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Observation of Si„001… surface topography at temperatures below 1140 °C
using a reflection electron microscope
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The changes in the surface topography of a Si~001! vicinal sample caused by heating it to temperatures
below 1140 °C by direct current are investigated by reflection electron microscopy: the surface normal of the
sample is misoriented by less than 28. At temperatures below 1000 °C, the surface is mostly covered by
preferential terraces~for example, 231 terraces! determined by the direction of the heating current. At tem-
peratures below about 850 °C, pairs of steps are uniformly distributed on the surface, while step bands are
formed by the aggregation of steps at temperatures near 950 °C. A few wide terraces remain between the step
bands: in our sample, they are about 5mm wide in the direction parallel to the current. At temperatures
between 1000 °C and 1100 °C, the step bands relax and the narrow terraces~132 terraces! widen due to the
evaporation of Si atoms. At temperatures between 1070 °C and 1100 °C, atomic steps appear due to the
relaxation in pair steps; both the 231 and 132 terraces coexist with approximately equal widths~about 1mm!.
At temperatures above 1100 °C, the surface topography changes to one composed of mosaic domains due to
the evaporation of the atoms. For the Si~001! vicinal surface, the evaporation temperature of Si atoms is about
1000 °C for Si atoms released from theSb step and about 1100 °C for the atoms released from theSa step,
where the evaporation temperature is determined by the activation energy, which consists of the release energy
and the evaporation energy.@S0163-1829~97!05004-2#
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I. INTRODUCTION

Surface topography affects many physical and chem
properties, including crystal growth, catalysis, and adso
tion. Surface topographies have been investigated using
tical microscopy,1–3 scanning electron microscopy,4–7 reflec-
tion electron microscopy~REM!,8–15 low-energy electron
microscopy,16,17 and scanning tunneling microscop
~STM!.18–20

The surface topography of a clean Si~111! surface has
been investigated at temperatures below about 1400 °C u
REM.10 It has also been investigated using STM at tempe
tures below about 1000 °C.20 In both investigations, atomic
steps aggregated or separated on the surface dependin
the heating conditions~the direction of the heating curren
and the temperature!. On the other hand, the surface topo
raphy of a clean Si~001! surface has been investigated usi
REM ~Ref. 11! and STM ~Ref. 20! at temperatures below
about 1000 °C. On the Si~001! surface, dimers are formed b
reconstruction of the surface atoms. Depending on the di
tion of the heating current, the surface is mostly covered
a 231 terrace~with a step-up current! or a 132 terrace~with
a step-down current!. On the 231 terrace, the 231 dimer is
parallel to the direction of the heating current, while on t
132 terrace, the 132 dimer is perpendicular to the 231
dimer on the surface.

We investigated the surface topography of a Si~001! vici-
nal sample at temperatures below about 1140 °C using R
550163-1829/97/55~3!/1864~7!/$10.00
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Based on the results, we estimated the evaporation temp
tures of the Si atoms using a simple model.

II. EXPERIMENT

We used a Si~001! vicinal sample~CZ-N, 8–12V cm,
,28! with four sides corresponding to the^110& directions. A
clean Si~001! surface was obtained after the sample was fl
heated to about 1200 °C for 2–3 s by passing a direct cur
through it. When the sample was heated to 950 °C for 20 m
by a step-up current, the Si~001! surface was mostly covere
by 231 terraces.13–15When it was heated to 950 °C for 2
min by a step-down current, the surface was mostly cove
by 132 terraces. The step-up direction is the direction fro
the down side to the up side at surface steps~the step-down
direction is the reverse!. This direction corresponds to th
^110& direction on the Si~001! surface.

We investigated the surface topography of the Si~001!
sample at temperatures below about 1140 °C using R
when the sample was heated by direct current. To fix
surface structures against electromigration, the sample
heated by the step-up current for 231 terraces and by the
step-down current for 132 terraces.13–15 The REM images
were produced using the 231 spot in the diffraction pattern
the bright region in the REM image always corresponds
the 231 terrace. The images were mostly observed after
sample was cooled to room temperature. In some ca
REM images were observedin situ at the heating tempera
1864 © 1997 The American Physical Society
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55 1865OBSERVATION OF Si~001! SURFACE TOPOGRAPHY . . .
ture. The base pressure of the vacuum chamber was ke
about 131028 Pa, the acceleration energy of the electr
beam was 20 keV, the glancing angle of the beam was a
3°, and the beam diameter was about 20 nm.21

III. RESULTS

For the Si~001! 231 sample heated by the step-up curre
REM images after the sample was cooled to room temp
ture are shown in Fig. 1. We assume that the atom infl
balanced the atom outflow at each step on the surfaces.
direction of the 231 dimer is shown in Fig. 1~a!. At tem-
peratures below about 980 °C, the surface was mostly c
ered by the 231 terraces~bright regions!. Although the
atomic steps on the surface may have changed their p
tions, the surface topography after heating was similar to
topography before heating. However, at temperatures
tween 1000 °C and 1070 °C@Figs. 1~b!–1~d!#, the 132 ter-
races~dark regions! widened in the direction parallel to th
current due to heating. When the sample was heated to a
1100 °C @Fig. 1~e!#, both the 231 and 132 terraces of ap-
proximately equal width coexisted on the surface. Furth
more, the atomic steps were approximately parallel to a
tain direction on the surface. At a temperature of ab
1140 °C@Fig. 1~f!#, many mosaic domains were created
the terraces. These domains had areas less than 500320 nm2;
the limited microscopic resolution prevented a more prec
measurement.

FIG. 1. REM images of a Si~001! 231 surface heated to~a!
980 °C,~b! 1000 °C,~c! 1025 °C,~d! 1070 °C,~e! 1100 °C, and~f!
1140 °C. The images were observed after the sample was cool
room temperature.
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REM images of the sample heated to 1140 °C are sho
in Fig. 2. After heating for 60 s@Fig. 2~b!#, the topography
had similar properties to that after flash heating@Fig. 2~c!#.
These results show that at 1140 °C the Si atoms at the
face had already started to evaporate.

For the Si~001! 132 sample heated by the step-down cu
rent, REM images after the sample was cooled to room te
perature are shown in Fig. 3. The direction of the 132 dimer
is shown in Fig. 3~a!. At temperatures below about 980 °C
the surface was mostly covered by 132 terraces~dark re-
gions!. Again, the surface topography after heating was si
lar to the topography before heating. At temperatures
tween 1000 °C and 1070 °C.@Figs. 3~b!–3~d!#, the 231
terraces~bright regions! widened in the direction parallel to
the current. At about 1100 °C@Fig. 3~e!#, the 231 and 132
terraces also coexisted on the surface. Furthermore, mo
domains had already formed at about 1140 °C@Fig. 3~f!#.

To estimate how the cooling process of the sample affe
the surface topography, we compared the REM images
tained at the heating temperatures with those obtaine
room temperature. The Si~001! 231 sample was heated t
temperatures below about 1090 °C by the step-up curren
shown in Fig. 4. The REM image obtained at 1050 °C h
properties similar to the image taken after cooling the sam
to room temperature@Figs. 4~a! and 4~b!#. The image ob-
tained at about 1090 °C also had properties similar to th
of the image obtained at room temperature@Figs. 4~c! and
4~d!#. In this experiment, the sample was cooled to a te
perature below 500 °C in less than 3 s. We neglected

to

FIG. 2. REM images of a surface~a! before heating,~b! after 60
s of heating at 1140 °C, and~c! after flash heating. The images we
observed after the sample was cooled to room temperature.
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1866 55DOI, ICHIKAWA, AND HOSOKI
effect of thermal diffusion because of the small diffusi
constant at temperatures below 500 °C. On the Si~001! sur-
face, therefore the REM images obtainedin situ at heating
temperatures below 1090 °C matched the images obtaine
room temperature well. Based on these results, we conc

FIG. 3. REM images of a Si~001! 132 surface heated to~a!
980 °C,~b! 1000 °C,~c! 1025 °C,~d! 1070 °C,~e! 1100 °C, and~f!
1140 °C. The images were observed after the sample was cool
room temperature.

FIG. 4. In situ observations of a Si~001! surface:~a! the REM
image obtained at 1050 °C and~b! the image after cooling the
sample to room temperature;~c! the image obtained at 1090 °C an
~d! the image after cooling it to room temperature.
at
de

that the cooling process of the sample does not affect
surface topography.

IV. DISCUSSION

When the sample was heated by the step-up current
231 terraces and by the step-down current for 132 terraces,
we observed that the width of the preferential terraces~for
example, 231 terraces! became narrow at temperatures b
tween 1000 °C and 1100 °C. If thermal diffusion of Si atom
dominated the changes in the surface topography, then e
narrow terrace~for example, the 132 terrace! would widen
on the surface: thermal diffusion has a strong effect o
narrow terrace. Furthermore, every narrow terrace on the
face would have the same width. However, we actually
served that the wider preferential terraces started to narro
lower temperature, as shown in Figs. 1 and 3. In addition
shown in Fig. 2, the atoms at the surface already starte
evaporate at 1140 °C. From these results, we conclude
the surface topography changes due to the evaporation o
atoms at about 1000 °C and again at about 1100 °C.

The evaporation of Si atoms involves electromigration
well as the evaporation process~elementary process! itself.
The electromigration of the Si substrate atoms consists
three elementary processes: release, diffusion, and captu22

The Si atoms are released from a substrate step and mi
across the terrace in the same direction as the electric fi
Then Si atoms may be captured by the neighboring subs
step. At temperatures below the evaporation temperatureTe
of the Si substrate atom, Si atoms are always captured w
they arrive at the substrate step, so we regarded the prob
ity of capture as being 1. The surface topography of
sample is determined by the electromigration of Si subst
atoms. According to the model, the activation energy of t
process~the surface diffusion energy! consists of the releas
energy and the diffusion energy. On the other hand, at t
peratures aboveTe , the Si atoms evaporate from the terra
instead of being captured. Here the surface topography o
sample is determined by the evaporation of Si substrate
oms. Likewise, according to the model, the activation ene
of this surface evaporation consists of the release energy
the evaporation energy. Based on this result, we concl
that the surface topography changes at the evaporation
peratureTe due to the evaporation of Si atoms.

A. Surface topography of a Si„001… sample
at high temperatures

We investigated how the surface topography of t
Si~001! 231 sample varied with the heating temperatu
~Fig. 5!. There are two types of steps native to a Si~001!
surface: theSa step, which is the front edge of the 231
terrace, is more stable than theSb step, which is the front
edge of the 132 terrace.23 When the sample was heated b
the step-up current, at temperatures below 850 °C@Fig. 5~a!#,
the surface separated into the 231 terraces~bright regions!
and the steps had small radii. At temperatures betw
900 °C and 1000 °C@Fig. 5~b!#, the steps aggregated an
step bands more than ten atomic layers high~above 2 nm!
were formed on the surface. The 231 terraces remaining
between the step bands became more than 5 times as wi
those obtained at temperatures below 850 °C and the s

to
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55 1867OBSERVATION OF Si~001! SURFACE TOPOGRAPHY . . .
remaining between the step bands had a large radius.
observed that the 231 terraces had an average width of abo
5 mm in the direction parallel to the current.

At temperatures between 1000 °C and 1100 °C@Fig.
5~c!#, the number of step bands on the surface decreased
the width of the wide 231 terraces became narrower due
the evaporation of Si atoms. We conclude that the ato
released from theSb steps evaporated from the surface b
fore they could be captured by the neighboringSa step, while
atoms released from theSa steps were captured by the neig
boringSb step before they could evaporate. This imbalan
caused theSa steps to retreat, which widened the 132 ter-
races~dark regions!. In the equilibrium condition, the surfac
consisted of both the 231 and 132 terraces with a constan
ratio between their widths. At about 1100 °C, the step ba
disappeared from the image, except for those higher tha
least 2 nm. Therefore, the terrace width was approxima
equal to the width determined by the tilt angle from the@001#
direction: all steps were approximately parallel to each ot
on the surface. Here we observed that the terraces ha
average width of about 1mm in the direction parallel to the
current~the ratio'1!.

At temperatures above 1100 °C, the atoms released f
theSa andSb steps mostly evaporated from the surface
fore they could be captured at neighboring steps. Here
about 1140 °C, mosaic domains are created on the terra
as shown in Figs. 1 and 3. If the Si atoms evaporate fr
every dimer row on the surface, then the terraces wo

FIG. 5. Surface topographies of a Si~001! 231 sample heated to
~a! below 850 °C,~b! between 900 °C, and 1000 °C,~c! between
1000 °C and 1100 °C, and~d! above 1100 °C.
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change to a rugged surface with heights varying by a f
atomic layers@Fig. 5~d!#. We conclude that every dimer row
on the surface corresponds to an atomic step, as show
Fig. 6.

Similar results were obtained for the 132 surface when
the sample was heated by the step-down current. Howe
our results do not agree with those previously obtained us
REM.11 In that study, a double-domain surface, which w
covered with periodic arrays of the 231 and 132 domains,
was obtained at temperatures between 800 °C and 900
Conversely, a single-domain surface was obtained at t
peratures above 900 °C. The width of each domain w
about 80 nm at temperatures between 800 °C and 900
while the domain width in our study was about 1mm at
1100 °C. The difference was because the tilt angle in
previous study was larger than that in our study. We susp
that the double-domain surface was obtained at lower t
peratures in the previous study because of the narrower
race width.

B. Evaporation of Si atoms from a Si„001… surface

Since all Si atoms on the surface~but not those at steps!
have the same properties in the direction of the surface
mal, the evaporation energy~elementary process! of Si atoms
on the 231 terrace is the same as that on the 132 terrace.
According to the model, at temperatures aboveTe , the dif-
ference in the surface evaporation energies is due to the
ference in the release energies. We considered the rel
processes from steps for four different conditions:~i! theSb
step in the step-down direction,~ii ! theSa step in the step-
down direction,~iii ! theSb step in the step-up direction, an
~iv! theSa step in the step-up direction. We assumed that
release energy increases in this order, with the energy in
~i! being the smallest and that in case~iv! being the largest.

The growth of narrow 132 terraces~dark regions! on a
surface with wide 231 terraces~bright regions! is illustrated
in Fig. 7. Here the sample was heated by the step-up curr
At temperatures below the evaporation temperat
~1000 °C! @Fig. 7~a!#, since Si atoms remain on the terra
and migrate across it to the neighboring step by electro
gration, the surface after heating retains a structure simila

FIG. 6. Each dimer row corresponds to an atomic step. At h
temperatures, Si atoms evaporate from every dimer row.
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1868 55DOI, ICHIKAWA, AND HOSOKI
that before heating. However, at 1000 °C@Fig. 7~b!#, Si at-
oms start to evaporate from the surface. At first, Si ato
released fromSb steps in the step-down direction evapora
from the terrace. Since they do not reach the neighboringSa
steps, the atom inflow at the step does not balance the a
outflow there. This causes the 132 terraces~dark regions! to
widen. At temperatures above 1000 °C~below 1100 °C!, Si
atoms released from theSa steps in the step-down directio
also evaporate from the surface. However, based on the
it takes the atoms to evaporate from the terrace, the at
released from theSb steps in the step-down direction dom
nate the evaporation of Si atoms. Therefore, the surface

FIG. 7. Growth of a narrow 132 terrace on a surface with wid
231 terraces.~a! At temperatures below 1000 °C, the surface
tains its structure after heating.~b! At 1000 °C, Si atoms release
from Sb steps in the step-down direction evaporate from the terra
The activation energy of this surface evaporation consists of
release energy fromSb steps and the evaporation energy.~c! At
temperatures above 1000 °C, Si atoms released fromSa steps in the
step-down direction also evaporate; however, Si atoms rele
from theSb steps in the step-down direction dominate the evapo
tion of Si atoms. The surface topography does not change e
though there is the step movement.~d! Then, Si atoms release
from theSb steps in the step-up direction evaporate; however
atoms released from theSb steps in the step-down direction sti
dominate the evaporation of Si atoms.~e! At temperatures above
1100 °C, Si atoms released from theSa steps in the step-up direc
tion evaporate. The activation energy of this surface evapora
consists of the release energy from theSa steps and the evaporatio
energy. Here all atoms evaporate from the surface.
s

m

e
s

o-

pography does not change even though there is the
movement, as shown in Fig. 7~c!. next @Fig. 7~d!#, Si atoms
released from theSb steps in the step-up direction als
evaporate from the surface. Likewise, based on the tim
takes the atoms to evaporate from the terrace, the atom
leased from theSb steps in the step-down direction sti
dominate the evaporation of Si atoms. Here the surface c
sists of both the 231 and 132 terraces with approximately
equal widths. At temperatures above 1100 °C@Fig. 7~e!#, the
atoms released from theSa steps in the step-up directio
evaporate from the surface; thus all atoms evaporate from
surface. Since the atoms evaporate from every dimer row
rugged surface is created on each terrace.

The process on a surface with wide 132 terraces is simi-
lar to that on one with wide 231 terraces. Likewise, we
conclude that the atoms released from theSb steps in the
step-down direction evaporate from the surface at ab
1000 °C and the atoms released from theSa steps in the
step-up direction evaporate from the surface at ab
1100 °C.

From the electromigration of Si atoms on a Si~001!
surface,22 we estimated the time it takes the atoms to eva
rate from the surface. We have previously determined
migration speed of atoms on both the 231 and 132
terraces.22 Here, for both theSa andSb steps, we assume tha
the release energy in the step-up direction is the same as
in the step-down direction, though there is a little differen
between those energies. At temperatures between 100
and 1100 °C, the speed on the 231 terrace is approximately
equal to that on the 132 terrace: about 4.431026 cm/s at
1000 °C and about 1.131025 cm/s at 1100 °C. Thus, a
1000 °C, the width of the 231 terrace is about 5mm, as
shown in Fig. 1~b!. We estimated that Si atoms released fro
Sb steps in the step-down direction evaporate from the s
face within about 2 min. At 1100 °C, the width of the 231
terrace is about 1mm, as shown in Fig. 1~e!. We estimated
that Si atoms released fromSa steps in the step-up directio
evaporate from the surface within about 10 s. These esti
tions support the changes in the surface topography b
due to the evaporation of Si atoms.

C. Step geometry on a Si„001… surface

The distribution of steps varied with the heating tempe
ture for both the 231 and the 132 terraces~the former is
shown in Fig. 8!. We call the two steps at the edges of
narrow terrace~in Fig. 8, the 132 terrace! a pair of steps. At
temperatures below about 850 °C@Fig. 8~a!#, we assumed
that these pairs of steps are uniformly distributed on the s
face: a dispersion of pairs of steps. At temperatures n
950 °C @Fig. 8~b!#, step bands higher than ten atomic laye
~above 2 nm! are formed on the surface: an aggregation
~pairs of! steps. However, a few pairs of steps remain b
tween the step bands, as shown in Figs. 1 and 3. At temp
tures between 1000 °C and 1070 °C@Fig. 8~c!#, the step
bands relax and pairs of steps are formed on the surfac
dispersion of pairs of steps. At temperatures betwe
1070 °C and 1100 °C@Fig. 8~d!#, the pairs of steps becom
atomic steps: a dispersion of steps. Then, at temperat
above 1100 °C, the atoms released from all steps evapo
from the surface, producing a rugged surface. This aggre
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tion of steps and formation of step bands on a Si~001! sur-
face corresponds to previous theoretical results.24

These results suggest that if we control the terrace w
on a Si~001! surface, it will be possible to form high-qualit
films at low temperature by accelerating the step flow grow
on the surface. It will also be possible to form low
dimensional structures on the surface.

FIG. 8. Distribution of steps on a 231 terrace:~a! dispersion of
pairs of steps at temperatures below 850 °C,~b! aggregation of
steps at temperatures near 950 °C,~c! dispersion of pairs of steps a
temperatures between 1000 °C and 1070 °C, and~d! dispersion of
steps at temperatures between 1070 °C and 1100 °C.
rf.
th

h

V. CONCLUSION

For the Si~001! vicinal surface misoriented by less tha
28, we used reflection electron microscopy to investigate
change in surface topography of the sample when it w
heated to temperatures below 1140 °C by direct current
temperatures below 1000 °C, the surface was mostly cove
by a preferential terrace: the 231 terrace with the step-up
current and the 132 terrace with the step-down current. I
our sample, the width of the preferential terrace was abo
mm in the direction parallel to the current. At temperatur
between 1000 °C and 1100 °C, the narrow terraces wide
in the direction parallel to the current. At temperatures b
tween 1070 °C and 1100 °C, the 231 and 132 terraces co-
existed with approximately equal widths~about 1mm for our
sample!. At temperatures above 1100 °C, the surface top
raphy changed to one composed of mosaic domains du
the evaporation of Si atoms.

We estimated the evaporation temperatures of the S
oms, where the activation energy consists of the release
ergy and the evaporation energy. The Si atoms released
the Sb step in the step-down direction evaporated from
terrace at about 1000 °C. On the other hand, the Si at
released from theSa step in the step-up direction evaporat
from the terrace at about 1100 °C. We conclude that
difference in the evaporation temperatures is due to the
ference in the release energies of Si atoms.

We also observed how the distribution of the ste
changed with the temperature. At temperatures be
850 °C, pairs of steps were uniformly distributed on the s
face: a dispersion of pairs of steps. Step bands were for
at temperatures near 950 °C and a few wide preferential
races remained between the step bands: an aggregatio
steps. Then the step bands relaxed at temperatures a
1000 °C: a dispersion of pairs of steps. At temperatures
tween 1070 °C and 1100 °C, the pairs of steps beca
atomic steps: a dispersion of steps.
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