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High-resolution structural study of Bi on Si(001)
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X-ray standing-wave measurements, along with first-principles local-density molecular-cluster calculations,
have determined the Bi-dimer orientation, location, and bond length for the Si(001)-(1X2):Bi surface. The
results for Bi directly scale with the covalent radii and with adsorption characteristics of other group-V

elements (As and Sb) on Si(001).

The interaction of group-V adsorbates such as Sb and As
with Si crystal surfaces has been the subject of both techno-
logical and fundamental surface science research in recent
years.'™” Important benefits gleaned from this research in-
clude an improvement of the quality of ITI-V-compound ep-
itaxial growth, delta doping, passivation, and surfactant-
mediated growth of Ge overlayers on Si substrates.>~*® In
contrast, very little work has focused on bismuth, the heavi-
est of the group-V elements.''~6 Low-energy electron-
diffraction (LEED) studies initially suggested that Bi ad-
sorbs, at room temperature, as a disordered (1X1) array
without breaking the underlying Si (2X1) reconstruction.*?
Recently, however, scanning tunneling microscopy (STM),
LEED, and theoretical studies have indicated the existence of
a Bi-dimer equilibrium structure which, at higher tempera-
tures (>200 °C), produces (nX2) surface structures for
coverages under a monolayer (1 ML)=6.8x10%
atoms/cmz).”"m’16 Here, mainly (1X2) and (2X2) recon-
structed surfaces are observed. There is no consensus on the
phase diagram of these structures, with (1X2), (2X2), and
(nX2) occurring at various coverages and temperatures, but
the basic building block seems to be the Bi dimer. Figure 1
shows two possible orientations (i.e., (a) perpendicular and
(b) parallel to the [110] direction) for the Bi dimer sitting
above the assumed bulklike Si(001) surface. This is also the
direction for the clean Si(001) surface (2X1) dimer bond.
The perpendicular Bi-dimer orientation is similar to that
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found for Sb, where the dimers partially relieve the strain
energy inherent in the buckled Si(001) clean-surface
dimers.'”'® In addition, missing rows and antiphase bound-
aries, seen in STM topographs of both Sb and Bi on Si(001),
also act to lower this strain energy.”'31618

This combined x-ray standing-wave (XSW) and first-
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FIG. 1. Schematic drawing of two Bi-dimer structures on the
Si(001) surface. Centered over the hollow sites are models for (a)
the perpendicular dimer and (b) the parallel dimer.
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principles local-density molecular-cluster (DMol) study fo-
cuses on samples that have been prepared at high tempera-
ture. From the x-ray standing-wave results the Bi-dimer bond
length (L) and height (k') relative to the underlying bulk Si
lattice for the (nX2) structures have been determined. In
addition, from the DMol calculations, it was found that the
Bi dimers align perpendicular to the clean-surface Si-dimer
direction. These results, scaled to the appropriate atomic
sizes, are similar to previous XSW work performed on the
Si(001)-(1X2) reconstructed surfaces of the other group-V
elements, As (Ref. 1) and Sb.%

The x-ray standing-wave experiments were performed at
the X15A beamline at the National Synchrotron Light Source
at Brookhaven National Laboratory. Polished and Shiraki-
etched Si(001) samples were inserted into our ultrahigh-
vacuum (UHV) system, with a base pressure of 1.1X 1078
Pa. Each sample was flashed at 925 °C to remove the thin
protective oxide layer. After cooling, LEED examination
showed a two-domain (2X 1) pattern characteristic of a clean
Si(001) surface. Auger-electron spectroscopy found the
sample to be free of carbon and oxygen. Approximately 3
ML (as determined from a quartz-crystal microbalance) of Bi
were deposited from a degassed effusion cell onto a sample
that was held at 400 °C. The sample was then annealed for
15 min at 500 °C to desorb excess Bi and enhance the inter-
facial order. From a separate calibrated Auger experiment,
the saturation coverage was estimated to be about 0.7 ML. At
~50 °C above this temperature, Auger determined that all of
the Bi had desorbed from the Si surface. Our procedure re-
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FIG. 2. The room-temperature measured (004) and (022) reflec-
tivities (open squares) and the corresponding Bi L« normalized
fluorescence yields (open circles) for the saturation coverage of
Bi/Si(001). The solid lines are best fits to the data using dynamical
diffraction theory. The coherent position (P) and coherent fraction
(F) are the two independent fitting parameters.
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producibly produced a two-domain (1X2) LEED pattern
with fainter, smeared nth-ordered spots, similar to those re-
ported previously."

The x-ray measurements were performed at an incident
energy of 18.0 keV for both the Si(004) and Si(022) refiec-
tions while the sample was at room temperature. Whenever a
new sample was prepared, standing-wave measurements
were immediately recorded for both of these reflections. Fig-
ure 2 shows the measured (004) and (022) reflectivities as
open squares and the corresponding Bi L & normalized fluo-
rescence yields as open circles. The solid lines are the best
fits calculated using dynamical diffraction theory. The two
independent fitting parameters for each reflection, Py and
fu, are called the coherent position and coherent fraction,
respectively. These parameters are the amplitude (fy) and
phase (Py) of the Hth Fourier coefficient for the
fluorescence-selected atom distribution. For a review of the
XSW procedure and analysis, see Ref. 19.

The XSW coherent positions and coherent fractions for
the (004) and (022) scans are Pgy=1.27%0.01,
f004=0.7910.02, P022= 1.15 10.01, and f022=0.66
+0.02. These values (within uncertainty) were also repro-
ducibly found for coverages as low as 0.07 ML. From Fig. 3
we can see the relevant geometry where the Si bulk and
surface atoms (open and gray-shaded circles) and the Bi at-
oms (filled circles) are shown in a projected view. The mea-
sured height above the top Si(004) bulklike atomic plane is
then A’ = Pgydope=1.73+0.01 A. If we assume that the Bi
dimers were centered above one of the hollow sites (see Figs.
1 and 3), then it can easily be proven that Py,
=(1+ Pgq)/2. Our measured values for the coherent posi-
tions agree with this assumption. It should be noted that,
from the point of view of the standing wave, both Bi-dimer
domains on the Si(001) surface are identical.

In a general XSW analysis, the measured coherent frac-
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FIG. 3. Side view of the projected Bi dimer (filled circles), with
bond length L, sitting atop surface and bulk Si atoms (gray-shaded
and open circles). The size of the circles are indicative of the dif-
ferent Si layers going into the page and away from the viewer.
Shown are the relevant lattice spacings 4 for the (004) and (022)
reflections.
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TABLE I. The covalent radii, dimer bond lengths (L), and dimer
positions (2') above the top, unrelaxed Si(001) atomic plane are
directly compared for various group-V elements. The bond lengths
and positions were taken from previous XSW measurements for an
accurate comparison.

Element Covalent radii (&) L (A) A
As (Ref. 1) 1.20 2.58+0.04 1.40%+0.01
Sb (Ref. 6) 1.40 2.81+0.09 = 1.64x0.02
Bi 1.46 2.94+0.06

tion fg=CagxgDy, where C (ordered fraction), ay (geometri-
cal factor), and Dy (Debye-Waller factor) are the three con-
tributing factors. We have used the simplifying assumption
that, for a given H direction (with spacing d), (u?) is iso-
tropic for each atom in the wunit cell so that
Dy=exp(—27*(u?)/d?). Since agyy=1 for perfectly sym-
metric Bi dimers and f9,=0.79, then CD4=0.79. From
STM studies>!® it seems clear that the Bi dimerized surface
has many antiphase domains and missing-row defects. How-
ever, most Bi atoms seem to form ordered symmetric dimers
within the long-range (nX2) order and therefore we assume
C=1. We note that STM images of Sb/Si(001) also shcw
very similar highly ordered symmetric dimers amid an-
tiphase domains and missing-row defects.”'® We thus obtain,
from Dggq, a room-temperature root-mean-square thermal
displacement, (u2,,)=0.15 A. We emphasize that we were
able to get excellent fits (see Fig. 2) that required no inclu-
sion of disorder. This thermal amplitude is close to 0.14 A, a
value established for As (Ref. 1) and Ga (Ref. 20) adsorbed
dimers on the Si(001) surface.

In a similar analysis to that presented for the As,! Sb,°
Ge,2! and Ga (Ref. 22) dimers on Si(001), we determined
from agy, the Bi-dimer bond length L. =2.94+0.06 A. In the
calculation for the bond length’ we assumed C=1 and

V{udy=\u2y)=0.15 A (including a reasonable uncer-
tainty estimate of =0.02 A). This result is very close to the
sum of two Bi covalent radii (2.92 A). In Table I we have
compared our values for the dimer bond length and position
to other XSW results for As and Sb dimerized Si(001) sur-
faces. As can be seen from the table, there is an excellent
correlation between the covalent radii of these elements and
their dimer bond lengths and positions above the ideal
Si(001) surface. This is compelling evidence, indicating that,
despite differing amounts of induced surface strain, the fun-
damental bonding mechanisms are the same between differ-
ent group-V elements and the Si(001) surface.

Total-energy and atomic-force calculations®?* were per-
formed using the DMol molecular-cluster approach to solve
the local-density equations with the Hedin-Lundqvist
exchange-correlation potential.”® Cluster models ranging
from 33 to 85 atoms were chosen to simulate the adsorption
sites in question. The frozen-core approximation was made
for Si and Bi except that the semicore Bi 5d electrons were
treated fully in the self-consistent iterations. An extended
double basis set was chosen for the Si and Bi atoms that
contains a double set of valence functions plus a single po-
larization function.

A previous theoretical study'* showed that Si dimers on

Si{001)-(2X 1) were broken, and the Si(001)-(1X 1) struc-
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TABLE II. The calculated adsorption energy E .4, (in eV/atom),
the Bi-Bi bond length Ly g; (in A), and the Bi-dimer height & (in
A), above the Si(001) for the perpendicular and parallel dimer mod-
els displayed in Fig. 1 without Si substrate relaxation.

- Perpendicular Parallel

- : - dimer dimer

E ygsor (€V) —5.39 7 —4.07

Lpig (A) 3.21 4.60
_hA) 188

186

ture recovered, as a result of Bi adsorption at high coverage.
Thus we only considered Bi adsorption on the Si(001) ideal
surface and studied the two Bi-dimer adsorption configura-
tions shown in Fig. 1. The mass center of the two dimers is at
the fourfold hollow site with one having the dimer bond
perpendicular and one parallel to the [110] direction. This is
the Si-dimer bond direction in the Si(001)-(2X1) recon-
structed surface. Without considering the Si substrate relax-
ation, we initially optimized the Bi-dimer bond length and
height above the Si surface using a 33-atom cluster.?
These results are presented in Table II, along with the
adsorption energies calculated by subtracting the binding en-
ergy of the cluster without Bi from the binding energy of the
cluster with Bi. The lower the adsorption energy (i.e., larger
negative number), the more stable the adsorption system.
From Table II, the parallel dimer model can be ruled out
based on the following facts: (1) the parallel dimer has a
higher adsorption energy than the perpendicular dimer, and
(2) the sum of two Bi covalent radii (2.92 A) is much closer
to the perpendicular dimer bond length (3.21 A) than to the
parallel dimer bond length (4.60 A). ‘
With this structure as a starting point, a more realistic
simulation, including relaxation of the Si lattice, was carried
out, An 85-atom cluster consisting of five layers of Si (see
Fig. 4) was allowed to relax. Si atoms up to the third layer
were relaxed during which time the Bi dimer was kept sym-

FIG. 4. Bi,SiyHyg cluster models used in the calculation to
simulate the symmetric Bi-dimer structure on Si(001). The H atoms

are not shown in the figure.
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TABLE III. Optimized structural parameters for the Bi perpen-
dicular dimer on Si(001): L ; 5; and L g; ; stand for the bond length
of the Bi dimer and Bi-Si, respectively; &' is the Bi-dimer height
relative to the unrelaxed Si{001) surface plane; Az represents the
amplitude of inward relaxation of the first-layer Si atoms.

DMol XSW
JANEN) 1.80 1.73%0.01
Lyim A) 316 . _ 294006
Lys (A) 2.68

Az A) 0.05 -

metric. The results for the final optimized structure are listed
in Table III along with our XSW measurements. It can be
seen from the table that the calculated height of the Bi dimer
and the Bi-Bi dimer bond length are in reasonable agreement
with the experimental results. This confirms the validity of
the perpendicular dimer structure predicted by the DMol cal-
culations.

In addition to Table I, the theoretical results also suggest
that Bi has a very similar behavior to other group-V metals
(As and Sb) adsorbed on Si(001).2 For example, they each
adsorb in dimer form and with a dimer bond direction per-
pendicular to the Si-dimer bond on the clean Si(001)-
(2X1) surface. The theoretical Bi-induced Si first-layer in-
ward relaxation (0.05 A) is the same as that for Sb/Si(001),2”
but slightly larger than that for As/Si(001) (0.03 A).%’ How-
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ever, because of the larger atomic size of Bi as compared
with As, Bi atoms (like Sb) could induce larger stresses/
strains on Si(001) and hence result in more defects or miss-
ing dimers, etc., on the surface. This was shown to be true in
our experiment where the Bi-saturation coverage is only
around 0.7 ML. The Sb- and As-saturation coverages are
about 0.6—-0.9 ML (Refs. 7 and 18) and 1 ML, respectively.
~ We have performed room-temperature XSW measure-
ments on the Bi-saturated Si(001) surface and found that the
Bi dimers are located 1.73+0.01 A above the Si(004) bulk-
extrapolated atomic plane and have a bond length of
2.94+0.06 A. Local-density calculations are in reasonable
agreement with our experimental results and predict that the
Bi dimers are oriented perpendicular to the Si-dimer bond
direction on the Si(001)-(2X 1) reconstructed surface. Fi-
nally, the results for Bi are similar to those for As and Sb and
directly scale with their covalent radii. -
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