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Sublimation of a heavily boron-doped Si„111… surface
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We investigated sublimation of a heavily boron-doped Si~111! surface in comparison with that of a normal
Si~111! surface in ultrahigh vacuum. Step spacing during step-flow sublimation is analyzed as a measure of the
adatom diffusion length using.50-mm-wide ~111! planes created at the bottom of craters. On the heavily
doped 131 surface, the step spacing is smaller and the step-spacing transition~or ‘‘incomplete surface melt-
ing’’ transition! temperature is 60° higher than those on the normal 131 surface. These results are interpreted
in terms of the effect of boron atS5 substitutional sites. Below 1100 °C, the sublimation of heavily doped
surface on the wide terrace turns into a two-dimensional vacancy-island nucleation mode from step-flow
sublimation observed above 1100 °C.@S0163-1829~98!05243-6#
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I. INTRODUCTION

Sublimation of surfaces is the reverse process of epita
growth in the sense that adatoms are released from step
desorb from the surface. However, sublimation also invol
pair formation or annihilation of an adatom and an ad
cancy so it is a more complicated process than growth.
silicon surface, sublimation basically takes place in a st
flow manner. All steps flow in the same direction, whi
keeps the vicinality of the substrate. The phenomena rela
to sublimation, however, appear different for Si~001! and
Si~111! in the high-temperature regime. On Si~001! surfaces,
step flow breaks down, and macrovacancy~monolayer-deep
hole! formation has been observed on micrometer-sc
terraces.1–3 At around 1180 °C, the density of holes is s
high that surface roughening occurs and steps become in
ible. On the other hand, step-flow sublimation continues
to very high temperatures on Si~111!.4,5 This different behav-
ior between Si~001! and Si~111! is primarily due to the dif-
ference in adatom diffusion length; the diffusion length
Si~111! is one order of magnitude larger than on Si~001!. In
addition, the diffusion of adatoms and vacancies is an
tropic relative to the dimer-row direction on Si~001!, which
cause the further complication of different behavior betwe
the two types of steps, i.e., steps parallel to the dimer ro
and those perpendicular to the dimer rows. Recently, a
sile strain induced by dopant segregation was found to p
tract step flow up to a higher temperature on Si~001!.6

For the investigation of macrovacancy formation
Si~111!, a terrace larger than 20mm is necessary. We hav
accomplished such observation using a huge~111! plane at
the bottom of crater formed on a vicinal Si~111! surface.7 At
the crater bottom, atomic steps retract in a step-flow man
which causes the very bottom terrace to expand.8 Macrova-
cancy formation was observed at the center of the terr
when the terrace size became wide enough. This pro
determined step spacing on the bottom plane of the crate
addition, a transitionlike increase in the step spacing w
found at 1200 °C.7 We assumed this transition was ‘‘incom
PRB 580163-1829/98/58~19!/13146~5!/$15.00
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plete surface melting,’’ which is a disordering of the fir
monolayer. Quite recently, Hibinoet al. confirmed this as-
sumption using reflection high-energy electron diffracti
and medium-energy ion-scattering spectroscopy.9

In this paper, we focus on sublimation of heavily boro
doped Si~111!. Upon annealing, boron segregates to the s
face, which then exhibits aA33A3 reconstruction.10 There-
fore, the sublimation phenomena should be different fr
those on a normal Si~111! surface. Even after the disappea
ance ofA33A3 structure at a high temperature, boron
expected to influence sublimation phenomena. We comp
the step spacing and the step-spacing transition~incomplete
surface melting transition! between heavily boron-doped an
normal ~111! surfaces by using wide terraces created at
bottom of craters. We show the peculiar behaviors of
heavily boron-doped surface.

II. EXPERIMENT

A heavily boron-doped Si~111! wafer~;0.001V cm! 0.3°
miscut from the~111! plane was used as the substrate. Spe
mens of 5315 mm2 were cut from the wafer. The long sid
of each specimen was nearly parallel to the miscut orien
tion, the @112̄# direction. A lightly boron-doped wafer~;5
V cm! 0.15° miscut was used for comparison. The long s
of the specimens cut from this wafer was parallel to t
miscut orientation,@21̄1̄#. Square craters with sides of 15
3150 mm2 and a depth of about 1mm were formed on the
surfaces by O21 beam raster scanning with a secondary-io
mass spectrometry instrument. The beam energy was
keV, and the beam diameter was about 30mm. The speci-
mens were then repeatedly oxidized using a H2SO4:H2O2
~4:1! solution, and etched using dilute HF for several cyc
to remove possible contamination caused by the crater
mation process. After the final oxidation cycle, they we
introduced into an ultrahigh-vacuum scanning electron
croscope~UHV-SEM! ~Refs. 11 and 12!, and resistively
heated using direct current. The temperature was meas
with an infrared pyrometer, which was calibrated using
13 146 ©1998 The American Physical Society
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disappearance filament pyrometer, taking into considera
the temperature dependence of the emissivity.13 The heating
power dependence of the temperature followed exactly
same curve above 1100 °C for the two types of substra
indicating that the high concentration of boron did not affe
emissivity. Since the specimens were clamped using ta
lum foil spacers with uniform force, the temperature w
uniform in the central region, and the reproducibility of th
temperature was quite high. Nevertheless, we estimate
accuracy of temperature measurements as620° for around
1200 °C.

The step distribution was observedin situ in the UHV-
SEM. To make the atomic step observation easier~see Sec.
II !, we radiation quenched the surface by turning off t
heating current. The cooling rate was about 150 °C/s fr
above 1200 °C to 600 °C.

III. RESULTS

A. Step distribution on sublimating terrace

In our previous work using a normal Si~111! surface, we
decorated atomic steps with a 737 structure on a planarize
surface by radiation quenching the surface.7 On the quenched
surface, continuous 737 regions nucleated at steps, th
steps appeared as brighter lines in an SEM image. A hea
boron-doped Si~111! surface exhibits aA33A3 reconstruc-
tion up to 1100 °C. The 737 reconstruction never appears o
this surface. However, atomic steps on a planarized sur
can be imaged by quenching the sample from a higher t
perature. Figure 1 shows a SEM and a scanning reflec
electron microscopy~SREM! image of the bottom of a crate
on the heavily boron-doped Si~111!. The SREM image was
produced using a reflection high-energy electron-diffract
spot from theA33A3 structure. Both images show conce
tric circles similar to those in a planarized area on a norm
~111! surface~as seen in Fig. 1 in Ref. 7!. This means that
the A33A3 structure also nucleates from steps and can
expand to cover the whole surface during rapid quench
Therefore, the steps on the heavily boron-doped~111! sur-
face can be visualized by the SEM in just the same way
the 737 decoration.

The surface images of the heavily boron-doped Si~111!
exhibit three different features, depending on the tempera
from which the sample is quenched. Figure 2 shows typ
images for each temperature region. Figures 2~b! and 2~c! are
similar to those of a normal Si~111! surface. Figure 2~b!

FIG. 1. SEM~a! and SREM~b! images of the crater bottom o
the heavily boron-doped Si~111! surface. The surface was quench
from 1220 °C. The SREM image was produced using one of
A33A3 diffraction spots.
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shows step distribution in a concentric circular shape, wh
is a characteristic of a wide terrace sublimating in a step-fl
manner. Figure 2~c! corresponds to the step distribution of a
incompletely melted surface. The step spacing is trip
compared to Fig. 2~b!, and small circular steps can be see
These small circular steps are formed in between concen
circular steps during the quenching process.

Of interest is Fig. 2~a!, which was obtained below the
131–A33A3 transition temperature~1100 °C!. The contrast
in the SEM image is reversed with respect to Fig. 2~b!. This
contrast inversion is due to vacancy island formation on
terraces. Successive images taken during heating clarify
phenomenon occurring. The images in Fig. 3 were obtai
after repeatedly heating and quenching. The initial surf
was prepared by quenching from 1220 °C, then the sam
was heated to 1056 °C. The contrast inverts in the ea
stage, and stays inverted up until 70 s of heating. The
returns to one similar to the initial one. This contrast chan
is repeated upon further heating. The step shapes remai
most the same throughout this cycle.

This phenomenon is interpreted as layer-by-layer su
mation with monolayer vacancy-island formation. The SE
image remains the same even when the area of vacanc
lands increases during sublimation, because theA33A3 area
nucleated during quenching is larger than the vacancy
lands. However, upon 1-ML sublimation, the surfa
smoothens again, resulting in contrast recovery. During
contrast inversion period, darker zones are seen just

e

FIG. 2. SEM images showing temperature-dependent step
tributions on a wide~111! plane formed on the heavily boron-dope
Si~111! substrate. Images were taken after quenching from~a!
1040, ~b! 1230, and~c! 1270 °C. ContinuousA33A3 domains
nucleated at steps during quenching, and appear brighter than
rest of the surface.
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steps. These are denuded zones where no vacancy i
exists due to the steps acting as sinks for vacancies. Tho
the width of a denuded zone is larger for a lower trace th
for an upper terrace~steps descend toward the center of t
planarized region!, it is on the order of severalmm and much
smaller than the terrace size. This indicates that the vaca
~or adatom! diffusion length on theA33A3 surface become
smaller than that on the 131 surface, resulting in a sublima
tion mode change from step flow to two-dimensional isla
formation in a wide terrace. The width of the denuded zo
showed very little temperature dependence at 1000–1100

It is strange enough that theA33A3 decoration of steps
is still seen on a wide terrace even below the 131–A3
3A3 transition temperature. However, this contrast arou
steps cannot be observed below 1000 °C. We speculate
the A33A3 structure may be imperfect on a terrace wid
than the diffusion length of a vacancy~or adatom! in the
temperature range of 1000–1100 °C, and a well-orderedA3
3A3 structure is only formed near the steps during quen
ing.

The step spacing on the wide terrace changes depen
on temperature above 1100 °C. The average step spacin
tween the first and second concentric circles was derive
each temperature for the heavily boron-doped Si~111!, and
the results are plotted in Fig. 4. For comparison, the data
a lightly boron-doped Si~111! are also plotted. The step spa
ing of the heavily doped sample exhibits a temperature
pendence similar to that of the lightly doped sample with
step-spacing transition. However, the transition tempera
of the heavily doped sample is about 60° higher than tha
the lightly doped one. Furthermore, the step spacing
smaller for the heavily doped sample below the transit
temperature. Above the transition temperature, the step s

FIG. 3. SEM contrast change during sublimation of a wide~111!
plane on the heavily boron-doped Si~111! at 1056 °C. The initial
surface~0 s! was prepared by quenching from 1220 °C. Imag
were then taken by repeatedly heating and quenching. The cum
tive heating time is shown below each image.
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ing is almost the same for both samples. Here it should
noted that the effect of electric current on step bunch
changes at around the transition temperature on the hea
doped surface, just as on a lightly doped surface.7 The step
bunching was induced with a step-down current abo
1260 °C, and with a step-up current below 1260 °C~but
above 1100 °C!.

B. Sublimation rate

The sublimation rate of the heavily boron-doped sam
can be precisely determined from the period of contr
change, such as shown in Fig. 3, in the temperature ra
from 1000 to 1100 °C. The period corresponds exactly to
sublimation of one bilayer(1.631015 atoms/cm2!. For the
lightly boron-doped sample, the sublimation rate was deriv
from step retraction velocity on a wide terrace at vario
temperatures. The results are shown in Fig. 5, where pr
ously reported values~Refs. 5, 14, and 15! are also plotted.

s
la-

FIG. 4. Temperature dependence of step spacing on the he
boron-doped Si~111! surface and lightly boron-doped Si~111! sur-
face.

FIG. 5. Arrhenius plot of sublimation rate~bilayer/s! for the
heavily boron-doped Si~111! surface and lightly boron-doped
Si~111! surface. The heavily doped data were derived from
period of SEM contrast change, such as shown in Fig. 3, while
lightly doped data were obtained from the step retraction ra
Curves from Refs. 5, 14, and 15 are also shown.
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The sublimation rates for both samples agree within the
perimental error, and they are consistent with the val
measured at higher temperatures in the literature. Altho
we could not accurately measure the sublimation rate fo
higher temperature range, we assume that it depends
little on the boron concentration above 1100 °C. This is
alistic because even the sublimation rate of theA33A3 sur-
face is almost the same as a normal 131 surface. It should be
noted that the sublimation rate shows no anomaly at the s
spacing transition temperature.

VI. DISCUSSION

The decrease in step spacing with increasing in temp
ture has been explained by adatom desorption.7 The desorp-
tion of adatoms increases with temperature, which cau
macrovacancy formation in the center of the bottom terra
The bases of the phenomena were treated by Pimpinelli
Villain based on the Burton, Cabrera, and Frank theory~Ref.
16!, taking into account advacancy formation.17 They
showed that macrovacancies nucleate on an evaporating
nal surface when the step-step spacingl roughly satisfies
~atomic spacing as unit length!

8pg2

~kl kT!2,2 ln l , ~1!

whereg is the step stiffness,k is the Boltzmann constant,T
is the absolute temperature, and

k25
r0 /tv

Dr01Ls0
, ~2!

wherer0 ands0 are the equilibrium adatom and advacan
densities, respectively,D and L are the adatom and adva
cancy diffusion coefficients, respectively, andtv is the ada-
tom lifetime before desorption. In the present casel '104

nm ~or 105 atomic spacing!, and we can reasonably assum
Dr0@Ls0 , so

k2'1/~Dtv!51/ls
2, ~3!

wherels is the adatom diffusion length before desorptio
Thus inequality~1! gives

l .lsg/kT. ~4!

On the ~111! surface,g is of the order ofkT ~although the
measured dynamical step stiffness showed a large varia
with temperature; see Ref. 18!. Thus inequality~4! implies
that macrovacancies nucleate when the terrace size is o
order of the adatom diffusion length. Pimpinelli and Villain
model is for a terrace between two parallel steps. In
present case, the bottom terrace is circular. A simple ca
lation shows that the adatom concentration at the cente
the circular bottom terrace with radiusl is 1

2 that of a stair-
case terrace with width 2l . In spite of this difference, the
criterion for macrovacancy nucleation expressed by ineq
ity ~4! can be used as a rough estimation: macrovacan
nucleate when the radius of the terrace becomes larger
the order of the adatom diffusion length, and then step fl
is maintained without macrovacancy formation until the n
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step appears in the center of the terrace. Therefore, the
spacing in Fig. 4 follows the temperature dependence of
adatom diffusion length.

Sincels5a exp@(Wv2Wsd)/2kT#, wherea is the atomic
spacing,Wv is the desorption barrier for adatoms, andWsd is
the surface diffusion barrier for adatoms,17

l '~g/kT!a exp@~Wv2Wsd!/2kT#. ~5!

Hence, the Arrhenius plot ofTl vs 1/T gives (Wv2Wsd)/2
as the activation energy, andg as the prefactor. The plot is
shown in Fig. 6, and it yields an activation energy ofWv
2Wsd52.4 eV for the lightly boron-doped Si~111!, and 1.8
eV for the heavily-doped Si~111!. Theg values are 0.460.2
and 362 eV/Å for lightly and heavily doped samples, re
spectively. These are within the reported dynamical st
stiffness values for Si~111!,18 but they are not reliable
enough. Since the prefactor is determined by the intersec
with the ordinate of the Arrhenius plot based on a small 1T
region, a small difference in the plot slope~i.e., the activa-
tion energy! can cause a large error ing.

The sublimation rate is expressed by

v5voexp@2~Wv1Wa!/kT#, ~6!

where vo is the atomic frequency andWa is the adatom
formation energy. The results in Fig. 5 indicate thatWv
1Wa ~;4.3 eV! barely change for the heavily doped an
lightly doped samples. At first sight, this may be hard
understand, becauseWa should be different forA33A3 and
131 surfaces. However,Wa on the 131 surface is about 0.2
eV ~i.e., Wv@Wa).17 It is also expected for theA33A3
surface thatWv@Wa . Hence the results in Fig. 5 mean th
Wv is almost the same for the heavily doped and ligh
doped samples. Then the difference inWv2Wsd between the
heavily doped and lightly doped 131 surfaces is reduced t
the difference inWsd. That is, the adatom diffusion barrie
for the heavily doped 131 surface is 0.6 eV higher than tha
for the lightly doped 131 surface.

The reason for the higher diffusion barrier might be t
influence of boron at subsurface sites. It is well establish

FIG. 6. Arrhenius plot of step spacing multiplied by absolu
temperature for the data below the step-spacing transition. Data
the heavily boron-doped Si~111! surface and lightly boron-doped
Si~111! surface are compared.
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that boron atoms are located at substitutionalS5 sites in the
second layer, and stabilizeT4 site adatoms on aA33A3-B
surface.19 Above 1100 °C the surface does not retain
A33A3 reconstruction any longer. However, we specu
that some boron atoms still remain atS5 sites at temperature
between 1100 and 1260 °C. This is verified by the high
tivation energy~3.5 eV! of exchange between B and Si a
oms on aA33A3 surface.20 It follows then that the lifetime
of adatoms staying atT4 sites may be longer, although ad
toms do not stay still atT4 sites. The longer lifetime would
make the adatom diffusion barrier higher. In addition,
could contribute to increase the step stiffness and make
incomplete melting transition temperature higher. After
incomplete melting transition, which is the disordering of t
first monolayer,21 boron atoms do not locate at the subs
face sites, so the surface property should be the same a
of the lightly doped surface. This would explain the sa
step spacing for both samples after the incomplete me
transition.

The occurrence of vacancy-island-nucleation-mode su
mation below 1100 °C is puzzling. In the scheme of inequ
ity ~4!, this means a decrease of the adatom diffusion len
to severalmm. On aA33A3-B surface,T4 adatoms form the
A33A3 structure, and their hopping probably is low. Ho
ever, non-T4 adatoms can diffuse on theA33A3 structure.
Deposited Si atoms are reported to be very mobile on aA3
3A3-B surface.22 This contradicts the lower-diffusion
length picture. One explanation for this is that the density
non-T4 adatoms is so small,~i.e., a largerWa) on theA3
3A3 surface thatT4 adatoms play the major role in th
adatom diffusion and advacancy creation in inequality~1!. In
this situation, the diffusion barrier of aT4 adatom and, in
turn, that of an advacancy, is high because of the clo
,
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packedT4 adatom configuration. In contrast, a non-T4 ada-
tom can diffuse to a step or evaporate easily.~We might be
able to assume a lowWv , although this could contradict ou
previous assumption ofWv@Wa). Hence, the density of ad
vacances exceeds that of non-T4 adatoms, which causes
high macrovacancy density on a wide terrace. Our find
that the denuded zone width is independent of tempera
on theA33A3 surface suggestsWv2Wsd'0. This also can
be interpreted as a consequence of the low mobility ofT4
adatoms.

V. CONCLUSIONS

We investigated sublimation of a heavily boron-dop
Si~111! surface in comparison with that of a normal Si~111!
surface using SEM observations of step distribution on w
~111! planes created at the bottom of craters. Steps on
wide ~111! plane were decorated with aA33A3 structure
after quenching; thus they could be imaged by SEM. T
step spacing on the plane depends on the heating temp
ture, and reflects the adatom diffusion length. The step sp
ing on the heavily doped 131 surface is smaller than that o
the normal 131 surface. In addition, the incomplete surfa
melting transition of the heavily doped surface occurred 6
higher than that of the normal 131 surface, 1200 °C. Thes
were attributed to the segregation of boron, some of wh
might stay atS5 sites even in the 131 phase above 1100 °C
and reduce the adatom diffusion length. It might possi
increase the step stiffness, resulting in the higher incomp
melting transition temperature. We also found that the su
mation mode changes from a step-flow to a two-dimensio
vacancy-island nucleation on the wide terrace of the hea
doped surface below 1100 °C. This might be due to a l
mobility of T4 adatoms on theA33A3-B surface.
.
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