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Antiphasing mechanism of ordered Ga0.5In0.5P layers grown on GaAs„001…
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Ga0.5In0.5P layers grown by metal-organic chemical-vapor deposition on~001!-oriented GaAs substrates
have been studied using transmission electron microscopy. Additional extra diffraction spots found in several
projections around the@001# pole and a streaking parallel to the@001# direction observed in the@110# projection
are interpreted as due to a laminar structure of the samples consisting of two variants of the CuPt structure with
orderings on the ( 1̄11! and ~11̄1! planes distributed in alternating~001!-oriented laminae. The results of our
valence-force-field calculations, including—in an approximate way—the surface reconstruction, suggest a
possible origin of the laminar growth. The band-gap reduction of the simplest laminar structures relative to the
average gap of the binaries has been calculated by means of the relativistic linear-muffin-tin-orbital method,
and found to be significantly lower than that of the CuPt phase.@S0163-1829~98!05607-0#
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I. INTRODUCTION

The semiconductor alloy Ga0.5In0.5P is used in optoelec
tronic devices operating in the visible spectral range. It
almost lattice matched to GaAs, and can thus be easily
corporated into GaAs-based systems.

Since the pioneering work of Gomyo, Suzuki, and Iijima1

the Ga0.5In0.5P layers grown on GaAs~001! are known to
exhibit long-range order. The ordered structure correspo
to a monolayer superlattice of~GaP! 1~InP! 1 in one of the

two orientations~variants! ( 1̄11! and ~11̄1!. It will be de-
noted here for traditional reasons as CuPtB ~or shorter CPB).
The structure is not epitaxially stable,2 and the surface ef
fects thus have to be considered in order to explain the
dering.

Boguslawski3 used the valence-force-field~VFF! method4

to investigate the influence of the surface relaxation. He
culated the energies of different atomic arrangements at
cation-terminated surface and found the one correspon
to the CPB ordering to be stable with respect to the pha
separated system~Ga plus In!. This can be intuitively under-
stood as due to a relatively large number of degrees of f
dom of the CPB surface that can relax to the optimu
configuration. However, the calculated value of the mag
tude of the the excess energy5 is rather small~8 meV/surface
atom!. Bernard, Froyen, and Zunger6 studied the surface by
means of the first-principles pseudopotential method,
showed that it is the electronically driven surface reconstr
tion consisting of dimerization followed by buckling and til
570163-1829/98/57~8!/4642~7!/$15.00
s
n-

ds

r-

l-
he
ng
-

e-

i-

d
c-

ing of the dimers~mechanism I! that stabilizes the CPB sur-
face over all other forms of surface order. The resulti
value of the excess energy~-99 meV/surface atom! is low
enough~unlike that obtained by Boguslawski! to account for
the ordering of the surface at usual growth temperatur
(;900 K!.

In order to explain the experimentally observed larg
scale CPB ordering, it is further assumed6 that a locally com-
plete cation-terminated surface can form and achieve its
timum arrangement before the subsequent coverage, and
the bulk diffusion following the subsequent coverage can
alter the established order. In other words, the pattern form
at the surface freezes as soon as it is covered by P atom

The above assumption does not yet define the resul
structure: the cation monolayers can be either correla
~bulklike CPB) or anticorrelated, or something between~see
Fig. 1!. According to Ref. 3, the cation monolayers shou
grow in the anticorrelated manner, whereas Ref. 6 sugg
that they grow in the correlated pattern. We shall now brie
discuss the arguments which can be used to explain th
contradictory results qualitatively. For the sake of simplic
of our explanation, say, that a cation monolayer is of ty
C(D) if the atomic arrangement corresponds to the CPB or-
dering, and is in phase~antiphase! with the arrangement o
the first cation monolayer of the alloy. The structure of F
1~a! @Fig. 1~b!# can be described asCCCCCC
(CCDDCC). Let us consider the growth of a cation mon
layer on aC-P-C-P layer ~P represents a monolayer of
atoms!. The argument of Ref. 3 is as follows. The Ga
bonds are shorter than those between In and P atoms. Th
4642 © 1998 The American Physical Society
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57 4643ANTIPHASING MECHANISM OF ORDERED . . .
~In! atoms are therefore ‘‘looking for’’ positions where the
atoms are closer to~farther from! each other. These position
are above those of Ga~In! in the firstC monolayer~see Fig.
2 of Ref. 3!. That is why theCCD step should appear in
stead of theCCC pattern corresponding to the thre
dimensional~3D! CPB ordering ~antiphasing mechanism!.
The argument of Ref. 6 is in some sense the reverse.
geometry of the reconstructed cation surface~see Figs. 3, 6,
and 14 of Ref. 6! is such that the Ga~In! dimers are very
close to~far from! the previous P monolayer. The Ga~In!
dimers are thus ‘‘looking for’’ positions where the P atom
are farther from~closer to! each other. Consequently, th
CCC pattern appears corresponding to the 3D CPB ordering
~phasing mechanism!.

The authors of Ref. 6 also considered the case where
cations do not have time enough to form the CPB order at the
surface, and it was shown that the CPB arrangement can
nevertheless arise in the second subsurface cation mono
~SSCM! below the reconstructed P surface. The P dim
compress the lattice, so that the rows of cations situated
low them have less space than the other rows~see Fig. 14 of
Ref. 6!. If subsurface diffusion occurs at a sufficient rate, t
former rows will be occupied by Ga atoms, and the lat
rows by In atoms, and the CPB arrangement will appea
~mechanism II!. The mechanism is, in somewhat simpl
form, also presented in Ref. 7. However, as far as we kn
the correlation between the cation monolayers in the cas
ordering governed by mechanism II has not yet been stu
from the point of view employed above, i.e., the surfa
energetics.

The results of recent TEM studies8,9 indicate that the
samples prepared at temperatures from;660 to ;750 °C
are almost perfect CPB ~the diffraction patterns do not ex
hibit extra diffraction spots, corresponding to the 3D CPB
ordering! whereas those prepared at temperatures from;
520 to; 660 °C contain antiphase boundaries~APBS!, i.e.,
such steps as in Figs. 1~b! and 1~c! ~the diffraction patterns
exhibit streaking parallel to@001#, that can be explained a
being due to the steps!. Other interesting phenomena occur
even lower growth temperatures~see Ref. 12 and reference
therein!. There must be some antiphasing mechanism
sponsible for the observed loss of correlation at lower te
peratures. In case of growth governed by mechanism I,
phasing mechanism of Ref. 6 should dominate, whereas

FIG. 1. Schematic diagrams showing~a! correlated,~b! anticor-
related c! irregular stacking of cation monolayers within a layer
ordered Ga0.5In0.5P. The thin and thick lines represent planes co
taining the Ga and In atoms, respectively, anda is the lattice pa-
rameter.
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antiphasing mechanism of Boguslawski is ruled out beca
it is based on an approach that does not take the sur
reconstruction into account. On the other hand, there m
be some antiphasing mechanism connected with the gro
governed by mechanism II. Our combined experimental a
theoretical studies described in this paper suggest suc
mechanism.

Results of our TEM studies and their implications for t
structure of Ga0.5In0.5P layers are discussed in Sec. II. In Se
III, we present the results of our VFF calculations, yielding
layer-antiphasing mechanism, and in Sec. IV we discuss
consequences of this mechanism for the fundamental b
gap. A short summary is given in Sec. V. Preliminary resu
of the TEM studies were published in Ref. 10.

II. EXPERIMENTAL RESULTS AND STRUCTURE

The investigated samples were Ga0.5In0.5P epitaxial layers
prepared in a AIX 200 low-pressure metal-organic chemic
vapor deposition equipment on~001!-oriented semiinsulating
GaAs substrates. The growth temperature was 640 °C,
total pressure inside the reactor was 20 mbar, and the
velocity was 2.1 ms21. Specimens for TEM in the~001!
~plane view! as well as the~110! orientation~cross section!
were prepared by standard techniques consisting of chem
polishing and ion beam etching. TEM observations were p
formed in a JEOL 1200 EX microscope operating at 120 k

Extra diffraction spots were found in several projectio
around the@001# pole including the@001# projection itself.
The most interesting ones are shown in Fig. 2. The ex

spots visible in the projections@001#, @103#, and @ 1̄14# cor-

respond to the followingk vectors: (12 ,̄ 1
2 ,0); (1

2 ,̄ 1
2 , 1

6 ) and

( 1
2 ,̄ 1

2 , 1
2 )̄ ; and (1

2 ,̄ 1
2 ,6 1

4 ), respectively. In Fig. 2~d! an ex-
ample of the@110# diffraction pattern is shown. It can b
seen that, instead of sharp spots at positions (7 1

2 ,6 1
2 ,7 1

2 )
and (7 1

2 ,6 1
2 ,6 1

2 ), extremely extended streaking occu
along the @001# direction. The diffraction pattern is sym
metrical, which means that both variants of the ordered CB

structure@( 1̄11! and ~11̄1!# are developed within the sam
diffracting area.

In order to explain the observed diffraction patterns, a
especially the nonzero intensities at the positio
(7 1

2 ,6 1
2 ,0), that are clearly visible in Fig. 2~a! ~see also

Ref. 11!, we theoretically analyzed the diffraction patterns
a large variety of model structures consisting of alternat
layers of ( 1̄11! and ~11̄1! variants stacked in the@001# di-
rection. The thicknesses of the layers belonging to the sa
variant may be the same or may vary around a certain m
value. In this way, we can obtain regular~periodic! or irregu-
lar stackings of the layers. Obviously, there are furthe
more complicated—possibilities to obtain periodic or irreg
lar stackings where the thicknesses of the layers of
variant are not necessarily the same. The samples rather
sist of such stackings as deduced from the diffraction p
terns. We restricted ourselves to the simpler structures,
which some interesting results and rules can be obtained

Model structures of sizes 2a32a3200a (a being the
lattice parameter! were generated in the way describe
above. The intensity of the diffracted electrons was cal
lated within the framework of the kinematical theory of di
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fraction for kx52 1
2, ky5 1

2, and kz varying continuously
from 2 1

2 to 1
2. The size 200a in the @001# direction was

sufficiently large to give sharp diffraction maxima in the ca
of periodic structures, and it was suitable for describing
irregular stacking of layers as well.

Examples of the investigated structures are shown in
3. The structure of Fig. 3~a! represents the simplest case
the periodic stacking of the alternating layers of the two va
ants, the layers of both variants having the same thickne
~in units of a/2!. This atomic arrangement can be describ
as (CCDD)` or ~1-1! ` . The subscript̀ means a periodic
repetition of the pattern described in the parentheses in
@001# direction. The former notation was introduced abo
and the latter has the following meaning: the pattern~unit
cell! contains a layer of the (11̄1! variant and a layer of the

FIG. 2. TEM diffraction patterns of a Ga0.5In0.5P sample ob-

tained in the following projections:~a! @001#, ~b! @103#, ~c! @ 1̄14#,
and ~d! @110#. Some rational indices of additional diffraction spo
are given in the schematic drawings in the right part of the figu
Large circles—fundamental diffractions; small circles—addition
diffractions due to the ordering. In Fig. 4~d!, the spots correspond

ing to the perfectly ordered variants@( 1̄11! and~11̄1!# are marked.
n

g.

i-
1

d
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~11̄1! variant; the first and second numbers in the parent
ses stands for the number of P monolayers per the for
and latter layers. In Figs. 3~b!, 3~c!, and 3~d!, the structures
(CCCDDD)` or ~2-1! ` , (CCCCDDDD)` or
~3-1! ` , and (CCCD)` or ~2-2! ` are shown. Finally, in Fig.
3~e! an example of an irregular stacking of the layers
shown. Note, that the atomic arrangements can be interpr
alternatively as structures containing APB’s of high dens
For example, the arrangement of Fig. 3~b! can be derived
from the ( 1̄11! variant of the CPB structure generating an
APB after every third layer.

All the investigated structures give rise to additional d
fraction maxima along the line connecting the poin

( 1
2 ,̄ 1

2 , 1
2 )̄ , ( 1

2 ,̄ 1
2 , 1

2 ). For periodic structures, except for the sim
plest one, the number of these points is larger than 1
generally, maxima with differentkz-coordinate differ also in
intensity. In the case of an irregular stacking of the laye
the intensity is continuously distributed between the poi
with kz571/2. Thekz coordinates corresponding to the a
ditional diffraction maxima of various periodic structure
with the layer thicknesses ranging from 1 to 6~in units of
a/2) are given in Table I.

Note that there are several structures having their diffr
tion maxima exactly at the positions visible in the projectio
used to obtain the patterns of Figs. 2~b! and 2~c!: ~2-1! ` ,
~4-2! ` and ~3-1! ` , ~4-4! ` , ~6-2! ` , respectively. It is also
clear that there is no possibility to unambiguously ident
these structures by means of the TEM diffraction analysi

It can also be seen that, for some structures, the diffr
tion maxima at the points withkz561/2 completely disap-
pear. This is the case of the structures consisting of lay

.
l

FIG. 3. Schematic diagrams showing the atomic arrangemen
some of the investigated structures:~a! ~1-1!, ~b! ~2-1!, ~c! ~3-1!,
and~d! ~2-2!. ~e! Irregular structure. The abbreviations describe t
unit cell repeated periodically in the@001# direction. The cell con-

tains a layer of the ( 1̄11! variant and a layer of the~11̄1! variant;
the first and the second numbers in the parentheses stand fo
number of P monolayers per the former and latter layers. The em
and full circles represent the Ga and In atoms, respectively. Th
atoms are not shown.
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57 4645ANTIPHASING MECHANISM OF ORDERED . . .
with the thicknesses being odd numbers. More precisely
the ( 1̄11! variant is represented by layers with thicknesses

3, 5, . . . , theintensity at the point (12 ,̄ 1
2 , 1

2 )̄ ~corresponding to

a maximum of the~11̄1! variant! vanishes, because the la
ers of the~11̄1! variant are out of phase. The discussions
other possibilities are at hand. This finding is in agreem
with the results of Ref. 8, where the microstructure of t
ordered structures was widely discussed.

Other interesting problem represents the intensity atkz
50. Our analysis clearly shows that the ‘‘symmetrica
structures~1-1! ` , ~2-2! ` , ~3-3! ` , ~5-5! ` , . . . contribute
to the diffraction maximum atkz50, whereas the remainin
symmetrical structures~4-4! ` , ~8-8! ` , . . . do not. In the
case of the former structures, the intensity decreases rap
~although not monotonically! with increasing layer thickness
This is shown in Fig. 4 for layer thicknesses up to 15.
similar behavior was also observed by us in the case o
irregular stacking of layers. Structures consisting of lay
with a mean value of the thickness exceeding 10 give p
tically zero intensity atkz50.

The results of our simulations along with the experimen
observations suggest that the investigated samples cons
alternating layers of the two variants. A considerable int
sity at kz50 indicates that the layers contain only fe
atomic monolayers.

III. VFF CALCULATIONS AND AN ANTIPHASING
MECHANISM

The results presented above provide us with strong
dence of the existence of an antiphasing mechanism. In o
to find such a mechanism, we proceed in the following w
We focus our attention on the growth governed by mec

TABLE I. The kz coordinates of additional diffraction maxim
of various periodic structures with the layer thicknesses rang
from 1 to 6~in units ofa/2). The abbreviations of the first and thir
columns describe the unit cell repeated periodically in the@001#

direction. The cell contains a layer of the (11̄1! variant and a layer

of the~11̄1! variant; the first and second numbers in the parenthe
stand for the number of P monolayers per the former and la
layers. The maxima are situated along the line connecting the po

( 1
2 ,̄ 1

2 , 1
2 )̄ and (12 ,̄ 1

2 , 1
2 ), their third coordinates are given in the se

ond and fourth columns. The number of the maxima is larger tha
for all the investigated structures, except for the simplest one.

Unit cell kz Unit cell kz

~1-1! 0
~2-1! 2

1
2 , 1

6 ~5-2! 2
5

14,2 1
14, 3

14, 1
2

~2-2! 2
1
2 ,0,12 ~5-3! 2

3
8 ,2 1

8 , 1
8 , 3

8

~3-1! 2
1
4 , 1

4 ~5-4! 2
7

18,2 3
18, 1

18, 5
18, 1

2

~3-2! 2
3

10, 1
10, 1

2 ~5-5! 2
2
5 ,2 1

5 ,0,15 , 2
5

~3-3! 2
1
3 ,0,13 ~6-1! 2

1
2 ,2 3

14, 1
14, 5

14

~4-1! 2
1
2 ,2 1

10, 3
10 ~6-2! 2

1
2 ,2 1

4 ,0,14 , 1
2

~4-2! 2
1
2 ,2 1

6 , 1
6 , 1

2 ~6-3! 2
1
2 ,2 5

18,2 1
18, 7

18

~4-3! 2
1
2 ,2 3

14, 1
14, 5

14 ~6-4! 2
1
2 ,2 3

10,2 1
10, 1

10, 3
10, 1

2

~4-4! 2
1
2 ,2 1

4 , 1
4 , 1

2 ~6-5! 2
1
2 ,2 7

22,2 3
22, 1

22, 5
22, 9

22

~5-1! 2
1
3 ,0,13 ~6-6! 2

1
2 ,2 1

3 ,0,13 , 1
2
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nism II, i.e, we assume that the CPB atomic arrangemen
arises below the reconstructed P surface in the SSCM.
ther, we assume that the atomic arrangement of the ca
monolayers situated farther from the surface is frozen. T
antiphasing mechanism has to be related to the energy p
erences in the SSCM. In order to quantify our consideratio
we define the excess energyDE4 corresponding to the
SSCM of a given Ga0.5In 0.5P layera terminated by a recon
structed P surface as follows :

DE4@a#5E@a#

2 1
2 $E@a, SSCM occupied by Ga atoms#

1E@a, SSCM occupied by In atoms#%.

The lower the value ofDE4, the more stable the atomi
arrangement in the SSCM. We calculatedDE4 for various
configurations of the upper two cation monolayers at a fix
configuration of the other cation monolayers using a mo
fied VFF method. In bulk calculations the VFF total ener
consists of bond-stretching energies associated with all te
hedral bonds, and bond-bending energies associated wit
pairs of bonds having an atom in common. In this ca
however, the VFF treatment of the ‘‘buried’’ bonds has to
connected with the surface energetics. Bernard, Froyen,
Zunger6 did this via matching the pseudopotentia
determined geometry of the upper two monolayers with
buried bonds treated by the VFF method, the strain energ
the upper monolayers being neglected. Our approach is
sophisticated but extremely simple: we sum up the contri
tions of all the III-V bonds including those connecting th
surface atoms, and we add the contribution of ‘‘bondin
energies associated with the P dimers. The latter energie
calculated in the same way as the bond-stretching energie
bulklike bonds. As the equilibrium bond length we adopt t

g

es
er
ts

1

FIG. 4. Relative intensityI 0/I 1/2 at kz50 as a function of the
thicknessx corresponding to the symmetrical unit cell described
(x-x) repeated periodically in the@001# direction. The values are
related to the intensity at the positionkz5

1
2 calculated for a per-

fectly ordered ( 1̄11! variant. Only structures yielding a nonzer
intensity are included.
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4646 57D. MUNZAR et al.
distance between P atoms forming a dimer obtained in Re
~see also Ref. 13!. The value of the force constant used in o
calculations is 50 N/m. This is our ansatz, that can be ju
fied by two facts. First, the difference between the energ
of the C andD arrangements in the SSCM at fixed positi
of the P dimers~180 meV/atom! is rather close to the valu
reported in Ref. 6~210 meV/atom!. Second, the resulting
energy differences depend only weakly on the value of
force constant. The values of the force constants of the II
bonds as well as the lattice parameters were taken from
14. As unit cells we used the 231 surface slabs, the geom
etry of the upper 7 monolayers~ML ! of GaAs and 8~10! ML
of the alloy was relaxed.

The results of our calculations are shown in Table II. T
structures of the first column have an APB between the s
ond and third subsurface cation monolayers, whereas th
of the third column have not. The large negative values p
sented in the second and fourth columns confirm the stab
with respect to phase separation of the CPB order in the
SSCM. The difference between the excess energies liste
the second and fourth columns is negative,; -8 meV, irre-
spective of the atomic arrangement in the upper ca
monolayer. This means that the SSCM will ‘‘prefer’’ th
arrangement that corresponds to a step with respect to
previous two cation monolayers~antiphasing mechanism!.
However, the magnitude of the energy difference is rat
low, so we can only argue that the steps are more likely
occur than not to occur; the layers should contain steps
ML, but also those of 3 ML and more. This is in good agre
ment with our experimental findings.

The last two lines demonstrate that the preference for
steps does not depend on the arrangement of the more d
buried monolayers. This contradicts the empirical ‘‘coin
dence structure’’ rule introduced in Ref. 8. According to th
rule, only such structures can occur for which the numbe
cation monolayers in any given step is an odd number@the
structure of Fig. 3~d! obeys the rule, whereas the structur
of Figs. 3~a!, 3~b!, and 3~c! do not#. If this were so, the
arrangement of the deeply buried monolayers would hav
influence what is going on in the SSCM, at variance with o

TABLE II. Excess energiesDE4 ~in meV/surface atom! corre-
sponding to the second subsurface cation monolayer calculate
Ga0.5In0.5P anion-terminated layers grown on GaAs~001!. The ab-
breviations of the first and third columns describe the arrangem
of the cation monolayers; the two possible CPB arrangements are
denoted asC andD, andA (B) stands for a monolayer consistin
of Ga ~In! atoms. The last column contains the difference of
energies given in the second and fourth columns.

Structure DE4 Structure DE4 D

CCDA 277 CCCA 270 27
CCDB 267 CCCB 259 28
CCDC 270 CCCC 261 29
CCDD 271 CCCD 262 29

average 271 average 263 28

CCCDC 270 CCCCC 262 28
CCDDC 270 CCDCC 262 28
6
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results. It can be concluded that either the interpretation
the TEM patterns presented in Ref. 8 is wrong~we expect
this is not the case!, or that our VFF calculations can giv
only a partial account of the observed correlations. It is p
sible that the number of monolayers per step is influenced
the height of surface steps, as suggested in Ref. 15.

The antiphasing mechanism proposed by us is very s
lar to that of Boguslawski.3 The qualitative explanation o
the latter mentioned in Sec. I can be applied to the growth
the SSCM.

IV. CONSEQUENCES OF THE ANTIPHASING
MECHANISM FOR THE FUNDAMENTAL BAND GAP

The CPB ordering was predicted to cause a significa
narrowing ~0.46 eV! of the fundamental band gap@band-
gap reduction ~BGR!# relative to the average ove
binaries.16–18 The measured values of the BGR are sma
(;0.2–0.3 eV depending on the growth conditions, und
which the sample has been prepared!.19–22 This discrepancy
is usually interpreted21,22as due to the fact that the degree
the long-range orderh ~Ref. 23! of the samples is much
lower than 1~i.e., the ordering of any cation plane is only
partial one!. The band gap of the structures grown at low
temperatures could also be strongly influenced by the p
ence of the APB’s. In order to investigate this effect, w
calculated the band structures of the superlattices show
Fig. 3 epitaxially matched to GaAs. The geometries w
obtained with the help of the VFF method, that is known
yield accurate estimates of the atomic positions.24 Note that
the calculated equlibrium volumes are smaller by; 1% than
those obtained by Vegard’s rule. Further, in the case of
CPB structure@~11̄1! variant#, the shift parallel to the sub
strate surface of each cation monolayer with respect to
previous in the@ 1̄10# direction is found to be smaller by;
3% than that of the ideal zinc-blende geometry. We used
local-density approximation of the density-functional theo
and the relativistic linear-muffin-tin-orbital method25 within
the atomic-sphere approximation. We included the em
spheres26 located at the interstitial tetrahedral sites in order
obtain the close-packed structure, and the so-called c
bined correction term25 was included. The calculated con
duction bands were shifted toward higher energies by
difference between the experimental„2.07 eV~Ref. 27!… and
calculated values of the average gap of the binaries, whic
the simplest way to correct for the ‘‘gap problem’’ of th
local-density approximation. The calculated values of
fundamental band gap are shown in Table III.

The value of the BGR of the CPB structure~0.39 eV! is
somewhat lower than that of Refs. 16 and 17~0.46 eV!,
which is probably due to the differences between the co
putational methods. The values of the BGR correspondin
the other structures are much lower than the former va
@with the exception of the~2-2! structure#. This can be inter-
preted with the help of the zone folding concept. In the ca
of the CPB structure, it is the repulsion between the fold
zinc-blendeG andL conduction-band states of the ‘‘averag
crystal,’’ that is responsible for the large value of th
BGR.16,17 In the case of the superlattices containing APB
other zinc-blende states are folded into theG point. The in-
teraction between the lowest conduction-bandG state and
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higher folded states is then much weaker than in the for
case@that can be easily seen with the help of formula~1! of
Ref. 16#, and the BGR is thus smaller.

V. SUMMARY AND CONCLUSIONS

Additional extra diffraction spots have been found in se
eral projections around the@001# pole, including the@001#
projection itself. Positions of the spots have been compa
with those of reciprocal vectors corresponding to simple
riodic structures consisting of the two variants of the CuPB

structure@( 1̄11! and~11̄1!# alternating in the@001# direction.
In the @110# projection, a streaking parallel to the@001# di-
rection was observed, which was compared with diffract
patterns of periodic and irregular stackings of the two CuPB
variants obtained by theoretical simulations. The experim
tal results, especially the nonzero intensity at position
(6 1

2 7 1
2 ,0), provide reliable evidence that the investigat

TABLE III. Calculated values of the fundamental band gapG
2G), Eg , of the GaInP superlattices grown on GaAs~001!. The
abbreviations of the first column have the same meaning as in T
I. The values in brackets represent the band-gap narrowing.

Unit cell Eg ~eV!

3D CPB 1.68 ~0.39!
~1-1! 1.89 ~0.18!
~2-1! 1.87 ~0.20!
~3-1! 1.89 ~0.18!
~2-2! 1.73 ~0.34!
ys
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R
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structures consist of very narrow alternating layers of the t
variants. In other words, the ‘‘phase’’ of the cation monola
ers changes rather frequently.

The VFF method has been used to study the energy p
erences in the SSCM below the reconstructed P surface.
this monolayer, where the ordering probably arises6 due to
the subsurface diffusion. The optimum atomic arrangem
has been found to correspond to an APB with respec
previous cation monolayers: an anticorrelated pattern is p
ered. The suggested antiphasing mechanism could appl
ther at lower growth temperatures—this is the case of
samples—or at group-V-rich conditions~see Ref. 19; the re-
sults presented therein can be viewed as an indirect evid
of our hypothesis!. In both cases the group-III adatoms d
not have enough time to achieve their optimum arrangem
at the surface.

The calculated values of the fundamental band gap of
simplest laminar structures are higher than that of the CuB
structure. The presence of the APB’s thus represents on
the reasons~together with the departure of the degree of t
long-range order from unity! why the observed band-gap re
duction is much lower than the predicted.
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