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Ultraviolet photoelectron spectroscopic study of boron adsorption and surface segregation on Si(111)
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The adsorption and surface segregation behavior of elemental boron (B) deposited on Si(111) have been
studied by ultraviolet photoelectron spectroscopy and accompanying reflection high-energy electron diffraction
as a function of the B coverage (cB ) and annealing temperature (T). Our results clearly demonstrate an effective
incorporation of B into subsurface sites at T > 800 K and formation of a well-ordered (

√
3 × √

3)R30◦ surface
superstructure. Thereby, a critical cB of about 0.6 monolayers (ML) was determined for different conditions to
prevent surface defects resulting from Si dangling bonds, which appear as surface states at 0.4 eV below the Fermi
level. Annealing of the defect-free (

√
3 × √

3)R30◦ superstructure covered by several MLs Si at T � 1040 K
results in a renewal of the perfect B-induced Si surface structure, even after several deposition and annealing
cycles. This indicates a dominance of B surface segregation over bulk diffusion. Significant B bulk diffusion
commences only above 1100 K. Differences were found for spectra obtained for the B-induced surface structures
formed after deposition and surface segregation, respectively. An additional surface state appeared at 2.1 eV
below the Fermi level after deposition of 0.6 ML B. The state could be attributed to boron-boron interaction due
to the presence of small clusters at the surface. This surface state did not disappear after high-T annealing and
was not observed for lower cB and after B surface segregation, respectively.
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I. INTRODUCTION

For novel device architectures, crystal structure engi-
neering instead of the commonly used material engineering
might be a future solution.1–4 In particular, different silicon
structures (Si polytypes) are recommended for sophisticated
devices.5–9 Problems due to different chemical constituents,
e.g., in commonly used silicon-germanium heterobipolar
transistors,10 can be avoided in that way. Furthermore, the
heterostructure interfaces should be inherently defect-free,
lattice matched, and coherent. As reported in several growth
experiments, epitaxial growth of Si on boron- (B-) covered
Si(111) surface results in a change of Si epitaxial layer
orientation under certain conditions.9,11,12 For that purpose,
epitaxial growth of Si on B-covered Si(111) has become
an interesting research object recently9,12,13 and some at-
tempts have been made to prepare artificially stacked Si
structures, such as twinning superlattices, by periodical
variation of the molecular beam epitaxy (MBE) growth
conditions.9,12

During the deposition of B on Si(111), the surface structure
transforms from (7×7) for a well-prepared surface to a
(
√

3 × √
3)R30◦ surface superstructure, which is completed

at 1/3 monolayer (ML) of B coverage (cB).14 Here, 1 ML
is defined as the surface atom density of the truncated
Si(111)(1×1) surface. Initially, the (

√
3 × √

3)R30◦ super-
structure was assumed to be formed by B atoms occupying
T4 adatom positions at the surface. After high-temperature
(T) annealing, the structure of the (

√
3 × √

3)R30◦-B surface
consists of B atoms in fivefold-coordinated substitutional S5

sites directly under Si adatoms occupying T4 positions.15–17

In that case, the surface contains only Si adatoms with-
out dangling bonds, due to a charge transfer from the Si
atoms in T4 sites to the B atoms in S5 sites. This should
also have some influence on the further epitaxial growth
of Si.

Indeed, the growth mode on (
√

3 × √
3)R30◦-B changes

under certain conditions to a two-bilayer (2BL) growth
mode,13,18,19 whereas the growth on the (7×7) reconstructed
Si(111) is governed by a BL growth mode. Thus, the 2BL
islands nucleate in twin orientation with respect to the
substrate.12

Up to now, the growth of homogeneous artificially stacked
Si layers is restricted to small areas across a substrate.9 It was
suggested that this is mainly caused by an inhomogeneous
growth process.13 There it was shown that the growth mode
on B-covered Si(111) strongly depends on the amount of
B present at the surface. In reflection high-energy electron
diffraction (RHEED) intensity studies, a transient growth
behavior with irregular intensity oscillations was observed for
cB in the range of 0.2 � cB < 0.5 ML (Fig. 1, left side). The
observed behavior was suggested to be associated with surface
defects of an imperfect (

√
3 × √

3)R30◦ surface structure,
which was verified very recently by ultraviolet photoelectron
spectroscopy (UPS) studies.20 Si dangling bonds appearing
in case of insufficient cB were identified as the main defects,
resulting in a surface state (A1, Fig. 1, center) with an energy
slightly below the Fermi level (−0.4 eV). The appearance of
the surface state was found to be accompanied by a significant
Fermi level pinning which is typical for surface dangling bond
states (Fig. 1, center and right side). A critical coverage of
cB > 0.5 ML has been determined to prevent this kind of
surface defect (Fig. 1, middle).

To realize Si nucleation in a certain configuration homo-
geneous at least within large areas across the substrate, the
surface structure should be perfect. That demands detailed
understanding of surface structure formation and defect en-
gineering. In this context, several points are still not fully
understood with respect to the B-induced (

√
3 × √

3)R30◦-B
structure and it is an intention of this work to illuminate some
of the critical issues:

205303-11098-0121/2011/83(20)/205303(10) ©2011 American Physical Society

http://dx.doi.org/10.1103/PhysRevB.83.205303
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FIG. 1. (Color online) RHEED intensity studies as a function of B coverage showing a gradual transition from BL to 2BL growth for
0 � cB � 0.5 ML (left). This behavior is suggested to be associated with surface defects of an imperfect surface structure. UPS studies show
the occurrence of a surface defect (A1) for cB < 0.6 ML (middle). The presence of the defect state is accompanied by a significant Fermi level
pinning. Band bending diagram for (7 × 7), defective (

√
3 × √

3), and perfect (
√

3 × √
3) on n-type Si(111) is also shown (right side).

(a) the characteristics in terms of the (
√

3 × √
3)R30◦-B

surface structure formation by deposition and segregation
of B,

(b) the critical cB for the formation of defect-free surface
structures as a function of the preparation conditions, such
as substrate T during B deposition, and T and duration of
subsequent annealing, and

(c) the critical conditions (T and duration) for the formation
of defect-free surface structures by surface segregation of
buried B after Si growth.

In the literature, only a few reports can be found dealing
with surface electronic structure of Si(111)(

√
3 × √

3)R30◦-
B prepared by B deposition.17,20–22 In view of these few
investigations, it is not clear whether or not the Si(111) surface
structure depends on the source material used for B deposition.
Moreover, comparative studies of the electronic structure of
Si(111)(

√
3 × √

3)R30◦ surfaces prepared by B deposition
and surface segregation cannot be found in literature (to the
best of the authors knowledge). Therefore, it is also an intention
of this study to provide further insight into the surface structure
of Si(111) induced by elemental B.

In this paper, we report on detailed UPS investigations of the
B-induced (

√
3 × √

3)R30◦ surface structure formation as a
function of T during elemental B deposition and annealing and
also as a function of annealing duration in order to estimate the
critical conditions for preparation of perfect (

√
3 × √

3)R30◦
surface structure. Further, the successive evolution of the
surface electronic structure of Si(111) by segregation of buried
B has also been studied as function of time and T. This was also
be done in order to check whether or not the initial cB is high
enough for the renewal of a perfect (

√
3 × √

3)R30◦ structure
by surface segregation. This is of practical importance with
respect to the realization of artificial structures, since otherwise
the cB always has to be increased after each Si growth. The seg-

regation behavior was also studied with respect to multistruc-
tures. For this purpose, several deposition/annealing cycles, as
described in Fig. 2, were performed by varying the annealing T
and duration, respectively. In addition, RHEED measurements
were performed to monitor the surface reconstruction during
all process steps. Based on that, optimized conditions have
been established for the preparation of a defect-free B-induced
Si(111)(

√
3 × √

3)R30◦ surface structure during the different
steps for the epitaxial growth of an artificially stacked Si
structure.

II. EXPERIMENT

Si layers were grown by solid-source MBE on 4-in. n-
type Si(111) (phosphorus doped, 1017 cm−3) wafers with a
miscut of �0.1◦. The substrates were prepared ex situ by
standard wet-chemical RCA (Radio Corporation of America)
cleaning, ultraviolet-ozone plasma treatment, and a subsequent
etching in dilute HF. In situ, the substrates were prepared
further by a treatment at T = 1000 K under a slight Si
flux, where Si was evaporated by electron beam heating
with a rate of about 1 nm/min. The same rate was used
to grow the Si layers in the experiments, where the Si
rate was determined by measuring RHEED specular beam
intensity oscillations.13,20 After this treatment, the Si(111)
surface exhibited a well-developed (7×7) reconstruction. The
substrate T was measured by a thermocouple just behind the
sample holder, calibrated by an optical pyrometer. The real
T of the substrate surface was checked additionally using the
(7×7)-(1×1) surface phase transition which occurs around
1100 K.23,24 B was evaporated from an effusion cell at
T > 2000 K, corresponding to a deposition rate of around
0.02 ML/min. RHEED intensity measurements of certain
surface superstructure spots were used to determine cB during
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FIG. 2. (Color online) Flowchart of Si deposition/annealing
cycles used for surface preparation in surface segregation studies.

formation of the Si(111)(
√

3 × √
3)R30◦-B surface super-

structure, as described elsewhere.13,20 UPS measurements
were conducted in the same multichamber vacuum system
at a working pressure of 2 × 10−8 torr using a He discharge
source (Specs 10/35), with unpolarized light of 21.2 eV photon
energy (He Iα). The photoemitted electrons were analyzed
with a hemispherical analyzer (Thermo-VG100AX) using step
sizes of 10 meV and a pass energy of 8.5 eV. The emission
angle (θe) was fixed at 5◦ with respect to the surface normal
(point P in Fig. 3) with an angular resolution of 0.1◦. The
photon incidence angle θi was fixed in the plane perpendicular
to the azimuthal angle of emission, which was chosen in the
[112̄] direction. The samples were biased negatively (−12 V),
to prevent a floating potential. In the measurements the bias
voltage appears as a simple offset in the UPS spectra. The
stability of the voltage has been checked to be ±0.05 eV by

FIG. 3. (Color online) Geometry of the (1×1) and
(
√

3 × √
3)R30◦ surface Brillouin zone (SBZ) of the Si(111)

surface. The point marked P in the [112̄] direction corresponds to
the emission angle of 5◦ used for the UPS studies.

repeating measurements on the same area of the same sample
within a period of some days. The electron binding energy
was calibrated relative to the positions of the S1 and S2 surface
states of the initial (7×7) surface structure since they are well
investigated and do not show significant dispersion.25

III. RESULTS AND DISCUSSION

A. UPS study of the surface electronic structure of Si(111)
during boron deposition and subsequent annealing

UPS spectra obtained for Si(111)(
√

3 × √
3)R30◦-B sur-

faces prepared by deposition of 0.6 ML B at 810 and 860 K,
respectively, are shown in Fig. 4. For comparison, the spectrum
obtained for the Si(111)(7×7) surface is also shown, where the
three surface states at −0.25 eV (S1, adatom dangling-bond
state), −0.9 eV (S2, rest atom state), and at −1.8 eV (S3,
back bond state) are indicated. The peaks visible around
−4.5 and −7.5 eV correspond to emission from Si bulk
states (3p,3sp).26,27 Further experiments were conducted with
respect to the surface structure development during subsequent
annealing for samples prepared by deposition of 0.6 ML B
at 860 K. Figure 5 shows spectra obtained after subsequent
annealing of these samples at T between 1000 and 1130 K for
a duration of 10 min.

In comparison to Si(111)(7×7), the UPS spectra for the
B-covered surface only exhibit two states near the Fermi level,
labeled as A3 and A4. No peak is visible around −0.4 eV
indicating absence of Si dangling bonds. The state at −1.2 eV
(A3) is related to emission from the back bonds as already
shown in earlier investigations.28 We suggest that the peak
appearing around −2.1 eV (A4) is already an indication for the

FIG. 4. (Color online) UPS spectra for Si(111)(
√

3 × √
3)R30◦-

B surface, where 0.6 ML B was deposited at 810 and 860 K,
respectively. The topmost curve shows an UPS spectrum of the initial
Si(111)(7×7) surface structure.
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J. KRÜGENER, H. J. OSTEN, AND A. FISSEL PHYSICAL REVIEW B 83, 205303 (2011)

FIG. 5. (Color online) UPS spectra for Si(111)(
√

3 × √
3)R30◦-

B surface, where 0.6 ML B was deposited at 860 K and subsequently
annealed at different T for a duration of 10 min. The topmost curve
shows an UPS spectrum of the initial Si(111)(7×7) surface structure.

specific surface structure induced by elemental B, which will
be discussed later. The support for this hypothesis is obtained
from further studies presented in the next section.

In the low-energy range of the spectra, the Si bulk state (3p)
is much sharper and more intense than for the clean (7×7)
surface and is shifted by about 0.5 eV with respect to (7×7).
The peak sharpening indicates a more bulklike atomic order
for the Si(111)(

√
3 × √

3)R30◦-B sample in the near-surface
region probed by UPS, as suggested for example for the
Si(111)(1×1) surface induced by As.29 In the low-energy
range, there is also visible a peak centered at −5.8 eV with a
shoulder toward the lower-energy side. Whereas the shoulder
can be associated with emission from Si bulk states (3sp), the
nature of the peak at −5.8 eV is still unclear at this point and
will also be discussed later.

The samples prepared in different ways exhibited a
well-developed Si(111)(

√
3 × √

3)R30◦-B surface structure
in RHEED (not shown here) and the corresponding UPS
spectra do not show differences. That is surprising since
within the investigated range of T a B site exchange from
T4 to S5 should occur as suggested by other groups.21,30

For example, a range of T � 1073 K was assumed for
the site exchange based on core level X-ray photoelectron
spectroscopy (XPS) measurements21 and work function mea-
surements in combination with scanning tunneling microscopy
(STM) investigations.31 On the one hand, this may indicate that
the UPS spectra are not affected by site exchange under the
conditions used in our case (direction of photon incidence and
detection angle).

On the other hand, the published results with respect to the
side exchange are for Si(111)(

√
3 × √

3)R30◦-B surfaces pre-

pared in different ways. In earlier STM and spectroscopic stud-
ies, for example, the Si(111)(7×7) was exposed to decaborane
(DB) (B10H14) at room T and subsequently annealed at T > 770
K for hydrogen desorption. Even after deposition of DB at
900 K, only disordered surface structures were observed.32 In
contrast, our RHEED pattern of the Si(111) surfaces obtained
by deposition of elemental B at the same T correspond to a
well-ordered (

√
3 × √

3)R30◦ surface structure.
Therefore, we suggest that B occupies mainly S5 sites in

our studies even at lower T. Since the B-Si bond is short
compared to Si-Si, occupation of T4 sites by B results in a
high strain within the surface and it is questionable therefore
that B really will stay on T4 sites at medium T. Instead, we
presume that most of the B occupies the subsurface sites during
the transformation of the complex (7×7) into the B-induced
(
√

3 × √
3) surface structure already at medium T of about

800 K. This is supported by the observed high-energy shift of
the UPS spectra with respect to (7×7), indicating an effective
doping due to the incorporation of B into substitutional sites
in subsurface regions, as discussed recently.20 But, since the
cB was higher than 1/3 ML necessary to form a perfect
(
√

3 × √
3), it cannot be excluded that additional B is also

occupying other surface sites or may form clusters.
Recently, Stimpel et al. also used elemental B to prepare the

B-induced surface superstructure.31 Based on work function
measurements, they suggested that B occupies the S5 sites
only at T > 1100 K. Unfortunately, they did not make any
spectroscopic study to verify that suggestion. In STM studies
they observed the successive substitution of Si adatoms
by B during deposition at 900 K, where the (

√
3 × √

3)
reconstruction was found to be completed as soon as 45% of
the surface consists of B atoms. Deposition of extra B results
in the formation of amorphous B clusters, which disappeared
after high-T annealing (T > 1100 K).

In view of similar preparation conditions used in our
experiments, we suggest that the appearance of the surface
state at 2.1 eV below the Fermi level can be attributed to excess
B. This hypothesis is supported by the fact that such a peak
was not observed at cB < 0.5 ML in our previous studies.20

To clarify this point and, moreover, to get information as
to which peaks are related to emission from B bulk states,
UPS studies were performed for Si(111) surfaces with B
deposited at lower T and higher coverage, respectively. In
this case 0.6 and 1.3 ML B, respectively, were deposited at
670 K on Si(111)(7×7) surfaces. Subsequently the samples
were annealed at 1130 K for 10 min. Accompanying surface
structure investigations were made by RHEED to study the
surface structure evolution during B deposition at low T.

In Fig. 6 are shown the obtained UPS spectra for the
differently prepared Si(111) surfaces. The spectra for low T are
clearly different from those obtained for deposition at higher
T and exhibit three characteristic emission bands. The first
band extends from about −0.5 to −5 eV with a shoulder at
around −1.3 eV and a peak at around −4 eV. A second band
is centered at around −6.5 eV and a third band extends from
around −9 eV to the secondary electron (SE) peak at around
−16 eV. For 1.3 ML, there is further seen an intensity shoulder
at around −13 eV and a small peak at around −10 eV, whereas
two small peaks at around −11.5 and −13 eV appeared for
0.6 ML B.
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FIG. 6. (Color online) UPS spectra for Si(111) surface, where 0.6
and 1.3 ML B, respectively, were deposited at 670 K (two topmost
curves). UPS spectra obtained after annealing at 1130 K for 10 min
for initial cB = 0.6 and 1.3 ML, respectively (two lowermost curves).

The intensity of the band around −6.5 eV increases for
higher cB . This is accompanied by an increase in intensity of
the third band around −10 eV. Comparing our results with
those obtained for DB on Si(111),33 for DB on Mo(100),34

and for iron borides,35 we suggest that the broad band around
−6.5 eV results from B 2p emission. Furthermore, the peak at
around −13 eV likely originates from B 2s emission, whereas
the peak observed at −10 eV for 1.3 ML B could arise from
B sp hybridization. The appearance of B sp states is likely due
to the presence of bigger amorphous B clusters. The intensity
of the peak appearing in our investigations at around −4 eV
does not change with cB . We suggest that this peak is mainly
associated with emission from Si bulk states superimposed by
B-related emission.

In view of our obtained spectra, we can assume that B at
low T is mainly at the surface and has formed clusters, which
would compare to the results obtained by Stimpel et al. for
T = 900 K.31 We suggest that the formation of hybridized B
clusters is favored over superstructure formation at low T and
higher cB .

Subsequent annealing of the samples for 10 min at 1130 K
results in a drastic change of the spectra, which become
comparable to spectra shown earlier in this section. There
is seen a drastic intensity drop of the band around −6.5 eV,
especially for 1.3 ML B. That compares to earlier studies for
the high-T annealing of 1.1 ML B on Mo(100),34 where it
was suggested that B is incorporated below the surface during
high-T annealing. In our spectra only a small band with a
peak shifted to −5.8 eV and a shoulder to the low-energy side
remained. Therefore, the peak at −5.8 eV can be attributed
to emission from 2p states of B mainly incorporated into the
subsurface regions, but shifted to lower binding energy due to
the charge transfer from Si to B. The shoulder results from Si
bulk emission.

Furthermore, the peak around −10 eV (B sp) vanishes,
indicating the dissolution of larger B clusters. The peak at

−13 eV associated with 2p emission is still visible after
annealing.

In the high-energy range, the intensity of the peak located
at −4 eV becomes more strongly visible and from the intensity
between −4 and −1.3 eV only the peak at around −2.1 eV
remains. Therefore, the suggestion that this peak is associated
with remaining B at the surface after high-T annealing, such
as within smaller clusters, is justified. This may have to do
with the fact that in our case an elemental solid source is
used for B evaporation. In that case a large variety of three-
dimensional B clusters already exist within the B flux.36 On
the other hand, already in the solid state, B tends to cluster
at high concentrations with a certain size and structure.37–40

The same can be expected on surfaces in case of B excess.
There could be two reasons for the presence of B clusters at
the surface, self-assembling or direct adsorption of stable B
clusters. In the case of direct adsorption, however, the peak at
−2.1 eV should appear after high-T treatment also at lower cB .
Since this was not the case, the direct adsorption of stable B
clusters can be excluded. Furthermore, direct adsorption would
lead to the presence of three-dimensional clusters, which are
less stable at the surface than two-dimensional clusters. We
can therefore suggest that under conditions of B excess and
high-T annealing mainly two-dimensional clusters are formed
in a self-assembling way. Thus, the stability of these clusters
is determined by their size and structure. For example, an
unusual stability of planar and quasiplanar B12 clusters has
recently been established.41

Furthermore, free B clusters were characterized using
photoelectron spectroscopy and ab initio calculations.42 An
electronic state at 2.2 eV below the Fermi level was found
for the planar anionic B−

12-cluster, which is close to the state
observed in our study. Furthermore, the band formed between
−4 and −1 eV after B deposition at low T may be associated
with different bonding states of surface B. A large variety
of states associated with surface B or B clusters have been re-
ported located within this energy range.42–46 Despite the strong
evidence of B cluster formation, further work is needed to
clarify the nature of the state appearing at −2.1 eV in our study.

The agglomeration of B into bigger clusters at low T with
no long-range ordering is supported by the observed RHEED
patterns (Fig. 7). After deposition of 0.6 ML B at 670 K, the
RHEED pattern show a superposition of (7×7) and (

√
3 × √

3)
[Fig. 7(b)]. Increasing the cB to 1.3 ML results in a decrease of
the (7×7)/(

√
3 × √

3) spot intensity ratio, which is due to more
extended (

√
3 × √

3) areas and smaller (7×7) areas [Fig. 7(d)].
This is consistent with results of earlier STM investigations,17

where it was shown that the formation of the (
√

3 × √
3)R30◦-

B superstructure on Si(111)(7×7) needs larger amounts of B
for lower T. Together with our recent RHEED studies,13,20 the
observed RHEED patterns allow us to estimate the amount
of B involved in the (

√
3 × √

3) superstructure formation to
be approximately 0.15 and 0.25 ML for a total cB of 0.6 and
1.3 ML, respectively.

B. Influence of annealing duration on the boron-induced
surface electronic structure of Si(111)

Because the exchange demands thermal activation, the for-
mation of a perfect Si(111)(

√
3 × √

3)R30◦ surface structure
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FIG. 7. RHEED pattern of Si(111) covered by 0.6 ML B obtained
in (a) 〈112〉 and (b) 〈110〉 azimuth and covered by 1.3 ML in
(c) 〈112〉 and (d) 〈110〉 azimuth.

formed by B in S5 sites should be dependent on both T and
annealing duration. In the next set of experiments therefore,
the influence of the annealing duration on the surface structure
formation was investigated. For that purpose 0.6 ML B were
initially deposited at 860 K on Si(111). Afterward the samples
were annealed at 1080 and 1130 K (Figs. 8 and 9) for different
durations. Annealing at 1080 K for 20 min had no impact on
the UPS spectra (Fig. 8). After 40 min a slight shift of the

FIG. 8. (Color online) UPS spectra of the initially defect-free
Si(111)(

√
3 × √

3)R30◦-B surface (cB = 0.6 ML) (top) and after
subsequent annealing at 1080 K for 20 and 40 min.

FIG. 9. (Color online) UPS spectra of the initially defect-free
Si(111)(

√
3 × √

3)R30◦-B surface (cB =0.6 ML) (top) and after
subsequent annealing at 1130 K for 10 and 20 min.

spectrum by 0.1 eV toward lower energy was observed, which
already indicates the formation of surface defects.20 Annealing
at 1130 K already leads after 10 min to a significant shift of
about 0.3 eV toward lower energy (Fig. 9) and during further
annealing the surface defect state around −0.4 eV becomes
clearly visible after 20 min. That clearly demonstrates that the
quantity of surface defects is further increased compared to
annealing at 1080 K for the same annealing duration, indicating
a significant B surface depletion due to B bulk diffusion at
1130 K. However, the state at −2.1 eV is still visible during
the different annealing steps, which we attribute to the fact that
B clusters do not dissolve completely.

A higher T of 1200 K for significant B bulk diffusion was
reported based on XPS investigations of Si(111) covered by
B, where B2O3 was used as solid source for B evaporation.
However, UPS spectra obtained for samples exhibiting
(
√

3 × √
3) structure after annealing at 1073 K showed the

surface defect state corresponding to insufficient B at the
surface.21

C. UPS study of B surface segregation

The samples in these investigations were prepared by
deposition of 0.6 ML B at 860 K and subsequent annealing at
1000 K for 10 min. Under these conditions, Si dangling bonds
are not formed and simultaneously B excess can be assumed to
be in a more equilibrium-like configuration at the surface. In
the first set of experiments, 20 BL Si were grown afterward at
700 K and annealed at various T and duration to initiate B
surface segregation. Thereby, annealing was restricted to a
maximum T, where even only 4-BL-thick Si layers grown
in twin orientation with respect to the underlying substrate
are stable against structural reordering into an untwinned
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FIG. 10. (Color online) UPS spectra obtained for an initially
defect-free Si(111)(

√
3 × √

3)R30◦-B surface (cB = 0.6 ML) (top),
and after deposition of 20 BL Si and subsequent annealing for 10 min
at different T.

orientation.47 Otherwise, the interfacial stacking fault, nec-
essary to create artificial structures, would be eliminated.

Accompanying RHEED studies demonstrated that during
deposition of some monolayers of Si a change of the surface
structure occurred from (

√
3 × √

3)R30◦ to (1×1), as we
observed already in earlier studies.9 After further growth of
at least 10 ML Si weak spots appeared in the RHEED pattern
corresponding to the (7×7) surface structure. After subse-
quent annealing the surface structure changed again and the
RHEED pattern always exhibited a well-developed B-induced
(
√

3 × √
3)R30◦ surface structure, indicating significant B

surface segregation.
Figure 10 shows UPS spectra of surfaces prepared by

annealing of stacks with 0.6 ML B buried under 20 ML
Si at various T for 10 min. First, compared to the initial
surface (shown at the top of the figure) the spectra obtained
for Si(111)(

√
3 × √

3)R30◦ induced by B segregation do not
exhibit the A4 state appearing at −2.1 eV. Based on our
suggestion that that state is associated with B clusters, we
can conclude that no B clusters are present at the surface.
Therefore, we suggest that segregation of B clusters is excluded
under the conditions used. That is supported by earlier studies
of B segregation in Si, where the activation energy of B
mobilization was attributed to the dissociation of B clusters.48

In this context, however, we cannot exclude a priori that B
clusters are still present in the interface, since stable B clusters
were found to exist in Si after B implantation and subsequent
annealing.38

In the spectra it is seen further that the peak located at
around −4 eV broadens to the high-energy side and becomes
similar to that in Si(111)(7×7), which can be assumed to result

from the distribution of a part of the initially deposited 0.6
ML B across the grown layer during annealing.49–51 This
is accompanied by the development of a well-pronounced
surface state around −1.5 eV, due to a better ordering of the
surface structure, where B at the surface is now only within the
subsurface sites. However, a peak related to surface defects is
visible at around −0.4 eV indicating that there is not sufficient
B accumulated at the surface during annealing for 10 min at T
up to 1040 K. This is accompanied by a nearly constant shift of
the spectra by 0.3 eV toward the low-energy side, which can be
interpreted as a pinning of the Fermi level due to Si dangling
bonds, as explained recently.20 The intensity of the defect state
is reduced with an increase in annealing T, i.e., there is more B
accumulated into the surface at higher T. This means surface
segregation should dominate over B bulk diffusion. That
compares well to results recently obtained in RHEED studies,
where the growth behavior of Si on Si(111)(

√
3 × √

3)R30◦
was found always to be reproducible for surfaces prepared by
surface segregation of buried B.13 Furthermore, distributions
of initial 0.4 ML B buried below 15 nm Si were recently
analyzed as a function of the Si growth T using quantitative
elastic recoil detection (ERD).52 The results of the ERD study
clearly demonstrated that at T below 1173 K strong surface
segregation occurs, whereas nearly all the buried B remains
within the interface at T < 900 K.

Despite the strong B surface segregation observed also in
our studies, it was not clear at this point whether or not a perfect
surface structure is attainable during surface segregation. For
that reason in the next set of experiments the annealing duration
was varied.

FIG. 11. (Color online) UPS spectra obtained for an initially
defect-free Si(111)(

√
3 × √

3)R30◦-B surface after 0.6 ML B de-
position at 860 K (top), and after deposition of 20 BL Si at 700 K and
subsequent annealing at 1000 K for different durations.
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FIG. 12. (Color online) UPS spectra obtained for an initially
defect-free Si(111)(

√
3 × √

3)R30◦-B surface after 0.6 ML B de-
position at 860 K (top), and after deposition of 20 BL Si at 700 K and
subsequent annealing at 1040 K for different durations.

Figures 11 and 12 show UPS spectra obtained for the initial
Si(111)(

√
3 × √

3)R30◦-B surface and for samples with 20 BL
silicon deposited on the 0.6-ML-B-covered Si(111) surface
after annealing at 1000 K (Fig. 11) and 1040 K (Fig. 12) for
different durations. After annealing at 1000 K even for 45 min
the surface state related to Si dangling bonds is still visible, i.e.,
Si is in T4 sites with Si in S5 directly below. Thus, the thermal
activation to stimulate surface migration is still not sufficient
to accumulate enough B in the surface, although the observed
RHEED pattern showed a well-developed (

√
3 × √

3) surface
structure. A renewal of the surface structure with no indication
of surface defect states was achieved by annealing at 1040 K
for 30 min. This indicates that a surface structure without
distinct visible surface defect states is achievable via surface
segregation for cB = 0.6 ML. The segregation of B at the
Si(111)(

√
3 × √

3)R30◦-B surface may be described to be a
result of the moving of dopants from high-energy substituted
bulk sites to the low-energy subsurface.53 The surface structure
formed in this way exhibits the lowest energy.15,17,28,50,53

Finally, surface structure formation by surface segregation
was studied during several Si deposition and annealing cycles
corresponding to the preparation of artificial Si structures.
Each cycle consisted of growth of 8 BL Si at 700 K and
subsequent annealing at 1080 K for 10 min, as illustrated in
Fig. 2. The growth was started also on an initially defect-free
B-covered surface. Before the first and then after each cycle
an UPS measurement was performed.

Figure 13 shows the spectra obtained after the respec-
tive deposition/annealing cycle together with the spectrum
for the initial B-covered Si(111) surface. The spectra for
the Si(111)(

√
3 × √

3)R30◦-B surface induced by B surface

FIG. 13. (Color online) UPS spectra taken for samples after
respective deposition/annealing cycles, where each cycle consist of 8
BL Si MBE growth at 700 K and subsequent annealing at 1080 K for
10 min. The spectrum taken for the initial Si(111)(

√
3 × √

3)R30◦-B
surface, is also shown (top).

segregation do not display the state associated with surface
defects after at least three cycles without additional B supply.
Only after the fourth cycle, which is after the growth of 32 BL,
does a small increase in intensity at around −0.5 eV indicate
slight B depletion at the surface.

With increasing number of deposition/annealing cycles the
spectra shift toward higher energy, whereas no such shift was
observed for 20 BL of Si (Figs. 10–12). At this stage, we can
only speculate about the reason for that behavior. On the one
hand, this could indicate that the surface becomes metallic so
that the Fermi level is further shifted into a position where it lies
within the valence band.54 On the other hand, this could also
indicate that the top of the valence band somehow is modified
because areas of artificially stacked Si structures are formed by
periodical creation of interfacial stacking faults along the [111]
growth direction at a distance of only a few monolayers apart.
In such an artificially stacked Si structure, such as hexagonal
Si, the threefold-degenerate valence band of the cubic Si splits
into a twofold degenerate and one lower split-off band; thereby
the crystal-field splitting increases with the hexagonality.55,56

That, however, will be a subject of further investigations.

IV. SUMMARY AND CONCLUSIONS

Adsorption of elemental B on Si(111) and subsequent
evolution of (

√
3 × √

3)R30◦ surface structure formation was
studied using ultraviolet photoelectron spectroscopy as a func-
tion of different parameters, such as substrate T during B depo-
sition, B coverage, and annealing T and duration. Furthermore,
the surface structure formation induced by surface segregation

205303-8



ULTRAVIOLET PHOTOELECTRON SPECTROSCOPIC STUDY . . . PHYSICAL REVIEW B 83, 205303 (2011)

of buried B was also studied in detail by deposition of Si on
an initially defect-free Si(111)(

√
3 × √

3)R30◦ surface and a
subsequent annealing. From the results obtained, the following
conclusions can be drawn.

Deposition of 0.6 ML B and annealing in the range
800 < T < 1100 K on Si(111) results in an effective doping of
near-surface regions and in the formation of a (

√
3 × √

3)R30◦
surface superstructure without defects resulting from Si dan-
gling bonds. This clearly indicates that B occupies subsurface
sites already at relatively low T. However, in the case of B
adsorption at the critical level an additional surface state was
observed, which is attributed to electron emission associated
with small B clusters present at the surface. The clusters do
not dissolve completely even after annealing at T > 1100 K.
At such high T, however, significant B bulk diffusion sets
in, leaving behind Si dangling bonds due to depletion of B
at the surface within some surface regions. That indicates an
inhomogeneous distribution of B across the surface in the case
of B deposition and also demonstrates that the arrangement of
B within the surface in the case of deposition is governed by
both surface kinetics and thermodynamics.

In contrast, annealing of 0.6 ML B buried below several
monolayers of MBE-grown Si at T around 1040 K for several
tens of minutes results in a reoccurrence of a defect-free
B-induced Si surface structure, even after several deposition

and annealing cycles. That demonstrates the dominance of
B surface segregation over bulk diffusion. Here, surfaces
exhibiting no surface states are attainable.

This clearly indicates that the overall surface structure
obtained by deposition of B differs compared to those obtained
after B surface segregation. In the case of B deposition we
cannot attain a surface nearly free of structural disorder. This
is in contrast to the general assumption that independent of the
approach (by adsorption from the gas phase or diffusion from
the bulk) the equilibrium configuration at the surface should
always be the same.

Based on the results of our studies, optimized conditions
have been established for the preparation of a defect-free
B-induced Si(111)(

√
3 × √

3)R30◦ surface structure during
the different steps necessary for the epitaxial growth of
artificially stacked Si structures. The application of these
conditions should result in a significant improvement of the
MBE of such new Si structures. The proof of that statement
will be a subject of further work.
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Appl. Surf. Sci. 162/163, 384 (2000).
31T. Stimpel, H. E. Hoster, J. Schulze, H. Baumgärtner, and I. Eisele,
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