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The atomic structure of the GaAs(001) surface has been disputed since molecular beam epitaxy (MBE) technique
was developed in the earlier nineteen sixties. The invention of scanning tunneling microscopy (STM) with its real-
space atom-resolution capability, has revolutionized the situation. This paper reviews the STM investigations of the
principal reconstructions found on the GaAs(001) surface, As-rich 2x4 and 2x6, Ga-rich 4x2 and 4x6. These studies,
together with advanced theoretical analyses, have finally resulted in establishment of a unified structural model for
various reconstructions, with which we can explain most of the observations and long-standing controversies about

the atomic structures and surface stoichiometries.

KEYWORDS: GaAs, scanning tunneling microscopy, molecular beam epitaxy, reflection high energy electron diffraction,

first-principles total energy calculation.

1. Introduction

Because of its zinc blend crystal structure with a tetra-
hedral coordination in the bulk, the polar GaAs(001)
surface could be terminated with either As or Ga atoms.
Depending on the surface coverage and the experimental
conditions of molecular beam epitaxy (MBE), the (001)
surface exhibits a number of reconstructions, starting
with the most As-rich phase which has a c(4x4) sym-
metry, through the 2x4 (including the off-phase ¢(2x8)),
2x6, 4x6, ending with the 4x2 (including the off-phase
¢(8x2)) Ga-stabilized phase [1-13]. In addition, there
have been several transient or adsorbate-induced struc-
tures such as 2x3, 2x1, c(6x4), 3x1 and 3x6 etc. re-
ported, implying the rather complicated nature of the
GaAs(001) surface.

It is well-known that the MBE growth of GaAs(001)
is usually performed under the conditions which lead
to an As-terminated 2x4 reflection high energy elec-
tron diffraction (RHEED) pattern. As the most com-
mon and important structure in the technological ap-
plications of MBE, the 2x4 reconstruction including the
more As-rich c(4x4) has been most extensively studied
in the past by means of almost all surface sensitive tech-
niques. These include RHEED [6,10,11,14-22,28], low-
energy electron diffraction /Auger electron spectroscopy
(LEED/AES) [7,8,23,24], photoemission spectroscopy
(PES) [12,25,26], work function measurement [24], X-ray
diffraction [27], X-ray photoelectron diffraction (XPD)
[28], reflectance-difference spectroscopy (RDS) [29], high
resolution electron energy loss spectroscopy (HREELS)
[13], secondary electron intensity measurement [30],
medium-energy ion scattering (MEIS) [31] and scanning
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tunneling microscopy (STM) [32-52]. Total energy elec-
tronic structure calculations have also been employed
lately to examine the energetics in determining the ge-
ometric and electronic structures of the surface [53-58].
These studies have rendered a general yet clear picture
on atomic details of the 2x4 surface.

On the other hand, relatively little attention has been
directed toward the surface reconstructions in the Ga-
rich regime, such as 4x2, 2x6 and 4x6 [3]. This sim-
ply arises from the fact that the preparation of Ga-
rich surfaces, and thus their detailed study, are signif-
icantly more difficult. Especially, the preparation of as-
deposited Ga-rich surfaces is nearly impossible under the
extremely As-rich atmosphere (106 - 10~ Torr), where
the standard MBE growth of GaAs is being carried out.
Almost all previous works for the Ga-rich phases began
with the As-capped surface, and it was attempted to
prepare the Ga-rich phases by trial-and-error annealing
procedures, which are known to be unreliable in pro-
ducing high quality ordered surfaces. Indeed, there is a
very narrow surface composition range for the 4x2 sur-
face, and thus, it is an insurmountable task to obtain it
by this post-growth annealing [9]. Neverthless, in order
to achieve a comprehensive understanding of the growth
kinetics and mechanisms of the bi-layer MBE growth on
the GaAs(001), a complete knowledge of both As-rich
and Ga-rich surfaces is needed, since the growing front
must be terminated with the alternative 2x4-As and 4x2
or other Ga-rich surface [14,17].

Earlier investigations have shown a close relationship
between the surface reconstruction and the surface sto-
ichiometry, but a clear picture on their relationship has
not been obtained until now. Many efforts have been
rendered, since the earliest stage of the MBE technique
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development, to quantify surface stoichiometry and its
relationship with phase structure by many groups using
various technique. These investigations provided valu-
able information on the surface stoichiometry for almost
all the known GaAs(001) reconstructions. However, for
each surface phase being studied, there are considerable
discrepancies among the reported values [7-9,12,20,61].
Unlike its elemental counterparts (such as Si, Ge), the
GaAs has an additional composition degree of freedom,
and both of the elements may be involved in the recon-
struction process. It was also reported that, for some
given reconstruction (e.g., the 4x6 discussed in this pa-
per), there may be a wide composition range for which
two or more structures may co-exist [20]. Depending on
the thermodynamic and kinetic aspects of the surface
preparation procedure, the structures associated with
different As(Ga) concentration ratios may appear in the
surface with changing domain sizes.

This type of local configuration cannot be sorted
out easily by these semi-macroscopic conventional tech-
niques, since the surface inhomogeneity both parallel
and perpendicular to the surface is averaged over the
probing area. Therefore, it is rather difficult to deter-
mine the surface composition without detailed knowl-
edge of the structure of the surface. On the other hand,
most of the structural determination on the surface re-
constructions has been performed mainly by diffraction
techniques. These techniques are useful for surveying
surface symmetry, but yield only long-range ordering in-
formation of the surface (in the reciprocal space). Re-
alizing the comparatively large and complex unit cell
of the GaAs(001) surface and involvement of the two
different species at the surface layers, an unambiguous
interpretation of the diffraction data is a great challenge.

1.1. Electron counting model [59]

Based on these experimental and theoretical studies,
two basic and general features on the structure of the
GaAs(001) surface have emerged. As seen below, these
two features and the stability of all reconstructions of the
GaAs(001), including many other low-index compound
semiconductor surfaces, can be substantiated by a simple
rule-the so-called electron counting model (ECM) [59],
now let’s first discuss this rule.

The atoms in bulk GaAs are sp® hybridized. Two hy-
bridized orbitals, one from each type of atom. combine
to form a bonding and antibonding orbital. At the sur-
face, some hybrid orbitals cannot form bonds, therefore,
if no reconstruction occurs, partially filled sp® dangling
bonds will remian. In reality, this configuration is un-
stable, thus in order to reduce the number of dangling
bonds and decrease the surface energy, the adjacent As
(Ga) atoms form a dimer along the [110] ([110]) direc-
tion and reconstruct with 2x (x2) periodicity, similar to
the case of the Si(001) surface [3]. This characterizes
the first feature of the GaAs(001) surfaces: dimeriza-
tion. The second is due to the different dangling bond
levels of the surface As and Ga. The energy levels of
these dangling bonds can be estimated from the ener-
gies of the s and p atomic levels from which they are

derived [60]. Based on Harrison’s estimation, as shown
in Fig.1, the dangling-bond energy level (E;(As)) of As
lies below the valence-band maximum of the bulk semi-
conductor and should be filled, whereas the dangling-
bond energy level (E;(Ga)) of Ga lies above the bulk
conduction-band minimum and should be empty. In or-
der to achieve this, electrons transfer from the dangling
bonds of the electropositive element (As) to the dangling
bonds of the electronegative element (Ga). However, the
charge transfer induces a rather larger static-electric ca-
pacitance energy due to charge accumulation, the result-
ing surface becomes energitically unstable unless some
amount of the dimers is removed from the surface, i.e.,
dimer missing, the second feature of the reconstructions
on the GaAs(001). The scheme was generalized as the
ECM by Pashley [60], which requires that, a stable sur-
face structure is found where the number of available
electrons in the surface layer will exactly fill all dangling
bond states in the valence band, leaving those in the
conduction band empty. This condition will necessar-
ily result in there being no net surface charge, then the
surface will be semiconducting, whereas partially filled
dangling bonds may lead to a metallic surface.
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Figure 1. The energy levels Ej, of the sp? dangling bond
states of GaAs. The energies are derived from the en-
ergies of the s and p orbitals, E, and E,, respectively.
The data are from Harrison[60]

1.2. The 2x4/c(2x8) reconstruction

Instead of assuming asymmetric As dimers for explain-
ing the 4x periodicity along the [110] direction [12,25],
the idea of ” As dimer vacancy” was introduced theoreti-
cally to explain the 2x4 reconstruction by Chadi[53] and
was first confirmed experimentally by using STM [32].
According to ECM, the simplest structure for the 2x4
unit structure to conserve the charge neutrality can be
achieved by removing one As dimer from every four As
dimers [60].

Although it is now well established and accepted that
the (2x4) symmetry is constructed from As dimers and
As dimer vacancies, there are some controversial models
of the (2x4) unit structures suggesting the presence of
Ga on the top layer [31]. Based on tight-binding total-
energy calculations, Chadi proposed two possible mod-
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els, (a) three As dimers and one dimer vacancy in a unit
(Fig. 2(a)) and (b) two As dimers and two dimer va-
cancles in a unit (Fig. 2(b)) at the outermost surface
layer [53]. In the case of model (b), one of the second
layer Ga pairs is also removed. Although both models
are calculated to have almost the same stability in en-
ergy, the model (b), two As-dimer model, was discarded
later by Larsen and Chadi based on the growth kinetics
consideration [16]. Chadi also pointed out another pos-
sible vacancy model which retains all of the four pairs
of the second layer Ga atoms (Fig. 2(c)) [53]. However,
the total energy of this model is higher by 1.6eV per unit
than models (a) and (b) and was discarded [53].

Undisputable confirmation of the As vacancy model
was given by the first STM observation by Pashley et al.
[32]. They prepared the sample in an ez-situ MBE sys-
tem, capped the sample with As for protection prior to
transferring the sample through air into the STM appa-
ratus and removed the As overlayers by a brief heating
before the STM study. The STM images clearly showed
that the (2x4) periodicity is due to a regular array of As
dimers and As dimer vacancies. They also discussed on
an antiphase boundary along the [110] direction which
produces the ¢(2x8) phase from the (2x4) unit. By an-
alyzing their images of the (2x4) unit, they concluded
that the STM images are accounted best by the three
As-dimer model by Chadi (Fig. 2(a)). Biegelsen et al.
prepared the sample in the in-situ MBE chamber and re-
ported that the (2x4) phase consisted of three As dimers
at the outermost surface layer [33}, supporting the Pash-
ley’s observation [32]. However, they also observed the
(2x4) unit consisting of two As dimers at the outermost
surface layer when the surfaces was annealed longer or
at higher temperatures or grown with lower As;/Ga flux
ratios [33].

The situation is complicated by the behavior of the
2x4 reconstruction as a function of the growth condi-
tions. Three different phases ( the «, 3, and v phases)
of the surface have been identified by RHEED experi-
ments, depending on the characteristics in the fractional
order (1/4th, 2/4ths and 3/4ths) RHEED spot intensi-
ties and preparation conditions [17]. The « phase oc-
curs at the highest substrate temperatures with rela-
tively weak 2/4ths spot intensity compared with 1/4th
and 3/4ths intensities, the ¥ phase is formed in the low-
est substrate temperature range and its 2/4ths spot is
almost absent. The @ phase exists between these two
and the 2/4ths spot is strong and equal to 1/4th and
3/4ths. They performed a kinematical RHEED calcula-
tions to analyze these data and proposed that the outer-
most unit structure of the «, #, and 4 phases as follows
(PF scheme). The o phase is made of two As dimers
(Fig. 2(d); with the second layer Ga dimerization). This
model assigned for the o phase was later examined by
Northrup and Froyen (NF) [56] and the relaxation of the
second layer Ga atoms was introduced for the stability
of the model (Fig. 2(e)). The unit structure of the 3
phase PF proposed is the Chadi’s three As dimers (Fig.
2(a)). And the v phase is assigned to the model which
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has an extra As dimer sitting on the 3 surface along the

[110] direction (Fig. 2(f)) [17]. Based on the FP scheme,
the As coverage is 0.5ML for o phase, 0.75ML for the 8
phase and 1.0ML for the 4 phase, consistent with that
expected from the preparation condition for each phase.

Many people have been using the FP scheme since
then: three or two As-dimer model was chosen depend-
ing on the experimental conditions and obtained re-
sults. The important problem for the GaAs(001) 2x4
phases appeared to be solved [19-22,2829,55,56]. How-
ever, Heller et al. recently reported based on their in-
situ STM observations that the two As-dimer unit at
the outermost surface layer is dominant and claimed
that the three As-dimer unit exists only under special
circumstances [35], and the two As-dimer unit is al-
ways dominant in most STM experiments later on [36,
38,39,44,46-48,50,51], even in the case of fluid conditions
[45]. In contrast, Gallagher et al. [37] and Broekman et
al. [49] analyzed their STM images and supported the
three As-dimer unit. Recently, Falta et al. performed a
MEIS experiment on the ex-situ (decapped) MBE-grown
GaAs(001) surfaces and proposed a radically new model
that the first layer of the (2x4) phase may contain both
Ga and As atoms, in contrast to the commonly accepted
As terminated models [31].

1.3. The Ga-rich 4x2 and 4x6 Reconstructions

Since the pioneering MBE-RHEED work by Cho [2, 3],
now it is well accepted for the 4x2 reconstruction that
the two-fold (2x) periodicity is due to bond-pairing of
the surface Ga dangling bonds along the [110] direction
and the four-fold (x4) periodicity comes from regular
Ga-dimer missing, same to the situation on the As-rich
2x4 surface, but now the surface dimers rotate 90° along
the (001) crystal axis. Based on their HREELS data,
Frankel et al. [13] proposed the first structural model for
the 4x2 surface, concluding that the four-fold (4x) peri-
odicity is due to the formation of three Ga-dimers and
one missing Ga-dimer for a unit cell, as shown in Fig.
3(a). This three-dimer model contains 3/4 of a mono-
layer (ML) of the Ga-dimers on top of a full monolayer
As-terminated surface. If the groups of three Ga dimers
are arranged in phase with the adjacent groups in the
bonding direction, the resulting structure is 4x2, while
the out-of-phase arrangement gives rise to the c(8x2)
translational symmetry, which is consistent with exist-
ing LEED, AES, RHEED and UPS results [6-8].

The absence of some of the surface dimers has been
directly confirmed by two previous STM investigations
[33,61]. Both observations revealed only two Ga dimers
in a unit cell. Shown in Fig.3(b) is the atomic model
(referred to as Ga-bilayer model hereafter) proposed by
Biegelsen et al.[33] on the basis of the first STM obser-
vation of this surface. In order to maintain the charge
neutrality [14,17,59], the two-fold coordinated As atoms
in the second layer exposed by two-dimer vacancy are
removed, and the third layer Ga atoms are dimerized
and three-fold coordinated.

The atomic model proposed by Skala et al. (referred
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Figure 2. Schematic representations of the GaAs(001)-
(2x4) surface reconstruction models. (a) three As-dimer
by Chadi[53] and (b) two As-dimer models proposed
by Chadi[61] (c) (unstable) two As-dimer model by
Chadi[53] (d) two As-dimer model proposed by FP for
the (2x4)-o phase[14,17] (e)model (d) modified includ-
ing the second-layer Ga relaxation by NF[56] and (f)
extra As-dimer model proposed by FP for the (2x4)-
v phase[14,17] Filled circles denote As atoms and open
circles denote Ga atoms. Both top and side views are
shown for each model. The As surface coverages are (a)
0.75ML, (b) 0.75ML, (c) 0.5ML, (d) 0.5ML, (e) 0.5ML
and (f) IML.

to as As-model hereafter) [61] consists of two As dimers
in the first layer and two Ga dimers in the second layer in
a unit cell (shown in Fig.3(c)). They claim, surprisingly,
that the outermost surface layer is As, not Ga, which is
radically different from other Ga-rich models. We sur-
mise that the main reason for such a radically differ-
ent identification over the Ga-model is the experimental
finding that the faint features assigned to the Ga-dimers
in the STM image are positioned in between the bright
individual humps which are identified as As along the
[110] direction which cannot be explained readily by the
Ga-bilayer model. ;

If one adopts the general rules that the 4x2 surface is
terminated with Ga dimer as speculated by Frankel et
al. [13] and Biegelsen et al. [33] and that the necessary
charge transfer takes place according to ECM employed

to examine semiconductor surface reconstruction [59],
this surface is quite unique and puzzling in interpret-
ing STM images. The filled dangling bond orbitals of
the Ga dimer locating in the first layer has relatively low
local density of states (LDOS) which possesses a large
energy dispersion from -1.9 to -0.5 eV [62]. The occu-
pied As dangling bond orbitals have predominantly high
LDOS, but the As atoms are geometrically placed in the
second layer, lower than the first layer Ga by as much
as 1.4A. At the negative bias voltage of -2 eV, both of
these Ga and As orbitals overlap to some extent and are
accessible to the tunneling process, hence are imaged by
STM. Since STM maps the local density of states of the
surface, not simply the atomic geometry of the surface,
the correct interpretation of the STM image requires the
knowledge of surface charge density distribution unique
to the models. Therefore, the discrepancies in the Ga-
and As- models mentioned above cannot be resolved by
these two STM investigations alone. The electron count-
ing rules are also not likely to sort out the problem be-
cause the necessary charge neutrality condition was al-
ready taken account into when the authors proposed the
models.

Similar to what they speculated for the As-rich 2x4,
Falta et al. proposed the mixed Ga/As model, based on
their MEIS experiment and its Monte Carlo simulations
[31]. According to them, the configuration of the atoms
in the reconstructed surface layers is exactly the same as
that of the Chadi’s three As-dimer model for the 2x4 re-
construction [53], except it is rotated by 90°with respect
to the (001) axis. However, they claimed that an inter-
layer Ga/As mixing must be considered for this surface.
In order to explain the measured high Ga peak, certain
amounts of replacement of the surface As atoms by the
Ga in the second layer would be needed. They further
suggested that this type of substitution or mixing phe-
nomenon is not limited to the case of the 4x2 phase and
is indeed universal for all other reconstructed surfaces of
the GaAs(001). This mixed Ga/As model has, however,
been disputed by several groups [63]. The surface cover-
age also varies from 0.5ML-As for As-model, 0.75ML-Ga
for Ga-bilayer model (0.25 ML from the third layer Ga),
0.75ML-Ga for three Ga-dimer model, ~1ML for the
mixed Ga/As model.

To clarify these experimental uncertainties and es-
tablish a reliable model for this surface, Northrup and
Froyen [56,57] and Ohno [55] have performed a series of
total energy theoretical calculations. Both groups con-
cluded that the substitution model by Falta et al. is
not likely to occur in the entire As/Ga ratio composi-
tion. Although the As/Ga replacement still maintain
the necessary charge neutrality, it significantly changes
the bonding nature. The calculation shows that the min-
imum energy cost is 0.67 eV for each As-Ga replacement,
therefore, this structure is not stable. Northrup and
Froyen pointed out that in the permitted range of val-
ues of Ga chemical potential, the Ga-bilayer model is
the most energetically favorable among various models.
The result by Ohno is also similar and will be discussed
in later section. We have also reported [41-43] that our
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STM study combined with the RHEED intensity dynam-
ical calculation for the 2x4 surface is consistent with the
Northrup and Froyen’s theory. However, experimental
data are not available to test the theory in the case of
the 4x2 phase.

Even lesser understanding lies in the case of the 4x6
phase. There has been not a single structural model
being proposed so far, most likely due to its large and
complicated unit cell situation. It has been believed that
this surface is a mixture of 4x1 and 1x6 reconstructed do-
mains [8]. All published diffraction patterns have shown
no spots with non-integral coordinates in both the [110]
and [110] directions which demonstrates that a ”genuine
4x6” reconstruction may not exist. However, by UHV
annealing at temperatures higher that those necessary
to establish the 4x2/c(8x2) structure, Biegelsen et al.
reported the observation by LEED and STM of the gen-
uine 4x6 reconstruction [33]. Unfortunately noisy tun-
neling current precluded them to obtain a high resolution
STM image in order to document the atomic structure.
Creighton concluded [64], based on the TMGa adsorp-
tion experiment, that the 1x6 and 4x6 and c(8x2) actu-
ally have the same stoichiometry since they all display
the same chemistry for TMGa adsorption. He specu-
lated that all Ga-rich surface phases can be constructed
under a scheme of superposition idea starting from the
4x2 three Ga-dimer model. It was thought that this may
be true in terms of surface stoichiometry, since several
groups also pointed out that there is indeed little differ-
ence in stoichiometry between the 4x2 and 4x6 phases
[8, 20]. On the other hand, Bachrach et al. [10] reported
that the 4x6 phase is actually more As-rich than the 4x2
phase, while most experimental data supported that the
4x6 phase is more Ga-rich [8, 12, 20] and that the big dif-
ference (about 0.2ML As) in stoichiometry between the
4x6 and 4x2 reconstructions cannot be explained by su-
perposition of the three dimer 4x2 sub-unit. An attempt
was made to establish a surface phase diagram using the
vicinal surface, even though there is no reliable equilib-
rium surface phase diagram for the GaAs(001) [18]. The
result showed that two or more structures may usually
overlaps on the Ga-rich regime [24]. :

We have overcome the difficulties in the preparation
of high quality as-grown various GaAs(001) Ga-rich sur-
faces (c(4x4), 2x4, 2x6, 4x2 and 4x6) by introducing mi-
gration enhanced epitaxy (MEE) technique [41-43]. We
were able to steadily follow the phase evolution among
various phases by simply choosing appropriate As/Ga
ratios and shutter operation pulse in MEE. Thus, we
obtained atomically resolved STM images of the 2x4,
4x2, 4x6 and 2x6 phases. Combined with the advanced
theoretical calculation by Ohno [55] and RHEED dy-
namical intensity analysis in collaboration with Ichimiya
[65], we have overcome the difficulties in interpreting our
high-resolution STM data in order to propose a unified
structural model for the 2x4, 4x2 and 4x6 surfaces [43,
66]. We will show in the following sections that our
model can explain most published results and resolve
main controversies in the structures and compositions of
various surface phases.
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Figure 3. The ball-and-stick models for the 4x2 (a, b
and c) and 2x6 (d) reconstructions. (a): three Ga-dimer
model by Frankle et al.[13]. If some of the As atoms
in the second layer are replaced with Ga atoms, it will
lead to the mixed As/Ga model by Falta et al. [31]. (b):
the Ga-bilayer model by Biegelsen et al. [33] which has
two Ga-dimers at the top layer and one Ga-dimer at the
third layer. (c): the As model proposed by Skala et al.
[62]. (d): the model for the 2x6 phase by Biegelsen et
al. [33]. Please notice that the notation of the crystal
axis in the figure is only for the 4x2 surface, it should be
rotated 90° along the (001) axis for the 2x6 surface.

2. Experimental

2.1. General

The experiments were carried out in an ultrahigh vac-
uum (UHV) FI-STM (field-ion scanning tunneling spec-
troscope) which was combined with a small commercial
MBE system (ULVAC JAPAN, Ltd.) through a 2-3/4”
O. D. gate valve (Fig. 4). Portion A in Fig. 4 is the reg-
ular FI-STM and the STM set up can be seen through
the front 8” O. D. viewing port at the lower FI-STM.
Another viewing port to the right is for LEED obser-
vations. Portion B is the MBE apparatus housed in a
small chamber. There are six Knudsen cells and indi-
vidual shutters are controlled by a personal computer.
The two mechanical feedthroughs, F1 and F2, positioned
horizontally with 90° rotated transport the sample be-
tween the MBE and STM sections smoothly and quickly
without disturbing the UHV conditions. The base pres-
sure of the STM and MBE chambers is 4x10~!! and
1x1071% Torr, respectively.

The GaAs(001) sample was cut from on-axis wafers
(dopant Si, 1x10'® cm™2), chemically etched in a stan-
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dard 4:1:1 mixture of Hy504:H2049:DI Hy0 and was
mounted on the sample holder with indium. The sample
was outgassed at 400°C in the MBE chamber overnight.
Surface oxides were removed by annealing at 600°C in
an Asy flux [5,6]. The buffer layers were then grown at
the growth temperature in the range of 540°C - 630°C,
the Ass/Ga flux ratio of ~30, and the growth rate
of 0.156mm/h, being monitored by the RHEED inten-
sity oscillation. The Si doping level was calibrated by
SIMS (secondary ion mass spectrometry) and kept be-
low 1.5x10%8cm™2 in the present work, in order to min-
imize surface kink defects induced by dopants [67]. The
quenching of the sample was performed by removing the
sample mounted on the small sample holder (Ta made,
3x12x24 mm? in size) out of the MBE growth station
and transferring to the STM chamber typically in 2 to 3
seconds. We estimate the quenching rate of the sample
holder to be approximately 50°C/s by IR thermometer
measurements.

Figure 4. Photograph of the combined MBE-STM ap-
paratus used in this study. A: the FI-STM chamber, B:
MBE chamber, F1 and F2: mechanical feedthroughs for
sample transfer between A and B. The MBE section is
incorporated to the existing FI-STM apparatus.

2.2. RHEED measurement

The RHEED intensity profiles of the (2x4) surface
were recorded both during the sample preparation (at
elevated temperatures) and after the STM observation
(at room temperature) and we found that the spot in-
tensities were essentially the same for both cases, im-
plying that the quenching rate is sufficiently high with
the small heat capacitance of the sample holder. The
kinetic energy of the electron beam was 10KeV and the
angle of incidence was chosen to be 1.6+0.2° in the [110]
azimuth. FP claimed that they used 0.07° (1.3mrad)
to minimize the undesired multiple scattering [14,17].
We question the validity of the claim of FP. The sim-
ple relationship between the angle of incidence and the
RHEED spots dictates that the angle of incidence has to
be larger than at least 1.2° in order to observe the 3/4ths
or higher order spots. When the angle of incidence be-
comes smaller, overlapping of the Ewald sphere with the

reciprocal-lattice rods associated with the zero-th Laue
zone becomes smaller. Under this situation, we can ob-
serve the zero-th Laue zone spots only if the reciprocal-
lattice rods have sufficiently broadened width (because
of the imperfections of the surface) enough to cross over
with the Ewald sphere. Then we cannot reliably analyze
the relative intensities of the diffraction spots, since the
Ewald sphere is not cutting the center of the reciprocal-
lattice rods. The angle of incidence of 1.6° was chosen
in the present observations for this reason. (The basic
idea can be found in Ref. 66 and in many textbooks on
diffraction analysis.)

2.3. Sample preparation of the {2x4) and c(4x4)
phases

We have followed the sample preparation method de-
scribed by FP [14,17] and obtained the 1/4th, 2/4ths and
3/4ths fractional order spot intensity profiles consistent
with those described by them, although the details of
the RHEED patterns could not be compared since no
comprehensive data has been published in the past for
the detailed RHEED spot intensities for the «, § and ¥y
phases. The most stable § phase was prepared by an-
nealing the substrate at the growth temperature main-
taining the As, flux until the 2/4ths intensity grew to the
comparable intensity with the 1/4th and 3/4ths intensi-
ties. The wide range of growth temperatures (540°C -
630°C) could be used for the 3 phase.

We have used three different methods to prepare the
c(4x4) and (2x4) phases: (I} The a, v and c¢{4x4) phases
were prepared by annealing the substrate which exhibits
the 3 phase for several minutes at 640°C, 510°C and be-
low 490°C, respectively, maintaining an As, flux. Taking
into account the high vapor pressure of As, the c(4x4)
phase is known to be the most As-rich phase. (II) The v,
(3 and o phases were also obtained from the c(4x4) phase
by heating the substrate at 300°C, 390°C and 460°C, re-
spectively, without the Asy flux [33]. (1II) The migration
enhanced epitaxy [68] technique was used as well as the
regular MBE growth, mentioned above, where As, and
Ga are alternately supplied to the substrate (by open-
ing the As and Ga shutters alternately) to enhance the
surface migration of Ga much more { ~ 10 times) than
the case of the regular MBE [68]. We used MEE at the
Asy/Ga flux ratio of 20:1 for the c(4x4) and 12:1 for
(2x4) v phase, at the sample temperature of 500°C. We
have succeeded to grow the c(4x4) and (2x4)-y phases,
as well as mixed phases by this method [42]. However,
compared with the normal MBE, the MEE technique
have some shortcomings. They are (1) the decreasing
growth rate, and (2) the shorter lifetime for the shutter
bellows because of the frequent operation of the shutters.
Thus, it is more appropriate for growing a thin material
such as superlattice, or just for exploratory research.

Because of the high vapor pressure of As, the temper-
ature of the sample and the Ass/Ga flux ratio critically
affect the surface stoichiometry. For instance, the sur-
face is growing and both Ga and As atoms are being
supplied to the surface simultaneously in method (I},
while the As atoms are continuously desorbing from the
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surface in method (II). In the case of method (III), the
surface i1s under the steady-state condition with As,; flux.
In all the methods, there expected significant amounts
of mass transfer of As and Ga atoms between the sur-
face and vacuum as well as on the surface. Once the
As atoms located on the surface leave the surface for
migration, the Ga atoms underneath are then exposed
to the vacuum and become highly mobile. Therefore,
we expect sufficiently high migration of the As and Ga
atoms when the c(4x4) and (2x4) phases are prepared.
Therefore, the surface is nearly under steady-state con-
ditions and removing As atoms is essentially equivalent
to adding Ga atoms.

2.4. Sample preparation of the Ga-rich 4x2 and
4x6 phases

Once the buffer layer growth was completed, the sub-
strate heating was turned off and the temperatures of As
and Ga Knudsen cells were set to an appropriate value
to produce a desirable flux necessary for the low temper-
ature MEE growth of a well-defined Ga-rich surfaces at
500°C. Allowing the As and Ga fluxes stabilized at the
preset Knudsen-cell temperatures for about one hour,
the MEE over-growth at 500°C was started. The choice
of the growth temperature of 500°C for MEE is based on
the following considerations: First, we have performed
a parrell STM study on heteroepitaxial MEE growth of
InAs on the GaAs(001) at 500°C with high-quality in-
terfaces [69]. Second, we could proceed the MEE growth
with a significantly low As pressure (within 10~8 Torr
range) at 500°C, compared with usually 10~¢ — 10-5
‘Torr. Use of a higher As pressure always results in the
formation of the As-rich phase. For instance, the Ga-
rich layer growth cannot be initiated at the higher As
pressure in the most cases even at Ga-shuiter opening
cycle. Last, under the normal higher growth temper-
ature (~600°C), we have to use the high As pressure
and faster shutter switching rate in order to prepare the
smooth Ga-rich surface. Otherwise, it also results in
the formation of the As-rich surface, whereas decreas-
ing the As or increasing the Ga pressure causes unde-
sirably rough growth-front with too much Ga, such as
Ga-droplets. By the low temperature MEE, atomically
smooth as-deposited Ga-rich surfaces could be reliably
grown by optimizing the As;/Ga ratio, the As pressure
and the switching duration of the shutters and the al-
ternative growth of full monolayer Ga and As can be
assured. :

When all the expected factors were satisfied, the sam-
ple was annealed at 500°C under the Asy flux until the
well-ordered and known 2x4 RHEED pattern appeared.
Then typically 12 MEE cycles were grown in order to
minimize the effect from the substrate. The sample was
transfered to the STM chamber within one second right
after the last Ga opening cycle. We have found that
As,/Ga flux ratios of 8 and 6 are preferred for the prepa-
ration of the as-deposited 4x2 and “genuine” 4x6 sur-
faces, respectively, with 2 sec As + 2 sec Ga alternating
exposures. For the other "pseudo” 4x6 (”pseudo 4x6”)
surfaces, a relatively wide range of As;/Ga flux ratios
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could be used and the growth condition is more flexi-
ble. We have also successfully prepared these surfaces
by post-annealing of the 2x4 surface (the details will be
discussed in next section). In either case, care was taken
to make sure that the data obtained were reliable and re-
producible for various reconstructions. The surface was
also re-examined by RHEED after the STM scanning.

2.5. STM observation

The STM images were obtained at the sample bias of
Vs = -3.5V to -2.0V with respect to the tip (grounded),
and a constant tunneling current It = 20-40pA. The
scanning area can be in the range of 20A to 12,000A in
the routine measurement. For the 2x4 surface, we have
observed that tunneling into the sample empty states
(Vs > 0) is unstable or only gives us a degraded res-
olution for the As-rich (2x4) phases in contrast to the
GaAs(110) surface [70]. This characteristic has noted
and been discussed first by Pashley [32]. Keeping a low
doping level enhances this effect. Dual bias imaging has
used successfully for the Be-doped p-type (2x4) phase
by Wassermeier and the effect is attributed to the differ-
ence of the Fermi level pinning position and tip-induced
band bending [36]. The contribution to the tunneling
current (filled states) is attributed to the double occu-
pied lone-pair states located on the As dimers [36,37)].
For the Ga-rich 4x2 and 4x6 surfaces, we have success-
fully obtained the empty states images, the origin will
be discussed in details in Section 3.

3. Results and Discussions

3.1. STM images of the (2x4)-a, # and v phases

Figures 5(a), (b) and (c) show typical gray scale STM
images of the (2x4)-o, B and v phases, respectively,
with insets showing the enlarged small area images and
the typical depth profile measured along the [110] di-
rection. Bright features are running along the direc-
tion with a spacing d = 4ag (ag = 4.0A: the unit of the
GaAs(001)1x1 surface) measured along the [110] direc-
tion and are divided into the unit of 2ay in the [110]
direction, forming the (2x4) symmetry with a unit size
of 8x16A [32-52]. Dark lines between them are identified
to be As dimer vacancy regions as discussed by Pashley
[32], supporting the vacancy model of the (2x4) phase
[32, 53].

We observe several types of defects as have been dis-
cussed previously [32]. They are: (1) complete As dimer
vacancies from the (2x4) unit which forms a dark region
separated by 2a, along the [110] direction, (2) shift of
the (2x4) units by ag along the [110] direction, which is
responsible for forming the ¢(2x8) phases; and (3) shift
of the (2x4) units by ag along the [110] direction, which
are called "kink” and forms out-of-phase domain bound-
ary in terms of the 4x symmetry. Defects (1) form the
(2x4) units separated by d = 8ag measured along the
[110] direction (see Fig. 5(c) for the definition of d).
Those kinks (defects (3)) may form the (2x4) units sep-
arated by d = 3ap and 5ag, if the kinks are not aligned
along the [110] direction perfectly.

We can clearly see in the STM images, enlarged small
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Figure 5. Typical 3-dimensional display STM images of
the (a) @, (b) 8 and (c) vy phases (800x800A) together
with insets showing the magnified images to show the
details and their depth profiles measured along the [110]
direction. In the STM images, it is evident that the
bright lines are running along the direction, separated
typically by 4ag along the [110] direction. All of the
(2x4) unit cells of these three phases consist of two As
dimers and two dimer vacancies.

area images and contour profiles (Fig. 5) that the (2x4)
units at the outermost surface layer of the o, B and vy
phases all consist of two As dimers and two dimer va-
cancies [43]. It is interesting to note that the detailed
analysis shows that the distance between these two pro-
trusions is not exactly ag but approximately 15% larger.
Since STM images represent the electronic density of
states and not the atomic position itself, this difference
suggests that the peak position of the density of states
is slightly shifted from the As dimer position in the [110]
direction, which is similar to the case calculated by Ohno
for the three As-dimer model [55]. This might be part
of the reason for the erroneous assignment of the STM
images as the three As-dimer model in the past. An-
other reason may be because some authors measure the
full width of the bright imaged As dimers in the [110]
direction assuming that the width is proportional to the
number of the As dimers in a unit when the resolution
of the STM images is not sufficient to resolve the indi-
vidual As dimers. This procedure is obviously wrong.
And the number of the humps and separation of them
in a unit must be analyzed for proper interpretation.
We have found a simple rule to interpret the STM im-
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ages correctly which can be applied even in the case of
rather poor resolution STM images. The rule utilizes a
relationship between the number of the As dimer in the
(2x4) unit at the outermost surface layer and the kink
geometry. The As dimer kink is produced with lateral
translation of the unit distance ag in the [110] direc-
tion. Therefore, the image of As dimers must appear
continuous at the kink area, if the (2x4) or ¢(2x8) unit
consists of three As dimers (Figs. 6(a) and (b)), while
there should still be a space of ag in between these two
units if the unit consists of two As dimers (Figs. 6(c)
and (d)). Based on this rule and the careful inspection
of the kink structures, we can rule out the possibility of
the three As-dimer model for the (2x4) phases from the
previously published STM images. Indeed, almost all
previously published STM data claiming the three As-
dimer model fail this test and they should be interpreted
correctly in terms of the two As-dimer model.

In the 8 phase (Fig. 5(b)), the dimer vacancy rows are
straight and extend over 300A along the [110] directions
in average before any kinks. The kinks tend to align in
the [110] direction, forming large domains extending up

(d) 2 As dimers, c(2x8)

Figure 6. Schematic STM images showing the rela-
tionship between the kinks and As dimer arrangements
nearby for the 2x4 and c(2x8) phases, based on the two
As-dimer and three As-dimer models. If the unit consists
of three As dimers, the As dimers make direct contact
with the adjacent As dimers at the kink position, while
there is always a gap of one As dimer width if the unit
consists of two As dimers.
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to 3000A along the [110] direction, demonstrating a high
degree of ordering in the § phase [41]. In the o phase
(Fig. 5(a)), the dimer vacancy rows are interrupted by
kinks in every several dimer length along the [110] direc-
tion. These kinks appear to align in the [110] direction,
similar to the @ phase. The domain size of the o phase
is typically 60A and 500A in the [110] and [110] direc-
tions, respectively. In the 4 phase, the kink density in
the direction is similar to that of the o phase but kinks
distribute randomly and do not show any ordering in the
[110] direction, unlike the case for the o phase. In the
case of the v phase, there are significant portion of open
areas , where the As dimers at the outermost surface
layer are missing and the underneath terrace structures
are exposed. The details will be discussed in section 3.4.
The domain size of the vy phase in Fig. 5(c) is approxi-
mately 60A and 100A in the [110] and [110] directions,
respectively, which depends on the growth conditions.

We have examined the distribution of the separation
of the neighbouring (2x4) units d measured in the [110]
direction. For the 8 phase, the nominal separation of d =
4ay is dominant (98%) with small fractions of 3ag (<1%)
and Bag (<1%). For the o phase, the result is similar to
the @ phase with slightly higher fractions for both 3ag
(8%) and Hap (4%), implying the slightly higher kink
density compared with the @ phase. For the 7 phase, the
distribution of d varies greatly depending on the detailed
sample preparation conditions. The distribution of d for
the case of the surface shown in Fig. 5(c) is 4ag (63%),
Tag (15%), 3ao (8%), Hag (3%) and > 7ap (11%). This
result shows that the v phase is characterized by a small
size of the (2x4) phase which are separated with the open
area typically with d = 7aq.

Detailed quantitative analysis of the STM data can
yield useful information on the sub-surface structures.
The depth profiles of the STM images measured in the
[110] direction for the «, B and v phases show distinct
differences between the o and 8 (y) phases. Typically,
we do not see any structure between the dimers in the o
phase (the depth profile of Fig. 5(a}), while we regularly
observe one or two faint line protrusions in the vacancy
region of the @ (y) phases (the depth profiles of Figs.
5(b) and (c)). Figure 7 summarizes the depth profile in
the As dimer vacancy measured from the position of As
dimers at the outermost surface layer as a function of
separation d of the neighboring (2x4) units (in unit of
ag). The measured depth for the regular (2x4) region, d
= 4ay, is 2.1+0.3A for all the o, 8 and  phases. This
measured value is smaller than the expected value of
2.8A = h, the bilayer depth of the GaAs(001) surface.
We interpret this as a tip effect, namely the depth to
width ratio of the vacancy region is too large to image
the bottom. However, in the case of the separation d
>bag, we observe the reasonable depth in the o phase,
which is approximately 2.8A = h, while the depth in the
B (7) phase is about 1.4A one half of the bilayer depth
(1/2h).

Since we are imaging the filled density of states, we
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Figure 7. Plot of the depth height of the dimer vacancy
region for three different phases, measured from the po-
sition of the top layer As dimers as a function of the
separation d (in unit of a0).

are observing the As atoms as protrusion and the dan-
gling bonds of Ga atoms are not be imaged. When we
examine the models of (2x4) phases shown in Fig. 2,
no structure should produce the depth height of 1/2h
at the As vacancy regions. Thus the observation of the
1/2h depth for the 8 and v phases in Fig. 7 implies
that there must be some unknown subsurface structure
in the vacancy region for the case of the § and v phases.
This observation provides us with sufficient information
to discuss the subsurface structures.

3.2. Dynamical RHEED analysis of the (2x4)-a,
/ and v phases

In order to fully understand the structures of the o, 8
and v phases, we have calculated the RHEED spot inten-
sities for the possible (2x4) models using the dynamical
theory developed by Ichimiya [65]. Although it has been
known that the dynamical effect is very important for
the analysis of the GaAs(001) surface [12], a systematic
analysis using dynamical RHEED calculation has never
been performed, most likely due to the lack of detailed
knowledge of the surface structure [43].

In the present calculation, nineteen beams in the zero-
th Laue zone of the [110] incidence were taken into ac-
count. As the RHEED intensities in the zero-th Laue
zone are insensitive to the displacement lateral to the
incident direction, relaxations along the [110] direction
are not taken into account [65).

Basic structure models we used for the analysis are
described in Figs. 2(a) through (f). In general, we have
assumed that the As dimers are contracted by 0.2A per-
pendicular to the surface in order to form dimer without
changing the As-Ga bond length and have no displace-
ment along the [110] direction. Other atoms were as-
sumed to have no relaxation from the bulk positions. We
also examined the influence of the small displacement of
the atom positions to the spot intensities. The rocking
curves for the five zero-th order Laue zone reflections (0
0), (0 1/4), (0 1/2), (0 3/4) and (0 1) were calculated
and the spot intensities were obtained by averaging over
the incidence angle of &+ 0.2°.

One set of the RHEED intensity rocking curves for the
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Figure 8. The calculated rocking curves for (a): (0 0)
spot , (b): (0 1/4) spot , (c): (0 2/4) spot , (d): (0 3/4)
spot and (e): (0 1) spot for the Chadi’s two As dimer
model (Fig. 2(b)).

case of the Chadi’s two As-dimer model are reproduced
here, in order to demonstrate the full extent of our dy-
namical calculation (Fig. 8). The parameters used for
this model in the dynamical calculation are shown in Fig.
9. These rocking curves are in good agreement with the
current experiment (10keV), as well as those obtained
by P. K. Lasen et al. [7T1], although there are some angle
shifts due to the energy difference between their exper-
iment (12.5keV) and ours. We wish to point out that
small changes of these parameters do not produce sig-
nificant changes in the relative values of the spot inten-
sities. Furthermore, it is clearly demonstrated here that
the incident angle must be larger than 0.8° to observe
the 2/4ths feature and than 1.3° to observe the 3/4ths
feature at all, once again disproving the FP’s claim on
the small angle of incidence. The fully detailed account
of the RHEED calculation will be published elsewhere
[72].

In order to qualitatively compare the theory and ex-
periment, we used a photo multiplier with pin-point fiber
optics to measure the RHEED spot intensities. The ob-
served RHEED patterns taken at room temperature are
plotted in Fig. 10 (a), (b) and (c) for the o, 8 and «v
phases, respectively, corresponding the STM images in
Fig. 5. They were then de-broadened to compare with
the theoretical results and are plotted in Fig. 10 (d),
(e) and (f) for the a, 8 and v phases, respectively. We
confirm the characteristic features in the RHEED spot
intensities as reported by FP [14,17]. The 2/4ths feature
is weak for the o phase and for the 8 phase relatively
strong with respect to the 1/4th and 3/4ths intensities.
It is almost absent for the v phase.
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Figure 9. Parameters used for the Chadi’s two As dimer
model (Fig. 2 (b)) for the dynamical RHEED calcu-
lation. Contractions of the As dimers (two on the top
layer and one at the third layer) are all the same 0.2A.

The results of calculated spot intensities are summa-
rized in Fig. 11. For the case of two As-dimer model
by Chadi (Fig. 2(b)), we have calculated for both (bl)
without relaxation and (b2) with relaxation calculated
by NF [57]. For the case of the two As-dimer model for
the o phase proposed by FP [14,17], we have calculated
for the cases of (c) without second layer Ga dimeriza-
tion or relaxation, proposed by Chadi (Fig. 2(c)) [564]
with the second layer Ga dimerization but without re-
laxation, by FP (Fig. 2(d)) [14,17], and (e) after full
relaxation by NF (Fig. 2(e)) [56]. We also show the re-
sult of the kinematical calculation for this model taking
second layer into account (Fig. 11(g)).

The three As-dimer model, proposed by Chadi (Fig.
2(a)), gives a weak intensity for the 3/4ths fractional
order spot (Fig. 11(a)), in contrast to the result by
kinematical calculation [14,17]. We do not find the no-
ticeable changes by varying the contraction of the As
dimers from -0.4A to -0.05A. The inward relaxation of
the second layer Ga atoms having dangling bonds ( up to
0.8A) yields weak intensity for 1/4th and 2/4th spot in-
tensities and does not agree with the experiment. More
importantly, the three As dimer unit is not consistent
with our STM images of the a, 3 or  phase (Fig. 5).

McCoy et al. have analyzed the (2x4) unit structure
by fitting the experimental rocking curves with the cal-
culated ones using the dynamical RHEED theory [62].
They used the Chadi’s three As-dimer unit (Fig. 4(a))
and allowed the relaxation of the first and second layer
atoms to achieve the best fit of the rocking curves. They
concluded that the center As dimer is contracted by 0.2A
perpendicular to the surface (rumpling) and the second
layer Ga atoms have both in-plane and perpendicular
relaxation [62]. They claimed that the rumpling agrees
with the STM observation by Gallagher et al [37]. How-
ever, the separation between two protrusions Gallagher
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Figure 10. Experimental RHEED patterns for the (a)
@, (b) B and (c) y phases and their debroadened spot
intensity profiles for (d) «, (¢) # and (f) v phases. The

results are in good agreement with the description by
FP[14,17].

et al. observed in their high resolution STM images can
be measured to be approximately 5A although they are
not explicitly stating the value in their paper. The sep-
aration of the two protrusions is 2a; = 8.0A expected
from the rumpling McCoy et al. claimed[62] but it does
not agree with the STM observation. In their dynam-
ical analysis, McCoy et al. used the normalized curves
to fit each fractional order spot, neglecting the absolute
value of spot intensity [62]. Although the normalized
intensities and intensity peak positions of their fitted
rocking curves agree well with the experimental curves,
the spot intensities using their fitted atom positions are
similar the results obtained for Chadi’s three As-dimer
unit without relaxation (Fig. 2(a)). Main difference is
that their coordinates yield only one quarter of intensity
for the 2/4th spot comparing with the one for Chadi’s
model (Fig. 11(a)). This is one of the confusions we have
been discussing in Section I and trying to resolve. The
extra As-dimer model by FP [14,17] (Fig. 2(f)) gives
the weak 3/4ths spot intensity, similar to the case of the
three-dimer model (Fig. 2(a)) and does not agree with
any experimental results.

The two As-dimer model proposed by Chadi (Fig.
2(b)), gives a nearly equal intensity of the 1/4th, 2/4ths
and 3/4ths fractional order spots (Fig. 11(b1)) and are
consistent with the 8 phase (Fig. 10(b)). Changing the
contraction of the As dimers from -0.4A to -0.05A re-
sults in approximately 20% variation of the zero-th spot
intensity and the best fit to the experiment is obtained
at the contraction value of approximately -0.2A . The
kinematical calculation for this model, taking only the
first layer into account, produces the same results with
two As dimer model discussed by FP [14,17], namely
zero intensity for the 2/4ths spot intensity. However,
since they are only three out of four pairs of Ga atoms
in the second layer, an interference effect is expected be-
tween the diffractions from the first and second layers
and the intensity of the reciprocal lattice rods oscillate
sinusoidally as a function of reciprocal lattice coordinate
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Figure 11. Calculated RHEED spot intensity profiles for
various models (a) to (f) using the dynamical theory be-
ing discussed in this text. (g) is based on the kinematical
calculation

normal to the surface (kz) [73]. If we consider the case
of a less ordered surface, the intensity of the reciprocal
lattice rod should be averaged and we obtain the spot
intensities shown in Fig. 11(g). The averaged spot in-
tensities for the (0 0), (0 1/4), (0 1/2), (0 3/4) and (0
1) spots by the kinematical calculation for the Chadi’s
two As-dimer model are 13, 3, 1, 3, 13, respectively (Fig.
11(g)); as the sum of the spot intensities calculated kine-
matically for the two As-dimer unit (4, 2, 0, 2, 4) and
the three As-dimer unit (9, 1, 1, 1, 9). As a result, we
observe non-zero 2/4ths spot intensity even for the kine-
matical calculation for the Chadi’s two As-dimer unit.
The dynamical effect further enhances the 2/4ths spot
intensity, resulting in a good agreement with the § phase
data (Figs. 10(b) and (e)).

NF recently extended their first principle calculation
to the Chadi’s two As-dimer model [56,57]. We have also
calculated the spot intensities based on the detailed co-
ordinates calculated by NF [56,57]. The result is shown
in Fig. 11(b2). We do not observe significant differences
from the original model (Fig. 11(bl)) and find that the
present method is not sensitive with the exact coordi-
nates of the individual atoms but mainly determined
by the overall arrangement of the atoms of each atomic
layers. We are able to compare the calculated rocking
curves with those obtained experimentally by McCoy et.
al [62]. We obtain a good agreement in the peak posi-
tions of the rocking curves as well as the absolute value of
the spot intensities without significant relaxation. The
full accounts of the dynamical RHEED investigations of
the GaAs (001)-(2x4) phase will be published elsewhere

[72].

Various two As-dimer models with four pairs of Ga
atoms in the second layer, proposed by Chadi (Fig.
11(c)) [63], FP (Fig. 11(d)) [14,17], and NF (Fig. 11(e))
[66] yield a weak intensity 2/4ths fractional order spot
in general, which is consistent with that of the o phase
(Figs. 10(a) and (d)). Although the 2/4ths spot in-
tensity is almost absent for all the cases, the 1/4th
spot intensity is sensitive to the dimerization of the two
Ga atoms in the second layer (Figs. 11(c) and (d)).
By changing the distance of Ga atoms from 4.0A (Fig.
11(c)) [63] to 3.9A, the 1/4th spot intensity changes from
1 to 1/4 relative to the zero-th spot intensity. Since the
spot intensities are not so sensitive to the relaxation (ex-
cept for the dimerization) of the second layer Ga atoms,
the difference between the FP (Fig. 11(d)) [14,17] and
NF (Fig. 11(e)) [56] units may not be discussed based
simply on the spot intensity analysis and must involve
the detailed analysis of the rocking curves [72]. How-
ever, we weigh the theoretical calculations by NF and
thus prefer the NF model. Another reason is that the
model by NF appears to enable us to explain better the
MEIS experiment by Falta et al [31], which will be dis-
cussed in section 3-4. The present assignment for the
a and [ phases is also consistent with the depth profile
measurement shown in Fig. 7.

In the case of the ¥ phase where individual domains
are small and are separated typically by d = 7a0, the
kinematical calculation can be justified, due to the
diminishing dynamic effect, and the RHEED pattern
should yield the diminishing 2/4ths fractional order spot
(Fig. 11(g)) and indeed agrees well with spot intensities
(Fig. 11(c)).

Recently, the disordering (high density of kinks) of the
~ phase has been studied by another detailed STM study
and total energy calculation [50], in order to clarify the
mechanism of this disordering. It is pointed out that
the ideal 8 phase has vacant second layer Ga sites which
are potential sites for adsorption of any incident species.
The preparation of the 2x4 surface under more As-rich
conditions results in the adsorption of As on the surface
by occupation of these sites. This seems to have resolved
the problem although further evidence is still lack.

Based on these STM and RHEED results, we propose
the structure models of the a, @ and v phases as follows.
The o phase is two As-dimer model proposed by NF
(Fig. 2(e)) [66], the B phase is two As-dimer model
proposed by Chadi (Fig. 2(b)) [563] and the vy phase is
the locally ordered  phase.

3.3. Transition from the c(4x4) to (2x4)-y phase

In order to analyze the detailed structure of the open
area in the (2x4)-y phase, we grew the c(4x4) and (2x4)-
~ phases, as well as their mixed phases using the migra-
tion enhanced epitaxy (MEE) [68]. This method devised
by Horikoshi et al. [68] have the following advantages:
(1) surface migration of Ga is enhanced much more than
the case of the regular MBE and the surface topography
is smooth enough to observe the atomic structure by
STM even right after quenching the sample just after
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Figure 12. A series of the STM images taken for the
study of the tramsition from the most As-rich c(4x4)
phase to the y phase making a good use of the MEE
advantage of controlling the surface stoichiometry. The
Asy/Ga flux ratio is (a): 20:1, (b):18:1, (c):17:1, and (d):
15:1.

growth [69], (2) the surface stoichiometry can be con-
trolled easily by changing the As and Ga shutter open-
ing durations [66]. Figure 12 shows the surface changes
as we increase the Asy/Ga flux ratio from 20:1 for the
c(4x4) (Fig. 12(a)) to 15:1 for the mixture of the c(4x4)
and v phase (Fig. 12(d)), at the sample temperature of
500°C. Similarly, we could obtain the (2x4)-y phase at
the As,/Ga flux ratio from 12:1.

The STM image in Fig. 12(a) is typical for the c(4x4)
phase. The unit has the periodicity of 4ap and 2ag in
the [110] and [110] directions, respectively, forming the
c(4x4) symmetry. The structure model for the c(4x4)
proposed by Biegelsen et al. [33] and accepted by many
authors is shown in Fig. 13. This model consists of three
As dimers on the As atoms in a ¢(4x4) unit forming the
As double layer. In order to compare our data with the
model, we plotted the depth profile of the c(4x4) phase
along the [110] and [110] directions in Figs. 14(a) and
(b), respectively. Figure 14(c) shows the depth profile of
the (2x4)-y (B8) phase for comparison. The protrusions
observed by STM along the [110] direction show two
peaks (not three) separated by 2ag, which is consistent
with the model by Biegelsen et al. [33] realizing the
enhanced electronic density of states at the corner As
dimers. The periodicity of the protrusions in the depth
profile along the [110] direction is consistent with the
model.

Based on these STM analyses, we confirm the struc-
ture model proposed by Biegelsen et al. for the c(4x4)
phase [33]. We note that the ordering of the c(4x4) phase
is not perfect [43] and the number of As dimers can be
two or even one per unit, similar to the missing dimer
defects in the case of the (2x4) phases, and also, we ob-
serve the As dimers which are shifted by ag towards the
[110] direction, similar to the kink defects in the (2x4)
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Figure 13. Schematic of the c(4x4) phase proposed by
Biegelsen et al. [33].

phase. By varying the number of As dimers in a unit
cell, this model can readily explain experimental results
observed by x-ray diffraction [61]. We also observe the
local p(2x2) area with two As dimers in a unit, which
was first reported by Biegelsen et al [33].

If we compare the image width of the dimers along the
dimerization direction between the c(4x4) (Fig. 14(b))
and (2x4) (Fig. 14(c)) phases, we see that the As dimers
in the c(4x4) are narrower than those in the (2x4) phase.
This results in the marked difference in the STM image
between the As dimers in the c(4x4) phase and those
in the (2x4) phase: the former is imaged to be small
round protrusions, while the latter is of the ordinary ob-
long shape. We believe that the difference in the chem-
ical surroundings of As dimers in the c(4x4) phase and
those in the (2x4) phase is responsible to the difference of
the spatial distribution of the dangling bond electronic
states and thus result in the significantly different STM
images. We also note that the As dimers in the c(4x4)
phase are bonded to the As atoms and there is no charge
transfer expected from the second layer to the first layer,
producing the neutral As dimers on the surface. In con-
trast, the As dimers in the (2x4) phase are bonded to
the Ga atoms and charge transfer from the second layer
is expected, resulting in the charged up As dimers. The
difference in the electronic density of states has been ob-
served and discussed by Larsen et al. in their UPS study
[25]. They have observed a shallower and larger surface
states peak for the (2x4) phase than c(4x4) phase, which
appears to be consistent with the STM image size dif-
ference between the As dimers in the v (8) and c(4x4)
phase. Unfortunately, there has not been theoretical cal-
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Figure 14. Plots of height profile for (a): c(4x4) in the
direction, (b):c(4x4) in the [110] direction and (c): (2x4)
in the [110] direction.

culation showing the mapping of density of states from
which we can discuss the details of the STM image dif-
ference.

After understanding the difference of the STM image
between As dimers in the c(4x4) unit and those in the
(2x4) unit, it is straightforward to understand the pro-
cess of the c(4x4) phase transferring to the (2x4)-y phase
under lesser As conditions. Even in the c(4x4) phase,
there are islands nucleated with the (2x4) unit structure
(Fig. 12(a)). When the slightly less As-rich condition
is used, we observe more areas with the (2x4) unit com-
pared with Fig. 12(a) (Fig. 12(b) to (d)). A series of
MEE experiments with different As,/Ga flux ratios show
that the (2x4) area becomes dominant with the decreas-
ing Ass/Ga flux ratio and finally the surface becomes
identical to the v phase grown by MBE (Fig. 5(c)) at
the Ass/Ga flux ratio of 12:1. In between the nucleated
islands of the (2x4) phase, we still see the remaining
c(4x4) phase (Fig. 12). These observations naturally
lead to the conclusion that the (2x4)-y phase is formed
by replacing the c(4x4) units with the (2x4) units under
the less-As conditions. Actually, if we examine the open
areas in the 4 phase, we frequently observe the subsur-
face structures and the depth of those are measured to
be approximately 1.4A (= 1/2h), which is shown in Fig.
5(b) and also is shown systematically in Fig. 7. Thus we
conclude that in the open area of the v phase there are
the remaining As dimers on the third layer As atoms,
similar to the As double layer of the c(4x4) phase.

We have studied the possible structures of the open
area of the v phase for the separation d = bag, 7ap, and
8ag. Figure 15 presents the structure models for those

Figure 15. Schematic representation of possible atomic
structures of the open areas observed for the v phase.
The faint line structures being observed in the darkly

imaged open areas are made of As double layer: the
building block of the c(4x4) phase.

we identified based on the STM data. The abundance of
the individual structures varies depending on the prepa-
ration conditions. We find that the structure (a) is most
abundant (>90%) for the case of d = 7a0, for example.

3.4. Structure model for the (2x4)-a, G, and ~
phases

Based on the STM observations and dynamical cal-
culation of the RHEED spot intensities, we propose the
following unified model for the (2x4)-«, 3, and v phases
(Fig. 16): The o phase is the two As-dimer model pro-
posed by FP [14,17] with relaxation incorporated by NF
[66]. The @ phase is two As-dimer model proposed by
Chadi [53]. The v phase is merely a mixture of the g
phase and the c(4x4) phase.

In all the methods we used for preparing the surface
(section 2), we expect significant amounts of mass trans-
fer of As atoms between the surface and vacuum as well
as on the surface. Therefore, the surface is nearly under
steady-state conditions and removing As atoms is essen-
tially equivalent to adding Ga atoms. For the case of
the v phase, the open area with the local double layer
of As has the As coverage up to 1.75ML, the same as
that of c(4x4) and the (2x4) region has the As coverage
of 0.75ML (one As dimer per unit in the third layer).
Thus the v phase, the mixture phase of the c(4x4) and
(2x4)-v phases, can exhibits the As surface coverage be-
tween 1.75ML and 0.756ML. Once the sample prepara-
tion condition is chosen, the surface stoichiometry and
the domain ratio of the c(4x4) and (2x4)-y phases are
determined. The surface coverage of As of the (2x4)-
a, B, v and c(4x4) phases are 0.5ML, 0.75ML, typically
IML, and 1.75ML, respectively. This agrees very well
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Figure 16. Typical STM images and proposed structure
models for the (a) a, (b) 8 and (c) typical ¥ phases.

with the previous results.

The unified model proposed here for the c(4x4) and
(2x4)-a, B and v phases may explain the most recent
MEIS results by Falta et al. [31] by considering the
fact that the Ga atoms exposed to the surface increase
in the order from the c(4x4) to v, § and to o phase,
successively. The disagreement Falta et al. pointed out,
regarding with the As top layer models, concerns the ab-
solute value in the As/Ga intensity ratio for the (2x4)-o
phase [31]. However, in the NF’s two As-dimer model
of the a phase, all the first layer As dimers, the sec-
ond layer Ga and the third layer As atoms are shifted
from the original positions, therefore, should reduce the
blocking of the scattering intensity from the sixth layer
Ga atoms which increases the Ga intensity especially at
the slightly off of the blocking angle and resolve the in-
triguing discrepancy.

Now we turn to the Ga-rich phases. A series of STM
images of all GaAs(001) Garrich phases accessible by
our techniques are shown in Fig. 17 and Fig. 18, as
a function of surface As coverage for summary under-
standing of their structural features. The STM images
of Fig. 17 were obtained from the as-deposited surfaces
by using decreasing As,/Ga flux ratio during MEE at
constant 500°C growth temperature, whereas those in
Fig. 18 were prepared by UHV heating with increasing
annealing temperatures. According to these preparation
processes, the surface Ga coverage should increase from
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(a) to (h) for both Fig. 17 and Fig. 18. Although the
geometrical structures and electronic properties of these
surfaces are all inter-connected, the results and discus-
sion in the remainder of this paper are presented for the
individual surface reconstruction one at a time, in the
order of the 4x2, 2x6, ”genuine 4x6”, ”pseudo 4x6” and
4x1 phases.

3.5. Ga-rich 4x2 reconstruction

The 4x2 phase is known to be the most prominent
high temperature phase encountered in the MBE growth
and to be most difficult to achieve at room tempera-
ture. The corresponding STM images for the as-grown
and annealed surfaces are shown in Fig. 17(e) and Fig.
18(e), respectively, where a large atomically flat surface
covering an area of at least 900x900A2 forms with a
smooth bilayer step (H=2.8A) of the GaAs. The two
previous work [33,61] has shown that preparation of the
defect-free surface is rather difficult, and both of these
groups indeed could not obtain the surface as good as
shown in Fig. 17(e) and Fig. 18(e). This difficulty infers
that this phase probably has a very narrow composition
range with which the structure can be stabilized. This
hypothesis is further supported by two other indepen-
dent experiments on this surface [14,17, 74]. Unlike the
case of the As-rich 2x4 surface where the 2/4th frac-
tional diffraction feature can be used to discuss the de-
tailed structural differences [43], there is no characteris-
tic RHEED specular beam intensity behavior which can
be used for fingerprint [14,17]. This was also suggested
by the soft x-ray photoemission study by Vitomirov et
al.[74], where the measured As/Ga 3d core-level inten-
sity ratio remained constant with the 4x2 surface. We
should mention that the surface shown in Fig. 17 (e)
and Fig.18. (e) reflects the ideally defect-free surfaces
case. The usual surface prepared by these techniques
exhibits a great number of defects, locally structureless
As adsorbates and medium-size Ga clusters. Since these
localized features cannot be analyzed and are averaged
over a large surface area by conventional composition
analysis techniques, there existed no consistent results
in the past as for the surface stoichiometry of the 4x2
phase [7-9,12,20,64]. However, what we can speculate at
this stage based on the results is that the structure of the
4x2 phase may not be too complicated, unlike the case
of the 2x4 surface; a well-defined single domain atomic
arrangement should be able to account for this surface
layer.

Also as shown in Fig. 17(e), there are only three
terraces over such a large area, although the growth
temperature is low. This is a clear demonstration of
the advantageous MEE effect on surface morphology
improvement [42], a great potential for device applica-
tions. Compared with the annealed surface where the
two-dimensional islands are elongated along the [110] di-
rection (Fig. 17(e)), the islands in Fig. 18(e) appear to
be more isotropic and has comparatively smooth edges
for both type A and type B steps. These observations
certainly reflect the dynamics and kinetics of growth or
their competition, and are qualitatively consistent with
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Figure 17. A series of the filled states STM images obtained from the as-deposited Ga-rich surfaces prepared by
MEE at 500°C using various As/Ga flux (beam equivalent pressure) ratios (P) and shutter opening times (Tgq
and Ty4,). (a): the 2x6 surface (1300x1240A). P=10, Tgo= Ta,=2s. (b): the 2x6+4x2 surface (840x850A).
P=10, Tg,=3, T4s=2s. (c): the 2x6+4x2 surface (840x850A). P=9, Tg,=3s, T4,=2s. (d): the 2x6+4x2 surface
(680><680A). P=9, Tg,= Tas=1s. (e): the 4x2 surface (QOOXQOOA). P=8, Tga= Tas=2s. (f): the 2x6+”genuine”
4x6 surface (710x690A). P=8, Tga=3s, Tas,=2s. (g): the "genuine” 4x6 surface (900x850A). P=6, Tgo= T4,=2s.
and (h): the close-up view of the ”genuine” 4x6 surface (80><45A). P=6, Tgo= Ta;=2s. All images are for the
filled states. For all the STM images shown in Fig. 17 and Fig. 18, the [110] direction runs from the lower right
corner to the upper left corner, while the [110] direction from the lower left corner to the upper right corner.
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Figure 18. A series of the filled states STM images obtained from the Ga-rich surfaces prepared by UHV annealing
of the 2x4 (a) or 2x6 (others) phase with increasing temperatures. (a): the 2x6 surface (540x740A); 550°C for
20 min. (b): 2x6-+disordered(D) (900x940A); 550°C for 20 min. (c): 2x64+D (900x9704); 575°C for 10 min.
(d): 4x2+D (600x840A); 575°C for 25 min. (e): pristine 4x2 (1050x800A); 590°C for 15 min. (f): 2x6+G4x6

(1260x12004); 600°C for 10 min. (g):G4x6 (1250x 1200A); 600°C for 20 min. and (h): 4x1 (1700x 16504 ); 600°C
for 35 min.
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the observation on the GaAs(001)2x4 surface by Heller
and Lagally [35]. Since it was obtained by prolonging
annealing, these islands’ shape should be more closely
related to that of the equilibrium states. We attempted
to make an estimate on the aspect ratio of these is-
lands; hence some thermodynamical information. Un-
fortunately the degraded tip conditions, mainly due to
the interference of tip operation by surface Ga atoms—
the transfer of Ga atoms to the tip, have precluded the
quantitative study of such a data.

If we check these images carefully, immediately appar-
ent are the bright lines running along the [110] direction
with a uniform spacing of 16A in the [110] direction,
corresponding to the four-times (4x) periodicity of the
surface as observed previously by other groups [33, 61].
The high resolution image as discussed below reveals
that along the [110] direction the surface has the 2x pe-
riodicity, thus the surface has the perfect 4x2 symmetry,
as confirmed by our RHEED. It is interesting to note
that there are only two types of defects observed on the
4x2 surface in comparison with the 2x4 phase. The first,
most abundant one, is the complete Ga dimer vacan-
cies from the 4x2 sub-unit which produce a depressed
dark region separated by 8A in the dimer-bonding di-
rection. This type of defect becomes more noticeable
in the immediate surroundings of the two-dimensional
islands on the large terrace (Fig. 18(e)) and may well
be important nucleation sites for growth. The second is
the anti-phase boundaries due to the opposite phasing
of the 4x2 sub-unit along the [110] direction, which is
responsible for the transition from the 4x2 phase to the
c(8x2) phase, as discussed below. They are associated
closely with the first type of defects. Both types of the
defects are similar to those appeared in the 2x4 surface
[43]. It is interesting to note that a unique difference be-
tween these two surfaces is the complete absence of the
so-called kinks where the 4x2 sub-unit shifts 4A along
the [110] direction, and shows no relationship with the
increasing doping level in the present 4x2 phase. Thus
the bright lines are running straightway through the en-
tire terrace, demonstrating a high degree of ordering of
the surface in the 2x direction. According to Pashley et
al.[77], the kink density increases with increasing doping
level and eventually forms a domain boundary in the
case of the 2x4 As surface. Our experiments with the
4x2 surface having various doping levels do not support
their claim.

Shown in Fig. 19 is a high resolution image of the 4x2
surface prepared by the UHV annealing process which
exhibits more details than Fig. 17(e). It is our experi-
ence that this kind of high resolution image can never
be obtained for the as-deposited defect-free surface (Fig.
17(e)). It is noted that each bright line in Fig. 17(e) and
Fig. 18(e) is a doublet, consists of a pair of rows (yellow)
separated by 5.1A along the [110] direction, whereas the
row itself is a chain of bright protrusions separated by 4A
along the [110] direction. A new finding here is faintly
imaged features (blue) which are located in the outskirt
of the paired row. The weak features (blue) always cou-
ple together to form a pair-like structure in parallel to

the bright (yellow) rows. The separation between the
neighboring pair-like features along the [110] direction
was determined to be 8A resulting in the 4x2 symmetry
(a 4x2 unit cell has been outlined in the figure). The
out-of phase arrangement of the 4x2 sub-unit gives rise
to the c(8x2) symmetry.

We note that this image is basically the same as that
obtained by Skala et al. [61]. However, our interpreta-
tion is completely different from theirs and supports a
different model. We conjecture that the individual pro-
trusions of the bright rows are the image of the second
layer As atoms, not the Ga in the first layer, and that
the pair-like faint features are indeed of the first layer
Ga-dimers.

The only plausible model is the Ga-bilayer model pro-
posed by Biegelsen et al. (Fig.3(b)). We have sample
justifications for disproving the As-model in interpret-
ing the present STM images:

(1) Our sample preparation process employed
presently favors the Ga-rich surface. For successful
growth of the as-deposited Ga-rich surface, the final ex-
posure must be made with the Ga beam. The As/Ga
flux ratio used is, thus, always lower than what needed
for growing the 2x6 surface. Meanwhile, for preparing
the annealed 4x2 surface, a temperature higher than that
for the 2x6 surface is required, while the 2x6 surface is
known to be more As rich than the 4x2 surface [33]. This
observation is inconsistent with the As-model.

(2) The As-model cannot explain the measured height
difference (only 0.6A) between the bright row and the
faint pair-like feature. For an ideal semiconductor sur-
face, the As atoms have the doubly occupied dangling
bonds and thus their STM image should be enhanced
greatly in the filled states STM image, while the Ga
atoms with the empty dangling bonds should be imaged
faintly even if both the Ga and As atoms are located
in the same surface layer. Thus, if the brighter protru-
sions correspond to the first layer As, a height difference
of at least 1.4A (1/2 H) (on basis of pure geometric
consideration) is expected even without considering the
strong As enhancement factor, contradicting with our
observation of 0.6A height difference. In reality because
of this As enhancement, only the first layer As dimers
should be imaged brightly without trace of the second
layer Ga atom in the image, exactly the same way as
the As imaging in the case of the As-terminated 2x4
surface [33,36,37,43,78].

(3) According to the As-model, the first layer As
atoms form a dimer. A nodal structure or cocoon shaped
feature should be expected for the filled states image.
What we observed here, including those obtained by
Skala et al., is quite different, showing just two isolated
humps separated by 5.1A unlike dimers.

(4) The As-model is in complete disagreement with
the empty states image of the 4x2 surface, as shown in
Fig. 19(h). Based on the out-of-phase arrangement of
the humps along the [110] direction, we can assign each
bright hump to be due to tunneling from the individual
Ga-dimer. Thus, the As related features are completely
absent from the image. If the surface consists of the
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Figure 19. (a) Zoom-in filled states image showing the details of the 4x2 phase. The arrow indicates Ga cluster
around which the Ga-dimers are imaged with enhanced brightness. The 4x2 unit cell is highlighted with a white
rectangle. (b) Empty states image (at +2.2V) of the same surface as Fig. 19(a), showing the 4x2/c(8x2) symmetry
clearly. A c(8x2) unit cell is indicated by the white rectangle. (c) High resolution filled states (at -2.2V) image of
the GaAs(001)-4x2 surface with 0.5ML In, which renders additional support for the Ga bi-layer model. The arrows
indicate the In-free regions where the image contrast changes.

first As-dimers according to the As-model, they should
be clearly visible by the STM, similar to the situation oc-
curred in the GaAs(001)-2x4 As surface where the empty
states images show only the first layer As dimers [36,78].
In order to further demonstrate the brighter features
being tunneling from the second layer As and the faint
features coming from the first layer Ga, we have per-

formed another set of experiments using the InAs/
GaAs(001) heterostructure growth. Figure 19(c) is an
STM image of the GaAs(001)-4x2 surface deposited with
0.5ML In. Comparing with Fig. 19(a), one can recog-
nize beyond any doubt that the bright features in Fig.
19(a) are replaced by the In atoms and that faint paired
features are imaged more brightly in Fig. 19(c). Particu-
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larly in the regions where In is absent as indicated by the
white arrows of Fig. 19(c), the bright features now be-
come weaker than the neighboring paired features. Such
an observation can never be explained by the As-model.
This observation, further, renders additional support to
our identification of the Ga-clusters, as discussed in Sec-
tion 3.7. Therefore, the As model proposed by Skala et
al. can be safely ruled out.

As for adopting the Biegelsen’s Ga-bilayer model,
however, there is an apparent problem between the
model and the STM image; namely the pair-like faint
features are located in between the protrusions forming
the bright rows along the [110] direction, while the Ga
and As atoms geometrically line up in the case of the Ga-
model. This situation is more evident by a comparison
of the Ga-bilayer model (the upper panel of Fig. 19(a))
and the segment of the image highlighted by white and
black dots. Furthermore, the separation of bright rows
is only 5.1A much smaller than 8.0A expected from the
model. We believe that these are one of the main rea-
sons for Skala et al. to discard it and to propose a new
As-model (Fig. 3(c)).

As pointed out in Introduction, the overlapping first
layer Ga and the second layer As orbitals are both ac-
cessible to the STM imaging in the range of applied neg-
ative bias voltage to the sample. Since the STM is prob-
ing the local density of states near the Fermi level, not
merely the surface geometry, a correct interpretation of
the STM image of this surface may not be so straight-
forward, compared with many other surfaces of semicon-
ductors studied so far. In order to resolve these seeming
discrepancies, we have performed a first-principles total
energy calculation of the surface charge density distribu-
tion .based on the Ga-bilayer model. The total energy was
calculated within the local density functional approach.
The total energy was minimized with respect to both
the plane-wave coefficients of the occupied orbitals and
the ionic degrees of freedom by using the conjugate- gra-
dient technique. The details of the calculation methods
have been described elsewhere [55].

The calculated results are shown in Fig. 20, which are
the local density of the states from the 71st to the 76th
bands at 0.9A above the surface, based on the Ga-bilayer
model structure. The 75th band is the HOMO (highest
occupied molecular orbital)-derived band, which should
be dominant in the filled state STM image. It has the
charge localized at the second layer As (Peak B of the
75th band). As for the contribution by the top layer Ga-
dimer to the filled state STM image, its charge distribu-
tion becomes noticeable only at the deep 71st HOMO-
derived filled band. Furthermore, it peaks in the middle
of the dimer (Peak C of the 71st band). It is evident
that the charge distribution from the Ga-dimer gradu-
ally disappears with increasing energy levels (from 71st
to 75th) and the As-derived charge becomes more domi-
nant. As for the 76th LUMO (lowest unoccupied molec-
ular orbital), its charge density is located at one of the
dangling bond positions (Peak A) and should be basi-
cally empty for this ideal semiconducting surface.

Under the filled states STM imaging condition at -

1.8V, we found that all local density of the states be-
tween the 71st and the 76th bands contribute to the tun-
neling current to form the STM image. Because of the

smaller potential barrier height for tunneling from the
75th band, the 75th HOMO makes the most significant
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Figure 20. The charge distributions of the local density
of the states calculated based on the Ga-bilayer model
(Fig. 3(b)) at 0.9A above the first layer Ga-dimer po-
sition for the 71st to 76th bands. The lowest panel dis-
plays a sum of the 71st, 72nd, 73rd, 74th and 75th bands.
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contribution to the tunneling together with contribu-
tions from the overlapping 74th, 73rd and 72nd bands
with the decreasing contribution, all of which are basi-
cally imaging of the second layer As atoms as individual
brighter protrusions. On the other hand, the contribu-
tion for the top layer Ga dimer becomes only appreciable
down at the 71st band at the middle of the Ga dimer.
Thus, the top layer Ga dimer is observed as single faint
hump (instead of pair-like feature) even though they are
located in the top layer.

However, there are significant amounts of surface de-
fects, such as adsorbates and vacancies which may be
charge-accumulated, as indicated by the arrows in the
image (Fig. 19(a)). As aresult, the 76th LUMO-derived
band is partially filled due to the charge transfer from the
charge-rich singularities on the surface and contributes
to the tunneling process. Therefore, we expect a nodal-
like image for the Ga dimer.

The image of Fig. 19(a) basically corresponds to the
total charge contribution shown at the bottom panel
of Fig. 20, a sum of the bands from the 71st to 76th
level. However, there is still some discrepancy between
the STM image and our calculated charge distributions;
that the maximum (A) of 76th LUMO is still too close to
the maximum (C) of the 71st compared with the STM
image (Fig. 19(a)) and thus the dimer looks somehow in
between the two As along the [110] direction. It is found
that the 76th LUMO orbital is drastically buckled and
its charge center moves further away from the geomet-
ric center of the dimer with increasing distance from the
surface, due to the influence of the third layer Ga dimers.
Since the calculated density of states shown in Fig. 20
are the mapping by the charge distribution at only 0.9A
away from the surface while the STM image reflects the
charge distribution at approximately 10A away, Peaks A
and B should further move away from the atom position.

Furthermore, the extent of the LUMO-derived band
contribution to the filled states STM image depends on
the amount of charge transfer to the Ga dimer dangling
bonds. Taking all these effects into account, we could
explain the STM image (Fig. 19(a)) and the Ga-bilayer
model (Fig. 3(b)) self-consistently.

Unlike the As 2x4 surface where some three-dimer
units were occasionally observed near defect sites, the
STM images of the 4x2 surface prepared under various
conditions all show the uniform two-dimer unit struc-
ture. Therefore, we conclude that there is no evidence
to support a three-Ga-dimer model or a mixed As/Ga
dimer model. In addition, our theoretical results show
that both the three Ga-dimer model by Frankel et al.
and the As-model by Skala et al. are energetically unsta-
ble compared with the Ga-bilayer model (Fig. 21) [79],
in good agreement with the conclusion by Northrup and
Froyen [56,57].

The successful observation of the as-deposited Ga-
terminated 4x2 phase produced by MEE has a profound
implication on the bilayer MBE growth mechanism of
GaAs(001) surface (including all other III-V semicon-
ductors). If the formation of the As-rich 2x4 structure
is regarded as the first stage of growth cycle, it becomes
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Figure 21.  Surface formation energy for various
GaAs(001) surface phases as a function of the As chem-
ical potential. The energy is measured with respect to
that of the GaAs(001)-Ga (2x1) surface. The As chem-
ical potential is measured with respect to that of bulk
As.

clear, by this direct observation, that when the imping-
ing Ga atoms arrive at and adsorb onto the growing
front at the second stage of growth cycle, the surface
could be readily stabilized by the 4x2-Ga structure. We,
therefore, speculate that the growth most likely proceeds
by Ga/As coverage oscillation between the As-rich 2x4
and Ga-rich 4x2 reconstructions as one successively de-
posits alternative full monolayer of As and Ga, as doc-
umented in the atomistic process of the growth mecha-
nism by Farrell et al. [14,17]. Switching of the specular
beam intensity has never been observed experimentally
under the normal MBE growth conditions, where the
2x4 RHEED pattern with somewhat diffuse background
is continuously preserved throughout the growth cycle.
This observation may be best understood in term of a so-
called lock-in effect due to the rapid As chemisorption
process (<0.1 s) on the Ga layer and extremely short
residence lifetime (<1077 s) of Ga with respect to the
scale of a growth cycle (growth of 1ML needs 1sec at the
standard MBE growth rate of 1pm/hr) under the As
supersaturation atmosphere [14,17]. Nevertheless, the
present observation provides an experimental feasibility
by which one may manipulate the growth stage precisely
by varying the As/Ga flux ratio, thus we may be able
to evaluate the actual growth process and control the
growth conditions more accurately and effectively. Un-
der this context, there is a logical optimism to reduce
substantially the growth temperature and therefore im-
prove the MBE performance.

In concluding this section, we wish to discuss an
important implication of our conclusion together with
our proposed scheme for As-rich 2x4 phase[43]. Figure
22 presents the ball-to-stick models of the As-rich 2x4
[43,54] and the Ga-rich 4x2 reconstructions. The sur-
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face unit cell of the As-rich 2x4 phase has two As-dimers
on the top layer and one As-dimer on the third layer
(Chadi’s two As-dimer model, [61], thus contains 3/4
ML of As on the surface, while the unit cell of the Ga-
rich 4x2 phase has two Ga-dimers on the top layer and
one Ga-dimer on the third layer and results in 3/4 ML
of Ga on the surface. If one does not differentiate atom
species, these two structures are just mirror-symmetric;
either one can be obtained by 90° rotation of the other
along the (001) crystal axis. Among all previously pro-
posed models for the both surfaces, the surface charge
neutrality can be maintained quite simply only for the
present model scheme. Under this scheme, an addition
of one ML of Ga atoms to the As-rich 2x4 phase results
in the Ga-rich 4x2 phase and the addition of one ML of
As on that surface simply transfers it to the original As-
rich 2x4 phase, explaining readily switching between the
2x4-As and 4x2-Ga phases during our low temperature
MEE process. Considering that the zinc-blend structure
of GaAs and the polarization direction of the crystal is
(001) direction, it is not difficult to understand this kind
unified scheme.

Two Ga-dimer model

Two As-dimer model

Figure 22. Atomic models for the GaAs(001) As-rich 2x4
(the left panel, see Ref. 53) and Ga-rich 4x2 (the right
panel, see Ref. 33) reconstructions, demonstrating that
two structures are essentially mirror-symmetric. Mono-
layer of Ga adsorption on the As-rich surface results in
the Ga-rich 4x2 phase and monolayer of As deposition on
the Ga-rich 4x2 phase turns into the As-rich 2x4 phase.

3.6. 2x6 reconstruction

We were able to prepare the 2x6 surface by both
the MEE and the UHV annealing processes. The large
scale STM images by these techniques are shown in Fig.
17(a) and Fig. 18(a). For preparing the as-deposited
surface (Fig. 17(a)), an As/Ga flux ratio of approxi-
mately 10 with 2s alternative exposure was used, while
the annealed surface (Fig. 18(a)) was obtained by heat-
ing the 2x4 surface at the temperatures at 550°C in
UHV for around 15 min. These preparation processes
reveal that this surface is less As-rich than the 2x4 phase
but more As-rich than the 4x2 phase, and corresponds

to a transition phase between the As-terminated and
Ga-terminated phases. Both surfaces display a sharp
1x6 RHEED and LEED pattern with weak intermediate
streaks [8,33]. This reconstruction has been investigated
by Biegelsen et al. by using STM [33] and by Qi et
al. in the polarized infrared spectra study recently [80].
According to Biegelsen et al.’s notation, the 2x6 and
1x6 are basically the same structures, we will not distin-
guish them in the present study. The proposed atomic
mode! by Biegelsen et al. which we basically agree with
is shown in Fig. 3(d) [81].

It is found that the ball-and-stick model shown in
Fig. 3(d) only reflects the ideal case. The top layer
As dimers are not always arranged with perfect order in
zigzag shape along the 2x direction, as revealed in the
close-up image from the annealed surface (Fig. 23(a)).
Furthermore, the weak features between the bright rows
appear to have 4x (not the 2x as shown in the model)
periodicity which was assigned as the image of the sec-
ond layer Ga atoms [33]. This situation is also observed
in the image of the as-deposited surface (Fig. 23(b)).
In this high resolution image, we are able to resolve the
faint features between the bright rows which possess the
4x symmetry along the [110] direction and are arranged
into the dimer-building-block configuration, the totally
same manner as that in the pure 4x2 surface.

We have also obtained the dual bias voltage images
from the as-deposited surface, which are shown in Fig.
23(c). The left panel corresponds to the filled states
image while the right panel corresponds to the empty
states one. The regularly separated humps in the empty
states image clearly exhibit its characteristic 4x periodic-
ity mentioned above. Comparing these dual images, the
empty states image (the right panel) obviously shows
somewhat higher contrast for the weak features between
the brighter rows in the filled states image. As for the
GaAs(110) surface [70], we expect the filled states to
be concentrated on the As atoms and the empty states
to be concentrated on the Ga dimers. Our observation
that the enhanced contrast in the empty states image
is restricted to the weak features between the rows is,
therefore, consistent with the assignment that the top
layer surface atoms are As and the second layer atoms
exposed between the rows are Ga, as suggested in the
model (Fig. 3(d)). In the central part of line A (indi-
cated by the arrow) where a narrow As island is capped
with another layer Ga (most likely five dimer-building-
blocks, as discussed below), the dual bias voltage images
show the reversed contrast for the central part and both
ends of the line. Thus, if As/Ga exchange occurs as re-
ported by Falta et al.[31], it should be readily observed
by STM dual imaging. In addition, this observation also
disproves the idea that the 2x6 is more Ga-rich than the
4x2 phase [31].

It is interesting to note that we could image the empty
states Ga dimers clearly in the case of the 2x6 phase,
which was very difficult in the case of the pure 4x2 sur-
face. Since electrons tunnel from the Ga empty orbitals
in the right panel of Fig. 23(c), one would expect to ob-
serve a nodal structure for the Ga-dimer. However, Ga-
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Figure 23. The filled states STM images obtained for
(a) (130Ax130A) annealed and (b) (230Ax230A) as-
deposited 2x6 phase. (c) The dual bias voltage images
from the as-deposited 2x6 phase. The left panel corre-
sponds to the filled states (at -2.5V) and the right panel
the empty states (at +2.5V).

dimer was imaged as an individual hump, which appar-
ently results from the electronic effect. Our images are,
unfortunately, not of sufficient resolution to determine
the details, and unambiguous identification of these fea-
tures needs an in-depth theoretical consideration of the
electronic properties. This complication precludes us to
discuss further at this moment on the atomic structures
over the above model. In any case, any plausible model
must include the As-As dimer and Ga-Ga dimer building
blocks as shown in the model (Fig. 3(d)), together with
a consideration of the 4x periodicity for the Ga-dimer
ordering. It may be fair to regard this surface as a tran-
sient phase since it doesn’t have a complete ordering, as
indicated by Biegelsen et al.[33].
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3.7. ”Genuine” 4x6 reconstruction

We have identified two distinctly different 4x6 phases
by direct STM observations. We first discuss the one
which exhibits the ”genuine” 4x6 translational symme-
try. If we annealed the 2x6 surface in vacuum at 600°C
for more than 20 min or deposited further at 500°C using
the higher Ga flux (Ass/Ga = 6) than that needed for
the 4x2 phase in the MEE on the 2x6 surface, a more Ga-
rich ”genuine” 4x6 phase was observed by STM, whose
symmetry being confirmed by RHEED. Large scale im-
ages from the annealed and as-deposited surfaces are
respectively shown in Fig. 17(g) and Fig. 18(g). In Fig.
17(h), we show a typical close-up image of this ”gen-
uine” 4x6 reconstruction. In their STM study of the
GaAs(001) Ga-rich surface reconstructions, Biegelsen et
al. reported that they had obtained the surface which
has a true 4x6 symmetry using the annealing process
similar to ours. We, thus, believe that our STM data
and theirs are an identical 4x6 phase.

The ”genuine” 4x6 phase is uniquely characterized by
the regular array of large oval protrusions located at each
corner of the unit cell. These oval protrusions always
occupy the middle of the As rows of the 4x2 surface.
By superimposing the 4x2 phase model with the 4x6
phase image, the 4x periodicity of the surface in the
[110] direction becomes immediately evident. The sep-
aration between the protrusions along the [110] direc-
tion is measured to be 24A thus, clearly demonstrates
the 4x6 symmetry of the surface. If the surface was
scanned with improved tip conditions, much higher res-
olution images could be obtained. One of the examples
is shown in Fig. 24. In this atomically resolved filled
states image, the individual Ga atoms forming a dimer
with enhanced contrast are clearly resolved. The 6x pe-
riodicity is more easily identified by the regular array
of the large oval protrusions in every three Ga-dimers
along the [110] direction. We also observe how the pres-
ence of the Ga-dimer vacancy defect (indicated by the
white arrow) causes the c(8x2) symmetry by a 4A shift
of the 4x2 sub-unit along the [110] direction.

The oval features are ~1.0A (~1/2 H) higher than
the Ga dimers but are lower than the 2x6 As rows by
0.9A. Their spatial distribution extends approximately
3-4 a0 (a0=4A is the surface lattice constant) in the [110]
direction and ~2 a0 in the [110] direction. We speculate
that such high contrast imaging of the Ga dimers is clear
indication of significant charge transfer from the oval
protrusions to the charge-depleted Ga dimers. We have
documented in Section 3.5 that the atomically resolved
image cannot be obtained on the completely defect-free
4x2 surface (where this type of features is completely
absent). This is exactly what is observed in the STM
image of the as-deposited 4x2 surface (Fig. 17(e)), where
only the As-derived features are imaged with no Ga-
derived feature at all.

The origin of this contrast enhancement effect is
demonstrated more markedly when a single oval protru-
sion adsorbs on the pristine 4x2 surface, as indicated by
the arrow in Fig. 19(a). In the immediate surrounding
regions of the oval feature (in yellow), the Ga dimers
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Figure 24. Three-dimentionaly displayed genuine 4x6 STM image.

become suddenly brighter and the As rows become faded
out. With increase in the number of the oval shape fea-
tures, the image contrast between the As and Ga atoms
of the 4x2 surface shifts and eventually reverses com-
pletely, resulting in that of the 4x6 surface (Fig. 25).

Fig. 25 is the gary-scale 4x6 STM image. The line
scan taken on the top of the Ga-dimers along the [110]
direction, which further justifies the present argument.
The brightness asymmetry of individual dimers is evi-
dent in the line scan, which is attributed to be charge
screening effect of the large oval feature. The closer the
distance of the dimer and the oval feature is, the greater
the degree of the asymmetry is. The dimer surrounded
by several oval protrusions looks somewhat symmetric,
due to equal degree of charge transfer.

The identification of these large oval features located
at each corner of the 4x6 unit cell has been successfully
carried out by another set of experiments which will be
discussed in detail in Section 3.9 [66]. Together with the
heavily Ga-rich sample preparation processes, we have
conclusively determined that they are Ga-rich clusters.

Based on the observation of the evolution of these oval
features, we propose a first atomic model for the "gen-
uine” 4x6 surface, which is also shown schematically in
Fig. 25 in the same scale as the experimental STM im-
age. According to this model, the 4x6 phase is the Ga-
rich 4x2 phase with extra Ga clusters orderly distribut-
ing on the surface. Since the cluster usually exhibits
different electronic properties compared with the corre-
sponding bulk bonding material, it should be of great
interest to determine the detailed nature of these clus-
ters. The scanning tunneling spectroscopy investigation
is underway currently. Considering the measured height
difference of the Ga cluster and dimer (l.OA), we specu-
late that these clusters are flat and two-dimensional and
consist of 6-8 atoms depending on their growth process.
An interesting observation is that these large oval pro-
trusions occasionally disappear and are imaged as a dark
dumbbell-shaped structure at small bias voltages as seen
in Fig. 25(a),(b). A simple explanation is the transfer
of Ga atoms from the surface to the tip. But the bias
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Figure 25. Atomic resolution filled states STM image of
the ”genuine” 4x6 surface taken at -1.8V(upper panel).
In this image, individual top-layer Ga atoms forming a
dimer can be clearly resolved, as highlighted by the white
open circles. The line plot (from A to A’ in the STM im-
age) 1s shown in the lower panel. The height asymmetry
within the dimers is clearly visible, which is due to the
charge transfer from the Ga-clusters. The 4x6 unit cell
is indicated by a black rectangle. The white arrow in the
upper left indicates a missing-atom defect, which causes
the transition between the out-of-phase and the in-phase
arrangements of the 4x2 sub-unit. The schematic shown
in the right side of the STM image is the atomic model
proposed in this study.

voltage-dependence images show that this is not the case
and that it must result from electronic effect in tunnel-
ing: the observation of the dumbbell structure is not
related to the tip conditions and appears at only rela-
tively small bias voltages, 0 >Vb >-1.6V. As we discuss
it later in detail, these oval protrusions are identified to
be the Ga-clusters. The Ga-cluster has been believed
to be semiconducting, and due to the weaker bonding
among the atoms and decreased atomic number in com-
parison with the bulk material, the energy gap (Eg) be-
comes wider and the local density of the states should
significantly decrease near the Fermi level which is acces-
sible to the STM. Considering this modified electronic
structure of the Ga cluster, the local density of states
near the Fermi level is reduced significantly and stable
tunneling cannot be maintained. Thus, when the surface
is scanned along the horizontal direction and the tip en-
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Figure 26. (a) and (b) (100Ax90A) show the voltage-
dependence of the oval image of the clusters. The dumb-
bell shape clusters are evident in (b). Images are tunnel-
ing from the filled states, but with different bias voltages:
(a): -2.0V and (b): -1.6V.

counters the cluster, the imaging process may suddenly
experience a marked decrease in tunneling current, and
then recovers to the normal case once the tip passes the
cluster. Higher noise level one can see in the cluster
region (Fig. 25(b) is consistent with this mechanism.
A similar phenomenon was observed in the cross-section

STM images of AlGaAs/GaAs by Salemink et al.[82].

3.8. ”Pseudo” 4x6 reconstruction

It has been surmised, based on the LEED study [§],
that the 4x6 diffraction pattern most likely results from
the co-existence of the nx6 and 4x1 reconstructed do-
mains rather than the single phase of 4x6 symmetry.
Now we discuss the second 4x6 phase which displays ba-
sically the identical RHEED diffraction pattern to the
”genuine” 4x6 surface discussed in the previous section
(3.7) but is completely different from it on the atomic
scale structure. Typical examples are shown in Figs.
27(a) and (b). The surface for Figs. 27(a) was prepared
by annealing the 2x6 phase at 600°C for 5 min. In Fig.
27(a), there is an intermediate-size island (150A x 150A)
in the center of a large flat terrace of the 4x6 phase. The
island was measured to be 2.8A higher than the terrace.
The unique zigzag rows in the [110] direction represent
the remaining 2x6 reconstruction during the As desorp-
tion by the high temperature UHV annealing. As for the
large bright features on the terrace and the island, they
form the "genuine” 4x6 symmetry as discussed above.
The height profile (a-b) is shown in the lower panel of
the image. The solid reference lines are for the 2x6-As
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feature and the dotted reference lines are for the Ga-
clusters. The measurement is calibrated by the known
height of the GaAs(001) bilayer step (2.8A). The cross-
section analysis clearly reveals that the Ga-cluster is ap-
proximately 0.9A lower than the 2x6-As feature when
they are located in the same layer. Therefore, the im-
age demonstrates a coexistence of the 2x6 phase and the
”genuine” 4x6 phase. In Fig. 17(f) and Figs. 18(f), (g),
we can observe how the As 2x6 phase gradually disap-
pears and the ”genuine” 4x6 evolves at the same time,
with the increasing annealing temperature and/or longer
annealing time or higher Ga flux in the MEE cycle. An-
other interesting finding is that the As 2x6 phase is al-
ways located or nucleates near the step edge or surface
defects. Figure 27(a) shows how the formation of the
4x6 phase closely links to the As desorption of the 2x6
phase on the terrace: namely, the 2x6 phase transforms
so readily to the ”genuine” 4x6. This is the reason why
the 4x2 surface cannot be easily prepared by the anneal-
ing process or the MEE deposition.

Shown in Fig. 27(b) is another case: coexistence of the
2x6 phase (characterized by the zigzag lines along the
[110] direction) and the 4x2 phase (characterized by the
doublet lines along the [110] direction). This is exactly
what is expected by the LEED studies [8, 74]. As shown
in the panel below the STM image, the cross-section pro-
file (c-d) indicates a height difference of approximately
1.4A between the 2x6-As and the 4x2-Ga related fea-
tures. We can prepare this kind of surfaces by either
annealing or MEE by setting an appropriate Ga/As flux
ratio. By increasing the Ga coverage with increasing
temperature and extended annealing time or higher Ga
flux during MEE, the 4x2 domain becomes more and
more abundant than the 2x6 demain on the surface and
vice versa, as evident in Figs. 17(b), (c) and (d) and
Fig. 18(d). These preparation processes further point
out that the As surface composition of the 2x6 phase
must be higher than that for the 4x2 phase.

We also note that a new irregular structure formed
in the annealed surface which dominates in Fig. 18(d),
coexisting with the 4x2 phase. The new structure seems
to have no long-range ordering with the exception in
the region near the 4x2 domain. We therefore call it as
a ”disordered phase”. We believe that this disordered
phase is a Ga-rich phase, based on the following obser-
vations:

(1) the surface preparation process suggests that it
should be more Ga-rich than the 2x6 surface. Accord-
ing to the Biegelsen et al.’s model [33] which we concur
(see Section 3.6), the As coverage of the 2x6 surface is
1/3 ML. For preparing the structureless surface by UHV
annealing (evolution seen in Fig. 18), we must use a
higher temperature than that needed for the 2x6 phase
(Fig. 18(a) — (b) — (c)). Further annealing results
in the coexistence of the structureless and Ga-rich 4x2
surface (Fig. 18(d)), and then uniform formation of the
Ga-rich 4x2 pristine surface (Fig. 18(e)). It is known
that annealing of the GaAs(001) surface results in As
desorption from the surface and thus increase in the Ga
coverage. Therefore, the surface coverage of the struc-

Figure 27. The filled states STM images of (a)
(440><290A) the mixed 2x6+"genuine” 4x6 phases, and
(b) (420x270A) the mixed 2x6-+4x2 surfaces. The cross-
section profiles (a—-b in (a) and ¢—d in (b)) are shown
right below the corresponding images. Both surfaces dis-
play the similar 4x6 RHEED pattern.

tureless region should be between that of the 2x6 phase
(2/3ML-Ga (=1/3ML-As)) and that of the Ga-rich 4x2
( 3/4ML-Ga). (2) We have successfully obtained the im-
ages under both positive and negative sample bias and
comparison between the filled state and empty state im-
ages supports the Ga-rich nature of the surface. Figures
28(a) and (b) show the filled and empty states images
of the co-existing 2x6 and structureless surface, respec-
tively. The height- profiles at the location indicated by
the black lines in images are shown in the panels below
the STM images. The measurements yield 1.640.32A
in the case of the filled states image and 1.140.15A in
the case of the empty statesas for the height difference
between the 2x6 As feature and the disordered features.
This indicates that the contrast between the features for
the 2x6 and disordered regions for the empty state image
(Fig. 28(b)) is smaller than that for the filled state
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Figure 28. Typical filled and empty states STM images
(750A x 750A) of the co-existing 2x6 and disordered sur-
face at negative (-2.0V) and positive (+2.0V) sample
bias, respectively. The line plot depicted by the white
line in the image i1s shown in the corresponding lower
panel of the image. Two images were taken from differ-
ent regions of the same surface. Note that the contrast
change between the features for the disordered and the
2x6 regions.

image (Fig. 28(a)) by 0.5A namely, the contrast for
the disordered feature is enhanced in the empty states
image. Since the filled (empty) states STM images are
preferentially concentrated on group V-As (III-Ga) sites
[70], the observed contrast change from Fig. 28(a) to
Fig. 28(b) with bias variation leads us to conclude that
the disordered phase be related the Ga atoms.

We note that this disordered structure was never ob-
served from the as-deposited surface by MEE. Also it
was never observed as a single phase. In Figs. 18(c)
and (d), we see the development of this structure upon
the As depletion during the continuous annealing. At
higher temperatures, they will disappear and transform
into the 4x2 phase or the ”genuine” 4x6 phase. Since
the annealing temperature where this phase stabilizes is
not high enough for the formation of the 4x2 phase, it is
appropriate to regard it as a transient phase before the
4x2 phase.

Concluding this section, we wish to point out an im-
portant fact that the ”pseudo” 4x6 reconstruction can
be indeed divided into two cases: the first one is a co-
existence of the 2x6 and the 4x2 phases with/without a
structureless Ga-rich phase, and the second one is a mix-
ture of the 2x6 and the "genuine” 4x6 phases. Because
of these mixed phase characteristics, the surface com-
position observed by AES and XPS can vary in a wide
range. Without careful analysis on truly an atomic scale
using the STM, the 4x6 phase can never be understood
precisely.

3.9. New 4x1 phase

In this section, we briefly discuss a new structure-the
4x1 surface (Fig. 18(h)). The basic characteristics of
this newly defined 4x1 phase are the same as that of the
”genuine” 4x6 surface. They consist of the Ga 4x2 struc-
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ture as a sub-unit, which is modulated with randomly
distributed oval-shaped Ga clusters along the [110] di-
rection, as shown in the close-up image (Fig. 29). The
RHEED pattern for this surface displays a sharp 4x1
symmetry. We, therefore, call this phase as the 4x1 re-
construction. This surface was prepared with higher an-
nealing temperatures (at 650°C for 10 min) than those
for the ”genuine” 4x6 surface. In this image, the faint
stripes running along the [110] direction are the image
of the second layer As lone pairs, characteristic of the
4x2 structure. Also observed in the image are several
larger circular protrusions (indicated by arrows). We
identify that they are the larger Ga clusters consisting
of more Ga atoms since the desorption of As from the
surface becomes more drastic due to the higher temper-
ature annealing. In the large area image (Fig. 18(h)),
we see even larger features; Ga droplets as indicated
by arrows. As for the Ga-clusters, their density in the
4x1 surface is measured 15% higher than the ideal 4x6
phase (Fig. 25) and it increases with further anneal-
ing time. To our knowledge, the 4x1 phase is the most
Ga-rich phase among various structures reported so far.
Even though these Ga clusters are uniformly separated
by 16A along the [110] direction, the distribution along
the row ([110] direction) is less ordered, forming a me-
andering long worm-like feature. Together with the gen-
uine 4x6 phase where the Ga-rich clusters are arranged
in a perfect fashion, it is speculated that there exists
a strong attractive interaction between the neighboring
Ga clusters; the separation of 16A does not shield its
interaction completely while 24A is long enough to de-
cay. Further annealing (for example at 700°C) causes
the decomposition of the material and extremely rough
morphology, and no ordering was observed unlike the
case of the InSb(001) surface which exhibits a 1x1 sym-
metry under the similar annealing [83]. This structure
might be the last stable single phase under the static

Figure 29. The close-up filled states STM image
(490A x490A) of the newly defined 4x1 phase. The ar-
rows indicates four larger Ga clusters (Ga droplet pre-
cursors) compared with the regular size ones.
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Ga-rich condition for the GaAs (001) surface.

3.10. Surface composition

Extensive efforts have been rendered to determine the
surface compositions of the Ga-rich surfaces by differ-
ent techniques [7-9,12, 20, 64, 74]. The main results
obtained by those studies for the 2x6, 4x2 and 4x6 sur-
faces are summarized in Table 1. Because of different
characterization techniques being used, it is not possible
to compare the absolute surface composition with the
single standard. While basically consistent results are
obtained in the case of the 2x6 surface with an exception
(8] which claims that the 2x6 is more Ga-rich than the
4x2 phase, there 1s a serious discrepancy in the relative
composition for the 4x6 and 4x2 surfaces [7-9,12,20,64].
Although most studies reported less Ga-rich nature of
the 4x2 surface with respect to the 4x6 phase [8,12,20],
Bachrach et al. suggested that the 4x2 surface is As-rich
than the 4x6 surface by 0.2ML, and Creighton concluded
that the composition is the same for the 2x6 , 4x2 and
4x6 surfaces [64].

reconstruction 4x6 4x2 2x6
(Auge?:s'/'(isa) X 2.0 25
(Aug'zre :;,ia) Oas | 0-27ML | 0.22ML | 0.52ML
(core-lev:(;;.Ags/Ga) OAs 0.33ML | 0.52ML | 0.42ML
(core—l':\/e(efl-31(:\s/Ga) 0.91 0.78 X
(Augi?&sjga) 1.27 1.27 1.27
Ref. 22
(average As coverage) OAs 0.54ML | 0.09ML X
(c'are-le!:\‘.reellecl2 :\slGa) henapwin | 0.8--1.0 X

Table 1. Summary of surface Ga/As composition vs.
various GaAs(001) surface phases reported by previous
workers.

As discussed in Sections 3-7 & 8, the 4x6 surface is not
necessarily a single phase. It can be either (1) mixture
of the 2x6 and 4x2 phases, or (2) mixture of the 2x6
and the ”genuine” 4x6 phases, or (3) the single "gen-
uine” 4x6 phase. Which domain appears and how large
the size of a given domain is in the course of the phase
transition depend critically on the preparation process.
Since these local variations cannot be detected by the
standard analysis techniques, such as AES, any claim of
the composition will be ambiguous and highly specula-
tive.

According to the structural models discussed in Sec-
tions 3-5, 6, 7, 8 and 9, the 2x6 surface is most As-
rich and the ”genuine” 4x6 surface is most Ga-rich while
the 4x2 surface has an intermediate surface composition
with a well-defined narrow range. When the ”pseudo”
4x6 is a mixture of the 2x6 and 4x2 phase, it should
always be As-rich than the 4x2 phase, as reported by

most studies [6,7]. It finally reaches the composition
value of the 4x2 surface with the increasing annealing
temperature or higher MEE Ga flux [64]. On the other
hand, when the ”pseudo” 4x6 is formed with the 2x6
and ”genuine” 4x6 phases, the situation is rather com-
plicated. The surface composition can be either As-rich
(the 2x6 phase dominates on the surface) [8,12,20,74],
or Ga-rich (when the "genuine” 4x6 dominates on the
surface) [9], or the same as that of the single phase 4x2
structure (when the 2x6 and ”genuine” 4x6 phases mix
with an appropriate domain ratio [64] and thus overlaps
with that for the 4x2 surface [74]).

In the decomposition region, the ” genuine” 4x6 phase
dominates on the surface, and the composition is always
Ga-rich. Under this scheme, the surface composition
with the 4x6 diffraction symmetry can vary from 0.33ML
As in the extremely As-rich side to more than IML Ga
in the extremely Ga-rich side (for the 4x1 surface).

Because the parameters used to define the sample
preparation are different from one group to another, the
accurate comparison between the present data and all
others is not easy. Nevertheless, we can, under this
scheme, consistently explain almost all previous obser-
vations. We believe that we have overcome the major
hurdle in understanding the atomic structures and that
we were able to determine the surface compositions of
various phases.

We summarize our results with a schematic evolution
diagram shown in Fig. 30, where various phases are
plotted as a function of As/Ga surface coverage. Three
different coverages: 0.3ML-As, 0.75ML-Ga, and approx-
imately 1ML-Ga are noted along the horizontal axis, cor-
responding to the 2x6, 4x2, and ”genuine” 4x6 (G4x6)
phases, respectively. All the phases being discussed in
the present work are placed according to their surface
compositions. The lower path is the evolution of the
surface phase during the MEE growth with increasing
Ga flux and the upper path is that due to annealing
with increasing temperature. The ”pseudo” 4x6 (P4x6)
phase indeed has a variety of surface composition, its
value stretches from 0.33 ML As (for the 2x6 phase) to
IML (for the G4x6 phase). According to this diagram,
with the increasing Ga concentration, the 2x6 phase un-
dergoes a transition from the 2x6 + 4x2 mixed structure
to the G4x6 phase via the 2x6 + G4x6 mixture. After
that, the surface usually transforms into the Ga-rich 4x1
surface. In the case of annealing, the disordered Ga-rich
phase (D) always exists. This disordered phase may play
an important role in the continuous evolution. The evo-
lution may also take place with a different transition
path: the 2x6 phase may directly change into the 4x2
phase under certain conditions, for example deposition
of right amount of Ga density by MEE should produce
the perfectly flat 4x2 surface without any 2x6 island.
This transition is found to be irreversible.

As for the co-existence of various phases, Yamaguchi
and Horikoshi have recently studied the transition be-
tween the 2x4 As and 4x2 Ga phases by STM, RHEED
specular intensity measurement and Monte Carlo simu-
lations [44]. They have found that the transition be-
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Figure 30. The phase evolution diagram of the

GaAs(001) Ga-rich surface as a function of Ga coverage.
In the figure, D represents the disordered (structureless)
region in Fig.18 (b), (c) and (d). P4x6 represents the
"pseudo” 4x6 phase and the G4x6 the ”genuine” 4x6
phase.

tween the 2x4 As and the disordered 3x1 phases is
second-order while it is the first-order nature but contin-
uous in the case of the Ga-rich regime (3x1 — 4x2) due
to finite size effects. Therefore, the present observation
of the stable, mixed Ga-rich domains (2x6 + D, 2x6 +
D + 4x2 + ”genuine” 4x6) between the 2x6 phase and
the 4x6 phase is consistent with their conclusion.

4. Conclusions

Atomically resolved STM, RHEED, RHEED intensity
dynamical analysis and first-principles total energy cal-
culation have been carried out in order to systemati-
cally investigate various GaAs(001) surface reconstruc-
tions and the following conclusions are obtained[86]:

1). The unit cell of the a, 8 and 7 phases all consist
of the two As dimers and two dimer vacancies and the
a and B phases have different second and third layer
structures.

2). The o phase is the two-As dimer model proposed
by Farrell and Palmstrom with relaxation incorporated
by Northrup and Froyen, the surface coverage of the o
phase is 0.5ML of As; The 3 phase is the two-As-dimer
model proposed by the Chadi, the surface coverage of the
B phase is 0.75ML of As. The v phase is the mixture of
the 3 phase and the c(4x4) phase with surface As cover-
age varying between 1.75ML and 0.75ML depending on
the growth conditions.

3). The atomic structure of the 4x2/c(8x2) recon-
struction can be described best by the Ga-bilayer model
proposed by Biegelsen et al. It is found that this sur-
face has a well-defined surface composition of 0.75 ML
Ga. The seeming discrepancy between the atom-resolved
high resolution STM image and the Ga-bilayer model

141

was finally resolved based on our analysis utilizing a first
principles total energy theory and its calculated surface
charge density distribution.

4). Our unified scheme for the GaAs(001) surface; two
Ga-dimers at the top layer and additional Ga-dimer at
the third layer for the Ga-rich 4x2 phase and two As-
dimers at the top layer and additional As-dimer at the
third layer for the As-rich 2x4 phase, a mirror image in
atomic structure, may be the key for the smooth layer-
by-layer GaAs(001) growth by MBE.

5). We have documented, without any ambiguity, that
there are two different 4x6 diffraction symmetry phases
by direct observations of a phase transition in the Ga-
rich regime reconstructions. One of them is the more
Ga-rich single phase (we call it as ”genuine” 4x6 phase)
and the other is the less Ga-rich mixed phase (”pseudo”
4x6 phase) in reference to the 4x2 phase. The evolution
path was determined among the 2x6, P4x6 and G4x6
phases.

6). The ”genuine” single 4x6 phase, which is charac-
terized by the perfect array of large Ga- clusters located
at every corner of the 4x6 unit superimposed with the
4x2 Ga-bilayer structure. This is the first atomic model
ever proposed for the ”genuine” 4x6 phase. With ad-
ditional Ga deposition, the ”genuine” 4x6 phase trans-
forms into a newly defined 4x1 symmetry phase, which
is characterized by increased number of the Ga-cluster
randomly distributed along the [110] direction on the
4x2 surface.

7). The "pseudo” 4x6 phase is merely a mixture of
various phase. Actually, it can be further divided into
two different configurations: one is the coexistence of
the reconstructed 2x6 and 4x2 domains and/or a disor-
dered Ga-rich domain, and the other is the mixed 2x6
and "genuine” 4x6 domains. The former is always As-
rich compared with the 4x2 surface, whereas the latter
results in a wider composition range, which varies from
more As-rich to Ga-rich and overlaps with the 4x2 re-
construction.
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