
VOLUME 76, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 8 APRIL 1996

10598

ring
e”
with

ions

2770
Nucleation in Si(001) Homoepitaxial Growth
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(Received 23 October 1995)

From low energy electron microscopy observations of the surface topography of Si(001) du
homoepitaxial growth at 650±C, we have determined the nucleation density profile on top of a “bas
island, and the distribution of the base island radius at the time of nucleation. Comparison
homogeneous nucleation theory yields a typical critical nucleus size of,650 dimers, and allows
nucleation on Si(001) to be understood in a common framework with equilibrium step-edge fluctuat
and 2D island ripening.

PACS numbers: 68.10.Jy, 61.16.–d, 68.35.Bs, 68.35.Md
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In homoepitaxial growth, one often distinguishe
step-flow growth from layer-by-layer growth. Step-flo
growth is characterized by the absence of nucleati
All impinging atoms diffuse and adhere to step edg
However, if the temperature is reduced, the incoming fl
increased, or the distance between steps increased, n
incoming atoms may reach the step edge, and new isla
may nucleate on the terraces. In general, a transitio
seen from nucleation and growth to step-flow growth w
increasing temperature. Thus, a complete understan
of growth requires an understanding of nucleation.

In this Letter we present a study of 2D island nucleati
on Si(001), at a (technologically) realistic growth tem
perature of 650±C. In particular, we demonstrate the nee
for a theoretical approach for treating nucleation in h
moepitaxial growth at elevated temperatures that goes
yond the widely held notion of a constant (small) critic
nucleus size. We introduce a theory for homogeneous
cleation based on step-terrace exchange kinetics, dem
strating that nucleation on Si(001) can be understood
a common framework with equilibrium step edge fluctu
tions [1] and ripening [2].

The experiment was performed by growing Si fro
silane or disilane gas on a Si(001) surface held at 650±C
(i.e., above the H desorption temperature) at growth ra
ranging from 0.1 to 2 monolayers (ML) per minute. A
a given growth rate no significant differences were fou
between silane and disilane. The change of surface
pography during growth was imaged by low energy ele
tron microscopy (LEEM) [3] and recorded on video tap
Figure 1(a) shows a LEEM image depicting a nucleati
event on top of an elliptical island. The images we
recorded in dark field imaging mode using a half-ord
diffraction beam corresponding to one of the two orie
tations of thes2 3 1d dimer reconstruction. The dime
orientation alternates with every additional atomic lay
causing subsequent layers to appear alternatingly br
and dark in the image. From the LEEM images the
cation of the nucleation event with respect to the cen
of the underlying (“base”) island and the dimensions
the base island were determined. As one of the po
0031-9007y96y76(15)y2770(4)$10.00
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of interest is the spread of the underlying island size d
to the statistical nature of the nucleation event, great c
was taken to exclude additional causes for such a spr
by recording only nucleations on top of islands of sim
lar shape and in similar surroundings. This was acco
plished by observing subsequent nucleations on top o
single hill of islands as shown in Fig. 1(a). After som
time of growth the configuration of the hill attains a stea
state cycle resulting in highly similar initial conditions fo
subsequent nucleations. Such measurements of the
mension of the base island at the time of nucleation,
well as the nucleation site, were inspired by a recent
per by Tersoff, Denier van der Gon, and Tromp [4] whic
introduced the notion of a critical radius of the base isla
for nucleation. We will extract quantitative informatio

FIG. 1. (a) LEEM image of the nucleation of a new (black
2D Si island (large arrow) on a (white) base island with maj
radiusRa and minor radiusRb. The base island forms the top
of a hill. Field of view ,1 mm. (b) Relative locations of a
large number of nucleation events. Each data point represen
single nucleation event on a newly grown base island, as sho
in (a). (Circles obtained with silane, triangles with disilane.)
© 1996 The American Physical Society
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on nucleation by analyzing a relatively large number
such nucleation events.

In Fig. 1(b) we show the locations of the nucleati
events on the base island, where the size of the bas
lands in individual nucleation events has been normaliz
Although the base island is elliptical, we will further re
duce these data to conform to a circular geometry; i
we will define a normalized radius of nucleationryR 
fsrayRad2 1 srbyRbd2g1y2, with R2  RaRb. Figure 2(a)
plots the probability that a nucleation event occurs with
a radiusr on a base island with radiusR. Since most nu-
cleation events appear near the center of the base is
this probability rises sharply for smallryR. Similarly,
we can plot the probability that a nucleation event has
curred on a base island with radiusR. Since there is a
critical radius (which depends on temperature and gro
rate) at which this probability rises sharply, Fig. 2(
shows this probability as a function ofRyRc. For small
RyRc no nucleation occurs at all. The curve rises shar
at RyRc , 0.9, and saturates atRyRc , 1.05.

In the following we will present a theory of nucleatio
to obtain the fits in Figs. 2(a) and 2(b) (solid lines
First, we determine the spatial distribution of adato
on the base island and the associated adatom chem
potential. Next, using homogeneous nucleation theo
we obtain a first estimate of the critical nucleus siz

FIG. 2. (a) Normalized probability that a nucleation event w
occur within a radiusr, on a base island with radiusR. (b)
Probability that a nucleation event has occurred on a base is
with radius R. (Circles obtained with silane, triangles wit
disilane.) Solid lines in (a) and (b) are fits obtained us
homogeneous nucleation theory as explained in the text.
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Further elaboration yields the spatial dependence of
nucleation rate, from which we derive expressions th
can be compared with the data. To simplify matters w
will formulate a theory for a circular base island.

It has been shown earlier [4] that the equilibrium co
centration of adatoms on an island of radiusR, with
a constant incoming fluxF is given by c1srd  c0 1

sFy4Dd sR2 2 r2d 1 cedge. D is the adatom diffusion
coefficient. The termc0 (usually neglected) is the equi
librium concentration of adatoms in the absence of an e
ternal flux. The second term gives the parabolic adato
concentration due to diffusion of the incoming adato
flux to the edge of the island. The final termcedge is
zero if we neglect the curvature of the island edge, and
there is no barrier to incorporation of an adatom at the
land edge. Following Ref. [4], assumingc0  cedge  0,
and an island nucleation ratev proportional toc1 to the
power n, where n is the (fixed) critical nucleus size,
we obtain a good fit forn  14 for the data shown in
Figs. 2(a) and 2(b). Ifcedge is not zero, then a larger
critical nucleus size is needed to fit the data. How
ever, the assumption thatc0  0 is unjustified. To first
order, let us assume thatcedge  0. It is then easy
to see that forr  0 (i.e., on the center of the base
island) sc1 2 c0dyc0  FR2y4Dc0. For experimentally
determined values ofF  0.036yssynm2d, R  420 nm,
and a2Dc0  25 000 nm3ys (Ref. [5]) sa  0.543 nmd,
we find that theaddedadatom concentration due to th
impinging flux is only 1.75% of the equilibrium adatom
concentration; i.e., the surface is close to thermodynam
equilibrium, and the external flux adds only little to th
equilibrium adatom concentration. Clearly, the simp
theory that considers only the adatoms deriving from t
external flux is inadequate, and the equilibrium concent
tion of adatoms must be taken into account explicitly. I
cludingc0 into the theory presented in Ref. [1], we can fi
the data again, leading ton  800. However, this form of
the theory would allow for nucleation even in the absen
of an external flux, which is unphysical. The situatio
of a slightly supersaturated adatom gas is very similar
that of a slightly supersaturated vapor, for which the n
cleation of droplets is described by classical homogene
nucleation theory. In the following we will show how this
theory may be applied to our experiments.

The adatom chemical potential is given bymadatom 
kT lnsc1yc0d  kT sc1 2 c0dyc0. To find thecedge con-
tribution to c1yc0 we consider the growth rate of the
base island. The rate of change of its radius depends
the incoming fluxF as well as on the surrounding topo
graphy (i.e., how this flux is distributed between the ba
island and the steps surrounding it). As the topograp
scales withRc, so does this rate of change. From th
experiments, we determine thatdRydt  0.9Fa2Rc, cor-
responding to a flux per step-edge sitej  0.8FaRc (tak-
ing into account a factor of 1.1 for the elliptical shap
of the island). From our studies of thermal step-ed
2771
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fluctuations [1] as well as 2D island ripening [2] in th
temperature range we know that the flux per edge
is given byj  sGya3kT d smedge 2 madatomd, with a the
lattice constant,medge  a2byR the chemical potentia
of an edge with curvature1yR, and step free energyb.
G is the step edge mobility, which has been shown to
approximately equal toa3yta, where ta is the average
time between step-terrace exchange events [6]. Subs
ing j  0.8FaRc into this expression, we obtain the offs
in the chemical potential due the attachment barrier at
step edge (i.e., thecedgeyc0 term), and we can write down
the full expression for the chemical potential:

madatomsrd  kT
FR2

4Dc0

"
1 2

µ
r
R

∂2

1

µ
L1

R

∂2

1

µ
L2

R

∂3
#

, (1)

with L2
1  3.2a4Dc0RcyG andL3

2  4a2bDc0ykTF.
We now turn to classical homogeneous nucleat

theory to obtain the size of the critical nucleus and
nucleation rate on top of the base island [7]. The f
energy cost of creating an island with radiusr is DG 
b2pr 2 madatompr2ya2. The critical nucleus size is
defined bydDGydr  0, leading tomadatom  a2byrc;
i.e., the chemical potential of the critical nucleus is eq
to the chemical potential of the surrounding adatom s
Taking the “adatom” (i.e., the diffusing entity) to be
dimer occupying an areaa2 (i.e., a2N  pr2), we find
that the number ofN dimers in the critical nucleus is
given by

p
N 

ab
p

p

madatom
. (2)

Sincemadatom depends onr (i.e., the location on the bas
island), the critical nucleus size is also dependent onr.
Experimentally determined values ofT  650 ±C, a2b 
18 meV nm (Ref. [1]) and G  100 nm3ys (Ref. [8])
yield a size of the critical nucleus on the order
650 dimers at the center of the base island and 4
dimers close to the edge. The critical nucleus is la
and depends on location. In the following we w
obtain expressions for the rate of nucleation that can
compared directly with the experimental results shown
Fig. 2.

The ratio of the concentration of critical nuclei ov
dimers is given by homogeneous nucleation theory
cN yc1  exps2ba

p
pNykT d, whereba

p
pN is the free

energy cost of the critical nucleus. The nucleation rate
supercritical nucleivsrd is given by the rate at which
single dimers attach to the critical nucleus (i.e., t
number of attachment sites at the nucleus circumfere
2
p

pN , times the attachment rate per site,1yta  Gya3),
times the abundance of critical nuclei,cN :
2772
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pN
G

a3
c1e2ba

p
pNykT . (3)

The integrated nucleation rateVsr, Rd within a radius
r on top of an island with radiusR is Vsr, Rd Rr

0 2pxvsxd dx. While an exact analytical expressio
cannot be obtained for this integral, the normalize
probability for a nucleation event to occur within a radiu
r on an island of radiusR is accurately approximated by

Vsr , Rd
VsR, Rd


1 2 e2sa11dx2ysb2x2d

1 2 e2sa11dysb21d , (4)

with x  ryR, b  1 1 sL1yRd2 1 sL2yRd3, and a 
4pb2a2Dc0yskTRd2Fb.

We will now discuss the distribution of radii of the
base island for which nucleation occurs. LetfsRd be the
fraction of islands of radiusR which have had an island
nucleate on top of them. Then

df
dR

 VsR, Rd
µ

dR
dt

∂21

s1 2 fd , (5)

where we may substitutedRydt  0.8Fa2Rc. Again, an
exact analytical integration to obtain an expression f
fsRyRcd (with Rc defined by lnf1 2 fsRcdg  21) is not
possible, but a very good approximation is given by

fsRyRcd  1 2 exps2RyRcdg , (6)

whereg  s2a 1 2dyb 2 1. We can use Eqs. (4) and
(6) to fit the data in Fig. 2. (We have verified that the
are no significant differences between the approxim
expressions given here and a numerical integration of
exact expressions.) The solid lines are the results o
fitting procedure. The values for the step free energyb,
the step mobilityG, and the surface diffusion coefficien
a2Dc0 are as given above, in agreement with previo
experimental results. The resulting critical nucleus size
the center of the island is,650 dimers. To estimate the
accuracy of this determination we define a new quant
g  2ayb, which is equal tog to better than 5%. The
value of g is constrained to better than 20% by the fi
in Fig. 2(b). The expression for the critical nucleus siz
[Eq. (2)] can be rewritten as

N 
2gDc0

FR2
. (7)

The uncertainty in the critical nucleus size is dominat
by the uncertainty in the diffusion coefficienta2Dc0,
about a factor of2.

In addition to the data presented here, we have p
formed measurements ofRc, as a function of temperature
showing thatRc increases with temperature as a therma
activated quantity with an activation energy of,0.6 eV.
From these data, and from the known temperature dep
dences ofb, G, anda2Dc0, we can estimate the size o
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the critical nucleus at lower temperatures. From this e
trapolation we find that (for growth rates on the order
1 MLymin) the critical nucleus reaches the size of a sing
dimer at a temperature of about 500±C. Thus, our results
do not conflict with scanning tunneling microscopy stu
ies in which much smaller stable 2D islands are observ
after growth near room temperature [9].

The dynamics of Si(001) above,500 ±C appears now
to be well understood. Capillary fluctuations of step edg
are well described by step-terrance exchange kinetics
and Ostwald ripening of a population of 2D islands ca
also be understood in this framework. The rate of chan
of an island area is limited by step-terrace exchange
netics, while equilibration of the dimer sea is limited b
surface diffusion [2]. The same ingredients describe 2
nucleation if we supplement the step-terrace exchange
netics with classical homogeneous nucleation theory. T
resulting critical nucleus size is surprisingly large, an
depends on the local adatom chemical potential. At
given incoming adatom flux, the exponential temperatu
dependence ofa2Dc0 leads to a strong temperature de
pendence of the critical nucleus size. Thus, while belo
500±C the critical nucleus is small, at technologically re
levant growth temperatures the notion of a small, fixe
critical nucleus must be abandoned. The substrate con
bution to the mobile adatom sea can be much larger th
that due to the incoming flux and must be taken into a
count explicitly. We expect this to be the case not just
Si homoepitaxy, but in a wide range of epitaxial growt
systems.
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