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The scanning tunneling microscope is used to study the boron-doped Si(111) surface as a function of
annealing times and temperatures. The surface structure is found to be determined by the concentration
of B. When the substitutional B concentration is less than 1% of the top 1X 1 bilayer atoms, the surface
is largely 7X7 but surrounded by adatom-covered 1X1 regions (which have higher B concentration).
When the B concentration is more than 3%, the whole surface will be adatom-covered 1X 1 regions in-
cluding (V3XV3)R30° structures. The (V'3 XV3)R30° domains will increase with the B concentration.
Because 7X7 can only exist in the region with low B concentration, the growth of 7X 7 is slowed down.
Further annealing at 560°C can convert 2X2, ¢(4X2) into 7X7 and 9X9. Sides of the 7X7 domain
preferentially grow along the three equivalent [112] directions. The adatom-covered 1X 1 regions are
bounded by faulted halves of the 7X7 domains. The dark sites of 7X7 are observed and counted. They
are further interpreted in terms of a B substitution model. The pattern of bright and dark atoms in
(V3XV3)R30° domains is analyzed and a criterion for a B stabilized Si-(V3Xv'3)R 30° structure is ob-
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tained.

I. INTRODUCTION

Dopant effects on semiconductor surfaces are of in-
terest both from the scientific and technological points of
view. Boron has been a common dopant for silicon
wafers, and the reconstruction of the Si(111) surface with
the absorption of boron has been reported by several au-
thors in recent years. The well-known (V'3XV'3)R30°
reconstruction, similar to cases of depositing other
group-IIT elements, has been determined by low-energy
electron diffraction (LEED), reflection high-energy elec-
tron diffraction (RHEED), and Auger electron spectros-
copy (AES).''2. However, the peculiar atomic arrange-
ment of boron, distinguishing itself from other group-III
elements on the Si(111) surface, was not determined until
later works with x-ray diffraction,® angle-resolved photo-
emission and inverse photoemission, LEED,’ and scan-
ning tunneling microscopy (STM) with a total-energy cal-
culation.®” It has been found that due to the shorter Si-B
bond length, the most stable configuration occurs when
each boron atom occupies a substitutional site directly
underneath a silicon adatom at a T, site. Therefore, all
surface (V'3 XV3)R 30° adatoms are Si, and the saturated
substitutional B concentration would be 16.7% of the top
bilayer Si atoms [or 1+ monolayer (ML) defined by the top
layer of the bulk 1X1 cell]. This is much higher than the
bulk concentration even for highly doped Si wafers (e.g.,
the doping level of 2 X 10!°/cm? corresponds to 0.47% of
the bilayer atoms). Since the boron-rich surface recon-
struction is (V3 XV'3)R 30° instead of 7X 7, one can con-
clude that the lowest-energy surface structure with the
presence of boron should be the (V'3XV3)R30° recon-
struction. Therefore, one would expect more boron
atoms to be attracted to the Si surface as the sample is
annealed longer or with higher temperature.
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Knowing the two limits (B free and B saturated) of the
B/Si(111) surface reconstruction leads naturally to ques-
tions about the surface structure at intermediate B con-
centration. Korobtsov, Lifshits, and Zotov! observed the
transition of the LEED pattern from 7X7 to 1X1 to
(V3XV3)R30° as the boron surface concentration in-
creases with annealing time. However, LEED only re-
veals the averaged surface symmetry without real-space
atomic structure identification. Previous STM studies®’
indeed show a mixture of 7X7 and (V'3 X V'3)R 30° struc-
tures in small scales when the boron concentration is low,
but make no determination of the pattern of large-scaled
structure. It remains unclear how the surface structure
changes from 7X7 to (V3XV'3)R 30° when boron atoms
reach the surface, and how the presence of boron affects
the growth of the domains of 7X7 from 1X 1 around and
below 860°C where the 1X1 to 7X7 phase transition
occurs.® These questions are interesting because the tran-
sition mechanism involves not only the stress and energy
of various structures, but also their growth dynamics
from the initial state and the availability of adatoms. In
other words, intermediate states can play an important
role in determining the surface structure. We approach
these questions by using highly doped Si samples an-
nealed with various temperatures and times to control
the surface boron concentration and the dynamical pro-
cess of surface structure growth, prior to room-
temperature STM studies. These studies show that when
the surface boron density is below about 2%, regions of
mixed adatom-covered 1X1 structure, including 2X2,
c(4X2), (V3XV3)R30°, and the dimer-adatom-
stacking-fault (DAS) structures, form between 7X7
domains. Following the notation of Ref. 9, these
adatom-covered 1X1 regions will be denoted by a/1X1
hereafter. If the boron surface concentration is about 2%
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of the top bilayer atoms, DAS structure can only grow
near the upper step edge, while the rest of the surface is
a/1X1. When the surface B density is beyond 3%, no
7X7 can be found and the whole surface will be a /1 X1
and (V3XV3)R30° reconstructed. The size of the
(V'3XV'3)R 30° domains will then grow with the surface
B concentration. Since the a/1X1 region gives 1X1
LEED pattern, these observations explain the LEED pat-
tern transition from 7X7 to (V'3XV'3)R30°. From the
annealing time and temperature dependence of the sur-
face structure pattern, several properties of the 7X7
domain growth and the energy relations among these sur-
face structures can be deduced.

II. EXPERIMENTAL DETAILS

The tunneling microscope used in this work has been
described elsewhere.!® The STM is housed in a two-
chamber UHV system. The STM chamber (base pressure
of 7X 107! Torr) is connected to a sample preparation
chamber (base pressure 1X 107'%) equipped with resistive
heating, gas dosing, and LEED. Si(111) samples were
from 0.030-in-thick p-type (B doped) and n-type (As
doped) wafers with resistivity of 0.005 or 0.1 Q cm, from
Virginia Semiconductor, Inc. The samples were chemi-
cally cleaned by the RCA (Ref. 11) method, then de-
gassed in the sample preparation chamber overnight at
600 °C by dc current resistive heating. Oxide and hydro-
carbon contaminants were removed by flashing several
times to 1280 °C for a few seconds. Final sample prepara-
tion was accomplished either by radiation quenching or
annealing. Radiation quenching with an initial cooling
rate of about 200°C/s was accomplished by switching off
dc current after the 1280 °C flashing. Annealed samples
with different surface structure were prepared by dc resis-
tive heating from 2 min to 1 h at temperatures ranging
from 510 to 1000°C, followed by slow cooling (about
1°C/s) to room temperature. After sample annealing, we
used LEED to characterize the sample surface before
transferring it into the STM chamber. The sample tem-
perature was measured with a Wahl DHS-52 infrared py-
rometer (emissivity setting at 0.7) calibrated by thermo-
couple at low temperatures, and a tube oven at high tem-
peratures. Tips were made by dc etching 0.25-mm-
diameter W wires in 2N NaOH solution, followed by a
few hours of degassing by resistive heating in the sample
preparation chamber. All STM images presented here
were obtained at a constant current of 0.1 nA and at sam-
ple biases of =1 to =2 V. Images are shown with a con-
ventional gray scale keyed to the surface height.

III. RESULTS

Figure 1(a) shows a typical result for a highly doped p-
type sample (resistivity 0.005 Q cm) radiation quenched
from 1280°C. There are many 7 X7 domains of various
sizes surrounding darker triangular regions. These dark-
er regions with brighter protrusions are the areas con-
taining a mixture of simple adatom structures like 2X2,
c(4X2), (V3XV3)R30° and small patches of DAS
structures like 7X7 and 9X9. Similar to the laser-
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stabilized Si(111) surface,'? it is this mixed symmetry that
gives the 1X1 LEED pattern. The bright protrusions
contribute to the LEED background. The overall LEED
pattern will be a mixture of 1 X1 and 7X7 depending on
the ratio between the 7X7 domain and the a /1X1 re-
gion. The observation that the 7X7 structure is pre-
ferred at the upper step edge, even with the presence of

(b)

FIG. 1. STM images of a quenched Si(111) surface with
high-B doping (2X 10'/cm?). (a) A 600X 600-A’ occupied-state
image taken at sample bias —1 V. The a/1X1 regions appear
darker. A patch of 7X7 bounded by faulted halves has grown
in the middle of the a/1X1 reg"i?n. The area of a /1 X1 region
is about 31%. (b) A 355X 400-A" unoccupied-state image taken
at sample bias 1.5 V. A small triangular-shaped a /1 X1 region
with a mixture of 2X2, ¢(4X2), and (V3 XV3)R 30° structures
forms between the three domains of 7 X7 (denoted by I, II, and
III). The density of darker adatoms, marked by D, are about
0.5% in the 7X 7 region.
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boron, agrees with high-temperature STM data® that
7X7 grows from the upper step edge from the 1X 1 phase
for the pure Si case. Nevertheless, 7X7 regions are not
limited to domains bounded by the step edge. There are
many 7X7 domains in the interior as well. Apparently,
cooling the sample below the 1X1-7 X7 transition tem-
perature leads to the simultaneous nucleation of many
7X7 domains. One can notice that the 7X7 regions are
almost always bounded by the faulted halves of the unit
cell, so the a/1X1 regions are a union of all the equila-
teral triangles pointing along the [112] direction. DAS
7X17, 9X9, and 11X 11 (not shown) can also grow inside
the a /1 X1 region. We observe that if a single subunit of
a DAS structure forms in the a /1 X1 region, it will be
the faulted half of the unit cell even though the unfaulted
half has been argued to have lower energy.!* The bright
protrusions are randomly distributed all over the a /1 X1
region but never in 7X7 domains. Figure 1(b) shows an
unoccupied-state image of a small @ /1 X1 region contain-
ing small patches of 2X2, c¢(4X2), and (V3XV3)R30".
Comparing this with the occupied-state images, we
confirm the conclusions of Becker et al.!* that the
occupied-state image shows smaller contrast than the
unoccupied-state image and the position of Si protrusions
do not superimpose due to the charge transfer from the
adatoms to rest atoms for the 2X2 and ¢(4X2) struc-
tures. The darker spots in the 7X7 area in the
unoccupied-state images are of the same height as the
darker atoms in the a/1X1 region. The a/1X1 region
only forms between three or more 7 X7 domains.

When the sample is subsequently annealed at 560 °C for
5-30 min, the 7X7 LEED pattern is regained. STM re-
veals that the surface pattern of the a /1X1 region has
changed drastically, as shown in Fig. 2. Comparing Figs.
1 and 2, one finds that the size of the a/1X1 region is

FIG. 2. A 800X 800-A” STM image of a Si(111) surface with
high-B doping (2X 10'%/cm?) after flashing at 1280°C followed
by annealing for 5 min at 560°C. The area of the a /1X 1 region
is about 17%. A patch of 9X9 is visible.
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greatly reduced and the domain size of the 7X7 has in-
creased. Associated with the 7X7 domain expansion is
an increase in the (V'3XV3)R30° structure presence in
the a/1X1 regions (not_shown). The bright and dark
adatoms of the (V'3XV'3)R30° structure ®’ are notice-
able, and will be discussed below. Notice that 9 X9 still
exists after this anneal, as shown in Fig. 2.

To find out the consequence of a higher-temperature
anneal, the sample was heated to 710°C for 2 min. This
resulted in further growth of the 7X7 domain size, and
further reduction of the a /1 X1 region area as shown in
Fig. 3. The (V3XV/3)R30° structure is now more pro-
nounced in the a /1 X1 region. Note that the bright pro-
trusions can be resolved in this unoccupied-state image
into a ringlike structure with three lobes, which leads us
to suspect that they are metal contamination.'>'® The di-
ameter of this ringlike structure is about 7.7 A, which
agrees with the Ni-induced Si six-adatom clusters. The
LEED pattern is still dominated by 7X7 since the
a /1X1 region represents a small fraction of the surface.

With further annealing to 810 °C for 2 min, the a /1 X1
region aggregates into a few large areas surrounded by
huge 7X7 domains, as shown in Fig. 4. The
(V3XV'3)R30° structure density in the a/1X1 region,
however, is not substantially higher than the that for the
710°C annealed case. An anneal of 900°C gives rise to
even larger a/1X1 regions, and much weaker seventh-
order dots of the LEED pattern.

Finally we annealed the sample at 1000°C for 2 min.
The LEED pattern showed a weak (V'3XV/3)R30° pat-
tern, and STM images reveal many (V' 3XV'3)R30°
domains of both bright and dark adatoms with scattered
2X2 and c(4X2) structures in between. No traces of

FIG. 3. A 450X450-A” STM image of a Si(111) surface with
high-B doping (2X 10'°/cm?®) after flashing at 1280°C followed
by annealing for 2 min at 710°C. The (V'3 X V'3)R 30° structure
is more pronounced in the triangular region. The area of
a/1X1 region is about 2.2%. The bright protrusions can be
resolved into ringlike structures. The sample biasis +1 V.
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7X7 can be found any more. One hour annealing at
1280°C makes the (V3XV3)R30° domains larger, as
shown in Fig. 5 and, correspondingly, a sharp
(V'3XV'3)R30° pattern in LEED. However, the popula-
tion of dark atoms is only about 40-50% of the
(V'3XV'3)R30° domain, and less than 6% of the total top
bilayer atoms.

Some of our results are summarized in Tables I and II.
In Table I, we present the measurement of the percentage
of the a/1X1 area from a set of experiments. These
numbers were obtained from some large-scaled STM data
(2400-3000 A), thanks to the great contrast between the
a/1X1 and 7X7 regions in the occupied-state images.
Table II lists the “atom count” in a few typical a/1X1
regions from some high-resolution small-scaled (300-450
A) data sets. The order of the entries reflects the actual
sequence of a set of experiments. The third column is the
extra percentage of the total number of adatoms (bright
and dark) compared to the hypothetical number of 7 X7
adatoms in the a /1 X1 region. It is assumed that six Si
adatoms are associated with each metal impurity atom
and included in the total number count. A word of cau-
tion is in order. Since the B concentration on the surface

FIG. 4. A 2250X3000-A° STM image of a Si(111) surface
with high-B doping (2X 10'*/cm?) after flashing at 1280°C, fol-
lowed by annealing for 2 min at 810°C. The sample bias is —1
V. The a/1X1 regions (about 8.3% in area) have aggregated
into larger regions surrounded by 7 X7 domains.
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FIG.5. A 300X 300-A” STM image of a Si(111) surface with
high-B doping (2X10'/cm’) after annealing for 1 h at 1280°C.
The sample bias is +1 V. Domains of (V'3XV3)R30° amid
c(4X2) and 2X2 are visible. The dark or bright adatoms of
(V3XV3)R30° are believed to have B or Si, respectively, un-
derneath them. The dark atoms occupy 5-8 % of the top bi-
layer atoms. The row pattern is discussed in Sec. IV B.

depends on the sample preparation history (details in Sec.
IV A), the numbers in these two tables are only sensible
for the purpose used in our discussion.

To verify our results we prepared a moderately B-
doped (0.1 Q cm) Si(111) samples the same way as previ-
ously described. After a few seconds at 1280°C, the
quenched sample shows only huge 7 X7 domains over the
entire terrace. The domain boundaries are decorated
with a few bright protrusions are less than one 7X7 unit
cell wide. The dark adatom concentration in the 7X7
area is about 0.11% compared to 0.56% for the highly
doped samples (see Table II). Subsequent annealing at
1280°C for 30 min followed by quenching gives more
spots in the 7X 7 area, and more bright protrusions accu-
mulated in the narrow domain boundaries. Small tri-
angular a /1 X1 regions with sides of about 2—3 7 X7 unit

TABLE 1. The area percentage of the a/1X1 region in the
total scanned area for each sample preparation. The order of
the entries is chosen to follow the actual sequence of a set of ex-
periments because the surface B density depends on the history
of sample Preparation. These numbers are obtained from
2400-3000-A-wide occupied-state STM data sets.

Sample Area of

preparation a/1X1(%)
710°C-2 min 2.2-3.7
710°C-5 min 4.1
810°C-2 min 8.3-10

quenched 52-59
560°C-5 min 17-22
510°C-5 min 46-57
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TABLE II. The third column is the extra percentage of the
total number of adatoms (bright and dark) compared to the hy-
pothetical number of 7X7 adatoms in the a /1 X1 region. It is
assumed that six Si adatoms are associated with each metal im-
purity atom and included in the total number count. The last
row is the data from a moderately B-doped sample. Each
a/1X1 region is selected from a typical high resolution
300-450-A STM unoccupied-state data set. A larger statistical
variation is expected, because of the small number of data sets.
The order of the entries is chosen to follow the actual experi-
mental sequence since the surface B density depends on sample
preparation history.

Sample Dark atoms Extra atoms Dark atoms
preparation in a/1X1 in a/1X1 in 7X7

(%) (%) (%)

710°C—2 min 2.7 27 0.56

710°C—S5 min 4.0 28 0.68

quenched 1.6-2.0 13-19 0.76

560°C—10 min 2.1-2.5 17 0.48-0.68

510°C—5 min 1.2 15

quenched 0.11

cells are formed between three or more 7X7 domains.
Further annealing at 1280 °C for 1 h generates huge clus-
tering of the a/1X1 region and equally huge 7X7
domains. In this case we observe that within the general
outline of the a/1X1 region defined by 7X7 domains
there are more 9X9 surrounded by patches of a/1X1
covered with many “bright” protrusions. Again, when
annealed at 560°C for 10 min, the DAS region expands,
leaving only the narrow domain boundaries as remnants
of the a /1 X1 regions.

To separate the effect of boron from other unintention-
al impurities, we ran the same set of experiments with an
arsenic-doped sample (resistivity 0.005 Q cm). Similar to
the moderately B-doped sample, quenching after a few
seconds at 1280 °C leads to nothing but uniform 7X7 re-
gions with near unit-cell-wide domain boundaries
decorated with a few bright protrusions. Even annealing
the sample at 1120°C for 2.5 h followed by a 2-min an-
neal at 1330°C does not produce any a /1X1 region or
substantially increase of the number of 7X7 defects.
Thus we believe the driving force behind these surface
patterns is due to boron atoms.

IV. DISCUSSION

A. The formation of a /1 X 1 region
and the growth of 7X7

In order to understand the formation of the a /1X1 re-
gion, we shall begin with the two mechanisms in our ex-
periments that can raise the B density on the surface. The
first mechanism occurs during the high-temperature
flashing. Since the B evaporation rate from a silicon sur-
face is only about 1% of that of Si,!” repeated flashing at
1280°C causes B to accumulate at the surface. A profile
of B distribution after 1-h annealing at 1280°C is shown
in Fig. 6. The second mechanism is B diffusion from the
bulk. Using the diffusion coefficient obtained in Ref. 1,
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FIG. 6. The SIMS analysis of the B concentration profile of a
highly B doped (2X 10'%/cm?®) Si(111) sample after annealing for
1hat 1280°C.

we can estimate the diffusion lengths from the bulk over 2
minoat 600, 700, and 800°C to be roughly 0.18, 2.3, and
18 A, respectively. By comparison, the diffusion length
for 1 sec at 1280°C is about 800 A. Therefore, the bulk B
diffusion is rather insignificant for our low-temperature
annealing, and we can study the transition of surface
structures below 600°C by assuming constant surface B
concentration. However, beyond 800°C, B atoms within
several layers deep may diffuse to the surface and be
trapped due to the higher B “soluble” (V3XV3)R30°
structure on the surface. In general, we find that the
a /1X1 region surface coverage increases with total an-
nealing time and temperature. For example, after 8§10°C
annealing the a/1X1 region area has substantially in-
creased when compared with 700°C annealing, and the
a /1 X1 region area is essentially unchanged after anneal-
ing at 560 or 510°C for either 5 or 30 min (see Table I).
These results infer that the a /1X1 region is related to
the boron distribution on the surface. This point is fur-
ther supported by the fact that the n-type sample shows
no a /1X1 region, and that the moderately B-doped sam-
ple shows a much smaller a /1X1 area. Based on these
observations and assumptions, we reach the following in-
terpretation to our STM data. Boron on the Si surface
interferes with the long-range order of the DAS struc-
tures by slowing down the 7X7 growth and leaving the
simple adatom covered 1X1 structure between 7X7
domains. Additional annealing at about 560 °C enhances
the conversion of Si adatom structure from 2X2 and
c(4X2) into 7X7, so the 7X 7 domains grow at the ex-
pense of reducing the a /1X1 regions (Fig. 2). However,
lower-temperature (510°C) annealing shows no such
effect. Thus we can conclude that the onset temperature
of the 7X7 conversion from 2X2 and c(4X2) in the
presence of B is between 510 and 560 °C. Intuitively one
would expect that upon cooling from 1280 °C, it is easier
to form the smaller-unit-celled structures like 2X2 or
c(4X2) than the larger-celled DAS structure which in-
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volves the formation of dimers, corner holes, and stack-
ing faults. However, it is also known that 7X7 is the
lowest-energy structure on Si(111). From our observa-
tions of the expansion of the 7X7 domains and the oc-
currence of isolated 7X7 and 9X9 unit cells in the
a/1X1 region, we can conclude that DAS structure has
lower energy than 2X2 and c¢(4X2), and 7X7 is still the
lowest-energy structure if locally the surface B density is
less than 1% (see the dark adatom density in Table II).
The 7X7 structure is preferred at the upper step edge
until the whole surface has turned into a/1X1, where
the surface concentration of B is about 3%. This obser-
vation can be explained by the hypothesis that the B-
substituted 7X 7 costs more energy to form than the pure
Si 7X7. Thus B atoms are expelled by the formation of
7X7 until the local critical density (about 2%) has
reached, and the advance of 7X7 is stopped. The 7X7 or
9X9 domains inside the a /1 X 1 region can be as small as
half a unit cell. Expitaxially, a 7X7 domain can grow in
both [112] and [112] directions.!®* However, on this sur-
face our observation suggests that the growth of 7X7 is
favored along [112] directions. Therefore, one would ex-
pect the basic form of the 7X7 domain to be triangular,
which is clearly demonstrated in Fig. 7. It seems reason-
able for the surface to have the faulted halves at the
boundary, because no extra stacking fault needs to form
in the neighboring a/1X1 region in order to have a
smooth connection to the 7X7 domain. Further evi-
dence for this is obtained from the observation that all
single DAS subunits in the a /1 X 1 region are faulted.
From some STM images, one may think that it is the
metal impurities that stabilize the a/1X1 region and
stop the 7 X7 growth. This is possible, but cannot be the
major factor to account for the surface pattern observed

FIG. 7. A 2000X2000-A> STM image of a Si(111) surface
with high-B doping (2X 10'/cm?) after flashing at 1250°C fol-
lowed by annealing for 3 min at 700°C. The sample bias is —2
V. The triangular-shaped 7X7 domains indicate that the
growth of the 7X7 domains on this surface is along the three
equivalent directions of [112].
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in our experiments for the following two reasons. First,
we have images of @ /1 X 1 region with very low impurity
concentration (e.g., two bright protrusions in an area of
300X 300 A?%. It seems quite unlikely that so few impuri-
ty atoms can stabilize such a large area. Second, as al-
ready discussed in Sec. III, less B-doped or As-doped
samples show few or no a/1X1 regions for the same
sample preparation. However, it is possible that metal
atoms also contribute to the slowing down of the 7X7
growth. Since they cannot form a stable substitutional
structure within the 7X7, they will diffuse on the surface
until they can bond with six Si adatoms to form a ringlike
structure in the a /1 X 1 region. When the temperature is
high enough, both B and metal atoms will tend to diffuse
toward the nearby a /1 X 1 region ahead of the advancing
of 7X7. The boron atoms can convert the local surface
to (V'3XV'3)R30° structure to lower the surface energy,
and metal atoms can find a sufficient supply of adatoms
to form ringlike clusters with could also reduce the ener-
gy. Since the adatom density is higher for 2X2 or
c(4X2) surface than for 7X 7, the conversion to 7X7 re-
sults in extra adatoms. Eventually, when the energy gain
from converting @ /1X 1 to 7X7 cannot balance the ener-
gy cost of the high-adatom-density configurations and the
expulsion of metal atoms from the boundary, the equilib-
rium between the 7X7 and a/1X1 regions will be
reached.

One interesting point is that we observed many patches
of 9X9 inside the a/1X1 region after 560 °C annealing,
but none in the more open area like a step edge; while a
lesser adatom-required 5X 5 structure was never observed
in the surrounded a /1 X1 region. This is consistent with
the result of Feenstra and Lutz’ which showed that the
5X5 to 7X7 transition occurs at 400°C in the presence
of excess adatoms (e.g., the a /1 X1 region). It also im-
plies that the 9X9 can be stabilized in the adatom-rich
environment up to a temperature between 560 and 710°C
above which the transition to 7 X 7 occurs.

Recently, Yang and Williams®’ reported that similar
surface structures can be generated by preparing very
large-sized terraces on Si(111) and quenching the samples
from high temperature. The idea is to make the sample
cooling time shorter than that required for the adatoms
to diffuse to te step edge. Since the adatom density on
the terrace is higher than 7X7, the adatom-rich struc-
tures a /1X1,9X9, and 11X 11 can be formed. Our sys-
tem is slightly more involved because of B. As discussed
previously, the presence of B forces 7X7 to form only in
the region with low-B density, and leaves the rest of the
surface in a /1 X 1. Further low-temperature annealing
helps the agglomeration of B to form (V'3 XV'3)R 30° and
helps the conversion of a /1 X1 to 7X7,9X9, or 11 X11.
The mechanism of this part is identical to that of Ref. 20;
that is, lower-temperature annealings do not give Si
atoms a large enough diffusion length to move to the step
edge. Thus DAS structures with higher adatom densities
will form.

B. Dark atoms in (V3 XV3)R30°and 7X7

It has been pointed out®’ that the darker atom in the
STM images of the (V'3 X V'3)R 30° structure corresponds
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to a B atom underneath the Si adatom. We also found
similar “dark” atoms in 7 X7 regions. Since the number
of these dark atoms increases with annealing, we postu-
late that the same argument applies; that is, one B atom
is associated with each dark 7X7 adatom. It has been
suggested that the stability of (V3 XV3)R30° over 7X7
is due to the charge transfer from the surface dangling
bonds to the boron atoms.® Since the rest-atom band will
be filled first in the case of 7X7, the adatom bands can
only be partially fulfilled.!® Suppose one of the Si rest
atoms in 7 X7 is substituted with a B atom; there will be
one electron less in the surface band associated with ada-
tom dangling bonds. As in the case of the
(V3XV3)R30° structure, both the occupied- and
unoccupied-state STM images of these sites will be dark-
er. In one case we found two neighboring dark adatoms
in a 7X7 unit cell in an unoccupied-state image, but the
corresponding occupied-state image shows only the
neighboring rest atom. This is a clear demonstration of
the charge-transfer effect caused by substituted B atoms.
However, we have never found dark atoms in the 2 X2 or
c(4X2) regions. We speculate that whenever a B atom
occupies a T site in the 1X1 layer, the charge transfer
from the Si adatom stabilizes the next adatom to be V3a
rather than 2aq distance away (a =3.84 A). Table II ta-
bulates a count of dark atoms in the a /1 X1 and 7X7 re-
gions compared to the total 1X 1 bilayer atoms for vari-
ous sample preparations. Assuming the dark atoms
represent B, the B concentration in the 7X7 region in-
creases slightly with the annealing time and temperature.
It is interesting to note that if there were one dark atom
in every half-7 X7 unit cell, then there would be a 2% B
substitution density in the top bilayer. The observed
upper limit for a stable 7X7 configuration is, however,
less than 1%. Inside the a /1X 1 region, the B concentra-
tion measured by counting the number of dark
(V3XV/3)R30° atoms is higher, but below 4%. Instead
of simply increasing the B density and forming more
(V3XV'3)R30° structures inside the a/1X1 -region,
more annealing causes the a /1 X1 region to grow at the
expense of 7X7 regions. When the overall B density is
about 2%, DAS structures can only exist near the upper
step edge, while most of the terrace is a /1 X1 with sub-
stantial (V3XV'3)R30°. After an hour of annealing at
1280°C, the whole surface is (V3 XV3)R 30° and we find
the surface B density is between 5 and 8%. For compar-
ison, the two-dimensional B density of the top 1000 A es-
timated by secondary ion mass spectroscopy (SIMS) is
about 1.4%, as shown in Fig. 6. This is a clear demon-
stration of the surface segregation effect. A more con-
vincing identification of the dark atoms of 7 X7 would be
from the result of tunneling spectroscopy, which will be
the subject of future publication. It is interesting to note
that the largest array of bright (V'3 XV/3)R 30° structure
is three consecutive rows in any direction, and is very
rare (see Fig. 5). This observation implies that each Si
adatom needs at least one B at a T, site V3a (@ =3.84 A)
away to be stable. Because of this criterion, we can un-
derstand why row patterns are preferred for both bright
and dark atoms in the (V'3 XV'3)R 30° configuration. As
the surface B concentration increases, the patches of dark
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(B) atoms grow larger, but the bright (Si) atoms still
remain in the form of rows with a maximum width of two
TOWS.

V. CONCLUSION

We have used the scanning tunneling microscope to
study the Si(111) surface in the presence of B. We have
found that high-temperature quenching leads to forming
7X7 only in the regions with less than 1% of B concen-
tration, and leaves the rest of the surface in adatom-
covered 1X1 (a/1X1). The higher the surface B con-
centration, the larger the area of the a/1X1 regions.
This surface gives rise to the observed 1X1 LEED pat-
tern. The dark atoms in 7X 7 were interpreted as B sub-
stitutional sites. The number of dark atoms increases
with annealing time and temperature. The dark atom
density in 7X7 is observed to be less than 1%. Anneal-
ing at 560°C enhances the transformation from a/1X1
to 7X7, and increases the dark atom density in the
a/1X1 region to be about 2.5%. Higher-temperature
annealing increases the diffusion of bulk B to the surface,
and thus increases the (V3XV73)R30° density in the
a/1X1 region. However, the dark atom density in the
a/1X1 remains below 4%. As a result, the area of
a/1X1 region has to be increased. The nucleation of
7X7 occurs preferentially at the upper step edge, until
the surface B concentration reaches about 3%, where the
whole surface is a/1X1. Small regions of
(V3XV/3)R30° with 2X2 and ¢(4X2) can be found on
this surface which give faint (V'3 XV'3)R30° LEED pat-
terns. Further annealing at 1280°C gives rise to a
sharper (V3XV3)R30° LEED pattern. STM images
show larger domains of (V'3XV'3)R30°, and the dark
atom concentration is about 5-8 %. It is noted that in
the (V3XV3)R30° structure every bright adatom must
neighbor at least one dark adatom to be stable, which can
be explained by the mechanism of charge transfer from
the Si adatom to the B atom.

In general, we found that the DAS structure has lower
energy than the 2X2 or ¢(4X2). Thus 7X7 or 9X9 can
be formed inside of an a/1X1 region. The 7X7 struc-
ture is still the lowest energy structure if the local B con-
centration is less than 19%. The transition temperature
from 9X9 to 7X7 is between 560 and 710°C, and the
transition from a /1X1 to 7X7 occurs between 510 and
560°C. Sides of the 7X7 domian grow preferentially
along the three equivalent [112] directions, until the en-
ergy gain from converting the a /1 X1 to 7X7 no longer
balances the energy cost of higher adatom density in the
a /1X1 region and the expulsion of metal atoms from the
boundary. Thus the a/1X1 regions are bounded by
faulted halves of the 7 X7 domains. The minimum size of
a 7X7 or 9X9 domain in an a/1X1 region is a faulted
half of the unit cell.
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(b)

FIG. 1. STM images of a quenched Si(111) surface with
high-B doping (2X 10"/cm?). (a) A 600X 600-A° occupied-state
image taken at sample bias —1 V. The @ /1X 1 regions appear
darker. A patch of 7X7 bounded by faulted halves has grown
in the middle of the a /1X1 reguig)n. The area of a /1X 1 region
is about 31%. (b) A 355X400-A unoccupied-state image taken
at sample bias 1.5 V. A small triangular-shaped a /1 X1 region
with a mixture of 2X2, ¢(4X2), and (V3% V3)R 30° structures
forms between the three domains of 7:X7 (denoted by I, II, and
III). The density of darker adatoms, marked by D, are about
0.5% in the 7X7 region.



FIG. 2. A 800X 800-A° STM image of a Si(111) surface with
high-B doping (2X 10'/cm’) after flashing at 1280°C followed
by annealing for 5 min at 560°C. The area of the a /1 X1 region
is about 17%. A patch of 9X9 is visible.



FIG. 3. A 450X450-A” STM image of a Si(111) surface with
high-B doping (2X 10"/cm®) after flashing at 1280°C followed
by annealing for 2 min at 710°C. The (V3 X V3)R30° structure
is more pronounced in the triangular region. The area of
a/1X1 region is about 2.2%. The bright protrusions can be
resolved into ringlike structures. The sample biasis +1V.



FIG. 4. A 2250X3000-A° STM image of a Si(111) surface
with high-B doping (2X 10'*/cm®) after flashing at 1280°C, fol-
lowed by annealing for 2 min at 810°C. The sample bias is —1
V. The a/1X1 regions (about 8.3% in area) have aggregated
into larger regions surrounded by 7 X 7 domains.



FIG. 5. A 300X300-A” STM image of a Si(111) surface with
high-B doping (2% 10"/cm?) after annealing for 1 h at 1280°C.
The sample bias is +1 V. Domains of (V3XV3)R30° amid
¢(4X2) and 2X2 are visible. The dark or bright adatoms of
(V3XV3)R30° are believed to have B or Si, respectively, un-
derneath them. The dark atoms occupy 5-8 % of the top bi-
layer atoms. The row pattern is discussed in Sec. IV B.



FIG. 7. A 2000X2000-A> STM image of a Si(111) surface
with high-B doping (2 10"/cm?) after flashing at 1250°C fol-
lowed by annealing for 3 min at 700°C. The sample bias is —2
V. The triangular-shaped 7X7 domains indicate that the
growth of the 7X7 domains on this surface is along the three
equivalent directions of [112].



