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Structural and electronic properties of boron-induced defects on the Si(001) surface
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The (001) surface of heavily boron (B) doped silicon is investigated by employing the scanning tunneling
microscopy measurements and the density functional theory calculations. Two different defect structures are
found in the surface layers, both of which evolve the characteristic spectral features near the valence band
maximum. One of the two incorporates a B atom in the second layer with the Si dimers intact and is scattered
randomly in the layer. The other one incorporates a B atom in the fourth layer with a dimer vacancy produced
directly above it and tends to get together with nearby dimer vacancies to grow the extended or line defects along
the perpendicular direction to the dimer rows. Such defect formation is energetically favored to enhance the B
populations in the second and fourth layers by ∼120 and ∼80 times, respectively, when compared to that in the
bulk layer.
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Boron (B) is a major p-type dopant in silicon (Si) and has
been studied extensively for decades. As the sizes of elec-
tronic devices shrink down to the nanometer scales, ultradense
B atoms near the Si surface become of particular importance
because it is indispensable to exploit the surface channel with
high dopant concentrations near the surface region to cope
with the short channel effects. It is already well established
that the δ layer of the B atoms is formed in the subsurface of
Si(111) when this surface becomes B-rich by, e.g., implanting
the B atoms onto the Si(111) surface [1], thermally decom-
posing decaborane (B10H14) molecules on the clean Si(111)-
7 × 7 surface [2], sputtering a solid B target onto the clean
Si(111)-7 × 7 surface, or simply annealing heavily B-doped
Si(111) wafers [3]. In this δ layer, the B atoms substitute one
third of the Si atoms to yield the

√
3 × √

3 surface structure
and generate the surface or resonance states far above the
conduction band minimum (CBM) and far below the valence
band maximum (VBM) but not in the Si band gap [1–3].

On the other hand, the B-induced structures in the Si(001)
surface as well as their electronic characteristics are not
resolved as comprehensively as those in the Si(111) surface
even though most Si-based electronic devices are fabricated
with the Si(001) wafer. Early studies measured the efficiency
of B atoms as a p-type dopant in the Si(001) surface [4] and
suggested the possible ordered state of B atoms up to 0.5
monolayer (ML) of B coverage in the subsurface layer of
Si(001) [5]. A study by scanning tunneling microscopy (STM)
on the B-rich Si(001) surface proposed the atomic structure of
B-induced c(4 × 4) with 0.5 ML of B coverage in the second
layer of Si(001) [6]. The samples in this study were prepared
by exposing the clean Si(001) surface to 1% diborane (B2H6)
in He (5000 Langmuir) or purified decaborane molecules fol-
lowed by annealing at 1000 K for 90 s. The subsequent STM
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studies, for which the samples were prepared by annealing
heavily B-doped Si(001) wafers at ∼1450 K, reported the
paired protrusion features on the Si(001) surface and proposed
various atomic models with the B atoms in the third layer [7],
on the surface [8], or in the second layer of Si(001) [9]. Other
studies simply assumed that the B atoms were incorporated
in the second layer of Si(001) [10,11]. The theoretical studies
also proposed several atomic structures with the B atoms in
the second layer [12–15] or in the first and third layers [16] of
Si(001).

In this work, we have investigated the heavily
B-doped Si(001) surfaces by employing the scanning
tunneling microscopy/spectroscopy (STM/S) measurements
and the density functional theory (DFT) calculations. We find
two different B-incorporated structures as well as a simple
dimer vacancy (DV) structure in the B-rich Si(001) surface.
We also find that the two B-incorporated structures evolve
the characteristic spectroscopic features near the VBM. The
DFT calculations, which are in good agreement with the
STM/S measurements, suggest that a B atom occupies the
substitutional site in the second and forth subsurface layer of
Si(001), respectively, for the two B-incorporated structures.
Especially, the latter is stabilized by generating a DV on
the top surface directly above the B atom as is the carbon
(C)-induced DV41 defect [17].

The experiments were performed using a low temperature
STM (Unisoku USM-1300S3He) in an ultrahigh vacuum
(UHV) chamber whose base pressure is below 1 × 10−10 Torr.
The B-rich Si(001) surfaces are prepared by annealing heavily
B-doped Si(001) wafers in the UHV chamber. This method
will lower the chance of metal or C contaminations compared
to other methods in which the B atoms are injected into
the Si wafer from the external sources via the sputtering or
chemical vapor deposition techniques. This would be critical
for our study because even minor contamination on Si(001)
can result in a drastic change in the surface structure. For
example, the entire Si(001) surface is transformed into a 2 × n
structure by a mere trace of Ni contamination [18] or into
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FIG. 1. STM topographies of heavily B-doped Si(001) surface,
whose bulk B concentration is ∼8.5 × 1018 cm−3. (a) It has a lateral
dimension of 53 × 80 nm2 and is imaged with the sample bias
voltage Vs = −2.0 V and the tunneling current It = 0.3 nA. (b) and
(c) STM topographies taken over the same region with the lateral
dimension of 20 × 20 nm2. Their imaging parameters are (b) Vs =
−2.0 V and It = 0.3 nA, and (c) Vs = +1.5 V and It = 0.3 nA,
respectively. The dotted circle and rectangle indicate two different
types of B-induced defects.

a c(4 × 4) structure by a small amount of C contamination
[19]. The bulk B concentrations of our samples are either
∼8.5 × 1018 cm−3 or ∼1.7 × 1020 cm−3. The native oxides
of our samples are removed by the repeated thermal flashes
up to ∼1400 K in the UHV chamber. After the last flash, the
samples are annealed at ∼600 K for hours and then cooled
down to the room temperature (RT) rather slowly, that is, at
the rate of ∼2 K/sec. These thermal cycles are already proven
to give the characteristic

√
3 × √

3 structure over the wide
surface area with very low defect density as well as with
negligible contamination when applied to heavily B-doped
Si(111) surfaces [20]. After the thermal annealing procedure,
our Si(001) wafers are transferred to the STM stage and are
cooled down to ∼80 K for the STM/S measurements.

Figure 1(a) is a typical filled-state STM image of the
Si(001) surface, whose bulk B concentration is ∼8.5 ×
1018 cm−3. It shows two types of point defects; one forms
line defects extended along the perpendicular direction to the
Si dimer rows, and the other is isolated from each other and
scattered over the surface. Figures 1(b) and 1(c) are the filled-
and empty-state STM images, respectively, which are taken
over the same surface area but in a different region from that
in Fig. 1(a). They reveal that the line defects appear as the
dark features in both images whereas the isolated ones exhibit
the polarity-dependent change, i.e., from the dark features in
the filled-state image to the bright ones in the empty-state
one except for a few defects. The line and isolated defects
also exhibit different local symmetries. That is, the latter has
the asymmetric topographic feature with respect to the dimer
row axis and occupies two dimer sites along the dimer row

FIG. 2. dI/dV spectra taken at various defect sites as well as on
the normal Si(001) surface. The bottommost (topmost) curve is taken
on the normal Si(001) surface (at the defect site enclosed by the circle
in the upper right insets). The other curves are taken at five different
positions in the upper left inset with each spectrum being labeled by
the site number. The occupied and unoccupied surface states as well
as the back-bond states of normal Si(001) surface are indicated by
the symbols π , π∗, and BB, respectively.

direction [see the dotted circle in Figs. 1(b) and 1(c)], being
similar to the randomly scattered type-C defects produced by
the dissociative adsorption of H2O molecules on the Si(001)-
2 × 1 surface [21]. Whereas the former shows one DV and
two neighboring depressed Si dimers on both sides along
the dimer row direction and has the mirror symmetries with
respect to both dimer and dimer row axes [see the dotted
rectangle in Figs. 1(b) and 1(c)]. It resembles the C-induced
DV41 defect on the Si(001)-2 × 1 surface for which a Si
dimer is vacant to accommodate a C atom directly below it
and its neighboring two Si dimers along the dimer row direc-
tion becomes depressed in both filled- and empty-state STM
images [17]. The C-induced DV41 defects also tend to align
with other DV-type defects in the perpendicular direction to
the Si dimer rows as do the line defects in Fig. 1. However, the
symmetric line defects in Fig. 1 exhibit dissimilar electronic
properties from the C-induced DV41 defect as is discussed
shortly. On the other hand, the paired protrusion features
reported in the previous STM studies on the heavily B-doped
Si(001) surfaces [7–9] are rarely observed in this study. We
ascribe it to the difference in the sample annealing condition
or procedure between this and previous studies.

The electronic properties of symmetric line and asymmet-
ric isolated defects in Fig. 1 are probed by using the STS tech-
nique. Figure 2 displays the differential conductance (dI/dV)
spectra measured at five different positions along the line
defect in the upper left inset as well as at the isolated defect
enclosed by the circle in the upper right insets. The dI/dV
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spectrum measured at the normal surface is also included in
Fig. 2 for a comparison. The dI/dV curves taken at the line
defect show two distinct spectra, one taken at the positions
1, 3, and 4 and the other at the positions 2 and 5. The former
evolves a strong peak feature near the VBM or π -band edge of
the Si(001) surface whereas the latter has a similar structure to
that of the normal surface without showing any peak feature
near the VBM. In fact the point defect at positions 2 and 5
has the characteristic topographic feature of asymmetric 2-DV
defect [22] (or type-B defect [23]), which consists of two
successive DVs with one of the two neighboring Si dimers
depressed downward. It evolves the similar energy spectrum
as that of the normal Si(001) surface with a slight change
of the density of states in the rather deep valence band, as
the dI/dV spectra at positions 2 and 5 do, because newly
produced four dangling bonds of each DV make two Si-Si
bonds. This 2-DV defect is found abundantly on the strained
Ni-contaminated Si(001)-2 × n surface and also found not
rarely even on the clean Si(001)-2 × 1 surface [18,23]. The
dI/dV curve taken at the isolated defect also evolves a spectral
feature near the VBM or π -band edge of the Si(001) surface as
the positions 1, 3, and 4 of the line defect do. But its intensity
is rather weak compared to the latter one. Instead, it evolves
another strong peak in the π∗ band. Thus, the B-related defect
sites in Fig. 1 are divided into two categories: (1) the isolated,
asymmetric one with the spectral peak feature near the VBM,
(2) the symmetrically depressed one in the line defects which
evolves the spectral peak feature near the VBM.

Now we employ the DFT calculations to find the proper
defect structures for the above two categories. Our first prin-
ciples calculations are based on the density functional theory
with the PAW potential [24,25] as implemented in the VASP

code [26,27]. Electronic wave functions are expanded with
plane waves up to a cutoff energy of 318 eV. A slab structure
of 11 Si ML thick (16 Å) containing c(8 × 8) units of the
Si(001) surface structure is constructed to mimic the Si(001)
surface with reduced intercell interaction, where the dangling
bonds on the bottom Si layer are passivated by hydrogen
atoms. A vacuum region of about 7 Å separates the slab and
its periodic images along the surface normal direction. The
slab structure is taken from the bulk Si structure with the
experimental lattice constant and then fully relaxed, except
for the hydrogen atoms and Si atoms on the bottom layer
representing the rigidity of the bulk region. The K-point
sampling is performed on a 2 × 2 × 1 Monkhorst-Pack grid
[28].

We calculate the formation energies of B-incorporated
structures at the Si(001)-2 × 1 surface with and without
the DV formation on the topmost surface as illustrated in
Figs. 3(a) and 3(b), respectively, whose results are displayed
in Fig. 3(c). If a Si DV is generated on the topmost surface, the
subsequent B incorporation has the lowest formation energy
when a B atom substitutes a Si atom in the fourth layer [i.e.,
site 4 in Fig. 3(a)] directly below the DV as the black line in
Fig. 3(c) shows. This B-incorporated structure in the fourth
layer is symmetric with respect to both the dimer and dimer
row axes as is the line defect in Fig. 1(b) (see the dotted
rectangle in the figure). Indeed, this is the same structure
as the C-induced DV41 defect on the Si(001)-2 × 1 surface
except that a B atom replaces the C atom in our case [17]. We

FIG. 3. (a) Atomic structure of Si dimer row with a missing
dimer on the Si(001) surface where the yellow circles are the surface
Si atoms. The numbers 1–5 represent the positions where a B atom
can be incorporated. (b) Atomic structure of Si dimer row with all the
dimers intact. (c) The calculated formation energies for the structures
of (a) and (b) with a B atom occupying the position indicated by
the numbers 1–5. Here the formation energy of the B incorporation
into position 1 in (b) is set to zero. (d) Calculated PDOSs on surface
Si atoms in the two lowest energy structures of (c), the C-induced
DV41, and also on a Si atom in the bulk region.

will term this structure as the B-induced DV41 defect. If the
Si(001) surface maintains its perfect 2 × 1 structure without
the DV formation, then the B incorporation into it has the
lowest formation energy when a B atom substitutes a Si atom
in the second layer [i.e., site 2 in Fig. 3(b)] as the red line in
Fig. 3(c) shows. This structure is asymmetric with respect to
the dimer row axis as is the isolated defect in Fig. 1(b) (see
the dotted circles in the figure). We will term this structure as
the second-layer B defect.

The projected density of states (PDOS) of these two struc-
tures (i.e., B-induced DV41 and second-layer B defects) are
also calculated in Fig. 3(d). The former one (black curve)
evolves a strong peak near the VBM as do the 1,3,4 curves in
Fig. 2, which belong to category 2. The latter one (red curve)
also evolves a peak structure near the VBM with a slight shift
toward the positive energy direction compared to the former
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FIG. 4. STM topographies of degenerately B-doped Si(001) sur-
face, whose bulk B concentration is ∼1.7 × 1020 cm−3. They are
imaged with Vs = −2.5 V and It = 0.3 nA and have the lateral
dimension of (a) 200 × 200 nm2 and (b) 50 × 50 nm2, respectively.
With much more defects, the surface crystallinity is much de-
stroyed. There is no B-induced c(4 × 4) reconstruction on the heavily
B-doped surface.

one. In addition, it evolves a very pronounced peak near the
CBM though this peak is rather too close to the weaker one
near the VBM when compared to the blue curve in Fig. 2
because the band gap is normally underestimated in the DFT
calculations. These spectral features are consistent with those
of the blue curve in Fig. 2, which belongs to category 1.
In short, the DFT calculations are in good agreement with
the STM/S measurements in both geometric and electronic
aspects for categories 1 and 2. Hence we conclude that the
asymmetric isolated point defects in Fig. 1 (category 1) have
the second-layer B structure with a B atom occupying site
2 in Fig. 3(b). Also we conclude that the symmetric defect
sites of the line defects in Fig. 1 with the strong spectro-
scopic feature near the VBM (category 2) have the B-induced
DV41 structure with a B atom occupying site 4 in Fig. 3(a).
Noteworthy is that the B atom in the two defect structures is
responsible for the characteristic peak features near the VBM
in Fig. 3, which do not evolve in the C-induced DV41 defect
[Fig. 3(d)].

Since the bulk B concentration in Fig. 1 is ∼8.5 ×
1018 cm−3, its areal B density in each (001) layer is ∼1.2 ×
1011 cm−2, that is, there is one B atom per every 5900 Si
atoms in the bulk (001) layer, whose ratio is 1.7 × 10−4.
However, the number of B-induced DV41 defects (second-
layer B defects) in Fig. 1 is ∼1.4 (∼2.1) percent of the fourth
(second) layer Si atoms, implying that the B population in
the fourth (second) layer is ∼80 (∼120) times that in the
bulk layer. Such large enhancement of B populations in the
surface layers relative to that in the bulk layer would build up
significant p-type dopants and strains in the surface region.

Figure 4 shows the filled-state STM images of the Si(001)
surface, whose bulk B concentration is ∼1.7 × 1020 cm−3.
This doping level is ∼20 times larger than that in Fig. 1,
causing its topography to change drastically from Fig. 1: The
edge of the SB step [29] becomes rougher, the crystallinity of
the dimer rows are much destroyed, and many dark features
and vacancies are created on the (001) terrace. Nonetheless,
we could not observe the B-induced c(4 × 4) reconstruction
up to this doping level [6].

In conclusion, we have found two types of B-induced
defects in the heavily B-doped Si(001) surface, which we term
as B-induced DV41 and second-layer B defects, respectively.
The former consists of a DV on the topmost surface with a B
atom in the fourth layer directly below the DV and tends to
get together with other B-induced DV41 or DV-type defects
to grow the extended or line defects along the perpendicular
direction to the Si dimer rows, evolving the B-induced spectral
peak near the VBM. The latter is the isolated, asymmetric
defect with a B atom occupying the second layer without the
DV formation. It also evolves a characteristic spectral peak
near the VBM. The B populations in the second and fourth
layers are enhanced by ∼120 and ∼80 times, respectively,
when compared to that in the bulk (001) layer.
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