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-We have used reflection high energy electron diffraction (RHEED) to determine the step structure on Ge and GaAs surfaces. he
results show the key role that inequivalent steps on Ge substrates play in suppressing antiphase domain formatron at the
GaAs/Ge(100) interface. For Ge surfaces misoriented toward the [011] direction and exposed to an As flux, a mass uu
causing a four-monolayer step periodicity is observed. If a Ga flux is then applied, a single domain of GaAs is formed. The sin
domain is observed at the start of growth with weak half order streaks appearing in only one azimuth. In contrast, for surf:
misoriented exactly toward the [010]. RHEED measurements show a different distribution of multilayer step heights with no clea
predominant even or odd layer step height. GaAs grown on this surface shows a reconstruction consisting of two domains.

1. Introduction

The recent successful efforts to grow high qual-
ity GaAs on both Ge and Si by molecular beam
epitaxy (MBE) [1-7] immediately lead to ques-
tions concerning the microscopic processes of the
hetero-epitaxy. For either Si or Ge substrates one
needs to determine the growth mode in which
antiphase domains are avoided. These antiphase
domains have long been an issue [7,8] and are an
expected consequence of the growth of zincblende
on diamond. For growth on Si substrates one
would also like to understand the full impact of
the severe lattice mismatch. In the following we
present a reflection high-energy electron diffrac-
tion (RHEED) study of the growth of GaAs at the
less complicated, GaAs,/Ge(100) interface. Strain
should be much less important in this nearly lattice
matched system. The results indicate that the ini-
tial step distribution of the substrate is crucial to
the subsequent growth mode and that the step
distribution is changed by rea::tion with an As
ambient.

The formation of antiphase domains (APD) is
closely connected with the surface morphology
and is a consequence of the equivalence of the two
sublattices of the diamond structure. The [100]
direction in Ge consists of alternating planes of
Ge atoms in which the bonding is rotated by =7 /2.

0022-0248 /87 /$03.50
(North-Holland Physics Publishing Division)

In GaAs not only is the bonding rotated but also
the alternating planes are in ABAB stacked se-
quence of Ga and As. For growth on an ideal, flat
(100) surface, antiphase domains would be avoided
if the first layer is forced to be either entirely Ga
or entirely As. One attempts to accomplish this by
adsorbing As before growth and then slowly ini=
tiating the growth of GaAs in an As rich environ-
ment [2]. However, if there are monolayer steps on
the Ge surface, i.e. steps of height equal to a/4
where a is the lattice constant (see fig. 1), bo n_i
sublattices will be exposed and saturating the first
layer will still lead to APD’s.

We will use RHEED to measure the distribu
tion of steps on the Ge surface prior to GaAs

[(100] t1o1))

Fig. 1. Perspective view of a Ge(100) surface showing single
layer steps and change in exposed sublattice after a step. The |
misorientation is toward the [011] direction and the lattice

constant, a, is 5.65 A. .

© Elsevier Science Publishers B.V.




ie GaAs surface. For the first measurement
shape of the specular beam is determined as a
n of scattering angle. The beam will be
or split depending on the regularity of the
lengths and step heights [9]. This is a
ence of constructive and destructive inter-
‘between waves scattered from different
« By measuring the diffracted intensity
the length of the specular beam (streak), we
W that when the Ge surface is misoriented
011] direction, either As, or As, adsorp-
uses a mass migration that produces a
with periodicity equal to the lattice con-
a,and not a surface with simple double-layer
p heights. GaAs subsequently grown on this
face contains only a single domain. In contrast,
the crystal misorientation is in the [010]
on we will show that an ordered array of
95 is not obtained and that in this case the

are kinetically, but not energetically al-

ed elsewhere [10]. The growth was per-
in @ Perkin-Elmer MBE 400 system. The
aces were prepared by growing a 1000 A
f Ge onto the misoriented GaAs substrates

table 1. The Ge layer was grown at a rate
02 A/s. A PBN crucible was used to deposit

nd domain structures observed on Ge(100) misoriented
s; GaAs domain orientation, [011), indicates the direc-
the two-fold reconstruction : '

As Four-layer  GaAs domain
tation  species step period?
7 y
~ [011) As, Yes [011) Lto ¢
~ [011])  As, Yes [011][to ¢
[011] As, Yes [011] L to ¢
[010] As, No Two domains
[011] 69° to ¢

[041] As, No
' + weaker domain
[011} 31° to ¢

th and then to detect the presence of APD’s
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the Ge so that the background pressure during
growth was 5X107° Torr [4]. The subsequent
GaAs layer was grown with either As, or As,. The
flux was set to give an As incorporation rate of 1.5
monolayers /s at a substrate temperature of 500°C
based on RHEED As oscillations [11]. Initially the
growth temperature was 500°C and growth rate
0.1 pm/h. After 200 layers were deposited, these
were increased to 580°C and 0.8 um/h respec-
tively. The final GaAs thickness was 2 um in all
the films. -

3. Results

The most defect free growth of GaAs on Ge
has been observed on substrates miscriented by a
few degrees from the (100) [2]. We have followed
this approach and used substrates misoriented to-
ward the [011] and [010] directions. In the follow-
ing section we report our characterization of the
surface during each step leading to single domain
growth of GaAs on Ge(100). Our Ge results are
similar to those reported by Olshanetsky and co-
workers [14] for the [011] direction, but out inter-
pretation is very different. The change in the
surface after As adsorption shows that initial stages
of growth are more complicated than had previ-
ously been thought.

3.1. Ge(100) surfaces

After growing the Ge film and raising the tem-
perature to 500°C, an ordered array of steps on
the misoriented surfaces was confirmed by
RHEED, For a 2° [011] surface, this is shown in
fig. 2a where the diffracted intensity along the
length of the specular streak exhibits characteristic
sharp splitting. The electron beam is 10° off the
[011] direction. There are two important issues to
be noted. First for this ordered staircase, we al-
ways observe orthogonal 2 X 1 and 1 X 2 domains
[12]. The fractional order beams are of nearly

. equal intensity so that neither domain is domi-

nant. It is not a 2 X2 reconstruction since the
(33) beam is missing at all scattering geometries.
This means that the staircase contains significant
numbers of terraces of both sublattices and hence
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Fig. 2. (a) RHEED specular beam splitting from Ge(100) 2°
[011] surface. Profile is measured along the length of a streak,

Locations of the more intense, outer peaks indicate single-layer
step heights. The incident angle is 65 mrad with the 10 keV

beam directed in a [011] azimuth (down the staircase step
array). (b) Diffracted beam profile from Ge(100) 2° [011]
surface after exposure to As flux. New peaks at 57 and 73
mrad indicate a step periodicity of four layers or.one lattice
constant, a, high. (c) Diffracted beam profile from Ge(100) 2°
[010] surface after exposure to As flux. The lack of distinct
peaks about the specular position indicate a surface composed
of a range in step heights. Prior to As exposure, the profile
appeared similar to that in (a). (d) Ewald sphere intersection
with reciprocal lattice of a 2° surface. Reciprocal lattice lines
were calculated assuming a staircase of steps. Intersection
points A, B correspond to A, B in (a). Dashed lines of
reciprocal lattice only appear if step periodicity is 4 mono-
layers. Average terrace length, 2L, is a /tan 2° = 160 A,

some single-layer steps of height a/4. Second, as
explained below, the scan of the intensity along
the specular streak shown in fig. 2a indicates that
single-layer steps dominate. A similar single-layer
periodicity is observed for the other misorienta-
tions. We disagree with the interpretation of
Olshanetsky and coworkers that surfaces misori-
ented toward the [011] contain primarily double-
layer steps.

The separation of the two intense peaks, labelled
A and B in fig. 2a, corresponds to diffraction from

. bounidary has a latent heat of 5 eV, signifying a_

a surface with single-layer steps. The Ewald con-
struction with the same labelling is shown in the
panel on the right. The weak central peak corre
sponds to a less pronounced a,2 periodicity which
is also present (larger periodicities give a sma
spitting). If double-layer steps dominated,
central peak would be stronger. Two effects
sides double-layer steps could give the small central
peak: (1) the different domains could have differ-
ent scattering factors and (2) the lengths of
terraces could alternate [13,17]. Both would give
an a/2 periodicity. Because similar relative in-
tensities are measured at other scattering geom-
etries, it is impossible to fit the data without
modelling the surface staircase with primarily:
single-layer steps. '

3.2. Ge(100): As surfaces

A major reorganization of the Ge step structure
occurs on each of the misoriented surfaces if exs
posed to an As flux. This is indicated by further
splitting of the specular beam, illustrated in fig.
2b, that results from a longer surface periodicity. -
The position of the new peaks as a function of
scattering angle for both 2° [011] and 6° [011]
surfaces correspond to a staircase structure that
repeats after four layers. This four-layer periodic-
ity gives additional constructive interference con-
ditions which are halfway between the peaks shown
in fig. 2a. The extra reciprocal lattice rods are
shown in fig. 2d as dashed lines. During this step
redistribution, the positions of the fractional-order
peaks were unchanged. )

The transition from single-layer steps to a
four-layer periodicity is reversible as shown in fig.
3. At high As fluxes and low substrate tempera-

tures the four-layer structure dominates. The phase .

first-order phase transition. The width of the tran- ':
sition region is < 10°C. Though the phase
boundary shown in fig. 3 was determined with an
incident As flux, the transition could be initiated
by adsorbing a small fraction of a monolayer of
As, suggesting that adsorption on the risers of the
original steps is responsible for the transition. At 4
low temperatures, the four-layer period is stable
for a long time without an As flux. After heating
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cident flux with calibration explained in the text. The
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in the single-layer structure, As could not
ted by Auger spectroscopy.
Since we still observe two orthogonal 1x2
mains with near equal intensity on the As
vered Ge surface, even-multiple step heights
ne cannot explain the diffraction data. Simply
ibuting the observed four-layer periodicity to
ayer high steps would not lead to two do-
s. There must be some odd-multiple step
ghts. The exact shape of the diffraction profile
eads to a more complicated picture. If the
e were composed of .only four-layer steps,
entral peak of fig. 2b would be of greater
y than the satellite peaks. Instead the
itral peak is one fourth the intensity of the
ighbors. This is consistent with data at other
ring geometries, indicating a large propor-
f odd-layer step heights.
simple model that gives a two domain re-
ction and a four-layer periodicity is one
alternates triple- and single-layer steps. As-
that the scattering factor for both domains
ly identical, the calculated diffraction pro-
es from this surface are very close to what is

P.R. Pukite, P.I. Cohen / Suppression of antiphase domains in MBE growth of GaAs on Ge(100; 217

a t [100]
; ; ; o1~
b

Fig. 4. (a) Ge(100) single-layer stepped surface. (b) As adsorp-

tion at step edges (open circles) leads to mobile adlayer of Ge.

9¢) Complete transition to four-layer periodicity (single-layer
~ step+ three-layer step).

measured in fig. 2b. Though not unique, it is one
of the simplest reasonable models that could be
presented. One way to form this surface requires
(1) saturable reaction of steps containing bonds in
the [111] direction and (2) a high mobility of
surface Ge atoms. Fig. 4 illustrates the model. Fig.
4a is the Ge(100) vicinal surface consisting of
single-layer steps. Arsenic atoms are allowed to
replace Ge atoms only at those step edges shown
in fig. 4b. When this reaction takes place, the Ge
atoms located to the right of the As sites are more
weakly bound due to elimination of the corner
bond that results from threefold coordination of
the substitutional As [15]. The remaining Ge on
this terrace migrate over the surface to a lower

- energy configuration. They are not allowed to

attach to a step with substitutional As bonding at
the corner. The arrow in fig. 4c illustrates one
path that allows the weakly bound islands to
coalesce and form an alternating triple- and
single-layer step periodicity. From RHEED stud-
ies of ordering rates from deliberately roughened
surfaces [13], a substrate temperature of > 500°C
is high enough to allow an average adatom migra-
tion of length 40 A to proceed quickly. There are
two results that corroborate this mechanism. First,
after the As is adsorbed, Ge will not grow epitaxi-
ally, suggesting that the step propagation growth
mechanism is less effective. Second, after As is
adsorbed, the diffracted beams become exceed-
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ingly sharp when the beam is scattered parallel to
the step edges. This implies that mobile Ge is able
to fill in kinks, which according to this model
should occur. The kinks disappear because mobile
Ge atoms can attach to step edges parallel to the
staircase direction but not to edges that are per-
pendicular to the staircase direction.

On surfaces misoriented towards the [010] di-
rection a mass migration is also observed as shown
in fig. 3c. However, based on the diffuseness of
the satellite peaks this transition is not ordered. In
the previous model, the lack of ordering is ex-
pected from the indistinguishability of adjacent
terraces and their step edge sites to As adsorption.

3.3. GaAs(100) / Ge(100)

The growth of GaAs on Ge initially follows a

three-dimensional process [1,2]. Initiating growth
with an As, flux on a surface misoriented toward
the [011], we have observed well resolved chevrons
superimposed on the bulk spots when the electron
beam is directed perpendicular to the staircase.
The angle of the chevrons with respect to the [100)
direction indicates that the bulk diffraction is
-occurring through (311) facets. Within 1000 A of
growth, these chevrons fade and 1/4 order streaks
are observed, establishing the facets as (311)B.
With the electron beam directed down the stair-
case, weak 1/2 order streaks superimposed on a
transmission-like pattern are observed quickly
after the start of growth implying an immediate
orientation of the overgrowth and that the asperi-
ties are long in the [011] direction. Further growth
on such a surface results in split diffraction spots
characteristic of a misoriented GaAs surface with
only the usual bilayer As—As steps. Optically the
film shows a texturing on the surface with the
lines in the [011] direction.

The crucial observation is that immediately after
only one equivalent monolayer of GaAs is de-
posited, a superposition of Ge and GaAs patterns
is observed. Even though the substrate consists of
both types of sublattices in near equal numbers,
only one domain of GaAs is seen.

If As, is used to initiate growth, the GaAs
domain observed is rotated 90° from the previous
case, i.e. 1/2 order streaks‘are observed if the

. types of steps become available. For these miso-

‘the (311) pyramidal facet [16]. Further, the (311) is

electron beam is directed perpendicular to th
staircase. Optically the surfaces are rougher tha
if As, is used. A cloudy appearance with none @
the asymmetric texture is observed. Note that th
starting surface has the same symmetry and 1
phology after As, adsorption as after As, ads
tion. If somehow As, went into the lattice to ef
a bond reversal to change the orientation,
change in reconstruction was observed.

A similarly rough surface is observed if GaAs
grown on a surface misoriented by 2° toward the
[010] with As,. Under the same growth condi
as the previous As, samples, a superposition of
two orthogonal 2 X 4 diffraction patterns was ob-
tained after growing a thick layer, indicating the
presence of APD’s on this surface.

4. Discussion

Table 1 summarizes the results on five diffe
surfaces. The main requirement for single don
growth of GaAs is that the misorientation be i in
direction somewhat away from the [010]. A si
pattern has been observed for the growth of G
on a lens shaped Si(100) substrate [19]. When the
misorientation is exactly in the [010] direction the
bonding at a step from either sublattice is indis-
tinguishable. A step from sublattice A to B is just
the mirror reflection of a step from B to A. Wil
no reason to prefer one domain over another, two
domains of GaAs are observed. When the miso-
rientation is directed away from the [010]

rientations, single domain GaAs can be grown,

From the diffraction measurements in two or=
thogonal directions, the initial GaAs growth clus-
ter takes the shape of a truncated structure with a.
rectangular base and (311) facets perpendicular to
the long direction. Similar facetting is observed in .
ref. [2]. Facet development may be the result of:
the difficulty of nucleating layer-by-layer with a-
polar material. Though the (311) face is polar, no .
charge accumulation or dipole is associated with

the slowest growth direction of Si [18]. One might:
suspect that the facets aligned with the multilayer
steps on the substrate. But this is not correct --;'




#

fientation of the facet structures depends on
her As, or As, is used for the growth.

ation is causally related to the single
ain growth. Instead we can only conclude that
the multilayer transition and single domain
th result from the same step inequivalences.
forced to this result because of the ob-
ation that GaAs clusters are immediately ori-
d when formed on a Ge(100) : As surface. This
ice contains terraces of both sublattices. There
be no preference for either sublattice at the
‘unless there is preferred bonding at the in-
valent steps. We see no difference in the re-
truction or morphology when either form of
s used as the flux. We conclude that by using
er than As, the preference for nucleation
{ dlffcrcnl steps is reversed.

nce the domains are initiated we have evi-
ce that energetics becomes more important.
misorientation of 0.25° toward a [041]
(15° from a [010]), a two domain 2 X 4
truction is observed during growth at 580°C
s4. After raising the temperature to 650°C,
ing Wang [5], one of the orthogonal do-
25 becomes predominant, with the [011] do-
n direction having a stronger component per-
dicular to the staircase direction as expected
m_table 1. Raising the temperature allows the
s domain which initially is more prevalent to

ninate, thereby eliminating energetically un-
drable APD’s.

clusion

n summary, the misorientation and step distri-
of Ge(100) surfaces have important conse-
on the single domain growth of GaAs.
ve used RHEED to study how the growth
be optimized to form a single domain. We
2 demonstrated that for Ge(100) surfaces miso-
toward the [011] direction, a quadrupling
monolayer step periodicity occurs under an
. We argue that the inequivalence of the
ssible steps between' the two sublattices on
surface are responsible for the formation of
‘new periodicity as well as single domain

difficult to conclude that the multilayer
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growth of GaAs. If the Ge surface is misoriented
toward the [010] direction, where the in-
equivalence of the two steps disappears, two do-
mains are formed in the subsequent GaAs layer
and the new step penodlclty is not present. Our
model for generation of the new periodicity as-
sumed substitutional As incorporate at steps with
bonds in the [111] direction and saturates the step
preventing further growth. '
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