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In-phase step wandering on Sil11) vicinal surfaces: Effect of direct current heating
tilted from the step-down direction
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In-phase step wanderingPSW), a newly found step instability due to step-down dc heating qh13)
vicinal surfacegJpn. J. Appl. Phys38, L308(1999], is studied in detail in the case of dc heating not parallel
to the step-down direction, including the time evolution of IPSW. The nucleation and growth of IPSW regions
and the reorientation of ridges of IPSW from the step-down direction to the current direction, resulting in the
asymmetric wandering of individual steps, are observed. The effects of the current component parallel to the
step-down direction and perpendicular tgparallel to the step directigrare discussed. As a special case an
effect of dc heating parallel to the step direction is also studied.
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[. INTRODUCTION the dc heating effect and its period is not related to the dif-
fusion length of the adatoms.

Surface step instabilities on Si surfaces due to the direct Another important finding by our group is that in the three
current(dc) heating of the specimen is one of the interestingranges(l,I1,l1l') the drift direction of adatoms due to dc heat-
step dynamics on surfac&st® On Si111) surfaces, step ing is in the current directioripositive effective charges in
bunching and debunching were reported, depending on tH&ree temperature ranges This finding excludes theoretical
step-down or step-up current direction and on thedPproaches to the dc heating effects with a reversal of the
temperaturé®* In the 1x1 phase, above the phase- effective charge or with a negative effective cha%Bgsed_
transition temperature of 830 °C between the 77 and the upon the fact that adatoms drift along the current direction,

1X1 phases, four temperature ranges with different dc hea{r_nhgsftollcr)c\:\ggglgnderstandlng for ranges | and Il seems to be
ing effects on low off-angle vicinal surfaces have been re- (1)p|n rangé | observed step bunching by a step-down

ported. In range (830 °C—~1000 °Cand range 11((1180°C~ current heating is due to the step-down drift force on ada-

1300°Q, astep-dow_n_ current induced step bunching while %oms, which has been discussed repeatedly assuming steps
step-up current stabilized a regular array of steps. In rangeg o impermeablewhere the adatom cannot move across

Il (1000°C~1180°Cand IV (1300 °C- a reversed current gang without attachment and detachment at the stépé

effect was observed. It was also reported that antibands, (2) In range Il observed step bunching by a step-up cur-
bands, are formed by the dc heating effect in ranges I-lliyhich has recently been discussed assuming permeable
after the formation of the step bantls:>'5There have been steps-8:2¢

many theoretic approaches to explain the formation of step Thus, the IPSW that we have found should be understood
bands and antibands!01#1%17-19 as a type of step instability under a step-down drift force on
Recently we have reported that the above-mentioned dadatoms, probably assuming permeable steps. However, the-
heating effects are not only for low off-angle surfaces butoretical study of step wandering is only for an isolated step
also for large off-angle surfaces up to 13°-14° by usingunder a step-down drift force assuming impermeable steps.
samples with a cylindrical groov@ We also found a type of From an experimental point of view the following studies
step instability called the in-phase step wanderitf@SW  are indispensable. IPSW is formed by step wandering of
hereaftey, where steps wander in-phase forming ridges andtach step in phase as mentioned above. Important parameters
valleys along the step-down direction with wandering peri-of IPSW are periods and amplitudes of the wandering steps
ods of a few microns in areas with step-down heating on thén an IPSW pattern. Thus, studies of their time evolution, and
surface of a cylindrical groove whose off angle is up toits off-angle dependence are very import&n&tudies of the
13°-14°% The IPSW takes place also on the flat surfacesnitial stage of IPSW are also interestifigThese studies will
with definite off-angle$! The IPSW takes place only in be reported in separate papers.
range Il when the dc is along the step-down direction. The Another important study that is reported in the present
IPSW of antibands was also observiedsitu by reflection  paper is the study on the dependence of IPSW and step
electron microscopyREM) in range 1122 Periods of IPSW  bunching on current directions relative to the step-down di-
were found to depend on the temperature in range Il andection: studies of step instability due to a drift force com-
have the maximum value at 1100 {@early the middle of ponent parallel to the step direction. This includes the case
range |) and smaller values on both sides of the temperaturevhen the current is parallel to the step directtdriTime
range 1122 Such a behavior is quite different from the mo- evolution of the IPSW pattern in such an oblique current
notonous decrease of the diffusion length of adatoms in thisase is also an interesting topic. This includes not only the
temperature rang@. These facts indicate that IPSW is due to time evolution of the period and amplitude of IPSW but also
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the time evolution of the direction of the in-phase of step 6
wandering(ridges. Sato and Uwaha have theoretically dis-
cussed the effect of the drift force with a component parallel /
to the step direction for the wandering of an isolated imper- \\
meable step. They concluded that the existence of a drifi \ / y

/

force component parallel to the step direction breaks the in-
version symmetry of the diffusion field along the step direc- - s
tion and it transforms a chaotic behavior of step wandering (340

to a nonchaotic one with a uniform phase shift during the :

the Benny equation. In the case of the IPSW, the drift force
component perpendicular to the step direction induces & .
stable IPSW and the drift force component parallel to the,\,.

steps is expected to cause a phase shift between neighborir‘e@iﬂ(ﬁ@pi—» : (O  — R
steps. In the present paper studies by optical microscopes e —

these problems are given.

"

Il. EXPERIMENTAL

_A Si(111) wafer (B_doped, _feWQ Cn_]) which has 5° off FIG. 1. Optical micrographs of specimens annealed at 1100 °C
miscut toward thg 112] direction (112] steps on the Sur-  for 24 h with the dc fed along various directions. Current directions
faces was used. Specimens<z X 0.3 mn? in size were cut  are for panel 1, 0°, for panel 2, 60°, for panel 3, 90°, for panel 4,
from the wafer in such a way that their longer sidesrrent  150°, for panel 5, 180°, for panel 6,120°, for panel 7-90°, and
direction were 0°, 60°, 90°, 150°, 180°%-30°, —90°, and  for panel 8,—30° from the[112] step-down direction. The solid
—120° from the [115] step-down direction. They were arrow in panel 5 indicates the IPSW of an antiband parallel to the
chemically cleaned and flash heat cleaned several times aep-down direction(also the dc directionand white arrows in
1200°C in an ultrahigh vacuurlUHV) chamber and then panels 4 and 6 indicate the IPSW of antibands whose ridges are
annealed with dc parallel to the longer sides of the specimenarallel to the corresponding dc directions.
at 1100 °C for about 24 h. The temperature was monitored by
an optical pyrometer with no emissivity corrections. Time by a solid arrow are seen as schematically drawn in Fig). 2
evolution of the IPSW was studied for specimens with dc fedAs it is seen in panels 4 and 6 of Fig. 1 when the dc is not
in the direction 60° from the step-down direction. The an-parallel to the step-up direction, the direction of the ridges of
nealing time was changed from 3 to 48 h. The annealethe IPSW of antibands is almost parallel to the dc direction
specimens werex situobserved by an optical microscope indicated by a white arrow in each image, although the
(Leica LEIZ-DMR) and/or by a cofocal laser microscope bunching direction of step bandslark contrastand anti-
(Lasertech 1LM21W. From the latter observations, height bands(bright contrast are perpendicular to the step-up di-
differences between the ridges and valleys of the IPSW on
the surface can be measured.

Ill. RESULTS

A. Step instability under heating current tilted
from the step-down direction

Figure 1 shows optical micrographs of specimens an- Steﬂown I
nealed at 1100 °C for 24 h under various dc directions. All

micrographs are reproduced so that the step-down dlrect|0|b)\_/-\/\_/\___
— N NN

(the[112] direction is upward in the figure. Each panel was
taken after dc fed with a particular angle from the step-down
direction as indicated. In panel 1 the dc is in the step-down
direction and ridges due to IPSW are parallel to the dc di-
rection as schematically drawn in Figa2 As seen in panels Steg I step

2 and 8 of Fig. 1 when the dc is fed in the directions of 60° onn down

and —30° from the step-down direction, the ridges of the kg 2. schematic drawings ¢8) the IPSW when the dc is fed
IPSW are neither parallel to the step-down direction nor tqp the step-down directiorib) the IPSW when the dc is fed with an
the dc directions. The step arrangement in panel 2 of Fig. 1 igngle from the step-down directioft) step bands and the IPSW of
schematically shown in Fig.(B). In Fig. 1, panel 5, the dcis  an antiband when the dc is fed in the step-up direction,(enstep

in the step-up direction and step bardark contrast anti-  bands and the IPSW of an antiband when the dc is fed with an angle
bands(bright contrast and the IPSW of antibands indicated from the step-up direction.
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i AR AT Lt current is parallel to the step-down direction. The annealing
fy/ae{/)g{{a//}//év///// \ ) \\:{\S\\\\\\‘ & times are 3 Hin Fig. 3(b)], 6 h[in 3(c)], 12 h[in 3(d)], 24 h
/Srtep arr/a/y \\\ N\ \ [in 3(e)], and 48 h[in 3(f)]. In 3(b) and 3c) IPSW is seen
//////I \\ \ NN only locally on the surface, which clearly shows nucleation
7 1@% \\ \ \ of IPSW regiong” In Fig. 3(d) the IPSW pattern covers the
7 ‘/\/T |

_ t,é\% \ are sees??’ They are expected to form when IPSW patterns

TN N\
neN

\ with different phases meet during their growth. At the initial
stage ridges are in the direction between the step-down and
the dc directions as in the case of Figc)2 However, from
Figs. 3d) to 3(f) they gradually change their directions to-
wards the dc direction. In(8 there are some ridges indi-
cated by a circle that have become parallel to the dc direc-
tion. It should also be noted that the number of branches
decreases as a function of time.

The time evolution of the IPSW for the case when the dc
direction is tilted from the step-down direction can be sche-
matically drawn as in Fig. 4. At the initial stage, wandering
steps appear locally on the surfatsimilarly to when the dc
is fed in the step-down directiéhas indicated by a circle in

’/ 7 whole surface and branches of the ridges indicated by arrows
////// in=pliase \
/H%ﬁﬁé&awé%,.

b) 3hr s \\ ) 28hy,

o

/
2

e e 7
—

\\ W Fig. 4(a). At this stage the direction of the ridges is closer to
: \l\\'“ * the over all step-down direction. After several holnsore
\\\ }\\\ \ than 6 N of annealing the IPSW covers the whole surface
\\ \\ \ \‘ \ A\ QL and the ridge direction gradually changes to the dc direction
i \\\ \ﬁ;\q \ WB@MG} as shown in Fig. é) and the steps come partly close to each
NUNELTANIPY I other. Because the steps cannot cross each other, the sinu-

FIG. 3. A series of optical micrographs that show the time evo-SOidaI form of the wandering steps should be asymmetric as

lution of the IPSW annealed at 1100 °C with a deviation angle ofSNOWN in Fig. 4c). It should also be noted that this kind of
60°. (a) A schematic drawing showing the orientation relations in toPOgraphic change needs a rearrangement of the ridges by
the experiments and a reproduction of the figures. Note that thehe creation and annihilation of pairs of branches of the

direction of the ridges changes frofb) to (f). Arrows in (d) indi-  ridges, leading to the overall decrease of branches as men-
cate branches of the ridges and a circle(finindicates a region tioned above.
where the ridge direction is parallel to the dc direction. For quantitative studies of time evolution, the ridge sepa-

ration d and the anglep between the ridge direction and

rection. The step arrangement in panel 4 of Fig. 1 is schestep-down direction, which are shown in Fig# were
matically shown in Fig. &). This character is different from measured from the series of images. This was done by fast
the cases of dc fed not parallel to the step-down directiofrourier transform of the images as noted befSrghe re-
(panels 2 and 8 of Fig.)With the same annealing time. This Sults of time evolution of angle(t) and the separatiod(t)
suggests a difference in the formation mechanisms for IPSVEre given in Figs. &) and 8b), respectively. It can be seen
in the step-up current region and the step-down current refrom Fig. 5a) that the anglep(t) is small with a large fluc-
gion, which was also suggested from the appreciable differtuation for the first few hours of annealing due to the fact
ence in the period of the wandering steps in Ref. 23. Wheithat the IPSW has not covered the whole surface as seen in
the dc was fed nearly parallel to the step directipanels 3  Figs. 3b) and 3c). However, after a few hours it gradually
and 7 of Fig. 1 dark and bright contrast regions are seenincreases and approaches 60°. It can be seen from @&p. 5
only locally. Step instability when the current is parallel to that the separatiod(t) slowly increases from 7.5 to 9/6m
the step direction will be discussed in Sec. Il C. and the change is not as drastic as the agglg. From the
different behaviors in changes of the values ft) and
d(t), it can be said that each wandering step cannot maintain
a sinusoidal form and becomes asymmetric, as was schemati-
cally shown in Fig. 4c). Although each step is not sinusoidal
Figure 3 reproduces a series of optical micrographs shown form, its step period in shag® (= d/cos¢) as in Fig. 5b)
ing the time evolution of IPSW annealed at 1100 °C. Figurecan be calculated. The evaluated valuesDdt) are also
experiments and the reproduction of the figures. The dc wagat of the IPSW formed fors=0 and at 1100 °G3 How-
fed in the upward direction in the figure, 60° from the step-ever, after about 10 h the period becomes larger. It must be
down direction [112] direction, panel 2 in Fig. 1. The noted here again that the period of wandering steps is not
upper-left part of Fig. @) shows a regular array of steps, that of the surface topogragn other words the spacing of
while the lower-right part shows the IPSW with ridges par-the ridge$ when the current is not parallel to the step-down
allel to the step-down direction which is expected when adirection.

B. Time evolution of the IPSW with a current 60° from the
step-down direction
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FIG. 5. A graph of the time evolution ¢B) the angle¢(t) and

Step down I (b) the separatiord(t) and the calculated wandering peri@dt)
shown in Fig. 4b).

are reproduced so that the mean ridge direction is vertical in

C) 5 2./2/2./ the images. DepthsH) between the ridges and the valleys
_/Z/Z/Z, were measured from the profiles taken along white horizon-
/Z/Z/Z/ * tal lines. For example, the depths of the ridge indicated by an

arrow in each image in Fig. 6 afa) 0.2, (b) 0.2,(c) 0.3, (d)
2A 0.5, and(e) 0.6 um. It is seen that the depth becomes deeper
/ZA with time. The time evolution of the deptH(t), averaged

/Z/W over the surface, is given in Fig(&. It can be seen that it
/z_ increases to a saturated value of about 5. This is very
’2/ close to the depth when the dc is fed parallel to the step-

t d I down directior?!
step own The average amplitud& of wandering steps in the IPSW
FIG. 4. Schematic drawings of the time evolution of the IPSW pattern shown in Fig. @) was estimated from the measured
when the dc is fed in a direction with an angle from the step-downdepthH _as fF’”OWS- _The.mean depiﬂj was measur.ed from
direction. The circle in(a) indicates the nucleation of the the profiles in the direction perpendicular to the ridges. The
IPSW. (b) and(c) show the intermediate and final stages of IPSW, value is nearly equal to the depth measured from a profile in
respectively. For quantitative studies, time evolutions of the ridgethe direction of the mean step directigrerpendicular to the
separationd, period D, and amplitudeA of individual wandering  step-down direction Since the mean step-step distarice
steps and the angl¢ between the step-down direction and the ridge along the step down direction is/tané, where h is the
direction shown inb) and(c) were studied. height of the single step and is the miscut angle of the

From the time evolution of the pericd(t) and the angle SPecimen(5°), the numberN of steps in a distance of/”2
#(t) it can be concluded that wandering steps changes frorilong  the  step-down direction is given by Al
a sinusoidal shape to an asymmetric shape when the heating2A tané/h. Since Nh=H we obtain A=H/tan6. The
current has a component parallel to the mean step directiotime evolution of the amplitude is plotted in Fig(bj. It is
Figure 6 reproduces micrographs of the same specimersgeen that the amplitud®&(t) seems to be saturated at around
in Fig. 3 taken by the cofocal laser microscope. All images2.5-3.0um.
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a)

FIG. 6. A series of micrographs taken by the cofocal laser microscope at various stages of annealing. A wavy line in each image shows
the surface depth profile along a horizontal white ligee also Fig. 10 The depths of the valleys from the ridges indicated by arrows are
(@ 0.2,(b) 0.2 um, (c) 0.3 um, (d) 0.5 um, and(e) 0.6 um.

C. Step instability under a heating current parallel proach the current direction because it is also the direction of
to the step direction the overall step direction. The fact that locally nucleated
PSw regions have different contrasts suggests that nucle-
tion is not at one definite stage of annealing but it takes
lace continually during the annealing process. The fact that
the directions of ridges in regions with strong contrast have
smaller deviation angles from the current direction suggests
- that ridge directions in IPSW regions formed at the initial
gradually changing are seen to be formed locally. The congiage of annealing have a tendency to rotate to the current
trast of these local regions is not uniform. Some of themy;rection.
have strong contrast but some of them have relatively weak Figure 10 shows a micrograph of the sample in Figp) 8
contrast. Between these locally formed regions bright andaken by the cofocal laser microscope and a schematic draw-
dark bands with very weak contrast are seen. Directions dhg of the profile. An area where strong contrast is seen was
the weak contrast bands are about 25° from the current dielected. The profile is taken in the direction perpendicular to
rection towards the step-down direction in botfe)8and  the ridge direction as done in Fig. 6. The ridge and valley
8(b). These deviation angles are seen to be small in regionstructures are clearly seen. This also supports that the given
with stronger contrast. The intermediate contrast regions;ontrasts are due to IPSW. The depth of the valley indicated
such as indicated by arrows, are similar in shape(@ &1d by an arrow is about 0.4«m. The depth of 0.4-0.a:m is
8(b). They are like those seen in Figt3. However, in Fig. near to the value of the depth after 24 h annealing in Fig.
8 they are asymmetric in Sha(me F|g gdepending on the 7(8.) and in Ref. 21. This suggests that the nucleation Of the
current directions that are from left to right in FiglaBand  |PSW structure takes place at an early stage of annealing. It
from right to left in Fig. §b). is probable that weak contrast regions were nucleated in later
The topographic nature of these bright and dark bands i§t@ges of annealing.
not a step band _but is conmdergd to be the IPSW as sche- V. DISCUSSION
matically shown in Fig. 9. The figure shows locally nucle-
ated IPSW with shifts of ridges mentioned above. Steps are From the studies on the effects of dc heating at 1100 °C
heavily asymmetric. The directions of the ridges cannot apfrange I) on 5° off specimens with current directions devi-

Figure 8 shows wide area micrographs of the surface
shown in panels 3 and 7 of Fig. 1, which were annealed
1100°C for 24 h with the dc fed parallel to the step direc-
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FIG. 7. Graphs that show the time evolution @ the depth
H(t) and(b) the average amplitud&(t) of an individual wander-
ing step. Saturation of their values is noted.

FIG. 8. Wide area micrographs of the surfaces shown in panels
3 and 7 of Fig. 1, annealed at 1100 °C for 24 h with the dc fed
parallel to the step direction. Strong, weak, and intermediate con-
trasted bright and dark bands not parallel to the current directions

ated from the step-down or step-up directions and on thg,, geen. They are due to IPSWir details see the text

time evolution of IPSWin the case of the deviation angle of
60°) the following conclusions are made. 0
(1) The IPSW starts from locally formed IPSW regions s
and at later stage€l2 h annealingthey cover the whole
surface. 24
(2) Directions of ridges of IPSW are in the direction be-
tween the step-down direction and the current direction.
(3) The directions gradually change to the current direc-;jant slightly to the current direction.

tion as ’ghe e_mneal;ng dtime i?creases.f iband I It was revealed that IPSW starts from locally formed
(4) Directions of ridges of IPSW of antibands are always|psyy regions(nucleation. This is also the case when the

parallel to the .current 'directi(_)n. . current was fed parallel to the step-down direction for the
(5) Separation of ridgesl increases slightly to a value

about 9,u_m and the deptid between the chains increases to mountain chain direction
a saturation value of about 0/&m. ——

(6) The saturation of results in a saturation of the am- e
plitude of wandering of individual steps along the step-down

direction. 2 'Zi%zz’/Z/"

.4—0.6 um, similar to those described in conclusi@b).
ome regions have a shallow depth and between IPSW re-
gions faint contrast of IPSW is seen even after annealing of

(11) Directions of the ridges are about 25° from the cur-
rent direction at the initial stage and have a tendency to re-

(7) The periodD of wandering of individual steps in- ,12/1
creases as an increasedit) and ¢(t) (the angle between &
the step-down direction and the ridge direcjion :“\/\—/\_,_\
(8) The increase o#)(t) under the saturation af andH —
causes severe asymmetry of wandering of individual steps. —

The results of when the current was fed parallel to the
mean step direction are as follows,

(9) The IPSW regions are locally formed by heavily  FIG. 9. A schematic drawing of the topographic nature of the
asymmetric wandering steps. locally formed IPSW regions, seen in Fig. 8. The wandering of

(10) DepthH of the IPSW regions is about at its largest individual steps is heavily asymmetric.

step down direction |

045309-6



IN-PHASE STEP WANDERING ON $i11) VICINAL . .. PHYSICAL REVIEW B 63 045309

meet branches are more frequent when we move along the
ridges than when we move perpendicular to them.

The direction of the ridges at the nucleation stage is close
to the step-down direction rather than to the current direc-
tion. Then the direction gradually changes to that of the dc.
This change would be due to the current compomgeidrift
force componentparallel to the step direction. There should
be an increase of a relative phase of neighboring steps: shifts
of the wandering peaks of the lower side step tolthdirec-
tion or shifts of those of the upper side step to antiparallel to
the I, direction. As mentioned before, the effect Igf has
been theoretically discussed for the wandering of an isolated
impermeable stef, They concluded a shift of the wandering
phase of the isolated step so as to move the wandering peaks
in the direction antiparallel to thl direction during its re-
ceding. The theory cannot be applied to a step array system.
The assumption of impermeable steps is also not made in the
present case as will be discussed later. The fact that the re-
orientation of the ridge stops when the ridges becomes par-
allel to the current suggests that the reorientation is due to
the current component (,) perpendicular to the ridges and
not to the componerlt. The former componert, , causes
step-down drift forcécausing regular stepand step-up drift
forces(causing step bunchingeriodically with a periodd
[see Fig. 4b)]. Therefore,l,, enhances the asymmetric
shape of the wandering steps and it results in the reorienta-
ftion of the ridgegfrom Fig. 4b) to 4(c)]. The above discus-
sion is not for an explanation of atomic processes for the
a white horizontal line in the micrograph. The valley indicated by rgorlentatl(_)n but k_)ecause_ the reorientation, hence asymm_et-
an arrow in the micrograph is about Qun in depth and 6.6min  ''C IPSW, is consistent with the observed step behaviors in
width. range |Il.

Step bunching is an instability that takes place by an
same 5° specimett:?’ However, there is a difference of an- asymmetric diffusion on terraces perpendicular to the mean
nealing time at which IPSW covers its whole surface. It isstep direction. Thus, step bunching in the case of the dc
about 4 h when the current is parallel to the step-dowrparallel to the step direction is not expected because there is
direction?® while in the present case in Fig, 8 h of dc  no such asymmetry. On the other hand, the IPSW is an in-
annealing is still not long enough for the IPSW to cover thestability that takes place by modulation of the diffusion field
whole surface. This difference is considered to be due to an terraces along the steps. Such modulation can be caused
smallerl ; (a smaller drift forcé component of the dc current by the local fluctuation of the step shape from a straight one.
perpendicular to the overall step direction in the present casé/hen the drift force is parallel to the straight steps, modu-
than that in Ref. 21. The fact that the extreme caseb of lation along the steps is not expected, though the diffusion
~0 in panels 3 and 7 of Fig. {Fig. 8 need longer time field is asymmetric along the steps. However, this is not the
supports that, plays an important role for the nucleation of case if the local fluctuation of the step shape takes place and
IPSW. Other factors that affect nucleation are a step densitthe modulation of the diffusion field along the overall step
(off-angle?* and a density of the pinning site of sty$/In  direction, hence the IPSW, is expected. In the present experi-
the former case easy nucleation on low off-angle surface wagents it was found that the fluctuation of step orientation,
noted. These are discussed in each paper. either by intrinsic thermal origins or extrinsidue to the

Another point that should be discussed in relation to thepinning site of stepsorigins, causes step-down current lo-
nucleation is the shape of nucleated areas. Figlpg @&hd cally and nucleation of heavily asymmetric IPSWig. 9)

Fig. 8 show that they are elliptic with their longer axis per-takes place. From a geometrical limit, the ridge direction
pendicular to the ridge direction, though they are distorted ircannot be parallel to the currefmean step directignand

Fig. 8 in the direction of the current. This fact indicates thatthere is a definite angle between the two directions as seen in
IPSW expands more easily in the direction parallel to theFig. 8, which may depend on off-angles of the surfaces.
step direction(perpendicular to the ridge¢han parallel to the The ridge separatiod (t= =) after a slight increase from
ridges. The distortion in Fig. 8 is due to the fact that the stepshat at the initial stages is around 8n and is seen to be
are parallel to the current. This characteristic can be traced itndependent of the current direction, including the case
the distribution of branches of the ridges that are consideredhere the current is parallel to the steps. This means that the
to be formed by the coalescence of IPSW regions with outperiodD of individual steps is not a determining factor of the
of-phase relations. For example, in FigdBthe chances to finally formed surface topograph after dc heating. Defgth

FIG. 10. A micrograph taken by the cofocal laser microscope o
the sample in Fig. @) and a schematic drawing of a profile along
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increases to a value about QuBn (the amplitude of wander-
ing of an individual step of about 2.5—3uM), which is also

PHYSICAL REVIEW B 63 045309

done. Natori’s group takes into account the preferential drift
of adatoms along the steps which enhances wand&ting.

the case when the current is parallel to the step direction as Mheir simulation could show IPSW although their wandering
Fig. 8 and Is parallel to the step-down direction for the 5° offperiod is much smaller than the present observations. On the
specimens Thus, it can be said that these values do nofgther hand, Sato and Uwaha considered permeable %teps.

depend on the current orientation.

They could show IPSW when the drift force exceeds a cer-

As seen at positions indicated by white arrows in panels 4ajn value. However, at present these theories are not ready
and 6 in Fig. 1, in the cases where the dc heating current hagr qualitative and quantitative comparisons with our experi-
a step-up component, the ridges of IPSW of antibands argental results. Further progress is expected.
always parallel to the current direction independent of the

growth stagelength of the ridgesof the IPSW. This is in

strong contrast to the case of IPSW in the step-down current
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