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High pressure phases of III-V semiconductors:

A microscopic theory.

Sverre Froyen and piarvin L. Cohen

bepartment of Physics, University of California, and Materials and llolecular
Research Division, Lawrence Berkeley Laboratory, Berkeley, California 94720.

ABSTRACT

The st;tic structural properties and the structural stability of TILIL-V
seciniconductors are investijated as a function of pressure using the psecudopo-
tential method. At higzh pressures we prédict a wmetallic rocksalt phase as the
most stable structure. This phase is more stable than the ordered B-Sa struc-

ture previously thought to be the most stable forn.

This work was supported by the Director, Office of Energy Research, Office of
Basic Energy Sciences, Materials Sciences Division of the U.S. Department of

Energy under Contract No. DE-AC03-76SF00098, and by National Science Founda-

tion Grant No. DMR7822465.



It is well known tnat group IV semiconductors transform under pressure
from an insulating diawond phase to a metallic p-sh structure, whereas the
II-VI semiconductors transform iato an insulating rocksalt phase. For the
II1I-V compounds the situation 1is wmore unclear. Neither theory [1-3] nor
experiment [4] has been able to determine.the structure of thé: nigh pressure
phase. conclusively, although it was expected that the behavior would be simi-
lar' to. the -group IV elements. Recent experiments, however, indicate-that the-
rocksalt structure, or distortions of it, may be important for a number of
III-V cowpounds previously thought to transform into variations of the f-Sn
structuree.. InSb has been crystallized in the rocksalt structure [5], and X-—
ray data by Baublitz. and Ruoff [6] suggests that Gads may transform into a

-distorted ro;gsalt structure. Thnese structures are in all cases believed to

be metallic.

With the recent improvements in pseudopotential total energy calcula-
tions, we are now able to confidently predict the relative stability of the
various structures. Using first principles pseudopoteﬁtiéls, we have per-
forimed total enerpy calculations for AlP, AlAs, GaP, and Gaas in the zinc-
blende, rocksalt, and ordered P-Sn structures. For Gads we also include the
CsCl, wurtzite, and ;wo other structures suggested by Baublitz (8). As a con-
trol of thevmethod we compute.the relative stability of the-rocksaltvand zinc=-
blende phase of HgS and MgSe. A more couplete. report of these calculations.

will be published elsewhere.

The pseudopotential total energy scheme [7], which has been successful
botih for elemental [8] and compound semiconductors [9-10], was used to compute
the enerygy differences necessary to distinguish between +various structural

types. The iounic pseudopotentials -needed in. this scheme;j were generated. using.
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the metinod of Hamann, Scnlﬁter_énd Chiang [11]. Different potentials were

used for orbitals of s, p, and d syanetry, and the potentials were tested to
sive the corréct atonic wavefunctions, eneriy levels, and excitation enerygies
for a nﬁmber of..electronic configurations. . ixchange and correlation were
treated in the local density formalism using the formulation of Hedin and
Lundqvist [12]; The wavefunction in the solid was expanded in a plane wave
basis and the total eneryy for a given structure was computed as described 1in
reference 7. The size of the basis set was expanded until a relative conver-
sence of better than Z<10-3 Kydbery was obtained. Typically we used 230 plane
waves for the structures witi one wolecule per unit cell, and twice that for
wurtzite whici has four atous per unit cell. The number of.k points wused in
the integration over the brillouin zone was also increased until a similar

convergence was obtained.

To obtain the static properties, the total eneryy was calculated for a
nuuoer of differeat voluunes and then fitted with an equation of state. The

best overall fit was obtained using

dp
= -V ==935 +B" P la
B \Y av By o i (la)
: aE .
P === ' 1o
av (10)
which pgive the tiurnaghan equation [13] when integrated. The deviation from

the fit is typically less than 10_j lydvery.

As a test of quality for the calculation we have couputed the static and
dynamnic properties listed in table I. The various ways of computing the bulk

o,

modulus, using different functions to fit our data, gave wvalues with a 10%

variation. Our lattice constants are slightly swmaller than those reported by

Ihm and Joannopoulos [9], this does not reflect nuuerical errors 1in the
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calculation, but 1is a result a differeat type of correlation energy func-
tional.

Fig. 1 sihows the total energy of AlAs and GaAs as a function of 'Joluﬁe
for the structures indicated. The observed equilibrium structures at zero
pressure. are zincblende. This is in agreement with our calculation, although
the calculated energies for GaAs in the wurtzite-structufe coincide with the
zincbiende»éurvef As. the érystals are coupressed  (fiz.1), ﬁhey undergo phase
transitions to a metallic rocksalt phase at pressures of 76 and 180 kbar
respectivéiy. tlowever, for GaAs (and GaP) at the transition voluue, the energy
difference between the rﬁcksalt and the ordered P-S5n structures is of thé
order of tihe accuracy of the calculation. Therefore at this point we cannot
rule out this structure. At larger volumes the rocksalt structure is defin-
itely the imore stable of the two. Of course at these <volumes the erystal
would phase separate, and the equilibrium structure would be a mixture of
zincblende and the high pressure phase. The (sCl structure, which is also

netallic, is not a contender except possibly at very hizh pressures.

In fizg. 1 we also give the total energies for two structures sugpgested by
Baublitz [6]. They are both orthorhombic with the same latticé parameters;
4.946, 4.628y and 5.493 A. The lower eneryy structure has symametry Fuaa and
is a distorted rocksalt. In the other structure, the atoms in each [001]
piane’are-arrangéd as in rocksalt, but the planes are- not staggered, giving
rise to chains of atoms of the sawe type in the z direction. The symmetry of
tie latter structure is Cmmmn. Both of the structures are considerably higher

in energy than the ideal rocksalt.

The total eneryy curves for AlP and GaP are very similar to those for

AlAs and GaAs. The uainr difference is that the phosphorus compounds have a
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swaller lattice constant. iowever, scaled by the equilibrium -volume, the
energies for AlP are very close to those of AlAs, and those of GaP are wvery
close to GaAs. This is reflected in table II were we pgive the transition

pressures and volumes.

Sincénﬁnr calculations consistently place rocksalt below the p-5n phase
in energy, and since we get a transition pressure for AlP thét is quite a bit
lower tihan the experimental value, one may ask if the method somehow overesti-
mates the stability of the rocksalf phase. To explore this qdestion, we cal-
culated the total energies for the II-VI semiéonductors g5 and MgSe 1in. the
rocksalt and =ziancblende structure. Both coupounds are observed in the rock-
salt phase at standard pressure, but it is believed that the enery differénce
betwecn the two phases is very small [l]. Our calculation indeed jives rock-
salt as the more stable Qtructure, less than 10-3 R&dberg below the zincblende

phase in energy.

Assuning that our results are correct, we can only speculate that toe
differences between theory and experiment arise from superstress effects or
metastable phases. In fact, for GaAs, we calculate a barrier of 1.5 eV for
the wotion of the anion along the diagonal fron its tetranhedral positioun at
1/4, 1/4, 1/4 in the zincblende structure to the octahedral position at the
center of the wunit cube in the rocksalt phase. The barrier prevents a
transformation along this.path, and a rocksalt phase must probably nucleate
fromw a surface or some defect. This is in accord with the experiments on InSb

where the rocksalt phase was obtained from an amorphous phase.

For the zincblende phase at the observed volume, we calculate gaps of
le6, 1.4, 1.7, and l.4 eV for AlP, AlAs, GaP, and GaAs respectively. As is

usual in the local density approach, these wvalues are smaller than the



experimental numbers at O K [14],/2.6, 2.3, 2.40, and 1.53 eV. The & perimen=-
tal value for AlP has been obtained by adding 6% to the gap at room tempera-
ture. All the gaps are indirect frou [T to X, except GaAs which has a direct
gap [T to [7s The calculated values of the gaps are not as well converged as
the totai energies and the fully converged'}aiﬁés;ﬁféfémaller. As the ?25&4
blende pnase is compressed the direct gap.increases slightly and the. conduc-
tion band at X is lowered to make the yap indirect for all the compounds. The:
probability density of this state has an approx imate octahedral symmetry, and
has a mwmaximum at the center of the octahedron foried by the anions (As,P).
This is where the total charge density has a minimum, and where a state can
gain pogential‘ energyy from the increasing overlap of the ionic potentials.
without having to contribute by an increase in the electron-electron repulsion
and the kinetic enerygy. With the anions at the corners and face centers of
the cubic uunit cell, this region-is at the center of the cube. This is where
the cation is located in the rocksalt phase, and as the crystal transforms, it
isvtherefore not surprisiny; that the state at X drops 1in eneryy. For the
III-V cowmpounds this state falls beloQ the valence band max imum, making thev
structure netallic. For GaAs, at the transition volume, it 1is 3.4 eV below
the valence band maximua at [T« Note that although the crystal transforms from
scuiconducting to metallic, there are né transitions within each phase. The
zincblende phase stayed semiconducting and the rocksalt metallic in' the voluwe .
range we investigated. The wavefunction at the valence band maximuu in the
rocksalt structure is mostly made up from the p states on the aniouns, whereas
the X state wa«efuuétion consists mainly of s states frou the cations. This
explains why the rocksalt structure is wmetallic for the III-V’s. In more
polar materials, the anion states will drop in energy compared to the cation

states, and..a gap will open up. 1In fact, we find that the amount of overlap,



or lack of such, corresponds roughly to the difference in the atomic term
values for the elenents in question. The rocksalt phase will be metallic if
the order of the term values is s-s-p-p, and insulating if it 1s s-p-s-p.
Neglecting the carbon row, this would predict all the I1I-V’s to be metallic,
all the II-VI’s to be semiconducting,.and among the II-VI’s, CdSe and CdTe

should have the smallest zaps.

Aside frow the change in energy ét the X point just described, the band
structures of the zincblende and the rocksalt phases are remarkably similar
{17). This is also born out in the density of states, which for the rocksalt
phase shows a large dip just above the ferimi level. For this reason we
Seiieve the rocksalt pnase should be thought of as ionic when considering
structural properties. Tihis also helps explain why the Al compdunds are rela-
tively more stable in the rocksalt phase than tue Ca coupounds. The atounic s
tera value is about 1.3 eV hijher in enerygy for Al than for Ga. This leads to
a larger average gap in ghe Al compounds that makes themn more ionic and favors
the rocksalt phase. The higher ionicity of Al was also observed by Ihm aund
Joanuopoulos [9] in the charge densities of AlAs and GaAs 1in the =zincblende

structure.

The similarity in the band structure of the two plhiases is not reflected
in the charge density. The bond charge, characteristic of the zincbleﬁde
phase, 1is alnost absent in the rocksalt phase, where the charge disﬁributes
itself sphericali} around the anion. As a function of volume, however, we see
very little change in the charge density of each structure. In particular the
bond charge of the =ziacblende phase, as measured by the phase of the <222>

fourier components of the charge density, is still present at . the volume where

rocksalt 1is the more stable phase. The presence of bound charge in the zinc-



blende phase has veen used to indicate the relative stability of the two
structures at zero pressure:[l8]. From the above it follows that this argu=-

ment cannot . be extended to structural stability as function of pressure.

It is’a.pleasure'toiécknowledge discussionsvwith P; K. Lam, S. G. 'Louié,
J. Es QHorthrup, énd M¢ T+ Yinse S. Froyen ackuowledges‘the support by an I8:i
- positdoctoral-fellowship. TheKworkhwaS?suppgrtedqby;National-\Sciente E0unda—
tion Grant® No. DIR7822465 - and- by“thevDirectdr, Office of Energy Research,
Vffice oleasicuﬂnergy Sciences; laterials Sciences Division 'of .the U. S.

vepartment of Energy under Contract No. DE-ACO03-76SF00098. .



(1)

(2)

(0)

(7)

(3)

(9

(10)

(L)

(12)

(13)

(14)

REFEREACES
J. C. Phillips, Phys. Rev. Lett. 27, 1197 (1971).
Je« A. van Vechten, Phys. Rev. 3 7, 1479 (1973).

T. Soma, J. Phys. C 11, 2681 (1978).

5. C« Yu, I. L. Spain and Z. F. Skelton, Solid State Counnun. 25, 49
(1978), and references therein.
0. Shimowmura, K. Asaumi, N. Sakai and 5. Minomura, Phil. tag. 34, 839

(1976). H. Oyanagi and S. Minowmura, to be published.

4. A. Baublitz, Jr., PnD thesis, Cornell University (1382). A. L. Ruoff

and . A. Baublitz, Jr., in Physics of Solids under Pressure, edited by
Je 5. Schilling and Re N+ Shelton, (Morth-Holland Publishing Coumpany,

1951), p. 8l.

J. Ina, A. Zunger and 4. L. Coheun, J. Phys. C 12, 4409 (1979); 13, 3095

(Corrigendun) (1980).

tie Te Yin and i1, L. Cohen, Phys. Rev. Lett. 45, 1004 (1980).
J. 1hnm and J. D. Joannopoulos, Phys. Rev. B 24, 4191 (1931).
K. Kunc and R. M. dartin, Phys. Rev. B 24, 2311 (1981).

D. R. Hamann, M. Schliter and C. Chiang, Phys. Rev. Lett. 43, 1494

(1979).
L. Hedin and B. I. Lundqvist, J. Phys. C 4, 2064 (1971).

F. D. HMurnaghan, Proc. Nat. Acad. Sci. 30, 244 (1944).

R. C. Weast, Handbook of Chemistry and Physics, ©62nd ed. (CRC Press,

Inc., Boca Raton 1981), p. E99-103.



(15)

(16)

(17)

(13)

- 10 -

Re bie Martin, Phys. revs. B 1, 4005 (1970).

D. bolling and Je. L. T. Waugh in Lattice Dynamics, edited by R. .P.

Wallis, (Pergamon Press, London 1965).

For a more couplete description of the differences in the band structure
of the zinchlende and the rocksalt pnase, see E. G. Mele and~J: D. Joan=--
nopoulos’ description of InSb (Phys. Kev.: B+24, 3145 (1981), and.also- S

T. Pantelides’ paper on universal bands (Phys. Rev: B 11, 5082 (1975)).

M. L. Cohen, -Science 179, 1189 (1973).



- 11 -

Table I. Lattice coastants, bulk modulus, B'O, and the frequency for the
transverse optical phonon at [t The experimental lattice constants are meas-

ured at room teumperature.

AlP AlAs GaPp . GaAs

cale 5.420 5.641 5.340 5.570 A
a exp + 5.451 5.662 5.451 5.553 :
-0-6;;)’ -004% -200(/‘; -1-5%
: calc 8.55 7.41 3.97 7.25 L1410 =3 -
B exp * 3.87 7.48 %10 Ju |
© v +1.12  =3.1%
d’o calc 3.73 3.50 4.14% 3.82
calc 7.84 Tiz
V(To at [  exp ¥ 3.19 .
-4+ 3%

+ Reference [l14), * compiled by reference [15], ¥ reference [153].
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Table II. Transition pressures, voluwmes, and total enefgy cifferences for
the zincblende to rocksalt transition. Vt(zb,rs) are the transition volumes.
for the‘two phases, Vo(rs) is the equilibriun w~volune for the (metastable)
rocksalt phase, and A@o is the energy difference per molecule betweea the
minima of the two phases. The voluues are ailvgiven as fractions of the cal-

culated equilibrium volume-for the zineblende:phase.-

.“AlP AlAs GapP GaAs
5 calc 93 76 217 160 -
_ exp + - 140-170 200-240  180-190  <P&F
V (zb) ' cale 0.90 0.92 0.54 0.86
Vt(rs) calce Ga73. .73 .. 0.71 0.71
v (rs) calc 0.78 0.73 U.81 Ue51
AEO . CalC 0046 Oo 43 O- 73 00()7 eV

~ + HReferences [4,0].
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FIGURE CAPTIOU.

<

Fiu. l. Total enerpy diagrawms for AlAs and GaAs as a function of wvoluae
relative to the experimental equilibrium volumes. The triangle and the square
give the eneryy for two orthorhoabic structures suggzested in reference 6 and

described in the text.
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