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We discuss the application of ab-initio quantum-mechanical calculations, based on pseudopotential
local-density-functional theory, to diffusion and growth phenomena on semiconductor surfaces. We
examine in detail two specific examples: adatom diffusion on the Ge(111)c(2 x 8) reconstructed surface
and surfactant-mediated homoepitaxial growth on Si substrates. In these examples, the combination
of results from first-principles calenlations and simple simulations helps elucidate complex dynamical
phenomena. We also make predictions on the feasibility of using hydrogen as a surfactant on Si
substrates, by drawing analogies between the chemical behavior of group-V or group-VI adsorbates

and Si-H complexes.

1. Introduction

In the last two decades, first-principles calculations
based on density functional theory with the local
density approximation,’~® and using pseudopoten-
tials to represent the atomic cores,? have proven a
versatile and powerful tool for studying various prop-
erties of solids. Typical applications of the thecry
include determination through total-energy compari-
sons of the equilibrium properties of bulk, surface
and defect structures. More recently, this theory
has even been applied to the study of complex
surface reconstructions with very large unit cells.®
While these accomplishments are impressive, a wide
class of dynamical phenomena, such as diffusion and
growth, pose an even bigger challenge to the the-
ory. In kinetically controlled processes, it is desir-
able to obtain accurate estimates of activation free
energies. Experience in calculating activation free
energies is still limited, mainly for two reasons. First,
it is often quite difficult to determine the structure of

a saddle-point configuration that corresponds to the

activation-energy barrier, especially in a system with
a large number of degrees of freedom; a few ab-initio
calculations of activation-energy barriers on semi-
conductor surfaces have been reported to date.f-¢
Second, even if the activation-energy barrier can

1295

be determined accurately, it is computationally very
demanding to calculate the entropy contribution in
order to obtain the activation free energy.!!

There is significant computational cost in per-
forming first-principles calculations for systems of
size larger than a few tens of atoms, because the
problem of interacting electrons and ions is being
solved within a quantum-mechanical framework,
where the electronic degrees of freedom are treated
explicitly and self-consistently. Calculations involv-
ing more than a few tens of atoms can be performed
only on supercomputers, and rely on efficient use of
vectorization and parallelization techniques to make
the computation feasible.® Nevertheless, there are
important advantages in performing these computa-
tionally demanding calculations: in cases where ex-
periment produces unexpected results that are not
easily rationalized by sinple arguments, these cal-
culations can provide reliable comparisons that al-
low a successful resolution of the puzzle. Moreover,
first-principles calculations apply to a wide variety of
physical systems and are not restricted to a particu-
lar model material, such as Si; this makes it possible
to examine realistic structures that contain various
types of atoms, and allows direct comparison to rel-
evant experiments.
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In this paper we discuss our recent work in apply-
ing pseudopotential local-density-functional calcula-
tions to obtain activation free energies for diffusion
and growth phenomena on semiconductor surfaces,
We also discuss some simple Monte Carlo simula-

tions, which are based on the results of the first-

principles calculations, and are of crucial importance
in making contact with experimental results.

2. Adatom Exchange on a
Reconstructed Surface

The first example concerns the experimentally ob-
served very slow adatom diffusion rate on the
Ge(111)c(2 % 8) reconstructed surface.'? Diffusion on
this surface takes place through exchange of adatom
positions. The equilibrium adatom concentration is
dictated by the stable surface reconstruction: it cor-
responds to one adatom per four surface dangling
bonds, three of which are saturated by the presence
of the adatom while the fourth is left unsaturated.
The atom with the unsaturated dangling bond is
called a “rest atom.” This arrangement of atoms
significantly reduces the density of dangling bonds
on the surface, without introducing excessive strain.
At the temperature range where diffusion is mea-
sured experimentally, the reconstruction pattern re-
mains intact, so that after exchange the adatoms
reside on regular sites of the reconstructed sur-
face. In the diffusion experiments, a small number
(5-10%) of Ge adatoms were substituted by Pb
adatoms, which serve as tracers because they appear
as slightly brighter spots in the scanning-tunneling-
microscope (STM) images. From the chemical point
of view, the Pb adatoms behave very similarly to
the Ge adatoms, saturating three substrate dangling
bonds each.
The diffusion constant is given by

D = fvlfexp (—IES;) exp ( - {;—T) , M

where v is the attempt frequency, ! is the hopping
length, § is the entropy associated with the diffu-
sion process, and g4 is the activation-energy barrier.
{ is a geometric factor, which for exchange is equal
to 1. D was measured by comparing 5TM images
taken at regular time intervals and counting the num-
ber of adatom exchanges between successive images,
as a function of the temperature.!? The resulting
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Fig. 1. The calculated energy for hopping of a single
Pb adatom (shaded) from the Ty position, through the
intermediate bridge position, to the Ha position. The
structure of the three configurations is shown in the
insets.

Arrhenius plot provides a measurement of the ac-
tivation energy and the pre-exponential factor. The
activation energy is g4 = 0.54+0.03 eV, a typical fig-
ure for such processes [very similar, for example, to
the diffusion barrier for motion of an adatom on the
Si(100) surface'®]. Surprisingly, the measured value
of the pre-exponential factor Dy = vi2exp(5/ks) =
109 cm?® sec—! is approximately six orders of mag-
nitude lower than would be expected, if typical
estimates were to be used for the hopping length !
{of order a few A) and the attempt frequency v {of
order 1018 gec™1); these values give a Do of order
10~3 cm? sec~! (entropy effects are neglected in this
simple estimate).

For the Ge(111)c(2 x 8) reconstructed surface, it
is possible to identify the elementary hop of indi-
vidual adatoms that has the lowest activation en-
ergy. This involves a move from the Ty equilibrinm
position to the Hz metastable position through the
bridge position, as illustrated in the insets of Fig. 1.
Diffusion through this process invoives the breaking
of a single covalent bond, which is reformed once
the adatom has moved from the T4 to the Hz posi-
tion. Any other motion that breaks more than one
covalent bond will have a higher activation energy.
Notice that the presence of a rest atom in the im-
mediate neighborhood of the adatom is needed to
make the T4-to-Hz motion possible. The simplicity
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of the path, which can be described by a single co-
ordinate (the position of the adatom along a line
Jjoining the equilibrium, through the saddle point,
to the metastable site) facilitates the caleulation of
the energy barrier. All other atoms are fully relaxed
during this motion. Our first-principles calculations
show that the activation energy for this simple hop,
for a Pb adatom that has replaced a Ge adatom
on the reconstructed layer, is 0.56 & 0.05 eV (see
Fig. 1). This is very close to the experimentally mea-
sured value. The activation energy for hopping of
Ge adatoms through the same path is very similar,
namely 0.58 + 0.05 eV. Both results are within error
bars'? of the experimental number. For Ge adatoms
the Hz position is higher in energy than the T, po-
sition, whereas for the Pb adatom the two positions
are energetically equivalent, within the accuracy of
the calculations (see Fig. 1). These results estab-
lish that the motion of adatoms involves hopping
between T, and Hj; sites, since other mechanisms
involving more severe distortions of the surface layer
would have higher activation energy. What remains
to be explained is the observed very slow rate of ex-
change between adatom sites that leads to adatom
diffusion. This slow rate could in principle be due
to an unusually low attempt frequency or to an en-
tropy term that effectively reduces the hopping rate
(i.e. a negative entropy for diffusion which would be
a rather unusual situation).

The attempt frequency and entropy factor can
be estimated using first-principles total-energy calcu-
lations and Vineyard’s transition-state theory.l® In
this approach, the rate of diffusion is given as the
ratio of two Boltzmann integrals:

2)

r- (&) ] dAexpl~(E(4) ~ ) /ksT]
T\ 2zm JdQexpl-E(M)/ksT]

In the above equation, the numerator is an inte-
gral over the saddle-point surface, i.e. a (3N — 1)-
dimensional hypersurface (where N is the total
number of particles in the system) that passes
through the saddle-point configaration arnd is locally
orthogonal to constant energy contours;.the denom-
inator is an integral over the 3/N-dimensional space
around the equilibrium configuration of the system;
g4 is the activation energy for diffusion and m is a
reduced mass corresponding to the coordinate that
describes the diffusion path. From this expression,
the attempt frequency can be obtained as the aver-
age of the energy curvature around the equilibrium
configuration, and the entropy as the logarithm of
the ratio of the two Boltzmann integrals, once they

have been cast into dimensionless form.'® Using this
formalism, our calculations show that the attempt
frequency for individual hops is 2 x 10! sec™!,
reasonably close to the simple estimate mentioned
above, and the entropy of diffusion is 1.5kz, which
would tend to enhance rather than reduce the hop-
ping rate. If we assume that the individual Ty-to-
H; hops contain all the information necessary for

Fig. 2. Dlustration of the constraints imposed on the
motion of a single adatom by the presence of its neigh-
bors. In the fully ordered surface, which has a (2 x 8)
reconstruction (upper panel), all adatoms are at equilib-
rium T4 positions. Each adatom (yellow dot) possesses
an exclusion zone indicated by the short red lines em-
anating from the position of the adatom: this zone de-
notes other Ty or Hy neighboring positions that cannot
be occupied because of the presence of a given adatom.
The exclusion zones cannot overlap, because that would
violate the bonding requirements of individual adatoms.
The lower panel shows two adatoms that have moved to
H; positions, with the emptied T4 positions marked by
white asterisks. When an adatom moves, it carries along
its exclusion zone. Due to the presence of the exclusion
zones of neighboring adatoms, no further motion is possi-
ble after the first single bop, unless an orchestrated event
OCCurs.
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explaining diffusion, we can use the distance between
the T, and H; sites as the hopping length | =
2.3 A, and the calculated values for the attempt
frequency and the entropy of diffusion, to obtain a
pre-exponential factor of Dy = 0.5 x 107 cm? sec™!.
Comparing this value to the experimentally mea-
sured value of 10~° cm? sec™!, we conclude that the
discrepancy of six crders of magnitude cannot be ex-
plained by the single T4-to-H; hopping process.

In order to explain this apparent discrepancy,
we have proposed that the ordered surface recom-
struction, together with the restriction that adatom
motion involves the minimal amount of bond break-
ing, can lead to adatom exchanges only through very
complicated sequential displacement of neighboring
adatoms.” To motivate this idea, we show in Fig. 2
a fully ordered recomstruction (upper panel) and
one in which a couple of adatoms have moved from
equilibrium T4 positions to metastable H; positions
(lower panel). Once an adatom has performed such
a single hop starting from the equilibrium position,
its further movement is prohibited because its neigh-
bors block all other available sites in the vicinity of
the moved adatom, except for the original position.
A move back to that position would not lead to an
exchange event and canuot be counted as part of

the diffusion process. The blocking of sites due to
the presence of neighbors is indicated in Fig. 2 by
short red lines emanating from each occupied posi-
tion (yellow dot) to the adjacent blocked sites. These
lines form an “exclusion zone” around each adatom.
When adatoms move, they carry along their exclu-
sion zones, as shown for the two displaced adatoms
in the lower panel of Fig. 2. The exclusion zones
cannot overlap, because this would violate the bond-
ing requirements of each adatom. Thus, if and only
if at exactly the right moment the neighbors of a dis-
placed adatom move out of its way, can this adatom
migrate further and eventually exchange positions
with one of its neighboring adatoms.

In order to extract quantitative results for the
diffusion rate under these restrictions, we have stud-
ied this process with a Monte Carlo (MC} simu-
lation where adatoms move between T, and Hj
sites carrying along their exclusion zones. Exchange
between adatom positions can occur only through a
very complicated sequence of Ty-to-Hsz and Hs-to-
T, moves. One such event, in which five adatoms
have changed positions, with the help of several other
adatoms which happened to move in the right way
at the right moment, is shown in Fig. 3. We have
performed simulations in which many such events

(©

(e)

Fig. 3. Example of an orchestrated exchange event, involving the displacement of five adatoms {labeled A, B, C, D,
E and marked by black dots), which change positions between {a) the initial and (b) the final configurations (top two
panels). The movement of three other adatoms (labeled a, b, ¢ and marked by gray dots) was essential in allowing the
exchange of positions between adatoms A, B, C, D, E; adatoms a, b, ¢ end up in their original positions. The adatoms
not involved in the event are shown as open circles. Each part of the event consists of sequential Ts-to-Hs or Hi-to-Ty
hops (denoted by arrows), as shown in the three lower panels, (c), {d), (e}, where the orchestrated exchange event is

analyzed in terms of the individual hops that constitute it.
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of various degrees of complexity were observed. We
refer to these events as “orchestrated exchanges,”
due to the highly complicated nature of the motion.
The results show that while an orchestrated adatom
exchange involves order 4, = 10> MC moves and in-
cludes displacement of several (2-10) adatoms, the
interval between successive exchanges is on average
equal to AT = 108 MC moves. Noete that since each
move in the simulation represents an elementary T,-
to-H; hop (or the reverse), and an exchange event
comprises many sequential elementary hops, the ac-
tivation energy is that of a single hop. The rarity of
the complicated events that lead to adatom exchange
through a sequence of elementary hops explains the
effective retardation of the diffusion rate. The MC
simulations provide a measure of this retardation,
namely the factor (A7)~! = 107°, which brings the
theory into excellent agreement with experiment.

3. Surfactant-Mediated Epitaxial
Growth

We discuss next a different situation where first-
principles results provide comparisons essential to
deciphering and predicting the behavior of a complex
system. Copel et al.'® first reported that the use of
surfactants in hetercepitaxial growth of semiconduc-
tors could alter qualitatively the mode of growth:
using As as a surfactant, these authors were able to
grow epitaxial layers of Ge on a Si{100) substrate for
a thickness an-order-of-magnitude larger than in the
absence of the surfactant. More recently, surfactants
have been used to improve the quality of homoepi-
taxial as well as heteroepitaxial growth on Si and
III-V substrates.?”~27.

The microscopic aspects of the mechanism by
which the surfactant changes the nature of growth
have been the subject of several theoretical investi-
gations.?®~31 Trrespective of the precise mechanism,
the surfactant must be able to float on the surface
of the growing material, since otherwise its effect
on growih would disappear beyond the first layer
of deposition. The ability of different elements to
float gives a natural measure of their potential to
act as good surfactants. This floating ability is de-
termined by the stable structures that the surfactant
can form on the substrate and the mechanisms by
which the surfactant and newly deposited atoms ex-
change positions.

Since group-V elements appear in general to be
promising surfactants, we undertook a thorough in-
vestigation of the relative energy of various allowed
reconstructions of group-V adlayers on the Si(111)

substrate. The term “allowed reconstructions” refers
to those structures that lead to an energetically
favorable and chemically passivated surface. For
group-V atoms on Si, this means that all of the
group-V atoms must be threefold coordinated, while
all substrate atoms must be fourfold coordinated.
Several structures fit this description, inciuding a
substitutional geometry, a chain geometry and two
trimer geometries, which are illustrated in Fig. 4.
Although all these geometries satisfy the bonding
requirements described above, there are impor-
tant qualitative differences in the bonding topology,
which will affect their floating ability. Specifically,
in the substitutional geometry, each adsorbate atom

Fig. 4. Structure of the allowed recomstructions for
group-V adsorbates on Si(111) (green spheres represent
Si atoms and red spheres represent group-V atoms):
the top panel is the substitutional geometry with each
group-V atom bonded by three bonds to the substrate;
the middle panel is the chain geometry; the bottom panel
is the trimer geometry, with the trimer in two different
possible positions. Adsorbate atoms in the chain and
trimer geometries have only one covalent bond each to
the substrate.
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is bonded to the substrate through three strong cova-
lent bonds, whereas in all the other geometries there
is only one covalent bond between eack adsorbate
atom and the substrate; the other two covalent bonds
of each adsorbate atom are toward other adsorbate
atoms.

It is evident from this qualitative comparison that
surfactants which prefer the substitutional geome-
try will have very poor floating ability, since three
strong covalent bonds per surfactant atom need to
be severed so that the surfactant layer can float dur-
ing growth. In contrast, the structures where the
surfactant atoms are mostly bonded to other surfac-
tant atoms, with weaker bonding to the substrate
(as in the trimer or chain geometries), are much
more likely to float easily during growth. Our first-
principles calculations revealed that only Sb prefers
these seli-bonding structures (chain or trimer) on
Si(111), while As and P prefer by a large energy dif-
ference the substitutional geometry.?® These results
agree well with what is seen in experiments.3%-34
Accordingly, we predicted that As and P would be
poor surfactants, while Sb would be more effective in

surfactant-mediated Si homoepitaxy on Si(111).%8
These predictions were recently verified by the ex-
perimental work of Horn von Hoegen et al.®3

The above theoretical prediction was admittedly
based on a rather simplified picture which does not
capture all the physics of the problem. Nevertheless,
the fact that it was verified by experimental obser-
vation testifies to the ability of first-principles cal-
culations to account realistically for qualitative and
quantitative differences in complex physical systems.

Having demonstrated that the structure of the
adsorbate layer is crucial in determining the pros-
pects of a particular adsorbate to act as a surfactant,
let us consider possible implications of this idea. We
first draw analogies with the case of (100} substrates.
For these substrates all group-V elements form the
same reconstruction, namely a dimer reconstruction
consisting of pairs of group-V atoms that bond to
the substrate. In this geometry, there exists a strong
bond between the two atoms in a group-V dimer,
each of which is attached by two other bords to the
substrate atoms, as shown in Pig. 5. To the extent
that the strong dimer bond among group-V atoms

Fig. 5. Structure of the passivated 5i(100) substrate with group-V (top left) or group-V1 (bottom left) adsorbates and
with hydrogen in the monohydride (top right} and dihydride (bottom right) phases. The green spheres represent Si
substrate atoms, the large red spheres represent group-V or group-VI adsorbates, and the small red spheres represent
H atoms. In the bottom-right pane! the H atoms are shown bonded among themselves to draw the analogy with the

group-VI passivated surface,
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does not need to be broken during growth, all group-
V elements should act as good surfactants on the
Si(100) substrate. This seems to be the case experi-
mentally, at least for As and $b.2%:2Y It is interesting
that while As works well as a surfactant on Si(100),
it is a poor surfactant on Si(111).%% In contrast, Sb
works well on both Si(100) and Si(111}. The enex-
getic comparisons discussed above provide a natu-
ral explanation for this difference between the two
elements, which otherwise behave in a very similar
fashion. In short, Sb forms self-bonded structures
on both substrates [dimers on Si(100) and trimers or
chains on Si(111)}, whereas As forms a self-bonded
structure only on the Si(100) substrate.

4. Use of Hydrogen as Surfactant

One of the most commonly used elements in surface
passivation is hydrogen, which has also been con-
sidered as a potential surfactant (see, for example,
Ref. 18). It is interesting to try to predict whether
H will be an effective surfactant using the ideas de-
veloped so far. Single H atoms are very effective in
saturating dangling bonds on Si and Ge surfaces. On
the Si(111) surface, H can remove the complicated
7 x 7 reconstruction, leaving a simple 1 X 1 pattern
in which every surface Si atom has three bonds to
the substrate and one bond to a H atom situated di-
rectly above it.%¢ Since the Si-H bond is particularly
strong {(with a bond energy of 3.5 eV compared to
the Si-Si bond energy of 2.3 eV), it is reasonable to
assume that Si—-H bonds are not easily broken during
growth. In fact, the Si-H complex resembles chemi-
cally a single group-V atom, since it has a total of five
valence electrons, two of which are in a low-energy
filled state (they form the strong Si-H bond) while
the other three can be used to form bonds to other Si
atoms. Group-V elements also have a total of five va-
lence electrons, two of which are in a low-energy filled
electronic state (the so-called lone-pair state), while
the other three electrons can be used to form cova-
lent bonds to the substrate or other group-V atoms.
The passivation of the unreconstructed Si(111) sur-
face by H implies that the Si—H complex behaves like
~ As or P atoms (which prefer the substitutional ge-
ometry) rather than like Sb atoms (which prefer the
trimer or chain geometry) on this surface. We there-
fore conclude that, by analogy with the results for
the group-V atoms, H would not be a good surfac-
tant on the Si(111) surface at monolayer coverage.
The above arguments can also be applied to
the case of the §i(100) substrate. In this case, there
‘are two possible reconstructions induced by H. The

first consists of a monohydride phase, in which one
H atom is attached to each surface Si atom, while
the Si dimer remains intact. The second consists
of a dihydride phase, in which two H atoms are at-
tached to each Si atom, and the Si dimer bond is
broken. The two structures are shown schematically
in Fig. 5. The first case is similar to the structure
of group-V dimers on the Si substrate, since, as we
argued above, each Si-H complex resembles chemi-
cally a group-V atom. Thus, we expect that H cov-
crage of the Si{100) substrate at the monohydride
level would produce surfactant behavior similar in
quality to that of As or Sb. In contrast, the di-
hydride phase should behave very differently. By
extending the chemical argument given above, we
expect that a complex consisting of a Si atom with
two H atoms attached to it will behave as a group-VI
atom. These atoms substitute the surface Si atoms
on the Si(100) surface, forming two bonds to the sub-
strate each. Due to their chemical valence, no other
bonds need to be formed for a chemically passive,
stable adsorbate layer.3” The resulting structure is
illustrated in Fig. 5. In order for such an adsorbate
layer of group-VI atoms to float during growth, all
of their bonds to the substrate need to be severed.
This situation is very similar to the case of group-
V substitutional atoms on the Si(111) surface (As
or P), which do not lead to favorable surfactant be-
havior. We predict, then, that the dihydride phase
on Si(100), acting structurally and chemically like a
passivating group-VI adsorbate layer, would behave
very poorly as a surfactant.

5. Conclusions

We have discussed the application of first-principles
calculations to the study of diffusion and growth phe-
nomens on sermiconductor surfaces. We showed that,
in the case of the Ge(111)c{2 x 8) reconstructed sur-
face, these calculations were important in determin-
ing that single T4-to-H; adatom hops cannot account
for the observed diffusion through adatom exchanges.
Rather, a complicated motion of adatoms, consisting
of sequential time-correlated single hops, provides
the proper description of the diffusion process, and
gives the correct values for the activation energy as
well as the pre-exponential factor.

In the case of surfactant-mediated growth, en-
ergy comparisons based on first-principles calcula-
tions provide the basis for predicting that chemically
similar elements (P, As, Sb) can lead to very different
behavior: for example, while Sbh works effectively on
both (100) and (111) Si substrates, As works well
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only on the Si(100) substrate. These differences were
explained in terms of the preferred adsorbate layer
structure that the various elements assume on the
substrate, which determines their ability to float dur-
ing growth,?® a hecessary condition for surfactant
behavior. The predicted behavior of the different
group-V elements on Si(111) was subsequently veri-
fied by experiment.3®

Finally, by drawing analogies between the struc-
ture and chemical behavior of group-V or group-VI
adsorbates and that of Si-H complexes, we proposed
a scenario about the possible behavior of H as a sur-
factant on Si(100) and Si(111)} substrates: H should
act as a good surfactant only in the monohydride
phase of the Si{100) surface, but should be a poor
surfactant in the dibydride phase of Si(100) or at
monolayer coverage of the Si(111) surface.
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