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Abstract 

Recent experimental work on surface diffusion and growth phenomena on semiconductors has inspired a number of 
atomistic simulations. These are based either on empirical approaches such as classical interatomic potentials, or on 
first-principles quantum mechanical calculations. After a brief overview of relevant experimental work, we review the basic 
features of the theoretical approaches and discuss their advantages and shortcomings in the context of surface diffusion and 
growth simulations for semiconductors. Some representative systems, for which calculations employing different computa- 
tional approaches have been reported in the literature, are discussed in detail. 

1. Introduction 

In the last few years the need to undersrund and 
control the properties of solids at the microscopic 
level and with chemical specificity has increased 
substantially. This is driven by the demands of tech- 
nology, including smaller and faster computer chips, 
efficient and reliable solid-state lasers at various 
wavelengths, ultra-hard composites that can with- 

stand high temperatures, etc. For many of these 
applications, it is essential to understand the effects 
of specific atomic-scale features on the properties of 
real solids. This represents a challenge for existing 
theoretical approaches (for an interesting perspective 
on the theory of materials and its relevance to tech- 
nological applications see [ 11). 

In the field of semiconductors, interest in growth 
phenomena has exploded in recent years, in the hope 
that through careful control of growth the production 
of a wide range of new optical and electronic devices 
will become feasible. Remarkable advances in exper- 
imental techniques, which for the first time provided 

clues on the atomistic mechanisms of growth, have 
increased interest in microscopic theories. While the 

present paper is concerned mostly with the theoreti- 
cal aspects of modeling semiconductor growth phe- 
nomena, we begin with a short discussion of relevant 
experimental work as an introduction to some impor- 

tant issues. The discussion of experiments is not 
exhaustive; rather, it is intended as a rough tour 

guide to a fascinating landscape, seen through the 
lens of the author’s interests, and beckoning the 
reader to further exploration. 

A central issue in growth phenomena is the diffu- 

sion of atoms deposited on a substrate. The first 
direct measurements of atomic diffusion on semicon- 
ductor surfaces were provided by the scanning tun- 
neling microscopy (STM) experiments of Lagally 
and coworkers on Si(100) surfaces [2]. This work 
established the crucial link between surface recon- 
struction and the dynamics of atoms on semiconduc- 
tor surfaces, by showing that the rate of diffusion in 
the two inequivalent directions on this surface differs 
by three orders of magnitude: the direction of fast 
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motion is along the rows of dimers, which form the 
reconstruction pattern on this surface. Further experi- 
mental work by the same group revealed the impor- 
tance of steps, and the dependence of their stability 
on dimer orientation [3]. These authors also demon- 
strated the effect of the substrate on features of 
hetero-epitaxial islands: the intriguing shape of Ge 
islands grown on Si(100) substrates and the recon- 
structions on their exposed faces [4], which are not 
normally observed on native Ge surfaces, remain an 
unexplained and poorly understood manifestation of 
the importance of atomistic processes in growth phe- 
nomena. 

Surface diffusion, step motion and the interplay 
between surface structure and dynamical phenomena 
was demonstrated for the Sic1 111 surface by the 
STM work of Williams and coworkers [5]. In con- 
trast to Si(lOO), the Si(ll1) surface is isotropic and 
the reconstruction is based on a periodic pattern of 
adatoms, as well as certain other features such as 
dimerization, comer holes and the presence of a 
stacking fault in one half of the unit cell [6]. The 
standard reconstruction pattern has a (7 X 7) period- 
icity, although on surfaces that have been annealed 
and quenched, periodicities ranging from (5 X 5) to 
(11 X 11) are also observed, as well as reconstruc- 
tions with a higher density of adatoms [such as 
(2 X 2) and (6 X fill. On the structurally similar 
Ge(ll1) surface, which exhibits an adatom pattern 
with ~(2 X 8) periodicity, STM studies by 
Golovchenko and coworkers [7] measured a diffu- 
sion constant which is many orders of magnitude 
lower than anticipated from simple estimates and 
standard numbers for the attempt frequency and the 
hopping length; these effects have been successfully 
explained through first-principles calculations and 
Monte Carlo simulations by Kaxiras and Erlebacher 

Direct observation of dynamical phenomena such 
as step motion has become feasible through a rela- 
tively new and powerful experimental technique, 
low-energy electron microscopy (LEEM). Tromp and 
coworkers [9] and Williams and coworkers [ 101 have 
presented real-time images of step motion on Si( 100) 
and Sic1 11) surfaces, including the effects of adsor- 
bates. 

Experiments on the nature of growth on com- 
pound semiconductors have been reported by Orr 

and coworkers [l 11, using STM and atomic force 
microscopy (AFM) over very large areas. Through 
these studies, a convincing link has been established 
between the microscopic features of the surface and 
the macroscopic nature of growth: the presence of 
island-edge barriers to downhill diffusion (often re- 
ferred to as ‘Erlich-Schwoebel’ barriers), was in- 
voked to explain the formation of gently slopped 
mounds on GaAs(100) surfaces, which lead to sur- 
face roughening. While successful analytic treat- 
ments of this effect have already been developed 
[ 12,131, the details of atomistic structure and diffu- 
sion pathways that give rise to the island-edge barri- 
ers remain unclear and deserve further investigation 
by theoretical modeling. Work along these lines has 
recently been reported for Al surfaces [ 141. 

One of the most challenging aspects of heteroepi- 
taxial growth is the effect of strain. The transmission 
electron microscopy (TEM) work of LeGoues and 
coworkers [ 151 has described in detail the structure 
of dislocations at the interface between the substrate 
and the strained overlayers in the Si/Ge system. For 
the same system, TEM work by Jesson, Pennycook 
and coworkers, has revealed a variety of possible 
ordering schemes [16]. Models that attempt to ex- 
plain these phenomena, using either thermodynamic 
or kinetic arguments, have been considered in the 
preceding references. 

Ordering phenomena have also been the subject 
of much experimental and theoretical work on com- 
pound semiconductor surfaces [17]. An recent review 
of the subject, discussing both the experimental and 
theoretical approaches, has been provided by Zunger 
and Mahajan, to which we refer the interested reader 
1181. Briefly, it is worth noting that surface structure 
is believed to play an important role in such phe- 
nomena. In particular, the surface reconstruction in- 
troduces a pattern of strain to substrate sites, which 
is responsible for the observed ordering patterns. The 
same effect of surface structure on atomic ordering 
has been discussed by Kelires and Tersoff for the 
Si/Ge system [19]. 

On a different front, Cope1 et al. were the first to 
report attempts to control and manipulate the growth 
mechanisms in heteroepitaxy using surfactants [20]. 
These experiments represent some of the most in- 
triguing and exciting manifestations of the interplay 
between lattice strain and chemistry on semiconduc- 
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tar surfaces, and have inspired theoretical investiga- 
tions of the microscopic nature of the surfactant 
mechanism [21-231, as well as macroscopic treat- 
ments of the phenomenon [24]. More recently, sur- 
factants have been used to improve and control both 
homoepitaxial and heteroepitaxial growth of various 
:lemental and compound semiconductors [25-321. 

2. Overview of theoretical approaches 

The surface growth phenomena mentioned above 
reed to be studied theoretically, using both analytical 
Ipproaches where the microscopic details are not 
:xplicitly present, as well as computational ap- 
Jroaches where the atomistic structure and the dy- 
iamics of atoms are the central theme. Here we will 
.oncentrate on methodologies that allow the study of 
nicroscopic phenomena. The emphasis will be on 
he different methods for describing the interactions 
tetween atoms, rather than on the general schemes 
or describing the time evolution of a system once 
he atomic interactions have been specified (such as 
nolecular dynamics or Monte Carlo). Detailed de- 
criptions of these schemes are available in text- 
ooks [33] and the domains of applicability of each 
rethod are well understood. In contrast, the advan- 
rges and disadvantages of different approaches to 
escribe atomic interactions are still under investiga- 
on. There is a hierarchy of such methods, ranging 
.om classical interactions, to empirical quantum me- 
nanical calculations, to fully self-consistent quan- 
im mechanical calculations. Conceptually and com- 
utationally, the simplest description of the atomic 
iteractions is through a classical potential function. 
Iethods that include an explicit, quantum mechani- 
11 treatment of the valence electrons of a solid are 
.ore realistic, but also more computationally de- 
anding; it is after all the presence of these electrons 
at determines the interaction among ions in a solid. 
‘e shall describe representative methods of each 
pe in the following. 

I. Classical interactions: the case of Si 

In physical systems where the ions are bonded 
edominantly by covalent interactions with strong 
eference for particular bond angles, as is the case 

in most semiconductors, a simple two-body inter- 
atomic potential is not adequate. Three-body or 
higher order terms, or more complicated expressions 
that are functions of the local atomic environment, 
are required. Much effort has been devoted to pro- 
ducing a many-body interatomic potential for silicon, 
the prototypical covalently bonded solid and semi- 
conductor [34-461. As the extensive literature on the 
subject demonstrates, capturing the physics of cova- 
lent bonding by a classical interatomic potential is 
difficult. It is perhaps overly optimistic to expect that 
a single classical potential will be able to describe 
accurately all aspects of an inherently quantum me- 
chanical phenomenon, such as the formation of elec- 
tronic bonds between the ions in a solid. Neverthe- 
less, the above classical potentials for Si have been 
used extensively in the literature to study phenomena 
that cannot be handled by quantum mechanical 
methods. Indeed, when these potentials are used in a 
proper manner (a notion to be elaborated on in the 
next section), they can be powerful tools for describ- 
ing complex systems. 

In order to provide an idea of what is involved in 
a typical Si interatomic potential, we briefly describe 
the two most popular ones, the Stillinger and Weber 
[36] and the Tersoff [38] classical potentials. These 
two models represent somewhat different philoso- 
phies in the classical potential approach. In the Still- 
inger-Weber potential, the total energy of a system 
of atoms is given as an expansion in n-body terms, 
with the series cut off at some order n (here n = 3 
and the one-body term is set to zero): 

E= ‘j&(i, j) -I- c V,(i*jT k). 
i<j i<j<k 

The two-body potential V,(i, j) depends only on the 
distance rij between neighbors labeled i and j: 

V*( i, j) = u( r;,), 

u(r) =A(&-“-r mq)exp[(r-a)m’]. 

The three-body potential V&i, j, k) depends on the 
distances rij, rjkr rki, as well as the angles Oijk, O,,,, 
Okij subtended by these distances, for the triplet of 
neighbors labeled i, j and k: 

V,( i, j, k) = u( r;,, rik 9 eijk) + u( ‘jk T ‘ji? ‘jki) 

+ u( rki) rkjy ‘kij)? 
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‘( 'ij, rik 9 eijk) 

Pairs of atoms are considered neighbors when their 
distance is shorter than a cutoff radius a (the vari- 
able that appears in the above equations); otherwise 
the two-body and three-body terms vanish. All the 
parameters in these equations are fitted to reproduce 
certain important physical properties of bulk Si, such 
as the optimal bond length and cohesive energy of 
the lowest-energy crystal structure of Si (the dia- 
mond lattice), and its melting point. 

In contrast to this approach, the Tersoff potential 
consists of a sum over two-body interactions, each of 
which depends on its local environment: 

E=fxVij, (6) 
i+j 

‘ij =fC( ‘ij) [ aijfR( ‘ij) + bij.f4( ‘ij)] 7 (7) 
where all pairs of atoms ij are identified as neigh- 
bors through a cutoff function fc(r) which is 1 for 
r < R - D, 0 for r > R + D and falls smoothly from 
1 toOforR-D<r<R+D,as 

~(r-RR) 
fc(r)=i-isin 2D I 1 . (8) 

The functions fa(r) and f,<r> are exponentially 
decaying functions: 

&Jr) =Aexp( -Air), (9 

f*(r) = -Bexp( -h,r). (10) 

The quantities aij and bij represent bond length and 
bond angle terms, that involve a dependence on the 
environment: 

aij= (1 + o%7;)-“*“, (11) 

T)ij = (12) 

k+i,j 

bij= (1 + /3’!!if’2”, (13) 

f;j= k~jfc(rik)8(6ijk)exp[h:(rij-r,,)l]’ 

(14) 

CL CL 
g(8)=lfz- 

d*+(h-cos8)*’ 
(19 

The environment dependence comes through the 
summation over all other neighbors k # i, j that 
appear in the terms vij and lij, where 13~~~ is the 
angle subtended by the bonds rij and rik. As in the 
case of the Stillinger-Weber potential, the parame- 
ters of the Tersoff potential are chosen so that it 
reproduces important physical properties, such as the 
binding energy of the dimer, the bond energy and 
lattice constant of several bulk forms of Si, elastic 
properties, etc. In the case of the Tersoff potential, 
the underlying many-body expansion is not truncated 
at any order; rather, terms of all orders are included 
in some undetermined combination. This is evident 
from the fact that the two-body term includes all 
neighbors of each pair of atoms. In this sense, the 
Tersoff potential is a true many-body potential. 

Both the Stillinger-Weber and the Tersoff poten- 
tials include of order 10 free parameters. This is also 
the case for most other potentials for Si, which in 
general are similar to the two representative poten- 
tials described above, i.e. they are either an explicit 
two- and three-body (or higher order) truncation of a 
many-body expansion, or an implicit effective 
many-body potential in which the pair or higher 
order terms include a dependence on the local envi- 
ronment. 

2.2. Empirical quantum mechanical calculations: the 
tight-binding approximation 

The next level of sophistication in treating atomic 
interactions in solids is the tight-binding approxima- 
tion. In this approach, electronic degrees of freedom 
are explicitly present, but the electron wavefunctions 
are not determined self-consistently. Rather, the 
hamiltonian matrix elements between atomic-like 
electron orbitals are chosen to have fixed values 
(typically including a distance dependence) 1471. The 
electron interactions are then taken into account by 
diagonalizing the hamiltonian for each atomic con- 
figuration, which at least contains some level of 
description of rehybridization effects when the rela- 
tive orientations of bonds change. The sum of the 
eigenvalues of the hamiltonian represents an impor- 
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tant contribution to the total energy of the solid, 
arising from changes in the electronic density as the 
atomic structure evolves. This, however, is not suffi- 
cient to describe all the changes in the total energy 
of the solid, and additional terms need to be in- 
cluded. One of the earliest attempts to provide such a 
complete scheme is due to Chadi [48]; this was 
followed by several refinements and improvements 
[49-571. We briefly outline here one of these 
schemes, as a representative tight-binding formula- 
tion [51]. The total energy is written as: 

2N 

E=~~(E~-E~)+E~+E~+E~, ( 16) 
i= 1 

where the first term is the sum of 2N eigenvalues of 
the hamiltonian that correspond to occupied elec- 
tronic states, each containing two electrons (due to 
spin degeneracy); the eigenvalues are given with 
respect to a reference value &a. The remaining terms 
provide the necessary corrections to produce a rea- 
sonable total-energy expression: The second term is: 

N 1-I 

E2= c c E,(IR,-R/d), (‘7) 
1=2 I’= 1 

where R, denotes the position of ion 1 and E, is a 
repulsive energy term that vanishes beyond a cutoff 
distance R,, through a smooth cutoff function (for 
example, similar to the one discussed in connection 
with the Tersoff classical potential). This term is 
needed to neutralize the effect of double-counting 
the Coulomb and exchange-correlation interactions 
in the band structure term, since the energies ei are 
obtained from single-particle equations. The third 
term is a polynomial in n,/N, 

&=N&($)‘. 
i=O 

(18) 

where n,, is the number of bonds, determined by a 
sum of a cutoff function over all pairs of atoms (the 
same cutoff function as in E, can be used). This 
term is needed to avoid favoring highly-coordinated 
structures. Finally, the last term is 

Ez, = u 5 (4, - q$ (19) 
I=1 

In this term, q1 is the charge associated with atom I, 
calculated from the coefficients of the atomic or- 

bitals that correspond to this atom (which are ob- 
tained from the diagonalization of the hamiltonian) 
and q; is the natural valence of atom 1. This term 
accounts for charge transfer effects. In this formula- 
tion there appear several parameters, which are again 
fixed to reproduce important physical properties such 
as bond-lengths and bond-angles of representative 
bulk structures and finite-size structures. Certain pa- 
rameters, such as the on-site and nearest-neighbor 
hamiltonian matrix elements, can be taken directly 
from fits to the band structure of the solid (for 
example, from the work of Harrison [47]). 

3.3. First-principles quantum mechanical calcula- 
tions 

The next step in the treatment of atomic interac- 
tions would be to solve self-consistently the true 
many-body Schrijdinger equation for a system of 
electrons and ions: 

X’P( R,; r;) = E!P( R,; r,) (20) 

where X= 7 + 7 is the hamiltonian of the sys- 
tem, containing the kinetic energy 7 and the poten- 
tial energy Y due to ion-ion, electron-ion and 
electron-electron interactions. In the above equa- 
tions E is the energy of the system and !P(R,; ri) is 
the many-body wavefunction that describes the state 
of the system, with R, denoting the positions of the 
ions and ri denoting the electronic degrees of free- 
dom. Typically, we can assume that the electrons 
respond instantaneously to any ionic motion due to 
the large difference in the respective masses, so that 
the many-body wavefunction * has an explicit de- 
pendence on the electronic degrees of freedom alone 
(this is known as the Born-Oppenheimer approxima- 
tion). The ions can then be treated as classical parti- 
cles obeying Newtonian equations of motion. In 
certain cases, most notably when very light ions (like 
hydrogen) are present in the system, this approxima- 
tion is not adequate, and more elaborate methods 
need to be employed to describe the ionic motion, 
such as path integral Monte Carlo (see for example, 
the application to solid hydrogen, by Kaxiras and 
Guo [58] and references to related work therein). 
Even within the Born-Oppenheimer approximation, 
however, solving for ?P(r,) is an extremely difficult 
task, because of the exchange and correlation proper- 
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ties of electrons. For problems involving more than 
very few ions and their electrons, exact solutions of 
Eq. (20) are intractable. 

One approach which makes the problem tractable 
relies on the Density Functional Theory (DFT) of 
Hohenberg and Kohn [59], which casts the problem 
in terms of the electronic density p(r), rather than in 
terms of the many-body wavefunction: 

p(r) = i l+i(r)12’ 
i= 1 

(25) 

Despite this self-consistency constraint, it is enor- 
mously simpler to deal with a set of single-particle 
equations than with the many-body wavefunction of 
a fully interacting system. 

An important term in the effective potential which 
every Kohn-Sham fictitious particle experiences 
comes from a functional derivative of the exchange 
and correlation density functional (SE,, )/( 6~). This 
term does not have a simple analytical expression in 
the electronic density, and is inherently non-local. In 
order to obtain an explicit form, E,c[ p(r)] is usu- 
ally approximated by a local functional of the elec- 
tronic density, an approach known as the Local 
Density Approximation (LDA): 

EL p(r)1 =F[ P(r)1 + /drvion(r)P(r)* t21) 

E is again the total energy of the system of interact- 
ing electrons and ions, F[ p(r)] is a universal func- 
tional of the density for a system where only 
Coulomb interactions exist, and Vi,,, is the external 
potential that every electron experiences due to the 
presence of the ions. The universal functional 
F[ p(r)] can be split into three terms, the kinetic 
energy part T[ p(r)], the Coulomb interaction part 
U[ p(r)] that represents the repulsion between elec- 
trons, and the exchange-correlation part Exc[ p(r)], 

that represents the many-body aspects of the interact- 
ing electron system. Of these terms, only the 
Coulomb interaction part has an analytic expression: 

ELDA[ p(r)] = ~%Wxc( P), xc (26) 
(22) 

where uxc( p) is a simple analytical function of p. 
This is an unjustified, ad-hoc approximation. Once 
the LDA approximation has been adopted, the ex- 
change-correlation density functional uxc( p) can be 
uniquely determined by comparison to quantum 
Monte Carlo calculations for a homogeneous elec- 
tron gas, which provide an essentially exact treat- 
ment of that simplified system 1611. 

Recently, much theoretical work has been devoted 
to improving the accuracy of the exchange-correla- 
tion functional by adding corrections that include 
gradients of the electronic density; these methods are 
referred to as the Generalized Gradient Approxima- 
tion or GGA [62]. These corrections are indeed 
helpful in cases where a vacuum interface is in- 
volved (see, for instance, the application to activated 
adsorption by Hammer et al. [63]), but may not yet 
be appropriate for universal use (see for example the 
detailed investigations of the GGA on bulk proper- 
ties of solids by Juan and Kaxiras 1641). 

As proposed by Kohn and Sham [60], the real system 
of ions and interacting electrons can be mapped onto 
a system of non-interacting fictitious particles that 
have exactly the same density as the real electrons. 
These particles experience an effective potential due 
to the presence of the ions and the collective poten- 
tial of all other fictitious particles. A variational 
calculation leads to a set of single-particle equations 
for the Kohn-Sham wavefunctions, which must be 
solved self-consistently, that is, the effective poten- 
tial appearing in the single particle equations con- 
tains the density of the fictitious particles which is 
given as a sum over the magnitude of the particles’ 
wavefunctions: 

I @i(r) =ci+i(r>9 

(23) 
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A useful simplification of the computations comes 
from the fact that only the valence electrons need to 
be explicitly considered in solids, while the core 
electrons of the ions can essentially be integrated out 
by the use of pseudopotentials [65,66]. A pseudopo- 
tential is an effective potential constructed at the 
level of the atom, which incorporates the effect of 
the core electrons and produces simplified nodeless 
wavefunctions for the valence electrons, that have 
the correct behavior in the regions between the atomic 
cores. 

Once the electronic density has been calculated 
for a given ionic configuration, the forces on the ions 
can be obtained through the Hellmann-Feynman 
theorem. The calculation of the forces permits either 
full optimization of the structure or molecular dy- 
namics simulation of the ionic motion. 

A recent advance, due to Car and Parrinello [67], 
is based on simultaneous optimization of electronic 
and ionic degrees of freedom. This is achieved by 
constructing a Lagrangian, in which the single-par- 
ticle wavefunctions +i(r) of the Kohn-Sham equa- 
tions are assigned fictitious masses I_L and the total 
energy E[{R,= ,,N,]] of the system plays the role of 
the potential energy in the Lagrangian: 

(27) 
In the above equation N, is the total number of 
electrons in the system and Ni is the total number of 
ions. This formulation leads to coupled equations of 
motion for the electronic and ionic degrees of free- 
dom. Considerably more effective molecular dynam- 
ics simulations can be performed in this manner, 
because for small enough time steps the electronic 
wavefunctions need not be recomputed self consis- 
tently after each ionic displacement, but can be 
obtained by a time evolution since they are treated as 
classical variables. A variant of the Car-Parrinello 
approach incorporates a conjugate gradient algorithm 
to solve for the electron wave-functions and the ionic 
relaxation, as well as an integration over short time 
scales, which otherwise would dominate the evolu- 
tion of the system toward an energy minimum [68]. 

The entire approach is commonly referred to as 
‘first-principles’ or ‘ab initio’ calculations since it 

does not rely on any parameters that need to be 
specified by comparison to experiment. Any parame- 
ters that enter in the calculations (other the funda- 
mental constants e, h, m, and the charges and 
masses of the ions), can be specified by theoretical 
considerations in a self-consistent manner. The only 
important approximation is the expression for the 
exchange-correlation functional, at the LDA or the 
GGA level. Despite this ad-hoc approximation, the 
application of these methods to the study of solids, 
molecules and clusters has been remarkably success- 
ful [69]. 

It is appropriate to remark here on an altogether 
different limitation of this approach, and to address a 
misconception regarding the effect of this limitation 
on total-energy calculations. As was shown by the 
seminal work of Hybertsen and Louie [70], and 
Godby, Schlliter and Sham 1711, density functional 
theory cannot describe accurately the energy spec- 
trum of quasi particles that correspond to excitations 
of the many-electron system. This fundamental limi- 
tation is due to density functional theory itself and 
has nothing to do with the approximations involved 
in the exchange-correlation functional (LDA or 
GGA). One well known consequence of this limita- 
tion is that DFf calculations give a band gap for 
semiconductors that is off by a large percentage 
(often - 50% to - 100%). However, this limitation 
of DFf does not affect total-energy calculations. The 
reason is the following: there are two types of excita- 
tions in a system of ions and electrons above its true 
ground state: (a) Excitations due to changes in the 
positions of the ions; for each such configuration of 
the ions the electrons are in the corresponding 
Born-Oppenheimer ground state. (b) Excitations of 
the electronic degrees of freedom at a Jixed ionic 
configuration, above the electronic ground state. DFT 
at the LDA or GGA level provides a very satisfac- 
tory description for type (a> excitations but not for 
type (b) excitations; that is, energy differences from 
the true ground state due to motion of the ions with 
the electrons in the instantaneous Bom-Op- 
penheimer surface, are very well represented by 
DFf/LDA or GGA calculations. This is the type of 
excitation involved in most MD simulations and in 
particular those relevant to semiconductor growth 
phenomena. Type (b) excitations are not dominant in 
these problems. In our experience, for most cases 
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Table 1 
Comparison of computational cost of different atomistic ap- 
proaches 

ab initio Tight- classical 
(DR/LDA, binding potentials 
GGA) 

Code size (lines) 104 10s 102 
Basis set size 100-500 4 
CPU time/MD step 1 h 1 min 1 s 
Physical time/MD step 1 fs 1 fs 1 fs 

In all cases order-of-magnitude estimates are given. The code size 
corresponds to the patt that calculates the energy and forces in 
each approach, excluding the part that performs molecular dynam- 
ics, which should be common to all approaches. The basis set in 
the ab initio simulations is assumed to be plane waves; the two 
sizes quoted correspond to the number of plane waves needed for 
converged calculations for Si or C. For the tight-binding approxi- 
mation, we assume sp3 type elements, with four orbitals per atom. 
For CPU time estimates, a system of 250 Si atoms is assumed to 
be simulated on a modem workstation with a rating of 100 
Mflops. 

where accurate dynamics and relative energies are 
important, DFT/LDA or GGA calculations are in- 
deed a useful and accurate tool for obtaining a 
realistic description of the physical system. 

3. Comparison of computational approaches 

A comparison of the three major approaches de- 
scribed above(classica1 interatomic potentials, tight- 
binding approximation and first-principles calcula- 
tions) in terms of the computational cost for studying 
a typical structure of interest is given in Table 1. We 
assume that the system of interest has a size equiva- 
lent to 250 times the atomic volume of a Si atom, 
with periodic boundary conditions. This is a model 
large enough for studying typical surfaces in a slab 
geometry, or clusters (we make the distinction be- 
tween volume of the system and actual number of 
atoms, because the former determines the size of 
basis functions in a plane wave basis for DFT calcu- 
lations). 

One measure of the computational complexity is 
the effort involved in developing the computer code 
for each method (assumed to be roughly proportional 
to the size of the code). Other measures include a 

typical number of basis functions needed for a con- 
verged calculation (for illustration, we assume a 
plane wave basis in the first-principles approach) and 
the cost per time step in a molecular dynamics 
simulation. To estimate the latter, we assume that a 
typical medium-range modem workstation is used, 
with a CPU specification of order 100 Mflops and 
adequate memory to handle the computation without 
excessive paging (256 MB). Obviously, the simula- 
tions based on the classical potentials are much less 
costly than either the tight-binding or the first-princi- 
ples calc.ulations. Interestingly, the physical time to 
which each time step in a MD simulation would 
correspond is essentially the same for all three ap- 
proaches, of order 1 fs. 

It is worthwhile to contemplate the limitations of 
these approaches. Although a system equivalent in 
size to 250 Si atoms (as the one used in the above 
estimates) may seem somewhat limited, it is actually 
adequate to describe a wide range of important pro- 
cesses, including many interesting cases of bulk or 
surface diffusion. With modest increases in system 
size (a factor of two or three) it is even possible to 
describe some of the most complicated structures 
such as the (7 X 7) dimer-adatom-stacking fault re- 
construction of Si(ll1) [72], or diffusion around 
steps on the Si(100) surface [731. While these sizes 
exceed only by a small factor the sizes which could 
be handled by modem workstations, the increase in 
computational cost is large enough so that at present 
such calculations can only be handled by supercom- 
puters, based on vector processing or parallel archi- 
tectures. Much effort is being devoted at present 
toward developing new algorithms that will scale 
efficiently with system size. The computational cost 
of typical algorithms in current use scales roughly as 
the third power of the system size (this is referred to 
as O( N 3, scaling, where N is a measure of the 
system size such as the number of atoms or number 
of valence electrons). It is hoped that the new algo- 
rithms will achieve o(N) scaling, which will make it 
possible to treat considerably larger systems. Most of 
these methods are still in the developing stage and 
we refrain from discussing them in any detail. As- 
suming that the O(N) efforts will be crowned with 
success, it appears that the bottle-neck in realistic 
simulations will still be the extremely short time 
scale for which simulations can be performed, be- 
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Fig. I. Illustration of the atomic motion in the concerted exchange mechanism for self-diffusion in Si. The pair of exchanging atoms, labeled 

I and 2, is shown shaded; their immediate neighbors are labeled 3-8. (a) The equilibrium configuration; the arrows indicate the directions in 

which the two atoms move away from the equilibrium, toward the saddle point-configuration. (b) The saddle-point configuration; the pair of 

exchanging atoms as well as two of their immediate neighbors (5 and 8) are three-fold coordinated. Notice that in addition to bond breaking, 

there is also new bond formation, between the exchanging atoms and certain neighbors (l-6 and 2-3). 

cause each step in the simulations corresponds to a 
very small physical time interval (see Table 1). 

A more interesting comparison of the different 

approaches is in terms of the degree of realism with 

which they represent true physical systems. It is 
evident that the short cuts made in the name of 
computational speed in the classical potential and the 

tight-binding approaches, will result in a certain cost 

of realism. The question arises, How can one make 

quanritatiue comparisons of the relative degree of 
realism embodied in the different approaches? This 
is not a simple question, since few systems have 

been examined in detail with all the available ap- 

proaches. 
Much effort has been expended in determining the 

accuracy of Si classical potentials by comparing their 

9 1 I I I 
- Stillinger and Weber 

6 - l Pandey (LDF) -___ Biswas and Hamann (old) - 
Biswas and Hamann (new) 

7- ....... Tersoff 

6- 

0 30 60 90 120 150 180 

THETA (degrees) 

Fig. 2. Total energy along the concerted exchange path, as calculated from first-principles calculations (dots, labeled Pandey (LDF) [74] and 

various classical potentials (lines, labeled by author, see text and corresponding references; the words ‘old’ and ‘new’ refer to earlier and 

mote recent versions of the Biswas-Hamann potential; the earliest parametrization was used for the Tersoff potential). The path is shown in 

terms of one of the two angular variables involved in the exchange, the polar angle 0. No atomic relaxation is allowed in this comparison so 

that the atomic configurations used in the various approaches arc identical. 
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predictions for structures to which they had not been 
fitted, and for which first principles results exist. 
Most of this effort has focused on comparing differ- 
ent bulk phases of Si, or static configurations, such 
as the optimal structure of semi-infinite or finite 
systems (surfaces or clusters). While these studies 
are very useful, the problem of semiconductor growth 
imposes rather more stringent requirements on the 
computational approach. Namely, since growth is an 
inherently non-equilibrium phenomenon, it is desir- 
able that the computational approach reproduce not 
only equilibrium structures and their relative ener- 
gies, but also saddle-point configurations and their 
energy relative to the neighboring stable and 
metastable configurations. We are aware of two stud- 
ies that attempt such comparisons between different 
computational approaches, which we review next. 

The first such study deals with a mechanism for 
self diffusion in bulk Si [42]. Several self diffusion 
mechanisms have been discussed in the literature: 
the two most prominent involve defects such as 
vacancies and interstitials; the third, proposed by 
Pandey [74], is based on a complicated atomic mo- 
tion that allows two atoms to exchange positions 
without the presence of defects. The latter mecha- 
nism, referred to as the ‘concerted exchange mecha- 
nism’, includes a wide variety of local structures in 
which the two atoms that are exchanging positions 
have three-fold or four-fold coordination while cova- 
lent bonds to their neighbors are being broken or 
formed, as indicated in Fig. 1. This sequence of bond 
breaking and formation is also relevant to surface 
growth phenomena. In Fig. 2 we compare the energy 
along the concerted exchange path as given by the 
first-principles calculations of Pandey and by classi- 
cal potentials of the Stillinger-Weber or the Tersoff 
type. In both cases, there are serious discrepancies 
between the classical potential results and those of 
the more reliable first-principles calculations. One 
important discrepancy is the large difference in the 
energy of the saddle point&e mid point of the path), 
which corresponds to the activation energy for this 
process. A second important discrepancy is the exis- 
tence of deep metastable minima in the classical 
potential results, which are absent from the first- 
principles results; such features in the energy land- 
scape would lead to false dynamics and could trap a 
simulation in an artificially stable but irrelevant 

structure. In some sense, the test described above is 
one of the most stringent ones that can be envi- 
sioned, since most of the configurations are very far 
removed from the data bases used to construct the 
classical potentials. These configurations, however, 
are the most interesting ones because they corre- 
spond to local distortions relevant to surface diffu- 
sion and growth phenomena. 

The second detailed comparative study concerns 
diffusion on the Si(100) surface. Since most of the Si 
wafers for electronic device applications have the 
(100) surface exposed, on which any subsequent 
growth or interface formation takes place, under- 
standing diffusion and growth phenomena on this 
surface is evidently very important. Investigations of 
diffusion mechanisms on this surface have been re- 
ported, using classical potentials (both the Still- 
inger-Weber [75,76] and the Tersoff one [77,78]) as 
well as first-principles calculations [79]. A recent 
detailed comparison of the classical potential results 
to a more thorough first-principles calculation was 
provided by Jonsson and coworkers [80]. In that 
work, DI?I/LDA and GGA calculations are re- 
ported, using stricter convergence criteria, more ex- 
tensive relaxation of the substrate and a denser grid 
to map the motion of Si adatoms on the Si(100) 
substrate than in earlier work. Some interesting ob- 
servations emerge when the results of the different 
approaches are compared. 

Essentially all of the speci.c features of the 
energy landscape associated with the motion of a 
single Si adatom on the Si(100) surface obtained 
from the classical potential calculations are in dis- 
agreement with the results of the first-principles 
calculations. This includes the position of local min- 
ima (the stable and metastable configurations) as 
well as the saddle points. The disagreement is not 
surprising, since the motion of the adatom on the 
surface involves rather complex bonding geometries 
with extensive rehybridization, which can only be 
captured through a quantum mechanical treatment of 
the electronic degrees of freedom. Thus, the classical 
potential calculations cannot be expected to give a 
realistic description of atomic motion on the Si(lOO) 
surface. There is one general feature of the energy 
landscape which the classical potential results repro- 
duce adequately, that is, the highly anisotropic barri- 
ers for diffusion. Specifically, diffusion along the 
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dimer rows, either on top of them or in the troughs 
between them, is faster than perpendicular to the 
dimer rows. This is also in agreement with experi- 
ment [2]. This feature, together with the result that a 
substantial amount of deposited atoms land on top of 
the dimer rows, has been invoked by Metiu and 
coworkers to predict certain aspects of the initial 
stages of growth on this surface [75]. These predic- 
tions, which are relevant to recent observations on 
the initial stages of growth [81-831, are an example 
of how classical potentials can be used to produce a 
qualitatively interesting picture, despite their short- 
comings. 

Actually, there is disagreement in certain impor- 
tant aspects even between the results of earlier and 
more recent first-principles calculations for Si adatom 
diffusion on the Si(100) surface. Specifically, the 
calculation of Brocks, Kelly and Car [79] reported a 
lowest-energy diffusion path for the single Si adatom 
on Si(lO0) which involves hoping onto the dimer 
row and back down again, whereas the calculation of 
Jonsson and collaborators [80] reported a lowest-en- 

Fig. 3. Two possible paths for diffusion of a single Si adatom 

(shown shaded) on the Si(lO0) surface. The surface has the tilted 

dimer (2X 1) reconstruction (notice the asymmetric dimers, with 

the higher atom indicated by a bolder open circle). The two paths 

concern diffusion along the dimer rows and were suggested by 

two independent first-principles calculations (S-H-D-H-S path: 

Ref. [79], S-T-S path: Ref. [80]. The notation follows that of Ref. 

[801. 

ergy diffusion path exclusively within the troughs 
between dimer rows. These two paths are illustrated 
in Fig. 3, with the S-H-D-H-S path suggested in 
Ref. [79], and the S-T-S path suggested in Ref. 
[80]. The two calculations are based on exactly the 
same methodology, that is DFT/LDA, with non-lo- 
cal pseudopotentials, in a supercell with repeated 
slabs separated by vacuum regions, and using a plane 
wave basis; they differ in the density of grid points 
at which the energy landscape was evaluated, the 
number of plane waves and the degree of relaxation 
of the substrate. Apparently, these differences are 
significant enough to produce a substantially differ- 
ent diffusion path, which can have important impli- 
cations in understanding the initial stages of growth 
on this surface. In particular, diffusion on top of the 
dimer rows has been invoked as an important pro- 
cess to explain the island shape anisotropy [75]. This 
scenario may have to be modified if the lowest-en- 
ergy diffusion path does not involve the hopping of 
adatoms onto the dimer rows, as Jonsson and co- 
workers suggested [80]. 

4. Discussion and conclusions 

Based on the preceding discussion we can com- 
ment now on the relative merits of the various 
approaches. The ease with which classical potential 
calculations can be performed presents a strong 
temptation for using these calculations to study com- 
plicated physical systems. One has to keep in mind 
though, that their accuracy is rather limited, and the 
results of these calculations can only be taken as a 
rough guide of what is physically plausible. This 
may or may not be helpful: physically plausible 
events can often be guessed by intuition, while not 
all the processes revealed by classical potential cal- 
culations are physically correct. Nevertheless, when 
these results address a generic rather than a very 
specific question, they probably give reasonable an- 
swers. In the present context, a generic question 
would be, for instance, the order of magnitude of the 
energy barrier for the concerted exchange mecha- 
nism, which most classical potentials give in the 
range of 5 & 2 eV (see Fig. 2). Another generic 
question would be the anisotropy in diffusion on the 



E. Kuriras / Computational Materials Science 6 (1996) 158-I 72 169 

Si(100) surface, which the classical potentials also 
answer successfully. It is unrealistic, however, to 
expect that the classical potential calculations will 
provide the exact barrier for such a complex process 
as the concerted exchange mechanism, or the exact 
diffusion path for adatoms on such a complicated 
system as the Si(100) dimerized surface. 

There is a different context in which classical 
potential calculations can be very useful. This con- 
cerns situations where one is interested in average 
properties, in a statistical mechanical sense, where an 
approximate energy comparison is adequate to pro- 
duce reasonable sampling. An interesting application 
of this type has been reported by Kelires and Tersoff 
[19], who studied the ordering of Ge in Si/Ge 
structures on Si(100) substrates, using the Tersoff 
classical potential. They found intriguing ordering 
patterns which account successfully for experimental 
observations. The ordering is due to the strain pattern 
induced by the surface reconstruction on the sub- 
strate. Since the potentials were designed to repro- 
duce well the elastic energy in this system, the 
Kelires-Tersoff calculation represents a judiciously 
chosen and successful application of classical poten- 
tials. 

In short, one may use two rules of thump for 
judging the relevance of classical potential calcula- 
tions: 

(1) The calculation must involve atomic configu- 
rations which are reasonably close to the database 
used to determine the potential. An example where 
this rule was satisfied is the case of ordering in the 
Si/Ge system discussed above. A counter example 
where the rule is substantially violated is the case of 
Si adatom diffusion on the Si(100) surface. 

(2) The calculation must address a question of 
generic rather than specific nature. Examples include 
order-of-magnitude estimates of different activation 
energies, inquiries into the presence or absence of 
anisotropy in dynamical processes, etc. Questions of 
this type can often be answered by intuition, but the 
classical potential calculations may serve to reinforce 
intuitive arguments and place limits on certain key 
quantities. 

If neither of these rules apply, the relevance of 
these calculations to real physical situations may be 
questionable. 

As far as first-principles DFT/LDA or GGA 

calculations are concerned, a certain degree of cau- 
tion is also warranted when using their results to 
understand the behavior of real physical systems. As 
discussed earlier, two different calculations with ex- 
actly the same methodology can give answers that 
may lead to qualitatively different conclusions. For 
this reason, a thorough and exhaustive calculation of 
the type reported by Jonsson and coworkers [80] for 
Si adatom diffusion on Si(100) is needed to clarify 
the details of the microscopic mechanisms. When 
such studies are carried out, significant insight to real 
physical phenomena can be obtained. To our knowl- 
edge, there exist no blatant disagreements between 
the results of careful DFI’/LGA or GGA calcula- 
tions and experimental numbers (when these are 
available) or more elaborate calculations such as 
Quantum Monte Carlo or Configuration Interaction 
(when these are feasible), for covalently bonded 
systems. The occasional difference between results 
obtained with different exchange-correlation approx- 
imations (for example, differences between LDA and 
GGA results for the same physical system) is more a 
matter of refinement and gradual improvement, rather 
than an inherent limitation of the approach. 

The advantages, then, of performing such compu- 
tationally demanding calculations are two fold: First, 
in cases where experiment produces unexpected re- 
sults that are not easily rationalized by simple argu- 
ments, these calculations can provide reliable com- 
parisons that allow for a successful resolution of the 
puzzle (see for instance, the investigation of the 
surprisingly slow diffusion rate on the Ge(l1 l)c(2 x 
8) reconstructed surface [8]). Second, the first-princi- 
ples calculations apply to a wide variety of physical 
situations and are not restricted to a model material 
such as Si. In contrast, empirical interactions are 
either grossly inaccurate when applied far from the 
data base from which they were constructed, and 
they are available for a very small number of materi- 
als (e.g. bulk C, Si, Ge, GaAs). Even for these 
materials, many years of intensive work has not 
produced a systematic improvement in the accuracy 
of the classical potentials. 

To illustrate the effectiveness and reliability of the 
first-principles calculations, we discuss an example 
from our recent work on semiconductor growth phe- 
nomena: it concerns the case of group-V adsorbates 
acting as surfactants in Si epitaxy. The precise mech- 
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anism by which surfactants influence the mode of 

growth is still a matter of investigation and debate. 
Nevertheless, we have argued that a minimal require- 

ment for the surfactant atoms is that they segregate 

easily during growth, otherwise they would lead to 
highly defective films [21,84]. Various elements have 

been tried as surfactants on Si, with the group-V 

elements As and Sb being the most successful. Sur- 
prisingly, while both As and Sb work well on the 

Si(100) surface, only Sb works well on the Si(lI1) 

substrate. This is difficult to explain without detailed 

knowledge of the surface structures involved. To this 

end, we have performed first-principles total-energy 

calculations for P, As and Sb overlayers on Si sub- 
strates, in all the allowed reconstructions. In the 

present context, an allowed reconstruction is one that 

renders the surface chemically stable, by making all 
group-V atoms three-fold coordinated and all sub- 
strate atoms four-fold coordinated. While only one 

reconstruction is allowed on the Si(100) substrate, 
consisting of group-V dimers, several possibilities 

exist for the Si(ll1) substrate: the group-V atoms 

can substitute for the top, bulk-terminated layer of Si 
atoms (forming a reconstruction with (1 X 1) period- 

icity), or they can form overlayers on top of the 
bulk-terminated Si layer consisting of trimers (with 

Fig. 4. Allowed reconstructions on the Si( I I I) surface, covered by 
group-V adsorbates (shown shaded). (a) Trimer reconstruction, 

with the trimer centers above hollow substrate sites (H, position) 

with (6x6) periodicity. (b) Trimer reconstruction, with the 

trimer centers above second-layer substrate sites (T, position) 

with (~6 X fi) periodicity. (c) Chain reconstruction with (2 X I) 

periodicity. (d) Substitutional reconstruction with (1 X I) periodic- 

ity. The black bonds indicate bonds between adsorbate atoms and 

the substrate. 

(fi X fi) periodicity) or chains (with (2 X 1) peri- 

odicity). Of these reconstructions, according to our 
first-principles calculations, P and As prefer by a 

large margin the substitutional geometry, while Sb 

prefers either the trimer or chain geometry. All these 

findings are in agreement with experimental results 
[85-871. 

There is a significant qualitative difference be- 

tween the various reconstructions of group-v atoms 

on Si(ll1): in the substitutional geometry every 

group-V atom is bonded to the substrate by three 

strong covalent bonds, all of which have to be 

severed so that the group-V atoms may float during 

growth. In contrast, only one strong covalent bond 

per group-V atom links the trimer or chain geome- 
tries to the substrate; the other two bonds of each 

group-V atom are to neighboring group-V atoms. 
This is illustrated in Fig. 4. Based on these observa- 

tions, we predicted that Sb, which prefers the chain 
or trimer reconstructions, would act as a good surfac- 

tant on Si(lll>, since it can segregate easily by 
breaking only one covalent bond per adsorbate atom. 
In contrast, As or P, which prefer the substitutional 

geometry, would be poor surfactants. This has been 
verified by recent experimental work [88]. It is grati- 
fying that even at this somewhat oversimplified level 

of theoretical consideration, the results of first-prin- 
ciples calculations can be a useful guide to experi- 

ment, predicting correctly the behavior of complex 
systems. In this example, the accuracy of first-princi- 
ples calculations combined with their chemical 

specificity were essential in making the structural 
comparisons that are relevant to surfactant segrega- 
tion. 

In conclusion, we have provided a comparative 
study of various theoretical approaches that are em- 
ployed in atomistic simulations of growth on semi- 
conductors. We have discussed the main features of 

each approach and their advantages and disadvan- 
tages. We made suggestions for the conditions under 
which different approaches should be used, and 
pointed out the caveats involved in extracting infor- 
mation on the behavior of real physical systems. 
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