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7 The temperature dependence of the step line tension on the Si(111) (1X 1) surface is determined from a
8 capillary wave analysis of two-dimensional island edge fluctuations and straight step fluctuations that are
9 observed with low energy electron microscopy. The line tension decreases by nearly 20% with a linear
10 temperature coefficient of —0.14 meV/A K between 1145 and 1233 K. Temporal correlations of step fluctua-
11 tions exhibit the distinctive signature in the wavelength dependence of the relaxation time of a terrace
12 diffusion-limited mechanism for step motion. We also find that the role of desorption in island decay increases
13 dramatically in the temperature range (1145-1380 K) that island decay was studied. Consequently, we gen-
14 eralize the current quasistatic model of island decay to take account of desorption. The evaluation of the island
15 decay time with this model referenced to the temperature-dependent line tension accurately determines acti-
16 vation energies that are relevant to mass transport and sublimation.
17 DOI: XXXX
18
19 I. INTRODUCTION
20 In simple phenomenological models of crystalline sur-

21 faces, the step stiffness can play a prominent role in defining
22 equilibrium step configurations and in governing step mor-

23 phological evolution. The step stiffness is defined, B=8
24 + 2B/ 96, in terms of the step line tension 3, where 6 is the
25 azimuthal angle, and as such is a measure of the tendency of
26 a step to remain straight.! One important way in which the
27 step stiffness may exert its influence on step morphology is
28 through its presence in the Gibbs-Thomson (GT) relation,
29 which figures generally in descriptions of curved surfaces.?
30 In the context of crystalline surfaces, the GT relation has
31 frequently been used to express the dependence of the ada-
32 tom concentration in equilibrium with an atomic step upon
33 step curvature.’'# This dependence plays an important role
34 in several phenomena that affect surface morphology, such
35 as the response of a step to shape perturbations® including
36 step flow instabilities” and island coarsening and
37 decay.>7-!0-1215 Therefore, accurate knowledge of step stiff-
38 ness or line tension, including their temperature dependence,
39 should contribute to the understanding of many step morpho-
40 logical phenomena.

41 Steps on the Si(111) (1 X 1) surface, which are the subject
42 of the investigations described here, have been studied
43 widely>%15-33 due to their intriguing phenomenology. The
44 Si(111) surface undergoes a structural phase transition be-
45 tween (7X7) and (1 X 1) configurations at a transition tem-
46 perature of 7,=1133 K. The step line tension is expected to
47 be nearly isotropic on the Si(111) (1 X 1) surface above T,.'°
48 Under this condition, the step stiffness will be equal to and
49 can be used interchangeably with the line tension. Several
50 values of the step stiffness and line tension have been re-
51 ported for the Si(111) (1X 1) surface at a few temperatures
52 based on measurements that were made using reflection elec-
53 tron microscopy (REM). These values cover a fairly large
54 range. Step stiffness was originally derived from measure-
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were determined from the fluctuation behavior of two differ- 57
ent steps at 1173 K.!7 These values were later revised up- 58
ward by a factor of 2,'® and finally a single lower value of 59
46 meV/A was settled on after further corrections were 60
made to the analysis.'® This is a little larger than the stiffness 61
(30 meV/A) that was determined earlier at 1173 K from an 62
evaluation of the time correlation functions for the different 63
Fourier modes of equilibrium step fluctuations.?® The stiff- 64
ness was determined from the mean-square fluctuation dis- 65
placement at 1323 K to be 3.2 meV/A 2! A value of the line 66
tension (18.8 meV/A) was also reported at this temperature 67
based on an evaluation of the equilibrium Si crystal shape.?> 68
At 1373 K, stiffness was determined to  be 69
16.3+ 1.8 meV/A from step diffusivity via measurement of 70
the spatial correlation function.”®> A slightly smaller value 71
(12 meV/A) was determined at this temperature in the same 72
work from the mean-square displacement due to 73
fluctuations.”? The stiffness at 1373 K was later reported to 74
be between 22.8 and 31.9 meV/A.2* It was noted in that 75
work that desorption is significant at 1373 K. Therefore, care 76
was taken to deposit a replenishing flux of Si atoms that 77
compensated the desorption flux.>»?* It is not clear if the 78
surface is in equilibrium or just in steady state under these 79
conditions. On the other hand, values of a quantity called the 80
dynamical step edge stiffness that were determined under 81
dynamical conditions of sublimation between 1230 and 82
1380 K are orders of magnitude larger.? If we disregard the 83
dynamical stiffness for the moment and focus only on the 84
most recent results obtained under equilibrium or steady- 85
state conditions at 1173 K (Ref. 19) and 1373 K (Ref. 24), 86
then the decrease of the step stiffness with increasing tem- 87
perature is found to be in qualitative agreement with theoret- 88
ical expectations.!® However, the variation of the reported 89
values and the limited number of temperatures that were con- 90
sidered in separate experiments suggest that the issue of step 91
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92 stiffness or line tension on the Si(111) (1 X 1) surface is not
93 settled entirely.

94  In the present work, we have measured island edge fluc-
95 tuations on the Si(111) (1 X 1) surface in the temperature
96 range of 1145-1233 K using low energy electron micros-
97 copy (LEEM). Line tension is determined by evaluating is-
98 land edge fluctuations with an appropriate capillary wave
99 method that was outlined recently in Ref. 34. The line ten-
100 sion that is determined from island edge fluctuations is then
101 compared to the result of a more traditional analysis of
102 straight step edge fluctuations that were observed with
103 LEEM at 1163 K. By consolidating results that are deter-
104 mined at different temperatures and for different geometries
105 in one consistent set of measurements and analyses, we ob-
106 tain a coherent view of the temperature-dependent line ten-
107 sion on the Si(111) (1 X 1) surface. The importance of this
108 result is highlighted here by measurements of island decay,
109 which is driven by the GT effect. The role of desorption in
110 island decay varies from negligible to dominant in the tem-
111 perature range (1145-1380 K) where that island decay is
112 studied here. Therefore, the current model of island decay
113 that neglects desorption is generalized to account for the in-
114 creasing importance of desorption at higher temperature. The
115 evaluation of the temperature-dependent island decay time
116 with this general model, referenced to the temperature-
117 dependent line tension, accurately determines activation en-
118 ergies that are relevant to mass transport and sublimation.

119 II. MODEL OF ISLAND DECAY INCLUSIVE OF
120 DESORPTION
121 The thermodynamic driving force for island decay is the

122 chemical potential difference between the island edge and its
123 surroundings. The excess chemical potential of a step at an
124 island edge is given by!*>10:14.35

w(r) = QBK(r), (1)
126 where () is the area per atom and K(r) is the step curvature.

127 For circular islands with radius r, =8 and K(r)=1/r. The
128 adatom concentration in equilibrium with a step is defined by
129 the chemical potential through the GT relation!~7:12.14

kT )’

125

Noy(r) = neq(OO)eXP< (2)

130
131 where n,,(%)=0"" exp(~E,,/kT) is the concentration in
132 equilibrium with a straight step, k is the Boltzmann constant,
133 T is the temperature, and E,; is the adatom formation energy
134 by detachment from a step. It is important to recognize that
135 these expressions are appropriate for a material with one
136 atom per unit cell. Since the Si(111) (1 X 1) surface has two
137 atoms per unit cell due to its bilayer structure, it is reason-
138 able to expect that the detachment of a single atom from a
139 step edge on Si(111) would leave its partner atom in the unit
140 cell in a highly metastable state. Thus, detachment could be
141 viewed as a process that involves both atoms in a unit cell,
142 quasisimultaneously producing two adatoms on the terrace.
143 This would require modification of the straight step equilib-
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rium concentration to a form n,,(%)=20" exp(-E,,/kT), 144
where E; is understood to be the formation energy per ada- 145
tom pair and Q=134?/2 is the Si(111) surface unit cell area 146
expressed in terms of the surface lattice constant, a 147
=3.84 A. With the view that step motion is mediated by the 148
attachment and detachment of atom pairs, the area in Eq. (1) 149
is also understood to be the unit cell area, (). 150

According to current models of island decay,* !> which 151
neglect desorption, island area decreases via the serial de- 152
tachment of atoms from the island edge, adatom diffusion 153
across a terrace, and reattachment to a nearby step with 154
lower chemical potential. However, the onset of desorption 155
at high temperature presents an additional pathway for atoms 156
to follow when they disperse from an island after detach- 157
ment. Therefore, the current models are not expected to 158
properly describe island decay under these conditions. In or- 159
der to address this deficiency, we develop a more general 160
model of island decay here that takes account of desorption. 161

We consider the decay of an “inner” circular island of 162
radius r; that resides on a larger “outer” circular island of 163
radius r,. The current densities of atoms that detach from and 164

attach to the perimeter of the inner island are 165
Jaer = Ktgg(r?), (3a) 166
Jan=— Kkn(r;), (3b) 167

168
169
170

where k is the kinetic coefficient for attachment/detachment
and n(r;) is the actual concentration at the island perimeter.
Thus, the net adatom current density at the perimeter is

(4)

jnet = K[neq(ri) - n(ri)]7 171

and the rate at which the island area A changes is 172

dA
- = —ane,277ri.

2 (5)

173

174
175
176
177
178
179
180
181
182

Since Eq. (5) is written in terms of the adatom current den-
Sity j,.., the area in this expression must refer to the atomic
area in the island. In the case of the bilayer step on the
Si(111) (1X1) surface, each detaching or attaching atom
takes away or adds one-half of the unit cell area, ()/2. Equa-
tion (5) should be modified accordingly.

The adatom concentration obeys the stationary diffusion
equation between the step boundaries at the edges of the
inner and outer islands,

n

DV?n - = 0, (6)

183

184
185

where D=n,/4a’v, exp(=E ;;/kT) is the diffusion constant,
n, is the number of nearest néighbor sites (ny=3, 4, and 6 for
honeycomb, square, and triangular lattices, respectively),'®3¢ 186
7=1j," exp(E,,/kT) is the adatom lifetime prior to desorp- 187
tion, v, is the attempt frequency which is assumed to be the 188
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FIG. 1. (Color online) LEEM images of (a) monoatomic height 1L
islands on prefabricated mounds and (b) straight monoatomic height
steps on the Si(111) (1 X 1) surface at 1163 K are shown. The im- 0 . ) X X
aging energy was 10 eV. 0.0 0.2 0.4 0.6 0.8
q(10°A%)
189 same for desorption and diffusion, Ey; is the diffusion en-
190 ergy, and E,, is the desorption energy. The key difference FIG. 2. The Fourier mode amplitudes of the time-averaged is-
191 from the earlier models of island decay is the inclusion in ~ land shape at T=1163 K indicates that the anisotropy is small. The
192 Eq. (6) of the desorption term. m=3 and m=6 components identify anisotropy that is related to the

193 The general solution of the two-dimensional diffusion  surface symmetry.

194 equation in circular coordinates is

mated to be equal to the equilibrium concentration at the 219
199 n(r) = Bilo(7) + BxKo(7). Q) outer boundalry(,l n(r0)=ngq(rj).4*6 While this may be a good 220
196 where I, and K, are the pth-order [p=0 in Eq. (7)] modified = approximation when the outer island radius is large com- 221
197 Bessel functions of the first and second kinds, respectively. pared to the inner island radius or possibly also in the 222
198 We > use reduced spatial coordinates 7=r/x,, where x,=\D7 diffusion-limited regime, Eq. (8b) is a more accurate treat- 223
199 =\n,/2a exp[(Edes—Ed,f)/ 2kT] is the diffusion length prior ment of the boundary condition. The coefficients are then 224

200 to desorption. Explicit expressions for the coefficients, B,  determined to be 225
201 and By, are found by imposing the following boundary con-
202 ditions at the inner and outer boundaries: B, = CKneq(r,-) b DKneq(r”), (9a)
n
-b | = K[ (r)) = n(ry)], (8a)
203 r r; Bo= - Clneq(ri) + Dlneq(ro) (9b)
. K DyC;+CyD; 227
n
=D —| =«ln(r,) —ng(r,)]. (8b)  where 228
204 arl,, - -
205 These boundary conditions state that the net current densities Cx=Ko(7,) = dK\ (7). Dy =-Ko(F) - dK,(7). 229
206 of atoms that detach from the inner island perimeter (right- _ _
207 hand side of (a)) and attach to the outer island perimeter C,=1,7,) +dI,(F,), D;=1yF)—dl(7), 230
208 (right-hand side of (b)) are equal to the adatom current den- ~ s \ . o
209 sities on the terrace at these points (left-hand sides). In Eqs. ~ Where d=d/x; is dimensionless and d=D/« is the kinetic 231

210 (8a) and (8b), we have implicitly taken the boundaries to be  length, which Characteri.zes .the rz}te-.limiting step continu- 232
211 impermeable. This is justified in the present study of the ~ ©ously between the diffusion limited (d=0) and the 233

212 Si(111) (1 X 1) surface because the observation of mass con-  attachment-detachment limited (d=%) extremes. Note that 234
213 servation during the decay of island stacks on this surface is ~ the solution for the approximate outer boundary condition, 235
214 a strong indication of impermeability.3®> We have also as-  1(ry)=n.(r,), is obtained by setting Cx=K(7,) and C, 236
215 sumed that the kinetic coefficients « at the inner and outer =1(7,). 237
216 boundaries are equal. Kinetic coefficient asymmetry can be After evaluating n(r;) using Egs. (7), (9a), and (9b) and 238
217 easily incorporated in the model at this point, if desired. Note substituting the result into Eq. (4) to determine j,,,, the rate 239
218 that the actual adatom concentration is sometimes approxi- of change of the island area is found by Eq. (5) to be 240
241 |
242
. - & - . &
[DK\(F;) = Dil, (7)) Jexp| = | = [Cxl,(7) + C;K, (7)) Jexp| =
dA Ny > Ead+Edif r, r;
— ==27r,—a‘vyexp| — . (10)
243 dt 4 kT CiDy+ CgD;
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244 In Eq. (10), the characteristic length is defined as ¢

245 = BQO/kT.'*3° Note that this equation is also valid after tak-
246 ing account of the Si(111) bilayer step structure. Equation
247 (10) indicates that the island decay rate depends explicitly on
248 the sum of activation energies E\=FE,;+Eyy in agreement
249 with earlier models.*> The decay rate is also predicted to be
250 sensitive to the difference E,=E,—E ;s through the depen-
251 dence of Eq. (10) on the diffusion length. In the limit that the
252 diffusion length approaches infinity, i.e., E, is large and de-
253 sorption is negligible, the decay rate given by Eq. (10) sim-
254 plifies to

. ng 5
lim —=-2m—ay,
255  xow dl 4
exp<§> —exp(£>
Xexp(— E.q+ Edif) ri Yo
kT r0> d d
In| = |+—+—
T ri T,
256 (11)

257 The limiting solution for the approximate boundary condi-
258 tion, n(r,)=n,,(r,), is then obtained by setting the last term
259 in the denominator of Eq. (11) to zero (d=0 or k= at the
260 outer boundary). The resulting expression reproduces the so-
261 lution that was derived earlier for this approximate boundary
262 condition in the absence of desorption.*

263  If desorption is not negligible, then one must also con-
264 sider the effect of desorption from the top of the island.
265 Desorption will reduce the adatom concentration below the
266 equilibrium value on the top of the island. This will result in
267 the inward detachment of atoms from the island step edge,
268 which will consequently increase the decay rate. If we treat
269 the inward and outward detachments of atoms as indepen-
270 dent channels, then an analogous expression for the island
271 decay rate due only to desorption from the top of the island
272 can be derived following the procedure given above. The
273 boundary conditions on the top of the island are

dn

274 drl,,

= [n(r;) = n,,(r;)]

275 and that the concentration at the center of the island, »=0,
276 remain finite. These lead to the coefficients in the general
277 solution [Eq. (7)] of

B, = neg(ri)

I - —_ .
278 1o(7) +dI,(F)

279 and Bg=0. The corresponding contribution of desorption
280 from the top of the island to the decay rate is found by
281 similar methods to be

11<r,-)exp(§)
(dA) N b ( Ead+ Edif) r;
— =-27r—a‘vy exp| — — .
dt top 4 kT 10(71) + dIl(Fz)
282 (12)

283 The total decay rate is then the sum of Egs. (10) and (12).
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III. EXPERIMENTAL DETAILS 284
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The Si samples that were used in the experiments were
miscut by 0.1° from the (111) direction. Doping was n type
(phosphorous) with resistivity 10 ) cm. Island decay was
observed on the tops of circular mounds that were fabricated
by a photolithographic method.!> The sample was heated by
electron bombardment from the rear. Sample temperature
measurements were performed with an optical pyrometer and
a W-3% Re/W-25% Re thermocouple spot welded to the
sample holder immediately adjacent to the sample. The emis-
sivity setting of the pyrometer was calibrated at T,
=1133 K defined by LEEM observations of continuous step
decoration by the (7 X 7) structure. This determined an emis-
sivity setting of 0.46, which is comparable to values that
were reported for Si with similar doping.’” Temperature mea-
surement relative to 7, was then accurate to within 3 K.

The experiments were carried out using a LEEM with
base pressure of 5X 107! torr. The imaging principle and
real-time capability of LEEM have been described
previously.’® LEEM step contrast® is exploited here to ob-
serve island decay. An imaging electron energy of 10 eV was
used for imaging. Although the interference condition is
nearly optimal for step contrast at this energy, step contrast is
still rather weak and subject to the detrimental effect of im-
age noise. The noise level was reduced by integrating images
for 0.55 s, which resulted in an image acquisition rate of just
under 2 frames/s. Images were digitized with a pixel density
that corresponded to a pixel resolution of 6.8 nm. This
matches roughly the theoretical electron-optically defined in-
strumental resolution.

Due to the weak step contrast, it was necessary to perform
spatial averaging in addition to the temporal image averaging
in order to determine step configurations accurately. For the
island geometry, radial line scans were first made through
steps at island edges with polar angle increments that corre-
sponded to pixel resolution along the island perimeter. Each
radial line profile was then averaged with nine neighboring
profiles on either side. For the straight step geometry, line
profiles perpendicular to the step were measured at each
point along the step with pixel resolution. Each line profile
was then averaged with nine similar neighboring line profiles
on either side. Although this spatial averaging corrupts the
measurement of step fine structures having lengths compa-
rable to or shorter than the averaging length scale (130 nm),
it helps in the measurement of step coarse structures that
exceed the averaging length scale sufficiently. The analyses
of step line tension and step fluctuation temporal correla-
tions, which are described in Sec. 1V, focus on long wave-
length fluctuation modes that are accessible to the measure-
ment both spatially and temporally.

IV. EXPERIMENTAL RESULTS 334

A. Step line tension 335

We determine the step line tension from a capillary wave 336
analysis of equilibrium step fluctuations. Fluctuations of 337
steps at the edges of two-dimensional islands were measured 338
during island decay in the temperature range of 339

AQ
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340 1145-1233 K. At these temperatures, island decay is slow.
341 Therefore, fluctuations may be considered to be close to
342 equilibrium. These investigations are supplemented by simi-
343 lar investigations of straight step fluctuations at a single tem-
344 perature (1163 K) within the temperature range of the island
345 edge fluctuation measurements.

346  The analysis of step fluctuations typically begins by de-
347 fining different fluctuation modes through a Fourier trans-
348 form of the step configuration at time f. For straight steps,
349 this has the form?023:40-43

x(y,0) = 2 x,(Nexpligy),
350 q

351 where x is the perpendicular displacement from the mean
352 step position, y is the position along the step, x,(t) is the
353 Fourier amplitude for mode g=27/\, and \ is the fluctuation
354 wavelength. The possible wavelengths are \,,=L/m, where L
355 is the length of the step that is being analyzed and m
356 =1,2,3, ..., My, We interchangeably label the modes with
357 ¢ and m in the following discussion. An analogous expres-
358 sion can be written in polar coordinates for island edges by
359 replacing x with r, x,(¢) with r,(¢), and y with R6, which
360 represents a position on the time-averaged island shape with
361 mean radius R. The step length in this case is equal to the
362 island perimeter.

363 In order to determine the line tension, we must first select
364 the appropriate “window” in the fluctuation spectrum. The
365 limits of the window are defined by the spatial and temporal
366 characteristics of the measurement. The longest (m=1) and
367 shortest (m=m,,,,) possible wavelengths that we may con-
368 sider are determined by the step length L that is being ana-
369 lyzed and by the shortest experimentally discernible length,
370 i.e., the pixel size, respectively. Each mode also has its own
371 natural relaxation time, as we will discuss in the next section.
372 We discard those long wavelength modes whose relaxation
373 times are longer than about ~5% of the total measurement
374 time (typically a few hundred seconds in our experiments)
375 because they do not move through enough fluctuation cycles
376 during the measurement to provide statistically significant
377 results. At the other end of the spectrum, short wavelength
378 modes whose relaxation times are shorter than the image
379 integration time (0.55 s here) are disregarded because of
380 temporal averaging of the step position during image acqui-
381 sition. They are also obscured by noise. We only consider
382 modes in the window between these two temporal limits.
383  One advantage of focusing on island edge fluctuations in
384 this work is that the perimeter of an island can be longer than
385 a straight step that spans the same field of view. This imparts
386 higher resolution of the fluctuation modes, g. Consequently,
387 more modes are available for analysis in the appropriate
388 spectral window. Islands also have well defined step lengths,
389 given by their perimeters, while in the case of straight steps
390 one must also consider the problem of the effective step
391 length.3*** On the other hand, island decay brings the prac-
392 tical disadvantage that the island radius decreases continu-
393 ously during the fluctuation measurement due to decay. This
394 limits the number of consecutive step configurations that can
395 be recorded in an image sequence at approximately the same
396 island radius, and therefore also the total measurement time.

PROOF COPY [BG10922] 036807PRB

1-5

PHYSICAL REVIEW B 77, 1 (2008)

397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418

Consequently, information that is obtained from the analysis
of fluctuation modes at the long wavelength end of the spec-
trum, i.e., long relaxation time, may be rendered less reliable
or subject to greater uncertainty. This disadvantage is miti-
gated in our work by evaluating fluctuations of numerous
islands over short periods, typically corresponding to about a
10% reduction of the island radius, and then averaging the
results. This approach is facilitated by observing islands on
the tops of prefabricated mounds, which serve as reproduc-
ible island sources and platforms for decay. An example is
shown in Fig. 1(a). In this way, nearly identical island con-
figurations are reproduced repeatedly. An example of the
straight step configuration that was investigated is shown in
Fig. 1(b).

Figure 2 presents the Fourier mode amplitudes of the
time-averaged island shape. In this figure, the m=0 mode is
the island radius, m=1 is due to an offset of the island posi-
tion from the origin, and m=2 is an elliptical island shape
distortion that is somehow imposed by the global mound
shape, which was slightly elliptical. The small peaks in Fig.
2 for the m=3 and m=6 modes are expected for the threefold
surface symmetry. The m=2 Fourier amplitude shown in Fig.
2 is much more sensitive to ellipticity than visual inspection 419
of images. This serves to emphasize that the m=3 and m 420
=6 components are really very small, amounting to an island 421
shape anisotropy that is less than 1% at 1163 K. Therefore, it 422
is a good approximation to treat islands on the Si(111) (1 423
X 1) surface at elevated temperatures as circular in shape. 424

We use a simplified version of the island edge fluctuation 425
analysis described in Ref. 34 for the case of a perfect circular 426
symmetry that is approximated well by the experiment. In 427
particular, the stiffness, which is equal to the isotropic line 428
tension, is related to the fluctuation amplitude for each mode 429
according to 430

kT

~ 2mRgX|r (0P’ (13)

p 431

432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451

where the average of the Fourier amplitude is both a time
and ensemble average. We examined islands with mean ra-
dius during a slow decay of R~ 1.7 um at several tempera-
tures. Figure 3 shows the line tension values that are deter-
mined by Eq. (13) at 1163 K for many modes. Each Fourier
mode should lead to the same line tension based on the eq-
uipartition theorem, provided that the mode is not adversely
affected by the temporal limitations that are discussed above.
We identify the modes that fall in this spectral window by
considering the mode-dependent relaxation times that are ob-
tained from evaluating the temporal correlation function. The
correlation function analysis is described in Sec. IV B. At
1163 K, we find that the 16 longest wavelength modes have
relaxation times that are longer than the image integration
time. The m=35 mode is chosen as the long wavelength cut-
off. This mode has a relaxation time that is shorter than 1/30
of the total measurement time at 1163 K, 9.2 min, which
corresponds to a sequence of 1000 images. The line tension
is determined by averaging the values for modes in the win-
dow 5=m=16.
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FIG. 3. (Color online) Step line tension vs fluctuation mode
determined from an analysis of island fluctuations at 1163 K. Each
thin curve was obtained from an independent data set. The thicker
black curve is the average of the individual results. In (a), the
anomalous supression of results caused by noise at short wave-
length and a spurious peak (at m ~75) caused by spatial averaging
are observed. In (b), step line tension is shown in greater detail for
long wavelength modes of interest. The step line tension was deter-
mined by the average of the values in the unshaded window, 5
<m=16, in (b).

452 It is worth noting that the line tension apparently de-
453 creases in Fig. 3 for short wavelength modes, m > 20, and
454 that a peak is present at mode m~75. The anomalous de-
455 crease is due to the greater importance of noise at short
456 wavelengths. The peak is caused by the spatial averaging that
457 we perform in order to reduce noise and determine step po-
458 sition accurately. This procedure is described in Sec. III. The
459 tail of this peak extends about to the m=45 mode. These two
460 features demonstrate that the detrimental effect of noise is
461 not felt by modes that fall in the spectral window, 5<m
462 < 16, that is used for the analysis of line tension, and that
463 spatial averaging likewise does not affect mode amplitudes
464 in this spectral window.

465  Applying this analysis at several temperatures produces
466 the results that are shown in Fig. 4. This figure reveals that
467 the step line tension decreases noticeably with increasing
468 temperature. The data points and error bars in Fig. 4 are the
469 average and the standard deviation, respectively, of the re-
470 sults from typically ten data sets at each temperature. Assum-
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FIG. 4. The step line tension determined from island fluctua-
tions (@) and straight step fluctuations (O) is shown as a function
of temperature.

ing linear temperature dependence, we find that the line ten- 471
sion varies with a temperature coefficient of 472
—0.14 meV/A K. Repeating the analysis at 1163 K for is- 473
lands of different mean radii did not reveal a significant de- 474
pendence of line tension on radius in the range 1 um<R 475
<2.1 um. The step line tension is also determined from an 476
evaluation of straight step fluctuations at 1163 K. We ana- 477
lyze the fluctuation behavior of nine steps in four indepen- 478
dent image sequences. Each sequence consists of approxi- 479
mately 3000 images, corresponding to a measurement time 480
of 27.5 min. The length of each step that is studied is L 481
=3400 nm. Additional care is taken to define the mean step 482
position correctly in the straight step geometry. Failure to do 483
so would lead to an artificially low value of stiffness in this 484
or any other analysis that is based on the mean-squared mode 485
amplitude. Of particular concern is the influence of fluctua- 486
tion modes with wavelengths that are longer than the length 487
L of straight step that is being studied. These modes, which 488
are not analyzed but are necessarily present, push and tilt the 489
mean straight step back and forth on the time scale of their 490
long relaxation time. In order to suppress the influence of the 491
modes that exceed the spatial window of the measurement, a 492
time-varying straight line fit to the rolling time-averaged step 493
shape is used to define the mean step position at every point 494
along the step. A rolling average time frame of 275 s, corre- 495
sponding to 500 frames, works well without detrimental ef- 496
fects. This choice of rolling average time frame and related 497
technical aspects of the analysis will be discussed further in a 498
forthcoming paper.*’ 499

The step line tension is determined using Eq. (13) with L 500
replacing 277R and x,(7) replacing r,(7) in the denominator. 501
Only the long wavelength modes, 3.6 X 107 A~'<g=<1.1 502
X 1073 A~' (2<m=6), that have relaxation times exceeding 503
the image integration time and that are sufficiently shorter 504
than the rolling average time frame (see Sec. IV B) are con- 505
sidered. In particular, the m=2 mode has a relaxation time 506
that is shorter than 1/20 of the rolling average time frame. 507
The line tension is determined by averaging the values for 508
the temporally resolved modes. The average result and stan- 509
dard deviation for the nine straight steps that were investi- 510
gated is 8=59.5+4.5 meV/A. This is only slightly lower 511
than the value that was determined from the analysis of is- 512
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513 land fluctuations at 1163 K (Fig. 4), which suggests the con-
514 sistency of the two methods.

515 B. Temporal correlations

516  We determine mode-dependent relaxation times and ob-
517 tain information on the rate-limiting kinetics that mediate
518 step motion by evaluating the temporal correlation function
519 of step fluctuations. The mode-dependent time correlation
520 function for straight step fluctuations is defined and can be
521 written in terms of physical quantities as

522 G,(Ar) = (|x,(t + Ar) —x,(1]*) = A(q){1 - exp[~ |Ar)/o(q) T},

523 where 7(q) is the relaxation time, A(q)=2kT/ L(Eq2+c), and
524 ¢ is a constant that is related to step repulsions.?0:23:4041:43
525 Replace x,(¢) with r,(¢) and L with 27R for island fluctua-
526 tions. For the Si(111) (1 X 1) surface, the constant ¢ was
527 shown to be negligible for steps that were more closely
528 spaced than we have investigated here.?’ The negligible con-
529 tribution of this constant is confirmed in the analysis of the
530 mode-dependent relaxation time here.

531  The relaxation time is described by the dynamical scaling
532 relationship 7(q)=7y(z)¢~%, where different integer values of
533 the dynamical exponent z and correspondingly different
534 forms of 7, are valid for different dominant Kkinetic
535 mechanisms.3#20-26:3546 For an isolated step, the key mecha-
536 nisms are identified as periphery diffusion (PD), two-
537 dimensional evaporation-condensation (EC) and terrace dif-
538 fusion (TD). In PD, step motion is mediated by atomic
539 motion along step edges. EC and TD mechanisms both in-
540 volve exchange of atoms/vacancies between a step and the
541 reservoir on the terrace. The distinction between these two
542 mechanisms is that the step attachment/detachment process
543 is rate limiting in EC, while diffusion is rate limiting in TD.
544 In terms of the kinetic length d, discussed in Sec. II, EC
545 corresponds to large kinetic lengths and TD corresponds to
546 small kinetic lengths. The scaling exponents are z=2,3,4 for
547 EC, TD, and PD mechanisms, respectively. It should also be
548 noted that a TD behavior is expected to convert to a
549 diffusion-from-step-to-step (DSS) behavior with z=2 as step
550 spacing is reduced and steps are no longer isolated.?6-3547
551  The mode-dependent relaxation times that are determined
552 in our investigations for island edge and straight step fluc-
553 tuations are shown in Fig. 5. This figure first of all demon-
554 strates the point made earlier (see Sec. IV A) that relaxation
555 times simultaneously exceed the image integration time and
556 are significantly shorter than the total measurement time or
557 rolling average time frame for many long wavelength fluc-
558 tuation modes in both configurations. This confirms that the
559 determination of step stiffness from these long wavelength
560 modes should be reliable, in principle, from the point of view
561 of the temporal limits of the measurements. Figure 5 also
562 demonstrates another important point made earlier that the
563 investigation of island fluctuations allows for higher g reso-
564 lution than straight steps for a comparable field of view. We
565 find that relaxation times for the two configurations are com-
566 parable. The best fits of the relaxation time scaling law to the
567 data for the temporally resolvable modes are also shown as
568 solid lines in Fig. 5. For island edge fluctuations, the scaling
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FIG. 5. The dependence of relaxation time upon mode ¢ is
shown for island fluctuations (@) and straight step fluctuations (X)
at 1163 K. The gray shaded area indicates the temporal regime that
is shorter than the image integration time. The best fits of the dy-
namic scaling power law, [7(¢)]™!= Tglq“ that are indicated by the
lines through the data are discussed in the text.

exponent and scale factor that are determined from the aver-
age and standard deviation for the ten data sets at this tem-
perature are z=2.83+0.10 and (7,)'=(7.80+ 6.56) X 108.
Similarly, z=2.74+0.12 and (7)"'=(3.26=2.64) X 10® are
determined for straight step fluctuations from seven data sets.
The results for straight steps and island edges agree within
experimental uncertainty. This demonstrates further the con-
sistency between the two methods.

C. Island decay

The island decay time was measured as a function of tem-
perature in the range from 1145 to 1380 K. LEEM images
that show islands at various stages during decay are pre-
sented in Fig. 6 for two temperatures, 1163 and 1283 K. The
measured island area vs time is shown in Fig. 7 for three

FIG. 6. (Color online) LEEM images of island decay on the
Si(111) (1 X 1) surface at [(a)—(c)] 1163 K and [(d)—(f)] 1283 K.
The elapsed times after (a) are (b) 341 s and (¢) 527 s, and after (d)
are (e) 54 s and (f) 99 s. The inner r; and outer r, island radii are
indicated in (a). In (d)—(f), the outer island also decays slowly,
indicated by the arrow in (f), due to desorption from the terrace
between the inner and outer island perimeters.
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FIG. 7. The island area vs time during decay is shown at three
temperatures, 1163 K (solid line), and 1223 K (dashed line), and
1283 K (dot-dashed line). The island decay time ¢ is indicated for
each decay temperature. The data were obtained in the symmetric
geometry shown in Fig. 6.

583 temperatures, 1163, 1223, and 1283 K. This figure also iden-
584 tifies the times 7, required for islands to decay from an initial
585 area of 3.46 um? (r;=1.05 wum) at the different temperatures.
586 At low temperature, 7= 1200 K, the logarithm of the decay
587 time appears to depend linearly on inverse temperature
588 within experimental uncertainty (Fig. 8). According to mod-
589 els of island decay that neglect desorption*~° [see Eq. (11)],
590 this is the expected behavior if the step line tension is as-
591 sumed to be independent of temperature. A fit of this sim-
592 plest model to the data below 1200 K is made by integrating
593 Eq. (11) numerically to determine 7, treating the activation
594 energy E| and attempt frequency v, as adjustable parameters
595 (dot-dashed curve in Fig. 8). A value of the kinetic length
596 d="75a is used in the evaluation. This value was determined
597 from a quantitative analysis of island decay and was shown
598 to correspond to the diffusion-limited kinetic regime.?* It is
599 also consistent with earlier reports of diffusion-limited step
600 motion during island decay on the Si(111) (1X1)
601 surface.!""!> Assuming that the constant line tension is equal
602 to the value of 66.6 meV/A, which is determined at 1163 K,

In(t,)

0.80 0.85

1000/T (K™

0.75 0.90

FIG. 8. (Color online) The logarithm of the island decay time
(X) is plotted vs inverse temperature for islands of initial area of
3.46 um? (r=1.05 um), corresponding to =0 in Fig. 7. The pre-
dictions of the models that include desorption using temperature-
dependent line tension (solid curve), neglect desorption using
temperature-dependent line tension (dashed curve), and neglect de-
sorption using constant line tension (dot-dashed curve) are shown.
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this fit yields E,=1.46 eV and vy=1.35X10'3 s7!. Different 603
assumed values of constant line tension yield different results 604
for v, but do not affect E;. However, islands clearly decay 605
faster at 7>1200 K than indicated by the extrapolation of 606
this linear behavior to higher temperature. If the temperature- 607
dependent line tension is now included in the model that 608
neglects desorption, then the predicted linear curve gains 609
some upward inflection with increasing temperature. Conse- 610
quently, the deviation from the experimental results is even 611
more pronounced. This deviation is due to the effect of de- 612
sorption. Desorption reduces the adatom concentration on 613
the terrace between the inner and outer island boundaries, 614
including the concentration, n(r;), at the inner island perim- 615
eter. According to Eq. (4), this increases the net detachment 616
current density, which hastens island decay. 617

The data in Fig. 8 are also fitted with the general model 618
inclusive of desorption (Sec. II), referenced to the 619
temperature-dependent line tension (Fig. 4). The linear de- 620
pendence of the line tension that is observed between 1145 621
and 1233 K is assumed to persist up to the maximum tem- 622
perature at which island decay was measured. Island decay 623
times are calculated by numerically integrating the sum of 624
Egs. (10) and (12) with three adjustable parameters, E,, E,, 625
and v, which affect the decay time. The best fit, indicated by 626
the solid line in Fig. 8, is obtained with E;=1.53 eV, E, 627
=2.56 eV, and 1,=2.59% 10" s7!. The quality of the fit is 628
excellent.*® A comparison is also made in Fig. 8 to the pre- 629
diction (dashed curve) of the same model using temperature- 630
dependent line tension and the same fit values of v, and E;, 631
but neglecting desorption (E,>2.56 e¢V). The difference in- 632
dicates the extent of the role that desorption plays in deter- 633
mining the island decay time. 634

V. DISCUSSION 635

A. Step line tension 636

637
638
639
640
641
642

The analysis of island fluctuations reveals that the step
line tension decreases between 1145 and 1233 K with a lin-
ear temperature coefficient of —0.14 meV/A K. The reason-
able agreement between the results obtained here from the
analysis of straight step and island fluctuations at 1163 K
also suggests that the magnitude of the line tension is deter-
mined correctly. For comparison, the two most recent results 643
that were derived from straight step fluctuations that were 644
observed using REM, 46 meV/ A at 1173 K (Ref. 19) and 645
between 22.8 and 31.9 meV/A at 1373 K (Ref. 24), indicate 646
a decrease of 30%—-50% over this 200 K range. A similar 647
decrease of about 40% is determined over the same tempera- 648
ture range by extrapolating our results, with the assumption 649
that the temperature dependence remains linear above 650
1233 K. This is comparable to an approximate 35% decrease 651
that was predicted in the range of 1173—1373 K by statisti- 652
cal mechanical model calculations.!® However, there is still 653
clearly a significant disagreement between the magnitudes of 654
our results and those reported earlier.!®?* Our result is about 655
40% higher. 656

One possible explanation for this discrepancy is that there 657
may be an error in the absolute temperature measurement in 658
our experiment or the earlier set of experiments. The simi- 659
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660 larity of the temperature dependence of the stiffness is a fair
661 indication that the relative temperature measurement is com-
662 parable in the two cases. We measured temperature using a
663 thermocouple and an optical pyrometer that were calibrated
664 carefully against the (7 X7) phase transition temperature,
665 which could be easily identified with LEEM. This calibration
666 was checked in the imaged sample area before and after each
667 measurement and was very reproducible. The acceptance of
668 the absolute temperature scale in our experiments necessarily
669 implies a 150 K error in the REM experiments, which seems
670 unlikely.

671  An alternative explanation of the discrepancy is that it
672 originates in details of the analysis that were mentioned in
673 Sec. IV A. In particular, the implementation of the straight
674 step analysis demands that the mean step position along the
675 step be defined correctly. Any misjudgment of the mean step
676 position will lead to an overestimation of fluctuation ampli-
677 tudes, |x,(t) 2, and, consequently, to an underestimation of
678 stiffness. Although it may be convenient to use a single
679 straight line fit to the (total measurement) time-averaged step
680 shape to define the mean step position at every point along
681 the step, this neglects the influence of fluctuation modes with
682 wavelengths that are longer than the length L of step that is
683 being analyzed. These ultralong wavelength modes were ap-
684 proximately taken into account in our analysis (Sec. VI A)
685 by using a time-varying straight line fit to the rolling time-
686 averaged step shape to define the mean step position. The
687 time-varying straight line mainly rotated with varying azi-
688 muthal angle with respect to the total time-averaged straight
689 line fit to the step. This approach produced a result that is in
690 good agreement with the result that was obtained from the
691 analysis of island edge fluctuations. If the rolling average
692 definition of the mean step position is not used, then a line
693 tension about half as large would be determined in the
694 present case. On the contrary, the evaluation of island edge
695 fluctuations is not susceptible to this systematic error be-
696 cause there can be no modes with wavelengths longer than
697 the perimeter of the island. The technical aspects of our
698 analysis will be discussed further in a forthcoming paper.*3
699 To the best of our knowledge, the time-varying definition of
700 the mean step position was not used in the prior investiga-
701 tions of straight step fluctuations on the Si(111)
702 surface.!’-21.23.24

703 B. Temporal correlations

704  The temporal correlations of step fluctuations at island
705 edges and of straight steps consistently show here that the
706 inverse of the relaxation time scales nearly with the cube of
707 the mode, ¢. This is notably different from the quadratic
708 dependence that was determined earlier for straight step fluc-
709 tuations with REM.?*?* A quadratic dependence may be in-
710 dicative of either an EC or DSS mechanism of step
711 motion.??%2635 Note that the EC mechanism identifies the
712 step attachment/detachment process as rate limiting, which
713 implies a large kinetic length. This interpretation clearly con-
714 tradicts the diffusion-limited behavior and small kinetic
715 length, d ~75a, that were determined from observations of
716 island decay behavior.!"1>33 Rather, the diffusion-limited
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(small d) process, manifests itself in the TD mechanism of 717
step motion, with its signature cubic dependence of the in- 718
verse relaxation time upon ¢. Fluctuation dynamics have 719
usually been attributed to the EC mechanism in the past, and 720
evidence of TD behavior in temporal correlations is very 721
rare. The only previous reports of TD behavior in fluctuation 722
dynamics in a physical system are for the Pt(111) and 723
Pd(111) surfaces®® and for Cu(111) electrodes in an 724
electrolyte.* 725

As noted before, a transition from a TD to a DSS behavior 726
with decreasing step spacing can produce a crossover from 727
cubic to quadratic dependence of the inverse relaxation time. 728
Such a transition may explain the discrepancy between the 729
cubic scaling that is indicated here and the quadratic scaling 730
that was observed earlier.?%?} In particular, the step spacing 731
in the earlier investigations was L;~0.15-0.25 um.?*? 732
This is considerably smaller than the average spacing be- 733
tween the nearest steps here of L;=0.65 wum for island fluc- 734
tuations and L,~0.50 wm for straight step fluctuations. 735
Clearly, further investigations are needed to test this expla- 736
nation. An extension of the current investigation to examine 737
fluctuations of different island sizes on fixed platforms may 738
be a fruitful way to carry out this test. Note that one can 739
distinguish EC from DSS by a careful examination of step 740
correlations, as described in Ref. 50. In that case, steps on 741
the Si(lll)-\s@X V3R30° Al surface at 970 K were shown to 742
have an EC rather than a DSS behavior. Alternatively, the 743
discrepancy on the scaling exponent may be related to the 744
method of sample heating. The value of z=2 was obtained 745
earlier using direct current heating, which is known to cause 746
electromigration. Electromigration is known to induce nu- 747
merous step morphological phenomena.>'*3! The sample 748
heating in our experiments was performed using electron 749
bombardment, which does not induce electromigration. 750

Until this issue can be resolved, we interpret our results to 751
mean that the intrinsic mechanism of isolated step motion on 752
the Si(111) (1 X 1) surface is TD. Using the TD scaling 753

form,>* 7,=kT/ BD,n,,Q°¢’, to interpret the scaling factors 754
determined experimentally at 1163 K [(7,)"'=(7.8 +6.6) 755
% 10® for island fluctuations and (7,)~'=(3.3 +2.6) X 10® for 756
straight steps], we obtain Dgn,,=(6.2+5.2) X 10% s7! and 757
(2.6 +2.1) X 10% 57!, respectively. These scaling factors are 758
obtained for the best-fit dynamical scaling exponents of z 759
=2.74 and z=2.83 for islands and straight steps, respectively, 760
instead of z=3 indicated in the scaling form. Larger values, 761
(19)7'=(22+0.3)x10° s7!  for islands and (7,)7! 762
=(1.6+0.1) X 10 s7! for straight steps, are obtained by fit- 763
ting temporal correlations with the dynamic exponent con- 764
strained to be z=3. The quality of the fit curves is also very 765
good in this case. These lead to Dyn,,=(1.8 £0.4) X 107 s7! 766
and (1.3+0.1)x 107 s7!, respectively, for islands and 767
straight steps. For comparison, a value of Dgn,, 768
=(%azvoe‘EdiﬂkT)(Q‘le‘Edﬂ/kT)=\s’gvoe‘El/szll1 X 107 s7! is 769
obtained using 1,=2.59X10" s7' and E;=E+E 770
=1.53 eV, which were determined from the analysis of is- 771
land decay in Sec. IV C. This value of Dn,, is in better and 772
reasonable agreement with the values determined from tem- 773
poral correlations with dynamic scaling exponent z=3. The 774
Dgn,, that was determined earlier from LEEM observations 775
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776 of island decay is about 1.8 X 107 s™! at 1163 K, or double
777 that if the correct value of the stiffness would have been used
778 in the evaluation. A value of D =1x10° s™' was obtained
779 from REM data using an approximate formula appropriate
780 for a DSS mediated mechanism of step motion.?® Similarly,
781 if we reinterpret an earlier temporal correlation behavior?® in
782 terms of a TD mechanism, then we obtain a value of Dn,,
783 =2.1 X 10® s~!, which is larger by a factor of about 10 than
784 the result obtained in our analysis. Another value that was
785 determined at 1373 K by treating temporal correlations un-
786 der electromigration conditions in the context of a DSS
787 mechanism yielded Dgn,,~2 X 10" 57!, which was noted to
788 be particularly high.>? This cannot be accounted for by ex-
789 trapolating the present and earlier'! results obtained with
790 LEEM at 1163 K to higher temperature.

791 C. Island decay

792
793 =1.53 eV that is determined from island decay here is in the
794 middle of the range of values that were determined previ-
795 ously, 1.1 eV,"3 1.9 eV,”” and 1.3 eV.!! The value of the ac-
796 tivation energy (E,=E;.—E,;=2.56 eV) that we determine
797 is also just a little larger than the result that was obtained
798 earlier, 2.4 eV.?” Our result for the sum E,+E,=E ;+E,,
799 =4.09 eV, which represents the sublimation energy, is also in
800 the vicinity of the earlier reported values of the sublimation
801 energy, 4.3 eV (Ref. 27) and 4 eV (Ref. 18), which were
802 determined by other methods. The attempt frequency that we
803 determined, v,=2.59X 10'3 57!, is also physically reason-
804 able. We take the adatom pair formation energy to be E,;
805 =0.23 eV. This value of E,4 produces an equilibrium concen-
806 tration near a straight step, neq(w), that is consistent with the
807 equilibrium coverage of ~0.20—0.22 ML at 1173 K that was
808 reported earlier.”> Then, the diffusion energy, E4p=1.30 eV,
809 and the desorption energy, E,,=3.86 eV, are determined
810 from E; and E,.

811 It is instructive at this point to examine the concentration
812 profile that is predicted by Egs. (7), (9a), and (9b). Figure 9
813 shows the predicted profiles between the inner and outer is-
814 land boundaries at 1163 and 1283 K. The inner, r;
815 =1.05 wum, and outer, ry=2.35 um, island radii in this figure
816 correspond to the island decay geometry that was investi-
817 gated experimentally (Fig. 6). The concentration profiles
818 (solid curves in Fig. 9) were produced using the parameters
819 that were determined in Sec. IVC, E;=1.53eV, E,
820 =2.56 eV, and 1,=2.59 X 103 s™!. The value of the line ten-
821 sion that is used to generate the profile at 1163 K, g8
822 =66.6 meV/A, was determined directly from island edge
823 fluctuations at this temperature (Sec. IV A). The value at
824 1283 K, 50.3 meV/A, is obtained by extrapolating the re-
825 sults of Sec. IV A to this higher temperature. An adatom pair
826 formation energy, E,;=0.23 eV, and a kinetic length of d
827 =75a are also used to produce the profiles in Fig. 9. The
828 kinetic length was determined previously at 1163 K (Ref.
829 33) and should not change significantly in the narrow tem-
830 perature range that we are considering.

831  Figure 9 first of all shows that a higher concentration is
832 present on the surface at higher temperature, consistent with
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FIG. 9. The radial dependence of the adatom concentration
given by Egs. (7), (9a), and (9b) is shown between the inner r; and
outer r, island radii at 1163 K (upper) and 1283 K (lower). The
open circles indicate the equilibrium concentrations given by Eq.
(2), and the arrow identifies a minimum that is produced by desorp-
tion. The solid curves represent the concentrations in the initial
island configurations at 1163 K in Fig. 6(a) and at 1283 K in Fig.
6(d). The dotted curve at 1283 K indicates the concentration profile
if desorption was to be neglected at this temperature.
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Eq. (2). At low temperature, illustrated by the profile at
1163 K in Fig. 9, the concentration has the usual form that
mediates island decay. In particular, the actual concentrations
at the inner and outer island perimeters are, respectively,
lower and higher than the equilibrium concentrations, indi-
cated by open circles in the figure. This is consistent with the
concentration gradients at the boundaries through the bound-
ary conditions in Egs. (8a) and (8b). The concentration pro-
file (Fig. 9) and the decay time (Fig. 8) at this temperature
are little affected by desorption. We expect that the outer
island radius should increase during the decay of the inner
island. However, this does not occur because of the con-
straint imposed by the mound geometry in our experiments
[Figs. 6(a)-6(c)]. Atoms that reach the outer island perimeter
must therefore escape by descending the mound sideface
through a series of attachment and detachment processes at
successively lower levels.

At suitably high temperature, illustrated by the profile at
1283 K in Fig. 9, desorption produces a minimum in the
concentration profile at a position between the inner and
outer island edges, indicated by the arrow in the figure. The
actual concentration is also lower than the equilibrium con- 854
centration at the outer perimeter, n(rg) <n,,(ry), at this tem- 855
perature. This boundary concentration relation is consistent 856
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857 with the concentration gradient at the outer perimeter
858 through the boundary condition [Eq. (8b)]. The physical
859 meaning of this is that there is now also a net detachment
860 from the outer island perimeter and radially inward motion
861 of adatoms. This implies that the outer island must also de-
862 cay. This prediction is confirmed by the experimental obser-
863 vations at 1283 K, shown in Figs. 6(d)—6(f), that the outer
864 island decays slowly. The model also predicts that the con-
865 centration profile has a slope of zero and that the concentra-
866 tion is equal to the equilibrium value at the outer island
867 perimeter at 1263 K. This coincides with the experimental
868 observation that outer island decay of the sort that is depicted
869 in Figs. 6(d)-6(f) is only observed at 7= 1265 K.

870  The model that is discussed in this paper considers that
871 mass transport during island decay is mediated by diffusion
872 of adatoms that are produced at steps. However, it was
873 shown’! that adatom-vacancy pair formation plays a domi-
874 nant role in mass transport during the (7 X 7)-(1 X 1) phase
875 transition. In particular, (7X7) domains are converted to
876 (1 X 1) structure when adatoms that are created (together
877 with vacancies) on (1 X 1) regions of terraces migrate to (7
878 X 7) domain edges. At the same time, the vacancies that are
879 left behind migrate to steps where they are annihilated. This
880 adatom-vacancy mechanism replaces direct communication
881 between adatom formation at steps and adatom absorption at
882 (7 X 7) domain edges. A crucial element of the model used to
883 describe the (7 X 7) domain decay kinetics is that the adatom
884 and vacancy concentrations are far below their equilibrium
885 values during the phase transition.>' This means that adatom
886 formation at steps must be suppressed for some reason. This
887 condition is very likely caused by the continuous decoration
888 of steps by (7 X7) structure during the phase transition. In
889 the absence of the step adatom source, creation of adatom-
890 vacancy pairs on terraces becomes important, despite the
891 high pair formation energy, 3.6-3.8 eV,’! which is very
892 close to the adatom desorption energy determined here.

893  Adatom-vacancy formation on terraces should not be im-
894 portant during island decay for several reasons. First of all,
895 steps are not decorated with a (7 X 7) structure and the ada-
896 tom concentration on terraces is also close to equilibrium
897 during island decay. According to the (7 X7) domain decay
898 kinetics model in Ref. 51, this strongly diminishes the im-
899 portance of adatom-vacancy pair formation in mass trans-
900 port. Second, fast diffusion and slow adatom detachment
901 from steps is implicit in the domain decay kinetics model.
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This corresponds to the attachment-detachment limited ki- 902
netic regime. On the contrary, there is considerable experi- 903
mental evidence''3? that step motion during island decay on 904
the Si(111) (1X1) surface is diffusion limited, not 905
attachment-detachment limited. The contrast between do- 906
main and island decay kinetics is a sign that the dominant 907
kinetic processes are fundamentally different. 908

VI. CONCLUSIONS 909

We have determined the step line tension on the Si(111) 910
(1 X 1) surface by a capillary wave analysis of step fluctua- 911
tions that were observed with LEEM. Our investigations of 912
the step line tension are probably the most comprehensive to 913
date on the Si(111) (1 X 1) surface. Notable features of the 914
present work in this regard include (a) the comparison of 915
fluctuations in two configurations (island edges and straight 916
steps), (b) measurements at multiple temperatures in series 917
on the same sample, and (c) careful averaging of results that 918
are obtained from the analysis of multiple (~10) indepen- 919
dent data sets at each temperature. These attributes contrib- 920
ute to the reliability of the magnitude and temperature de- 921
pendence of the step line tension that are reported here. This 922
is a compelling reason to adopt the present results in the 923
analysis and modeling of step morphological evolution on 924
the Si(111) (1 X 1) surface in the future. In the course of 925
these investigations, temporal correlations of step fluctua- 926
tions were found to exhibit the signature of a terrace 927
diffusion-limited mechanism of step motion. The importance 928
of these results is demonstrated immediately here by mea- 929
surements of island decay on the Si(111) (13X 1) surface. 930
Evaluation of the island decay time with a general model of 931
island decay inclusive of desorption and referenced to the 932
temperature-dependent line tension accurately determines ac- 933
tivation energies that are relevant to mass transport and sub- 934
limation. 935
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