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We show how local density approximation ab Imtio calculations are apphed to study the chemlsorption of single adatoms on 
semiconductor surfaces. The binding energies of AI, $1 and P adatoms on the St(100) surface are calculated, as well as the barriers 
for diffusion of these atoms along the surface and a clear chemical trend is estabhshed. In particular, we find that the size of the 
adatom has a dramatic effect on the diffusion harriers In a recent STM study the migration of clusters of Si adatoms has been 
observed directly. On the basis of our calculations we argue that these clusters consist of dtmers, which we find to form stable 
structures on the St(100) surface. The binding energy and geometry of a number of SI ad-dlmer structures are established, and the 
effect of thermal motion is investigated by means of ah imtlo molecular dynamics simulations. 

I. Introduction 

The St(100) surface has been a subject in sur- 
face science research for several decades. At room 
temperature its LEED pattern indicates a recon- 
struction with p(2 x 1) periodicity, which is rela- 
tively simple compared to reconstructions of other 
Si surfaces. Although the basic model for the 
p(2 x 1) reconstruction was already proposed in 
1959 by Schlier and Farnsworth [1], definite con- 
firmation was not provided until the 1980's [2]. 
The basic element of the reconstruction is the 
pairing of surface atoms shown schematically in 
fig. 1: the formation of a dimer bond lowers the 
total energy by ~ 1 eV per surface atom, as 
compared to a bulk terminated surface. During 
the last decade, the discussion has focussed on 
whether the bond axes of the dimers are parallel 
to the surface, as in the so-called symmetric 
p(2 × 1) structure, or at an angle with the surface, 
as in the "buckled" or asymmetric p(2 × 1) struc- 
ture [3]. In addition, recent experimental data 

(LEED [4] and ARUPS [5]) provide evidence for 
a c(4 x 2) reconstruction at low temperature ( <  
250 K). Chadi's suggestion [3] that an alternate 
buckling of dimers at the surface, which leads to 

) 4  

X 

Fig 1 A schematic drawing of the lowest-energy reconstruc- 
tion of the $1(100) surface The large filled circles represent 
the top layer atoms; the difference m size represents the 
buckhng of the surface dlmers The open circles represent the 
second-layer atoms and the small filled orcles represent the 
third-layer atoms The (antlferroelectnc) arrangement of 

buckled dlmers leads to a c(4 × 2) periodicity 
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higher periodicity, could lower the total energy, 
seems to be supported by recent ab initio calcula- 
tions [6,7]. Unfortunately, the evidence is incon- 
clusive, since the estimated inaccuracy of the 
calculations is larger than the total energy differ- 
ences between the various reconstructions [7]. 

In a recent ab initio study we have improved 
the accuracy to a stage where we can conclude 
that the higher-order reconstructions which con- 
sist of alternate buckled dimers are indeed more 
stable than the (a)symmetric p(2 x 1) structures 
[8]. The transition from p(2 x 1) to c(4 × 2), which 
is the most stable structure, can be described as 
an antiferroelectric ordering of the surface dimers 
(see fig. 1). The explanation for the transition is 
based on the interaction between the surface 
bands derived from the dimer dangling bonds, 
which causes a Brillouin zone boundary phonon 
to become soft. A complete account of these 
results will be published elsewhere [8]. 

Since the invention of scanning tunneling mi- 
croscopy has made it possible to observe the 
structures and imperfections of the surface with 
atomic resolution, we can form a true micro- 
scopic picture of adsorption, which before was 
possible only for a limited number of transition 
metal surfaces (using field ion microscopy, for a 
review see ref. [9]). The study of adsorbed atoms 
at low coverages is interesting because one can 
hope to gain insight into the fundamental be- 
haviour of single isolated adatoms (or molecules). 
However, the number of STM observations in 
this regime has been scarce up till now. One of 
the reasons for this is the difficulty of extracting 
structural information, i.e., the positions of the 
atoms, from the electronic information which is 
provided by the STM picture. Another is the 
difficulty of performing STM experiments in ul- 
tra-high vacuum at low temperature, which is 
often required because many adatoms have a 
high mobility. In principle, ab initio calculations 
are capable of providing both the electronic and 
the structural information. In recent years, new 
algorithms have been developed which enable a 
realistic description of the adatom surface inter- 
action. In particular, the Car-Parrinello [10] ap- 
proach of treating the electronic and structural 
degrees of freedom in the total energy simultane- 

ously, has proved to be very successful. In the 
next sections we will show how such calculations 
lead to accurate predictions Ior the structure and 
bonding and the finite temperature behaviour of 
a number of adatoms on the Si(100) surface. 

2. P and AI adatoms on Si(100) 

Recently, we calculated the binding and the 
diffusion barriers of a single Si ,~datom on the 
Si(100) surface [11,12]. We predicted the diffu- 
sion to be very anisotropic. For diffusion parallel 
to the dimer rows (see fig. 1), we found an 
activation energy of 0.6 eV; for diffusion perpen- 
dicular to the rows, the activation energy was 1.0 
eV. Subsequent STM experiments gave strong, 
albeit indirect, indications to support our conclu- 
sions [13]. To investigate the chemical trend of 
the binding energies and diffusion barriers, we 
now have performed a similar set or r ~lr,,l-t~lons 
for a P and an AI adatom on thc S ..... f ,  ,~x~acc. 

The calculations are performed within the lo- 
cal density approximation to the density func- 
tional formalism, using norm-conserving pseu- 
dopotentials [14] and a plane-wave basis set. All 
plane waves up to a kinetic energy cut-off of 8 Ry 
are included. The exchange-correlation potential 
as given in ref. [15] is used. The Si(100) surface is 
modeled by a slab, consisting of 12 layers of Si 
atoms and 9.5 A of vacuum spacing. This slab is 
repeated in space by applying periodic boundary 
conditions. The interaction between the surface 
and the adatom is also modeled in a periodic 
structure with a p(x/-8 × ¢-8)R45 ° surface unit cell, 
which contains 8 surface atoms plus the adatom. 
This surface superce!!, which has a cell parameter 
of 10.86 .A, is sufficiently large that the interac- 
tion between adatoms in neighbourmg cells can 
be nc~glected and the adatoms can be considered 
as isolated. Two Brillouin zone sampling points 
are used to calculate the charge density and the 
total energy. From an extensive set of tests [12] 
on the size of the basis set, the surface unit cell 
and the slab and the number of sampling points 
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we conclude that the results reported here are 
converged to within 0.1 eV. 

Within this computational framework we map 
out a total energy surface by placing the adatom 
at one of a number of positions (x, y) on the 
surface. At each (x, y) position the total energy 
is minimized simultaneously with respect to the 
electronic charge density and the remaining 
structural degrees of freedom, i.e., the z coordi- 
nate of the adatom and the positions of all sub- 
strate atoms. Fig. 2 shows the results for the 
energy surfaces for P, Si and Al (the energy 
surface of Si is reproduced from ref. [12]). Al- 
though such an energy surface is a purely theoret- 
ical construct, we can extract a number of funda- 
mental parameters from it. The minima of the 
energy surface correspond to the equilibrium 
bonding geometries of adatom and substrate. 
Within the framework of transition state theory 
[16], the activation energies for migration of the 
adatom along the Si(100) surface are given by the 
saddle points of the energy surfaces. Further- 
more, the combination of this information with 
our results for the clean Si(100) surface enables 
us to calculate the binding energies for the 
adatoms on the surface. The results are given in 
table 1. 

The binding energy of the P adatom is smaller 
than that of the Si adatom; their binding geome- 
tries however are quite similar, the smaller P 
atom making somewhat shorter bonds to the sub- 
~trate. The point M in fig. 2 is the absolute 
~ in imum for P and Si. The adatom saturates two 
dangling bonds of two adjacent dimers in the 
same dimer row of the substrate. The A! adatom 
has the smallest binding energy and the longest 
bonds to the substrate. More striking is the quali- 
tatively different topology of the energy surface 
for Al. For Si the symmetrical site H is just a 
local minimum (for P it is even a saddle point), 
but for Al this site is the absolute minimum. In 
addition, for Al a number of positions which form 
a line crossing the point H that is perpendicular 
to the dimer rows, have almost the same energy. 
This means 'hat diffusion of Al adatoms along 
this direction will be so fast that static adatoms 
will be observable only at a very low temperature. 
In contrast, the lowest diffusion barrier for the P 
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Fig. 2 Perspective view and contour plot of  the total energy 
surfaces of (a) P, (b) Si and (c) AI adatoms on the St(100) 
surface m a p (2×  1) unit cell The &mer  rows of the substrate 
are oriented along the y axis. The first contour  is at 0.1 eV 
v~ith respect to the absolute minimum and the contour spac- 
ing ~s 0 2 eV The interval between the t~ckmarks on the 
vertical energy axis is I eV and the zero of  energy is chosen 

arbitrarily. 

adatom is 0.8 eV for diffusion along the dimer 
rows, which makes P a good candidate for observ- 
ing diffusing adatoms directly in an STM experi- 
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Table 1 
Binding energtcs, bond lengths and dfffuston barriers for AI, 
Si and P adatoms on the Sl(100) surface, the bamers for 
dfffumon are given for the directions parallel ( ),, cL fig 1) and 
perpendicular (x) to the dimer rov, s of the substrate 

Ai St P 

Binding energy (eV) ~ 3.6 4.6 3.9 
Boad length (,~,) b~ 2.54 2.35 2.27 
Diffusion barriers (eV) 
Ell 0.3 0.6 0 8 
E ~. 0.1 1.0 1.3 

a} Local density calculations predict binding energies which 
are usually about 10% too large for these systems. One of 
the sources of error is the difficulty of performing a proper 
calculation for the atom, which is needed to supply the 
reference energy [17]. The results gwen here are based on 
the local spin denmty atom reference [18l (with the ex- 
change-correlation potential [15], see ref. [19]) 

b The bond length is defined as the distance of the adatom to 
the nearest binding substrate atom. 

ment.  For  example+ consider  an STM exper iment  
where  the time be tween  two observations is of  
the o rder  10 s. We  can est imate the root -mean-  
square  displacement at room tempera ture  in this 
t ime to be ~ 5 A (using a typical value of  10 t3 Hz 
for the prefactor  in the  expression for the jump 
rate [16]), which is of  the  order  of the spacing of  
the dimers in the substra te .  As in the case of  Si, 
we predict  the diffusion of  P ada toms to be  
one-dimensional  in the  direction of  the dimer  

rows. 
Since the bonding of  AI, Si and P ada toms  is 

qualitatively similar, we  at tr ibute the di f ferences  
in the  topology of  the energy surfaces to a differ- 
ence  in size of  the adatoms.  The  bondlengths  
corre la te  with Pauling's  covalent radii for  AI, Si 

O 

and P which are 1.26, i.17 and i . i 0  A, respec- 
tively [20]. The Ai ada tom is large enough to form 
bonds  at positions on or  be tween the dimer  rows 
of  the  substrate. P and Si are too small to bridge 
the " t rench"  be tween  the dimer rows, which 
means  that for these  ada toms positions be tween  
the a imer  rows are unfavourable.  The smallest 
atom, P, has the most  difficulty in bridging sub- 

strate a toms at other  positions, which explains 
why the topology of the energy surface for this 
a tom is most  pronounced.  

3. The Si ad.dimer on Si(100) 

Recent ly ,  Dijkkamp et al. have studied the 
nucleat ion of  adatoms in the  Si(100) surface by 
STM [21]. At  room t empera tu re  a few percent  of  
a monolayer  of  Si a toms was deposited, which 
resul ted in the  appearance of  small protrusions in 
the STM picture, si tuated on top of  the dimer 
rows. F rom the number  density of  these protru- 
sions it was concluded that they most likely repre-  
sent  clusters of  Si atoms and not single atoms. 
This agrees  with our predict ion that individual Si 
adatoms are  mobile enough at room tempera ture  
to migrate  and find energetically more favourable 
binding configurations [11,12]. On the basis of  the 
experimental  data the exact number  of Si atoms 
in a cluster  could unfortunately not be deter-  
mined.  (The best est imate is a number in the 
range 2 - 6  [22].) The most interesting point was 
that  Di jkkamp et al. [21] observed a one-dimen- 
sional diffusion of these clusters along the dimer 
rows of  the  substrate at t empera tures  around 350 
K, f rom which they could extract an activation 

energy of  ~ 1 eV. 
In o rde r  to gain insight into the nature of  such 

clusters, we have studied the structure and the 
stability of  Si dimers on the Si(100) surface. The  
construct ion of an energy surface for two adatoms 
similar to that  for one ada tom,  would require a 
comple te  scan of  a four-dimensional configura- 
tion space (the (x,  y)  coordinates of each 
adatom).  Since at each point  in this space a full 
(very t ime consuming) total-energy calculation 
would have to be ~ __:~.a . . . . .  h: ,,1,,.,rl . . . . .  ~ _  t . . a l l l ~ . . u  t i l l s  i s  ~ . v , . t t ,  J V u , , , ~ . . ~  U U t ,  

sible. As a first step we have therefore tried to 
find stable structures that are at least local min- 
ima by positioning the ad-dimer  at a number  of  
" r ea sonab le "  positions on the surface. At each 
posit ion the total energy is minimized with re- 
spect  to all structural and electronic degrees of  
f reedom.  The total stability of  a structure result- 
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Fng. 3. Schematnc pncture of a number of structures of Si 
ad-d,mers on the Si(100) surface The open cnrcles denote the 
top layer atoms of the substrate, with the dimer rows runmng 
in 'he y dnreet]on. The filled cnrcles represent the atoms of 
the ad-dimer; the suze represents the henght of the atoms 
above the surface Structures (a) and (b) are posttions on a 
substrate dlmer row; structures (c) and (d) are posltuons 

between two dlmer rows. 

mg from such a minimization was checked by 
performing a short simulated annealing cycle us- 
ing ab initio molecular dynamics [23]. In fig. 3 a 
number of these structures are shown schemati- 
cally and the corresponding energxes are given in 
table 2. 

As in the case of the single Si adatom, posi- 
trons of the ad-dimer on the dimer rows of the 
substrate are far more favourable than positions 
between the dlmer rows. The structure with the 
ad-dimer oriented parallel to the substrate dimers 
(i.e., along the x axis, cf. fig. 3a) is somewhat 
more stable than that with the ad-dimer oriented 

Table 2 

Energies and gec.-netnes of the structures of $1 ad-dimers on 
the So(100) surface, as gwen m fig. 3 (the energies are gwen~ 
with respect to the energy of structure (a), whuch is the lowest) 

Structure Energy Bond lengths(A) 
(eV) 

Ad-dnmer Substrate dl Height ") 

(a) 0 0 2.30 2 38 1 53 
(b) 0.1 2.32 2.29 1 64 
(c) 0.5 2 58 2 4G 0.91 
(d) 1 8 2.28 2 50 0 98 

a~ Shortest bond between an ad-dnmer atom and a substrate 
atom. 

h~ Mlmmum z-coordinate difference between an ad-d]mer 
atom and a substrate atom 

along the dimer row (i.e. along the y axis, cf. fig. 
3b). Intuitively this may be surprising since the 
latter corresponds better with what is required 
for epitaxial growth. In both these cases, none of 
the bonds of the substrate dimers are broken, i.e. 
the substrate reconstruction stays intact. A struc- 
ture similar to that of fig. 3b was found where 
one of the underlying substrate dimers is broken. 
It defines a stable local energy minimum but it is 
0.5 eV higher in energy. A stable local minimum 
where both underlying substrate dimers are bro- 
ken was not found. 

The crucial question is now whether  the fea- 
tures observed in the STM image correspond in 
fact to Si ad-dimers. Before we present the data 
on the energetics to support this conjecture, let 
us investigate in more detail the influence of 
thermal motion on the structures of fig. 3. A 
displacement of the ad-dimer of fig. 3a in the x 
direction, perpendicular to the substrate dimer 
row, by 1.0 A costs only E a --- 0.3 eV. For a crude 
estimate of the effect this has on the thermally 
averaged structure, let us assume that the fre- 
quency to at which such a displacement is made 
can be described by an Arrhenius expression: 
to = A  e x p ( - E J k T ) .  Then a typical prefactor A 
= 10  n3 Hz leads to an to of 10 ~ Hz at room 
temperature. The structure of fig. 3a will thus be 
smeared out considerably in an STM picturc. 
This type of thermal motion can in principle be 
observed in an ab initio molecular dynamics simu- 
lation, but in order  to gather enough statistics to 
extract typical frequencies, it must be done at 
high temperatures [24]. The interconversion of 
the structures of figs. 3a and 3b can similarly be 
studied by molecular dynamics. In the simulation 
this process does not occur frequently enough 
even at high temperatures to accumulate enough 
statistics to determine its frequency. The simula- 
tion however does give a path in configuration 
space which is traced during the interconversion. 
From this path, we estimate an upper boundary 
for the activation energy (neglecting the effects of 
hysteresis [16]) of 0.9 eV. By a reasoning similar 
to the one above, results in a frequency for the 
intercoriversion process at 400 K of 50 Hz. Of 
course we must be careful about drawing conclu- 
sions from this rather crude result, but it does 
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seem that the thermai motion of an ad-dimer 
results in a smeared-out structure in an STM 
image. 

The final argument comes from the energetics 
of the Si ad-dimer. Its binding energy, as com- 
pared to two separate Si ad-atoms is calculated to 
be 1.2 eV. "[his means that the total adsorption 
energy of an atom bonded in an ad-dimer is 5.2 
eV ( =  4.6 + 1.2/2,  cf. table 1). Adsorption of  a 
full monolayer of Si would make no net change to 
the surface and only increases the number of  bulk 
atoms. Since we have calculated the bulk binding 
energy to be 5.4 eV [19], it means that for the net 
interaction between the dimers comprising a 
complete flat surface, only 0.15 e V / a t o m  ( =  5.4 
- 5 . 2 )  is available. This number compares very 

well with the values for the dimer-dimer interac- 
tion in the surface as obtained from studying step 
roughness by STM [25]. The nucleation process 
can be described as follows. Single deposited Si 
atoms are mobile along the dimer rows, even at 
room temperature. When two adatoms meet, they 
form a strongly bound ad-dimer. This dimer is far 
less reactive than a single adatom and it thus 
represents a stable "molecule" on the surface. It 
is very likely that the mobility of an ad-dimer is 
much lower than that of  a single adatom. To 
prove this last statement, one has to determine 
the path for diffusion of a dimer. By definition, it 
is the path with the lowest possible activation 
energy; any other path will give a higher energy. 
We have calculated the energy along a number of 
possible paths, which has allowed us to place an 
upper bound on the activation energy for the 
diffusion of a dimer of 1.5 eV. The actual migra- 
tion energy may of course be lower than this 
value. 
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