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The III-V semiconductor compound InAs has been studied under high pressure in a diamond-
anvil cell up to 27 GPa by energy-dispersive x-ray diffraction using the Cornell High Energy Syn-
chrotron Source (CHESS). It shows the zinc-blende—to—rocksalt transformation at (7+0.2) GPa
and a further transformation at (17+0.4) GPa to a B-Sn—type structure with increasing pressure.
The zinc-blende—to—rocksalt phase transition which is associated with metallization is accom-
panied by a 17% volume collapse while the rocksalt to the 5-Sn transformation has no volume
discontinuity within experimental errors. This structural sequence is the same as that observed in
several II-VI compounds under high pressures. The results are discussed in view of theoretical pseu-
dopotential total-energy calculations of III-V compounds in various phases and comparison is made

with available experimental data on InP and InSb.

INTRODUCTION

The group-IV semiconductors Si and Ge, III-V zinc-
blende semiconductor compounds, and II-VI compounds

have been studied extensively under high pressures for

metallization and the associated structural phase transi-
tions. The early melting,? resistivity,’ and structural
studies® have recently been complemented by Raman
scattering studies®’ under high pressures. From high-
pressure resistivity - measurements, the pressure-induced
phase transition to the metallic state in InAs was first re-
ported at 8.46 GPa by Minomura and Drickamer.> In a
high-pressure x-ray-diffraction study Jamieson* reported a
phase transition from the zinc-blende to rocksalt phase at
V/Vy=0.926 with a volume collapse of 18.8%, although
no quantitative relative intensity measurements were
made. Subsequent resistivity measurements by Pitt and
Vyas® reported the transition at (6.9+0.2) GPa. In the
Raman scattering studies on semiconductor-grade single-
crystal InAs under hydrostatic pressures by Jayaraman
et al.,” the phonons were seen at 7 GPa but the Raman
signal disappeared abruptly at metallization at 7.15 GPa.
We have extended the high-pressure studies on InAs to 27
GPa.

EXPERIMENTAL TECHNIQUES

The InAs was studied in a diamond-anvil cell by the
energy-dispersive x-ray-diffraction (EDXD) technique us-
ing the Cornell High Energy Synchrotron Source
(CHESS). For details of the experimental technique, see
Baublitz, Arnold, and Ruoff.’ The instrumentation at
CHESS was further improved to incorporate automatic
loading of the high-pressure cell where the pressure of the
diamond-anvil cell could be changed in situ by remote
control. This cuts down considerably the time for adjust-
ment of the slits and allows for faster data collection. A
new turntable was also used for precise rotation of the
detector for changing the diffraction angle by +1". Sodi-
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um chloride was used as a pressure marker. A mixture of
powdered InAs (99.999% purity)—50 wt. % NaCl (99.5%
purity) was ground to ensure homogenization. The
Debye-Sherrer x-ray pattern of this mixture at room pres-
sure showed a good powder pattern with the correct pro-
portion of sample and marker diffraction-line intensities.
The sample was placed in the 150-um-diam hole of a
stainless-steel gasket preindented to 95 um and placed be-
tween diamond flats of diameter 640 um. The NaCl
marker itself acts as pressure medium. To avoid interfer-
ence from the diffraction lines of the marker and to ob-
tain good diffraction data for the high-pressure phases,
one high-pressure experiment was also performed with
only the InAs sample (no marker materials) and with ruby
as a pressure sensor and methanol as the pressure medi-
um.

The pressure was calculated from the measured volume
of the B1 phase of NaCl using the isotherm calculated by
Decker et al.'® and represented by the following second-
order Birch equation:!!

P(GPa)=70.905f(1+21)**(14+1.376f —0.868f%) , (1)
where

(Vo/V)?*3—1
f=—i2—~ ,

with B;=23.635 GPa, B;=4.918, and By=—0.25
GPa~!. This equation of state has its limitations as an as-
sumed pressure scale. (For a more complete discussion of
NaClg as a primary pressure gauge, see Ruoff and Chhabil-
das.'?)

(2)

RESULTS

Figure 1 shows the EDXD pattern of the InAs sample
and NaCl marker mixture at room pressure (diffraction
angle 6=8.239°+0.002). The (200), (220), (420), and (422)
reflections were observed from NaCl; the (220), (331), and
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FIG. 1. EDXD pattern for the InAs-NaCl mixture at atmos-
pheric pressure. The subscript S on Akl indices stands for the
InAs sample and M stands for the NaCl marker. InAs is in the
cubic zinc-blende phase [InAs (I), diffraction angle 0 is
8.239°+0.002°]. The strong (311)s line is under the In Ka
fluorescence line. The peak e ~ is an escape peak. Cornell Elec-
tron Storage Ring (CESR) conditions: 4.73 GeV beam energy,
20 mA beam current.

(422) reflections were observed from the zinc-blende phase
of InAs [InAs (I)]. At 7 GPa, a phase transition was ob-
served in InAs. Figure 2 shows the EDXD patterns of an
InAs-NaCl mixture at 8.46 GPa. InAs is in the rocksalt
phase [InAs (II)], as is evident from the strong (200) and
(220) reflections from the sample. In Table I we compare
the theoretical and experimental interplanar spacings and
intensities for the rocksalt phase of InAs. Upon further
compression, at 16.9 GPa upon loading, another phase
was seen in the InAs sample as the (200) reflection of the
rocksalt phase decreases in intensity as compared to the
fluorescence line and splits into the (200) and (101) peaks
of a tetragonal phase (B-Sn type). Figure 3 shows the
EDXD pattern for this phase at 22.4 GPa [InAs (IID)].
The (220) peak from the sample also splits into the (220)
and (211) peaks at the II-III phase transition, but is ob-
scured by the In Ka fluorescence peak and the (220) peak
from the marker material. To confirm the crystal struc-
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FIG. 2. EDXD pattern for InAs-NaCl mixture at 8.46 GPa.
InAs is the cubic rocksalt phase [InAs (I1)].
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TABLE 1. Comparison of calculated (Calc.) and observed
(Obs.) interplanar spacings, and intensities of various diffraction
lines of the rocksalt phase of InAs. P=8.46 GPa and
a@=5.5005 A. The optimum sample thickness for the good fit
to intensities is found to be 50 um.

dops dcalc Calc. Obs.
hkl (A) (A) I/ 1/I0
200 2.751 2.750 93 94
220 1.944 1.945 100 100
222 a 1.445 27 a
400 1.370 1.375 5 5
420 1.227 1.230 13
422 1.121 1.123 8 1

*This peak is obscured by the In K3 fluorescence peak. .

ture of phase III, one additional high-pressure run was
made without any marker material, with ruby as a pres-
sure sensor and methanol as a pressure medium. The dif-
fraction angle was also changed to move the (220) diffrac-
tion peak of the rocksalt phase of InAs away from
fluorescence peak. The splitting of the (220) diffraction
line was confirmed. Table II contains a comparison of the
theoretical and experimental intensities for InAs (III) ob-
tained in this run at a pressure of 21.6 GPa, as measured
by the ruby-fluorescence technique.!* No primitive hex-
agonal cell was found to fit the data on InAs (III) and ac-
count for splittings in both the (200) and (220) diffraction
lines of the rocksalt phase. From the present diffraction
data it is not possible to ascertain whether InAs in the -
Sn phase is ordered or disordered. The two strongest
peaks expected in the ordered structure which have zero
intensity in the disordered structure are (110) with an in-
tensity of 8, relative to the (211)-peak intensity of 100, and
(310) with an intensity of 3. In the present experiments
and angles were such that (110) was obscured by the ar-
senic fluorescence peaks and (310) was obscured by the In
Ka fluorescence peak.

The equation of state (EOS) of InAs in various phases
is shown in Fig. 4. The zinc-blende to rocksalt phase
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FIG. 3. EDXD pattern for the InAs-NaCl mixture at 22.4
GPa. InAs is in the tetragonal $-Sn phase [InAs (II)]. The
strong (220), and (211)s lines are under the In Ko fluorescence
line. The peak g is a gasket peak.
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TABLE II. Comparison of calculated (Calc.) and observed
(Obs.) interplanar spacings and intensities of various diffracti(gn
lines of the B-Sn phase of InAs. P=21.6 GPa, a=5.226 A,
and ¢=2.730 A; the optimum sample thickness is 35 um (dif-
fraction angle is 8.753°). CESR conditions: 5.25 GeV and 40
mA beam current. The theoretical calculations are based on
random occupation of 4a sites of space group I4,/amd by In
and As atoms.

d ops d.al Calc. Obs.

hkl (A) (A) 1/, I/
200 2.613 2.613 53 32
101 2.420 2.420 57 32
220 1.860 1.848 53 64
211 1.776 1.775 100 100
301 a 1.468 35 a
400 1.306 10
112 ] 1.304 1.282 20 } 9
321 1.280 20
420 1.168 16

] 1.158 ] 18
411 1.150 16

2This peak is obscured by the In KB fluorescence peak.
present on the shoulder of the fluorescence peak.

transition (I-II) is accompanied by a (17.0%£0.2)% volume
collapse and the InAs (II) phase is metallic, as is known
from resistivity work.>»® However, at the rocksalt to the
B-Sn—type phase transition, there is no measurable
discontinuity in volume. The solid curve in Fig. 4
represents the fit of the data to an equation having the
form of the first-order Birch equation,

P=%{a[x7/3_x5/3][1+%(b_4)(x2/3_1)]} . (3)
where

x:Vo/V,

1oo \ In As |
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FIG. 4. Measured equation of state at room temperature for
various phases of InAs. The solid circles are the loading data
and the solid triangles are the unloading data. The solid curve
for each phase is the first-order Birch fit to the data. The typi-
cal standard deviation for fractional volume is +0.003. The
bars on the pressure give the random pressure errors (1o).
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TABLE III. Results of the first-order Birch fit to the equa-
tion of state of various phases of InAs. The last column gives
the extrapolated zero-pressure volumes for different phases
measured relative to zinc-blende phase.

Pressure
range
Phase (GPa) at b? (V/Volp—o
InAsI 0-7 59.2+5° 6.8+2 1.0
InAs1I 7—15 40.6+3 7.3+1 0.86+0.01
InAs III 1727 46.7+14 8.6+3 0.83+0.08

*If Eq. (3) exactly describes the P(¥) behavior and the pressure
scale is exact, then.a =B, andb = By.

®The bulk modulus for InAsI from ultrasonic data is 58 GPa
(Ref. 29).

and a and b are fitting parameters. If an equation of this
form exactly describes the P (V) behavior and the pressure

- scale is exact, then a =B, and b =B, where B, is the

bulk modulus at zero pressure and B is the pressure
derivative of the bulk modulus at zero pressure. The fit-
ted parameters for various phases are listed in Table III.
Figure 5 shows the variation in c¢/a of the tetragonal
phase of InAs. It is interesting to note that ¢ /a increases
with increasing pressure and becomes greater than the
ideal c/a value of 0.516 above 25 GPa. The tetragonal
phase of InAs was found to be stable up to the highest
pressure, 27 GPa.

DISCUSSION

The present experimental work on InAs is the first ob-
servation of zinc-blende—rocksalt— 3-Sn structural se-
quence under high pressure in a III-V compound. This
sequence, however, is now well established in some II-VI
compounds, such as CdTe,!* HgTe,l"’"17 HgSc:,16'18 and
ZnTe," and is expected to occur in several other com-
pounds under high pressures. In the case of mercury
chalcogenides [HgTe, HgSe, and HgS (Refs. 15 and 20)]
there is, in addition, a cinnabar structure which occurs be-
tween the zinc-blende and rocksalt structures. First-
principles total-energy calculations based on pseudopoten-
tials have been done for some III-V semiconductors in
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FIG. 5. Axial ratio (c¢/a) for the $-Sn phase of InAs as a
function of pressure. The ideal ¢ /a value of the six-coordinated
[3-Sn phase is also indicated.
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various phases.?’??> Four crystal structures were exam-
ined in the theoretical work (zinc-blende, rocksalt, NiAs
type, and B-Sn) for GaAs, GaP, AlAs, and AIP.2! Such
calculations for the high-Z In-compounds (InP, InAs, and
InSb) were not done because of relativistic corrections to
the total energy. These crystal-structure stability calcula-
tions showed two different types of behavior as deter-
mined by cations. For the Ga compounds the 3-Sn, rock-
salt, and NiAs-type structures were all found to be very
close in energy and are competing high-pressure struc-
tures. However, for the Al compounds, the rocksalt and
NiAs-type structures are certainly favored over f-
Sn—type structure. The theoretical calculations on In
compounds?? indicate the zinc-blende— rocksalt—[3-Sn
structural sequence with increasing pressures for InAs and
InP, but for InSb the energy difference between rocksalt
and $-Sn structures is very small (~ 107> Ry).

The sequence of phase transitions observed in InAs
with increasing pressure is consistent with the theoretical
calculations of Ref. 22. However, the experimental transi-
tion pressures are lower; I—1II occurs at 7 GPa (theoreti-
cal estimate 11—15 GPa) and II—-III occurs at 17 GPa
(theoretical estimate 50 GPa). InP undergoes the first
phase transition at 10 GPa,® presumably to the rocksalt
structure, and we expect it to show a second transition to
the B-Sn—type structure around 20 GPa or so. InSb has
been studied extensively under high pressures and high
temperatures and its phase diagram has been reasonably
well determined up to 10 GPa and 400°C by Banus and
Lavine?® and by Yu and Spain.?* The rocksalt phase does
not occur in the equilibrium phase diagram of InSb; the
zinc-blende phase transforms either to the S3-Sn phase
(InSbII) or to an orthorhombic distortion of [B-Sn
(InSb1V), depending on temperature. However, in amor-
phous InSb the pressure-induced crystallization to the
metastable rocksalt phase has been seen at pressures from
0.4 to 2.8 GPa.?® This indicates that the rocksalt and B-
Sn phases are close in energy for InSb. Above 2.8 GPa
the metastable rocksalt form transforms to B-Sn—type
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structures, in close analogy to InAs. In a different experi-
ment on sputtered rocksalt-type InSb in a cubic-anvil-
type, high-pressure apparatus,’® the rocksalt phase of InSb
was found to be stable up to 8 GPa. The present experi-
ment on InAs then demonstrates the basic structure se-
quence in indium compounds to be cubic zinc-
blende—rocksalt—f3-Sn type. The situation, however,
appears to be somewhat complex in Ga compounds?’ and
Al compounds,”® and more experimentation may be need-
ed before clear-cut crystal-structure systematics under
high pressure emerge.

CONCLUSIONS

We conclude the following.

(1) The cubic zinc-blende phase, InAs, transforms to
the rocksalt phase [InAs (II] at 7 GPa. The comparison
of theoretical and experimental relative intensities (Table
I) confirms the previous assignment* of the space group
Fm 3m to phase II of InAs.

(2) A further phase transformation to phase III was
found at 17 GPa with increasing pressure. The [3-Sn
structure has been assigned to the phase and is supported
by the good fit to the interplanar spacings and relative in-
tensities (Table II). Experiments would have to be per-
formed at a smaller angle than used to find the extra re-
flections which would be present for an ordered arrange-
ment of atoms.

(3) Within experimental capabilities, the II-III transi-
tion has no associated volume discontinuity.

(4) The equations of state are given to 27 GPa.
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