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- Diffusion and interconversion of 'defect' ad-dimers on the 
Si(OO1) 2x1  surface: a molecular statics study 

C P TJh and C K Ong 
Depanmcnl of Physics, National University of Singapore, 10 Kent Ridge Crescent, 
Singapore 051 1, Singapore 

Received 8 July 1992, in final lonn 26 Oclober 1992 

Abslracl. We use a modified form of the Slillinger-Weter potential la obtain lhe tinding 
encrgv and geomelly of a number of Si ad-dimcr Structures on the fully relaxed Si(CQ1) 
2x1 surface bj a n o n i a l  Monte Carlo simulalion. AI low temperatures, we show the 
possible ais lence of WO bnds of .defect' ad-dimers which may hinder normal 1x2 
gmwth. Tie mechanisms for bolh diflusion and inlerwnversion of such dimers are Ihen 
elucidalcd hy examining Uicir asxicialed minimum-energy paths 

1. Introduction 

The dynamics of Si adatoms on the Si(OO1) 2x1 surface has been a subject of 
interest in surface Science for the past i'cw years. It is expected that the fourfold 
symmetry breaking at the (001) surface due to the 2x1  reconstruction will result in 
an anisotropy in surface migration along the Ill01 and [liO] directions [l]. However, 
symmetry breaking considerations alone will not reveal how substantial the anisotropy 
of the surface diffusion is. Recently, several theoretical groups have shown that 
surface migration is faster along the substrate dimer rows than perpendicular m 
them. The methods used include the first-principle total-energy calculation [2,3] as 
well as molecular dynamics (MD) and Monte Carlo (MC) simulations based on classical 
interatomic potcntials 14-71, STM expcriments have since been performed which have 
verified this important result [S,Y]. 

Recently, Dijkkamp el nl [lo] have observed the nucleation of Si clusters and 
their subsequent motion along the dimer rows of the Si(100) surface at temperatures 
around 350 IC Similar observations have been made by Lagally el af [I11 although 
in both cases, the exact number of Si atoms in a cluster could unfortunately not be 
determined. 

Despite the lack of experimental data, we suspect that such clusters are probably 
'defect' ad-dimers formed during deposition at low temperatures, based on results 
previously obtained regarding the motion of single adatoms [4]. There, we have 
shown that adatoms prefer to move along the path D-A-D with occasional side trips 
to the trap site F (rcfcr to figure 1). An adatom at an F site can then interact with 
another adatom at an adjacent F site to form a n  F dimer. Similarly, B dimers are 
formed by adatoms at the B sitcs. Wc also obtained an activation energy of - 0.34 eV 
for the diffusion. However, at low temperatures, an atom at a D site may remain 
there long enough until another atom appears at an adjacent D site. These two a t o m  
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‘I 
Pigurc 1. (a) l l ~ l h r  sites lakllcd bj F. 4 B and D are the absorplion sites for a Si 
atom on the Si(OO1) 2x1 surhce. M and C mmpond U) local maxima. Elled circles 
show atom in the lint laycr. (b) Vim of Si sample in the pi plane. Rlled circles 
rcpresenling the dimers are clcarly scen. 

can then interact to form a dimer, as shown in figure 2(a) and 2(c). We call such 
structures ‘defect’ ad-dimers since thcy are a hindrance to the growth of regular 1x2 
islands. Herein, we will kdbd thc dimer configuration shown in figure 2(u) as a D 
dimer and that in figure 2(c) as a D’ dimer. 

In this paper, we report on a study of the mobility of these ‘defect’ addimers, 
notably their activation cnergies for the one-dimensional diffusion on top of a 
substrate dimer row and along the interdimer channel. We chose a modified form 
of the Stillinger-Weber (sw) potential as proposed by van der Eerden d of [IZ]. 
The original SW potential 1131 describes well the stability of the diamond structure, 
the density increase upon melting, the cohesive energy, the lattice constant, the bulk 
modulus, and the bulk melting point. It also predicts correctly wme of the properties 
of the (001) surface. However, the values obtained for the elasticity tensor do not 
agree well with values in the litcrature. We believe that the modified sw potential 
is more suitable for surface simulations as it has been fitted to reproduce well the 
elastic constans C,,, C,, and C,. With this potential, we also attempt to calculate 
the activation cnergi for interconversion from one dimer configuration to another, 
namely D dimer - B dimer and D‘ dimer - F dimer. In the following sections, 
we give a brief description of the modified sw potential and simulation methods 
used in the present calculation. From the results obtained, we attempt to propose 
simple mechanisms for the diffusion and interconversion process and relate these to 
experimental observations. 

2. The modified bw potential 

The potential uses two-body and three-body terms to describe the behaviour of Si. 
The total energy E,  in the abscnce of an external field, is expressed as follows: 

a ,  r,* 
f<, t < j < k  

with the i, j and k indices corresponding to ditfcrent atoms. Here v2( ir j )  is the 
hvo-body potential for an atom at position I * ;  and an atom at position rj. It is an 
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Figure 2. Schmni;ltic picture of a number of relaxed Si ad-dimer structures on the Si(aO1) 
Zx I surface. llic shaded circlcs donotc the topmost layer atoms of the substrate, with 
llic dimer row running in lliu z direction. llie filled circles rcprcsent the atoms of lhe 
ad-dimer. Structures (b) and (d )  are the irgular B and F dimers respectively. (a) is lhe 
’defect‘ ad-dimer above tile sul$rdic row (D dimer) while (c) is the ‘deiecl’ addimer 
in the interdimer channel (D‘ dimer). ’ ’ 

exponentially truncated Mie potential whose Corm is the Same as the two-body part 
of the original sw potential although it has a larger cutoff at r = a = 3.84 A (a  - 
3 8, for the original sw potential): 

where q - . .  = - ~~1 and the exponential cut-oti function A ( r i j )  is given by $1 - 
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exp[b/(rij - C L ) ]  for vij < a 
for rij 2 a. 

.4(rii) = (3) 

The three-body part of the potential contains thrce terms: 

u 3 ( i , i ,  k) = h( r i j ,  r i k ,  t / i ( r j i ,  r j k ,  e i j k )  t h (vki,  r k j r  eikj) (4) 
where Bjik satisfies 

h(r i j , r ik ,Oj ik)  = CA(rij)A(rik)(cosOjik + f )  2 t k(r;j,rik) = g(vij,%Ojid 

+ k ( y j , r i k )  (6) 

k ( ri , r i k  ) = It [/If( rij ) uZ( i, k )  t A'( r ik )  uz( i, j ) ]  . 

Where k( rij, rik) k the correction factor which is a sum of WO terms, each being 
a product of the rwo-body potential with a cut-off runction 

(7) 
The cut-off function A' is defined as 

exp[c/(rij -U)] for rij < a 
for ri j  2 a. 

A ' ( V i j )  = 

This correction term which is abscnt in the original sw potential actually d&crihes 
the physical eRect rhar thc strength of the bond between a pair of atoms is changed 
due to the presence of a third atom in the neighbourhood of the pair. For the crystal 
structure to be stable against collapse, the prefactor p must be positive. Thus this 
factor always increases thc effectivc bond strength with the coordination number. 

B = 11.2862 eV 
b = 0.167536 nm 

The parameter set, according to van der Eerden el U/ [12], is as follows: 

c = 1.061 19 nm 
p = 35.481 1 

(I = 0.193767 nm C = 16.9907 e V  
( I  = 0.384031 nm 

3. Methodology 

We first obtained energies of the various ad-dimer configurations, their length and 
their height above the Si(O01) 2x1 substrate by Monte Carlo simulated annealing. 
These values are given in table 1 together with those of the regular F and B dimers, 
which are formed by two adjacent atoms originally located at the F and B sites 
respectively. The sample consists of a stack of 10 layers of 14x6 atoms, each with 
a vacuum spacing of -8 8, abovc the surface. In the lateral and perpendicular 
directions, we had periodic boundary conditions. The atoms of each of the four 
dimer structures shown in figurc 2 are placed about 1 8, above the slab and the entire 
system is allowed to relax to its minimum cncrgy configuration. This is achieved by 
first equilibrating the system at 300 K and then decreasing the temperature by 5 K 
for every IO Monte Carlo steps until ncar absolute zero. After cooling, the system is 
again equilibrated until a minimum energy k attained. We have performed the above 
simulation using a smaller 'cooling rate' (5 K for every 100 Monte Carlo steps) and 
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Table 1. Energies and geometries oi the siructures of Si addimers an the Si(oO1) 2x1  
surface as given in figure I Ihe energy values are relative la the fully relaxed dean 
Si(OO1) 2 x  I surface. 

structure Energy (eV) Ad-dimer bond length (A) Height (Ay 

( 6 )  I3 dimer -7.19 250 1.39 
(e)  D’ dimer -651 254 l.78 
( d \  F dimer -7.95 253 1-19 

((I) D dimer -6.21 2.48 m 

~~~ ~ 

a Minimum t-mordinntc dilference hiween an ad-dimer alom and substrate atom. 

conclude that the results reported here are converged to within 0.1 eV All resultant 
energy values are relative to the fully relaxed clean Si(oO1) 2x1 surface. 

We found that as in the case of the single Si adatoms, positions of the addimer 
in the interdimer channels are more favourable than positions on the dimer rows. 
The two most stable structures are the F and B dimers, which came as no surprise 
since they correspond better with the requirements for epitaxial growth. 

We consider next the thermal motion of the ‘defect’ ad-dimers, both along the 
interdimer channcls and directly above the dimer rows. We propose a scheme to 
locate the lowest-energy path for the one-dimensional diffusion of an ad-dimer rather 
than constructing an cnerby surface for two adatoms since this will require a detailed 
and time consuming sampling of a four-dimensional configuration space (the (z. y) 
coordinates of each adatom). This is done by first displacing the centre of mass of 
the dimer along a straight reference line parallel to and located in the middle of 
the interdimer channel or above the substrate row, depending on which path the ad- 
dimer is taking. At each position along the line, all atoms are allowed to relax except 
for the two atoms in the dimer whose 1’ coordinates are held k e d .  This allows the 
ad-dimer to ‘expand’ or ‘contract’ and even ‘buckle’. The dimer is then rotated so 
that it makes an angle @ with the reference line. The atoms are subsequently relaxed 
with the following constraints on the random change in the z and y coordinates of 
the atoms belonging to the climcr: 

Ax tan q = Ay (9) 

(10) 0 < [Ax( < [6.25/(1 + 
These will ensure that the leng:h of the dimcr can change in the direction specified 
by the angle @ (note that the centre of mass of the dimer need not remain on the 
reference line). The second constraint prevents the dimer atoms from moving too 
near to or too far from one another. This process is then repeated for various values 
of $ so that a minimum energy path i\ mapped out from one local minimum to 
another (relcr to figurc 3). 

4. Results and discussions 

Using the above scheme, we obtain an effective activation energy of -0.4 eV for 
diffusion in the interdimer channels and -0.57 eV for diffusion above the substrate 
dimer rows. These values are Wmpardble, though higher than the activation energy 
for adatom diffusion computed with the same potential. Moreover, an analysis of 
the minimum energy path shows that the ad-dimer prefer to move with its centre 
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Figure 3 Schematic diagram of L e  scheme used to map out the 
minimum cnergy path tor ad-dimer diffusion along the inlerdimu 
channel. Positions A and B npresent the WO local minima. The 
activation energy [rom A to B is -0.33 eV and from B to A n BQ . . 

! -0.4G eV, giving an effective adivation energy d -0.4 eV Nofc 
that tho angle 6 is taken with r e s w t  to the dotted reference 
line. 

of mass along the rcference line without substantial fluctuations in the dimer length 
(< 2%). At the same time, rotation (~ # No) is energetically unfavourable. In 
other words, 'staggered' motion of ad-dimers as found on some metal surfaces 1141 
k apparently absent. No significant ‘buckling’ of the ad-dimer is obsewed, which is 
expected, since without rotation, the atoms of thc dimer ‘see’ approximately the Same 
atomic environment. This means that the ad-dimer prefers to hop from one local 
minimum to the next by first breaking the WO bonds with substrate atoms located 
on adjacent dimer rows or within the same row, much like a rigid dumbbell (see 
figure 4). 

v- 
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Figure 4 Schematic diagram of lhc diffusion 
pmcers along llie interdimer channel. ?lie ad-dimer 
at (0) moves by firs1 ‘slretching’ ik bands IO aloms 
A and B 10 tom Ihe saddlc p i n t  mnfiguralion ill 
(6). (c) is finally reaclied by breaking llicse WO 
bonds. 

‘L X 

Figum S. Schematic diagram for the interconver- 
sion process to a F dimer. ’Ihe addimer at (a) 
mtates ty first ‘stretching’ ill bonds 10 the atoms 
a1 A and B 10 form the saddle paint mnfiguration 
at (b). (c) is finally reached by breaking L e  old 
band U) A and forming a new bond with B and 
also by breaking Ihe old bond U) B and forming a 
nnv bond with A 

The WO kinds of ‘dcfcct’ ad-dimers can also undergo interconversion to the 
more stable F or B dimers. Tb find the most favourable path, the Same scheme 
as above was adopted minus the translational motion. The activation energy for 
interconversion to a F dimcr is found to be -1.09 eV while the corresponding 
value for interconversion to a B dimer is -1.02 eV. These stable dimers can also 
interconvert back to thc ‘defect’ dimer configurations although the activation energies 
are rather high. Tdble 2(a) and 2(b) give the total potential energy for various 
values of 11, during interconversion to an F and a B dimer respectively, from which 
the activation energies are extractcd. These wlues compare will with the ab initio 
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result of -0.9 eV obtained by Brocks el a/ [15] for the interconversion from a D 
dimer to a B dimer. Again, an analysis of the minimum-energy path from one local 
minimum to another lead us to conclude that the dimer probably interconverts by 
rotating from one local minimum to another with its centre of mass more or less 
fixed, accompanied by minor fluctuations in the dimer length (< 2%), as shown in 
figure 5. No significant ‘buckling’ is observed even though there is rotation since 
the centre of mass of the ad-dimer is symmetrically located. However, one must be 
cautious when discussing ‘buckling’ of adilimers in the context of classical simulation 
because classical potentials do not take into account the phenomenon of charge 
transfer between atoms. A displacement of the ‘defect’ addimers, perpendicular to 
the substrate dimer row, by 1.0 8, cost a hcfty 1.0 ey showing that the proposed 
potential for Si also favours ad-dimer diffusion parallel to the substrate rows, just as 
for single adatoms. Since the activation energies for interconversion are more than 
twice that for diffusion and making a crude assumption that the rate of Occurrence 
for both processes exhibits an Arrhenius behaviour, w = Aexp(-AE/kBT) where 
A E  is the activation energy, taking a typical prefactor A = lOI3  Hz [U], the rate of 
diffusion (w = 274 x 103 Hz, assuming A E  = 0.57 eV) is 3.5 x lo7 times greater 
than the rate of interconversion (w = 7.76 x Hz, assuming A E  = 1.02 ev) at 
room temperature. We thus conclude that the predominant process occurring at low 
temperature is the diffusion of ad-dimers rather than interconversion. 

Table 2 ‘Io~al encrgj Cor wlious wlucs of + during inlemnversion pmcesser (U) D‘ 
dimer - F dimer and (b) D dimer - B dimer. 

(U )  + (dcgms) Energy (eV) (b) + (degrees) Energy (ev) 

90 -6.51 90 -627 
75 -6.25 15 -608 
60 -5.42 M -5.54 
45 -5.54 45 -5.41 
30 -5.55 w -5.25 
I5 -1.52 15 -5.42 
0 - 7 (IC ” -7 10 

But why is diffusion only bcing obscrvcd above the substrate rows and not along 
the interdimer channels [17]? This may seem surprising at first glance since the 
activation energy for the latter diffusion is lower. The reason for such a phenomenon 
can be explained as follows. We have secn earlier [4] that when adatoms become 
happed in the F sites, they form ‘diluted dimer’ structures, comprising of F dimers 
whose density decays as thc temperature is increased. Regular islands can also form 
at low temperatures by the adsorption and channelling by F dimers of adatoms into 
the B sites and subsequent formation of B dimers as coverage is increased. Work on 
this channelling effect is now in progress. 

Evidently, the presence of F dimers will give rise to a blocking effect on ad- 
dimers diffusing along the interdimer channels. In fact, we have found that m cross a 
F dimer, the D‘ dimer needs to surmount an energy barrier of -1.0 eV. If the density 
of F dimers is high (cspecially at low temperatures), the D’ dimers may not even 
travel far before being blocked and possibly interconverting. As a result, in the time 
scale of an actual STM experiment, we may not be able to see such diffusion taking 
place. However at low temperatures the densities of adatoms at the B sites and B 
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dimers are small. This means that ad-dimers above the substrate rows will not be 
effectively blocked, making ditfusion at larger length and time scales possible. 

5. Conclusions 

We have reported hcre a first detailed study of the diffusion and interconversion of Si 
ad-dimers on the Si(O0l) 2x 1 surCace. At low temperatures, ad-dimers are more likely 
to diffuse along and above the substrate rows rather than in the interdimer channels, 
as obselved for Si clusters experimentally. Diffusion is preferred to interconversion as 
the activation energy for the latter process is more than twice that of the former. We 
have also proposed simple mechanisms for ad-dimer migration and interconversion 
based on an analysis of the corresponding minimumenergy paths. However, care 
must be taken when extending these discussions to high temperatures since the total 
energy surface lor an ad-dimer can be substantidl~y modified by the high-amplitude 
vibration of its neighbours. Besides, the results reported here are very potential 
dependent and their validity lies in the ability of thc modified SW potential to model 
the total energy surface of an ad-dimer on the Si(OO1) 2x 1 surface accurately. The 
original sw potential, ror instance, favoured diffusion of adatoms above the substrate 
dimer rows (61 while the modified version seems to prefer adatom migration along the 
side of the dimer rows [4]. So Lr, ad-dimer diffusion using the original sw potential 
has not been performcd. Perhaps the MD-DFT method proposed a few years ago by 
Car and Parrinello 1161 will be able to explain the dynamical behaviour of adclusters 
on Si surfaces at low or high temperatures with better accuracy. 
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