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We present the results of ab initio pseudopotential calculations for studying the structural stability and
the electronic structure of short-period (GaP) (A1P) superlattices with m ranging from 1 to 6, com-

posed of lattice-matched indirect-gap semiconductors. Both the bulk and epitaxial superlattices ordered
in the CuAu-I, CuPt, and chalcopyrite structures are found to be unstable against phase segregation into
their binary constituents at T=O. The bulk formation enthalpies are found to be similar to those for epi-
taxial superlattices grown on (001) GaP. The band gap of superlattices tends to decrease as the superlat-
tice period increases. The ultrathin (001) superlattices with the superlattice period of m =1 and 2 show

indirect-gap behavior while the direct band gap occurs for m ~ 3. Details of the electronic structure of
superlattices are discussed based on the band-pushing and charge-confinement effects. The oscillator
strength of the optical transition from the valence-band maximum to the conduction-band minimum

state at the I point is found to be much stronger for even numbers of m. Both the monolayer and bi-

layer superlattices can be direct-gap semiconductors if substrates are selectively chosen with lattice con-
0

stants above 5.48 and 5.47 A, respectively.

I. INTRODUCTION

There has been a great deal of interest in direct-gap su-
perlattices because of the potential applications for op-
toelectronic devices. With the development of epitaxial
technology such as molecular-beam epitaxy or metal-
organic chemical vapor deposition, it is possible to con-
trol the band structure of superlattices by varying the su-
perlattice period and the substrate lattice constant. A
periodic superlattice composed of two indirect-gap semi-
conductors provides the folding of the conduction-band
minimum state into the zone-center position of the Bril-
louin zone. ' With the combination of the pushing of elec-
tronic states ' and the energy splitting due to substrate
strain, one can fabricate direct-gap superlattices from
indirect-gap binary constituents. The Si-Ge system has
been studied extensively in this category, however, there
is an intrinsic strain problem which results from a large
lattice mismatch of 4% between Si and Ge. Thus the for-
mation of defects at interfaces is inevitable during crystal
growth.

On the other hand, among group III-V superlattices,
GaP and A1P are nearly lattice matched with a small lat-
tice mismatch of 0.2%%uo. Since these materials are indirect
with the conduction-band minimum state at the X point,
the GaP-A1P (001) superlattices are considered as a real-
istic system for investigating the pseudodirect gap of su-
perlattices. Several theoretical calculations have been re-
ported to study the electronic structure and the optical
properties of the GaP-A1P system. Kim and Madhu-
kar examined the electronic structure of GaP-A1P super-
lattices based on the usual sp tight-binding method and
suggested that the (001) superlattice is direct. However,
their calculational method is known to be a simple and
convenient method of describing successfully only the
valence-band structures. Kumagai and his co-workers
used the sp s* tight-binding method which is capable of

yielding more accurate conduction-band structures and
found that the electronic structure and the optical transi-
tion are very sensitive to the band discontinuity and the
optical oscillator strength is larger for shorter-period su-
perlattices. Since these two calculations are based on the
empirical approach and are not capable of predicting the
accurate band discontinuity, they need some experimen-
tal knowledge on the band discontinuity, which is often
used as a parameter when experimental data are not
available. Schuurmans, Rompa, and Eppenga found an
enhancement of the oscillator strength for the optical
transition using the augmented spherical wave method
and suggested the possibility of green light emission in
monolayer superlattices. Experimentally, short-period
superlattices of (GaP) (A1P) where m ranges from 4 to
10, grown by metal-organic vapor phase epitaxy, exhibit-
ed the emission peaks in photoluminescence. These
peaks shift toward higher energies and tend to increase in
intensity as I decreases. These experimental results indi-
cated that the (GaP) (A1P) system is a type-II superlat-
tice.

In this paper we study the structural and electronic
properties of (GaP) (A1P) superlattices using the first-
principles pseudopotential method. ' The thermodynam-
ic stability of the CuAu-I-like, CuPt-like, and chalcopy-
ritelike ordered structures" is examined. Because of the
good lattice match between GaP and A1P, the formation
enthalpies of bulk superlattices are found to be similar to
those for epitaxial ones. However, both the bulk and epi-
taxial formations are found to be unstable against phase
segregation into binary constituents at T =0. The
(GaP) (A1P) system is found to form the superlattices
of a type-II band alignment and be pseudodirect-gap
semiconductors for m ~3. For ultrathin superlattices
with m = 1 and 2, the level repulsion of electronic
states, ' which results from charge transfer at interfaces,
is significant. The direct gaps found in superlattices with
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m + 3 are found to be closely related to the confinement
of conduction electrons into the A1P quantum wells.
Compared with the unfolded state, such charge
confinement is more significant for the folded state from
the conduction-band minimum of indirect-gap constitu-
ents to the center of the superlattice Brillouin zone. The
oscillator strength for optical transition is found to be
stronger for even numbers of m. We also examine the
effect of substrate strain on the energy band structure of
the (GaP) (A1P) system. Considering various sub-

strates, we find that an indirect-to-direct gap transition is
induced by enhancing the substrate lattice constant.

In Sec. II we describe the method of calculation. In
Sec. III the structural stability of ordered bulk and epi-
taxial superlattices is discussed. The results of the calcu-
lations for the energy band structure and the oscillator
strength for optical transition are presented and com-

pared with other theoretical and experimental results.
Discussions are also made. We summarize the results in

Sec. IV.
II. CALCULATIONAL METHOD

In the calculations we use the self-consistent total-
energy pseudopotential method' within the local-
density-functional approximation. ' The Ceperly-Alder
correlation as parametrized by Perdew and Zunger is
used. ' Norm-conserving nonlocal pseudopotentials are
generated by the scheme proposed by Hamann, Schluter,
and Chiang. ' Semirelativistic corrections are included
to ionic pseudopotentials. ' The wave functions are ex-
panded in a plane-wave basis set with a kinetic-energy
cuto6'of up to 12 Ry. To study the structural stability of
superlattices, the summation of the charge density over
the irreducible Brillouin zone (BZ) is performed using a
set of k points for superlattices, which are equivalent to
Chadi s ten special k points in the zinc-blende struc-
ture. ' ' Thus this choice of equivalent sets of k points
ensures consistency in the comparison of the total ener-
gies between the ordered superlattices and the pure
binary compounds. The total energy is minimized by
varying the lattice volume for bulk superlattices and the
lattice constant perpendicular to a substrate for coherent
epitaxial forms. Internal atomic positions are relaxed by
calculating the Hellmann-Feynman forces' until the op-
timum atomic configuration is determined. To examine
the electronic structure of thicker superlattices, we use
the structural parameters which are determined by the
valence force field model. '

III. RESULTS

A. Structural stability

The stability of a bulk superlattice in phase o. with
respect to phase segregation into binary constituents is
determined by the enthalpy of formation b,H' ' per
anion-cation pair at T =0, defined as2O

~~b 1k(Gao. 5Alp 5P ) =E (Gap gAlp gP )

—[E' '(GaP)+E' '(A1P)]/2

B. Band onset

Our calculations of the band lineups at the GaP-A1P
heterojunctions are performed by constructing the
(GaP)4(A1P)~ superlattice, which consists of two slabs of

0
TABLE I. Calculated lattice constants (ao in units of A),

bulk ( b Hb„&k ) and epitaxial ( AH, ~; ) formation enthalpies (in
units of meV/atom) are given for Gao 5Alo 5P alloys ordered in
the CuAu-I-like, CuPt-like, and chalcopyritelike structures.
The decomposition of the bulk formation enthalpies is given by
the volume deformation (AE'), charge transfer (AE"), and re-
laxation energies (AE').

ao
b,E'
QE ct

AE'
EHbuIQ

EHepj

CuAu-I

5.366
1.2
2.9

—0.1

4.0
3.9

CuPt

5.363
1.9
2.5

—0 1

4.3
4.2

Chalcopyrite

5.363
1.9
1.8

—0.1

3.6
3.6

Here, E' '(Gao &Alo 5P), E~ ~(GaP), and E~ '(A1P) are the
enthalpies for Gao 5Alo 5P, GaP, and A1P, respectively, in
their equilibrium bulk structures. We consider three
types of ordered structure to examine the stability of su-
perlattices. " ' The CuAu-I- and CuPt-like structures
with the alternating GaP and A1P monolayers have a
long-range order along the [001] and [111]directions, re-
spectively, whj?e the iwo-layer (GaP)~/(AlP)z superlattice
is ordered along the [201] direction in the chalcopyrite-
like structure. " ' Our calculated enthalpies of forma-
tion are given in Table I for both the bulk and epitaxial
superlattices in the CuAu-I-like, CuPt-like, and chalcopy-
ritelike structures. Similar enthalpy of formation of
about 4 meV/atom is found for each ordered structure.
Thus all the ordered structures of Gao 5Alo 5P alloys are
unstable against phase segregation into binary constitu-
ents at T=0.

For systems of lattice-mismatched constituents, e.g. ,
InP-GaP systems, it is generally known that the instabili-
ty of superlattices is mainly originated from the excess
elastic energy which is introduced to form the strained
superlattice rather than the charge transfer between the
different cation-anion bonds at the interface. " ' How-
ever, since the GaP-A1P superlattice is a good lattice-
matched system, the elastic energy is significantly re-
duced compared with lattice-mismatched superlattices
and the relaxation energy is almost negligible as shown in
Table I. We find the energy increase result from the
charge transfer between the Ga-P and Al-P bonds to be
the main source of the instability. In other lattice-
matched systems like A1As-GaAs superlattices, similar
behavior was also demonstrated. " For coherent epitaxial
superlattices, a pseudomorphic strained lattice is grown
on a substrate with the lattice constant parallel to the
substrate restricted to that of the substrate. Since the
GaP-A1P superlattices are well lattice matched to the
GaP substrate considered here, the epitaxial formation
enthalpies are almost identical to within 0.1 meV/atom
to those for the bulk superlattices as shown in Table I.
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FIG. 1.G. 1. Planar averaged I =1 component of the total poten-
tial V(z) in the GaP-AlP system. The average levels of two bulk
potentials are represented by the dashed lines.

the respective semiconductors in the [001] direction.
This supercell contains 16 atoms and two interfaces.
Self-consistent solutions are obtained for both the charge
density and the total potential, which is made of ionic,
Hartree, and exchange-correlation potentials. The total
potential for the angular momentum l =1 part of the
nonlocal pseudopotentials is averaged in the plane paral-
lel to the interface and plotted along the [001] superlat-
tice direction in Fig. 1. Here, the I =1 pseudopotential is
taken as local potential because it is important in deter-
mining the lineup of the p-like valence-band maximum 23

We find the interface potential to be bulklike in the inter-
mediate regions between the interfaces and confirm that
two interfaces are sufficiently separated. The potentials
marked by VA&p and V~,p in Fig. 1 correspond to the
average levels in their bulk regions and are found to be—0. 11 and 0.11 eV, respectively. Thus the difference be-
tween the two average levels AV= V —Vap Ajp, is es-
timated to be 0.22 eV. We find that the valence-band
maxima in bulk GaP and A1P are 10.02 and 9.74 eV, re-
spectively, with respect to the corresponding average lev-
el of potential. After lining up the energy levels as shown
in Fig. 2, a discontinuity of the valence band is est t des ima e
o e,=0.49 eV, with an upward step in going from

AlP to GaP. Although the spin-orbit splittings are in-
cluded a posteriori the valence-band disc
foound to be little affected and a value of AE, =0.50 eV is
obtained with the use of the measur d

' - b' l'-
24

easure spin-or it split-
tings of 0.08 and 0.04 eV for GaP and AlP, respectively.
Our result for AE, is in good agreement with one empiri-
cal value of 0.46 eV suggested by Tersoff whereas it is
arger than the previous pseudopotential calculation of

0 36 eV Thee . e difference between the present and previ-
ous ab initio calculations seems to result from the use of
different parameters in calculations; a smaller kinetic-
energy cutoff of 6 Ry and the calculated equilibrium
volume were used in the previous work while we use the
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FIG. 2. Band line ups are drawn with the energies positioned

G» an A&p. nergses arerelative to the average potentials V and V E
in units of eV. The spin-orbit splittings are given and the band
splitting of the AlP conduction bands results from strain.

measured equilibrium volume.
In determining the discontinuity of the co d t'con uc ion

an, we face the well-known band-gap probl
'

them in e
oca -density approximation (LDA) calculations. For

binary semiconductors GaP and AlP, the indirect gaps at
the X point are calculated to be 1.66 and 1.57 eV, respec-
tive y, compared with the corresponding measured values
of 2.35 and 2.51 eV. The band gap of the (GaP)4(A1P)4
superlattice is estimated to be 1.53 eV. By correcting the
energy gap of the superlattice with a weighted average of
the LDA gap errors of binary compounds, which is about
0.82 eV, we estimate the band gap of the (4 X 4) superlat-
tice to be 2.35 eV. This value is in good agreement with
the recent experimental result of photoluminescence mea-
surements for the (4 X 4) GaP-AlP system. Thus we as-
sume that AE, will not be affected significantly by includ-
ing corrections to the LDA band gaps. With the use of
the measured band gaps and the calculated value for
AE„ the conduction-band discontinuity AE, is deter-

substrate, the degenerate minimum conduction-band
states X„of AlP are split by the substrate-induced

rxtetragonal distortion. In this case the ene f th
( &, ) state, which is folded from the X„ level, is higher

by about 0.03 eV than the unfolded M (X„)state because
the X&, state decreases as the corresponding in-plane lat-
tice constant decreases in epitaxial formation. A discon-
tinuity of the conduction band is estimated to be 0.38 eV
for the I (X„)state of A1P and 0.35 eV for the M(X„)
state. Thus we conclude that the GaP-AlP system is a
type-II superlattice, with the quantum wells for electrons
in the AlP layers, in good agreement with recent experi-
ments.
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C. Pseudodirect gap

Both GaP and A1P have six equivalent conduction-
band minima at the X points in the zinc-blende structure.
The zone-folding effect brings the X points lying in the
superlattice growth direction (z direction) to the center of
the superlattice BZ while it leaves the X points on the su-
perlattice planes unchanged. Thus, if one considers only
the zone-folding effect, there are five equivalent
conduction-band minima in the superlattice: one at the I
point and the others at the M points. The degeneracy be-
tween these points is lifted through the band-mixing
effect resulting from charge transfers at interfaces. For
thick superlattices, the Kronig-Penney model which as-
sumes an abrupt change of material property at interfaces
is quite satisfactory in describing the electronic struc-
ture. However, in ultrathin superlattices, since the
charge transfer occurring at the interface significantly
aftects the band structure, self-consistent microscopic cal-
culations are required to represent the interface behavior.
Zhang and his co-workers described the energy gap of the
GaAs-A1As superlattices well by incorporating the inter-
facial bonding effect within the Kronig-Penney model.
They estimated the interface effects on the I i, and X„
states by considering the quantity of charge transfer and
predicted a direct gap in the GaAs-A1As superlattices.
Wei and co-workers found significant changes in the en-
ergy levels of the ultrathin ordered GaAs-A1As superlat-
tices due to symmetry-enforced level repulsion between
different symmetry states of the constituents which fold
into equal-symmetry states in the ordered superlattices. '

Figure 3 shows the variations of the conduction-band
minimum states at the I and M points of the
(GaP) (AlP) system with I ranging from l to 6. The
monolayer and bilayer superlattices are found to be in-
direct semiconductors, with the unfolded M (X„) state
lower in energy than the folded I (X&, ) state. The I (X&, )

state energy decreases faster than the M(X„) state with
increasing m. We find an indirect-to-direct band-gap
transition for m close to 3. Thus the band gaps of super-
lattices with m ~ 3 become pseudodirect.

1.8
l' (x„j

* M(x„j

1.6
CL
C3

1.5
C3

CLl

1.4

0 1 2 3 4 5 6 7

Number of sublayer

FIG. 3. Calculated energy gaps of the (GaP) (A1P) super-
lattices where I ranges from 1 to 6 are plotted for the folded
I"(X&,) and unfolded M(X„)states.
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FIG. 4. Planar averaged charge densities of the GaP-A1P sys-
tem are plotted along the superlattice (SL) direction for the fold-
ed I (X&, ) (solid line) and unfolded M(X&, ) (dotted line) states.
The total charge density over the cell volume is set to be two
electrons.

For the ultrathin superlattices with m =1 and 2, the
band-mixing effect through the interfaces between the
two constituents is dominant in forming the electronic
structure of the indirect gap. Because of the difference
between the cation potentials at interfaces, the electron
charges are transferred from less ionic to more ionic
atom for the bonding states, while for the antibonding
states, i.e., the conduction bands, the direction of the
charge transfer is reversed. The folded I (X„)state is
found to be composed of the anion p, orbitals while the
unfolded M(Xi, ) points consist of the anion p„or p or-
bitals. Since the charge transfer at interfaces occurs
mainly along the superlattice direction, the I (X„) state
is expected to be affected more significantly than the
M(Xi, ) state by the formation of superlattices. In fact,
the charge transfer for the M state is found to be nearly
neglected for the m = 1 superlattice. Figure 4 shows the
planar averaged charge densities for the conduction-band
minimum states at the I and M points. In the monolayer
superlattice, the electron charge densities associated with
the I (X„) state are more accumulated in the Ga-P
bonds, while the charge transfer for the M conduction-
band state is not distinguishable. Since the GaP layers
become quantum barriers in the GaP-A1P superlattices,
the charge-transfer effect at interfaces puts the I (Xi, )

state above the M state, resulting in an indirect-gap ma-
terial. The interfacial bonding effect is also the main
reason of the indirect band gap in the (2X2) superlattice
because the charge confinement (this will be discussed
later) is not significantly developed, as shown in Fig. 4.

To examine the mixing of the energy states of the con-
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stituent materials in the m = 1 and 2 superlattices, the en-

ergy shift due to the repulsion of distinct alloy states
(a„k, ) and (a2, kz) which fold in the superlattices into
states (A, „k) and (A2, k) of identical symmetry is calculat-
ed as follows:

gE(m)
cx l, k l cx2, k 2

(2)

where g k and e k denote the eigenstate and the corre-
sponding eigenvalue for an alloy. Here, AV™is the
difference between the potential of the Gao 5Alo 5P alloy
and that of the (GaP) (A1P) superlattice. We use
virtual-crystal approximation to calculate the alloy po-
tential, thus the energy levels of the alloy are independent
of m. If the states g k and g k have the same symme-

try at a wave vector k in the superlattice Brillouin zone,
the matrix element in Eq. (2) is nonzero. Since the matrix
element is also nonzero only if the relative phase of two
repelling states is in phase with the potential difference
6V, symmetry and relative phase are the major factors
in determining the energy shift in level repulsion.

The results of our calculations are given in Table II.
We find that the alloy energy levels with the first- and
second-order corrections of the perturbed potential given
in Eq. (2) are in good agreement with the corresponding
energies calculated directly for the superlattices. In the
m =1 superlattice, the dominant repelling states at the
center of the superlattice BZ are the folded I (X„)state
and the valence-band maximum state I 5, . The energy
shift in Eq. (2) is calculated to be about 0.05 eV for the
I (X&, ) state, positioning this level in a higher-energy
state while the I 5„level is lowered by approximately the
same amount. Although the I"4, and I 5, states are de-
generate in the alloy, the level shift is nearly negligible for
the I ~, state because of the different symmetry. At the
M point, a similar level repulsion exists between the
M(X&, ) state folded from the zinc-blende (1,0, 1) point to
the superlattice (1,0,0) point and the unfolded M(X4, )

state because of the identical symmetry. Since the
difference between the two repelling state energies at the
M point is larger than that at the I point, the energy
shift of the M conduction-band minimum state is found
to be smaller by an order of magnitude than that for the
I (X„) conduction-band state. Thus the (1 X 1) system
becomes an indirect-gap superlattice.

In the (2 X 2) superlattice, the repelling levels in Eq. (2)
are different from those of the (1 X 1) system because of
the different symmetry. At the I point, a level repulsion
occurs between the I (X„) state folded from the zinc-
blende (0,0, 1) X„state and the I (5„) state from the
zinc-blende (0,0,—,

'
) point while at the M point the unfold-

ed M(X„) and folded M( W„) states repel each other.
Since the I (6„)and M( W„) states lie above the I (X„)
and M(X&, ) states, level repulsion provides a downward
shift for both the X-derived I (X&, ) and M(X„) states.
The I (X„) state is found to have an additional down-
ward shift of 0.005 eV, resulting from the band repulsion
by the I (b3, ) state. The analysis of angular momentum
decompositions of the wave functions shows that the X&,
and 8'„states have s and d characters on the anion and

p and d characters on the cation sublattice, whereas the
6&, state is less symmetric with all s, p, and d components
on both the anion and cation sublattices. Thus the ma-
trix element in Eq. (2) is much reduced for the repelling
pair at the I point. This leads to the energy shift AE' '

at the M point, which is two times larger compared to the
corresponding value at the I point, although the energy
separation of 2.90 eV between the M (X&, ) and M ( W&, )

states is larger than the difference of 0.89 eV between the
pair states at the I point. As a result of it, the (2 X 2) su-
perlattice becomes indirect at the M state.

Next, we discuss the origin of the direct gaps occurring
in superlattices with m ~ 3. In ultrathin (1 X 1) and
(2X2) superlattices, since the conduction states are delo-
calized extending over both the GaP and A1P sublattices,
their energies lie near the well centers within the
Kronig-Penney model. Thus, the interfacial chemical

TABLE II. Comparisons of the energy levels for Gao, Alo, P alloy in virtual-crystal approximation
(VCA) with those for the monolayer (m =1) and bilayer (m =2) superlattices. The first- (AE(, ) ) and
second-order (AE(2) ) corrections by the potential difference between alloy and superlattices are given.
The I 4, state is taken as reference level to compare with the energies of the superlattices where inter-
tomic positions are unrelaxed (E"""')and fully relaxed (E"').

States EvcA

0.000
0.000

—2.329
1.602
1.602

AE( l )

—0.005
—0.004

0.000
0.000
0.000

—0.050
—0.002
—0.003

0.051
0.003

EvcA+ az(1)
+ AE(2)

—0.049
0.000

—2.326
1.659
1.611

E unrel

—0.039
0.000

—2.338
1.665
1.610

E rel

—0.048
0.000

—2.342
1.687
1.619

0.000
0.000
2.492
1.602
1.602
4.503

—0.003
—0.002

0.000
0.000
0.000
0.000

—0.016
0.004
0.015

—0.020
—0.041

0.041

—0.021
0.000
2.505
1.580
1.559
4.542

—0.015
0.000
2.562
1.584
1.563
4.532

—0.028
0.000
2.585
1.613
1.572
4.506
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f [X(001)]

M [xpp']

AlP

0.92(2.2)
0.26(0.25)

GaP

1.25(1.37)
0.25(0.25)

shift is the major factor of determining direct or indirect
gap, as discussed before. As shown in Fig. 4, the electron
densities associated with the I and M superlattice
conduction-band states tend to be accumulated in the
A1P quantum wells as the lattice period increases. Such
charge confinement occurs more significantly for the I
state. This results from the difference between the
effective masses at the equivalent zinc-blende X points.
The calculated effective masses for both bulk AlP and
GaP are given in Table III. The effective masses calculat-
ed along the [001] superlattice direction for the zinc-
blende (0,0, 1) X„state are found to be three to five times
larger than those calculated for the (1,0,0) X&, state.
Thus, the I -associated electron with a large effective
mass is localized preferentially on the A1P sublattice ac-
cording to the Kronig-Penney model. Thus the super-
lattice I state has an energy closer to well edge, com-
pared with the unfolded M states, resulting in direct-gap
superlattices. We note that this behavior becomes
significant as the lattice period m increases.

D. Substrate strain eÃect

On GaP or A1P substrate, the strain induced by lattice
mismatch is extremely small in GaP-A1P superlattices.
The ultrathin (1 X 1) and (2 X 2) superlattices are found
to be indirect on GaP and A1P substrates. However,
these indirect-gap superlattices can be direct on sub-
strates with large substrate lattice constants (a, ). Figure
5 shows the variations of the I (X&, ) and M(X&, )

conduction-band states on various substrates such as

1.8

TABLE III. Calculated effective masses (in units of electron
mass) along the [001] superlattice direction for the zinc-blende

(0,0, 1) and (1,0,0) X&, states are given for binary GaP and AlP.
Numbers in parentheses are experimental data from Ref. 24.

GaP, A1P, Si, and GaAs. The monolayer and bilayer su-
perlattices are found to be direct for substrate lattice con-
stants above 5.48 and 5.47 A, respectively. In superlat-
tices, the lattice constant parallel to substrate is restricted
to be equal to that of a chosen substrate, while the lattice
constant (a~) perpendicular to the substrate is deter-
mined by minimizing the total energy. We find a~ to de-
crease as a, increases. Since in zinc-blende materials the
minimum conduction-band energy at the X point normal-
ly increases with the decreasing of lattice constant, the
X-derived I state along the superlattice direction has de-
creasing behavior when a, increases in superlattices,
while the M states derived from the on-plane X points
have opposite behavior. Therefore, an indirect-to-direct
transition is likely to occur as shown in Fig. 5, if sub-
strates having large lattice constants are used. However,
it should be noted that although a large substrate lattice
constant is necessary to make the superlattice band gap
direct, it may lead to the lattice instability because of the
large strain introduced during growth.

E. Optical transition

We examine the optical properties of superlattices by
calculating the oscillator strength:

where hE is the gap energy between the conduction-band
(g, ) and valence-band state (g„), m, is the free-electron
mass, and p is the momentum operator. As shown in Fig.
6, the oscillator strength for the optical transition from
the valence-band maximum state to the X&,-derived
conduction-band minimum state at the I point is nearly
zero for superlattices with odd numbers of lattice period.
In this case, the X3,-derived state, which lies above the

X&,-derived state, has significantly larger oscillator
strength. This oscillator strength tends to decrease with
the increasing number of m. On the contrary, for super-
lattices with even numbers of m, the transition to the
X&,-derived conduction-band minimum state at the I
point is optically allowed with large oscillator strength,
while the X3-derived I state has negligible strength.
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FIG. 5. Energy variations of the folded I (X] ) and unfolded
M(X&, ) states are plotted as a function of substrate lattice con-
stant for the (GaP) (AlP) superlattices with m = 1 (solid) and
2 (dotted).

Number of sublayer

FIG. 6. The oscillator strengths for the transition from the
valence-band maximum state to the X„- and X3,-derived I
states are plotted as a function of superlattice period m.
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Our finding that oscillator strength is generally larger
for shorter-period superlattices agrees well with recent
photoluminescence measurements; the emission intensity
was found to increase with decreasing m where m ranges
from 6 to 10 while the exceptionally small intensity ob-
served for the m =4 superlattice was attributed to the in-
ferior interface abruptness. Our results also agree fairly
well with the tight-binding calculations by Kumagai,
Takagahara, and Hanamura. However, in their work,
the calculations of the matrix elements for the I (X3, )

state were not made. Furthermore, since in this method
the excited state s* added to the conventional sp orbits
to describe the correct conduction band is s-like, the
wave function as well as the oscillator strength for the
folded I'(X&, ) state with more d-like character may not
be described properly.

tices in the CuPt, CuAu-I, and chalcopyrite structures
are structurally unstable at T=0. The GaP-A1P system
is found to form the superlattices of a type-II band align-
ment and is a pseudodirect-gap semiconductor for super-
lattice periods m ~ 3, while it is indirect for m =1 and 2.
As superlattice period increases, the charge confinements
into the A1P quantum wells are more significant, result-
ing in the direct band gap. We have found that even the
monolayer and bilayer superlattices, which are indirect
on GaP substrate, can be direct if substrates with sub-

0
strate lattice constants larger than 5.48 A are used. The
oscillator strength for the transition from the valence-
band maximum to the conduction-band minimum state at
the center of the superlattice Brillouin zone is found to be
stronger for superlattices with even numbers of m and
tends to decrease as m increases.
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