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Results of first-principles calculations are reported for the adsorption ef Maecules on the
stable surface reconstructions of the GaAs (001) surface, including adsorption paths and barriers for
strongly bound sites. It is shown that a novel chemisorption state acts together with an intermediate
physisorbed plateau in the total energy to hold the A®lecules near the surface and funnel them
into strongly bonding sites during epitaxial growth, and that this state can explain the transition from
the B2(2 X 4) to the c(4 X 4) reconstruction under low-temperature, very arsenic-rich conditions.
[S0031-9007(99)09336-9]

PACS numbers: 82.65.My, 68.45.Da, 81.10.A]

A wide variety of electronic and optoelectronic de- However, no microscopic description of this precursor
vices are based on multilayered structures composed state has been given, and no microscopic model has been
[1I-V semiconductors, such as GaAs. Understanding th@roposed for the incorporation of arsenic molecules from
fundamental kinetic processes of epitaxial growth is arthe precursor state into the growing surface.
important step toward optimizing the characteristics of GaAs growth by molecular beam epitaxy (MBE) under
these semiconductor layers by altering the growth condimoderately arsenic-rich conditions produces g2 X
tions. Because of its technological importance as the most) reconstruction, shown in Fig. 1, which must grow by
commonly used surface for epitaxial growth of GaAs,filling the trenches and growing the new mountains of
the GaAs (001) surface has been extensively studiedhe next layer up. In this Letter, we report results of
However, although the relative energies of various statidensity-functional pseudopotential [9] calculations fos As
reconstructions for this surface, with different surfaceadsorption at a large variety of sites on tB&(2 X 4)
stoichiometries, have been thoroughly studied by firstsurface, with and without additional gallium atoms—
principles calculations [1,2], gallium adatom diffusion is including both strongly bound sites where the arsenic
the only kinetic process that has been thoroughly investidimer can attach to the dangling bonds of the surface
gated by such methods, including reaction paths and erand sites where the ad-dimer cannot bind strongly—and
ergy barriers as well as the binding energies for stable anddditional calculations on the(4 X 4) surface, which is
metastable adatom sites [3]. In particular, almost nothinghe stable surface produced by MBE growth under very
is known about the microscopic reaction paths, reactiomrsenic-rich conditions.
barriers, and kinetics of the important processes involv- Our calculations were carried out using both the local-
ing incoming arsenic, such as adsorption, diffusion, andiensity approximation (LDA) and the generalized gradient
incorporation into strongly bonded sites on the surface. approximation (GGA) [10]. We report the GGA results

Experimental work, from the earliest studies of the in-for the binding energies and adsorption barriers first, since
teraction of gallium and arsenic beams with the GaAdhese are known to be more reliable, followed by the
surface [4—6] to recent scanning tunneling microscopy.DA results in parentheses, for comparison to earlier
studies of island shapes and size distributions immediatelgalculations. The wave functions were expanded in a
following a growth interruption [7], has shown that the ki- plane-wave basis with a cutoff energy of 10 Ry, and the
netics of arsenic adsorption and attachment play an im-
portant role in GaAs growth. Although both Aand Ag
sources are used for epitaxial growth of GaAs, it is simpler
to understand the growth processes whenigased, since
the GaAs (001) surface reconstructions produced in stan-
dard epitaxial growth are terminated with arsenic dimers,
so the As molecule does not necessarily have to break
up in order to become incorporated into the growing sur-
face. For both As and As sources, in order to repro-

duce g.rowth without assuming unp.hys'icalily large AS:GeﬁzlG. 1. The B2(2 X 4) reconstruction of the GaAs (001)
flux ratios, the growth models used in kinetic Monte Carlosurface with an incoming arsenic ad-dimer at the preferred

simulations commonly assume that arsenic molecules arghysisorbed” distance above the surface. Arsenic atoms are
initially adsorbed into a “molecular precursor” state [5—8]. grey, and gallium atoms are white.

4886 0031-900799/82(24)/4886(4)$15.00 © 1999 The American Physical Society



VOLUME 82, NUMBER 24 PHYSICAL REVIEW LETTERS 14 Jne 1999

k-space integration was performed with a spekigdoint  Fig. 2. The binding energy of the ad-dimer chemisorbed
set, with a density equivalent to @4 points in the on the arsenic surface dimers of the mountain is about
Brillouin zone of the ( X 1) surface unit cell. 1.6 eV (about 2.2 eV in the LDA); it remains practically
We have used a slab geometry to model the ad-dimergnchanged (energy changes are less than 0.1 eV) when
substrate system, with slabs containing seven or eigtihere are arsenic ad-dimers chemisorbed on the mountain
atomic layers, passivated on the bottom by an additionah adjacent Z X 4) unit cells, or gallium adatoms in the
layer of pseudohydrogen atoms [11]. All the layers exceptrench nearby.
the bottom atomic layer and the pseudohydrogen atoms However, a favorable binding energy alone is not
were allowed to relax. The reported results were obtainedufficient to ensure that the ad-dimer actually adsorbs on
for a @ X 4) periodicity parallel to the surface, which we this site. There must also be at least one trajectory with a
have found to be sufficient to model the interactions of arsmall or nonexistent adsorption energy barrier for the ad-
isolated As molecule with the surface. dimer chemisorbing on this site. If the ad-dimer comes
When an arsenic molecule comes down on the surface, town parallel to the surface, breaking both dimer bonds
is generally not in exactly the right position and orientationsimultaneously, we find that there is a prohibitively large
to bind immediately to the dangling bonds of the GaAsbarrier (over 1 eV, even in the LDA). However, if the
surface. Instead, we find that the molecule will initially ad-dimer comes down one end first, breaking one dimer
come into a region above the surface corresponding to amond and inserting itself, and then tips over to break the
intermediate plateau in the total energy, as shown in Fig. Isecond surface dimer bond [as shown in Fig. 2(a)], there
In this region, the ad-dimer behaves as if it is physisorbedis no adsorption barrier. Therefore the site on the arsenic
it keeps the bond length of the isolated molecule (2.1 A)surface dimers of the mountain should be populated by
rather than expanding to the bond length of the surfacéxcoming As molecules and depopulated by desorption
dimers (2.5 A), and there is very little distortion of the of As,. The desorption is activated, with an activation
GaAs surface below. While it remains in this region, energy equal to the binding energy.
the arsenic ad-dimer has a binding energy to the surface Experimental work starting with the earliest studies
of about 0.2 eV (0.7 eV in the LDA). As long as the [4—6] shows that arsenic can bind to the surface more
physisorbed ad-dimer is located over the mountains of theffectively when gallium adatoms are present. Earlier
B2(2 X 4) surface, it floats about 2.5 A above the surfacetheoretical work [3] has shown that the most energetically
However, its vertical position over the trenches is not sdavorable place for gallium adatoms on ti#2(2 X 4)
well defined, since it can float down into the trench withoutsurface is in the trenches, and it is particularly favorable
encountering an energy barrier. if two gallium atoms in the trench occupy adjacent sites,
Estimating the lifetimer of As, in the physisorbed filling the gallium layer at the bottom of the trench and
region by 1/7 = Cexd—Eg/(kT)], with an attempt forming thea(2 X 4) reconstruction in one unit cell [13].
frequencyC = 10'3 sec’! for escape back into the vapor  Of all the configurations we have studied, we find the
phase [12] and a binding energyz = 0.2 eV, gives strongest binding energy, 2.4 eV (3.5 eV in the LDA),
a lifetime 7 = 2 X 107!? sec during standard epitaxial for the arsenic ad-dimer coming down on top of such a
growth, around 800 K. Since physisorbed,Asolecules pair of gallium adatoms in the trench, and locally forming
can move around on the surface without significantlythe 8(2 X 4) reconstruction. This result is in agreement
changing their energy or causing large relaxations of thevith earlier LDA calculations of Shiraishi and Ito [14],
surface atoms below, they should be quite mobile, makingvhich showed that adding two gallium adatoms to fill
it easier for them to find favorable binding sites on thethe gallium layer at the bottom of the trench stabilizes
surface and orient themselves so they can bind strongly tthe binding of an additional arsenic dimer in the arsenic
these sites before they desorb back into the vapor phaselayer above. We find that an Asnolecule coming down
If no gallium adatoms are present on tjg2(2 X 4)  parallel to the surface can adsorb on top of a pair of
surface, we find that the strongest binding of the arsenigallium atoms in the trench with no adsorption barrier.
ad-dimer occurs when it comes down on top of the moun- We find that the arsenic ad-dimer has a binding energy
tain, breaking the bonds of two adjacent arsenic surfacef 1.9 eV (2.6 eV in the LDA) on top of a single gallium
dimers and inserting itself into these bonds, as shown iatom in the trench. The arsenic atom which has no

FIG. 2. (a) Arsenic ad-dimer
inserting itself into the second
surface dimer bond and (b)
arsenic ad-dimer chemisorbed
on the top arsenic layer of the
B2(2 X 4) surface. Arsenic
atoms are grey, and gallium
atoms are white.
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gallium atom beneath it will tip slightly downward toward its way into a strongly bound site before it escapes back
the empty gallium site, but the dimer will not dissociate.into the vapor phase. Since theAsolecule does not
As in all the other strongly bound adsorption sites wedissociate in any of the adsorption sites we have found
have investigated, the arsenic ad-dimer prefers to remawhich have a binding energy of 0.5 eV or more, these sec-
a dimer: if we separate the arsenic atoms, placing onendary adsorption sites, together with the physisorbed re-
on top of the gallium atom and the other in the emptygion, which increases the mobility of A®n the surface,
gallium site beside, they will relax back to the tilted dimer can function as a molecular precursor state, increasing the
configuration. Binding energies for the ad-dimer in otherlikelihood that an incident Asmolecule will become in-
sites near gallium adatoms in the trench are less favorablorporated into the crystal. We note that kinetic Monte
than the binding energy for the ad-dimer chemisorbed or€arlo simulations of growth require a “precursor state”
the arsenic surface dimers of the mountain. with a binding energy of about 1.7 eV [16], which is quite
We may estimate the desorption rate, or inverse lifetimeclose to the calculated binding energy for an arsenic ad-
D for arsenic ad-dimers at various strongly bonded siteslimer chemisorbed on the mountain. Since mountain sites
on the surface by usingg = 1/7 = Cexd—Ep/(kT)],  should significantly outnumber unpaired gallium adatoms
with an attempt frequenay = 10'® sec! for escape back in the trenches, we would expect the mountain sites to play
into the vapor phase. The binding energigs and the a dominant role in extending the lifetime of Asolecules
corresponding desorption ratEsfor an arsenic ad-dimer on the surface.
chemisorbed on the top arsenic layer of the mountain, or When the temperature is lowered, desorption rates are
bound on top of one or two gallium adatoms in the trenchstrongly reduced for arsenic ad-dimers at all adsorption
are given in Table I. We use GGA energies, rather tharsites. For example, if the temperature is reduced from
the overestimated LDA binding energies, in this table. 800 to 700 K, the estimated desorption rate for arsenic ad-
The estimated desorption rates can be comparedimers chemisorbed on the top arsenic layer of the moun-
with the incoming As flux during growth, e.g., tain (shown in Table I) is reduced frof90 to 29 sec!.
3 X 10" moleculeg(cn? seg [15], or 4 moleculegsec If there is no incoming gallium flux to provide sites with
falling on each? X 4) unit cell. Since the estimated des- stronger binding energies in the trench, it seems likely
orption rate for an arsenic ad-dimer bound on top of a paithat these sites can be resupplied by ap #sx of 4.5 X
of gallium adatoms in the trench is very low at the com-10'> moleculeg(cn? seg, or 60 moleculegsec falling on
monly used temperatures for MBE growth, any ad-dimereach 2 X 4) unit cell. So we would expect significant
which desorb from these sites should be easily replacedumbers of arsenic molecules to chemisorb and remain on
by incoming As molecules. However, ad-dimers bound the top arsenic surface layer if the surface is exposed to
on top of a single gallium adatom are predicted to desorfan As flux of 4.5 X 10" moleculeg(cn? seg at 700 K.
too rapidly at 800 K to be replaced by this incoming This suggests that under such conditions the surface should
flux; observation of these is predicted only for highertransform to a new reconstruction involving a top par-
As, fluxes or lower temperatures. Arsenic ad-dimerstial layer of arsenic chemisorbed on arsenic: & X 4)
chemisorbed on the top arsenic layer of the mountain areeconstruction.
also expected to desorb too rapidly to be replaced during The c¢(4 X 4) surface, which is shown in Fig. 3 with
standard, high-temperature MBE growth around 800 K. a single additional arsenic molecule chemisorbed on it,
Although the arsenic ad-dimers which adsorb on thdas terminated by a complete layer of arsenic, with an
mountain, on top of a single gallium adatom, or in otheradditional partial layer of arsenic on top. Like the arsenic
more weakly bound configurations near gallium adatomstoms in the top layers on the mountain and in the trench
are ultimately expected to desorb during growth at 800 Kfor the 2(2 X 4) surface, the arsenic atoms in the top
these adsorption sites still play an important role in extendpartial layer of thec(4 X 4) surface form dimers. The
ing the lifetime of As molecules on the surface. When local bonding for the arsenic in the top partial layer of
an As molecule which has been temporarily adsorbed irthe c(4 X 4) surface is quite similar to the local bonding
one of these sites desorbs, it enters the physisorbed regidoy the ad-dimer chemisorbed on the top arsenic layer of
where it can move around reasonably freely—so it mayhe mountain, shown in Fig. 2(b): each arsenic atom in
become bound in another temporary adsorption site or finthe top partial layer is bonded to its dimer partner, and

TABLE I. Arsenic ad-dimer binding energiz and desorption rat® (or inverse lifetime,
in sec!) at different temperatures, for various ad-dimer sites.

Ep D D D
Site (eV)  at 500 K (sec!) at 700 K (sec!) at 800 K (sec!)
On mountain: 1.6 6.9 X 107* 29 790
On 1 Ga in trench: 1.9 6.5 X 1077 0.2 10
On 2 Ga in trench: 2.4 5.8 X 10712 49 X 107 7.1 X 1073
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0090000000008 rich conditions, we ex h rseni -dimers will
102D002D00 2D ch conditions, we expect that arsenic ad-dimers

0" 6 0 6 66 - chemisorb randomly at one end or the other of each group
’i"&{i’,'i'., ‘(,"b{igo of three surface dimers, causing thét X 4) RHEED
pattern to become fuzzier. If this is followed by further
random arsenic adsorption at more weakly bound sites,
thec(4 X 4) ordering may disappear completely. Such a
change from the(4 X 4) pattern to a disordered X 1)
pattern has been seen [17,18] for GaAs gradually cooled
from from 700 to 500 K under an Agressure ofl.5 X
1073 Torr, which corresponds to a flux of ovdr5 X
FIG. 3. One arsenic ad-dimer chemisorbed on the surface0!> moleculeg(cm? seg.
Cuface. The arcenis atoms of the top. parial layer and the 1€ Enhanced chemisorption of Asnolecles on
ad-dimer are black, arsenic atoms in Iov\eeflayers a};e grey, an e arsenic surfaqe (_:Ilmers V_V_h'Ch occurs under . low-
gallium atoms are white. For ease of viewing, the atomic raditemperature, arsenic-rich conditions can also explain the
are taken to be larger in this figure than in the other figures. well-documented observation that MBE growth of GaAs
under such conditions leads to incorporation of up to (1—
. . . 2)% excess arsenic, which can produce technologically
to two adjacent arsenic atoms in the layer below._ 'The ttractive, high-resistivity material with ultrashort carrier
arsenic atoms of the top partial layer and the addition i;etimes [19]
O e s o et s e T Vo was suppored in pat by AFOSR Gra
Lo . ) f\lo. F49620-96-1-0167. Cray T3E time was provided at
the top partial layer are arranged in rows of three dlmersh Fritz-Haber-Institut and the Computing Center of th
followed by an empty dimer site. the Fritz-Haber-Institut a © ~omputing fenter ot the
Max-Planck-Gesellschaft at Garching, and by grants of
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