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Stability of the strained-layer superlattice (GaP) &/(InP), (QQ1)
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First-principles total-energy methods have been used to study the stability of the strained mono-
layer superlattice (GaP)l/(InP)& (001}. We find a value of 4 mRy for the heat of formation, suggest-
ing that this superlattice is unstable to disproportionation into its bulk constituent compounds.
Upon formation of the superlattice, a small charge transfer from CxaP to the more ionic InP is
found. The Ga—P and In—P bond lengths in (CxaP) l/(InP) l are within 1% of their bulk theoretical
values.

I. INTRODUCTION

The stability and ordering in semiconductor superlat-
tices and semiconductor alloys have recently received
much attention. Kuan et a/. ' were the first to observe
long-range ordering in the semiconductor III-V ternary
alloy Al Ga, As. They found that the equilibrium
state of Al„Ga, „As below 800'C takes the form of a
monolayer superlat tice, (GaAs) i/(AlAs), . Ourmazd and
Bean also observed long-range ordering in the alloy re-
gion of the strained-layer superlattice (SI.S) GeSi/Si.
Srivastava et al. theoretically predicted (based on first-
principles total-energy calculations) similar long-
range ordering in other semiconductor alloys (e.g., Ga„
In~ „P&, for n=1,2,3).

Because of the added Aexibility allowed by SLS's for
band-gap engineering, it is of interest to study stability-
and ordering-related phenomena in these systems. The
stability of the SLS will depend on the relative energetics
of the positive-definite strain contribution to the energy
and the possib1e negative contributions due to enhanced
chemical binding effects at the interface. One particular
SLS of current interest is the GaP-InP system. The ex-
perimental lattice mismatch in this case is about 7%. It
has been found, ' under certain experimental conditions,
that metalorganic vapor-phase epitaxially (MOVPE)
grown Gao 5Ino 5P can have a band gap 50 meV lower
(1.85 eV) than the same alloy grown using liquid-phase
epitaxy (LPE) (1.90 eV). Gomyo et al. correlated the
smaller- (larger-) band-gap material with an ordered (ran-
dom) alloy. Their diffraction measurements suggested
that the ordered alloy is a (111) monolayer superlattice,
(GaP), /(InP), . The sensitivity of the band gap to the or-
dering of the group-III cation (Ga, In) atomic arrange-
ment is reasonable since the lowest-conduction-band
states in III-V compound semiconductors are predom-
inantly associated with the cations sites.

Using a first-principles pseudopotential method,
Srivastava et a/. and Mbaye et a/. found that the or-
dered GaInP2 phase [(001) monolayer superlattice] is

more stable than either the disordered phase, or the bulk
constituent compounds. The chalcopyrite GaInP2 phase
(two-layer superlattice in the [210] direction) was found
to be only about 0.3 mRy lower in energy than the mono-
layer superlattice. Their results ' suggest that the chem-
ical binding effects at the interface dominate the positive
contribution to the energy imposed by the 7% lattice
mismatch between GaP and InP. These results have re-
cently been commented upon by Podgorny and Czyzyk.
They suggest, from a quasichemical approach (QCA),
that the ordered GaInP2 phase is unstable to dispropor-
tionation into constituent compounds. The stability of
the ordered phase of GaInPz is somewhat unexpect-
ed, since it has been found that the ordered phase of
GaA1As2 [(001) monolayer superlattice], which is almost
perfectly lattice matched, is inherently unstable against
disproportionation into constituent compounds. Srivas-
tava et a/. have recognized that their calculations possi-
bly overestimated the (negative) formation enthalpies (too
stable) of the ordered phases and have suggested empiri-
cal scaling of these results to reproduce the enthalpy of
the disordered phase. ' In view of these considerations,
it is important to further investigate this system to help
resolve the discrepancy.

In this paper, we have carried out first-principles self-
consistent total-energy pseudopotential calculations to
determine the stability (heat of formation) of the mono-
layer superlattice, (GaP ) i/(InP ), (001). The norm-
conserved ab initio nonlocal ionic pseudopotential' used
in our work should give a better description of the ener-
getics as compared to the smoothed local ionic potentials
used in Refs. 3, 6, and 9. The rest of the paper is organ-
ized as follows: in Sec. II the method is presented and in
Sec. III the results and discussion are given.

II. METHOD

The calculations are performed within the mo-
mentum-space formalism of the self-consistent pseudopo-
tential method, " using ab initio nonlocal pseudopoten-
tials, ' and the %'igner form of the exchange-correlation
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potential. ' To obtain a value for the heat of formation
of the monolayer superlattice,

bH =E T((G aP), /(InP), ) E—T((GaP), bulk)

ET—( ( InP ),bulk),

one must have consistent values for the bulk GaP and
InP total energies so that 'these total energies can be com-
pared with the superlattice total energy. To minimize er-
rors associated with k-point sampling and plane-wave ex-
pansions, the bulk calculations are performed in the su-
perlattice geometry. The tetragonal unit cell used for all
three (001) superlattices, (GaP), /(GaP)„(lnP), /(InP)„
and (GaP), /(InP), is depicted in Fig. 1. The unit cell has
a volume of A=a c, where c is the cubic lattice constant
(A,„b;, ) and a is equal to A,„b;,/&2. For each unit cell
the total energy is minimized with respect to
keeping c/a fixed at v'2. For the (GaP)i/(InP)i struc-
ture the total energy is minimized with respect to A,„b;,
and the internal positions of the P atoms. By allowing
the P atoms to move, the Ga—P and In—P bond lengths
can change to minimize the energy for a given volume de-
formation. This procedure determines the GaP and InP
perpendicular lattice constants (a„) for a given strain in
the x-y plane. We have also~erformed calculation which
allow c/a to change from &2.

The wave functions are expanded in plane waves with
kinetic energy up to ~k+G~ =10 Ry. This amounts to
about 300 plane waves for the four-atom unit cells con-
sidered here. The charge density was sampled at 48 k
points in the superlattice Brillouin zone. Self-consistency
iterations were terminated when input and output screen-
ing potentials differed by less than 1 X 10 Ry.

III. RESULTS AND DISCUSSION
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The variations of the total energy with respect to the
cubic lattice constant for the bulk superlattices,
(GaP)i/(GaP)i and (InP)i/(InP)i, are given in Fig. 2.
The calculations give a GaP and InP equilibrium lattice
constant of 5.31 and 5.60 A and total energies of
—35.3701 and —34.5735 Ry, respectively. The theoreti-
cal equilibrium lattice constants differ from the experi-
mental values by 2.6% for GaP and 4.6% for InP. A
more important quantity to compare with the experiment
is the theoretical lattice mismatch. Experimentally the
lattice mismatch is 7%, while the theory predicts a small-
er value of 5%. Assuming that any enhanced chemical
stabilization energy at the interface is roughly indepen-
dent of lattice mismatch, our 5% lattice mismatch will be
a lower estimate of the heat of formation, since strain is a
positive contribution to the energy. In Refs. 6 and 9, the
authors used the experimental values of the bulk GaP
and InP lattice constants to determine the bulk energies.
By doing so, the bulk structures are in a state of
"artificial" strain. The authors of Refs. 6 and 9 then min-
imized the (GaP ),/(InP ), (001) superlattice structure,
which places the bulk and superlattice total energies on
different footings. We feel the minimized bulk superlat-
tice energies should provide a more realistic comparison.
This is perhaps the reason the authors ' introduced the
empirical scaling.

The total-energy minimization with respect to the
2,„b;, (keeping c/a fixed at +2), for (GaP)t/(InP)„ is
shown in Fig. 3. The calculations give a minimum energy
of —34.9571 Ry at a cubic lattice constant of 5.45 A. At
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FICz. 1. Schematic drawing of (a) the superlattice
(GaP), /(InP)& and (b) and (c) its projection on two different
planes. Solid circles are Cxa atoms, open circles are P atoms,
and hatched circles are In atoms. Dashed open circles in (b) are
P atoms not in the plane. The fractions in (c) denote the heights
of the atoms along the [001] direction in units of c. This figure
has been reproduced from I. P. Batra et al. , J. Vac. Sci. Tech-
nol. B 5, 1300 (1987).
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FIG. 2. Total energy vs cubic lattice constant for (a)
(CsaP)&/(CxaP)l and (b) (InP)&-(InP)&. The equilibrium lattice
constant ao of GaP and InP are 5.31 and 5.60 A, respectively.
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FIG. 3. Total energy vs cubic lattice constant for
(GaP) &/(InP) &. The equilibrium lattice constant ao is 5.45 A.

this lattice constant, the Ga—P bond length is expanded
by 2.6%, while the In—P bond length is contracted by
2.8% from their bulk values. By minimizing the Ga—P
and In—P bond lengths (or equivalently the ai of GaP
and InP) with respect to the energy, we obtain a value of—34.9678 Ry for the fully minimized monolayer super-
lattice, (GaP), /(InP), . This value is still 4 mRy higher in
energy than the sum of the bulk energies of (GaP), and
(InP)„suggesting that this structure is unstable with
respect to disproportionation into constituent com-
pounds. Since this is a small energy, we have performed
additional calculations similar to the ones presented
above to check the convergence of our total-energy
dift'erences. With a plane-wave cutoff of 8 Ry (about 220
plane waves) and the Wigner exchange-correlation poten-
tial, ' we found a value of 5 mRy for the heat of forma-
tion. Using a plane-wave cutoft of 10 Ry and a di6'erent
exchange-correlation potential (Ceperley and Alder' ) we
obtained a value of 4 mRy for the heat of formation.
Thus, we are confident that our total-energy diAerences
have converged. In addition, at the minimum-energy
configuration found above, we have allowed the c/a ratio
to change by +1%, and find that in both cases the energy
increases by about 1 mRy with these deformations; a c/a
ratio of v'2 is the lowest-energy configuration.

The Ga—P and. In—P bond lengths in the fully opti-
mized (GaP ) i/(InP ) i superlat tice are within about 1% of
the theoretical bulk values. The calculations also give
perpendicular GaP and InP lattice constants of 5.07 and
5.87 A, respectively. These findings are consistent with
the earlier results. ' ' Therefore, we feel the discrepancy
between our value of the heat of formation (4 mRy) and
the one found in Refs. 6 and 9 ( —1.85 mRy) is due to an
inconsistent use of the bulk experimental lattice constants
of GaP and InP and a theoretically minimized superlat-
tice structure. Their bulk constituent energies are less
negative due to excess positive strain energy. Therefore,
it is not surprising that they found the superlattice to be
stable. The value of —9.4 mRy found in Ref. 3 obviously
overestimates the stability. Our results are consistent
with recent erst-principles linear augmented-plane-wave
(LAPW) calculations by Wei et al. ,

' showing that for
large —lattice-mismatched constituents, the stability ener-

gy is dictated by the positive-definite strain energy, indi-
cating a tendency for disproportionation into bulk con-
stituent compounds.
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FIG. 4. Comparison of bulk and superlattice charge density
along the (a) Ga—P and (b) In—P bonds. The charge-density
maximums are 0.115 and 0.112 a.u. for bulk GaP and InP, re-
spectively. When the superlattice is formed the GaP charge
density decreases by 0.002 a.u. while the InP charge density
along the bond increases by about 0.002 a.u.

Another interesting quantity reflecting the stability of
the superlattice is the change in charge distributions in
the Ga—P and In—P bonds when the interface is
formed. These changes can be seen in Fig. 4. For the
bulk structures, GaP and InP, we found charge density
maximums of 0.115 and 0.112 a.u. , respectively. The po-
sition of the maximum charge density is closer to the P
atom in InP. These results indicate that the GaP bond is
stronger (also reAected by the lower total energy) and less
ionic than the InP bond. ' Phillips' ionocity values are
0.33 and 0.42 for GaP and InP, respectively. Our results
are consistent with these trends. From Fig. 4, we can see
that when the interface is formed the InP charge-density
maximum increases to 0.114 a.u, , while the GaP max-
imum decreases to 0.113 a.u. , indicating a small charge
transfer from GaP to the more ionic InP. The positions
of the maximums are virtually unchanged. This charge
transfer (i.e., chemical stabilization energy) does not seem
large enough to stabilize the (GaP)i/(InP)i (001) super-
lattice.

In summary, we have found that the enhanced chemi-
cal binding energy at the interface between GaP and InP
is not large enough to stabilize the monolayer superlat-
tice, resulting in a tendency for disproportionation into
bulk constituent compounds. Our results suggest that
larger-layer (GaP)„/(InP)„(001) superlattices are meta-
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stable at best, since even at n=1 we find that the chemi-
cal contribution to the stability energy is not large
enough to cancel out the positive-definite strain contribu-
tion imposed by the large lattice mismatch, assuming the
strain energy is proportional to n.

Note added in proof. Recently, several calculations of
the heat of formation of the (GaP), -(InP), (001) superlat-
tice have appeared: (1) Ref. 16 of James E. Bernard
et al. , Phys. Rev. B 38, 6338 (1988), b,H=+6.7 mRy/4-
atoms, and (2) P. Boguslawski and A. Baldereschi,

Proceedings of the 19th International Conference on the
Physics of Semiconductors, Warsaw, 1988 (unpublished),
AH = +8.5 mRy/4-atoms. These values are in good
agreement with our calculations.

ACKNOWLEDGMENTS

One of us (J.S.N. ) would like to acknowledge the sup-
port of the U.S. Department of Energy (Division of Ma-
terials Sciences, Office of Basic Energy Sciences).

T. S. Kuan, T. F. Kuech, W. I. Wang, and E. L. Wilkie, Phys.
Rev. Lett. 54, 201 (1985).

A. Qurmazd and J. C. Bean, Phys. Rev. Lett. 55, 765 (1985).
3G. P. Srivastava, J. L. Martins, and A. Zunger, Phys. Rev. B

31, 2561 (1985).
4A. Gomyo, K. Kobayashi, S. Kawata, I. Hino, T. Suzuki, and

T. Yuasa, J. Cryst. Growth 77, 367 (1986).
5A. Gomyo, T. Suzuki, K. Kobayashi, S. Kawata, I. Hino, and

T. Yuasa, Appl. Phys. Lett. 50, 673 (1987); see also A.
Gomyo, T. Suzuki, and S. Iijima, Phys. Rev. Lett. 60, 2645
(1988).

A. A. Mbaye, L. G. Ferreira, and A. Zunger, Phys. Rev. Lett.
58, 49 (1987).

7M. Podgorny and M. T. Czyzyk, Phys. Rev. B 36, 2897 (1987).
I. P. Batra, S. Ciraci, and J. S. Nelson, J. Vac. Sci. Technol. B

5, 1300 (1987); D. M. Wood, S.-H. Wei, and A. Zunger, Phys.
Rev. Lett. 58, 1123 (1987); J. L. Martins and A. Zunger, ibid.
56, 1400 (1986); D. M. Bylander and L. Kleinman, Phys. Rev.
B 34, 5280 (1986); D. M. Bylander and L. Kleinman, Phys.

Rev. Lett. 59, 2091 (1987).
G. P. Srivastava, J. L. Martins, and A. Zunger, Phys. Rev. B

36, 2902 (1987).
OG. B. Bachelet, D. R. Hamann, and M. Schluter, Phys. Rev. B

26, 4199 (1982).
"M. Schluter, J. R. Chelikowsky, S. G. Louie, and M. L.

Cohen, Phys. Rev. B 12, 4200 (1975); J. Ihm, A. Zunger, and
M. L. Cohen, J. Phys. C 12, 4409 (1979); K. C. Pandey, Phys.
Rev. Lett. 49, 223 (1982); I. P. Batra and S. Ciraci, Phys. Rev.
B 33, 4312 (1986).
E. Wigner, Phys. Rev. 46, 1002 (1934).
D. M. Ceperley and B. J. Alder, Phys. Rev. Lett. 45, 566
(1980); J. P. Perdew and A. Zunger, Phys. Rev. B 23, 5048
(1981).

~4J. E. Bernard, S.-H. Wei, D. M. Wood, and A. Zunger, Bull.
Am. Phys. Soc. 33, 481 (1988).

~5W. A. Harrison and S. Ciraci, Phys. Rev. B 10, 1516 (1974).
J. C. Phillips, Bands and Bands in Semiconductors (Academic,
New York, 1973).


