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Sublimation of the Si(111) surface in ultrahigh vacuum
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We investigated sublimation of a(&L1) surface using a 7@m-wide (111) plane created at the bottom of
a crater during ultrahigh-vacuum heating. Step spacing on the plane is determined by nucleation of macrova-
cancies in the center of the plane while steps move in a step-flow manner. The step spacing is related to the
adatom diffusion length and decreases with increasing temperature of up to 1190 °C. Around 1200 °C, the
spacing shows a transitionlike behavior and increases to 2.5 times the value at 1190 °C. Step flow is main-
tained above the step-spacing transitig0163-182@07)51616-X

Sublimation of silicon surfaces has attracted much attenaround the[211] direction. Square craters with sides
tion because it is useful for testing theories. Reflection elec150x 150 um and a depth of about Am were formed on
tron microscopy has been used to investigate the step velodine surface byD," beam raster scanning in a secondary ion
ties during sublimation for $111) (Refs. 1 and 2 and mass spectrometry instrument. The beam energy was 10.5
Si(001),>* and macrovacancgmonolayer-deep holdorma-  keV and the beam diameter was aboutd3®. The specimen
tion has been discussed or((®l1).*~® Step bunching under was then repeatedly oxidized using a$0,:H,0, (4:1) so-
an electric current has been analyzed taking into account thgtion and etched using dilute HF for several cycles to re-
influence of sublimatiod® Sublimation has technological move possible contamination caused by the crater formation
significance because large terraces are formed during sublirocess. After the final oxidation cycle, the specimen was
mation of S{111) and S{001) surfaces. We found the for- introduced into an ultrahigh-vacuum scanning electron mi-
mation of wide(111) planes as large as several tens of mi-croscope(UHV-SEM) (Refs. 13 and 14 and resistively
crometers at the bottom of a crater on a vicina{l®l)  heated using direct current. The temperature was measured
surface’ Recently, Tanakat al. reported similar phenomena using an infrared pyrometer, which was calibrated using a
on a S{001) surface'” Initially we interpreted the phenom- disappearance filament pyrometer taking into consideration
ena as filling in the holes or growth of the(811) plane at the temperature dependence of emissiWitgince the speci-
the bottom of the craté¥** but actually it is due to step-flow mens were clamped using tantalum foil spacers with uniform
sublimation of the SiL11) surface, as already discussed byforce, the temperature was uniform in the central region of
Tanakaet al° The step-flow sublimation takes place so asthe specimens, and the reproducibility of the temperature
to expand a low-index plane at the very bottom of a crater.was quite high. Nevertheless, we estimate the accuracy of

The Si111) plane formed at the crater bottom has steptemperature measurements#20° for around 1200 °C.
spacing as large as 10—36m, so it provides a very good The step distribution was observéd situ in the UHV-
basis for investigating surface phenomena while avoiding efSEM. To observe atomic steps at low magnifications, we
fects caused by a high density of steps. We have alreadsadiation quenched the surface by turning off the heating
reported a current effect on ax77 domain formation on a current. The cooling rate was about 150 °C/s from above
wide Si111) terrace'? In this paper, we present experimen- 1200 °C to 600 °C. At this cooling rate, continuous 7
tal results of sublimation of a &ill) surface at high tem- regions could nucleate mainly at steps. Steps were thus deco-
peratures based on step distribution observations on a widated with 77 bands about 1lum wide. As reported
(111 plane. So far, macrovacancy formation has mainlypreviously'®® 7x 7 regions appear brighter thanx1l re-
been observed on ®01) (Refs. 3 and % because it needs gions in a SEM image, so we could easily observe atomic
very large terraces on @il1). Our results show that it only step distributions even in a 7@m-wide terrace.
occurs in the center of a wide bottom terrace and that step The surface oxide of the specimens was desorped by heat-
flow is maintained up to much higher temperatures than ofng them to 1200 °C. A widg111) plane was formed by
Si(009). heating the specimen for 20 min at 1220 *CThe width of

A Si(111) wafer (boron doped, about 8cm) 0.15° mis-  the (111) plane reached more than @0n after the heating.
cut from the(111) plane was used as the substrate. A speciThe step distributions on thel11) plane were observed at
men 5xX 15 mm was cut from the wafer. The long side of the various heating temperatures. The heating time was set to
specimen was nearly parallel to the miscut orientationpbtain a steady-state step distribution at each temperature.
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FIG. 2. Temperature dependence of step spacing ¢hlS8i
surface. At temperatures 1060 °C, the 7Qzm-wide (111) plane
was completely step free.

tonically decreased from more than g@n to 10 um up to
1190 °C. Then, it showed a transitionlike increase around
1200 °C and reached 2.5 times the value at 1190 °C. The
temperature dependency of the step spacing is not clear
above 1210 °C because of the large scatter of the data.
The step distribution below 1200 °C can be explained by
macrovacancy formation in the center of the bottom terrace
followed by step-flow sublimation. The step-flow sublima-
tion is the reverse process of the step-flow growth that is well
described by the Burton, Cabrera, and Frank thébhut it
relates to both adatom and advacancy formation. Pimpinelli
FIG. 1. SEM images of step distributions on a widd1) plane  and Villain treated the evaporation of vicinal surfaces taking
quenched from(a) 1066 °C, (b) 1123°C, (c) 1180°C, (d)  into account vacancy formationThey showed that macro-
1200 °C,(e) 1230 °C, and(f) 1277 °C. Continuous X7 domains  vacancies nucleate on an evaporating vicinal surface when

nucleated at steps during quenching and appear brighter than thge step-step spacirgroughly satisfies
rest on the “1X 1" surface.

Kl > ylkgT, @

Figu!’e 1 shows SEM images of the quenched surfaces aﬂ%here y is the step stiffnessenergy per unit lengdh
heating at various temperatures. For most cases, concentg, _ ) " js the adatom diffusion length before desorption,
circles are seen. They are the bilay@/31 nm high steps of ke is the Boltzmann constant, and is the absolute

the (111) plane decorated withX 7 regions. The concentric temperaturé.Here,\ = \D r,, whereD is the adatom diffu-

circular shape is due to the step-flow sublimation of the SUrion coefficient and-, is the adatom lifetime before desorp-

face; steps are created at the center of the widest part of tq% 19 .

: ion. On (111 y~0.39 eV,” so y/kgT~3 in the present
(111) plane. Th_e _step spacing depends_ on the tempermur?e‘mperatfjre )razge. Thus 3\ xhigh means thatpmacro-
Feloi'\(l)égeoc tielzllgcj:)realses W;t?h(.jecr%?;mg ten,:per]fiture"o‘,[Be\iacancies nucleate when the terrace size is roughly three
ow plane ot this widih was Step Iree. times larger than the adatom diffusion length. Their model is

1.200 C smaller circles appeareq in between the concentrify - terrace between two parallel steps. Although the bottom
circles. They are macrovacancies surrounded by bllayetr

steps: this was confirmed by atomic force microscony in air errace has a circular shape in the present case, the criterion
€ps, ti y Py for macrovacancy nucleation can be used as a rough estima-
Similar circles are seen on the surfaces heated at higher th

o ; N n; macrovacancies nucleate when the radius of the terrace
1200 °C. The spacing of theo concentric C|rcle_s becomesr\Becomes larger than the order of the adatom diffusion length
!arger for temperatures= 121(.) C'. Th_e concentric shapes and then step flow is maintained without macrovacancy for-
imply that the step-flow sublimation is maintained even almation until the next ones appear in the center of the terrace.

these temperatures. Furthermore, the concentric step distr-f-h P -
; ' ! . erefore, the step spacing in Fig. 2 gives a rough measure
butions appeared regardless of the heating duration. There; b Sp 9 9.9 9

fore, the macrovacancies between the concentric steps mu%ftwadatom d'ﬁUS'On. Iength)\s. Sm_ce As a eXF_[(WU

. N . . . =Wyy/kgT], wherea is the interatomic spacingyy, is the
be formed in the middle of wider terraces during quenchlng.desor tion barrier for adatoms akid, is the surface diffu-
Other bright patchy contrast seen on thé1) plane is prob- P d

ably due to boron precipitation on the surface. This is caused " barrier for adatonfse have

by the use of the boron-dop_ed W_afel“ﬁ Qcm); such a | ~(y/kgT)aexm (W, — We/2KsT]. )
contrast was not observed with a lightly boron-doped wafer
(30-500¢cm).° Hence, the Arrhenius plot of TI vs 1/T gives

The average step spacing between the first and secorfdlV, —Wsg/2. Theplot is shown in Fig. 3, and it yields an
concentric circles was derived from several images at eachctivation energy of 1.2 eV, o, — W= 2.4 eV. This value
temperature and plotted in Fig. 2. The step spacing monds in good agreement with the reported value of=203
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, : . . cussion on inequalityl) is still valid even after the transi-
tion. A recent Monte Carlo simulation of @ill) surface
melting showed that the cohesive energy of atoms in the
10 f ] melting layer is greater than the adsorption energy of ada-
toms, while the diffusion coefficients are almost the same for
both cased® This means that the lifetime of atoms before
evaporation in the melting layer is longer than that of ada-
toms, so the diffusion length of melting layer atoms is longer
107 F ] than that of adaton?®. This result, in conjunction with in-
equality (1), explains the increase in step spacing after the
transition, if we assumey remains almost the same after
transition.

There are two possible explanations for macrovacancy
formation between steps on the surfaces quenched
FIG. 3. Arrhenius plot of step spacing multiplied by absolute from aboveT.. One is that they are formed when the sub-
temperature for the data below 1200 °C. The activation energy 1.3trate temperature passing through the minimum step-

eV gives W,—W,)/2. spacing temperature of about 1190 {<tenario ). Accord-
ing to inequality (1), macrovacancies nucleate between
concentric steps with larger spacing than the minimum
stable terrace sizéi.e., about 20um). The other is that

T! (Km)
o
0

6.6 6.8 7.0 7.2 74 76
10000/T (K1)

eV} indicating that inequality(1) is valid for the present

case. The decrease_in the step spacing Wit.h increasing ter{Hey are formed because the number of atoms in the melting
perature reflects an increase in the desorption of adatoms.Iayer is smaller than that required to form ordered layers

The transitionlike increase in the step spacing a .
o ; elowT, (scenario I}. In other words, the number of vacan-
=1200 °C suggests the occurrence of some change in suf:_ . . .
. cies is greater in the melting layer than on the normal
face structure. One likely surface structure change at such Surface. Vacancies near the concentric steps are incorporated
high temperature is the “incomplete surface melting,” : P b

which has been predicted theoreticdllyand actually ob- '?]to steps (:urlng quenching but those Ihn tfheh middle of
served on GE11) near the melting pointT,.) 222 On the the terrace form macrovacancies. Or both of the scenarios

Ge(11]) surface only the first surface bilayer melts at aboutContrIbUte to macrovacancy formatlon_. F_rom Figse) 1
0.9T - 22 Recently Kandel and Kaxiras pointed out that aand Xf) the fraction of the macrovacancies is about 0.1 of a
;vme y pol terrace excluding regions near steps. In scenario |, this
similar phenomenon sho.ulc.j occur on thel3i) surfgce' be- means that 10% of the surface atoms are sublimated
cause of _the structure similarity betwee_n Ge an _Blney during quenching. In scenario Il, the surface atom density
also predicted that surface steps are still well defined eVel creases by 10% when surface melting occurs. An esti-
above the transi.tion temperaturg because, e.xcept fo_r the_ mated fraction of sublimated atoms during queﬁching is
subsulrlf_apesreglon, the rest of the material retains Itscomparable with 10%. But we cannot rule scenario Il out
crystallinity. ) : )
We believe that the transitionlike behavior around based on the present results. A precise measurement is nec

; . : . essary to clarify the formation process of macrovacancies
1200 °C is a piece of evidence for incomplete surface y fy P

: . X during quenching.
meltlggﬁof the S(zlll) sur;ace. (f‘ reflection Zlgr;]-energy elec- It s?hguld be e?ﬂphasized again that these macrovacancies
tron diffraction (RHEED) study suggested the occurrence : ) S
of surface melting at 1414 K (1141 5®n Si111).2 The between steps are not formed during step-flow sublimation.

. . \ . Macrovacancy formation during sublimation only occurred
RHEED intensity dropped at this temperature but still kept %t the centeryof the bottom tegrrace. This differﬁ from the

finite intensity after the transition indicating that the surfaceSi(om) surface where macrovacancies nucleate between
region retained crystallinity. There is a discrepancy of abougteIOS and step flow breaks dofvn

60 K between that transition temperature and ours. However, In conclusion, we investigated sublimation of th¢13i)

Lt IS nott surprising to f|ndtth|§ amouhnt of #nﬁetrtalnty ”': surface at a high temperature regime by SEM observation of
emperature measurements In -such -a high-tempera urs?ep distribution on a widél11) plane created at the bottom

renge. lt\lllorer?_v er \r,1ve foundtthat thg ilzeocct)rlocccwentbeffecto a crater. The step spacing on the widd1) plane de-
on stép bunching changes at aroun - VW€ ODSeVefhhded on the heating temperature; it decreased from more

step bunching with a step-down current at 1210 °C, an h L :
) ) an 30 to 10 um with increasing temperature up to
with a step-up current at 1180 “C.Kandel and Kaxiras 1190 °C. This could be understood in terms of the macrova-

iuggehsted tha]‘ct w:jcc;mplete surface rrleltlngt_chapgt[er? the effle_&éncy formation during step-flow sublimation, which is the
|\f/fe (;Barge ot adatoms, causing a transttion in the currenfy, o se process to step-flow growth. Above 1200 °C, we ob-
eftect. served a transitionlike increase in the step spacing to 25

G e(Ai 1gr§{r']%w:épltﬁzt {Egliﬁf;;%ga&}:zr Cbegiglrit:ezn dhff)fj_ﬂm. The electric current direction that induced step bunch-
Y ing changed around the transition temperature. We attributed

sive, while the second bi_Iayer rem?“”s completely sBiid. these phenomena to incomplete surface melting on the
So, after the surface melting transition, the topmost surfacgi(lll) surface

consists of atoms in the melting first bilayer in addition
to adatoms, and steps and vacancies are defined on the sec-The authors wish to thank Akiko Natori at the University
ond bilayer. It is natural, therefore, to assume that the disef Electro-Communications for her helpful comments.
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