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Dynamics of step fluctuations on a chemically heterogeneous surface off 8i(111)-(v3Xv3)
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The analysis of the dynamics of equilibrium step fluctuations has been extended to a chemically heteroge-
neous surface. The multicomponent reconstructed @13)-(v3xv3) surface has been studied using variable-
temperature scanning tunneling microscopy at elevated temperatures. The temporal correlation functions for
both single steps and step arrays follow'& dependence over the entire temperature ra@@é—1020 K,
consistent with a rate limiting mechanism of random attachment and detachment of atoms at step edges. The
alternative mechanism, diffusion from step-to-step, is shown to be inconsistent with more detailed analytic
approximations to the correlation function for the measured step-step separation. An activation energy of 1.9
eV and the major kinetic parameters that govern surface mass transport and step equilibration processes have
been determined.
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INTRODUCTION For multicomponent systems, important questions to address
are how adsorbate-induced reconstruction affects the time
Steps play a significant role in determining the morphol-dependence of the temporal correlation function for a metal-
ogy of crystal surfaces and in such important processes assemiconductor system in comparison with a clean semicon-
catalysis and thin film growth. Hence, step dynamics andluctor surface, and whether there is a single rate-limiting
their manifestation in the equilibrium thermal fluctuations of mass transport mechanism over a broad temperature range.
the step positions have attracted much attention, both experin this report we present results of the study of the step
mental and theoreticafor recent reviews see Refs. 1).2 fluctuation dynamics on a chemically heterogeneous surface,
Direct imaging techniques, such as low-energy electron miusing the model metal-semiconductor AlUBIi1)-(v3Xv3)
croscopy (LEEM) and scanning tunneling microscopy system. Step fluctuations have been studied as a function of
(STM) allow quantitativeexamination of step fluctuation dy- time as well as temperature using variable temperatdi@ (
namics based on analysis of the time-dependent correlatioBTM. We have determined a domindréte-limiting micro-
function G(t): scopic mechanism, its effective activation energy, and the
major kinetic parameters governing equilibrium step fluctua-
G(t)={[x(t+tg) —X(t)]?), (1)  tions and surface mass transport at elevated temperatures.

wherex is the coordinate perpendicular to the step edde,
time, and the average is taken over all possible initial times. EXPERIMENT
According to the basic Langevin approach, the temporal cor-

relation function often obeys a power law The experiments were conducted in a UHV chamber

(base pressure-6x 10~ Torr) equipped with a VT STM
G(t)=C(T)te. 2) (Omicron, a rear-view LEED(Physical Electronics Indus-
tries), and a mass spectromet@feiffer Vacuum. The vici-
The time exponent depends only on the atomic mass trans-nal S(111) samplegAs-doped, 10 rf2 cm) were misoriented
port processes involved in the step fluctuations, while thdy 0.5° towards thg112] direction. The Si surface was
temperature dependent prefac@(T), is determined by the cleaned by several 5-s flashes at 1250 °C with subsequent
detailed energetics of the surfaté.Typical values of: and  slow cooling(~20°/min) through the(1x1)-to-(7x7) phase
3, observed fora, correspond to cases andB of dynamic  transition. The Al/Si111)-(v3Xv3)R30° reconstructed sur-
critical phenomeni,where random attachment/detachmentface was prepared by evaporation of 0.25—-0.33 ML of Al at
of atoms at step edges and diffusion along step edges aeedeposition rate of 0.5 ML/min on a Si substrate held at
examples of surface mass transport mechanisms belonging 760 °C%° and was monitored by LEED. The pressure rise
these cases, respectively. during evaporation was below>310 % Torr, and the Al
Surprisingly, experimental studies of step-fluctuation dy-flux was monitored by a water-cooled quartz microbalance
namics have so far been focused exclusively on clean surtteybold Inficon. The sample was resistively heated by di-
faces of metals or semiconductors, despite the technologicaéct current; temperature was controlled with an infrared py-
and scientific significance of chemically heterogeneous surometer, which was calibrated to th@x1)-(7X7) phase
faces, in particular, metal-semiconductor systems. For a maransition temperature of 850 °C. The sample heating power
jority of the metal surfaces studied, only tté* dependence was also calibrated to control sample temperature during
of the time correlation functions was observed, though éS8TM measurements. Before STM measurements at elevated
transition tot'? behavior was found on Gu11) with in- temperatures, we waited0.5 h to allow thermal stabiliza-
creasing temperatureln contrast, for semiconductors, sili- tion of the instrument. Quantitative information on the time
con in particular, onlyt*? dependence has been obser’8d. dependence of the step fluctuations has been obtained from a

0163-1829/2002/68)/0853275)/$20.00 66 085327-1 ©2002 The American Physical Society



LYUBINETSKY, DOUGHERTY, EINSTEIN, AND WILLIAMS PHYSICAL REVIEW B 66, 085327 (2002

1000 |

0.1 1
Time (s)

G(t) (A%

FIG. 2. Log-log plot of the time correlation functiofisee Eq.
(1)] in the temperature range 770-1020 K. Straight lif®se Eq.
(2)] are the least square fits for each temperature. The maximum
time interval(~2.5 9 is substantially smaller than the total time of
measurement~23 9 due to the need to average many intervals to
obtain good statistics.

FIG. 1. STM time image I(=0.05nAV=—-3.5V,S=5000
nm/9 of single-height step pair on the Al{31L1)-(v3Xv3) surface
at 970 K. The scan line is 1000 A and the total time span is 23 sIable I. The corresponding prefacto@(T) are shown in the
[The vertical quasiperiodic stripes appearing in the image ardast column of the table. They show a strong temperature
caused by mechanical vibrations during the scanning procesdependencé~ <30 increasgover the range of the measure-
(Ref. 14.] ments.

o _ S o The measured exponents are consistent tftscaling of
statistical analysis of STM time imagé&bin time images, & the temporal correlation function. Unfortunately, the ob-
single line is scanned repetitively across the same position ogeryed scaling does not unambiguously determine the rate-
the step edge and displayed in a pseudoimage format whefigniting mechanism governing the fluctuations. An exponent
the vertical axis is the time coordinate. About 10—20 singlegs 1is predicted theoreticalfy® for three distinct mass trans-
steps have been used for analyzing the temporal step corrgort mechanisms. The first, exchange of atoms with the va-
lation function at each temperature. Scan r.ateslused in tnﬂ)r phase’ can be ruled out since the experiments were per-
measurements ranged from 3 tou®n/s. The invariance of formed below the onset of decomposition that would indicate
the correlation function to the scanning shows that tip intery |gss of aluminum from the surface. The second, random

actions do not perturb the measurement. attachment and detachmef®D) of atoms to/from an iso-
lated step edge, is a likely possibility in the temperature re-
EXPERIMENTAL RESULTS gime studied. Steps on a vicinal surface are not strictly iso-

- e inf i bout t | fluctuat fIated, however, and this fact requires the careful
0 acquire information about temporal TucCtuations ot ¢, hqjqeration of a third mass transport mechanism: slow dif-

steps at elevated temperatures, we collected STM time 'Musion of atoms between neighboring steps with fast attach-

ages in th.e 'Femperature range 770_1(.).20 K. The upper Ment and detachment at the steps themselves. This case, re-
perature limit is due to the decomposition of th& Kv3) ferred to as diffusion from step to st€pS9 in Ref. 5,
phase via both Al diffusion into the bulk and evaporation at

temperatures above 1020 K. At temperatures less than 770 K, . .

step fluctuations are practically absent in the studied time TABLE I. Experimentally measured signatures of step fluctua-

intervals up to several minutes. In Fig. 1 is a typical STMt!ons on Al/S{111)-(v3Xv3) surface at eleyated temp_eratures. The

time image of the scan line across two single-height steps ofime egponent and_ prefactqr are determined from fits to the mea-
the Al/Si(111)-¢/3xv3) surface at 970 K. Notice that dur- Sured time correlation functions.

ing a few seconds the step can fluctuate on the order of 10 o i
A. Because of fast atomic hopping processes at high tem‘_)l'emperature Diffusivity™  Time exponent - PrefactorG(T)

2 2 _—
peratures and finite STM scanning speed, the apparent step 0 b¥a (A) ¢ (A*s™
edge position is different in each scan line, resulting in a 770 0.45 0.47 11.8
frizzy appearance of the step edge, as has been observed g70 0.69 0.47 43.6
earlier on several metal surfacés* Figure 2 shows the 920 0.79 0.46 158
initial parts (<3 s) of the time correlation functions in a 970 0.89 0.41 250
log-log plot for different temperatures between 770 and 1020 1929 1.00 052 536
K. Itis clear that the plots at each temperature are linear, and ayerage 0.470.04

hence follow a power la#’ The time exponents vary be-
tween 0.41 and 0.52 with an average of 0.47, as shown ifReference 16.
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800 [ ' ' "] TABLE II. Kinetic parameters deduced from experimental ob-
o 970K: a=037 servations of step fluctuations on Al{$11)-(v3Xv3) surface at el-
A 870 0.45 evated temperatures. Step mobility and time constant are the param-
400 + eters determined for a fit to the attachment/detachment nj&dgel
Ng (5]
€N Temperature Step mobilityI’ Time constant AD Activation
O] (K) (10* A3/s) 7(m9 EnergyE, (eV)
100 & 770 2.4x10°?2 260
870 0.22 29
. . . 920 25 2.6
0.1 0.4 0.8 970 55 1.2
Time (s) 1020 23 0.28
1.9+0.1

FIG. 3. Log-log plot of the time correlation functions for an
array of four neighboring single-height stefsee Eq.(3)] at tem-

peratures of 970 and 870 K. Straight lines are the least-square fifgst provide an analysis based on the attachment/detachment
for each temperature. mechanism, for which analytical expressions already exist in

_ _ the literature' = This will be followed by a discussion of the
requires that the steps be close enough togé#sediscussed appropriate analysis for the diffusion step-to-stépSS

in the following section to permit exchange. _case, and an evaluation of the relative applicability of the
Independent information about the kinetic mechanisms,g cases.

can be obtained by evaluating the multistep correlations. Tpe analytical expression relating the real-space time-

Khare and Einstein have shown theoreticatyat, for ain- o rrelation function to the underlying rate parameters for the
finite array of steps, the DSS mechanism has a distinguishingi, -hment/detachment limited case is

behavior of the correlation function of the sum of all step
positions at timet G(t)=[4Fb2/7-rap]l’2tl’2 (5)

X (1) = i X (1) 3) whereT is the step “mobility,” b? is the step diffusivity(see
2 = KT Table ), and a, is_the unit cell constant parallel to the
step edge5.76 A).1” By equating the measured prefactors
wherek indexes the steps. The “in-phase” correlation func-tg the prefactor of Eq(5), the values of step mobilities have
tion been extracted and are listed in Table Il. Over the tempera-
_ ) ture range from 770 to 1020 K, the step mobility increases
Gx()=([xs(t+1t0) = x5 (t) 19, 4 from 2.4x 10 to 2.3< 10° A%s. The step mobility describes
is predicted to scale &/ for DSS limited kinetics and*? how a step relaxes towards equilibrium and is related to the
for AD limited kinetics. Figure 3 displays typical time cor- Microscopic time scale for the underlying attachment and
relation functions for the sum of real step positions in andétachment mechanism &s=aga, /7, wherer is the mean
array of 4 steps at 870 and 970 KDue to the presence of microscopic time between successive random attachment or
double steps on the surface, four was the largest array é¢fetachment events on an arbitrary step site,anid the unit
adjacent monatomic steps available for consideration in théell constant normal to the step eddeSince each local
present study.The average of the exponents, which are 0.37movement of a[112] step proceeds in half units of the
and 0.45, is significantly closer to 0.5 than 0.25, supportingV3xv3) reconstructiort? the value of 3.33 A has been used
the likelihood that attachment and detachment from the stefPr a,. Consequently, we deduce that the time constant de-
edges is rate limiting. However, the above scaling argumentéreases from 260 to 0.28 ms when temperature increases
are only strictly valid for an infinite step array. Thus, further from 770 to 1020 K, as shown in Table Il. The attachment
theoretical analysis of the scaling for finite step arrays would@nd detachment times extracted here correspond to the quite
be needed to conclusively interpret the results @ as substantial exchange rates bletween steps and terraces of
eliminating the possibility that DSS may be the rate-limiting ~4—4500 atoms/s per site. Such rates are sufficient for the
mechanism. steps to maintain an equilibrium concentration of adatoms on
terraces, for the cagcgothat the exchange rates are not limited
ANALYSIS AND DISCUSSION by terrace diffusiori” o
The evaluation of the kinetic parameters from real-space
Analysis of the equilibrium step fluctuations can provide fluctuation data is less straightforward for the DSS case. This
both information about the rate-limiting kinetic mechanismis because the DSS mechanism is valid over a limited range
and the quantitative values of the corresponding rate paranof fluctuation wavelengths. Specifically, DSS only occurs for
eters. As noted in the presentation of the data above, thituctuation wavelengths much greater than the step separa-
observed exponent of the time correlation function does notion L.2® For wavelengths smaller than the step separation,
uniquely specify the mechanism. In the following, we will steps are effectively isolated from their neighbors, and a

085327-3



LYUBINETSKY, DOUGHERTY, EINSTEIN, AND WILLIAMS PHYSICAL REVIEW B 66, 085327 (2002

crossover to terrace diffusioTD) limited kinetics (for 104
which the time correlation function is proportional t&%)

should be observed. This crossover occurs in a narrow range

and recent detailed analySisshows that it can be approxi- 10% 1
mated as occurring abruptly at a wavelength 1.0L. A
resulting expression for the real-space time correlation func-
tion is obtained by integrating the wavelength-dependent
DSS behaviotfrom q=0 to q=1/L, yielding’*

E=19x01eV

102

vUr(s™

G(t)EZbZL \/%Erf( \/@;)Jr(f\;)l’%(g f;” N
ma, L L L 33|
(68) o 1i0 111 1i2 113
20%a,cD; 1T(10° K™
I (6b)

FIG. 4. Arrhenius plot of the attachment ratee Eq(8)]. The

wherec, andD, are the concentration and diffusion constantstraight line is a linear regression.

for atoms on terraces, respectively. Using this formula Wwith ) ) ) 26 ) )

fixed at 450 A and only,D, as a variable parameter results the canonical vibration frequendyT/h.” The interpretation

in a poor fit to the experimentally determined correlation©f the measured activation energy is not straightforward, be-
functions. The values of,D, found in this way are abnor- Cause the Al-81L11)-(v3xv3) surface is reconstructed and
mally low, varying from 16 s * at 1020 K to 0.01 s at also has more than one component. Although details of the

770 K. The only way to force a reasonable fit was to reduceétomic transport process leading to the step fluctuations.are
the mean terrace width in E¢6) by at least a factor of 10. unknown, the fate-l|m|t|ng deta_tchment event prob.ably in-
The fact that Eq(6) cannot be used to fit the correlation V0Ives the motion of one aluminum atom along with con-
function with the true step separation demonstrates that thgerted motion of several silicon atoms, since each Al atom

steps are too far apart for DSS to contribute to the fluctuatiof"€racts with three Si atoms of the underlying @i<1)
kinetics22 layer=><" The attachment will require similarly complex

The weight of the evidence leads us to interpret the Ob_structurall change_s to simultaneously ir_lcorpora_lte additional
servations in terms of a physical nr]]echanism that is rzra]te Iimeg) i'?en?hgl rzhcl)trirg]jemtrgntgebrs;gﬁir?gdsgz'nlc: :‘Z rﬂzlf;'ﬁlseimﬁ'vgg_
ited by atomic attachment/detachment events at the st '
edge. yGiven no prior measurements on chemically heterd!'€ rate-limiting activation energy would be close to a single
geneous surfaces, attachment/detachment times may best BgS! Or Si-Al bond strength of-2 eV. Just for comparison,
compared with the time constant determined for the similaVe Note that an attachment activation energy for the13)-
Si(11D)-(1x1) surface at 1170 K. The/3xv3) surface phase (1X1) surface was estimated to bel.5 eV.
is indeed formed by the bonding of Al adatoms to the Si
(1x1) layer at T, sites. If the step fluctuations on the CONCLUSIONS
Si(111)-(1x1) surface are evaluated in terms of the attach-
ment and detachment mechani&mthe time constant is flu
fopnd to ber~10 3 ms, about 10% times the vglue b~ heous surface for the first time. The temperature-dependent
tained here for Al/Si111)-(v3Xv3) at 1020 K. The difference study on a model metal-semiconductor surface of AIEl-
is consistent with an ac_tivation process W_ith an energy in th?‘/jx‘/g) has been carried out using variable-temperature
1-2 eV range, confirming that the magnitudes of time congry; - Quantitative examination of step fluctuation dynamics
stants obtained in this study are reasonable. . was based on analysis of the time-dependent correlation

Since the atom exchange between step and terrace St@nction for both single steps and step arrays. In the entire

thermally activated process, its rate can be related to thf‘emperature range 770-1020 K, where step mobilities are

activation energye through high enough to ensure equilibration, the correlation function
_ _ displays power-law time dependence with an average expo-
Ur=voexp(—E/kT), @ nent of 0.47-0.04. The possibility that the observed behav-
where the pre-exponential factog is an attempt frequency. ior is due to slow terrace diffusion from step to st&sS
Figure 4 shows an Arrhenius plot for the attachment ratewas not consistent with either an analysis of the in-phase
The data points for different temperatures fall along amultistep correlation function or fits to a recent analytic ap-
straight line, yielding an activation energy of #0.1 eV.  proximation that properly includes the contribution of
This activation energy is much greater than the kink forma-terrace-diffusion limited behavior at wavelengths much
tion energy of~0.2 eV*® This fact is reflected in the great smaller than the step separation. Thus the surface mass trans-
difference in the temperature variation of the step mobilityport mechanism is most likely the random attachment and
and step diffusivity evident in Tables | and Il. From the in- detachment of atoms at the step edge. The kinetic parameters
tercept of the linear fit, a pre-exponential factor of 6 governing mass transport and step equilibration have been
X 10'%*2s71 has been found, in reasonable agreement wittextracted in the studied temperature range, with a micro-

In summary, analysis of the dynamics of equilibrium step
ctuations has been extended to a chemically heteroge-
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scopic time constant and step mobility varying betweerthan microscopic energies, the physical interpretation of
0.28-260 ms and 210°—2x10? A%/s, correspondingly. which must be viewed with some skepticism. The success of
From the temperature dependence of the kinetic parametensis approach for the Al/Si multicomponent system, espe-
the activation energy for the rate-limiting step in attachmentially over a broad temperature range, provides increased
from the terrace onto the step edge has been found to be 1®nfidence in the applicability of the kinetic parameters ex-
eV. A case such as this, where the underlying atomic mecharacted from analysis of step fluctuation data.

nisms must involve correlated bond making and breaking
among several different species, poses a serious challenge
for an analysis based on identifying a small number of rate-
limiting parameters which dominate the overall behavior.
The strength of the continuum step model is that it does This work has been supported by the NSF-MRSEC under
focus attention on the macroscopic kinetic parameters rathgsrant No. DMR-00-80008.
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