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Si„001… step dynamics: A temporal low-energy electron diffraction study
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We present equilibrium measurements of the dynamics of steps on Si~001! using temporal electron-
diffraction spectroscopy. Activation energies and the rate limiting kinetics are identified for 950 K<T
<1130 K. Unlike previous studies at higher temperatures, we can exclude evaporation and condensation of
atoms or dimers from the step edges as the rate limiting process in this temperature regime. The possible reason
for this difference is discussed in terms of a crossover from different rate-limiting kinetics.
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I. INTRODUCTION

Understanding crystal growth, how surface structu
form or phase separate and how chemical reactions proc
requires detailed information on surface kinetics. Scann
tunneling microscopy~STM! and field emission microscop
~FEM! have been able to extract activation energies,
STM and FEM are either done far from equilibrium, ov
limited temperature ranges~thus restricted time regimes!, in
the presence of finite electric fields, or over reduced len
scales.1,2 Near-equilibrium kinetics measurements on mac
scopic crystals that overcome these problems are sparse
cently, however, the ability to measure near-equilibrium d
namic properties was demonstrated using temporal l
energy electron-diffraction spectroscopy~TLS!.3

In this paper we present TLS measurements of the
dynamics of vicinal Si~001!. Because the production of fla
films requires a clear understanding of atomic step flow, s
dynamics is an active research field. Step kinetics on Si~001!
has been studied using a number of techniques.4–8 The even-
tual goal of all these experiments is to identify the key m
croscopic processes responsible for step motion within
ferent temperature ranges. Previous works investiga
equilibrium step kinetics either above 1000 K or below 6
K, with a few nonequilibrium measurements carried out n
800 K. There is some consensus between these studies
detachment of atoms or dimers from the step edges is
rate-limiting process. In this work we have studied the eq
librium step kinetics of Si~001! in the temperature rang
950 K<T<1130 K. As in previous work, we show that con
tinuum models for step fluctuations are adequate to desc
the step fluctuations. However, contrary to work at high
and lower temperatures, we find that diffusion of atoms
dimers along the step edges is the rate-limiting proces
this temperature range. In this paper, we present the re
of our TLS study on step kinetics. We also compare o
results with those from low-energy electron microsco
~LEEM! carried out at higher temperatures (T>1050 K)
where the rate-limiting process was determined to be
evaporation of atoms or dimers from step edges to terrac8

As we will show, interpretations of previous LEEM resul
are in fact consistent with the findings reported in this pap
Furthermore, they suggest that the dynamics of steps
0163-1829/2002/65~7!/075312~8!/$20.00 65 0753
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islands on Si~001! are quite complicated, involving cross
overs from one type of kinetics to another in different te
perature regimes.

A TLS experiment measures the diffraction intensi
I (qW ,t), as a function of time for a particular momentu
transfer vectorqW . Fluctuations inI (qW ,t) are due to surface
structural fluctuations determined by the choice ofqW . For
stepped surfaces with an average step spacingL, qW is chosen
to correspond to an out-of-phase condition, so that adjac
terraces scatter destructively, makingI (qW ,t) sensitive to the
step-edge position.9 Thus the time sequence of the diffractio
intensity contains information on the dynamics of the ste

For pulse counting, a discrete-time seriesI @n# is gener-
ated fromI (qW ,t) by summing pulses from the electron mu
tiplier over both the gate periodtg , and the diffractometer
resolutionDqW . Heret5ntg . From the seriesI @n#, the auto-
covariance functionĜ@m# is generated:

Ĝ@m#5^dI @n#dI @n1m#&, ~1!

wheredI @n#5I @n#2^I &, and ^I& is the average number o
counts per gate time. The brackets,^¯&, represent a time
average over the collection timetc5Ntg ~N is the number of
data points in the time series!. AlthoughĜ@m# is not strictly
equivalent to the true autocovariance functionG(t) (t
5mtg) for an infinite time series, we will use the two defi
nitions interchangeably.10 The differences betweenĜ@m#
andG(t) can be estimated with reasonable accuracy as l
astc is sufficiently long compared to the characteristic dec
of G(t).

It can be shown thatG(t) contains all of the kinetic in-
formation in a TLS experiment.11 For instance, the charac
teristic decay time ofG(t),t1/2, gives information about the
diffusion barriers, while the functional form ofG(t) gives
information about the microscopic mechanism driving t
surface dynamics.

A number of continuum models describing the dynam
of steps exists.12,13Common to all these models is a stocha
tic microscopic driving force that causes local fluctuations
the step position and a restoring force that tends to keep
steps straight. The driving force is parametrized by a s
mobility G that depends on the type of kinetics. There a
©2002 The American Physical Society12-1
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two terms to the restoring force. As the step fluctuates, ki
form on the step edges. Since this costs energy, there
force to straighten the step and thus lower the total k
energy. This part of the restoring force is parametrized by
step-edge stiffnessb̃(T),12–15

b̃~T!5
aikT

b2~T,e!
, ~2!

where b2(T,e) is the step diffusivity that depends on th
kink formation energy e and on the model for kink
formation.12,14,16ai is the minimum length of a kink paralle
to the step edge, anda' is the kink length perpendicular t
the steps.

In addition to the step-edge stiffness, there is also a lo
constraining potential per step length,U(x), due to interac-
tions between neighboring steps separated byx. Fluctuations
in the step position must do work against this potential, a
thus this term tends to keep the steps straight. For sm
fluctuation amplitudesDx, the interaction energyV(Dx,L)
for steps with a mean separationL can be approximated by15

V~Dx,L !'2U~L !1c~L !Dx2, ~3a!

where

c~L !5]2U/]x2uL . ~3b!

The constantc(L) is used as the second parameter in de
mining the restoring force.

Both b̃ and c govern two equilibrium properties of th
step: the mean-squared step displacementw`

2 , and the corre-
lation length along the step,j. In a continuum model,11,12,15

w`
2 ~T!5kTS 1

8cb̃
D 1/2

, ~4a!

j~T!5S b̃

2c
D 1/2

. ~4b!

For stepped Si~001! the three kinetics models for ste
motion that determine the step mobility are step-edge di
sion ~SD!, terrace diffusion ~TD!, and evaporation/
condensation~EC!. The evaporation and condensation of
oms or dimers to and from the step edges provides a so
or sink of diffusing species. Once detached from the ste
they can either diffuse along the steps or across the terr
to reattach to the steps, causing a fluctuation in the s
shape. The EC process will therefore be the rate-limit
process when either diffusion along the steps or across
terraces are fast compared to the evaporation/condens
rate. In this case the step mobility is given byG5V3/2/ta ,
whereV is the dimer area (V5aia'50.289 nm2), andta is
roughly the time for detachment/attachment of a dimer to
step.12

On the other hand, if the EC process is fast compare
both terrace and step-edge diffusion, either the TD or
processes will determine the rate-limiting kinetics. In t
limit of fast EC kinetics, terrace diffusion will determine th
07531
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time scale for step fluctuation if step-edge diffusion is mu
slower than terrace diffusion. The step kinetics are de
mined by the terrace diffusion constantDt and the equilib-
rium concentration of the diffusion species on the terrac
co . The step mobility for terrace diffusion is thenG t
52DtcoV3/2.13

Finally, for fast EC kinetics the SD process will determin
the step fluctuations if step-edge diffusion is faster than
race diffusion. The step kinetics are then governed by
diffusion constantDs along the step edges~Ds5V/ts ,
wherets is the time to hop between adjacent sites on the s
edge!. The step mobility for SD kinetics isGs5V1/2Ds .12

Using these models for the statistics of the step-edge
sitions, the statistics ofI (qW ,t) can be calculated from which
G(t) is determined.11 Based on numerical calculations th
long-time behavior ofG(t) is determined by the rate
limiting kinetics, and can be summarized by a single eq
tion. For t greater than the characteristic decay time
G(t),t1/2, the correlation function decays as11,17

G~t!}exp@2A~n!~t/to!1/n#, ~5!

whereA(n) andto are constants that depend onn, and will
be discussed later in Sec. III B.11 The microscopic kinetics
determinen in Eq. ~5!: n51 for EC kinetics,n53 for TD
kinetics, andn54 for SD kinetics. Therefore, measuring th
functional decay ofG(t) allows the microscopic mechanism
for step motion to be determined. As we will show, TLS
capable of distinguishing these functional forms.

II. EXPERIMENT

Data were taken using a spot profile analysis low-ene
electron-diffraction~SPA LEED! system with an externa
electron gun operating at 300 eV.18 The system transfe
widths werez;400 and 1600 Å, parallel and perpendicul
to the steps, respectively. The Si~001! sample was cut with
its surface normal tilted;1° toward the@110# direction, pro-
ducing ^L&565 Å terraces. The sample was cleaned us
standard techniques.19 Time series data were taken at an ou
of-phase condition:qz56.93 Å21 and qx50.0455 Å21 @qz
andqx denote momentum transfers normal to the~110! ter-
races and perpendicular to the step edges, respectively#. For
all data the gate period wastg52 ms. A single time series
consisted ofN59000 points~a collection time,tc518 s!. At
each temperatureĜ@m# was generated and ensemble av
aged over 200 individual correlation functions. Each fun
tion Ĝ@m# in the ensemble was weighted by 1/^I &2.11

The bulk symmetry and the 231 phase of Si~001! cause
adjacent terraces to alternate between dimers parallel
perpendicular to the steps. This leads to two types of step
relatively smoothSA step and a roughSB step~see Fig. 1!.
Dimers on the upper terraces are parallel and perpendic
to theSA andSB steps, respectively.4,13

III. RESULTS

A. Static energies

Before discussing the step kinetics, it is important to me
tion how static energies and the correlation length alon
2-2
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step are obtained. These static measurements confirm tha
continuum models used in the analysis of the kinetics d
produce reasonable results. As the amplitude of the step
tuations increases with temperature, the decreased cor
tion along the steps causes the diffraction peaks to broade
the direction parallel to the step edges. The broadening
these peaks is directly proportional toj21.14 Therefore, from
Eq. ~4b! the peak widths give information on the ratiob̃/c.

Figure 2 shows diffraction profiles perpendicular and p
allel to the step edges at an out-of-phase condition~q is given
in units of percent of the Brilluoin zone 2p/a: a53.84 Å!.
In the inset of Fig. 2 the peak splitting perpendicular to t
steps is shown where the peak separation isDqx52p/L.
Figure 2 is a profile parallel to the steps taken through
peak marked by the dashed line in the inset of Fig. 2, i
qx52.78% BZ.

For Si~001!, SA andSB steps fluctuate but with differen
amplitudes.4,20Assuming that adjacent steps are independ
the diffraction line shapes will consist of two components
sharp term whose width is related to the straighterSA steps,
and a broad component related to the coarserSB steps. The
solid line in Fig. 2 is a two-component fit: a broad Lorent
ian due to larger fluctuatingSB steps, and a narrow Gaussia
for straighterSA steps. The dashed line in Fig. 2 is a sing

FIG. 1. Schematic of the stepped Si~001! surface showing both
the SA andSB steps and the relative dimer orientation.

FIG. 2. Intensity profile parallel to the steps.~s! data. The solid
line is a two-component fit, as described in the text. The dashed
is a single Lorentzian fit. The inset shows the intensity profile p
pendicular to the steps forT51023 K showing peak splitting. The
dashed line in the inset marks the value ofqx where the profile was
taken.
07531
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Lorentzian fit showing the poor quality of a fit without tw
components. The widths of each component were meas
as a function of temperature to givej for both theSA andSB
steps.14 Figure 3~a! shows the measuredj as a function of
temperature.

From the temperature dependence ofj, we can estimate
the step stiffness and the step-step interaction energy. T
this we must assume a model forb2 in Eq. ~2!. A reasonable
choice is the terrace-step-kink~TSK! model with corner en-
ergy that gives.14

b252a'
2 sinh22~e/2kT!

11tanh~e/2kT!@exp~ec/2kT!21#
, ~6!

wheree andec are the kink and corner energies, respective
Since there are two types of steps, we assume thate is dif-
ferent for each type of step. At the same time we will assu
thatec andc are the same for both types of steps. UsingeA ,
eB , ec, and c as fitting parameters, we can calculatej(T)
from Eqs.~2! and~4b!, and compare the calculated value
j to the experimental values using ax2 routine. These fits are
shown as solid lines for both theSA andSB steps in Fig. 3~a!.
The step-step interaction term is found to becL251.2

e
r-

FIG. 3. The correlation length~a! and step stiffness~b! vs tem-
perature. Solid symbols are those measured from this work,
open symbols are those measured in Ref. 21. Solid lines are
fit-values based on a TSK1corner model forb2 and step-step inter-
actionc. The inset in~a! shows the mean step fluctuation amplitud
2-3
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60.2 meV/Å. For theSA step we findeA56566 meV,
while for the SB step eB53865 meV. The corner energy
found isec580620 meV. The error inec is large, although
our fitted value is fortuitously equal to previou
measurements.4

The values for the kink energies are in good agreem
with earlier work using both STM and LEEM.4,8 Swartzen-
truberet al.4 found eA590610 meV, while for theSB step
eB52862 meV. While ourSA step kink energy is signifi-
cantly lower than that of Swartzentruberet al., Bartelt and
Tromp8 found eA570610 meV, within error bars of our re
sult. From the measuredj’s and our fit value forc, we can
calculateb̃. The results are shown in Fig. 3~b!. For compari-
son we have also plottedb̃ from a slightly higher tempera
ture regime determined by LEEM.21 Our SA step results are
in good agreement with the LEEM results, while ourSB step
stiffness is about 50% higher at 800 K. However, our e
trapolatedb̃ approaches the LEEM values above 1200 K

We also note that the step-step interaction is also wit
error of those derived from strained Si~001! experiments.22

For a logarithmic step interaction potentialU(x)5C1
1C2 ln(x/a),22,23 the elastic constantC2 is given by C2
5cL2 @see the definition ofc in Eq. ~3b!#. From strained
Si~001! experiments a valueC251.1760.17 meV/Å is
found, in excellent agreement with our results.

There are two important observations that should be m
about the amplitude of the step fluctuations,w`

2 . The inset in

Fig. 3~a! shows w` derived from b̃ and c. Using STM,
Swartzentruberet al.20 measured the terrace distribution
stepped Si~001! quenched from 875 K. From their measur
terrace width distribution for surfaces with a mean terra
size of 67 Å a value ofw`;26 Å can be extracted. This is i
excellent agreement with our measurements, as seen in
inset in Fig. 3~a!. Swartzentruberet al.20 found that, for
mean terrace sizes greater than 67 Å, step collisions are
and the terrace distribution is very well described by a s
fluctuating between two fixed steps. This observation v
dates the assumption leading to Eq.~5!, i.e., that even for
69 Å terraces the steps can be thought of as fluctuating
dependent of their neighbors.11

The other observation is thatw` is approximately 1.5
times larger forSB steps than forSA steps over the entire
range of the experiment. Since the magnitude of the T
signal is quadratic inw`

2 @i.e., G(t)}w`
4 ~Ref. 11!#, the ma-

jority of the TLS signal comes from theSB step fluctuations.
In subsequent discussions of the Si~001! step kinetics, we
will refer to activation energies and prefactors as being th
of SB steps.

B. Kinetics of stepped Si„001…

Figure 4 shows the normalized autocovariance funct
G(t)/^I & for out-of-phase scattering at two different tem
peratures. The statistical noise term att50 has been re-
moved, since it contains no information about the kinetic3

The temperature dependence ofG(t) is obvious in Fig. 4. As
the temperature increases the size of the signal increa
while the decay ofG(t) becomes faster. This is the expect
07531
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result caused by the larger fluctuations of the steps and
faster kinetics at higher temperatures.

To determine the rate-limiting kinetics, fits must be ma
to the experimental correlation functions using Eq.~5!. To do
this we must take into account the effects of a finite colle
tion time. Note that the autocovariance function in Fig.
decays to a constant less than zero. This behavior is du
the finite collection time in the experiment. That is, the me
sured autocovariance functionĜ(t) is only an estimate of
the infinite collection time autocovariance functionG(t).10

It can be shown that fortc.15t1/2 the measured autocovar
ance function for lag times less than;0.5tc is simply the
true correlation function minus a constant. The constan
not arbitrary, but depends onG(t) and the collection time.10

For details on how to calculate this constant, the reade
referred to Ref. 10. As it turns out, the value of the calcula
background varies by less than a factor of 2 whenn in Eq.
~5! changes from 1 to 4. To test the sensitivity of fits to E
~5!, we allowed the background to vary by as much as
factor of 4 from the calculated value. We find that the qual
of the fits~i.e., the fitted value ofn! was not affected by this
range of background around the calculated background
termined byt1/2 and the assumed form forG(t).

The best-fit value for the exponentn for all the data was
n53.960.5. This is close ton54, suggesting SD kinetics
An example of these fits is shown in Fig. 5~b!, with the
background-corrected correlation function shown in F
5~a!. The data are plotted as logG(t) versust1/4 to empha-
size the poor fit to an exponential (n51). The fact that the
data cannot be fit ton51 excludes the EC process as t
rate-limiting kinetics~at least for 950 K,T,1130 K!. On
the other hand, thex2 values for ann54 fit were only
slightly better than those forn53. This means that while the
SD model is a better representation of the data, we can
rule out the TD model on the bases of the fits alone. Ho
ever, as we will show below, energetic arguments furt
support step-edge diffusion as the rate-limiting kinetics.

To determine activation energies and prefactors for
microscopic process, note that the decay timest1/2 of G(t)
represent a macroscopic equilibration time of the step sh

FIG. 4. Normalized autocorrelation functionG(t)/^I & vs time
for an out-of-phase condition.~s! T51123 K. ~j! T5948 K.
2-4



lc

E
n
e

ke
n

o

lts

elt

ven
tion
ave
,

e

nd
e-

ffu-

a

p-

Si~001! STEP DYNAMICS: A TEMPORAL LOW- . . . PHYSICAL REVIEW B 65 075312
To find the microscopic timetx for a local fluctuation of the
step, a scaling relation betweent1/2 andtx must be known.
These relations have been developed from numerical ca
lations for different kinetic models.11 However, reasonable
analytical relations can be developed as long as the LE
instrument resolutionz is much larger than the correlatio
length along a step edgej, which is the case in thes
experiments.11,24

For SD kinetics an approximate relationship can be ta
from Bartelt et al. for the short time growth of the mea
squared step fluctuation,12

w2~ t !'w`
2 S ~0.464!4~kT!3V5/2

b̃3w`
8

t

ts
D 1/4

, ~7!

wherets5V/Ds is approximately the time for an atom t
hop between adjacent step sites.

Making the assumption that the argument in Eq.~7! is
approximately 1 whent→t1/2, and using Eqs.~4a! and~4b!
gives the scaling relation

t1/2'1.35S j

ai
D 2S kT

2c

1

V1/2Ds
D . ~8!

Equation~8! is in good agreement with the numerical resu
of Ref. 11 in the limitz/j.1.

FIG. 5. Normalized autocorrelation functionG(t)/^I & plus the
best-fit background vs time for an out-of-phase condition.~s! T
51123 K. ~j! T5948 K. ~b! log G(t)/^I& vs t1/4 for T51123 K.
~s! data. The solid and dashed lines are the best fit for the SD
EC models, respectively.
07531
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For the TD model we again use the results of Bart
et al.,13 to castw2(t) in a form similar to Eq.~7!:

w2~ t !'w`
2 S 27~kT!2V2

33/2G3~ 1
3 !b̃2w`

6
DtCot D 1/3

. ~9!

Again, definingt1/2 as the time when the argument in Eq.~9!
is ;1, we find

t1/2'0.054S j

ai
D S kT

2cV3/2

1

DtCo
D . ~10!

Using the experimental values oft1/2 from G(t) and ex-
perimental values ofc and j obtained from the profile fits,
we can calculate the microscopic kinetics parameters. E
though the functional time decay of the measured correla
function suggest SD kinetics, for argument sake we h
calculated bothDs or (Dtco) assuming SD or TD kinetics
respectively, from Eqs.~8! or ~10!. The Arrhenius plots of
Ds /V and Dtco are shown in Fig. 6. AssumingDs for SD
kinetics is given byDs5Ds,o exp(2DEs/kT), wherens is the
attempt frequency (ns5Ds,o /V) and DEs is the activation
energy, we findDEs50.860.2 eV andns;13101062 s21.

For the case of TD kinetics, we can similarly writ
1/Dtco5(1/n t)exp(DEt /kT), whereDEt is the sum of a dif-
fusion barrier and a formation energy, andn t is the attempt
frequency for diffusion. For TD kinetics we findDEt51.0
60.2 eV andn t;3310862 s21. Note thatDE is model de-
pendent through the temperature dependence ofj in Eqs.~8!
and ~10!.

The lowDE’s we measure support the claim that SD a
not TD kinetics are the rate-limiting processes. This is b
cause the TD activation energy should be due to both di
sion and a formation barriers:DEt5DED1DEF . For
Si~001! the diffusion barrier is known to be;0.67 eV for
monomers25 and ;0.94 eV for dimers.26 This implies that

nd

FIG. 6. An Arrhenius plot of the diffusion constants for ste
edge diffusionDs /V ~s! and terrace diffusionDtco , ~j!.
2-5
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M. KAMMLER et al. PHYSICAL REVIEW B 65 075312
our measured value isDEF;0.1– 0.3 eV, well below the
theoretical dimer formation energy of 1.6 eV.27

The same conclusion is supported from Ostwald ripen
experiments on Si~001!, where the time evolution of ellipti-
cally shaped islands were monitored at 970 K.28 Those ex-
periments find that the islands preserve their shape, and
no boundary fluctuations are seen within the video acqu
tion rate (Dt;1 sec/frame). This implies that step-edge d
fusion is sufficiently fast around the island perimeter
equilibrate any deviations from the smooth elliptical sha
We can estimate a lower bound onDs by assuming diffusion
around the perimeter of an elliptical island of areaA is of the
order of the video acquisition speed, i.e.,Ds.4pA/2Dt. Us-
ing A52.53104 nm2 from Fig. 3 in Ref. 28, we estimate
Ds533105 nm2/sec from the ripening experiments. An e
trapolation of our Arrhenius parameters from Fig. 6 to 970
gives Ds52.43105 nm2/sec, in excellent agreement wit
the ripening results. This agreement further supports the
sertion that step-edge diffusion is indeed the rate limit
microscopic mechanism deduced from our TLS experime

IV. DISCUSSION

The main result of this study is that the equilibrium flu
tuations ofSB steps on Si~001! are not limited by the attach
ment or detachment of atoms or dimers from the step edg
the temperature range 950 K<T<1130 K. Instead, diffusion
of atoms along the steps is the rate-limiting process. T
result is different from those determined from both LEE
studies of Si~001! step dynamics8 and Ostwald ripening stud
ies of islands on Si~001!.28 In both these experiment
attachment/detachment of atoms or dimers from the s
was found to be the rate-limiting process. Although it see
that the conclusions drawn from our study contradict th
from earlier work, a reexamination of how the time scale
different microscopic processes can overlap in different te
perature ranges can reconcile these differences. In fact, a
now discuss, these differences can be reconciled in a
that gives a clearer picture of the dynamics of steps on
surface.

Equilibrium LEEM measurements on stepped Si~001!
with average terrace widths of 1300 Å have been analy
using the same continuum model for step motion we h
used to analyze our data.8 In that work the time-resolved
Fourier components of the step shape are measured. F
these measurements the time constantst(q) and amplitude
A(q) for each component can be measured. In the continu
model these are given by

A~q!5
2kT

Lb̃q2
, ~11a!

1

t~q!
5

Gb̃q2

2kT S 2coDtV
2q1V3/2Dsq

2

G12coDtV
2q1V3/2Dsq

2D . ~11b!

Theq22 dependence of the amplitude has been confirm
by LEEM, supporting the validity of the continuum mode8

This is again consistent with STM results measuring terr
width distribution.20
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In LEEM the rate-limiting kinetics is identified by noting
the q dependence oft(q), which from Eq.~11b! is deter-
mined by the relative magnitude of the three termsG,
2coDtV

2q2, and V3/2Dsq
2. For example, if attachment

detachment~EC kinetics! from steps is the rate-limiting pro
cess, i.e., G is much less than either 2coDtV

2q2 or
V3/2Dsq

2, then 1/t(q)}q2. In Fig. 7 we reproduce Fig. 6
from Ref. 8, showing theq dependence of 1/t(q). For theSB
step it is not clear that 1/t}q2 is the only possible fit to the
LEEM data. To illustrate this, we plot 1/t}q3 for theSB step
~solid line! in Fig. 7. It is clear that aq3 dependence, if not a
better fit, is as least as good as aq2 dependence for theSB
step. This is particularly important because, as mentione
Sec. III A, the TLS experiment is more sensitive to the flu
tuations of the ‘‘rough’’SB step. We also point out that th
range ofq’s in Fig. 7 extend to larger values forSB data than
for SA data, making the accuracy for the proposed fit bet

Theq3 fit to the LEEM data in Fig. 7 suggests that terra
diffusion is comparable to or slower than attachment kin
ics. This is also evident in Fig. 9 of Ref. 8, where Bartelt a
Tromp plottedLA(q)/t(q). From Eqs.~11a! and ~11b! this
ratio should be a constant inq for EC kinetics or linear inq
for terrace diffusion limited kinetics. While error bars a
large in those measurements, it seems clear that betw
790 °C,T,1028 °C Fig. 9 of Ref. 8 shows evidence of
q-dependent ratioLA(q)/t(q). These observations lead u
to the conclusion that in the temperature range 790 °C,T
,1028 °C EC kinetics are at best comparable to terrace
fusion kinetics.

If TD and EC kinetics are comparable, as we interp
from the LEEM results, why do we measure SD kinetics in
temperature regime that overlaps with the LEEM expe
ments? We believe the answer is that the rate-limiting kin
ics crosses over from terrace diffusion to step-edge diffus
below approximately 1070 K. In fact there is already e
dence for this in the LEEM data. The Arrhenius plot of Ba
telt and Tromp~Fig. 10 of Ref. 8! becomes nonlinear forT
;1070 K. Below this temperature the slope of their p
gives an activation energy of;0.9 eV. This number is within

FIG. 7. 1/t(q) for bothSA andSB steps from Si~001! taken from
Ref. 8. The dashed lines areq2 fits to the data. The solid line is aq3

fit to the SB step time constants.
2-6
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error bars of our value for step diffusion (DEs50.8
60.2 eV) measured for temperatures below 1070 K.

To see that the suggestion of a crossover is plausible
have plotted estimates ofG, 2coDtV

2q, and V3/2Dsq
2 for

the three types of kinetics on an Arrhenius plot in Fig.
using activation energies and prefactors from both the lite
ture and from our TLS measurements. Since these terms
q dependent, we have chosen a valueq50.02 Å21 that is
close to the instrumental resolution along the step. For
kinetics we use STM results from step-edge detachment r
that giveDE;1.3 eV.29 We pick a prefactor for detachmen
of 1011sec21 that is midrange of those reported.29 For step
diffusion we use our activation energies and a prefacto
1012. Finally, we can estimate the terrace diffusion coe
cient by reinterpreting the LEEM results from Ref. 8 as ha
ing a significant terrace diffusion term, as suggested in F
7. Using the EC and SD barriers and prefactors mentio
above, we estimateDET;1.8 eV with a prefactor of
1015sec21 from Fig. 9 of Ref. 8. This estimate for the TD
kinetics parameters is consistent with numbers determ
by LEED for relaxation of strained steps on Si~001! ~DET
;2.260.3 eV and a prefactor of 1014!.22

Because of the differences in activation energies for
three processes, there are crossovers to different rate-lim
kinetics for different temperature intervals, as shown
Fig. 8. Above;1500 K, Fig. 8 predicts that the kinetics a
detachment limited. Between 1500 and 1000 K the kine
become more and more limited by terrace diffusion. Betwe
1000 and 800 K, step diffusion limits the kinetics. Belo
800 K, detachment kinetics again becomes rate limiting. T
scenario is consistent with both our findings, the Ostw
ripening studies and the reinterpreted LEEM results.
course this sequence of crossovers is strongly depende

FIG. 8. Estimated rates for EC, TD, and SD kinetics vs 1/T as
described in text. Theq vector was chosen to be 0.02 nm21. Vertical
dashed lines mark crossovers from one type of kinetics to ano
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the exact prefactors and activation energies used to gen
Fig. 8. Furthermore, the number and values of the crosso
temperatures depend on the values ofq used for the calcula-
tions. The point of this discussion is to show that the kinet
of steps can be very complicated, and requires exact de
of both prefactors and activation energies over a very br
temperature range. What can be said for certain is that, in
region between 950 K<T<1130 K, detachment kinetics i
not the rate-limiting process.

It is worth noting that Fig. 8 shows an example of th
relative rates ofequilibriumstep kinetics. Inferring the kinet
ics for ripening experiments from Fig. 8 requires caution.
general, growth kinetics of islands far from equilibrium ca
be very different from near-equilibrium step kinetics. F
instance, diffusion on the terraces is highly anisotropic; d
fusion perpendicular to the dimer rows is at least 103 times
slower than along the rows.6 Ripening requires mass trans
port from one island to another, while step fluctuations
quire mass transport along the step. ForSB steps mass trans
port for island growth is along the dimer rows, while forSB

step fluctuations, mass must be transported along the s
direction perpendicular to the dimer rows. Therefore, wh
detachment kinetics may limit island growth,SB step fluc-
tuations may be limited by the slower terrace diffusion p
cess required to transport mass along the step~at least in
some temperature region!.

Furthermore the crossover regimes between different
netics depend on the relevant wave vectorq that is set by the
experimental probe or, as in the ripening experiment, by
island size. The ripening experiments are sensitive to la
wave vectors defined byq.qc;1/R, the inverse of the is-
land size~especially at early times!. In addition, because the
perimeter of the growing island consists of a mixture of bo
types of steps, the total kinetics is sensitive to the dynam
of bothSA andSB . Both features favor atom detachment f
island ripening. On the other hand, the TLS experiment
ported here monitors fluctuations on long steps~limited only
be the instrumental resolution along the steps! and, as dis-
cussed in Sec. III A, is more sensitive to fluctuations of t
SB step. Both conditions favor a mechanism different fro
atom detachment, and as argued earlier, indicate that
diffusion is the controlling rate.

Finally, pure detachment kinetics in the island ripeni
experiments may be a simplification of the system dynam
The time dependence of the island size is related to thq
dependence oft(q). For EC kinetics,t(q)}q22 gives rise
to a linear time dependence as seen in the ripening exp
ments. In addition to itsq dependence,t(q) also scales with
the mean step separationL through the correlation lengthj
and the step-step interactionc.30 For SD kinetics, Eq.~10!
predicts thatt1/2 scales asj2/c, which, from Eq.~4b!, is
proportional to 1/c2. Sincec scales asL22, t1/2}L4. Simi-
larly for TD kinetics, t1/2}L3. For EC kinetics,t1/2}1/c
}L2.12 If the island growth rate was limited by EC kinetic
we would expect andL2 dependence on the time constan
However, Webbet al.22 found a linearL scaling of step
equilibration time forT;790 K, inconsistent with all three
models presented so far.

er.
2-7
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In fact the result of Webbet al.22 is more consistent with
another model for step kinetics proposed by Pimpinelli, H
raud, and Me`tois.30 They proposed a modification to the te
race diffusion kinetics discussed in Sec. I. Rather than di
sion across the terrace from one point on the step to ano
the source of atoms or dimers comes from neighboring s
that subsequently diffuse to the step edge. In this form
terrace diffusiont(q)}Lq2, predicting a linearL depen-
dence on the step equilibration time as observed by W
et al.22

V. CONCLUSION

We have shown how temporal LEED spectroscopy can
used to measure the dynamics of surfaces. As a specific
ample, we have studied the kinetics of stepped Si~001!. We
have shown that the rate-limiting kinetics can be identifi
and that both kinetic barriers and prefactors can be measu
The main result of this work is that the diffusion of atoms
dimers along theSB step edge is the rate-limiting proce
that determines the equilibrium fluctuation of theSB steps on
Si~001! in the temperature region 950 K<T<1130 K.
We find that the activation energy for step-ed
diffusion is DEs50.860.2 eV, with a hopping rate o
ns;13101062 s21.

Comparing our findings with the work of others who al
studied the dynamics of this surface, at both lower a
es
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d
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nz

s,

s,

tt.
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higher temperatures, indicates that the dynamics of step
Si~001! is quite complicated. Differences between LEE
findings and the TLS results reported here can be reconc
if all experimental factors controlling the experiment~i.e.,
temperature, wave vector, type of step! are taken into ac-
count. This is especially true since a single dynamic mec
nism only operates over a finite-temperature range. One
portant conclusion from our study is that it is essential
cover a wide range of controlling variables to be able
identify the crossover regions. This is the only way to ma
comparisons between different experiments meaningful.
not only an oversimplification to state the type of micr
scopic mechanism operating in an experimental system
this case Si~100!, but confusing as well, since the domina
system dynamics depends drastically on many factors
change from one experiment to another. Instead, it is m
accurate to compare the Arhhenius parameters extracte
different experiments~i.e., activation energy and prefactor!
for the different microscopic mechanisms irrespective of
temperature range of the experiment.
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