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Electric-current-induced step bunching on S(111)
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We experimentally investigated step bunching induced by direct current on vicinal BiLKI1"" sur-
faces using scanning electron microscopy and atomic force microscopy. The scaling relation between the
average step spacithgand the number of step$in a bunch),~N™¢, was determined for four step-bunching
temperature regimes above the<7-''1 X1 transition temperature. The step-bunching rate and scaling
exponent differ between neighboring step-bunching regimes. The expemeft7 for the two regimes where
the step-down current induces step bunchBg0—960 and 1210-1300 fGand 0.6 for the two regimes where
the step-up current induces step bunchib@0—1190 and>1320 °Q. The number of single steps on terraces
also differs in each of the four temperature regimes. For temperatures higher than 1280 °C, the prefactor of the
scaling relation increases, indicating an increase in step-step repulsion. The scaling exponents obtained agree
reasonably well with those predicted by theoretical models. However, they give unrealistic values for the
effective charges of adatoms for step-up-current-induced step bunching when the “transparent” step model is
used.

[. INTRODUCTION of BCF theory, atomic steps are adatom diffusion bound-
aries, so the motion of a step is determined by the terrace in
A decade has passed since the direct cui@iteffect on  front of it and the one behind it. In Stoyanov’'s new model,
atomic step bunching on @ill) was found by Latishev on the contrary, adatoms can cross steps, so the steps are said
et al! Step bunching is an instability of the regular distribu- to be transparer{pr permeablg In this situation, the adatom
tion of atomic steps on a vicinal surface under an externatoncentration distribution is determined by the local step
field, and an attractive topic theoretically because there are alensity and the effect of electromigration. This model shows
least four transitions where the direction of step-bunchingthat step bunching takes place for the step-up electromigra-
inducing current reverses. These transitions occur at thgon of adatoms. Thus, it was subsequently proposed that the
7X7-"1X1" transition temperature of 860 °C, around a transition from step-down-current-induced to step-up-
gap between 1000 and 1060 °C, and at 1200 and 1300 °€urrent-induced bunching is due to changes in atomic step
(these temperatures vary at most by 50°C in theproperties, such as the density of kinks in a step changing
literaturé ). Specifically, a step-down current induces stepfrom high to low. This model explains the inversion of step-
bunching in the temperature ranges of 860<960°C and  bunching-inducing-current direction under growth circum-
1200<T<1300°C, while a step-up current causes stepstances in the 1060—1200 °C regiffeSugaet al, on the
bunching in the ranges of 1060r<1200°C and T  other hand, proposed another mechanism of current direction
>1320°C. There is further complication during the 7 inversion quite recently? They took into account external-
X7-*1X1" transition in that the step-bunching-inducing- force dependence in the mass transport of adatoms, and
current direction changes twice, depending on the coveragehowed that the step-down force induces step bunching in a
of 7X 7 domains' For the step-bunching mechanism, Stoy-capture-limited case, while the step-up direction force in-
anov proposed a model of adatom electromigratimased on  duces it in a diffusion-limited case. Their model suggests
a generalized Barton-Cabrera-Fraf&CF) theory® In this  that the change in adatom transport mechanism with tem-
model, step bunching occurs when the adatom electromigrgperature causes the inversion of step-bunching-inducing-
tion is in the step-down direction. Since the adatoms orcurrent direction. This model reproduces step wandering in
Si(111) are thought to be positively chargédhis model the regular distribution of steps, which was found recently
describes the step bunching under the step-down current. Qmder step-up current in the 1060—1200 °C reglfrassum-
the other hand, the step-up current stabilizes the regular amg diffusion-limited kinetics.
rangement of atomic steps in the framework of the BCF- Various step-bunching mechanisms have been proposed,
based model. Misbah, Pierre-Louis, and Pimpinelli suggesteds we have seen above. However, they are still controversial,
that advacancys, which move in the opposite direction tand no single model explains all of the inversions of step-
adatoms, can cause the inversion of the step-bunching fieldunching-inducing-current direction. It should be mentioned
direction at high temperaturésKandel and Kaxiras argued that Liu and Weeks discussed the effects of step permeability
that the sign of effective charge changes depending oand capture-limited/diffusion-limited step dynamics for step
temperaturé. bunching near 900 °C, and showed no transitions caused by
Recently, Stoyanov proposed a different mechanism ofhese effect$? Therefore, it is essential that existing models
step bunching under the step-up curréhin the framework be tested by quantitatively comparing them with experi-
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ments. Stoyanov and Tonchev predicted a scaling relation
between the minimum terrace sikg, and number of steps

N in a bunch/,,~N"%(A/F)4, whereA is the magnitude of
step-step repulsion arfdis the force for electromigration of
adatoms? The scaling exponents and q depend on the
powern in the step-spacing dependence of the step-step re-
pulsion (U=A/I") and the bunching mechanisi®.g., BCF-
type steps or transparent stgpBujita, Ichikawa, and Stoy-
anov reported scaling exponents at 1145@@hder the
step-up current and 1250°C (under the step-down FIG. 1. SEM images of step-bunch evolution on vicin&lL$i)
curren).'® Their results are consistent with the transparent> miscut toward thé112) direction at 1256 °C. Darker regions are
step model witm=2 at 1145 °C and a BCF-type model with step bunches. Heating times weg 30, (b) 60, and(c) 90 s.

n=2 at 1250 °C.

The aim of this paper is to provide systematic experimenstep-up direction current. Care was taken to eliminate any
tal data for step bunching in a wide temperature range, spunching morphology formed in the preceding experiment.
that the data can be compared to theoretical models. W&o observe evolution of step bunches at each temperature,
measured the step-bunch shapes for temperatures higher théae specimen was repeatedly heated for a certain time inter-
the 7X7-*1 X1 transition temperature and determined val and cooled to about 350 °C for SEM observation. The
the scaling relations,,~N~“ for each bunching tempera- rate of cooling from above 1200 to 600 °C was about 150 °C/
ture regime. The scaling exponents were compared with thes. During heating, the specimen chamber pressure was kept
oretical scaling exponents of the BCF and transparent-stegt less than %10’ Pa.
models. The SEM was operated with a 25 keV electron beam at a

70° incident angle. Examples of SEM images of step
bunches are shown in Fig. 1 for 1256 °C in the step-down
[l. EXPERIMENTAL PROCEDURE current direction. Average values of apparent terrace lfith
We used an ultrahigh vacuum scanning electror@Nd bunch width_;, were derived from SEM images at sev-

microscopd’ (UHV-SEM) to resistively heat specimens and eral positions. These apparent widths are the lengths pro-
observe step-bunch evolution. The vicinal1Sil) substrates jected on the initial vicinal surface. The actual terrace width
mainly used were a boron-dopde-5 Q cm) wafer 0.15° Lt. bunch Widtthg' ar’1d bunch heighH are ,give’n byl
miscut toward thé1 12) direction and a phosphorus-doped _ Li/cos6, Lp= (L +Lp)coso—Ly, andH=(L; +Ly)sin,

! — where 6 is the miscut angle of the vicinal surface. Then the
(~3 Qcm) wafer 1° miscut toward th¢112) d'reCt'OE A number of steps in a bundd can be obtained a=H/h,

boron-doped~10 () cm) wafer 1° miscut toward th€110) by using the heighh, of a single step on §111), and the
direction was used for comparison. Specimensx<30 average step spacing in a bunchgjs L, /N. Since the slope
X 0.4 mn? were cut from these wafers. The long side of theof a step bunch can be regarded as almost constant, we used
specimen was parallel to the miscut orientation. After oxida{, instead ofl,,. After removing the specimens from the
tion using HSO,:H,0,(4:1) solution the specimens were vacuum, atomic force microscogAFM) was employed to
introduced into the UHV-SEM and resistively heated usingevaluate step-bunch shapes directly in air.
direct current. The temperature was measured using an infra-
red pyrometer, which was calibrated using a disappearance
filament pyrometer taking into consideration the temperature
dependence of emissivit§. We estimate the accuracy of In a step-bunching condition, the bunch-size evolution oc-
temperature measurements to #@0°C around 1200°C. curs as a result of interaction between step bunches as seen
These temperatures were about 10 °C higher than in our préa Fig. 1. On average, the number of steps in a step bunch
vious papetbecause of the difference in the calibration pro-increases with heating time. The time dependence of the av-
cedures. It is reasonable to note that there are some diffeerage step number in a bunch is shown in Fig. 2 for various
ences among the reported transition temperatures of the stefgmperatures. The step number increased roughly in propor-
bunching current inversion as well as the<7-“1 X1’ tion tot®® This result corresponds to th®° dependence of
transition temperature. Our current inversion temperature oferrace width reported by Yang, Fu, and Williaf$he fig-
1200 °C from step-up to step-down current corresponds tare also indicates a large temperature dependence of the
the 1250 °C inversion in Refs. 1 and 11. In our measurebunching rate. Although the bunching rate was not constant,
ments, the K7-“1 X 1" transition temperature on &1l a mean bunching rate in the initial stage of bunching would
was 860 °C, while Ino reported that the transition occurred abe helpful to illustrate an outline of the temperature depen-
830 °C*® which has been cited in many papers. Phaneuf andence of step-bunching phenomena. Thus, average bunching
Williams also reported an 860 °C transition temperatire. rates were derived using linear fits of the 1° data and are
Temperatures examined ranged from 910 to 1360 °C. Tehown in Fig. 3. Now the four bunching regimes above the
obtain these temperatures, ab@u/ was applied across the 7X7-1X 1" transition temperaturg860 °C are clearly
17 mm gap of the specimen with current of 3—13 A. Eachseen. The bunching rate changed by more than two orders of
specimen was used repeatedly to obtain several temperatumeagnitude over the four regimes, from less than 4.6 1
data. Before each step-bunching experiment, steps were dsteps/s. A striking difference in the bunching rate is that
bunched at 1230°C by passing the specimen through tharound the 1200 °C transition. In spite of a small temperature

IIl. RESULTS
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FIG. 2. Time dependence of average number of steps in a step

bunch on vicinal Si111) 1° miscut toward the112) direction at
various temperatures.

gap, the bunching rate jumps by a factor of 20 from 1180 to
1210°C. The bunching-rate difference around the 1300 °C
transition is small. Another notable thing is that no bunching
takes place between 960 and 1060 °C. The widths of the
other two gaps where no bunching occurs were less than
30°C. We hereafter refer to these bunching temperature re-
gimes as regime Istep down, 86&T<960°Q, regime 2
(step up, 106&T<1200°Q, regime 3(step down, 1200
<T<1300°Q, and regime 4step up,T>1320°Q.

The size scaling relationship between the average step
distance, and the number of steps in the burghs shown
in Fig. 4(a) for various temperatures. The SEM data from
regimes 2—4 are plotted altogether. To obtain witealues,

the data for both 0.15° and 1° miscut substrates were used.

Except for temperatures higher than 1280 °C, the data were
scaled in a narrow region. That is, the differences in scaling
exponents and prefactors were small for different tempera-
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FIG. 3. Temperature dependence of step-bunching rate on vici-

nal S(111) 1° miscut toward th(éll?) direction. The bunching rate
was determined as an average rate in the initial stage of step bunc
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FIG. 4. Average step spacing in a step bunch as a function of the
number of steps in a bunch. The data were obtained using vicinal
Si(111) surfaces 0.15° miscut toward té 12) direction and 1°
miscut toward th€112) direction.(a) SEM data for regimes 2—4.

(b) AFM data for regime 1(910 °Q. (c) AFM data for regime 4
(1343°0.

ture regimes. It should be noted that the scaling relation did
not depend on the step orientation. Figufa)4ncludes the

data for(112) steps of the 0.15° miscut surface afid.2)
ﬁtei)s of the 1° miscut surface. We also examined

ing. igown andi,, denote the step-down-current-induced and step<110)-oriented steps and confirmed that these steps showed

up-current-induced step bunching.

the samd,, vs N relationship within the experimental error.
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TABLE |. Experimental size scaling parameters for the four temperature regimes/a@dind zq;
calculated using the BCF-type or transparent-step model. Ahealues are from Ref. 25 for the
Si(111 “1 X1” surface without short-range order.

Regime T (°C) Prefactor Exponent F/A (nm™2) A(eVnm) F@evnm?d) zy ()

1 910(AFM) 128 0.70 6.410 7@ 0.06 4.0<10°8 0.1

2 1160(SEM) 98 0.61 1.6¢10°50 0.17 2.7 1078 7
1180(SEM) 95 0.59 1.%10°%° 0.19 3.6<10°° 9

3 1237(SEM) 163 0.70 3.x10° 7 0.25 7.8<10°8 0.2
1256 (SEM) 133 0.66 510772 0.30 171077 0.4
1285(SEM) 220 0.71 1.x10° 7@ 0.34 4.3<10°8 0.1

4 1343(SEM) 232 0.64 2.K10° 7P 0.56 121077 0.3
1343 (AFM) 202 0.59 4.X10° 70 0.56 241077 0.6

3BCF-type modelRef. 15.
®Transparent-step modéRef. 10.

The independence of step character is peculiar to dc-inducestep spacing implies that there was a change in the magni-
step-bunching phenomena. Transition temperatures are tiigde of step-step interaction. This increase may be attributed
same for different orientations of stebs. to entropic repulsion. Thus, the apparent “activation” en-
In Fig. 4(a), each temperature data set was obtained fronergy does not mean the presence of an actual activation bar-
SEM images at various heating times. However, in regime Zier.
it was difficult to obtain a large number of data points be- It is worth noting the differences observed in the step-
cause the bunching rate was so low. Accordingly, we usedunch shape and the number of crossing steps on a terrace
AFM images of step bunches at fixed heating titdeh for ~ region between step bunches. Figure 6 shows AFM images
the 0.15° miscut surface dr2 h for the 1° miscut surfage of step bunches for the four temperature regimes. It is obvi-
and measuret], andN for different sizes of bunches. Figure ous that the step bunch in regime 4 is less steep compared to
4(b) is the plot for 910 °C using AFM data. Although the the other three regimes, even though the number of steps in a
scatter of 0.15° datésmallerN data is large, they can be bunch in Fig. 6d) is much larger than in the others. This is
regarded as having the sarhedependence as the 1° data due to a largef, value, as mentioned above. Another inter-
(largeN datg. The data at 910 °C also lie within the region esting and important finding is that the number of crossing
shown in Fig. 4a). AFM data are shown in Fig.(d) for  steps on a terrace region is different for the four regimes. In
regime 4, where only a small number of SEM data wereregime 1, most terraces had no crossing steps. The lowest
measured. For other regimes, the SEM-based values westep in each bunch had a wider terrace behind it. This was a
confirmed to be consistent with AFM-based values. common feature among the four temperature regifpesb-
Although most of the data were scaled in the narrow re-ably due to step-flow growth during quenchinth regime 3,
gion, there were sizable differences in the scaling exponentsn average, only one crossing step existed on a terrace re-
from different temperature regimes. The exponents and prefgion. When a crossing step reached a lower edge of the upper
actors were derived from data set with a wide rangeNpf step bunch, a new step was released from the lower step
and are listed in Table I. The exponents were 8003 in  bunch. This did not depend on the terrace width. After a
regime 1, 0.66:0.03 in regime 2, 0.690.03 in regime 3, longer annealing, a terrace regionudn wide was formed,
and 0.64-0.05 (SEM) or 0.59+0.03 (AFM) in regime 4. but there was only one crossing step. On the other hand,
The error on the SEM result in regime 4 was larger than irplural steps existed in regimes 2 and 4, where step bunching
other regimes, so we adopted the AFM result in this regime.
The exponent was 0.59-0.60 for the two regimes where step
bunching was induced by the step-up current, and 0.69-0.70
for the two regimes where the step-down current induced
step bunching. These exponents in regimes 2 and 3 are in
agreement with the values reported by Fujita, Ichikawa, and
Stoyanov (0.60+0.04 at 1145°C and 0.680.03 at
1250 °Q.'® Another important result is the substantial tem-
perature dependence of the scaling relationship at higher
temperatures. This change was evident for the 1285 °C data
in regime 3 and became larger in regime 4. This was due to
the change in the prefactor, but the exponent remained al-
most the same within the experimental error. Since it was
difficult to obtain reliable prefacters from all data sets, the 1
average step spacing at the step number of 100 was taken as
a measure of the change. The step spacin§latl00 is
shown in Fig. 5. The spacing gradually increased with an FIG. 5. Temperature variation of the step spacing in a step
apparent “activation” energy of 0.7 eV. This increase in bunch with 100 steps.
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IV. DISCUSSION

It is obvious that the scaling exponent changed between
two neighboring temperature regimes. In addition, the num-
ber of crossing steps on-terrace region changed from one
regime to another. Therefore, it is plausible that the bunching
mechanism changes when the direction of the bunching-
inducing current inverts. In regime 1, bunching is induced by
the step-down current. Providing adatoms have a positive
effective charge, which is highly realistic, bunching occurs
under the step-down force. Thus, this is a typical BCF-type
step bunching. Our scaling exponent 0.70 is in good agree-
ment with the theoretical value gfderived by Stoyanov and
Tonchev for BCF-type bunching with the step-step interac-
tion energyU =A/I? (n=2).%® Sato and Uwaha also derived
the same exponent for the nonevaporating éase.regime
2, where bunching is induced by the step-up current, the
experimental scaling exponent is 0.60. This value is compa-
rable to the theoretical exponent &ffor transparent steps
under the far-from-equilibrium condition, i.e., the adatom
concentratiomg in the vicinity of steps is much smaller than
the equilibrium concentrationg (here agair =A/12)1°Al-
though the transparent-step model did not contradict the ex-
perimental results for dc-induced step bunching under the
growth conditiont! the transparency of steps has not been
confirmed directly. A difficulty with the transparent-step
model is the fact that step-bunching phenomena do not de-
pend on the step orientation. If the transparency is attributed
to a small kink density, the kink density should depend on
the step orientation. We think that the existence of a wide
gap between regimes 1 and 2 is the key to understanding the
bunching mechanism. This gap could be a reflection of a
gradual change of step properties or adatom transport mecha-
nism. Any model should explain the lack of bunching or very
slow bunching in this gap.

In regime 3, step bunching is again induced by the step-
down current. The experimental scaling exponent is 0.69.
Therefore, this also seems to be BCF-type step bunching.

FIG. 6. AFM images of step bunches for the four regim@s. However, the surface in this temperature regime is different
Regime 1, created by heating with the step-down current at 910 °¢fom that at lower temperatures. We have shown that the
for 4 h. (b) Regime 2, with the step-up current at 1160 °C for 15 transition between regimes 2 and 3 is accompanied by in-
min. (c) Regime 3, with the step-down current at 1256 °C for 0.5COmplete surface meltirfg, i.e., disordering of the first
min. (d) Regime 4, with the step-up current at 1343 °C for 20 min. monolayerz.3 This is the reason for the abrupt transition from

regime 2 to regime 3. However, we do not know the effect of
was induced by the step-up current. In regime 2, the stefhe incompletely melted layer on the step bunching. At least,
spacing on the terrace region was 30—60 nm, and the numbéris known that atomic steps are preserved underneath the
of steps increased with increasing terrace width. In regime 4mnelting layer: step-flow sublimation has been observed even
though the step-step spacing varied from 10 to 70 nm, thafter the transition, and the effective surface diffusion length
step density was generally much higher than in other reis about three times larger than that before the transftigh.
gimes. We assume that the incomplete surface melting is a state

Sato and Uwaha showed based on their theoretical analyvith a higher coverage of adatoms. There might be a similar
sis that the existence of crossing steps is related to the evapimteraction between the adlayer and steps. It is reasonable
ration of adatoms: when evaporation is negligible, no crossthat steps have a high kink density in such a high-
ing steps exist! Our result in regime 1 corresponds to the temperature region. Thus, the BCF-type step-bunching
negligible evaporation case. However, the difference bemodel would not contradict the incompletely melted surface.
tween regime 3 and regime 2 or 4 implies that evaporation is The step-up current again induces step bunching in re-
not the only factor determining the number of crossing stepsgime 4. The scaling exponent is 0.59, which is the same as in
There was a distinct difference between the step-downregime 2. The transition is rapid: the gap width is less than
current case and the step-up-current case. This suggests tl3@°C. The transition temperature is the same for both 0.15°
the bunching mechanisms are different between these twand 1° miscut surfaces. This means that the transition does
cases. not depend on the step spacing. Misbah, Pierre-Louis, and
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Pimpinelli discussed the role of advacancy in step bunchingharge wag.~0.1]e|, wheree is the charge of an electron.
and predicted the reappearance of step bunching when thghere was no significant difference ig; between regimes 1
step spacing is large compared to the adatom diffusiomnd 3. The present value is in reasonable agreement with the
length® Thus, the transition temperature should change foadatom charge obtained by first-principles calculatioith-
different step spacings in their model. Furthermore, the exput the wind forcg, 0.09e|.° If we use an experimentai
perimental adatom diffusion length is still as large asul®  value of 0.01-0.04 eVnm at 900%€, z.

or more at 1300 °C*?* Therefore, their model cannot be ~0.02¢|—0.06¢|. These values may be slightly larger than
applied without modification. So far, we have not found anythe charge estimated from the decay of step bunches by Fu
structural change at the transition temperature of 1300 °C. lét al. (<0.01/e|).?” However, considering that their estima-

is still possible that advacancies play some role in the trantion depended on the ratio of adatom diffusion and the
sition. Further experimental and theoretical studies are reattachment/detachment rates to steps, the discrepancy is not
quired in order to understand the mechanism of step bunchsignificant at all. In regime 2, the transparent-step model
ing in this very-high-temperature regime. gave a largeF/A value, ~2x 10 ®nm™2, and a largez.,

The step spacing in a step bunch is a measure of step-Steje| —9g|e|. In regime 4, the same model gave smaller values,
interaction. In the BCF-type model by Stoyanov andp/a~2x10""nm2 and z4~0.3¢|—0.6e|. Although
Tonchev, the average interstep distance inside the bunch jfese values depend on the estimated valueApfthe
written as transparent-step model always gave a one order of magni-

18aA| 13 tude largeizq in regime 2. These values seem unrealistic. So
N—2/3(_) B, (1) the perfect transparency of steps is not relevant, even though
the experimental scaling exponent agrees with the

wherea is the distance between atoms along the step edgtéa_nsparent-step model. Fujita, Ichikawa, and Stoyanov also
andB is a constant, which was numerically determined to bePCinted out the same problefh.

0.631° For regime 2, where step bunching is induced by

step-up current, if we adopt the transparent-step model by V. CONCLUSION

Stoyanov® for far-from-equilibrium evaporation kinetics,

Ib:

We have investigated direct-current-heating-induced step

15 bunches in four temperature regimes above the77

: (2)  “1 x1” transition temperature. There were distinct differ-

ences between the step-down-current-induced bundin@ig

whereb is the distance between the atoms perpendicular tgimes 1 and Band the step-up-current-induced bunching
the step edge anx is the adatom diffusion length. Thus, the (regimes 2 and ¥ The scaling exponents of the bunch size
relationship betweeh, andF/A is highly model dependent. were 0.7 for the step-down-current-induced bunching and 0.6
In addition, a model valid in regime 4 has not been estabfor the step-up-current-induced bunching. The numbers of
lished. Hence, we technically calculatedA using Eq.(1) in  crossing steps on the terrace region between bunches were
regimes 1 and 3 and using E@) in regimes 2 and 4. The zero in regime 1 and 1 in regime 3, while the number in-
results are summarized in Table I. For EB), A was setto  creased with increasing terrace width in regimes 2 and 4. A
10 um?>?* To estimateF values, temperature-dependént considerable increase of the step-bunching rate was found
values are necessary. Since experimeftehlues have been around the transition from regime 2 to regime 3, i.e., at
obtained only at around 900 °C, we used the values calciaround 1200°C. These results imply that the bunching
lated by Akutsu and Akutstr. They calculated the coeffi- mechanism changed between step-down-current-induced and
cient of step interaction on the Si(111) X11"" surface for  step-up-current-induced step bunching. The results in re-
three kinds of short-range order: without short-range order, gimes 1 and 3 were consistent with the BCF-type step-
/3% 3 short-range order, and ax2 short-range order. The bunching model. In regimes 2 and 4, the scaling exponent
degree of temperature dependence changes dependiagreed with the transparent-step model far from equilibrium,
greatly on whether short-range order exists or not. Accordbut the effective charge of adatoms calculated using the
ingly, we estimated the degree of temperature variatioA of model was unrealistically large.
from the result in Fig. 5. If we assung~ (A/F)2 like Eq. A key to understanding the bunching mechanism lies in
(1), and the variation of is small, the slope of the plot in the transitions of the bunching-inducing-current direction.
Fig. 5 gives3 of the “activation” energy ofA. Then we There is a wide gap of about 100 °C between regimes 1 and
obtain the “activation” energy of~2 eV (as mentioned in 2. The transition between regimes 2 and 3 is related to in-
the previous section, this is not an actual energy barrier complete surface melting. The origin of the transition at
the temperature range from 1160 to 1340 °C, the variation 01300 °C between regimes 3 and 4 is still unknown. Theoret-
the values calculated by Akutsu and Akutsu corresponds tacal models of step bunching should take the wide gap as
an “activation” energy of 1.3 eV for the case without short- well as the transitions into consideration.
range order, and 0.3 eV for th&X y3 or 2X 2 short-range
order cases. Thus, we adopted the greater-temperature-
dependence case, i.e., the case without short-range order, and
show theA values in Table I. The authors thank Professor Styoyan S. Stoyanov for mo-

For regions 1 and 3, the experimentally determiffééh  tivating this work. They also thank Professor Akiko Natori,
value is~1x10 "nm 2. Since the electric field was 7 V Professor Noriko Akutsu, and Dr. Ken Fujita for their helpful
per 1.7X10 ?°m, ~4x10°Vm™!, the effective adatom discussions, and Miho Kanazawa for AFM measurements.
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