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Species intermixing and phase transitions on the reconstructed„001… surfaces of GaAs and InAs
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Scanning tunneling microscopy has been used to study the transition in surface structure between the
As-terminated 234 andc~434! reconstructions on both GaAs~001! and InAs~001!, as a function of surface
temperature under an As2 flux. For both materials, two-phase surface reconstructions exist through the transi-
tion regime. On GaAs, the two-phase surface consists of disordered~234!-like structures plus ac~434!-like
phase terminating one monolayer below the 234 surface. On InAs, a disordered asymmetric 133 phase occurs
$a~133!% in addition to the main phases, one monolayer below each main phase. In both cases, simple addition
of As via As-on-As chemisorption cannot account for the formation of thec~434! reconstruction from the 234
surface. Thec~434! phase is inherently multilayered, which explains how the structure can form without the
addition or removal of the group III component and still maintain its layering registry with the residual 234 or
a~133! phase. One result of this formation process is the necessary intermixing of group III and group V
species in the second layer of thec~434! reconstruction. Direct evidence of species intermixing on the top
layer of the InAs~001!-a~133! structure is also shown and models for all of these reconstructions are proposed.
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I. INTRODUCTION

The ~001! surface of GaAs has been widely studied an
general consensus has been achieved concerning the
tural details of the As-stabilized reconstructions, most no
bly the 234 and thec~434! phases.1–3 Scanning tunneling
microscopy~STM! has played a vital role in achieving th
understanding, but several other techniques such as iso
resolved medium energy ion scattering4 ~MEIS! and photo-
electron spectroscopy5–7 ~PES! have also provided valuabl
insights particularly relating to surface composition. So
controversy remains, however, concerning the intermixing
Ga and As in the individual layers of the 234 andc~434!
surfaces.4 There is no intermixing in the widely accepte
models for these reconstructions, which consist of comp
or partial layers of only one species. It should also be no
that these idealized models describe atomically flat surfa
and do not take into account the possibility of an inheren
multilayered reconstruction. By this we mean a surface
which the terminating atomic layer varies in height by one
more layer spacings on a lateral length scale that is sig
cantly shorter than the nominal terrace width. A full descr
tion of a surface reconstruction should include both the co
position of the unit mesh and the typical surface morpholo
~e.g., surface roughness, terrace shape, and terrace wid!.

In addition to interest in the stable surface reconstr
PRB 590163-1829/99/59~4!/2947~9!/$15.00
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tions, there has been considerable effort to understand
transitions between different structures. For GaAs~001!, the
majority of studies have concentrated on the transition
tween the Ga-stabilized 432 and the As-stabilized 234
reconstructions,8,9 as well as between the 234 and the
c~434! reconstructions.10–12The InAs~001! surface has been
less comprehensively studied, although the InAs~001! 234
to 432 transition has been compared in detail with that
GaAs~001!.13 In this case, there is a distinct difference b
tween the two materials, with a discontinuous transition w
hysteresis occurring on InAs~001!, contrasting with the con-
tinuous transition that occurs on GaAs~001!. The difference
has been explained by the differing relative interaction en
gies of the arsenic species on the two different surfaces.13

In this paper we focus on the phase transition between
As-stabilizedc~434! and 234 reconstructions on both InA
and GaAs~001!. There are significant differences in the tra
sitional regime between the two materials, with InAs goi
through an intermediate asymmetric 133 phase$a~133!%
that does not occur on GaAs. The presence of two-ph
transitional surfaces provides strong evidence of species
termixing below the surface of thec~434! reconstruction
and in thea~133! reconstruction.

II. EXPERIMENT

The experiments were carried out in a combined mole
lar beam epitaxy~MBE! chamber~DCA Instruments! and
2947 ©1999 The American Physical Society
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2948 PRB 59BELL, BELK, McCONVILLE, AND JONES
STM system~Omicron GmbH!, which allows the growth of
the samples and transfer to the microscope while under
trahigh vacuum~UHV!.14 As2 was used as the source
arsenic and was generated from a valved cracker cell.15 The
Ga, In, and As2 fluxes were all calibrated using reflectio
high-energy electron diffraction~RHEED! specular beam in-
tensity oscillations. Clean, singular~misorientation of60.2°!
GaAs~001! and InAs~001! substrates were prepared usi
standard MBE methods, with the growth and surface sy
metry monitored using RHEED. Buffer layers of GaA
~InAs! were grown on each substrate and the samples w
then cooled under a constant As2 flux @(2.060.5)31014

molecules cm22 s21# to various temperatures and held for
min before rapid quenching to room temperature for obs
vation by STM. Filled states images were obtained with
negative sample bias of 2–4 V and a tunneling current
0.1–2.0 nA. The speed of the quenching process itself
very little effect on the observed surfaces~a typical quench
comprised a few seconds in the MBE chamber followed b
min in the clean UHV environment of the STM chamb
before initiating tip approach!.16 The sample temperatur
during growth and annealing was monitored using an in
red pyrometer and varied by no more than65 °C across the
sample surface. The likely systematic error~consistent
throughout these experiments! is around610 °C, based on
monitoring oxide desorption temperatures.

III. RESULTS

A. GaAs„001…

As a guide to the general phase transitions occurring
the temperature is lowered, the GaAs surface structures
served by RHEED and STM are summarized in Table I. F
GaAs~001!, the b~234! RHEED pattern is observed at hig
temperatures, with equal intensity in the fourth-order diffra
tion rods. This RHEED pattern corresponds to theb2~234!
surface reconstruction observed in STM.1–3 As the tempera-
ture is reduced towards the transition region, the2

4 -order
diffraction rod becomes weaker and theg~234! phase is pro-
duced ~510 °C–540 °C!. This is characterized in STM by
increased disorder in the 234 structure, principally ‘‘kinks’’
in the dimer-pair rows for GaAs~001!, although the density
of top-layer As dimers remains at two per unit mesh.17 At
still lower temperatures~,500 °C!, a two-phase surface i
observed in STM, while the RHEED pattern changes in
fourfold azimuth. The fourth-order diffraction streaks all b

TABLE I. Progression of surface reconstructions measured
RHEED and STM for GaAs~001! as a function of annealing tem
perature under a constant As2 flux. In the range 460 °C–500 °C
two coexisting phases are observed in STM measurements.

Temperature~°C! Reconstruction

.540 b~234!

510–540 g~234!

500–510 234 dominant
490–500 2341c~434!

460–490 c~434! dominant
,460 c~434!
l-

-

re

r-
a
f
d

2

-

s
b-
r

-

e

come weaker, but the24 -order streak gains in intensity at th
expense of the1

4 - and 3
4 -order features. The24 -feature con-

tinues to gain in intensity as the temperature is reduced
the overall pattern becomes characteristic of thec~434!
surface.2,3 Once the temperature is reduced below 460
the RHEED pattern shows sharp and intense fractional o
features consistent withc~434! symmetry.

STM measurements indicate that regions ofc~434! struc-
ture begin to develop in the dominant 234 surface at tem-
peratures below 510 °C. A STM image of the GaAs~001!
surface displaying a fully developedc~434! reconstruction is
shown in Fig. 1~a!; the surface was quenched from 445 °
below the transition regime. The brickwork pattern of re
angular blocks of top-layer As atoms2,3 is clearly seen in this
image, with each lattice point of the largec~434! unit mesh
being associated with a single block. The As atoms are h
lighted with white circles for two adjacent unit blocks, one
which shows the full ‘‘ideal’’ complement of six atoms
while the other shows only three atoms arranged in a
parallel to the@1̄10# direction. In fact, the As atom content o
each unit mesh varies considerably and at 445 °C aro
45% of the atoms are missing from the ideal number of
per primitive mesh. This is consistent with the work
Avery et al.,2 who found that for GaAs~001!-c~434! sur-
faces prepared by annealing under an As4 flux, at 350 °C
only 8% of the As atoms in the top layer are missing while
400 °C nearly 30% are missing. This progression contin
at higher temperatures into the transition regime, where
As content of each block is reduced to less than 50% of
ideal number. A STM image of the transitional surface
shown in Fig. 1~b! ~quenched from 495 °C, in the middle o
the transition regime!. The surface consists of patches
c~434! phase surrounded by areas of disordered~234!-like
structures. Thec~434! patches are typically 500 Å across
the middle of the transition regime, but become larger as
temperature is reduced. This two-phase structure is iden
to that recently observed by Kanisawa and Yamaguchi12 for
GaAs~001! annealed under an As4 flux at similar tempera-
tures. Thec~434! phase is labeled in Fig. 1~b! and consists
largely of strings of three As atoms such as the one hi
lighted in Fig. 1~a!, although often the strings are only tw
As atoms long. The As content of the top layer is therefo
below 50% of the ideal coverage. The 234 phase is highly
disordered and consists of long chains of As dimer pa
separated by trenches that run in the@1̄10# direction. The
general trend is that as the temperature is reduced, the
erage of thec~434! phase increases at the expense of
234 phase~it should be noted that the temperature range
the two-phase structure is only;40 °C!. No additional sur-
face structures exist, although the ordering and atomic de
of the 234 andc~434! phases do change through the tra
sition.

B. InAs„001…

The situation for InAs~001! is very different from
GaAs~001! and is summarized in Table II. As the temper
ture is lowered from 430 °C, above which there is a sh
b~234! RHEED pattern, the same reduction of intensity
the 2

4 streak occurs and the pattern becomes characterist
g~234!. A further reduction in temperature from theg~234!

y
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PRB 59 2949SPECIES INTERMIXING AND PHASE TRANSITIONS . . .
regime results in the formation of a separate intermed
reconstruction before the onset of thec~434! structure. This
intermediate phase shows 133 symmetry in RHEED, with
the 1

3 - and 2
3 -order streaks closer together than their sepa

tion from the zeroth- and first-order features. The shift in
fractional order rods leads to the terminology for this patt

FIG. 1. ~a! Filled state STM image~23 V, 2 nA, and 1003100
Å2! of a GaAs~001! surface quenched to room temperature af
annealing at 445 °C under an As2 flux. The RHEED pattern was
sharp and showedc~434! symmetry. The top-layer As atoms ar
visible as bright features arranged with the characteristic brickw
pattern of thec~434! reconstruction. The variable composition
the unit mesh is indicated by white dots superimposed on two
jacent unit meshes. Each dot represents a single As atom an
top-layer content of the two unit meshes shown is three and six
atoms, respectively. Around 50% of the top-layer As atoms
missing compared to the ‘‘ideal’’ reconstruction of six atoms p
unit mesh.~b! Filled state STM image~23 V, 1 nA, and 6003600
Å2! of a GaAs~001! surface quenched to room temperature af
annealing at 495 °C under an As2 flux. The RHEED pattern was a
sharpg~234! symmetry. Regions of bothc~434!-like and ~234!-
like reconstruction are shown. The black line~top left! indicates the
position of the height section shown in Fig. 3~a!.
te

-
e
n

as an ‘‘asymmetric’’ 133 or a~133! structure. The pattern is
very similar to that observed on InSb~001!,18 where it also
exists at slightly higher temperatures than the Sb-termina
c~434! structure for a given Sb flux. However, for InSb~001!
there is no equivalent 234 structure. There is a narrow tem
perature window for InAs~001! where the RHEED pattern
shows no traces of eitherc~434! or 234 features~between
320 °C and 350 °C!. Below this temperature range, fraction
order features due to thec~434! symmetry begin to appea
and by 280 °C the RHEED pattern is a sharpc~434!.

The STM results reflect these changes in the RHEED p
tern across the transition region. An image of the 234 sur-
face quenched from a temperature of 455 °C is shown in F
2~a!. Very straight rows of As dimer pairs are clearly visibl
the contrast between dimers being typically enhanced o
that for the GaAs~001!-~234! structure due to the larger lat
tice spacing of InAs. However, defects consisting of miss
As dimers are far more common than for GaAs~001!, with
around 30% of the dimers missing at 455 °C. As the te
perature is lowered to 350 °C–370 °C, a newa~133! phase
rapidly develops to coexist with residual disordered~234!-
like domains. Figure 2~b! shows a STM image of the~234!-
a~133! transitional surface. Thea~133! phase consists o
brighter meandering ‘‘chains’’ whose apparent height is s
nificantly lower than that of the residual 234 patches. The
local spacing of the chains in thea~133! phase varies be
tween a twofold and a threefold periodicity and some cor
gation is evident along them~see Sec. III C!. The 234 phase
appears as fairly straight rows of bright pairs separated
trenches, in a very similar manner to the well-ordered 234
surface. Interestingly, although the disorder in these 234
rows is significantly greater than for the complete 234 sur-
face, there are very few missing dimer defects in the w
ordered regions.

At still lower temperatures~320 °C–350 °C!, the residual
234 structure disappears and the entire surface is covere
the a~133! reconstruction. Although the temperature wi
dow is only 30 °C for the observation of a purea~133! sur-
face, this reconstruction does exist as an independent p
and therefore provides an intermediate step in the 234 to
c~434! transition that is not present for GaAs. At high
temperatures than those where the purec~434! reconstruc-
tion appears, thea~133! phase coexists with developing do
mains ofc~434! that lie above thea~133! surface. A STM
image of thea~133!-c~434! two-domain surface is shown in

TABLE II. Surface reconstructions measured by RHEED a
STM for InAs~001! as a function of annealing temperature unde
constant As2 flux. In the ranges 280 °C–320 °C and 350 °C
370 °C, two phases are observed, while the purea~133! phase ex-
ists only in a narrow temperature window between 320 °C a
350 °C.

Temperature~°C! Reconstruction

.430 b~234!

370–430 g~234!

350–370 2341a~133!

320–350 a~133!

280–320 c~434!1a~133!

,280 c~434!
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2950 PRB 59BELL, BELK, McCONVILLE, AND JONES
FIG. 2. ~a! Filled state STM image~22 V, 0.2 nA, and 4003400 Å2! of an InAs~001! surface quenched to room temperature af
annealing at 455 °C under an As2 flux. A sharpb~234! RHEED pattern was observed during annealing. Bright cigar-shaped features d
the As dimer pairs in the top layer are clearly visible. The trenches between dimer pair rows are very straight, although missing top
dimer defects are common~;30% of the dimers are missing from the ideal structure on a typical surface!. ~b! Filled state STM image~22
V, 0.2 nA, and 4003400 Å2! of an InAs~001! surface quenched to room temperature after annealing at 365 °C under an As2 flux. A
meandering step edge runs along the bottom half of the image, while the terraces comprise both disordered chainlike structures@thea~133!
phase# and~234!-like structures that terminate one atomic layer above thea~133! surface. The black line~upper right! shows the location
of the section in Fig. 3~b!. ~c! Filled state STM image~22 V, 0.1 nA, and 7003700 Å2! of an InAs~001! surface quenched to room
temperature after annealing at 300 °C under an As2 flux. Regions ofc~434! symmetry are visible and terminate one atomic layer higher t
the underlyinga~133! phase, which shows its characteristic disordered chainlike appearance. The top-layer atoms of thec~434! phase are
not resolved even on higher magnification images.~d! Filled state STM image~22 V, 0.2 nA, and 100031000 Å2! of an InAs~001! surface
quenched to room temperature after annealing at 250 °C under an As2 flux. The entire surface is covered in thec~434! phase and shows a
typically multilayered morphology.
e
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Fig. 2~c!. Units of c~434! structure can be very small~down
to a single ‘‘block’’ of top-layer atoms!, but in the larger
domains, the characteristic brickwork pattern is maintain
with good ordering. Unlike the GaAs~001!-c~434! surface at
high temperatures there appears to be a rather small nu
of defects in the blocks of top-layer atoms@compare with
Fig. 1~a!#, with all the blocks appearing very similar. In fac
higher resolution images on both the transitional and p
c~434! surfaces show a slightly different appearance in
d

ber

e
e

blocks than on GaAs. Despite the larger lattice constant,
individual As atoms are not resolved on InAs and each blo
appears more barrel shaped.

A larger scale STM image of the pure InAs~001!-c~434!
surface annealed to 250 °C is shown in Fig. 2~d!. The scale is
sufficiently large~2000 Å! that thec~434! periodicity is not
clearly resolved, but the overall morphology of the surface
very different from that of the base 234 surface, which has
large terraces~;1000 Å! separated by straight step edge
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PRB 59 2951SPECIES INTERMIXING AND PHASE TRANSITIONS . . .
On thec~434! surface, whether obtained by cooling a 234
surface under an arsenic flux or by growing directly at lo
temperatures, the morphology is ‘‘multilayered.’’ Three te
race heights are clear in this image~three or four heights is
typical for InAs annealed at this temperature!, but the step
edges separating them are meandering rather than str
and the terrace-terrace separation is only of the order of
Å. This morphology is also observed for GaAs~001!-c~434!
surfaces prepared in different ways. For example, dir
growth of ;50 monolayers on thec~434! surface, with or
without subsequent annealing at the appropriate tempera
produces a multilayered reconstruction with many meand
ing step edges.

C. Layer structures and morphology

As discussed above, thec~434! reconstructions on both
InAs and GaAs always show a multilayered morpholog
This can be quantified a little more by defining an image s
~1000 Å! somewhat smaller than the observed terrace w
for the 234 surfaces and then counting the number of terr
heights represented in that image. This is typically three
both InAs and GaAs in the purec~434! phase, but only one
for the 234 reconstruction. Additionally, if the terraces a
numbered in order of height, the area occupied by odd
even numbered terraces is always found to be 50~610%! for
both materials in the purec~434! phase. The purea~133!
InAs surface, prepared by cooling a 234 surface under an As
flux, is also multilayered, with islands around 200 Å wid
often appearing on the otherwise flat terraces. Howe
when the areas of odd and even numbered layers are
sured, the new islands only account for around 20% of
surface.

The morphology of the two-phase transitional surfaces
both GaAs@Fig. 1~b!# and InAs@Figs. 2~b! and 2~c!# varies
as the temperature is changed. At higher temperatures
terraces are large~.1000 Å!, with fairly straight step edges
similar to the 234 phase. As the temperature is lowered,
morphology tends more towards thec~434!-like structure
@Fig. 2~d!#. It should be noted that the step edges are defi
as two atomic layers high~2.8 Å for GaAs, 3.0 Å for InAs!
and the two-phase surfaces include patches of diffe
heights. However, it is clear from STM sections that the t
different phases on a given terrace are separated in heig
only a single atomic layer~1.4 or 1.5 Å in height!. Two STM
sections are shown in Fig. 3 for GaAs@Fig. 3~a!, the section
located in Fig. 1~b!# and InAs@Fig. 3~b!, the section located
in Fig. 2~b!# two-phase surfaces. The 234-like string of
dimer pairs shown in Fig. 3~a! is clearly one atomic laye
above the underlyingc~434!-like phase for the GaAs sur
face. For InAs, the~234!-like island again lies one atomi
layer ~1.5 Å! above the underlyinga~133! phase. In addi-
tion, the observed corrugation across thea~133! phase,
shown in Fig. 3~b! in the range 0–50 Å along this section,
less than 1 Å and typically close to 0.5 Å. This low corru
gation, less than one atomic layer in apparent height, ma
due to electronic effects caused by the mixing of In and
species in the upper layer of thisa~133! phase. A similar
low corrugation has been observed for InSb~001! on the
a~133! reconstructed surface.18 Finally, we note that the sur
face structure transitions were found to be fully reversib
consistent with the results of Kanisawa and Yamaguchi.12
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IV. DISCUSSION

A. 234 and c„434… phase

The first point to make concerning the 234 to c~434!
transition on GaAs~001! is that it does not occur by simpl
adsorption of As on to the 234 structure. The layer registry
of the coexisting phases, with thec~434! lying lower than
the 234, clearly implies that this is not the case. Instead,
234 phase must melt to allow As to condense on what w
the third layer of the original 234 area.12 A similar conclu-
sion can be drawn for InAs~001! since there is an intermedi
ate a~133! phase terminating one layer below both t
c~434! and the 234 phases with which it coexists. Kanisaw
and Yamaguchi12 noted that simple adsorption of As onto th
b2~234! structure cannot produce ac~434! structure due to
the missing second-layer Ga atoms. They claimed that s
simple adsorption does not occur, this was direct evide
for the validity of theb2~234! structure with an incomplete
second layer as opposed to other possible structures w
complete second layer. However, ac~434! structure with a
mixedthird layer resulting from simple As adsorption is st

FIG. 3. ~a! Height contour plot of the section marked in Fig
1~b!, corresponding to the two-phase GaAs~001! transitional sur-
face. The height of the~234!-like dimer row chain through which
the section passes is 1.4 Å above the underlyingc~434! layer, i.e.,
one atomic layer.~b! Height contour plot of the section marked i
Fig. 2~b!, corresponding to thea~133!1234 InAs~001! transitional
surface. The corrugations across the chains of thea~133! phase are
small, typically less than 0.5 Å with some peaks at 1 Å above the
trench depth between chains. In contrast, the~234!-like islands are
1.5 Å ~one atomic layer! above the mean height of the underlyin
a~133! phase.
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2952 PRB 59BELL, BELK, McCONVILLE, AND JONES
possible2 and no such conclusion concerning the nature
the 234 structure can be drawn.

The second point concerns the nature of thec~434! re-
construction. The As coverage of this reconstruction
known to vary considerably with temperature and As flu
Direct observation of varying As coverage using STM
possible for GaAs~001! ~Ref. 2 and this paper!, with analo-
gous results reported for InSb~001!.18 For GaAs~001!, tem-
perature programmed desorption~TPD! studies also indicate
the presence of two separate desorption peaks from
c~434! surface.11 These separate peaks were assigned to
different types ofc~434! reconstruction, with well-defined
atomic structures involving top-layer As ‘‘dimers.’’3,11 How-
ever, the STM images reported here and in Refs. 2 and
clearly show a much more disordered array of top-layer
atoms. In particular, chains of three atoms and even sin
isolated atoms are very common@Fig. 1~a!#, indicating that
the top-layer atoms should not be described as ‘‘dimerize
in the usual sense~they are of course bonded to As atoms
the layer below rather than to group III atoms!. Surface x-ray
diffraction studies of thec~434!-~234! transition also indi-
cate strong disordering of thec~434! structure before the
appearance of 234 diffraction features.10 In contrast to
GaAs~001! and InSb~001!, the STM images of InAs~001!
indicate much less clearly the atomic content of the up
layer @Fig. 2~c!#. The details of the InAs~001!-c~434! local
atomic structure cannot therefore be inferred with sim
confidence.

B. Phase transition regime: GaAs„001…

We have constructed a number of simple structural m
els for the transitional andc~434! surfaces. These mode
are presented only as side views of the layer structure
emphasize the importance of multilayered reconstruction
the strong possibility of species intermixing in a given lay
and also because both thec~434! and thea~133! phases are
rather disordered around the transition regime. The struc
of the 234 phases for both materials is assumed to be
‘‘ b2’’ form, with rows of As dimer pairs on the top layer an
a missing Ga~or In! row in the second layer exposing A
dimers in the third layer.1,2 The atomic content of the top
four layers is therefore12 As, 3

4 Ga or In, full As, and full Ga
or In, in descending order. The layer structure of this phas
shown in Fig. 4 for both InAs and GaAs. The following rule
are employed to account for the surface structure transiti
~i! from the initial 234 structure, arsenic can adsorb a
desorb freely;~ii ! no loss or gain of the group III element
allowed above the fourth layer of the 234 phase, i.e., the
uppermost full group III layer,~iii ! group III atoms can mi-
grate over a lateral distance of at least several unit m
lengths;~iv! there are no step edges on the initial 234 sur-
faces; and~v! the c~434! phase initially terminates on
atomic layer below the 234 phase.

Figure 4~a! shows a schematic layer model for the 234
andc~434! phases of GaAs. The content of thejth layer (j
51 being the uppermost layer! is given byaj andgj for the
fractional arsenic and gallium content, respectively. The 234
phase is shown as completely flat~single layered!, a good
approximation based on the large terrace widths obtai
experimentally~;2000 Å!. The c~434! phase is shown a
having two different terminating heights separated by t
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atomic layers, i.e., it is a multilayered phase. The fractio
areas of the lower~‘‘substrate’’! and upper~‘‘island’’ ! layers
of this phase are denoted byuS andu I , respectively. For the
fully developedc~434! reconstruction it is reasonable to s
uS5u I5

1
2 since odd and even numbered layers have

proximately the same area in all experimental images.
In order that the gallium content above the layer labe

‘‘full Ga’’ be conserved over the transition, the followin
equation must be satisfied:

3
4 5uSg21u I~11g2!, ~1!

where the terms from left to right represent the 234 phase,
the lowerc~434! layer, and the upperc~434! layer. If uS
5u I5

1
2 , theng2 is immediately obtained as14 . This means

that species intermixing in the second layer of thec~434!
reconstruction is inevitable, with around one-quarter of
arsenic atoms replaced by gallium. In fact, this value is pr
ably an upper limit since some of the gallium can be inc
porated into step edges relaxing rule~iv! above. Note that
gallium cannot be incorporated into a single-layeredc~434!
structure unlessg2 is exactly 3

4 , under the assumption tha
the new c~434! phase exists one atomic layer below t
original 234. This high value would be inconsistent wit
PES and TPD data,5–7,11 which show that As-As bonding is
dominant in the upper layers. In fact, PES indicates a shi
Ga 3d component for thec~434! structure consistent with
Ga atoms accepting more charge than in the bulk, wh
would be the case for second-layer substitutional Ga in
c~434! structure. Finally, ifu I.

1
2 then the second layer o

FIG. 4. ~a! Schematic side view of the GaAs~001! 234 and
c~434! surface reconstructions. The layer structure is shown w
the variablesaj andgj representing the arsenic and gallium conte
of the jth layer, respectively. The variablesuS andu I represent the
‘‘substrate’’ and ‘‘island’’ layers of a multilayered reconstruction
~b! Schematic side view of the InAs~001! 234 anda~133! surface
reconstructions. The layer structure is shown with the variablesaj

and i j representing the arsenic and indium content of thejth layer,
respectively. The variablesuS and u I represent the substrate an
island layers of a multilayered reconstruction.
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the c~434! phase becomes less gallium rich (g2, 1
4 ), but

since odd and even numbered layers in the experimental
ages occupy nearly equal areas, fixinguS5u I5

1
2 seems to

be most reasonable.
Our deduction of a gallium content of around1

4 in the
second layer of thec~434! structure is broadly consisten
with MEIS results obtained from arsenic-decapp
GaAs~001!-c~434! surfaces.4 These experiments showe
that up to one-half of the second-layer As atoms must
replaced by Ga atoms to explain the measured relative
yields for scattering from As to Ga. It is unlikely that
decapping procedure would produce precisely the same
face stoichiometries asin situ MBE growth6 and so a quan-
titative comparison may be inappropriate. However,
STM data reported here provide strong additional evide
for a mixed second layer. The transition from thec~434!
phase to the 234 surface reconstruction under MBE cond
tions requires both adsorption and desorption of As. T
suggests that the 234 surface formed by thermal desorptio
of As alone may be significantly different from that forme
under MBE conditions. Although our results indicate spec
intermixing for thec~434! surfaces, in agreement with th
MEIS results of Faltaet al.,4 we find no evidence for inter
mixing in the MBE-grown 234 surfaces. Since the MBE
grown and decapped 234 surfaces may be substantially di
ferent~and noting that a three-As-dimer structural model w
employed in the MEIS study!, we do not believe this discrep
ancy to be particularly significant. It should be noted that
present model for the formation of thec~434! structure from
the 234 structure differs from that of Averyet al.,2 which
was also based on STM observations. This model was c
structed without STM images of the transitional two-pha
surface and simply involves the addition of As to the 234
surface, failing to take into account the layer registry of t
two phases observed both here and in Ref. 2. This model
involves species intermixing on the subsurface layers du
and after the transition toc~434!, but actually produces a
more arsenic rich third layer rather than a more gallium r
second layer as in the present model.

The layer content of the two-phase surface is sligh
more difficult to determine. If the surface is assumed to
main completely flat throughout the transition~from 510 °C–
460 °C! then the second-layer gallium content of the hig
temperaturec~434! must be3

4 ,which is probably too large a
discussed above. If the formation of additional bilayers
allowed, then the excess gallium can be accommodated w
out exceeding a value ofg25 1

4 . However, in the temperatur
range 490 °C–510 °C, where there is still a very substan
amount of the~234!-like phase, the terraces remain rath
wide with little evidence of a multilayered structure~very
similar observations were made in Ref. 12 for this stage
the phase transition!. This implies that the gallium fraction o
the second layer should be3

4 . To reduce this value requires
relaxation of the rules assigned above. In particular, some
may migrate to step edges after local melting of the 234
structure~Ga desorption is negligible!. The amount of Ga
that can be accommodated in this way depends on the
gration length of Ga atoms during the annealing proce
which may be enhanced during the phase transition.13 We
note that it is only in a very restricted temperature ran
~490 °C–510 °C! where the flat morphology of the surfac
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requires this migration. It may be possible to systematica
vary the cooling rate and annealing time before quenchin
further investigate this effect. It is also interesting to hypo
esize that a larger second-layer Ga content may be relate
the lower As content in the top layer for the high
temperaturec~434! phase, which is revealed directly b
STM for the high-temperaturec~434! phase.

C. Phase transition regime: InAs„001…

The phase transition from 234 to c~434! on InAs~001!
proceeds via an intermediatea~133! phase, but similar argu
ments to those used for GaAs can be applied for each i
vidual transition. The transition between the 234 and
a~133! phases is considered first. The low corrugation of
a~133! phase in STM images provides direct evidence
species intermixing on the top layer, with the apparent hei
contrast arising from electronic effects. A mixed top layer
also supported by analogy with the 133 reconstructions
formed on InSb~001! ~Ref. 18! and GaSb~001!.19 The fa-
vored models for these reconstructions comprise2

3 mono-
layer ~ML ! of Sb and1

3 ML of Ga or In on top of a full layer
of Sb, and in the case of InSb~001! the surface appears ver
disordered in STM as well as producing an ‘‘asymmetri
RHEED pattern. This is very similar to the InAs~001! sur-
face observed here@Fig. 2~b!#.

Figure 4~b! shows a schematic diagram of thea~133!
structure with its layer registry against the 234 structure
indicated. The variablesaj and i j represent the arsenic an
indium content of the layers, respectively. For the mo
InAs surface, intermixing is also allowed in the second lay
and conservation of indium above the ‘‘full In’’ layers lead
to an equation for the total indium content of the upper t
layers

i 11 i 25 3
4 2u I . ~2!

STM images indicate that the purea~133! surface is some-
what multilayered, withu I around 20%~in the form of ir-
regular islands less than 100 Å wide!. This means that the
upper two layers should accommodate roughly 0.55 ML
indium. This is not consistent with the precise model e
ployed for InSb and GaSb surfaces,18,19 but requires some
replacement of first- and second-layer arsenic atoms w
indium. It is not possible, however, to judge whether su
intermixing is restricted to the uppermost layer or to t
upper two layers based on the STM images alone. The
mation of islands on the two-phase 2341a~133! surface
clearly requires some migration of indium atoms over s
eral tens of nanometers. Since the 234 structure is melting
during this transition in a similar way to GaAs, the sam
arguments concerning enhancement of migration lengths
be applied.12 However, no STM images obtained in th
study indicated that migration to step edges was essentia
is the case for GaAs, merely the development of islands c
ering ;20% of the surface. If the rules for the phase tran
tion outlined in Sec. IV B are again relaxed to allow indiu
incorporation at step edges, then the value of 0.55 ML for
indium content of the upper two ML would be reduce
There is therefore no evidence for intermixing on the seco
layer of thea~133! phase if the effects of step edges c
account for;0.22 ML of indium ~leaving an ‘‘ideal’’ 0.33
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ML in the top layer!. It should be noted that if intermixing is
allowed in the second layer, then second-layer indium ato
could be bonded to indium atoms in both adjacent layers

For the transition froma~133! to c~434!, simple adsorp-
tion of As cannot be invoked even though the upperm
layer of thec~434! structure is one atomic layer higher tha
the a~133! structure@Fig. 2~c!#. This is because there is to
little indium in the upper two layers of thea~133! structure
~0.33–0.55 ML! to form the 1 ML required for the third laye
of thec~434! structure~plus any indium replacing arsenic i
the second layer!. Consideration of a layer model similar t
Fig. 4~b! produces the conclusion that no replacement
arsenic by indium in the second layer of thec~434! structure
is required. This could be directly tested by MEIS expe
ments similar to those carried out on GaAs~001!;4 to the
authors’ knowledge, no such experiments have been
formed. It is interesting to note, however, that the STM i
ages of thec~434! phase on InAs~001! appear much bette
ordered than the equivalent high-temperaturec~434! phases
on GaAs~001! @Fig. 2~c!#. In particular, the 234 blocks mak-
ing up the brickworklike structure ofc~434! all appear very
similar on InAs at all temperatures, whereas on GaAs, m
ing As atoms are clearly visible@Fig. 1~a!#. This may reflect
the perfect stoichiometry of the second layer in InAs ev
during the transition froma~133! to c~434! and the improv-
ing stoichiometry of the second layer as the temperatur
reduced~and the degree of islanding increased! for GaAs.

D. Stability of small islands

We now make some comments on the smallest isl
structures observed on the transitional surfaces, where
‘‘island’’ we mean a well-defined region of one phase s
rounded by a different phase that terminates on a lo
atomic layer. In the present cases, islands terminate
atomic layer above the surrounding phase and we discus
following island types:~234!-like islands on GaAs~001! c~4
34!, c~434!-like islands on InAs~001! a~133!, and ~234!-
like islands on InAs~001! a~133!.

For two-phase GaAs~001! surfaces, STM observations in
dicate that the smallest~234!-like islands on thec~434!
surface consist of just a single As dimer pair@Fig. 3~a!#, in
agreement with Kanisawa and Yamaguchi.12 These struc-
tures are similar to one unit mesh of theb2~234! structure
and electron counting arguments imply that they should
stable.12 However, it is important to stress that a mixed se
ond layer in thec~434! reconstruction may invalidate suc
arguments unless the presence of Ga is explicitly include
should also be necessary to take into account the fact tha
high-temperaturec~434! surface, on which the islands lie,
itself highly disordered, with a much lower top-layer As co
tent than the idealc~434! structures ~Fig. 1!. Ito and
Shiraishi20 showed, using electron counting Monte Car
~ECMC! simulations, that As desorption occurs when Ga
added to a perfectc~434! surface in order to allow the G
dangling bonds to become empty of electrons. When m
Ga atoms are added, a~234!-like island is produced since
As dimers form on top of them, again ensuring that there
no electrons in the Ga dangling bonds. However, the ca
lations presented in Ref. 20 do not take into account eit
species intermixing in the second layer or missing As ato
on the top layer of thec~434! structure. It would be inter-
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esting to include these in ECMC simulations and to see h
they affect the predicted atomic configurations of islands
the c~434!-~234! two-phase surface.

In the case of InAs~001!, the ~234!-a~133! surface is
somewhat similar to the GaAs~001! two-phase surface, with
the smallest common~234!-like island consisting of two As
dimers or one 234 unit mesh@Fig. 2~b!#. In contrast to
GaAs~001!, occasional smaller units do exist comprising ju
a single As dimer and other non-~234!-like islands can also
be observed. This is perhaps not surprising given that
a~133! surface is more disordered than the high-tempera
c~434! surface and is very probably of mixed compositio
allowing a wider variety of island structures to form. For th
reason we have not attempted to deduce specific ato
structures for the observed islands based on electron co
ing rules. Nonetheless, the two-dimer structure is sign
cantly more common than any other small island configu
tion. The c~434!-a~133! mixed surface again shows ver
small islands, down to single isolated 234 blocks, each of
which has the barrel-like appearance of the equivalent blo
in the well-developedc~434! structure@Fig. 2~c!#. These are
particularly common at higher temperatures 310 °C–320
where thea~133! phase is dominant. Taking into accou
the three two-phase surfaces considered, the existenc
very small stable islands on two-phase~001! surfaces seems
to be a quite general phenomenon.

V. CONCLUSIONS

The structures of the~001! surfaces of InAs and GaAs in
the transition regime between the 234 and c~434! recon-
structions have been investigated using STM and RHEED
two-phase structure is observed on GaAs~001! during the
transition, while for InAs an additionala~133! phase is ob-
served, existing independently in a narrow temperature w
dow or coexisting with the mainc~434! and 234 phases.
The GaAs~001!-c~434! phase is shown to be inherently mu
tilayered and initially arises on the 234 surface one atomic
layer below the top layer of the 234 phase. The multilayered
morphology of thec~434! structure allows the excess ga
lium of the 234 reconstruction to be accommodated only
around1

4 of the second-layer As atoms in this reconstructi
are replaced by gallium atoms. A similar conclusion can
drawn concerning species intermixing on the second laye
the InAs c~434! reconstruction, which should be around1

4

In. For the InAsa~133! phase there is direct evidence fro
the STM images that the upper layer~s! are mixed, based on
the corrugation of the surface, which is significantly low
than the spacing of the atomic planes~1.5 Å!. Again, by
considering the conservation of indium in the transition fro
the 234 to the a~133! layer, up to 0.55 ML of indium
should be accommodated in the top two layers of thea~133!
surface. These results highlight the importance of the surf
morphology on a scale of tens of nanometers in determin
the overall characteristics of a surface reconstruction, as
as highlighting the possibility of deducing details of subs
face atomic struggle by using STM images of surfaces
dergoing phase transitions.
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