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Sublimation of a heavily boron-doped S{111) surface
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We investigated sublimation of a heavily boron-doped 81) surface in comparison with that of a normal
Si(112) surface in ultrahigh vacuum. Step spacing during step-flow sublimation is analyzed as a measure of the
adatom diffusion length using-50-um-wide (111) planes created at the bottom of craters. On the heavily
doped X1 surface, the step spacing is smaller and the step-spacing trarisititimcomplete surface melt-
ing” transition) temperature is 60° higher than those on the nornxal surface. These results are interpreted
in terms of the effect of boron & 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 {60163-182¢08)05243-4

I. INTRODUCTION plete surface melting,” which is a disordering of the first
monolayer. Quite recently, Hibinet al. confirmed this as-
Sublimation of surfaces is the reverse process of epitaxisgumption using reflection high-energy electron diffraction
growth in the sense that adatoms are released from steps ad@d medium-energy ion-scattering spectroscopy.
desorb from the surface. However, sublimation also involves In this paper, we focus on sublimation of heavily boron-
pair formation or annihilation of an adatom and an adva-doped Si111). Upon annealing, boron segregates to the sur-
cancy so it is a more complicated process than growth. Ofce, which then exhibits g3 /3 reconstructiot? There-
silicon surface, sublimation basically takes place in a stepfore, the sublimation phenomena should be different from
flow manner. All steps flow in the same direction, which those on a normal §i11) surface. Even after the disappear-
keeps the vicinality of the substrate. The phenomena relatingnce of y3x /3 structure at a high temperature, boron is
to sublimation, however, appear different for(@®l1) and expected to influence sublimation phenomena. We compare
Si(111) in the high-temperature regime. On(®1) surfaces, the step spacing and the step-spacing transiiecomplete
step flow breaks down, and macrovacarigonolayer-deep surface melting transitioroetween heavily boron-doped and
hole) formation has been observed on micrometer-scal@ormal (111) surfaces by using wide terraces created at the
terraces 3 At around 1180 °C, the density of holes is so bottom of craters. We show the peculiar behaviors of the
high that surface roughening occurs and steps become invi§eavily boron-doped surface.
ible. On the other hand, step-flow sublimation continues up
to very high temperatures on($i_L1).4'.5 Thi; different behay— Il EXPERIMENT
ior between S001) and S{111) is primarily due to the dif-
ference in adatom diffusion length; the diffusion length on A heavily boron-doped $111) wafer(~0.001Q cm) 0.3°
Si(111) is one order of magnitude larger than orf0Bil). In miscut from theg(111) plane was used as the substrate. Speci-
addition, the diffusion of adatoms and vacancies is anisomens of 515 mnf were cut from the wafer. The long side
tropic relative to the dimer-row direction on(801), which  of each specimen was nearly parallel to the miscut orienta-
cause the further complication of different behavior betweertion, the[112] direction. A lightly boron-doped wafef~5
the two types of steps, i.e., steps parallel to the dimer row$) cm) 0.15° miscut was used for comparison. The long side
and those perpendicular to the dimer rows. Recently, a teref the specimens cut from this wafer was parallel to the
sile strain induced by dopant segregation was found to promiscut orientation[211]. Square craters with sides of 150
tract step flow up to a higher temperature of081).° X150 um? and a depth of about Zm were formed on the
For the investigation of macrovacancy formation onsurfaces by @ beam raster scanning with a secondary-ion-
Si(111), a terrace larger than 20m is necessary. We have mass spectrometry instrument. The beam energy was 10.5
accomplished such observation using a h(El) plane at keV, and the beam diameter was about/a8. The speci-
the bottom of crater formed on a vicinal($11) surface’ At mens were then repeatedly oxidized using #6,:H,0,
the crater bottom, atomic steps retract in a step-flow mannef4:1) solution, and etched using dilute HF for several cycles
which causes the very bottom terrace to exphihcrova-  to remove possible contamination caused by the crater for-
cancy formation was observed at the center of the terracemation process. After the final oxidation cycle, they were
when the terrace size became wide enough. This procegstroduced into an ultrahigh-vacuum scanning electron mi-
determined step spacing on the bottom plane of the crater. leroscope(UHV-SEM) (Refs. 11 and 1R and resistively
addition, a transitionlike increase in the step spacing waseated using direct current. The temperature was measured
found at 1200 °C.We assumed this transition was “incom- with an infrared pyrometer, which was calibrated using a
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FIG. 1. SEM(a) and SREM(b) images of the crater bottom on
the heavily boron-doped @i11) surface. The surface was quenched
from 1220 °C. The SREM image was produced using one of the
J3x /3 diffraction spots.

disappearance filament pyrometer, taking into consideration
the temperature dependence of the emissiVifjhe heating
power dependence of the temperature followed exactly the
same curve above 1100 °C for the two types of substrates,
indicating that the high concentration of boron did not affect
emissivity. Since the specimens were clamped using tanta-
lum foil spacers with uniform force, the temperature was
uniform in the central region, and the reproducibility of the
temperature was quite high. Nevertheless, we estimate the
accuracy of temperature measurementst28° for around
1200 °C.

The step distribution was observéd situ in the UHV-
SEM. To make the atomic step observation eatee Sec. FIG. 2. SEM images showing temperature-dependent step dis-
I1), we radiation quenched the surface by turning off thetributions on a widg111) plane formed on the heavily boron-doped
heating current. The cooling rate was about 150 °C/s fronsi(111) substrate. Images were taken after quenching fi@n
above 1200 °C to 600 °C. 1040, (b) 1230, and(c) 1270°C. Continuousy/3x 3 domains

nucleated at steps during quenching, and appear brighter than the
rest of the surface.

. RESULTS
shows step distribution in a concentric circular shape, which
is a characteristic of a wide terrace sublimating in a step-flow
In our previous work using a normal &Ll surface, we manner. Figure @) corresponds to the step distribution of an
decorated atomic steps with &7 structure on a planarized incompletely melted surface. The step spacing is tripled
surface by radiation quenching the surfa€@n the quenched compared to Fig. (), and small circular steps can be seen.
surface, continuous X7 regions nucleated at steps, thusThese small circular steps are formed in between concentric
steps appeared as brighter lines in an SEM image. A heavilgircular steps during the quenching process.
boron-doped $111) surface exhibits a/3% /3 reconstruc- Of interest is Fig. 2a), which was obtained below the
tion up to 1100 °C. The X7 reconstruction never appears on 1x1—/3x /3 transition temperatur@ 100 °Q. The contrast
this surface. However, atomic steps on a planarized surfade the SEM image is reversed with respect to Fith)2This
can be imaged by quenching the sample from a higher teneontrast inversion is due to vacancy island formation on the
perature. Figure 1 shows a SEM and a scanning reflectioterraces. Successive images taken during heating clarify the
electron microscopySREM) image of the bottom of a crater phenomenon occurring. The images in Fig. 3 were obtained
on the heavily boron-doped @il1). The SREM image was after repeatedly heating and quenching. The initial surface
produced using a reflection high-energy electron-diffractionvas prepared by quenching from 1220 °C, then the sample
spot from they3X /3 structure. Both images show concen-was heated to 1056 °C. The contrast inverts in the early
tric circles similar to those in a planarized area on a normastage, and stays inverted up until 70 s of heating. Then it
(119 surface(as seen in Fig. 1 in Ref.)7This means that returns to one similar to the initial one. This contrast change
the y3x /3 structure also nucleates from steps and cannds repeated upon further heating. The step shapes remain al-
expand to cover the whole surface during rapid quenchingnost the same throughout this cycle.

A. Step distribution on sublimating terrace

Therefore, the steps on the heavily boron-dop&til) sur- This phenomenon is interpreted as layer-by-layer subli-
face can be visualized by the SEM in just the same way amation with monolayer vacancy-island formation. The SEM
the 7X 7 decoration. image remains the same even when the area of vacancy is-

The surface images of the heavily boron-dope(L 5l lands increases during sublimation, because& \/3 area
exhibit three different features, depending on the temperatuneucleated during quenching is larger than the vacancy is-
from which the sample is quenched. Figure 2 shows typicalands. However, upon 1-ML sublimation, the surface
images for each temperature region. Figurés 8nd Zc) are  smoothens again, resulting in contrast recovery. During the
similar to those of a normal &ill) surface. Figure ) contrast inversion period, darker zones are seen just near
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FIG. 4. Temperature dependence of step spacing on the heavily
boron-doped $111) surface and lightly boron-doped($1L1) sur-
face.

ing is almost the same for both samples. Here it should be

noted that the effect of electric current on step bunching
FIG. 3. SEM contrast change during sublimation of a witte) changes at arognd the transi_tion temperature on the heavily

plane on the heavily boron-doped(Ei1 at 1056 °C. The initial d0P€d surface, just as on a lightly doped surfadée step

surface(0 9 was prepared by quenching from 1220 °C. |magesbunch|ng was |_nduced with a step-down current above

were then taken by repeatedly heating and quenching. The cumuld260 °C, and with a step-up current below 1260 (igut

tive heating time is shown below each image. above 1100 °C

80's 95s

steps. These are denuded zones where no vacancy island
exists due to the steps acting as sinks for vacancies. Though o .
the width of a denuded zone is larger for a lower trace than The sublimation rate of the heavily boron-doped sample
for an upper terracésteps descend toward the center of thec@n be precisely determined from the period of contrast
planarized regiop it is on the order of severalm and much ~ ¢hange, such as shown in Fig. 3, in the temperature range
smaller than the terrace size. This indicates that the vacand{Pm 1000 to 1100 °C. The period (igrresponds exactly to the
(or adatom diffusion length on the/3x 3 surface becomes s_ubllmatlon of one bilayef1.6x10 .atoms/crﬁ). For the.
smaller than that on thex1 surface, resulting in a sublima- lightly boron-doped sample, the sublimation rate was derived
tion mode change from step flow to two-dimensional islandT®m Step retraction velocity on a wide terrace at various
formation in a wide terrace. The width of the denuded zond®Mperatures. The results are shown in Fig. 5, where previ-
showed very little temperature dependence at 1000—1100 °€USly reported valuegRefs. 5, 14, and JSare also plotted.

It is strange enough that th¢3x \/3 decoration of steps

B. Sublimation rate

is still seen on a wide terrace even below thel1t3 102; T - T -

X /3 transition temperature. However, this contrast around i ®  Heavily B doped

steps_cannot be observed below 1000 °C. We speculate that . 107>, s |

the \3x /3 structure may be imperfect on a terrace wider 3 SN P Souchire et al (1986)

than the diffusion length of a vacandgr adatom in the DU AN Alonsoetal @9 1]

temperature range of 1000—1100 °C, and a well-ordef&d o

X /3 structure is only formed near the steps during quench- § A

ing. g 107 E
The step spacing on the wide terrace changes depending 5

on temperature above 1100 °C. The average step spacing be- D 02 ]

tween the first and second concentric circles was derived at E E

each temperature for the heavily boron-dopet.Ei), and 10l . . . .

the results are plotted in Fig. 4. For comparison, the data for
a lightly boron-doped $111) are also plotted. The step spac-
ing of the heavily doped sample exhibits a temperature de-
pendence similar to that of the lightly doped sample with @ £\, 5. Arrhenius plot of sublimation ratbilayer/s for the
step-spacing transition. However, the transition temperaturgeavily boron-doped §i11) surface and lightly boron-doped
of the heavily doped sample is about 60° higher than that o&j(111) surface. The heavily doped data were derived from the
the lightly doped one. Furthermore, the step spacing igeriod of SEM contrast change, such as shown in Fig. 3, while the
smaller for the heavily doped sample below the transitionightly doped data were obtained from the step retraction rate.
temperature. Above the transition temperature, the step spaCurves from Refs. 5, 14, and 15 are also shown.

6.0 6.5 7.0 7.5 8.0 8.5
10000/T (K')
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The sublimation rates for both samples agree within the ex- 100 . r T
perimental error, and they are consistent with the values i .

measured at higher temperatures in the literature. Although [ : E‘;ﬁ;’l')'lyBBdggzzd

we could not accurately measure the sublimation rate for a I

higher temperature range, we assume that it depends very 107 5
little on the boron concentration above 1100 °C. This is re- € : 12eV. g0 ]
alistic because even the sublimation rate of {8 /3 sur- ff -

face is almost the same as a normalllsurface. It should be ~ o

noted that the sublimation rate shows no anomaly at the step- 102 o 4

spacing transition temperature. 0.9ev
VI. DISCUSSION
10-3 1 1 1
The decrease in step spacing with increasing in tempera- 6.0 6.5 7.0 7.5 8.0
ture has been explained by adatom desorptidhe desorp- 10000/ T (K-1)

tion of adatoms increases with temperature, which causes

macrovacancy formation in the center of the bottom terrace. FIG. 6. Arrhenius plot of step spacing multiplied by absolute
The bases of the phenomena were treated by Pimpinelli aril@mperature for the data below the step-spacing transition. Data for
Villain based on the Burton, Cabrera, and Frank the&gf.  the heavily boron-doped @i11) surface and lightly boron-doped
16), taking into account advacancy formatith.They  Si(111 surface are compared.

showed that macrovacancies nucleate on an evaporating vici- ,
nal surface when the step-step spacifigoughly satisfies step appears in the center of the terrace. Therefore, the step

(atomic spacing as unit length spacing ir_l Fig_. 4 follows the temperature dependence of the
adatom diffusion length.
81ry2 SinceNg=aexd (W,—W,)/2kT], wherea is the atomic
(x7KT) <2In/, ) spacingW, is the desorption barrier for adatoms, ang, is

the surface diffusion barrier for adators,

wherey is the step stiffnesss is the Boltzmann constant,

is the absolute temperature, and /= (yIkT)aexp (W, —Weg /2KT]. ®

Hence, the Arrhenius plot of/ vs 1T gives W,—W,y)/2
Kzpo—/TU ) as the activation energy, andas the prefactor. The plot is
Dpo+t Aoy’ shown in Fig. 6, and it yields an activation energy \bf,
wherepg and oy are the equilibrium adatom and advacancy_WSd_ 2.4 eV fpr the lightly boron-doped @i11), and 1.8
densities, respectivelyD and A are the adatom and adva- eV for the heawly-d_oped SLLD. The_yvalues are 0.40.2
and 3+2 eV/A for lightly and heavily doped samples, re-

cancy diffusion coefficients, respectively, andis the ada- : e s
tom lifetime before desorption. In the present case 10" spectively. These are within the reported dynamical step-
stiffness values for $111),*® but they are not reliable

nm (or 1 atomic spacing and we can reasonably assume ' . i , ,
Dpo>Aay, SO enough. Since the prefactor is determined by the intersection

with the ordinate of the Arrhenius plot based on a small 1/
k2~1/(D7,)=1\2, (3)  region, a small difference in the plot slogiee., the activa-
tion energy can cause a large error in
where\q is the adatom diffusion length before desorption. The sublimation rate is expressed by
Thus inequality(1) gives
v=vexd — (W,+W,)/kT], (6)

£>AsylKT. ) where v, is the atomic frequency anw/, is the adatom

On the(111) surface,y is of the order ofkT (although the formation energy. The results in Fig. 5 indicate thaf,
measured dynamical step stiffness showed a large variatioh Wa (~4.3 €V) barely change for the heavily doped and
with temperature; see Ref. 18Thus inequality(4) implies  lightly doped samples. At first sight, this may be hard to
that macrovacancies nucleate when the terrace size is of th#derstand, becaudt, should be different fox/3x /3 and
order of the adatom diffusion length. Pimpinelli and Villain’s 1X1 surfaces. HowevelV, on the 1X1 surface is about 0.2
model is for a terrace between two parallel steps. In theV (i.e., W,>W,).*" It is also expected for the/3X 3
present case, the bottom terrace is circular. A simple calcusurface thaw,>W,. Hence the results in Fig. 5 mean that
lation shows that the adatom concentration at the center diV, is almost the same for the heavily doped and lightly
the circular bottom terrace with radiu$is 3 that of a stair- doped samples. Then the difference/i)— W,y between the
case terrace with width2 In spite of this difference, the heavily doped and lightly dopedXll surfaces is reduced to
criterion for macrovacancy nucleation expressed by inequalhe difference inWgq. That is, the adatom diffusion barrier
ity (4) can be used as a rough estimation: macrovacancider the heavily doped %1 surface is 0.6 eV higher than that
nucleate when the radius of the terrace becomes larger thdor the lightly doped X1 surface.

the order of the adatom diffusion length, and then step flow The reason for the higher diffusion barrier might be the
is maintained without macrovacancy formation until the nextinfluence of boron at subsurface sites. It is well established
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that boron atoms are located at substitutidBakites in the  packedT, adatom configuration. In contrast, a ndp-ada-
second layer, and stabiliZ, site adatoms on &3x3-B  tom can diffuse to a step or evaporate easiye might be
surfacet® Above 1100°C the surface does not retain theable to assume a low/, , although this could contradict our
J3x /3 reconstruction any longer. However, we speculateprevious assumption a#/,>W,). Hence, the density of ad-
that some boron atoms still remainy sites at temperatures vacances exceeds that of ndp-adatoms, which causes a
between 1100 and 1260 °C. This is verified by the high achigh macrovacancy density on a wide terrace. Our finding
tivation energy(3.5 eV) of exchange between B and Si at- that the denuded zone width is independent of temperature
oms on ay3X y3 surfaceé It follows then that the lifetime  on the/3X /3 surface suggesw, —W~0. This also can

of adatoms staying &, sites may be longer, although ada- be interpreted as a consequence of the low mobilityl of
toms do not stay still aT, sites. The longer lifetime would adatoms.

make the adatom diffusion barrier higher. In addition, it

could contribute to increase the step stiffness and make the V. CONCLUSIONS

incomplete melting transition temperature higher. After the ,o investigated sublimation of a heavily boron-doped
incomplete melting transition, which is the disordering of theSi(lll) surface in comparison with that of a normalil)

] 1
first monolaye;" boron atoms do not locate at the subsur-g, ¢ using SEM observations of step distribution on wide

face sites, so the surface property should be the same as tha4 y) planes created at the bottom of craters. Steps on the
of the lightly doped surface. This would explain the same,

) . 'Swide (111) plane were decorated with @3 /3 structure
step spacing for both samples after the incomplete melt'n%fter quenc%ing' thus they could be imaged by SEM. The
transition. ' .

Th ¢ island leati q bI.step spacing on the plane depends on the heating tempera-
€ occurrence of vacancy-island-nucleation-mode Sublly, .o "5 reflects the adatom diffusion length. The step spac-

mat|on bglow 1100°C is puzzling. In the SChe”.‘e Of mequalang on the heavily dopedX1 surface is smaller than that on
ity (4), this means a decrease of the adatom diffusion lengt e normal X1 surface. In addition, the incomplete surface

to severajum. On ay3x ‘/ng surfaceT, adatoms form the e iting transition of the heavily doped surface occurred 60°
V3% /3 structure, and their hopping probably is low. How- higher than that of the normalxi1 surface, 1200 °C. These
ever, nonT, adatoms can diffuse on thg3x |3 structure.  ere attributed to the segregation of boron, some of which
Deposited Si atoms are reported to be very mobile af8a might stay atS; sites even in the X1 phase above 1100 °C,

X \/3-B surfacé” This contradicts the lower-diffusion- and reduce the adatom diffusion length. It might possibly
length picture. One explanation for this is that the density ofincrease the step stiffness, resulting in the higher incomplete
non-T, adatoms is so smallj.e., a largetW,) on the \/3 melting transition temperature. We also found that the subli-
X /3 surface thaflT, adatoms play the major role in the mation mode changes from a step-flow to a two-dimensional
adatom diffusion and advacancy creation in inequdlilyIn ~ vacancy-island nucleation on the wide terrace of the heavily
this situation, the diffusion barrier of @, adatom and, in doped surface below 1100 °C. This might be due to a low
turn, that of an advacancy, is high because of the closelynobility of T, adatoms on the/3x \3-B surface.
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