PHYSICAL REVIEW B

VOLUME 47, NUMBER 23

15 JUNE 1993-1

Si(100)1 X 1-Sb and Si(100)2 X 1-Sb surfaces studied
with angle-resolved photoemission and surface differential reflectivity
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Angle-resolved photoelectron spectroscopy and surface differential reflectivity have been used to study
the electronic structure of Si(100):Sb-1X 1 and Si(100):Sb-2 X 1 surfaces. For both surfaces, one occupied
surface-state band has been mapped along the [010] and [011] directions. Both surfaces show a semicon-
ducting behavior with a gap of 1.6 eV for the 1X1-Sb and 1.4 eV for the 2X 1-Sb surface. A minimum-
energy position at the Fermi level is derived for the empty surface-state band. The results are also com-
pared with those obtained for the clean Si(100)2 X 1 surface.

INTRODUCTION

Several techniques' 3 have been applied to the study of
the atomic and electronic structures of Si(100)2X 1 sur-
faces, and several models*™® have been proposed to ex-
plain the experimental data.” On the two-domain 2 X1
surfaces, angle-resolved photoemission®~!° (ARUPS) has
shown the existence of two filled dangling-bond-type
surface-state bands: one band ( A4) dispersing downward
along the [010] azimuthal direction, which is equivalent
for the two possible 2X 1 domains (see Fig. 1), and one
(B) slightly dispersing band around the J, , point in the
surface Brillouin zone (SBZ). The shape of the dispersion
and bandwidth of state 4 are well described by calcula-
tions of dangling-bond bands for symmetric or asym-
metric dimers.*~® At variance, the B state cannot be ac-
counted for in the theoretical band structure of the 2X1
reconstruction: this fact suggests that the B state is asso-
ciated with imperfections on the surface, e.g., steps or
point defects, or it may be a dangling-bond state from
domains of asymmetric dimers on the surface, arranged
into ¢(4X2) or p(2X2) periodicities.!! The existence of
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FIG. 1. Surface Brillouin zones for a two-domain 2X1

reconstruction on Si(100).
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a large number of asymmetric dimers has been very re-
cently confirmed by high-resolution core-level spectrosco-
py.'? By using scanning tunneling microscopy'® (STM), it
has been possible to investigate the atomic structure of
the outer layer in real space, showing that the surface
consists mainly of symmetric dimers with many defects
and asymmetric dimers close to disordered areas.

Also, the interaction of group-V adsorbates such as Sb
and As with Si(100)2 X 1 surfaces has been the subject of
much research in recent years.!*” !¢ Rich et al.'* have
shown that by evaporating Sb on Si(100)2X 1 surfaces,
kept at a temperature of 320-370°C, a 1X1-Sb low-
energy electron-diffraction (LEED) pattern with weak
half-order spots and high background develops. Their
STM images revealed an essentially disordered surface.
STM experiments by Richter et al.!® have shown that by
evaporating a few monolayers of antimony on a
Si(100)2 X 1 surface kept at 375°C, and further annealing
at temperatures of 550°C, a 2X1 reconstruction is ob-
tained. In this case, the 2 X 1-Sb reconstruction consists
of symmetric Sb dimers with a degree of disorder higher
than for the clean silicon surface,!> but without asym-
metric dimers.

In this work, we show that by evaporating antimony
onto Si(100)2X1 surfaces, two different phases are
present upon annealing the sample at different tempera-
tures: a 1X1at T=350°Cand a2X1at T=450°C. The
electronic properties of the two Sb-induced phases have
been studied with angle-resolved photoemission and sur-
face differential reflectivity (SDR). SDR results showed
the presence of a gap in both phases (1.4 eV for the 2 X 1-
Sb and 1.6 eV for the 1X1-Sb). ARUPS spectra along
the [010] and [011] directions showed the same semicon-
ducting behavior, with the presence of one dispersive
band at energies below the Fermi level comparable to the
SDR gap. The results are compared with those obtained
from the clean Si(100)2 X 1 surface.

EXPERIMENT

Angle-resolved photoemission spectra were recorded in
a Vacuum Generators VG-450 ultrahigh-vacuum (UHYV)
chamber at a pressure of less than 2X 107 !° Torr. The
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chamber was equipped with facilities for Auger electron
spectroscopy (AES) and LEED. Unpolarized 21.2-eV ra-
diation from a helium discharge lamp was used. The es-
timated total-energy resolution as determined by the
analyzer voltages and the width of the He 1 light was 150
meV, and the angular resolution of the hemispherical
analyzer was +1°. The position of the Fermi level (Eg)
was determined to an accuracy of =50 meV by photo-
emission from the metallic sample holder. Also, Auger
electron-diffraction spectra have been recorded along the
polalr7 scan, and will be discussed in a forthcoming pa-
per.

The SDR experiment consists of shining light at nor-
mal incidence onto the surface of the Si(100) in UHV
conditions and measuring the intensity of the reflected
light with an optical multichannel array in the range be-
tween 200 and 1200 nm; a dummy silicon sample is used
as reference. The details of the method and the ap-
paratus are fully explained elsewhere.!®* With this ap-
paratus, a single spectrum (between 1.3 and 3.0 eV) was
recorded in approximately 30 s, so that the optical peak
could be followed during the annealing process. The re-
sults are given in terms of AR /R, i.e., the change in
sample reflectivity during annealing: AR /R
=(R,,—Ry)/R,. R,, is the annealed surface, while R
is the surface after the Sb evaporation and with the sam-
ple that has just reached 350°C. At this temperature all
but one monolayer (ML) of Sb desorbs, so that we get rid
of the contribution to reflectivity of the Sb atoms exceed-
ing 1 ML. For photon energies below the silicon gap (1.1
eV), AR /R gives directly the imaginary part of the sur-
face dielectric function.!® However, it has been shown
that the same is approximately true for energies below
the direct gap,'® i.e., for Si up to 3 eV. Thus within our
experimental range (1.3-3.0 eV), AR /R gives only tran-
sitions between surface states in the antimony-covered
surfaces. The overall stability of AR /R was typically of
the order of 10~ 3 over a few hours.

The sample was n-doped, mirror-polished Si(100)
single-crystal phosphorus doped (p~ 10 ) cm) with a size
of 8X15X0.3 mm?>. The surface normal was off by less
than 0.1° from the [100] direction. Before insertion into
the vacuum chamber, the sample was degreased and
etched according to the procedure by Ishzaka, Naka-
gawa, and Shiraki.?’ In ultrahigh vacuum, it was
thoroughly outgassed at 500°C, and then annealed at
850°C for 10 min. This cleaning procedure produces a
sharp two-domain 2X1 diffraction pattern with low
background in LEED, and a contaminant-free surface in
AES spectra. The LEED and AES studies were always
accomplished after the ARUPS and SDR spectra. The
presented spectra for the Si(100)1X1-Sb surface were
recorded from a surface obtained by evaporating 4 ML of
Sb onto a clean 2X 1 surface (prepared according to the
procedure described above), followed by approximately
20-min annealing at 350 °C. This produced a surface with
sharp 1X1 LEED pattern with low background and no
traces of 2X1 spots. The 2X 1-Sb surface was obtained
either by annealing the 1X1-Sb surface, for 20 min at
450°C, or by evaporating 4 ML of Sb onto a clean 2X1
surface followed by approximately 20-min annealing at
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450°C, resulting in a clear 1X1 pattern with diffuse,
two-domain 2 X1 spots and with high background, indi-
cating some kind of disorder at the surface. All tempera-
tures were measured with an infrared pyrometer. Sb was
evaporated from a thoroughly outgassed Knudsen cell at
a rate equivalent to 0.5 ML/min, as monitored with a
quartz microbalance. 1 ML of Sb is defined as the site
density for the unreconstructed surface, which is
6.8X 10" atoms/cm?. Pressures during Sb deposition
and sample heating did not exceed 1.0X10™° Torr.
ARUPS and SDR spectra have been recorded for several
1X1 and 2X1-Sb surfaces, obtained for somewhat
different initial amounts of Sb, and the results show that
the electronic structures of these surfaces are quite repro-
ducible.

EXPERIMENTAL RESULTS AND DISCUSSION

Figures 2(a) and 2(b) show ARUPS spectra recorded
from the Si(100):Sb-1X1 surface for various angles of
emission along the [010] and [011] directions, respective-
ly. The spectra obtained along the [010] azimuth are
dominated by a prominent peak (A4’). This structure is
identified in normal emission at 2.0 eV below E, with a
small upward dispersion (0.4 eV) with maximum energy
at ®,=5° and then a downward dispersion (0.65 eV) for
larger angles of emission. Also, the spectra obtained
along the [011] direction are dominated by a single peak
(A,) with a behavior very similar to that of Fig. 2(a), the
only difference being the bandwidth (0.6 eV).

Figures 3(a) and 3(b) show ARUPS spectra recorded
from the Si(100):Sb-2X1 surface for various angles of
emission along the [010] and [011] directions, respective-
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FIG. 2. Photoemission spectra recorded from Si(100):Sb-1X1

for various angles of emission along the [010] (a) and [011] (b)
azimuthal directions. The angle of incidence is ®; =45°.



47 Si(100)1 X 1-Sb AND Si(100)2 X 1-Sb SURFACES STUDIED . . .

(a) (b)

Si(100):Sb—2x1
towards [010]

Si(100):Sb-2x1
towards [011]

" "
Ao A} o

T R

BRI e

EMISSION INTENSITY (urb. units)
EMISSION INTENSITY (arb. units)

o -
R S L A

-6 -5-4-3-2-10 1 ~7-6-5-4-3-2-10 1

ENERGY BELOW E (V) ENERGY BELOW E  (eV)

FIG. 3. Photoemission spectra recorded from Si(100):Sb-2 X 1
for various angles of emission along the [010] (a) and [011] (b)
azimuthal directions. The angle of incidence is ®; =45°.

ly. As for the 1X 1-Sb surface, the spectra obtained along
the [010] azimuth are dominated by a single peak (A4"’).
Such a structure is located at 1.8 eV below E in normal
emission, showing an upward dispersion (0.4 eV) with
maximum energy at ®, =10°, and then a large downward
dispersion (0.9 eV) for larger angles of emission. The
spectra obtained along the [011] direction show a single
structure (A,") for small emission angles, with a max-
imum energy of 1.5 eV below Ep at ®,=5°. This peak
disperses downward for higher emission angles, with a
bandwidth of 0.6 eV. A second structure ( A,') becomes
visible for emission angles around ®, =25° and 30°.
Figure 4 shows the experimental energy dispersions of
the different structures of the Si(100):Sb-1X1 and
Si(100):Sb-2 X 1 surfaces. Also shown in the figure are the
experimental dispersions of the surface states of the clean
Si(100)2 X 1 surface. On this surface, both the energy po-
sition and dispersion for the surface states 4, B, 4, and
A, are in good agreement with previous studies.® 1 The
structures 4, and A4, are related to the two-domain
reconstruction (A4, is related to domain a and A4, to
domain b of Fig. 1), which are probed simultaneously.
Since all the above-described structures in the Sb-
induced phases are not present in the clean surface, and
present only a small part of their dispersion within the
projected bulk band gap,'® they will be regarded as Sb-
induced surface states. The surface-state assignment is
further supported by the periodicity of the dispersions
along the probed lines in the surface Brillouin zone.
Along the [010] direction, for which we probe
equivalent k” lines, we observe, both for the 1X 1-Sb and
2X 1-Sb surfaces, one surface-state band that is sym-
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FIG. 4. The experimental energy dispersion of the filled sur-
face states for the Si(100)2 X1 surface, for the Si(100)1X1-Sb
surface, and for the Si(100)2 X 1-Sb surface, along the [011] (a)
and [010] (b) azimuthal directions.

metric around Ja', »» as expected. In the [011] direction,
for which we probe the line I'-J, in the case of the 1 X 1-
Sb surface we observe one surface band, while in the case
of the 2X 1-Sb surface, for which the lines I'-J, and I'-J,
in the two 2X1 SBZ’s are probed simultaneously, we ob-
serve two surface bands. All of the data for both 1X 1-Sb
and 2X1-Sb surfaces are thus consistent with a single
surface state per domain.

When the angle of incidence (®;) is changed to 0, the
intensities of surface states 4’ and A" are strongly re-
duced, demonstrating a marked p, character. This p,
character and the sensitivity of surface states 4’ and 4"’
to oxygen adsorption are very similar to the behavior of
surface states 4 and B on the clean surface.

Results from Rich et al.'* show that upon Sb adsorp-
tion on the sample kept at 375 °C (1 X 1-Sb surface), the Si
core-level spectra exhibit a single bulklike component,
i.e., the surface components due to the 2X1 reconstruc-
tion are suppressed. Sb atoms should be bound to the un-
saturated dangling bonds of Si atoms with the breaking of
Si dimers and the bulklike fourfold arrangements of the
Si surface atoms. In this configuration, every Sb atom is
left with one dangling bond unsaturated (there are also
the lone pair electrons, which we do not take into ac-
count). Upon annealing the sample at 450°C, Sb atoms
start to interact more with each other and to form dimers
(2X1-Sb surface): the number of dangling bonds is re-
duced, and the surface total energy is minimized,?' thus
giving rise to a more stable surface.

The dispersion of the surface state 4’ is very similar
to ARUPS results on the Si(100)2 X 1-As surface,'® where
a symmetric dimer model [predicted by theoretical calcu-
lations and observed by STM (Ref. 22)] can account for
the surface-state band dispersion. In that ARUPS
study,'® the dispersion of the filled band along the I'-J, ,
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line shows a maximum at k“ =0.33 Aﬂ, and then
disperses downward toward the J, , point with a band-
width of 0.8 eV. For the A’ structure, we have obseurved
the same kind of dispersion (maximum at k| =0.35 A™hH
with similar bandwidth (0.9 eV); the only difference is in
the absolute energy position, which depends on the bond-
ing between the different kind of atoms involved (As or
Sb in this case). Since symmetric dimers have also been
observed by STM on this 2 X 1-Sb surface, we expect that
calculations based on symmetric dimers will fully de-
scribe our observed band structure.

A puzzling feature of the ARUPS spectra recorded for
the Sb-induced 2 X1 phase is the absence of the counter-
part to the B state of the clean 2X 1 surface. Also, for
Si(100)2 X 1-As surfaces, a single surface-state structure
(similar to the A state on the clean surface) is observed by
ARUPS and is fully explained by calculations based on
symmetric As-As dimers. On the same surface, STM ob-
servations?? have revealed such symmetric dimer struc-
ture without any order of defects or asymmetric dimers.
STM observations on the 2 X 1-Sb surface!® clearly show
the existence of symmetric dimers together with a high
density of defects. However, no observation of asym-
metric dimers has come out around defects, as in the case
of the clean surface,!’> where asymmetric dimers are ar-
ranged around defects in ¢(4X2) and p(2X2) periodici-
ties. These STM results, together with the fact that there
is no evidence of a state similar to the B one in the
ARUPS spectra of 2 X 1-Sb and 2X 1-As surfaces, give a
strong indication that the state B observed on the clean
Si(100)2 X 1 surface is associated with the dangling bonds
in domains with asymmetric dimers arranged in c(4X2)
or p(2X2) reconstructions. Such a conclusion is also in
good agreement with core-level spectroscopy results by
Landmark et al.:'? in fact, from very well-resolved core-
level measurements, it seems very clear that the 2 X 1 sur-
face at room temperature contains dynamically flipping
asymmetric dimers at concentrations similar to the stable
asymmetric dimers of the c(4X2) surface at low tempera-
ture.?

Figure 5 shows AR /R variation as a function of the
annealing time and sample temperature. With the sample
at 350°C (12X 1-Sb surface), a prominent peak (S) is ob-
served to develop at 1.6 eV (see spectra 1-12). Upon an-
nealing the sample at 450°C (Sb-2X 1 phase), peak S, is
suppressed and a new structure (S,) develops around 1.4
eV (see spectra 13—17). Both S, and S, peaks give the
minimum-energy gap for the surface-state transition.
Upon further annealing at 550°C, the Sb atoms start to
desorb, so that part of the surface returns clean: this is
clearly evidenced in the SDR spectra 18—24 by a decreas-
ing of the Sb-induced peak at 1.4 eV, and by the growth
of the clean Si(100)2 X 1 peak around 1.7 eV. Such an ob-
servation is in agreement with STM results by Richter
et al.'® that show uncovered regions upon annealing at
550°C the Sb-covered Si(100) surface.

Both the Sb-1X1 and Sb-2X1 surfaces show a semi-
conducting behavior. This is clearly evidenced by the
fact that no emission at the Fermi level is observed in
ARUPS, and by the observation of the curves in Fig. 5,
which shows the presence of a gap for both surfaces, evi-
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FIG. 5. Sb onto Si(100)2X1: the evolution of surface
differential reflectivity spectra in the 1.3-3.0-eV photon range
at different temperatures as a function of time.

denced by a well-defined peak of AR /R, at 1.6 (S,) and
1.4 eV (S2 ).

From the ARUPS spectra of Fig. 2, and from energy
considerations, two different points of the SBZ might
contribute to the optical transition S;: the points around
k,=0.25 A~! along the [010] direction, and around
k,=0.2 A™! along the [011] direction. In fact, in both
cases the filled surface states are located at 1.6 eV below
Ep. Of course, such an interpretation would need a simi-
lar energy minimum for the empty band at the above-
mentioned k-parallel points. In the case of peak S,, the
occupied surface states involved in the transition must be
located around k;=0.35 Al along the [010] direction.
Also, in this case an energy minimum of the empty
surface-state band is expected at this k parallel. In this
picture, the empty band needs to be mapped all along the
symmetry lines in order to fully assign the optical transi-
tions to precise points of the SBZ and, moreover, to
check if excitonic effects are present in the SDR spectra.

SUMMARY

We have performed angle-resolved photoemission and
surface differential reflectivity studies of Si(100):Sb-1X1
and Si(100):Sb-2X1 surfaces. For both surfaces, the
dispersion of one occupied surface-state band has been
determined along the high-symmetry lines in the surface
Brillouin zone. Both surfaces show a semiconducting
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behavior with a gap of 1.6 (1X1-Sb) and 1.4 eV (2X1-
Sb). A minimume-energy position at the Fermi level is de-
rived for the empty surface-state band. The comparison
at the annealing temperature of reflectivity at the initial
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time and at time ¢ introduces a method for studying the
dynamical behavior of annealing processes, which is of
importance for the study of reconstruction and relaxation
of surfaces.
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