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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 @018iusing temporal electron-
diffraction spectroscopy. Activation energies and the rate limiting kinetics are identified for €30 K
<1130K. 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 islands on SiD01) are quite complicated, involving cross-
overs from one type of kinetics to another in different tem-
Understanding crystal growth, how surface structuregperature regimes.
form or phase separate and how chemical reactions proceed, A TLS experiment measures the diffraction intensity,
requires detailed information on surface kinetics. Scannind(d.t), as a function of time for a particular momentum
tunneling microscopySTM) and field emission microscopy transfer vecto. Fluctuations inl(d,t) are due to surface
(FEM) have been able to extract activation energies, bustructural fluctuations determined by the choicedofFor
STM and FEM are either done far from equilibrium, over stepped surfaces with an average step spégiidgis chosen
limited temperature rangd$hus restricted time regimgsn  to correspond to an out-of-phase condition, so that adjacent
the presence of finite electric fields, or over reduced lengtlierraces scatter destructively, makih@j,t) sensitive to the
scales-2 Near-equilibrium kinetics measurements on macro-Step-edge positiohThus the time sequence of the diffraction
scopic crystals that overcome these problems are sparse. Ratensity contains information on the dynamics of the steps.
cently, however, the ability to measure near-equilibrium dy- For pulse counting, a discrete-time serl¢a] is gener-
namic properties was demonstrated using temporal lowated froml(q,t) by summing pulses from the electron mul-
energy electron-diffraction spectrosco@iLS).> tiplier over both the gate perioy,, and the diffractometer
In this paper we present TLS measurements of the stepesolutionAq. Heret=nt,. From the serie$[n], the auto-
dynamics of vicinal SD01). Because the production of flat covariance functiors[ m] is generated:
films requires a clear understanding of atomic step flow, step
dynamics is an active research field. Step kinetics ¢003)
has been studied using a number of technidaéshe even-

tual goa_l of all these experiments is to |dent|fy the l_<ey mi-  ere SI[N]=1[n]—(1), and(l) is the average number of
croscopic processes responsible for step motion within dif-

ferent  tem . . . 8ounts per gate time. The brackefs,-), represent a time
perature ranges. Previous works investigate o .

equilibrium step kinetics either above 1000 K or below GOOaveragg ovgr the cpllectmn time=Ntg EN IS the numbgr of

K, with a few nonequilibrium measurements carried out neaflata points in the time seriesAlthoughG[m] is not strictly

800 K. There is some consensus between these studies tigguivalent to the true autocovariance functi®(7) (7

detachment of atoms or dimers from the step edges is thg MY) for an infinite time series, we will use the two defi-

rate-limiting process. In this work we have studied the equi-itions interchangeabl? The differences betweefs[m]

librium step kinetics of §D0J) in the temperature range andG(r) can be estimated with reasonable accuracy as long

950 K< T=<1130K. As in previous work, we show that con- ast is sufficiently long compared to the characteristic decay

tinuum models for step fluctuations are adequate to describaf G(7).

the step fluctuations. However, contrary to work at higher It can be shown thaG(7) contains all of the kinetic in-

and lower temperatures, we find that diffusion of atoms orformation in a TLS experiment. For instance, the charac-

dimers along the step edges is the rate-limiting process iteristic decay time o6G(7), 7y, gives information about the

this temperature range. In this paper, we present the resultiffusion barriers, while the functional form d&(7) gives

of our TLS study on step kinetics. We also compare oulinformation about the microscopic mechanism driving the

results with those from low-energy electron microscopysurface dynamics.

(LEEM) carried out at higher temperature3 = 1050 K) A number of continuum models describing the dynamics

where the rate-limiting process was determined to be thef steps existd?*3Common to all these models is a stochas-

evaporation of atoms or dimers from step edges to terfacestic microscopic driving force that causes local fluctuations in

As we will show, interpretations of previous LEEM results the step position and a restoring force that tends to keep the

are in fact consistent with the findings reported in this papersteps straight. The driving force is parametrized by a step

Furthermore, they suggest that the dynamics of steps anuobility I" that depends on the type of kinetics. There are

G[m]=(sI[n]sI[n+m]), (1)
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two terms to the restoring force. As the step fluctuates, kinksime scale for step fluctuation if step-edge diffusion is much
form on the step edges. Since this costs energy, there issdower than terrace diffusion. The step kinetics are deter-
force to straighten the step and thus lower the total kinkmined by the terrace diffusion constabt and the equilib-

energy. This part of the restoring force is parametrized by theium concentration of the diffusion species on the terraces,

step-edge stiffnesg(T), 215 C,. The step mobility for terrace diffusion is theh;
=2Dc, 0¥ 13
~ akT Finally, for fast EC kinetics the SD process will determine
B(T)= b%(T,e)’ @ the step fluctuations if step-edge diffusion is faster than ter-

race diffusion. The step kinetics are then governed by the

where b?(T,€) is the step diffusivity that depends on the diffusion constantD, along the step edgefD =/,
kink formation energye and on the model for kink wherer,is the time to hop between adjacent sites on the step
formation!?'*1%a, is the minimum length of a kink parallel edgg. The step mobility for SD kinetics iE = QY2D.*2
to the step edge, anal is the kink length perpendicular to  Using these models for the statistics of the step-edge po-
the steps. sitions, the statistics df(g,t) can be calculated from which

In addition to the step-edge stiffness, there is also a locats(7) is determined? Based on numerical calculations the
constraining potential per step length(x), due to interac- |ong-time behavior ofG(7) is determined by the rate-
tions between neighboring steps separated.Bluctuations  |imiting kinetics, and can be summarized by a single equa-
in the step position must do work against this potential, andion. For 7 greater than the characteristic decay time of

thus this term tends to keep the steps straight. For smals(7),7,,,, the correlation function decays'&s’
fluctuation amplitudeg\x, the interaction energy/ (Ax,L)

for steps with a mean separatibrcan be approximated by G(r)ocexd —A(n)(7/7,)"M, (5)
- 2 whereA(n) and 7, are constants that depend onand will
VIAX,L)~2U(L)+e(L)Ax, (39 be discussed later in Sec. III'8.The microscopic kinetics
where determinen in Eq. (5): n=1 for EC kinetics,n=3 for TD
kinetics, andh=4 for SD kinetics. Therefore, measuring the
c(L)=3d°U/ax . (8b)  functional decay of5(7) allows the microscopic mechanism

, : for step motion to be determined. As we will show, TLS is
The constant(L) is used as the second parameter in deter- P :

S . capable of distinguishing these functional forms.
mining the restoring force.

Both B and ¢ govern two equilibrium properties of the Il. EXPERIMENT
step: the mean-squared step displaceméntand the corre- . ] .
lation length along the steg, In a continuum modef:*21° Data were taken using a spot profile analysis low-energy
electron-diffraction(SPA LEED system with an external
1\ Y2 electron gun operating at 300 é¥.The system transfer
w2 (T)=kT — (49 widths wereZ~400 and 1600 A, parallel and perpendicular
8cp to the steps, respectively. The(@1) sample was cut with

its surface normal tilted-1° toward thg 110] direction, pro-
B 12 ducing (L)=65A terraces. The sample was cleaned using
¢M=1{2¢ (4b)  standard techniqués Time series data were taken at an out-
of-phase conditiong,=6.93A"! and q,=0.0455A"1 [q,

For stepped $001) the three kinetics models for step andq, denote momentum transfers normal to (Il&O)_ter—
motion that determine the step mobility are step-edge diffuf@ces and perpendicular to the step edges, respedtivly
sion (SD), terrace diffusion (TD), and evaporation/ &l data the gate period wag=2 ms. A single time series
condensatiofEC). The evaporation and condensation of at-consisted oN=9000 points(a collection timet.=1839. At
oms or dimers to and from the step edges provides a sour@ach temperatur&[ m] was generated and ensemble aver-
or sink of diffusing species. Once detached from the stepsaged over 200 individual correlation functions. Each func-
they can either diffuse along the steps or across the terracgsn G[m] in the ensemble was weighted by [}2. 1
to reattach to the steps, causing a fluctuation in the step The bulk symmetry and the>21 phase of $D01) cause
shape. The EC process will therefore be the rate-limitingadjacent terraces to alternate between dimers parallel and
process when either diffusion along the steps or across thgerpendicular to the steps. This leads to two types of steps: a
terraces are fast compared to the evaporation/condensati@glatively smoothS, step and a rougl$g step(see Fig. L
rate. In this case the step mobility is given By=Q*%7,,  Dimers on the upper terraces are parallel and perpendicular
where(} is the dimer area&(l=a”ai =0.289 nrﬁ), and Ta is to the Sa and Sg steps, respective[y_l-:'3
roughly the time for detachment/attachment of a dimer to the
step*? Ill. RESULTS

On the other hand, if the EC process is fast compared to
both terrace and step-edge diffusion, either the TD or SD
processes will determine the rate-limiting kinetics. In the Before discussing the step kinetics, it is important to men-
limit of fast EC kinetics, terrace diffusion will determine the tion how static energies and the correlation length along a

A. Static energies
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FIG. 1. Schematic of the stepped®)1) surface showing both aS
the S, and Sg steps and the relative dimer orientation. P
100 |~

step are obtained. These static measurements confirm that the [ (a)
continuum models used in the analysis of the kinetics data i
produce reasonable results. As the amplitude of the step fluc- 200 400 600 800 1000 1200

tuations increases with temperature, the decreased correla-
tion along the steps causes the diffraction peaks to broaden in
the direction parallel to the step edges. The broadening of

these peaks is directly proportional§o*.1* Therefore, from

Eq. (4b) the peak widths give information on the rafitdc.

Figure 2 shows diffraction profiles perpendicular and par-
allel to the step edges at an out-of-phase conditipa given
in units of percent of the Brilluoin zone@a: a=3.84A).

In the inset of Fig. 2 the peak splitting perpendicular to the
steps is shown where the peak separatiodgg=2w/L.
Figure 2 is a profile parallel to the steps taken through the
peak marked by the dashed line in the inset of Fig. 2, i.e.,
0x=2.78% BZ.

For S(001), S, and Sy steps fluctuate but with different
amplitudes?° Assuming that adjacent steps are independent,
the diffraction line shapes will consist of two components: a
sharp term whose width is related to the straigl8gisteps,
and a broad component related to the coag&esteps. The
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FIG. 3. The correlation lengtta) and step stiffnesg) vs tem-
perature. Solid symbols are those measured from this work, and

solid line in Fig. 2 is a two-component fit: a broad Lorentz- open symbols are those measured in Ref. 21. Solid lines are best
ian due to larger fluctuatingg steps, and a narrow Gaussian fit-values based on a TSKcorner model fob? and step-step inter-
for straighterS, steps. The dashed line in Fig. 2 is a single actionc. The inset in(@ shows the mean step fluctuation amplitude.
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FIG. 2. Intensity profile parallel to the steg§)) data. The solid

10

Lorentzian fit showing the poor quality of a fit without two
components. The widths of each component were measured
as a function of temperature to gi¢dor both theS, andSg
stepst* Figure 3a) shows the measureflas a function of
temperature.

From the temperature dependenceépfve can estimate
the step stiffness and the step-step interaction energy. To do
this we must assume a model fof in Eq. (2). A reasonable
choice is the terrace-step-kifkSK) model with corner en-
ergy that gives?

5 5 sinh™?(e/2kT)
b“=2af '
1+tani e/2kT)[exp(e./2kT) — 1]

(6)

wheree ande, are the kink and corner energies, respectively.
Since there are two types of steps, we assumedlstdif-
ferent for each type of step. At the same time we will assume
that e, andc are the same for both types of steps. Using

line is a two-component fit, as described in the text. The dashed linés» €., andc as fitting parameters, we can calculaie)
is a single Lorentzian fit. The inset shows the intensity profile per{Tom Egs.(2) and(4b), and compare the calculated value of
pendicular to the steps faf=1023 K showing peak splitting. The £ to the experimental values usingca routine. These fits are

dashed line in the inset marks the valueygfwhere the profile was

taken.

shown as solid lines for both tt# andS; steps in Fig. &).
The step-step interaction term is found to b&?=1.2
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+0.2meV/A. For theS, step we finde =656 meV, 5 prr T
while for the Sz step eg=38+=5 meV. The corner energy o 123K
found ise;=80*=20 meV. The error irg, is large, although 4 « 948K

our fitted value is fortuitously equal to previous
measurements.

The values for the kink energies are in good agreement
with earlier work using both STM and LEEKE Swartzen-
truberet al? found e,=90=10 meV, while for theSg step
eg=28*=2 meV. While ourS, step kink energy is signifi-
cantly lower than that of Swartzentruber al,, Bartelt and
Tromp found e,= 70+ 10 meV, within error bars of our re- 0
sult. From the measuregls and our fit value forc, we can

calculateB. The results are shown in Fig(t8. For compari-

son we have also plotted from a slightly higher tempera-
ture regime determined by LEER}.Our S, step results are
in good agreement with the LEEM results, while &y step FIG. 4. Normalized autocorrelation functid®(7)/(l) vs time
stiffness is about 50% higher at 800 K. However, our ex-for an out-of-phase conditiofO) T=1123 K. (W) T=948 K.
trapolatedB approaches the LEEM values above 1200 K.
We also note that the step-step interaction is also withinresult caused by the larger fluctuations of the steps and the
error of those derived from strained(®01) experiment§.2 faster kinetics at higher temperatures.
For a logarithmic step interaction potentidl(x)=C; To determine the rate-limiting kinetics, fits must be made
+C,In(x/a),?>?® the elastic constan€, is given by C,  to the experimental correlation functions using E5. To do
=cL? [see the definition ot in Eq. (3b)]. From strained this we must take into account the effects of a finite collec-
Si(001) experiments a valueC,=1.17+-0.17meV/A is tion time. Note that the autocovariance function in Fig. 4
found, in excellent agreement with our results. decays to a constant less than zero. This behavior is due to
There are two important observations that should be madthe finite collection time in the experiment. That is, the mea-
about the amplitude of the step fluctuationd,. The insetin  sured autocovariance functidd(r) is only an estimate of
Fig. 3@ showsw., derived fromB and c. Using STM, the infinite collection time autocovariance functi@fr).°
Swartzentrubeet al?® measured the terrace distribution of It can be shown that far,> 15r,,, the measured autocovari-
stepped ID01) quenched from 875 K. From their measured ance function for lag times less than0.5:; is simply the
terrace width distribution for surfaces with a mean terracdrue correlation function minus a constant. The constant is
size of & A a value ofw,,~26 A can be extracted. This is in notarbitrary, but depends oB(7) and the collection timé°
excellent agreement with our measurements, as seen in tii@r details on how to calculate this constant, the reader is
inset in Fig. 3a). Swartzentruberet al?° found that, for referred to Ref. 10. As it turns out, the value of the calculated
mean terrace sizes greater than 67 A, step collisions are rabackground varies by less than a factor of 2 winein Eq.
and the terrace distribution is very well described by a stef5) changes from 1 to 4. To test the sensitivity of fits to Eq.
fluctuating between two fixed steps. This observation vali{5), we allowed the background to vary by as much as a
dates the assumption leading to E§), i.e., that even for factor of 4 from the calculated value. We find that the quality
69 A terraces the steps can be thought of as fluctuating iref the fits(i.e., the fitted value of) was not affected by this
dependent of their neighbots. range of background around the calculated background de-
The other observation is that, is approximately 1.5 termined byt,,, and the assumed form f@ (7).
times larger forSy steps than foiS, steps over the entire The best-fit value for the exponentfor all the data was
range of the experiment. Since the magnitude of the TL$1=3.9+0.5. This is close ta=4, suggesting SD kinetics.
signal is quadratic inv? [i.e., G(7)cw? (Ref. 11], the ma- An example of these fits is shown in Fig(bp, with the
jority of the TLS signal comes from th8; step fluctuations. background-corrected correlation function shown in Fig.
In subsequent discussions of the(0Bil) step kinetics, we 5(a). The data are plotted as I@{7) versus/* to empha-
will refer to activation energies and prefactors as being thosé&ize the poor fit to an exponentiah€1). The fact that the
of Sy steps. data cannot be fit tm=1 excludes the EC process as the
rate-limiting kinetics(at least for 950 K T<1130K). On
the other hand, the? values for ann=4 fit were only
slightly better than those far= 3. This means that while the
Figure 4 shows the normalized autocovariance functiorBD model is a better representation of the data, we cannot
G(7)/{l) for out-of-phase scattering at two different tem- rule out the TD model on the bases of the fits alone. How-
peratures. The statistical noise termat0 has been re- ever, as we will show below, energetic arguments further
moved, since it contains no information about the kinetics. support step-edge diffusion as the rate-limiting kinetics.
The temperature dependence3{fr) is obvious in Fig. 4. As To determine activation energies and prefactors for the
the temperature increases the size of the signal increasesjcroscopic process, note that the decay timgsof G(7)
while the decay of5(7) becomes faster. This is the expectedrepresent a macroscopic equilibration time of the step shape.

G(t )<l > (x10%)

T (sec)

B. Kinetics of stepped S{001)
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FIG. 6. An Arrhenius plot of the diffusion constants for step-
edge diffusionD¢/Q (O) and terrace diffusiol,c,, (H).

10

G(t)i<l >

For the TD model we again use the results of Bartelt
et al,’® to castw?(t) in a form similar to Eq(7):

10—4||||||||||||||||||||||||||||||J

0.0 0.4 0.8 1.2 1.6
714 (sect) wi(t)~w?

27(kT)202 v
= - PiCol 9
39T3(3) BPw2 )

FIG. 5. Normalized autocorrelation functid@®(7)/{l) plus the
best-fit background vs time for an out-of-phase conditidn) T
=1123K. (M) T=948K. (b) log G(nKI) vs V4 for T=1123 K.

(O) data. The solid and dashed lines are the best fit for the SD an
EC models, respectively.

Again, definingry,, as the time when the argument in E§)
i& ~1, we find

¢ kT 1
To find the microscopic time, for a local fluctuation of the 71/2“0-05‘<; 2c02D.C,)" (10

step, a scaling relation betwee#y, and r, must be known.

These relations have been developed from numerical calcu-

lations for different kinetic modefs: However, reasonable ~ Using the experimental values of, from G(7) and ex-
analytical relations can be developed as long as the LEEDerimental values o and £ obtained from the profile fits,
instrument resolution’ is much larger than the correlation We can calculate the microscopic kinetics parameters. Even
length along a step edgé which is the case in these though the functional time decay of the measured correlation
experimentg?* function suggest SD kinetics, for argument sake we have

For SD kinetics an approximate relationship can be takei§alculated botfD or (Dic,) assuming SD or TD kinetics,
from Bartelt et al. for the short time growth of the mean respectively, from Eqs(8) or (10). The Arrhenius plots of

squared step fluctuatio, D/Q andD;c, are shown in Fig. 6. AssuminD¢ for SD
kinetics is given byD =Dy , exp(—AE¢/KT), wherewy is the
(0.464%(kT)3Q5? t 1/4 attempt frequency ¥s=D¢,/()) and AE; is the activation
w2(t) ’~VWi< —1 (7)  energy, we findAE;=0.8+0.2eV andvs~1x 101251,
B3 Ts For the case of TD kinetics, we can similarly write

. . _ 1/Dicy= (1/vy) expAE; /KT), whereAE; is the sum of a dif-
where 7,=/Ds is approximately the time for an atom to fusion barrier and a formation energy, andis the attempt
hop between adjacent step sites. frequency for diffusion. For TD kinetics we findE,=1.0

Making the assumption that the argument in Ef.is  +0.2eV andr,~3x10°“?s . Note thatAE is model de-
approximately 1 whet— 7y,, and using Eqsi4a) and(4b)  pendent through the temperature dependencamEqs.(8)
gives the scaling relation and (10).

The lowAE’s we measure support the claim that SD and

_ E\2(kT 1 not TD kinetics are the rate-limiting processes. This is be-
T17~1.3 5” 2c 9172[)5 ' ®) cause the TD activation energy should be due to both diffu-

sion and a formation barriersAE;=AEp+AEg. For
Equation(8) is in good agreement with the numerical resultsSi(001) the diffusion barrier is known to be-0.67 eV for
of Ref. 11 in the limitZ/&>1. monomer® and ~0.94 eV for dimerg® This implies that
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our measured value IAE-~0.1-0.3eV, well below the
theoretical dimer formation energy of 1.6 V.

The same conclusion is supported from Ostwald ripening
experiments on $01), where the time evolution of ellipti-
cally shaped islands were monitored at 973%Kthose ex-
periments find that the islands preserve their shape, and that
no boundary fluctuations are seen within the video acquisi-
tion rate At~ 1 sec/frame). This implies that step-edge dif-
fusion is sufficiently fast around the island perimeter to
equilibrate any deviations from the smooth elliptical shape.
We can estimate a lower bound By by assuming diffusion
around the perimeter of an elliptical island of are#s of the
order of the video acquisition speed, iBs>47A/2At. Us-
ing A=2.5x10*nn? from Fig. 3 in Ref. 28, we estimate
D=3X10° nn?/sec from the ripening experiments. An ex- q? (103nm?)
trapolation of our Arrhenius parameters from Fig. 6 to 970 K
gives D¢=2.4x 10° nm?/sec, in excellent agreement with  FIG. 7. 1/(q) for bothS, andSg steps from SD01) taken from
the ripening results. This agreement further supports the a&ef. 8. The dashed lines agé fits to the data. The solid line isq?
sertion that step-edge diffusion is indeed the rate limitingfit to the S step time constants.
microscopic mechanism deduced from our TLS experiment.

1/t (s

In LEEM the rate-limiting kinetics is identified by noting
IV. DISCUSSION the q dependence of(q), which from Eq.(11b) is deter-
) ) ] o mined by the relative magnitude of the three teriis
The main result of this study is that the equilibrium fluc- 2¢,D,0292, and Q¥2D g2 For example, if attachment/
tuations ofSg steps on §D01) are not limited by the attach-  getachmentEC kineticg from steps is the rate-limiting pro-
ment or detachment of atoms or dimers from the step edge ifess. i.e.,T" is much less than either c2D,02q2 or
the temperature range 956K'<1130K. Instead, diffusion 032D g2, then 1k(q)*g2. In Fig. 7 we reproduce Fig. 6
of atoms along the steps is the rate-limiting process. Thigrom Ref. 8, showing the dependence of (q). For theSg
result is different from those determined from both LEEM step it is not clear that tq? is the only possible fit to the
studies of SI001) step dynazrrglé’sand Ostwald ripening stud- | e data. To illustrate this, we plot % g for the Sg step
ies of islands on $001).™ In both these experiments (ggjid ling) in Fig. 7. It is clear that @° dependence, if not a
attachment/detachment of atoms or dimers from the stepSatier fit is as least as good agjadependence for the,
was found to be the rate-limiting process. Although it seemsier This is particularly important because, as mentioned in
that the conclusions drawn from our study contradict thosesee A the TLS experiment is more sensitive to the fluc-
from earlier work, a reexamination of how the time scale for ,5iions (')f the “rough”Ss step. We also point out that the
different microscopic processes can overlap in different temfange ofq's in Fig. 7 extend to larger values f& data than
perature ranges can reconcile these differences: In fgct, as We S, data, making the accuracy for the proposed fit better.
now discuss, these differences can be reconciled in a way Theg? fit to the LEEM data in Fig. 7 suggests that terrace
that gives a clearer picture of the dynamics of steps on thIﬁiiffusion is comparable to or slower than attachment kinet-
surIfEace_zl._b . LEEM 08 ics. This is also evident in Fig. 9 of Ref. 8, where Bartelt and
_=quiibrium measurements on stepped081D) romp plottedLA(q)/7(q). From Egs.(119 and(11b) this
W't.h average terraceIW|dths of 1300 A have be_en analyze tio should be a constant oqpfor EC kinetics or linear i
usmc? the salme conur:ju%alm mr?del forkstﬁp motion WF h(?v?or terrace diffusion limited kinetics. While error bars are
use 'to analyze our dafaln that work the time-resolve large in those measurements, it seems clear that between
Fourier components of the step shape are measured. Fr%O°C<T<1028°C Fig. 9 of Ref. 8 shows evidence of a
these measurements the time constaifty and amphtude -dependent ratidc A(q)/7(q). These observations lead us
A(q) for each component can be measured. In the continuu the conclusion that in the temperature range 790.7C
model these are given by <1028 °C EC kinetics are at best comparable to terrace dif-
kT fusion kinetics.
A(q)=—, (1139 If TD and EC kinetics are comparable, as we interpret
LBq? from the LEEM results, why do we measure SD kinetics in a
temperature regime that overlaps with the LEEM experi-
1 TI'Bg®[ 2¢,D0%q+0%Dq? 11 ments? We believe the answer is that the rate-limiting kinet-
7(q)  2kT \T+2c,D,0%q+ Q%D g2/ (11b) ics crosses over from terrace diffusion to step-edge dlffu5|pn
below approximately 1070 K. In fact there is already evi-
Theq ™2 dependence of the amplitude has been confirmedence for this in the LEEM data. The Arrhenius plot of Bar-
by LEEM, supporting the validity of the continuum model. telt and Tromp(Fig. 10 of Ref. 8 becomes nonlinear foF
This is again consistent with STM results measuring terrace-1070 K. Below this temperature the slope of their plot
width distribution?° gives an activation energy 6f0.9 eV. This number is within
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the exact prefactors and activation energies used to generate
Fig. 8. Furthermore, the number and values of the crossover
temperatures depend on the valuegjafsed for the calcula-
tions. The point of this discussion is to show that the kinetics
of steps can be very complicated, and requires exact details
of both prefactors and activation energies over a very broad
temperature range. What can be said for certain is that, in the
region between 950K T=<1130K, detachment kinetics is
not the rate-limiting process.

It is worth noting that Fig. 8 shows an example of the
relative rates oequilibriumstep kinetics. Inferring the kinet-
ics for ripening experiments from Fig. 8 requires caution. In
general, growth kinetics of islands far from equilibrium can
be very different from near-equilibrium step kinetics. For
instance, diffusion on the terraces is highly anisotropic; dif-
fusion perpendicular to the dimer rows is at least files
slower than along the rowsRipening requires mass trans-
port from one island to another, while step fluctuations re-
quire mass transport along the step. Bgrsteps mass trans-
port for island growth is along the dimer rows, while B
step fluctuations, mass must be transported along the slow
direction perpendicular to the dimer rows. Therefore, while

FIG. 8. Estimated rates for EC, TD, and SD kinetics vE as
described in text. The vector was chosen to be 0.02 nfnVertical
dashed lines mark crossovers from one type of kinetics to anothe

detachment kinetics may limit island growt8z step fluc-
];uations may be limited by the slower terrace diffusion pro-
cess required to transport mass along the $&gpleast in
error bars of our value for step diffusionAEs=0.8  some temperature regipn
+0.2eV) measured for temperatures below 1070 K. Furthermore the crossover regimes between different ki-
To see that the suggestion of a crossover is plausible, waetics depend on the relevant wave vectdnat is set by the
have plotted estimates df, 2c,D,Q2q, and Q%°D,g? for ~ experimental probe or, as in the ripening experiment, by the
the three types of kinetics on an Arrhenius plot in Fig. 8island size. The ripening experiments are sensitive to large
using activation energies and prefactors from both the literawave vectors defined bg>q.~ 1/R, the inverse of the is-
ture and from our TLS measurements. Since these terms al@nd size(especially at early timgsin addition, because the
q dependent, we have chosen a valire0.02A™ ! that is  perimeter of the growing island consists of a mixture of both
close to the instrumental resolution along the step. For EQypes of steps, the total kinetics is sensitive to the dynamics
kinetics we use STM results from step-edge detachment rated both Sy andSg . Both features favor atom detachment for
that giveAE~ 1.3 eV 2 We pick a prefactor for detachment island ripening. On the other hand, the TLS experiment re-
of 10 sec? that is midrange of those reportédFor step ~ ported here monitors fluctuations on long stépsited only
diffusion we use our activation energies and a prefactor obe the instrumental resolution along the sjepsd, as dis-
10*2. Finally, we can estimate the terrace diffusion coeffi-cussed in Sec. lll A, is more sensitive to fluctuations of the
cient by reinterpreting the LEEM results from Ref. 8 as hav-Sg step. Both conditions favor a mechanism different from
ing a significant terrace diffusion term, as suggested in Figatom detachment, and as argued earlier, indicate that step
7. Using the EC and SD barriers and prefactors mentionediffusion is the controlling rate.
above, we estimateAE;~1.8eV with a prefactor of Finally, pure detachment kinetics in the island ripening
10'°sec’! from Fig. 9 of Ref. 8. This estimate for the TD experiments may be a simplification of the system dynamics.
kinetics parameters is consistent with numbers determined@he time dependence of the island size is related toqgthe
by LEED for relaxation of strained steps on(®1) (AE;  dependence of(q). For EC kinetics,r(q)q~? gives rise
~2.2+0.3eV and a prefactor of 1.2 to a linear time dependence as seen in the ripening experi-
Because of the differences in activation energies for thénents. In addition to itg] dependences(q) also scales with
three processes, there are crossovers to different rate-limitirff§e¢ mean step separatienthrough the correlation length
kinetics for different temperature intervals, as shown inand the step-step interactia™ For SD kinetics, Eq(10)
Fig. 8. Above~1500 K, Fig. 8 predicts that the kinetics are predicts thatry, scales ast?/c, which, from Eq.(4b), is
detachment limited. Between 1500 and 1000 K the kineticroportional to 1¢%. Sincec scales ag ~?, 7y,%L%. Simi-
become more and more limited by terrace diffusion. Betweetarly for TD kinetics, 71,,%L3. For EC kinetics, 7, 1/c
1000 and 800 K, step diffusion limits the kinetics. Below =L2.*?If the island growth rate was limited by EC kinetics,
800 K, detachment kinetics again becomes rate limiting. Thisve would expect andL.? dependence on the time constant.
scenario is consistent with both our findings, the OstwaldHowever, Webbet al?* found a linearL scaling of step
ripening studies and the reinterpreted LEEM results. Ofequilibration time forT~790K, inconsistent with all three
course this sequence of crossovers is strongly dependent emodels presented so far.
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In fact the result of Weblet al?? is more consistent with higher temperatures, indicates that the dynamics of steps on
another model for step kinetics proposed by Pimpinelli, Hey-Si(001) is quite complicated. Differences between LEEM
raud, and Meis3° They proposed a modification to the ter- findings and the TLS results reported here can be reconciled
race diffusion kinetics discussed in Sec. |. Rather than diffuif all experimental factors controlling the experimefne.,
sion across the terrace from one point on the step to anotheéemperature, wave vector, type of stegre taken into ac-
the source of atoms or dimers comes from neighboring stepsount. This is especially true since a single dynamic mecha-
that subsequently diffuse to the step edge. In this form ohism only operates over a finite-temperature range. One im-
terrace diffusionr(q)=Lq?, predicting a linearL depen- portant conclusion from our study is that it is essential to
dence on the step equilibration time as observed by Webbover a wide range of controlling variables to be able to
et al?? identify the crossover regions. This is the only way to make

comparisons between different experiments meaningful. It is
V. CONCLUSION not only an oversimplification to state the type of micro-
scopic mechanism operating in an experimental system, in

We have shown how temporal LEED spectroscopy can benis case SiL00), but confusing as well, since the dominant
used to measure the dynamics of surfaces. As a specific €$ystem dynamics depends drastically on many factors that
ample, we have studied the kinetics of steppe@®). We  change from one experiment to another. Instead, it is more

The main result of this work is that the diffusion of atoms or for the different microscopic mechanisms irrespective of the
dimers along theSg step edge is the rate-limiting process temperature range of the experiment.

that determines the equilibrium fluctuation of t8g steps on
Si(00) in the temperature region 956GKT<1130K.
We find that the activation energy for step-edge
diffusion is AE;=0.8+0.2eV, with a hopping rate of Ames Laboratory is operated for the U.S. Department of
re~1x101052571, Energy by lowa State University under Contract No.

Comparing our findings with the work of others who also W-7405-Eng-82M. T.). This work was supported in part by
studied the dynamics of this surface, at both lower andhe NSF under Grant No. DMR-9211248. C).
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