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Mechanism for Disorder on GaAs(001)-sss2 3 4ddd Surfaces
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An atomistic model is presented based on scanning tunneling microscopy results and tight bindi
calculations which explains the observation of disorder on the GaAss001d-s2 3 4d surface grown by
molecular beam epitaxy. Calculations show that occupation by As of vacant Ga sites in the missi
dimer trenches of thes2 3 4d unit cell is responsible for the surface disorder in the form of kinks in the
dimer rows. The disordered surface is energetically favorable for a range of additional As coverage
to 0.25 monolayer.

PACS numbers: 61.16.Ch, 68.35.Md, 71.10.–w, 81.15.Hi
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A number of studies have been directed at the ato
details of the GaAss001d-s2 3 4d surface, with initial
studies confirming the presence of As dimers as the ca
of the twofold symmetry, while a regular array of missin
As dimers is responsible for the fourfold periodici
[1,2]. Despite a number of subsequent studies, the e
details of thes2 3 4d reconstruction have been difficu
to determine.

The situation is complicated by the behavior of t
s2 3 4d reconstruction as a function of the growth co
ditions. Early reflection high energy electron diffractio
(RHEED) studies showed that the intensity of the2

4 frac-
tional order feature for thef 110g azimuth varies with sur-
face temperature for a given As flux. This was initial
interpreted in terms of one dimensional disorder in the s
face plane [3]. An alternative explanation suggested
variations in the unit cell structure occurred as a function
temperature and therefore As content [4]. Three regim
were subsequently defined within thes2 3 4d phase, de-
noteda, b, andg.

The a phase occurs at the highest substrate temp
tures, theg phase is formed in the lowest substrate te
perature range, and theb phase exists between these tw
Theoretical studies have shown that three structures
the s2 3 4d surface are energetically favorable [5–8] a
these correspond to thea andb phases [Figs. 1(a)–1(c)]
Two of the models have been attributed to theb phase.
Using the recent notation of Northrup and Froyen [8], t
bs2 3 4d structure contains three As dimers in the u
permost atomic layer. Theb2s2 3 4d structure contains
two As dimers in this layer with a third As dimer situate
in the third atomic layer, within the trench formed due
missing dimers. Thea phase is described by theas2 3

4d structural model, which also has two As dimers in t
top layer. However, in contrast to theb2s2 3 4d, this
structure contains second layer Ga atoms in the mis
dimer trench.

Recent detailed scanning tunneling microscopy (ST
studies of molecular beam epitaxy (MBE) grown mater
have shown that the three top layer As dimer struct
0031-9007y96y76(18)y3344(4)$10.00
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hbs2 3 4dj is not observed forin situ MBE grown
samples under any preparation conditions; the unit c
always contains two As dimers in the top layer [9,10].

Total energy calculations have shown that a four
structure proposed for the low temperatureg phase and
consisting of an extra As dimer on top of thebs2 3 4d
structure [Fig. 1(d)] is not stable. For thes2 3 4d surface
prepared under the most As-rich conditions, STM imag
confirm that the cause of the weak intensity of the2

4
fractional order feature in the RHEED pattern alon
f 110g (the g phase) arises from disorder rather than
fundamentally different unit cell structure [9,10]. The
disordered images obtained under these conditions
similar to those obtained fors2 3 4d surfaces grown
with a high level of bulk Si dopings,1019 cm23d [11].
In this case, the disorder was explained in terms of
correlation between the number of Si donors and t
density of surface defect sites, with the defects (kink

FIG. 1. Structural models for the GaAss001d-s2 3 4d surface.
Filled circles represent As atoms and open circles represent
atoms. The larger filled circles in (d) represent an addition
As dimer on top of thebs2 3 4d structure.
© 1996 The American Physical Society
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acting as acceptor states and compensating for the ch
introduced by the Si dopant atoms.

Here, we use tight binding calculations to show th
there is an alternative mechanism for the formation
the disordered surface as seen by STM. Theg-phase
surface involves kink formation due to the preferent
occupation by additional As atoms of second layer
sites in the missing dimer trenches of the orderedb2s2 3

4d surface. In this case, there is no influence of t
bulk doping.

The experimental apparatus, substrate, and buffer la
preparation procedures have been described previo
[10]. The final 100 layers were grown without Si dopin
in order to prevent the formation of kinks due to char
compensation [11]. The samples were then anneale
either 580 or 520±C, for 5–10 min under a constan
arsenic pressure, in order to produce theb- or g-
phase surface as determined by the RHEED pattern a
f 110g [10]. The samples were quenched to 400±C while
monitoring the RHEED pattern before rapid transfer to t
STM chamber.

STM images of surfaces corresponding to theb and
g phases are shown in Fig. 2. Corresponding RHE
patterns obtained alongf 110g showed strong and wea
intensities for the2

4 fractional order streaks, respective
[10]. The images show the characteristic bright and d
rows which alternate alongf110g. The bright regions
represent the As dimers and the dark regions corresp
to the As-dimer vacancy region [9,10]. The image for t
b-phase surface is characterized by very straight dim
rows, with the ordered regions extending over domains
several hundred Å [Fig. 2(a)]. In contrast, theg-phase
surface is much more disordered [Fig. 2(c)].

The atomic details of theb- and g-phase surfaces ar
shown in more detail in Fig. 2. Theb-phase surface
clearly shows the presence of two top layer As dimers
unit cell with two missing dimers [Fig. 2(b)]. The uni
cell structure of the more As-richg-phase surface also
contains only two As dimers in the top layer, although th
image shows the dimer row units to be displaced alo
the [110] direction due to the presence of kinks arisi
from the addition of more As to the structure [Fig. 2(d)
Occasionally there are three successive dimers along
[110] direction at a kink site.

Preparation of theg phase is achieved by coolin
the well orderedb-phase surface under a constant A
pressure, resulting in more As-rich conditions and t
adsorption of As onto theb-phase surface. The onl
difference in the preparation of these two surfaces w
therefore in the final annealing stage under identical
flux but at different substrate temperatures. The amo
of additional As has previously been determined
temperature programmed desorption (TPD) experime
which suggest a variable As content for theg-phase
surface of up to 0.24 ML (monolayer) in excess of t
b-phase As content [12]. Our STM results clearly sho
arge

at
of

al
a

he

yer
sly

g
e
at

t

ong

he

D

y
rk

ond
e
er
of

er
t

is
ng
g

].
the

s
he

as
As
unt
y
ts,

e
w

that this additional As is not accommodated on top of,
within, the first As layer.

The only structural model for the ordereds2 3 4d
surface which can accommodate this much extra As a
remain consistent with these and recent STM observati
is the b2s2 3 4d structure [Fig. 1(a)]. The additiona
As can occupy the vacant Ga sites in the missing dim
trenches of theb2s2 3 4d structure. While this can
explain the structural similarities between theb and g

surfaces apparent in the STM data (each contains only
top layer As dimers per unit cell), it should be stressed th
there is nodirect STM evidence for such an assignmen
to Ga vacancy sites.

To establish the structural details of the disorderedg-
phase surface, we have modeled the transition from
b2s2 3 4d to the gs2 3 4d structure using tight binding
calculations. Previousab initio calculations have shown
that theas2 3 4d, bs2 3 4d, and b2s2 3 4d structures
of GaAs(001) are sufficiently similar in energy to mak
direct comparison difficult [6]. Significant relaxation in
the third and fourth atomic layers of the structures requir
a computational slab of around ten layers to ensu
accurate energy differences. For this reason, we h
taken an indirect approach to evaluate the kink ener
Ekink, which we define as

Ekink ­ sEkinked
bind 2 E

perfect
bind dyNkinks , (1)

with Ebind representing the binding energy for a give
structure andNkinks the number of kinks. Periodic bound
ary conditions were used, with eights2 3 4d unit cells
within the repeat distance to ensure that the kinks we
sufficiently isolated. The slab was 11 layers thick, gi
ing a total of up to 688 atoms in the system. In order
handle this number of atoms, a linear scaling code w
used based on density matrix methods [13].

The parameters used for the calculations were obtain
by fitting with a database of local density approximatio
(LDA) energy curves for bulk GaAs and isolated sheets
Ga and As atoms. Relaxed structures for all three rec
structions considered in this work compare favorably wi
previous LDA results [7]. Details of the parametrizatio
have been published elsewhere [14].

Kink energies have been calculated for theas2 3 4d,
bs2 3 4d, and b2s2 3 4d structures. These are very
small for as2 3 4d and bs2 3 4d; 0.09 and 0.12 eV,
respectively. Since they are of the order ofkT at growth
temperatures, neither of these structures can explain
long lengths of unkinked missing dimer rows which a
observed for the orderedb-phase surface [Fig. 2(a)].
In contrast, theb2s2 3 4d reconstruction has a kink
energy of 1.02 eV. This high kink energy is a resu
of the As dimer (involving third layer As atoms) in
the trench, which is offset in thef 110g direction from
the surface dimers, and must be broken in order
introduce a kink [Fig. 3(a)]. The high kink energy for thi
3345
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FIG. 2. Filled states STM images for (a),(b) theb-phases2 3 4d surface and (c),(d) theg-phases2 3 4d surface. Image
dimensions are (a)1200 Å 3 1200 Å, (b) 200 Å 3 200 Å, (c) 1000 Å 3 1000 Å, and (d) 190 Å 3 160 Å. The depth of the
missing dimer trenches is1.4 Å. The depth of the holes in (c) is2.8 Å, i.e., one bilayer.
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reconstruction is consistent with theb2s2 3 4d structure
being appropriate for the orderedb-phase surface.

To describe thegs2 3 4d phase, a small amount o
extra arsenic was added to theb2s2 3 4d computational
cell. A number of adsorption sites for a single addition
As atom were considered including insertion into surfa
and trench dimers, and bridging sites between two dim
both within and betweens2 3 4d unit cells. The lowest
energy adsorption site for a single additional As atoms
to insert into the trench dimer and form a bond across
one of the three coordinate gallium atoms in the seco
layer of the structure [Fig. 3(b)]. This is the only sit
in which As can be three coordinate without considera
distortion of the surface, and is lower in energy by mo
than 0.5 eV compared with any other site considered.

The kink energy for this structure is20.20 eV indicat-
ing that in the presence of extra As kinks spontaneou
form in the missing dimer row leading to the formatio
of the disorderedgs2 3 4d phase [Fig. 3(c)]. This resul
3346
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occurs for a range of extra As coverages from 0.016 (th
minimum that can be added to the computational cell) t
0.25 ML (representing an arsenic atom inserting into ev
ery trench dimer); the range of coverages is consiste
with previous TPD results [12]. For As coverages up
to 0.125 ML, the kink energy is20.20 eV, whereas be-
tween 0.125 and 0.25 ML it is20.09 eV. It should be
noted that although tight binding is not a self-consisten
method, all charge transfers in the structures proposed
the kinked surface are towards the local charge neutral
limit. In this limit, tight binding is self-consistent [15].
Other structures, for which this is not the case, are alrea
energetically unfavorable and imposing self-consistency
likely to make them worse.

An important result of the calculations is that the
additional As prefers to be isolated, i.e., the structure wit
a single kink per As atom is more stable than one wit
two As atoms per kink [Fig. 3(d)]. The implication is
that energetically As will form kinks for coverages up to
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FIG. 3. A model based on tight binding calculations showin
the transition with additional As from theb-phase tog-phase
GaAss001d-s2 3 4d surface. The As occupies vacant Ga site
in the missing dimer trenches of the initialb2s2 3 4d surface
leading to disorder via kink formation. Filled circles represe
As atoms and open circles represent Ga atoms.

0.125 ML, whereas from 0.125 to 0.25 ML it will simply
fill the trenches without forming any additional kinks.

The possibility that two As atoms could form a mor
stable dimer at a site outside the trench was also c
sidered. Tight binding calculations show that filling th
missing dimer trench with 0.25 ML of additional As is
preferred to the formation of As-As dimers above the tw
top layer As dimers of thes2 3 4d structure. The differ-
ence in energy is 5.8 eV per unit cell.

The calculations are therefore consistent with o
model proposed on the basis of STM studies of the gro
material. Theb2s2 3 4d structure is the appropriate
structure for theb-phase surface. It is characterized b
large domains of ordered dimer rows, with two As dime
per unit cell, two missing dimers, and Ga atoms abse
from the missing dimer trenches [Fig. 1(a)]. Additiona
As (up to 0.25 ML) occupies the vacant Ga sites, inserti
into the third layer As dimer and leading to kink formatio
(Fig. 3). It should be noted that while all the structur
models in Fig. 1 for the well orderedb-phase surface
satisfy electron counting models, the disordered natu
of the g-phase structure makes treatment by electr
counting unsuitable.

The disorder observed in theg-phase STM images
presented here results from a different effect to th
previously reported by Pashley and Haberern [11] due
n-type bulk doping. Both theb- and g-phase surfaces
shown in Fig. 2 were grown with the same low leve
of bulk Si doping; the kinks in theg-phase surface
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do not arise from bulk doping effects. Instead, th
disorder in this case is due to kink formation arising fro
the preferential occupation of second layer Ga sites
additional As atoms in the missing dimer trenches of t
b2s2 3 4d structure. The tight binding calculations show
that the kinked trench dimer structure with no exce
As is very unstable; in addition, it is neither a dono
nor an acceptor since the two-coordinate As atoms ha
a full lone pair orbital. However, the kink structure
which involves a single additional As atom is expecte
to be a good acceptor site since there is a deficien
of one electron per kink site. We suggest that the tw
kinking mechanisms may be related and that then1

doped surfaces prepared by Pashley and Haberern
were more As rich than the unkinked surfaces.

In conclusion, we have proposed a mechanism
the introduction of disorder on thes2 3 4d reconstructed
GaAs(001) surface prepared under As-rich condition
The disorder manifests itself in the form of kinks in th
missing dimer rows, whereby dimers adjacent alongf 110g
are offset by fractions of a unit cell dimension in th
[110] direction. The idealb-phases2 3 4d surface has
vacant second layer Ga sites which are potential sites
adsorption of any incident species. The preparation
the s2 3 4d surface under more As-rich conditions resul
in the adsorption of As on the surface by occupation
these sites. Tight binding calculations support the kink
structure as the most stable, with As atoms present in
missing dimer trench.
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