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Cross-sectional scanning tunneling microscope study of a boron-implanted Si wafer
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We cleaved a borofB) heavily implanted Si wafer, and observed (id1) cross section using a scanning
tunneling microscopéSTM). After annealing, the characteristie3Xxv3)R30° reconstruction of the B-rich
Si(111) surface appeared at the edge where the implanted B accumulated. XIheretonstruction was
observed in the middle of the cleaved surface where the implanted B was absent. Betwegtvthad the
V3 X V3 reconstructions, a transient region with a disordered phase was observed. The disordered phase nucle-
ated just under the step edge, and connected to thé domain in the middle of the lower terrace. The
boundary between the disordered phase and th& domain was straight along th&10] direction and was
terminated by faulted halves of the dimer-adatom-stacking fdMkS) 7X7 unit cell. At the boundary,
adatoms in the disordered phase are arranged to construct the corner hole of the DAS structure. However, they
do not introduce a stacking fault into the disordered phase. In the disordered g3as& domains existed
locally, and were separated by out-of-phase boundariesafbx 4) and/or 2<2 local atomic arrangements
in relation to each other. By the sample bias voltage dependence of the STM image, we found that all the
c(2x4) and the X 2 local atomic arrangements are due to the Si adatord aiite on the subsurface Si atom,
whereas the’3Xv3 domains are due to the B atom28 subsurface site under the Si adatom. At the transient
region where the B coverage is less than the saturation value to complete the B-in@uo&ireconstruction,
the condensation of the B atom intBXxv3 local domains results in the B-deficient region with the
c(2x4) and 2< 2 local adatom arrangement betwe&x v3 local domains. With respect to the local surface
energy, the B-rich and the B-deficient surface favors ¥Bexv3 and the 2<2 and/orc(2x4) adatom
arrangement, respectively. The coexistence of these local domains causes the disordered phase.
[S0163-182607)03627-9

I. INTRODUCTION atomic arrangement of the transient region on i1
cleavage surface with a scanning tunneling microscope
Among column 1l atoms of g-type dopant in silicon, (STM).

boron (B) is the most popular impurity. It is because of its The clean Sil11l) surface is well known to show the
high solubility and small diffusion coefficient in crystalline dimer-adatom-stacking faul(DAS) 7X7 reconstructior.
Si. These characteristics of the B dopant are suitable to fagdowever, the B-rich $ll11) surface has been reported to
ricate a thinp-type layer of a high dopant concentration, show the ¢3xv3) R30° reconstructichwith the saturation
which is one of the key points in the down-sizing of micro- coverage of~3 ML.> This v3Xv3 reconstruction has been
electronics deviceSUsually, the thinp-type layer is realized ~found to originate from the B atom at the subsurf&esite
by low-energy (30 KeV) ion implantation of B into the under the Si adatom at tHB4 site using a combination of
crystalline Si wafef The implanted B does not reach to the scanning tunneling spectroscog$TS and the theoretical
depth of~1 um, so that the implanted B accumulated in thecalculation®~® For the B coverage of less thanML, the
shallow layer of the wafer surface. The concentration of theatomic arrangement of the ($iL1) surface has been also re-
implanted B atom drastically changes from an extremelyported in recent studi€s!! Shenet al® controlled the sur-
high to a negligible value at 1 uwm depth. The atomic struc- face B concentration by a combination of quenching and
ture of this transient region is of interest both from the sci-the subsequent annealing of the highly B-doped
entific and technological points of view. In this study, we (2x 10*® cm™3) Si(111) wafer. The quenching resulted in a
cleaved a B-implanted @ill) wafer and investigated the disordered X1 phase with local X2 and c(2X4) ar-
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rangements inside theX77 reconstruction as is usually ob- reconstruction in the travel from the B-accumulated region
served in the gquenching of the($11) surface with a low toward the B-unimplanted region on the cleaved cross-
concentration of both p- andn-type dopant?>~*®*However,  sectional surface. But, still we do not know how the local
a part of the X1 region changed to the B-induced structure changes at the transient region where the B concen-
v3Xv3 domain in the subsequent annealing, though the distration drastically changes from an extremely high to a neg-
ordered X 1 phase still remained between th& 7 and the ligible value. Do we observe a continuously changing inter-
V3 X3 domains. The surrounding>7 reconstruction was mediate local structure as expected from the drastic, but
terminated by the faulted half of the DAS unit cell. Wong, continuous spatial change of the implanted B concentration?
Mckinnon, and Wellantf also studied the quenched and an-Or, does some critical B concentration exist for the phase
nealed surface of the highly B-doped {0'° cm™3) Si(111)  Separation into the/3Xv3 and the X7 domain? In the
wafer. On the surface, thexX?7 and the defective’3xXv3 following, we examine how the distribution of the implanted
domain coexisted. TheX¥7 reconstructions was reported to B atom acts on the surface local structure at the cleaved
be terminated by the unfaulted half of the DAS unit cell. cross-sectional surface.

They proposed an abrupt boundary between thg &nd the

v3 Xv3 domains with an extra dimer row on the base of their

STM observation. Zotowet al. studied the the $111) sur- [l EXPERIMENT

face of small B coverages and observed2 c(2X4) local The B-doped € 1017 cm™3) Si(111) wafer was used as a

atomic arrangements, ringlike clusters, and deep holes as dgﬂbstrate. Into this wafer, extra B atoms were introduced by

. . l
fec_f_shg‘séhe‘géﬁsriiggisetgugﬁc’ﬁ'est that the77and the 30-KeV BFR,* ion implantation. The dosage of BFion was
P 99 as large as ¥10' cm 2 In the 30-KeV implantation of

v3xv3 domain coexist on the 8il1) surface with a small B BF," ion, the implanted B is accumulated in a shallow re-

coverage. The X7 reconstruction is terminated by halves of gion of ~1 um of the wafer’s surfacé We confirmed the

%ex%sisuggéigi\?; tzeo\tl’voel;'/r;?axetc;i:‘fiﬁgfnggtg?g' -I(;?]ethedepth profile of implanted B using a chemical etching sensi-
' ' y tive to the B concentratiolf. At ~1 um stained layer of a

g'ngtgfnézrmmﬂtm_g thalvejo{;]]iﬂYh DASbur:\;\t cell ﬁ]necié?e high B concentration was observed at the edge of the cleaved
de the\f3>2\/§ 3 In efmew'a thi k?hatsfh € efen. cross section of the implanted wafer by a scanning electron
an omain. We think that the coniusion comes microscope. The implantation of B atoms causes the B con-

from the quenching process which was adapted to control th@entration of~ 102 cm 3 in the accumulated region

surface B concentration in the previous studies. In previous ; ;
) ; ! For STM observation, the B-implantgd11) wafer was
studies, the used @il11) wafer hal a B dopant concentration cut into 57 mm pieces. A guide line was scratched along

- 9 73 . .
of .101 cm = In this range of the dopant concentratlon,[ 0] direction on the backside of the sample to expose
heating at a high temperature was necessary to segregate

atoms to the surface. But, the segregated B atom would re(- 11) surface by cleavage. Then the sample was degreased

turn during the subsequent cooling process as to attain th%niev;afsorn:r?:ntledvon aTShTM Srﬁml]pl\?v holrger nstpzc'ag:?/ del—
thermally equilibrium distribution of B atoms if the sample 9 e cleavage. The samplie was mounted obliquely

could be cooled down slowly. To prevent the segregated E° that the 111) cleavage surface is normal to the STM fip.
atom from returning to the bulk, the rapid coolifige., the '€ Sample was cleaved by pushing the upper part of the
quenching process was adapted. But, the quenchédi1d)  Sample with a blade which glided parallel t1(1) cleavage
surface has an intrinsic nature to show such metastable strugurface. This exposed théX1) cleaved surface which was
tures as X2, c(2x4), v3xV3 reconstruction inside the the subject of our STM observation.
7x7 reconstructiot? > Thus, we should consider both the =~ The STM used is a modification of a commercially avail-
B concentration and the metastable nature of the intrinsi@ble system(JEOL JSTM-4500XV. Tips of STM were
Si(112) surface as causes of the surface structure observed fRade by electrochemical etching of 0.30-mm-diamétér
previous studies. These indistinguishable causes gave a vawires. The STM images were obtained at a constant current
ety of the observed surface structure. of 0.3 nA. The sample bias was changed in the range from
In this study, we prepared a heavily B-implanted13i) —2.0 to +2.0 V. Images are shown with a conventional
wafer and observed it11} cleaved cross section by STM. gray scale keyed to the surface height. The cleavage exposed
The implanted B atom was accumulated in a narrow regiorthe (111) cleaved surface of the 300 wm width, on which
just under the wafer surface. The B concentration of the acthe tip was approached. However, the transient region of
cumulated region is supposed to bel(?* cm 3, which is interest was located in the narrow region-efl um at the
two orders of magnitude larger than the sample used in thmirror-polished surface side edge on the cleaved surface.
previous studies. Due to the large B concentration, thélhus, we sequentially searched the transient region by mov-
v3XV3 structure appeared at the B accumulated region withing the observation point at intervals of O&n from the
out the quenching process. Moreover, the B concentratioapproaching point toward the mirror-polished side edge on
distributed spatially on the cleaved cross section from arthe cleaved cross-sectional surface. At the region close to the
extremely large to a negligible value. Hence, without consid-edge, the topograph was sampled at intervals ofudril
ering the quench-induced metastable structure, we could di- The STM observation was performed in our UHV appa-
rectly study the effect of the B concentration on thél$1) ratus which consisted of three chambers; the loading cham-
surface structure by observing the spatial change of the STMer, the sample preparation chamber with the cleavage
image. On the base of previous studies, we anticipate that theechanism, and the main chamber with a STM unit. The
local structure will change from the3xXv3 to the 7xX7 base pressure of the preparation and the main chambers were
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less than K10 8 and 8<10 ° Pa, respectively. To ob-
served the as-cleaved surface, we cleaved the sample in th
preparation chamber. Before the cleavage, the sample wa
outgased at 500 °C for several hours in the preparation
chamber. Then, the sample was cooled down to the room
temperature and was cleaved. We observed the cleave:
cross-sectional surface using a STM just after the cleavage
However, for the cleaved surface after the annealing proces:
described in the next section, we found no difference in the
STM image between the samples cleaved in vacuum and ir
air. Thus, STM images of the cleaved surface after the an-
nealing were taken on both the sample cleaved in vacuum
and the air. For both the as-cleaved surface and the surfac
after the annealing, the STM observation was performed at
room temperature.

lll. RESULTS

Just after the cleavage, the atomically resolved12re-
construction was clearly observed in the middle of the
cleaved surface by a STM. The STM images of the 12
structure was confirmed to show the same bias dependence FIG. 1. A 30<30 nnf empty state image of theX7 recon-
as them-bonded chain structuré; 2 which appears on the struction which appeared in the middle of the cleaved surface after
cleaved Si111) surface. Thus, it is reasonable that thethe heat treatment. The sample bias voltage was0 V. The tun-
2X 1 reconstruction was widely observed in the middle parteling current was 0.3 nA. A unit cell of thexX?7 reconstruction is
of our cleaved surface where the implanted B atom did notndicated at the upper right corner of the figure.
reach. However, as the tip samples the area more close to the
near-edge region, the step density was noticed to increase. &nergetically stable X7 DAS reconstruction of the 8i11}
the very edge region where the implanted B atom was accisurface after the heating above400 °C?2? Therefore, the
mulated, no atomically resolved image could be obtained X7 reconstruction was widely observed in the middle of
because the surface was too rough to follow the surfacéhe cleaved11l surface on the unimplanted region. A typi-
height in our STM feedback system. The roughness mightal STM image is shown in Fig. 1. The adatom %it& was
have resulted from the defects in the Si matrix at the edgebserved as the bright protrusion in the positive sample bias
region which could be introduced by the large dosage of th&TM. The brightness of the protrusion was noticed to be
implantation?® even.

The annealing after the cleavage made the near-edge re- Traveling from the middle to the edge region on the
gion flatter and enabled us to observe atomically resolvedleaved surface, we crossed an immense area of #heé 7
STM images at several points on the B accumulated regiorreconstruction with steps between large terraces. Then, we
The annealing process of this study was as follows. First, therossed a transient region. At the final stage of the travel, we
sample was flashed at 1200 °C for 90 sec, and was kept ancountered the perfeaf3Xv3 reconstruction. Figure 2
1000 °C for 20 min. Then, the sample was slowly cooledshows an example of the observed STM image of the
down to room temperature with the cooling rate of less than/3Xv3 reconstruction. Since a large amount of B atom
1 °C/sec. Because of this slow, quasistatic cooling procesgauses the B-inducedB X v3 reconstructior?;’ it is reason-
the sample surface fell into the most stable state. In fact, weble that thev3 xXv3 reconstruction appeared on the edge
examined the surface of the($11) wafer of a small concen- region where the implanted B atom was accumulated.
tration of n-type dopant in the same annealing process and In the transient region between thex7 and the
confirmed that no such metastable structurec@x4), v3Xv3 reconstruction, we found the disordered phase
2Xx 2, andv3 X V3 local reconstruction appeared on the sur-shown in Fig. 3. Here, the lower ride of the image is closer to
face, but the K 7 structure appeared entirely. The annealingthe region of the ¥ 7 reconstruction(i.e., B-unimplanted
should enhance the boron diffusion. This would modify thearea. In the lower part of the figure, a double-layer height
original distribution of the implanted B atom in the sample. step was observed. The step edge was straight and was found
However, no drastic change was observed in the local struge terminate by unfaulted halves of the<7 DAS unit cell.
ture of the cleaved surface in repeating the annealing prajust under the step edge, the disordered structure was nucle-
cess. Thus, we think that the diffusion has no significantated. The disordered phase was connected to e econ-
effect on the local structure of the cleaved surface. The locadtruction on the terrace in the upper area of the image. The
structure of the cleaved surface is determined by the locafx 7 area then changed to th&xv3 at regions further
concentration of the B atom. away from the upper area. We found that the boundary be-

After the heat treatment of the B-implanted Si specimentween the disordered phase and the77 reconstruction was
the 7X7 reconstruction was observed on wide terraces in theerminated by faulted halves of the DAS unit cell contrary to
middle of the cleaved1(11) surface. The 21 reconstruc- the step edge in the lower part of the figure. We also found
tion is metastable and is easy to change irreversibly to théhat a considerable number of adatom sites were imaged as
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FIG. 4. A 20<20 nnt empty state image of the disordered
phase in the transient region. The sample bias voltage was
+1.4 V. The tunneling current was 0.3 nA. The symbalsA’,

G. 2 0 . f the3 X v3 B, and B’ help the reader recognize the correspondence of the
FIG. 2. A 14<14 nnt empty state image of theé3 X v3 recon- Pé)sition to the negative bias STM imagig. 5).

struction which appeared at the edge of the cleaved surface whe

the implanted B atom accumulated. The sample bias voltage waé . . . .
+1.4V. The tunneling current was 0.3 nA. A unit cell of the J€'- This disordered phase is a stable structure with a certain

V3x V3 reconstruction is indicated at the upper right comer of theCONcentration of B atoms in the surface layer, although a
figure. similar disordered structure is reported for a metastable
structure of the quenched($11) clean surfacé**°

We determined sites which give bright/dark protrusion
images in Figs. 4 and 5. First, we find that th& 7 region
extended at the upper side of Figs. 4 and 5 terminated at the
boundary of the disordered phase by faulted half unit cell
. . . (AA’ line in Fig. 6 based on the fact that the unfaulted half
The disordered phase and its boundary with the77 glnit is imaged darker than the faulted half unit in the STM

structure were observed by high-resolution STM images aS aae of the K7 reconstruction with the negative sample
shown in Figs. 4 and 5, which are images of positive and_. 9 uction wi gativ P

6 . .
negative bias voltage. The disordered phase is terminated {as voltagé® We also confirm that the boundary terminated
the boundaries with the region of thex7 structure. In the
STM image of the positive bia-ig. 4), we see bright pro-
trusions arranged with3 Xv3, 2X 2, andc(2x4) local or-
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dark protrusions in the X7 domain. No such dark protru-
sion was observed at thex77 domain in the middle of the
cleaved cross section. Thus, the dark adatom of the/ 7
structure is characteristic of the transient region.

el SR I o Step FIG. 5. A 2020 nnf image of the disordered phase in the
transient region. The sample bias voltage wak3 V. The tunnel-
FIG. 3. A 70 70 nnt empty state image of the transient region ing current was 0.3 nA. Although this image drifted a little bit to the
between the/3 Xv3 and the 7 7 region. It appeared on the region lower side, most of all the scanned area corresponds to that in Fig.
where the implanted B concentration drastically changed from ar2. The symbolsA, A’, B, andB’ help the reader recognize the
extremely large to a negligible value. The sample bias voltage wasorrespondence of the position to the positive bias STM intEige
+2.0 V. The tunneling current was 0.3 nA. 4).
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FIG. 6. A map of the disordered phase illustrating protrusions observed in the positiu&igiad and the negative biagig. 5 STM.
As indicated in the left-hand side of the figure, three symbols represent the bright and dark protrusions in the positive bias STM image and
the protrusion in the negative bias STM image. The rest atom in th& DAS unit is also indicated by a special mark to clarify the
boundary of the X 7 domain. The local domains with th@ X v3 reconstruction are surrounded by the line to help the reader’s recognition.
Examples of the/’3Xv3, c(2X4), and 22 unit cell are also shown in the figure. The A’, B, andB’ help the reader recognize the
correspondence to Figs. 4 and 5.

by the faulted half unit through the cleavage angle of thdocated at the hollow sitdcenter of the hexagonin the
surface with respect to tH&11) wafer plane. In Fig. 6 of the faulted half unit cell, while they are at the normal-stacking
1X1 array of hexagons, we marked adatom positions of theite (corner of the hexagorin the unfaulted half unit cell. In
7X7 unit cell by large open circles, and atoms in thethe disordered phase, we also recognize traces of protrusions
stacking-fault layer by shaded small circles. InthelLar-  at the site staggered to the to the adatom site outside
ray, the atoms in the third layethe layer just below the v3x+v3 local domains(i.e., the gap area betweef$ xXv3
stacking-fault layerare indicated by small open circle. Thus, |ocal domaink We examined their positions very carefully
the adatom site of theX¥7 reconstructior{T4 sitg) is on the  to find the hollow site as was marked by solid circles in Fig.
small open circle. For the atom in the second lagtsicking- 6. \We cannot see any trace of contrast in the loGakv3
fault layen, the stacking-fault sitéhollow site is at the cen-  domain, except for those on the adatom site.
ter of the hexagons, and the normal-stacking site is the cor- The traces of protrusions found in the gap area between
ner of the hexagons. the v3xv3 local domains are similar in contrast to those
Following this definition of the site occupancy, we seen in the X7 domain in STM images of the both bias
marked protrusions that appeared at THesite(i.e., adatom polarities. Since the protrusions at the staggered site to the
site) in the disordered phase of the positive bias image on thgdatom have been interpreted as due to the rest atom of the
1X1 mesh. The bright protrusions are at positions marked agAS modef” in the 7x 7 domain, the traces of the negative
large open circles in Fig. 6. Some dark protrusions noticed ifhias protrusion at the staggered site might also be rest atoms

the disordered phase and also in the7 regions are marked in the gap area betweaf3 xv3 local domains. Noting that
by hatched large circles. The large open and hatched circles

in the disordered region arrange w8Xv3 locally (the TABLE I. Image contrast of the protrusion at the adatom site in
v3Xv3 local domains are shown in Fig.) &nd in 2x2 positive and negative bias STM.

and/orc(2x4). The disordered region is divided into two
domains, the/3 Xv3 local domain and the domain boundary Domain Positive biag Negative bias
consisting of 22 gnd/orc(2><4) short-range order. 7% 7 bright bright
Table | summarizes the appearance of the bright and dark dark not imaged
. - o . ge
protrusions at theadatom sitén the positive and the negative
bias images. In the negative bias STM image, protrusions V3XV3 bright bright
were also observed at some adatom sjiek site). The cor- local domain dark not imaged
respondence between the positive and the negative protru-
sions at the adatom site is indicated in the table. Disordered| gap area between
In the negative bias STM image of thex7 domain in v3XV3 local bright not imaged
Fig. 5, we see some intensity fronest atomswhich are domains
located at the center of adatorfaccording to DAS moda). [2x 2 and/orc(2x 4)]
We marked their position in Fig. 6 by solid circles; they are
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these rest atomgolid circles in Fig. 6 have to have back 10 . .
bonds with the atoms at the sites marked by small open = unit of distance o
circles in Fig. 6, the protrusions at the adatom site are found “ o o
definitely to be adatoms 84 sites, which have bonds to the = @ o
atoms at the normal-stacking si@orner of the hexaggnAs =
will be discussed below, we confirmed that almost all the St °
adatoms, up to the phase bounda’ in Fig. 6, bond with g °© 650° 0o° o
atoms of the normal stacking. § °© °©

= «— | —>

IV. DISCUSSIONS = 7x7 domain = Disordered
phase

As described in above section, the disordered phase is
correlated to the transient region of the B distribution from a

.1

0 2 4 6 8 101214161820

Distance ( 7x7 wunit cell)

negligible to an extremely large value. In the following, we

first discuss the distinction of the B-related and the Si-related F|G, 7. The distribution of subsurface B atoms along the direc-
protrusions in the STM image. Based on this discussion, W@on perpendicular to the boundary between the77 domain and
analyze the atomic arrangement of the B and the Si atom ithe disordered phase. The surface density of the B atom was
the disordered phase. It is followed by the discussion on théounted as the number of the B atom included in the77unit cell.

role of the Si atom which disturbs the B-induce@xv3 The unit of the distance along the line perpendicular to the
reconstruction. The role of the B atom to disturb the& 7  7Xx7-disordered phase boundary is illustrated in the figure.

reconstruction is also discussed as well. Finally, we consider . ) . - i
: ' tive bias STM. This agrees with the characteristic half-filled
the reason why the disordered phase appeared to get betweéiﬁg”ng bond state gf the Si adatom on the subsurface Si

the 7X7 domain. . . 126 ¥
In previous STS studi€’ it has been established that the %c;(m ‘/gmdg;ﬁa;ﬁg AD,[Atﬁ euggpcglrFea b:tl\j\?e;vt]ijex?/%n?oucﬁd

bright .and the dark protrusions i_n the positive bias S.TM Ofdomains, the bright protrusions are arranged with the local
the B-inducedv3xXv3 reconstruction are due to the Si ada- 4 qar of thec(2X 4) or the 2< 2. The protrusion in the posi-

tom at theT4 site on the subsurface Si and the subsurface Bye pias STM appeared at the staggered site to the protrusion
atom, respectively. This is due to the following reaSoh. i the negative bias STM. This is attributed to the Si adatom
The dangling bond of the Si adatom &4 site on the Si  arrangement with the local order of2x4) or 2x2 over
subsurface is principally half fille:> This causes the the Sj rest atom layer. Thex22 unit cell with the combina-
bright protrusion for the Si adatom on the Si subsurface atonfion of the Si adatom and the Si rest atom includes two
in both the positive and the negative bias STM images. Howdangling bonds; one on the rest atom and one on the adatom.
ever, theT4 adatom site on the Si subsurface atom is notrhec(2x4) unit cell also includes four dangling bonds, two
favorable for the B atom anymore because of the short bondn the rest atoms and two on the adatoms. On these stag-
length of Si-B. The B atom favors th85 subsurface site gered configurations of the Si adatom and the Si rest atom,
under the Si adatom to release the bond angle stress. In thise charge is transfered from the Si adatom to the Si rest
case, a charge is transferred from the Si adatom to the Btom?®2° This results in the filled rest atom band and the
subsurface site. Thus, the Si adatom on the B subsurface siggnpty adatom band. Thus, the Si adatom and the Si rest atom
is imaged as a dark protrusion in the positive bias STMare expected to be observed as the protrusion in the positive
(empty state image and is not imaged in the negative bias and the negative bias STM, respectively. In fact, Fig. 6 indi-
STM (occupied state image cates that the bright protrusion in the positive bias STM
Since the occupation of the B atom at tB& site comes (empty state imageappeared aT4 site, which is occupied
from thelocal stress with the short Si-B bond length, we canby the adatom, while the protrusion in the negative bias STM
safely expect that the B atom takes tB8 site under the (occupied state imageappeared at the hollow site on the
Si-adatom in the transient region with an insufficient numbeltunderlying network, which is occupied by the rest atom.
of B atoms for thev3Xv3 structure. In this case, all the Therefore, we attribute the bright protrusion of the gap area
adatom site with the B atom at tl85 site are imaged as the in the positive bias STM to the Si adatom over the Si atom
dark protrusion in the positive bias STM, and are not imagedarranged in the rest atom layer.
in the negative bias STM as well as those in the complete Based on the above discussion, we distinguished the
v3Xv3 domain. Actually, most of all the site, shown by the B-related protrusion from the B-free protrusion in our STM
hatched large circle in Fig. 6, present the above image chaimages. At a glance, it is clear that a small number of the B
acteristic, whether the protrusion is in th8Xv3 local do-  atoms(the dark protrusion in the positive bias STM; i.e., the
main or not. Thus, we regard all the dark protrusion in thehatched large circleis included in the X 7 domain neigh-
positive bias STM images as the Si adatom on the B atom doring to the disordered phase. Behind the boundary, the
S5 site. number of B atoms drastically increases and the surface
On the other hand, all the bright protrusion in the positivestructure changes from thex77 to the disordered phase. By
bias STM(the large open circleare regarded to be due to the counting the number of the bright and the dark protrusions at
Si adatom on the subsurface Si atom for the following reathe transient region, we estimate the distribution of B atoms
sons. In the K 7 domain and th&3Xv3 local domain, most on the cleaved surface numerically. The distribution around
of all the site with the bright protrusion in the positive bias the disordered phase is shown in Fig. 7. Here, the surface
STM was also imaged as the bright protrusion in the negaeensity of the B-related protrusion was counted as a function
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of the distance along the direction normal to the boundaryance between the reduction of the surface dangling bond and
between the disordered phase and the adjacem domain. the relaxation of the stress accompanied with the adatom
We set a network of theX 7 unit cell, and count the number configuration. The dangling-bond density of thex2 ar-
of B-related protrusions in theX?7 unit mesh. The average rangement is the second smallest; it is still larger than that of
density along the column parallel to the boundary is prethe v3X+v3 arrangement. But, the longer distance between
sented. The result indicates that approximately one B atom ithe adatom of the 2 arrangement is more effective to
included in the X 7 unit cell at the adjacentX¥7 domain. release the adatom-induced stress. This makes the total en-
However, the B concentration jumps at the boundary anergy of the 2<2 arrangement lower than that of th&
reaches to~7 atoms per X7 unit cell in the disordered Xv3 arrangement. The(2X4) arrangement has been also
phase. Just after the jump of the local B concentration, theeported to have the low surface energy nearly the same as
V3Xv3 domain starts to nucleate locally in the disorderedthat of the 2<2 arrangement’ Hence, it is reasonable that
region. This means that theX77 reconstruction bears up the energetically preferable(2xX4) and the %2 local
against the B inclusion up to approximately one atom pematomic arrangements appear in the B-deficient gap area.
unit cell. But, the 7< 7 reconstruction is destroyed by the B As discussed above, the coexistence of #%#xv3,
inclusion above several atoms per unit cell. This results irc(2x4), and 2<2 local arrangement in the disordered
the disordered phase with th8 xXv3, c(2x4), and 2<2 phase is basically explained by the energetics of the local
local atomic arrangements. Shenal. has studied the meta- atomic arrangement with and without the B subsurface atom.
stable area of the quenchedHil) surface of the B-doped Here, B atoms take the subsurface site and gather locally to
(~10° cm™3) wafer and has reported that the<7 DAS  extend the energetically favorabl@ xv3 domain. However,
structure lasts against the B inclusion up to two atoms pewe found that the/3xXv3 local domain still contains a con-
unit cell® This is consistent with our result on the cleavedsiderable number of Si atoms in the subsurface layer, which
surface of the B-implanted Si wafer. are observed as bright protrusions in #&xv3 local do-

The inclusion of a considerable number of B atoms causemain. These subsurface Si atoms are regarded as the distur-
the disordered phase with the mixture of ##&Xv3, c(2  bance of the B-induced3Xxv3 reconstruction. The STM
X 4), and 2<2 local atomic arrangement. Judging from theimages of the disordered phagégs. 4 and »show that the
spatial distribution of the bright and the dark protrusion insite on the subsurface Si atom tends to extend as one-
the positive bias STM, the following are found to be thedimensional chains inside thé3xv3 local domain. This
characteristics of the disordered phase. The B atom is inmeans that the B-induced3Xv3 reconstruction persists
cluded only in the/3Xv3 local domain. The gap area of the against the one-dimensional chainlike aggregation of the
c(2X4) or 2X2 local orders never includes the B atom. subsurface Si atoms. However, the lack of the two-
Amongv3 Xv3 domains of the disordered phase, the B atomdimensional aggregation of Si subsurface atoms into a con-
tends to concentrate on sizabt@ Xv3 domains. We think siderable size suggests that the B-indus@dv3 recon-
that these characteristics of the disordered phase are due struction does not persist against the two-dimensional
the energetics of the local atomic arrangements with andggregation of the subsurface Si atoms. We think that the
without B subsurface atoms. A theoretical calculation hasntolerance of the B-induced3 X3 reconstruction against
showed that the Si adatom—B subsurface-atom configuratiotihe two-dimensional aggregation of the subsurface Si atom is
is favored over the B adatom-Si subsurface site configuradue to the following reason. The equitriangular arrangement
tion by 0.31 eV(1x 1 cell).® Moreover, thev3Xv3 recon-  with the side distance of3a [a is the length of side of the
struction is the most favorable arrangement of the adator <1 unit cell on the ideal $111) surfacq is necessary for
with respect to the general rule of the surface reconstructiorthe subsurface Si atom to extend the two-dimensional aggre-
the reduction of the number of the surface dangling bondgation. But, as described in the above paragraph, the Si
Thus, the B-rich surface principally favors to extend #3¢  adatom-Si subsurface-atom configuration does not favor the
Xv3 local domain with the subsurface B atom, as is usuallyw3Xv3 arrangement. Therefore, the B-induaé&dx v3 local
observed on the §ill) surface with the B atoms of the domain can include the one-dimensional alignment of the
saturation coveragt.’ This causes the3xv3 local domain  subsurface Si atom, but does not persist for the two-
with B subsurface atom in the disordered phase. Howevedimensional aggregation of the subsurface Si atom.
the B concentration at the transient region is not enough to On the contrary to the subsurface Si atom in the
cover all the surface with the B-induce@ X v3 reconstruc- B-inducedv3Xv3 local domain, the subsurface B atom in
tion. Therefore, the B-deficient area is necessarily left in theahe 7X7 domain is regarded as the disturbance to ther7
gap betweew3 xv3 local domains. Usually, the @i11) sur-  DAS reconstruction. In this respect, the boundary between
face without B atoms takes the energetically most favorabl¢he disordered phase and the neighboring77 domain is
7X 7 reconstruction. But, the gap area was not large enougimteresting because it is expected to represent the critical
to accommodate the unit cell of the<7 reconstruction. In  phenomena of the destruction of the th& 7 reconstruction
this case, the gap area is expected to take the other recoby the B atom. As illustrated in Fig. 6, the<77 DAS region
struction of a low surface energy. To reduce the number ofvas always terminated by the faulted halves of the DAS unit
the surface dangling bond, th& Xv3 adatom arrangement cell on the terrace. Moreover, we found that the closest ada-
is the most favorable even for the B-deficient gap area. Howtom of the disordered phase to the boundary takes the coun-
ever, a theoretical calculation has showed that the22ar-  terpart site to the corner adatom of th& 7 reconstruction.
rangement is energetically preferable over #e<xv3 ar-  We think that these characteristics of the boundary come
rangement in the Si adatom-Si rest atom configuratiorirom the stability of the faulted half of the>¥7 DAS unit
without the subsurface B atof.This comes from the bal- cell and the necessity of the dimer chain to construct the
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FIG. 8. Models of the Si atom arrangement in the rest atom layer at the disordered phase. Based on the observed site of the adatom and
the rest atom{around the cross point A’ andBB’ line in Fig. 6), the site of invisible atom in the rest atom layer is inferred. Adatoms,
rest atoms, and atoms in the dimer layer are illustrated by symbols as indicated in the(fgilitee rest atom layer has no stacking fault
in the disordered phase. This is consistent with the observed adatom and the rest atom site in the disordefbll Tiasenallest unit of
adatom-rest atom-dimer combination. This works as the trigger to construct the stacking fault in ZThee@onstruction when the adatom
takes the site facing to the corner adatom of the unfaulted half (@ifThe stacking fault is introduced into the disordered phase by the
adatom facing to the corner adatom of the unfaulted half unit in th& Homain. However, this results in the frustrated arrangement of the
atom in the rest atom layer as indicated in the figure.

faulted area. The stability of the faulted half unit has beerthe corner adatom of the unfaulted half unit. We examine
pointed out by Hoshinet al3* They have found the leading this possibility by analyzing the arrangement of the rest atom
role of the faulted halves in theX77 DAS structure forma- in the disordered phase. In the negative bias STM, the rest
tion during the X1—7X7 transition. From their finding, atom, which does not bond to the adatom, was imaged as a
they have proposed that the faulted half is the energeticallprotrusion?®?’ The site of the invisible rest atom, which
favorable smallest unit cell of the @il1) surface. On the bonds to the adatom, is inferred from the adatom site ob-
other hand, the faulted half unit is always surrounded by theerved in STM. We utilized the observed adatom and rest
dimer chain[Fig. 8@)]. This dimer chain is necessary to atom sites as the clue to construct the atomic arrangement of
construct the faulted area on the(Hil) surface. Then, to the rest atom layer in the disordered phase. The atomic ar-
construct the dimer at the boundary, the edge adatom in theingement of the rest atom layer is constructed to be consis-
faulted half unit needs the counter part adatom in the disortent with the observed adatom and rest atom sites in the
dered phase as illustrated in FigaB Actually, a theoretical disordered phase. The result is illustrated in Fig).80n the
study has indicated that the dimer-adatom pair along the outontrary to our expectation, all of the observed atomic ar-
side edge is responsible for stabilizing the faulted half thit. rangement is consistently reproduced with the assumption
Thus, it is reasonable that thex?7 domain is terminated by that the adatom facing the corner adatom of the unfaulted
the faulted halves with the counterpart adatom in the disorhalf unit does not introduce the stacking fault. If we assume
dered phase to the edge adatoms of the faulted half unit. that the stacking fault is introduced into the disordered phase
Furthermore, we found that the adatom in the disorderedby the atomic arrangement of Fig(8 with the adatom fac-
phase arranges to conserve the corner hole in corporatidng to the corner adatom of the unfaulted half unit, we ob-
with the corner adatom in the>?7 domain(Fig. 4), though tained the nonrealistic arrangement of the rest atom as indi-
the memory of these neighboring<#Z domain did not con- cated in Fig. &). Thus, we conclude that the stacking fault
tinue further to the inside arrangement of adatoms of thés not introduced into the B-related disordered phase even
disordered phase. To construct the corner hole at the bounthough the corner hole is constructed at the boundary. The B
ary, one more adatom, which faces to the corner adatom aftom prevents the extension of the faulted half unit, and re-
the unfaulted adatom, is necessary in addition to the coursults in the destruction of the>X77 domain.
terpart adatonjiFig. 8@]. Here, the problem is whether the  Finally, we briefly discuss the reason why the disordered
stacking fault is introduced into the disordered layer by thephase appeared as getting between thke7 7domain in the
adatom arrangement to conserve the corner hole or not. lmansient region. Our results indicate that the B-related dis-
the 7X7 reconstruction, the counterpart adatom connects tordered phase preferentially nucleates at the the step on the
the atomic arrangement of the unfaulted half unit. However|ower terrace. A similar preference of the nucleation has
the adatom facing to the corner adatom of the unfaulted addseen reported for a Au-inducedX® reconstruction on the
tom introduces the stacking fault. In the analogy of thisSi(111) surface®=*The preference of the nucleation of the
7X7 reconstruction, we expect that the stacking fault is in-7X7 reconstruction at the edge of the outer step has also
troduced into the disordered phase by the adatom facing tbeen reported in the phase transition between tkg and
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the 1x1 phase on the Gill) surface® The step-related sion of approximately one atom peix7 unit cell, whereas
strain has been pointed out as the origin of the preferghce.the 7x 7 reconstruction is changed into the disordered phase
However, besides the strain, the mass transfer and the relateg the inclusion of several B atoms pex7 unit cell. The
growth of the step, which happen in the heat process, shouldisordered phase was the mixture of W&xv3, the c(2
be considered in our case. In studies of the homoepitaxiak 4) and the % 2 local reconstructions. In the disordered
growth on the Sil11) surface, two kinds of the step edge phase, the B atom gathered and formed the local domain of
have been observed; a straight step terminated by the umhev3xv3 reconstruction. As a result, the B deficient region
faulted half unit and a zig-zag step terminated by the faultedvas left betweenw3 X v3 local domains. The B deficient re-
half unit®~3°The straight edge with the unfaulted half unit gion showed thec(2x4) and 2<2 local reconstructions.
means that the addition of the faulted half to the unfaultedrhe v3xv3 andc(2x4) or (2x2) are energetically stable
step edge is energetically unfavorable. In our result, all thetructures of the B-rich and B-free($i1) surfaces, respec-
step edge in the transient region was straight and was termiively. Thus, we think that the observed disordered phase is
nated by the unfaulted half unit. This suggests that the stepasically the result of the energetics to minimize the total
growth plays a role in the formation of the landscape of theenergy of the surface where the B coverage is less than the
transient region. However, at the present stage, we have ngaturation value to construct the perfeBt<v3 reconstruc-
evidence which is the dominant factor for the preference. tion.
In the transient region, we also found that the B-induced
V. SUMMARY v3Xv3 local domain lasts against the inclusion of the one

. dimensionally aggregated Si adatoms on the subsurface Si
We observed th¢l11} cleaved cross-sectional surface of atom. However, it does not persist for the two-dimensional

the hea\(ily B-implanted $111) wafer. As cleaveq, the cross aggregation of the subsurface Si atom into a considerable
section included many defects at the edge region where tIEze. We consider that it is due to the instability of the
drastic change of implanted B atom is expected. This madg—

?n attc;]mit/:?iy ‘/rgesolvedtSTI:/_l observattl)on. Or(; thlstﬁrOSS S€Che counterpart site to the edge adatom in the adjacent
|c;]n, eth ) lrector&s Irauc |ton was o selrvted on h N reg'%?faulted half unit of the K7 domain. The corner hole was
\;vx%rerecgnsl?rfc?ig: appe?ir%rg iﬁcgﬁemlﬁeag;n’ tvr\:a'?rtiaes i Iso conserved at the boundary. The counterpart adatom is

. ‘necessarily introduced to construct the dimer chain at the
planted B atom did not reach. Between ##xv3 and the y

7% 7 X h ) ) h the disord cEoundary, which is responsible for the stability of the faulted
reconstruction, the transient region with the disordereq, ji¢ it However, based on the arrangement of the ob-

phase was observed. The disordered phase extended on §)g,q adatom and rest atom sites, we found that the stacking

lower terrace from the step edge. On the terrace, the disOg, ¢ jg not introduced into the disordered phase through the
dered phase connected to th& 7 domain terminated by the corner hole at the boundary.

faulted halves of the X7 DAS unit cell.

Based on the brightness of the protrusion observed in the
positive bias STM, the site with the Si adatom on the sub-
surface B atom was distinguished from that on the subsur- The authors would like to thank M. Kawata of NEC Cor-
face Si atom. The contrast of the brightness is caused by thgoration for preparing the B-implanted($11) sample. This
characteristic subsurface site of the B atom under the Si adavork was financially supported by a Grant-in-AidNo.
tom. By counting the number of the B-induced protrusions,08230212 for Scientific Research from the Ministry of Edu-
we found that the X 7 reconstruction lasts against the inclu- cation, Science and Culture of Japan.
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