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Adsorption of group III and group V metals on Si„001…:
One-dimensional versus two-dimensional growth

Noboru Takeuchi
Centro de Ciencias de la Materia Condensada, Universidad Nacional Auto´noma de Me´xico, Apartado Postal 2681,

Ensenada, Baja California, 22800, Me´xico
~Received 23 June 2000; revised manuscript received 10 October 2000; published 29 December 2000!

Scanning tunneling microscopy~STM! studies have revealed that when a small fraction of a monolayer of
Al, Ga, or In is deposited on Si~001! it forms one-dimensional lines of ad-dimers on the surface. No similar
structures have been reported for the case of group V elements. We have studied the adsorption of group III
and group V metals on Si~001! by first principles total energy calculations starting with the adsorption of a
single atom up to a full surface coverage. Different adsorption sites are found for single group III and V
adatoms. When a second atom is adsorbed, in both cases, there is a strong preference of the two atoms to
dimerize. However, the orientation and position of the ad-dimer is determined by the binding site of the first
atom. The formation of the long lines in the case of group III and not for group V metals is a direct
consequence of these differences.

DOI: 10.1103/PhysRevB.63.035311 PACS number~s!: 68.35.Bs, 73.20.At
se
la
y
ss
en
h

e
y

es
p

o
rs
e

b

n

as
rv
e
th
d
on
a
-
,

l,
th
e
up

m
he
o
ed

l
gle
es
ms
the
the
s
a

nal
III
een

of
e-
o-
.

ar-
-

timal
etry,

the

ms.
e 9.0
da-
er
ns
l-

he
y

en-
-
ed,

e
ing
Fabrication of state of the art electronic devices impo
strict demands in the crystal growth process. In particu
epitaxial growth of one element onto another is necessar
obtain high material uniformity and interface smoothne
This condition requires control at an atomic level. Ev
though this goal can be achieved through methods suc
molecular beam epitaxy and pulsed laser deposition, the
ementary processes governing crystal growth are not
completely understood for most of the systems of inter
This is particularly true for the growth of group III and grou
V metals on Si~001!.

One of the reasons for the interest in the Si~001!/group III
and Si~001!/group V interfaces comes from possible techn
logical applications of the epitaxy of III/V semiconducto
on Si surfaces. Group III and group V metals form dim
structures at their respective saturation coverages.1 However,
they show completely different growth patterns in the su
monolayer regimen. Scanning tunneling microscopy~STM!
studies have revealed that when a small fraction of a mo
layer of Al, Ga, or In is deposited on Si~001! it forms lines of
ad-dimers on the surface.2–7 These lines can be considered
truly one-dimensional systems and they have been obse
also for Pb on Si~001!.8 They are one atom wide and on
atom high. No similar structures have been reported for
case of group V metals.9,10 Among the many unanswere
questions about the growth of group III and V metals
Si~001!, the first that comes to mind is why one-dimension
growth is preferred for group III and not for group V ele
ments. It is not known either if the lines formed by Al, In
and Ga on Si~001! can grow indefinitely. The current mode
based on total energy calculations, does not put a limit in
direction.7 Also, for many years the ad-dimer has been tak
as the basic unit to study the growth of group III and gro
V elements on Si~001!, and there is little information of the
adsorption of the first atom on the surface and how the di
is formed.11,12The answer to these questions is critical in t
understanding of the heteroepitaxial growth of metals
Si~001!, and it is the purpose of this work. We have studi
the adsorption of group III~Al, Ga, and In! and group V~As
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s
r,
to
.

as
l-

et
t.

-

r

-

o-

ed

e

l

at
n

er

n

and Sb! metals on the Si~001! surface by first principles tota
energy calculations starting with the adsorption of a sin
atom up to full surface coverage. Two different binding sit
were found for group III atoms: in the first one, the adato
are adsorbed on twofold sites between two Si dimers. In
second one, they are adsorbed on threefold sites. On
other hand, only one binding site is found for group V atom
and it is located almost on top of a single Si dimer. As
direct consequence, group V metals form dimers orthogo
and on top of the underlaying Si dimers. Instead, group
elements form dimers parallel and in the trenches betw
the Si dimers. Minimization of line and row ends13 is respon-
sible for the initial one-dimensional growth in the case
group III elements. A theoretical maximum length is pr
dicted for the lines. On the other hand, it is found that tw
dimensional~2D! growth is preferred for group V elements

Calculations have been performed within the C
Parrinello scheme.14 A combined electronic and ionic steep
est descent dynamics has been used to determine op
surface structures. We have used a repeated slab geom
each slab consisting of five layers of Si atoms. On top of
first layer we have added the adatoms~Al, Ga, In, As, and
Sb!. The bottom surface was saturated by hydrogen ato
Two consecutive slabs were separated by an empty spac
Å wide. The four topmost Si layers of the slab and the a
toms were given full freedom to move, while the fifth lay
of Si and the H atoms were held fixed at the ideal positio
in order to simulate a bulklike termination. Most of the ca
culations were performed using a (434) supercell with 16
atoms/layer. Due to the large size of our unit cell, only t
electronic states atG have been included. A similar geometr
has been used in the study of As and Sb on Si~001! ~Ref. 15!
and group III elements on Ge~001! ~Ref. 16!. The wave func-
tions have been expanded in plane waves with a kinetic
ergy cutoffEcut58, 10, and 12 Ry. It is found that for ad
sorption of single atoms an energy cutoff of 10 Ry is need
but for dimer structures the 8 Ry cutoff is large enough. W
have used for Si, Al, Ga, In, As, and Sb norm-conserv
pseudopotentials that includes and p nonlocal terms. They
©2000 The American Physical Society11-1
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were treated within the Kleinman-Bylander scheme.17

We have first studied the adsorption of a single group
adatom on the Si~001!-c(234) surface. The atomic posi
tions were fully relaxed starting from different adatom initi
configurations@they included the adsorption sites for Si~Ref.
18!, Ge ~Ref. 19!, and Al ~Ref. 7! on Si~001!#. We have
identified two binding positions for the adatoms.20 The first
one is located almost on top of a second layer Si atom
this geometry, known in the literature as theM site,19 the
adatom is bonded to two Si atoms in a more or less symm
ric configuration@Fig. 1~a! shows the case of Al# and with
bond lengthsdAl-Si;2.48 Å. Si atoms~Si3 and Si4! not
bonded to aluminum atoms show a difference of;1.0 Å in
their vertical positions.

In the second minimum, the adatom is on a threefold
above three Si atoms@Fig. 1~b!#. The binding configuration
is now asymmetric. There are two different bonding lengt
dAl-Si15dAl-Si4;2.58 Å, while dAl-Si3;2.38 Å is slightly
shorter. Substrate atoms Si3 and Si4 are almost at the s
height~differences are less than 0.2 Å with Si3 lower!, atom
Si1 is slightly higher~by ;0.3 Å with respect to Si3!, while
atom Si2 is considerably lower (;0.5 Å with respect to Si3!.
In this way, there is a relative vertical buckling of;0.8 Å
between atoms Si1 and Si2. Similar results are found for
and for In and details will be presented elsewhere.

For Al and In, the two adsorption sites have the same t
energy. For Ga, the twofold site is slightly more favorable
0.17 eV/adatom. We expect a higher occupancy of theM site
due to the larger volume of the configuration space ass
ated with it.

A completely different adsorption site is found for grou
V metals. The adatoms adsorb on twofold sites almost on
of the middle of a Si substrate dimer (D site!. Figure 1~c!
shows the result for As, but a similar arrangement is fou
for Sb. The binding configuration is symmetric with equ
Si-adatom distances:dAs-Si;2.27 Å, anddSb-Si;2.53 Å. The

FIG. 1. Schematic drawing of possible binding positions fo
single adatom~a!–~c! and a single ad-dimer~d!–~e!. Gray circles
represent the adatoms, while black circles represent Si atoms~a!
and ~b! show the two possible binding sites for a single group
adatom.~c! shows the binding position for a single group V adato
~d! and ~e! show the orientation and position of a group III and
dimers, respectively.
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underlying Si dimer becomes symmetric, and the As~Sb!
atom is 2.2 Å~2.1 Å! above the dimer and is shifted 0.5
~both for As and Sb! in the plane. Atomic positions of othe
Si dimers are barely affected by the adatom adsorption.

We now consider the adsorption of a second adatom
the surface. In all cases, the two adatoms have a very st
preference to form dimers. However, their position and o
entation with respect to the substrate are strongly influen
by the adsorption site of the first adatom. It is easy to see
group V atoms will try to form ad-dimers orthogonal and o
top of Si dimers@Fig. 1~e!#.21 In this arrangement, the two
atoms that form the dimer are not very far fromD sites. They
are shifted in the6@110# directions in such a way that the
can dimerize. Our calculations show that dimer formation
more favorable than adsorption of two separated adatom
2.1 eV and 1.9 eV for Sb and As, respectively. In terms
electron counting arguments, this geometry makes se
each group V atom binds with two Si atoms and with t
other group V atom of the dimer. The remaining two ele
trons form a lone pair. All Si atoms have their four electro
engaged in bonds. The two Si dimers that support the
dimer become symmetric, while other Si dimers remain
most unperturbed. Structural parameters are presente
Table I, together with those of higher coverage. There
little difference between the parameters of a single ad-dim
with those of the 1D system and the (232) configuration.
Some changes can be observed when the Si dimers are
ken and the (231) reconstruction is formed.

Although our calculations cannot show that theM site is
the absolute minimum in the adsorption of group III el
ments, the fact that at least it is a local minimum with a ve
favorable energy makes it easy to understand why the
dimers are parallel and in the trenches between the
dimers.23 In this arrangement, the two atoms that form t
dimer are not very far fromM sites. They are shifted in the
6@11̄0# directions in such a way that they can dimerize. O
calculations show that dimer formation is more favorab
than adsorption of two separated adatoms by 1.2 eV for
~Ref. 22! and Ga and 1.0 eV for In. Structural parameters
presented in Table II together with those of higher covera
Results of the (232) structures calculated by Northrupet al.

TABLE I. Calculated bond lengths~in Å! for the ~001! surface
of Si covered by different coverages of group V elements.

Adatom-adatom Adatom-Si Si-Si

As Single dimer 2.48 2.41 2.32
As 1D system 2.48 2.41 2.32
As (232) 2.49 2.41 2.32
As (231) 2.52 2.41 Broken
As (231) expt.~Ref. 10! 2.55 2.44 Broken

Sb Single dimer 2.88 2.61 2.34
Sb 1D system 2.89 2.61 2.34
Sb (232) 2.89 2.61 2.34
Sb (231) 2.95 2.56 Broken
Sb (231) ~Ref. 28! 2.88 2.61 Broken

.
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are presented too.23 It can be seen that there is little diffe
ence in the structural parameters of a single ad-dimer, the
system, and the full coverage configuration.

Different from the case of Ge on Si~001!,24 we found no
evidence of metastable structures in which two adatoms
in almost exactM sites without forming a dimer, indicating
that indeed, the ad-dimer can be considered as the s
nucleus from which subsequent larger growth structu
evolve.

Once a dimer is formed, a third atom will bind at anM
site adjacent to the dimer. This site is expected to be m
reactive than others since adsorption there does not req
breaking a Si-Sip bond. A fourth adatom will again form a
dimer with the third atom. This process can be repea
again and again, and it will result in the formation of a lo
chain of ad-dimers. It is what Brocks, Kelly, and Car h
called a surface polymerization reaction.7 Can this process
go on forever and have infinite lines of adatoms? To ans
this question, we have to consider two different factors: eq
librium thermodynamics and growth kinetics. In the follow
ing discussion we will show that under equilibrium cond
tions the one-dimensional lines should have a maxim
length.

Four Si dimers~eight atoms! are involved in the adsorp
tion of a single group III metal ad-dimer. Half of these
atoms form bonds with the ad-dimer, while the remaini
four are left with one free electron each. As a conseque
there will be four dangling bonds per ad-dimer. If a seco
dimer is adsorbed adjacent to the first one, this number
not be increased. Instead, if it is adsorbed somewhere
the number of dangling bonds will be doubled. In oth
words, each end of a line of dimers have an energy cost
to the Si dangling bonds. The formation of long, on
dimensional lines is a way to reduce them.

If line ends are not energetically favorable, it is reaso
able to think that there is a similar energy cost to termina
row of dimers along the@110# direction. Even though there

TABLE II. Calculated bond lengths~in Å! for the ~001! surface
of Si covered by different coverages of group III elements.

Adatom-adatom Adatom-Si Si-Si

Al Single dimer 2.70 2.48 2.41
Al 1D system 2.65 2.45 2.42
Al (2 32) 2.67 2.46 2.43
Al (2 32) ~Ref. 23! 2.69 2.47 2.44

Ga Single dimer 2.58 2.45 2.43
Ga 1D system 2.55 2.43 2.44
Ga (232) 2.57 2.44 2.46
Ga (232) ~Ref. 23! 2.63 2.47 2.46

In Single dimer 2.85 2.59 2.38
In 1D system 2.76 2.55 2.41
In (232) 2.76 2.56 2.41
In (232) ~Ref. 23! 2.82 2.60 2.40
03531
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are no Si dangling bonds along this direction, the presenc
the ad-dimers alter the buckling sequence of the first laye
dimers.

We can estimate the energy of these two different kinds
edges. To this purpose, we calculate the total energy o
system that has neither line ends nor row ends: the infi
(232) structure that group III atoms form on Si~001! at 1/2
monolayer~ML ! coverage.25 We compare it with the energy
of a configuration that has edges of only one kind: an infin
dimer row to find the energy cost (E1) of a line end@Fig.
2~b!#, and an infinite dimer line to calculate the energy co
(E2) of a row end@Fig. 2~a!#. In Table III we summarize our

TABLE III. Energy cost of a line end (E1) and row end (E2) for
Al, Ga, and In. Energies are in eV/end.

E1 E2

Al 0.43 0.11
Ga 0.42 0.10
In 0.41 0.12

FIG. 2. Top view of the atomic structure of the~001! surface of
Ge with 1/4 of a monolayer of a group III element. The figu
shows thep(434) unit cell used in the calculation. Gray circle
represent the adatoms, while black circles represent Si ato
Larger circles correspond to atoms closer to the surface.~a! One
line of dimers and~b! one row of dimers.
1-3
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results. As expected, the energy cost of a line end is a
larger than the energy cost of a row end. Therefore, the
mation of one-dimensional lines along the@11̄0# direction is
more favorable.

The calculations mentioned above correspond to infin
systems: an infinite 2D surface covered by group III a
dimers in a (232) arrangement, an infinite line of ad
dimers, and an infinite row of dimers. To estimate the to
energy of the corresponding finite systems, we can use
values ofE1 andE2. We approximate the total energy of
finite line as

E1D~n!5nE(232)12E112nE21mESi sur f ace, ~1!

wheren is the number of ad-dimers,E(232) is the total en-
ergy ~per dimer! of an infinite arrangement with a (232)
periodicity and having neither row nor line ends,E1 andE2
are the energies of a line end and a row end, respectiv
andmESi sur f ace is the energy~per dimer! of the region not
covered by ad-dimers.

In the same way, we write down the total energy of
finite region covered by group III dimers in a (232) con-
figuration and square arrangement as

E2D~n!5nE(232)12AnE212AnE11mESi sur f ace. ~2!

We can compare directly Eqs.~1! and ~2!.
For E1D(n),E2D(n) formation of 1D lines is more favor

able. This is the situation forn,15 dimers for Al,n,18
dimers for Ga, andn,14 dimers for In. In calculating thes
numbers, we have neither taken into account kinetic effe
nor the presence of defects in the Si substrate~these two
factors can make the lines longer!. We want to emphasize
here that our calculations show that for a few number
dimers, the formation of one-dimensional lines is thermo
namically more stable than the formation of 2D structur
The fact that longer lines have been observed experimen
indicates that kinetics also plays an important role and
allows the lines to grow slightly longer. Defects and kinet
are probably the reasons why at low coverage, the 1D li
are kept apart and do not collapse in 2D regions of the
32) reconstruction. Experimental results show that ann
ing these surfaces results in the formation of 2D structure27

An effective repulsion of 0.1 eV/atom between dim
lines was proposed for Al.7 Our calculations show no repu
sion between dimer lines. This is consistent with lo
coverage STM experiments that in many occasions sh
pair of lines in their images. Also for Al, In, and Ga, th
formation of the (232) structure has been observed for co
ro
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erages as low as 0.16 ML.6,26,2If there were such a repulsion
the formation of pair of lines should be highly improbab
and the (232) reconstruction should start forming ver
close to the 0.5 ML coverage. It is easy to understand ph
cally why E1 is positive. On the other hand, it is more diffi
cult to understand whyE2 is positive too. A closer look at
the atomic structure formed by the adsorption of group
ad-dimers can give us a hint. The metal ad-dimer not o
affects the Si dimers where it sits but also neighboring
dimers. It, for example, modifies their buckling amplitud
These perturbations have an energy cost, and therefore,
ing two dimers together along the@110# direction~separated
by a distance 2a) reduces this energy.

We have also studied the growth of group V metals
Si~001! up to a full monolayer. In particular, for As and Sb
we have calculated the total energy of the same infinite c
figurations that we have considered in the case of group
atoms: an infinite line, and infinite row, and a surface with
(232) periodicity and 1/2 ML coverage. It was found th
the total energy of an infinite line and an infinite row we
the same. This is a clear indication that the energy cost
sociated to line and row ends are the same. Therefore,
formation of 1D lines is not favorable for group V ad-dimer
Moreover, the most stable configuration corresponds to
(231) reconstruction, in which all Si dimers are broken, a
the As ~Sb! atoms form symmetric dimers. This result is
agreement with experiments that show no formation of lin
at low coverages.10

In conclusion, we have performed first principles to
energy calculations of the initial growth of group III an
group V metals, starting from the adsorption of a single a
tom up to full monolayer coverage. Our calculations sh
that group III and group V metals form dimers when a
sorbed on Si~001!. However, their orientation and positio
strongly depend on the first adatom binding site. Group
elements form dimers parallel and between the trenche
the Si dimers. Instead, group V atoms form dimers ortho
nal and on top of the Si dimers. As a direct consequen
group III atoms form long lines along the@11̄0# direction.
However, under thermodynamic equilibrium, there is a th
oretical limit to the size of the lines. For the case of group
adatoms the formation of a (231) structure~in which all
underlying Si dimers are broken! is more favorable than one
dimensional growth.

Calculations were performed at the Supercomputing C
ter DGSCA-UNAM. We acknowledge support from
DGAPA Project No. IN119498 and CONACYT Project No
33587E. We thank Carlos Gonza´lez for technical assistance
on
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