ge/GaSb phases (type, tempera-

ture of transition, heat release, and activation energy of process) at heating (P = 0.1 MPa).

Initial phase Phase obtained T:: (K) Q (kJ/mole) E.. (kJ/mole)
Si/GaAs III Si/GaAs IV 500-550 6 150
a-8i/GaAs (Zgaas < 0.11) Si/GaAs 1 900-950 12 320
Si/GaAs IV Si/GaAs 1 950-1050
Si/GaAs I Sil + GaAsI  1000-1100 3 300
Ge/GaSb 1II Ge/GaSb I 550-600 8 160
Ge/GaSb IV Ge/GaSb V 330-370 2-4 90
a-Ge/GaSb (0.12 < Tgasp < 0.6) Ge/GaSb I 650-750 10-12 300-400
a-Ge/GaSb (0.6 < zgasp < 1) GaSb/Ge 1 500-650 12-18 160-350
Ge/GaSb V Ge/GaSb I 750-800
Ge/GaSb I or GaSb/Ge I Gel + GaSb 1 800-900 2-6

+30 +1.5 +30
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sure of lattice instability (from —9 GPa to —11 GPa for
both Si and Ge).

It is well known?” that the diamondlike structure
of Si T and Ge I phases may be obtained from the
B-Sn type lattice of Si II and Ge II phases by the
shear (—e€1/2, —€1/2,€1) with the subsequent bulk strain
(e2,€2,€2). The transitions Si II — Si I and Ge II —
Ge I have a martensitic nature. Due to the large vol-
ume changes (AV/V ~ 0.2), they occur with large hys-
teresis at low temperature, whereas they involve dif-
fusion processes at high temperature. The conditions
of the (3-Sn type lattice stability are c;; — c12 > 0,
(611 + 012)033 - 20%3 > 0, cqqg > 0, and cgg > 0. The
instability of the Si II and Ge II phases corresponding
to the transformation to tetrahedrally-bonded structure
(IT — I transition) is governed by the decrease of the
(c11 + c12)eas — 2¢2, elastic modulus. One can suppose
that the amorphization of Si IT and Ge II is associated
with softening of the acoustic phonon modes, which in
the long-wave limit corresponds to this modulus. Unfor-
tunately, data on the pressure dependence of the elastic
constants and phonon spectra of Si II and Ge II high
pressure phases are not available in the literature.

A line of amorphization at finite temperatures and ex-
perimental times corresponds to finite values of the elas-
tic constants because of the possibility of activation pro-
cesses. Therefore, the experimental amorphization line
should be shifted from the P-T region of the lattice in-
stability to lower temperatures. The shift should increase
with temperature. On the other hand, the melting line
does not correspond to zero values of elastic constants
either and it is shifted from the region of lattice instabil-
ity to lower temperatures. That is why the experimental
curve of the amorphization at high temperatures may be
located in the vicinity of the extrapolation of the melting
curve. The vicinity of these curves at finite temperatures
was one of the main arguments in favor of the “cold melt-
ing” approach. The experimental data obtained in the
present work for Si and Ge indicate that amorphization
lines do not coincide with the extrapolations of melting
curves, although they may lie close to them (see Figs. 1
and 2).
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An intensive nucleation without growth of the crys-
tal grains results in the formation of a highly stressed
conglomeration of nuclei, which can simultaneously or
subsequently relax to an amorphous network. The heat
release during amorphization may be related to this re-
laxation. The tetrahedral short-range order of the re-
sulting state is defined by the most stable (in this P-T
region) sp3configuration of valence electrons.

The transformation should begin in the defective re-
gions (grain boundaries, twins, etc.) to minimize the elas-
tic stresses arising from the large volume change. Con-
sequently, at the initial stages of the transformation, the
amorphous phase may have rather complicated morphol-

ogy.

IV. CONCLUSION

We conclude that the set of regimes of nonequilib-
rium phase transitions during decompression of Si and
Ge high-pressure phases at different temperatures termi-
nates at low temperatures in amorphization processes.
The increasing concentration of A3B% compounds in Si-
based and Ge-based solid solutions changes the kinetics
of these transitions just like the decrease of the temper-
ature does.

The P-T positions of the lines of different phase trans-
formations as well as the lines of amorphization of Si II
and Ge II phases were found in a wide temperature range.
Subsequent studies of the amorphization of Si and Ge at
helium temperatures and the measurement of the pres-
sure dependence of elastic constants and phonon spectra
of Si IT and Ge II phases are needed.
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