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Abstract

X-ray standing waves generated by dynamical Bragg diffraction were used as an element-specific structural probe for
investigating Sb adsorption on Si(00 1). These high-resolution measurements of the Si(00 1)/Sb-(1 x 2) surface reveal
important quantitative structural information regarding the dimerized surface structures, such as Sb ad-dimer height, Sb
dimer bond length, Sb thermal vibration amplitude, and inward contraction of the Si surface.

1. Introduction

A thorough understanding of the atomic bonding,
surface reconstruction, and surface dynamics of group
V metals on Si(00 1) has been of continuing interest and
the subject of many recent experimental and theoretical
studies. Technologically, this is motivated by the import-
ance in improving the quality of III-V heteroepitaxy
[1-3] and interest in surfactant-mediated epitaxy, surface
passivation and delta-doping layers [4-7].

Previous experimental investigations of Sb adsorption
on Si(00 1) have applied a variety of techniques such as
low-energy electron diffraction (LEED) [8,9,10,11], re-
flection high-energy electron diffraction (RHEED)
[12,13], core level spectroscopy [12,13], scanning tun-
neling microscopy (STM) [8,9,13], surface extended X-
ray absorption fine stiucture (SEXAFS) [8], medium
energy ion scattering [11], transmission MeV ion chan-
neling [10] and X-ray standing waves (XSW) [14]. In
addition, the stability and structure have been calculated
using the first principles molecular cluster approach
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(DMol) [15] and a total-energy calculation within the
local-density approximation (LDA) [16]. It is generally
accepted that Sb absorption at 400°C saturates at a
coverage of nearly 1 monolayer (ML) (where 1 ML =
6.78 x 10'* atoms/em? for Si(00 1)) with Sb atoms form-
ing ad-dimers on top of nearly bulk-like Si. The well-
known Si (2 x 1) dimer reconstruction has been removed,
resulting in a Si(00 1)-Sb (1 x 2) symmetry. As the pen-
tavalent Sb atoms can form three bonds (and one lone-
pair orbital), and the tetravalent, top-layer Si atoms can
form four bonds, there are no dangling bonds, and the
surface is rather passive [5]. Unlike As, the saturation
coverage of Sb is somewhat less than a full monolayer,
ranging from 0.7 to 0.9 ML [11]. The breakup of the
rows of dimers by defects and the high density of anti-
phase domain boundaries imply a short coherence length
for the domains of dimerized Sb. This explains the dif-
fuseness and weakness of the half-order spots observed
with electron diffraction. Although these experiments
and calculations provided their own pieces of informa-
tion to the structure of the Si(001)/Sb-(1 x 2) surface,
these results are quantitatively far from agreement.
A thorough picture of the Sb adsorption geometry on
Si(00 1) has yet to be established.
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In this report, we present our recent XSW measure-
ments on the saturated Si(00 1)/Sb-(1 x 2) surface. We
have precisely measured the structure and bonding ge-
ometry for the Sb/Si(00 1) system. In addition, we have
also directly measured the thermal vibrations of the Sb
adatoms on the Si{(00 1) surface in the [00 1] direction.
This improves the uncertainty of the Sb dimer bond
length measurement over our previous XSW measure-
ment [14]. In combination with the results of the above-
mentioned SEXAFS measurement [8], we have experi-
mentally determined the Si surface relaxation upon Sb
adsorption. From the result of our experiment, we can
also speculate about a possible anisotropy in thermal
motion of the Sb adatoms.

2. XSW technique

Several years after its inception [17,18], the XSW
technique was developed into a powerful probe for deter-
mining the precise lattice location of adatoms on single-
crystal surfaces [19-22]. It combines the advantages of
X-ray diffraction, interference and fluorescence spectro-
scopy. Unlike conventional diffraction techniques, which
lose the phase information of the structure factor, the
XSW method measures both the amplitude and the
phase of the Fourier components. The XSW method is
also element-specific, has high precision (typically 1% of
the d-spacing) and does not require that the ad-layer
structure have long-range order.

Based on the von Laue and Ewald theory for dynam-
ical Bragg diffraction of an X-ray plane wave from a per-
fect single crystal (for a review, see Ref. [23]), the interfer-
ence of the coherently coupled incident and Bragg-dif-
fracted plane waves generates an XSW in Refs. [17,18],
and above [19] the crystal, with the XSW nodal planes
parallel to and having the same periodicity as the diffrac-
tion planes. The phase of the standing wave with respect
to the diffraction planes shifts by 180° as the Bragg angle
0 is scanned through the arc-second wide total reflection
region of the Darwin curve. This inward sweep of the
antinodal planes of the standing wave by one-half of the
d-spacing (d), results in a modulation in the photo-
electron, Auger, and fluorescent yields from any atoms
residing within the interference field. Thus, it can be
shown that the angular dependence of the normalized
fluorescence yield Y(6) from a spatial distribution of
a specific atomic species near the surface can be described
as

Y(0) = Yop {1 + R(8) + 2/ R(0) fy cos [v(0) — 2rP]},

(1

where R(0) is the reflectivity and v(6) is the relative phase
of the diffracted plane wave and Ygp i1s the off-Bragg
yield. The coherent fraction f; and coherent position
Py correspond to the amplitude and phase, respectively,
of the Hth Fourier component of the time-averaged spa-
tial distribution of the nuclei of the adatoms (projected
into a unit cell). H is the reciprocal lattice vector for the
(hkl) diffraction planes. Let us consider the situation
where N inequivalent ordered adsorption sites denoted
by ry. rs, ..., ryare occupied by a certain adatom species
with occupation fractions of Cy, C,, ..., Cy, respectively.
Then the coherent position can be written as

1 al
Py = 7—T[Arg [ Y G, exp(ZKiH-rn)}. 2)
= n=1

In simple terms, Py is a Ad/d fractional position (mod 1).
Based on the convolution theorem, the coherent fraction
can be written as the product of three factors [21]:

fu=Cagy Dy. (3)

The ordered fraction C=3" C, is the fraction of
adatoms occupying ordered adsorption sites. The geo-
metrical factor ay = 1/N[}.Y_ (C,/C)exp(2niH r,)| ac-
counts for multiple ordered sites. Dy is the Debye—Waller
factor which accounts for the thermal vibration. This
analysis is based on the dipole-approximation for photo-
electric effect which makes the fluorescence yield from
a certain adatom species proportional to the electric-field
intensity at the center of the adatom.

For the case of Sb adsorption on Si(001), the Sb
adatoms form symmetric (non-buckled) ad-dimers on
Si(00 1) and have two equally occupied unit cell positions
(see Fig. 1). Although there are (1 x 2) and (2 x 1) domains
on the Si(00 1) surface due to single atomic steps in which
ad-dimers are rotated 90° to each other, ad-dimers in
these two domains give identical positions when projec-
ted along the [00 1] or [02 2] directions based on simple
symmetry arguments. This is not true for the [111]
direction and that is why we chose a [02 2] rather than
a[111] XSW measurement to obtain in-plane structural
information, i.e., ad-dimer bond length. Therefore, we
used the (004) and (022) reflections and analyze the
problem in terms of a one-domain (1 x 2) structure. For
the (004) measurement, the coherent position is
Poos = W/dgos, where k' is the height of these adatoms
above the Si(004) bulk-like lattice plane. Thermal vibra-
tions smear the time-averaged spatial distribution of
these adatoms. If individual atoms have a symmetrical
time-averaged distribution about their mean position(s),
the relation between the (00 8) and (004) coherent posi-
tion is simply Pyog = h'/dgos = 2 Pooa. If the ad-dimer is
unbuckled (i.e., parallel to the Si(00 1) surface), the geo-
metrical factors in the [001] direction are unity
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Fig. 1. A side view of the Si(001)/Sb-(1 x 2) surface ad-dimer
model. The Si(004), (022) and (008) diffiraction planes are
represented by different sets of dashed lines. The solid line
represents the height of the relaxed Si(00 1) surface. &’ is the
ad-dimer height above the bulk-like Si(00 1) surface atomic
layer, Az is the inward relaxation of the top Si layer, and L is the
ad-dimer bond length. Note that the Sb ad-dimer bond does not
lie in the plane of the figure.

(@004 = aoog = 1). In the [0 2 2] direction the two adatom
positions have inequivalent projections (Fig. 1), so that
the geometrical factor ag,, = |cos(nl/2d,,,)|. where L is
the ad-dimer bond length. Therefore, the ad-dimer bond
length L can be determined as

L— Zdozzcos_l [ _.fi)zzDooAt}~ ()
T JooaDo22

The XSW experiment can also measure thermal vibra-
tional amplitudes of adatoms relative to the bulk lattice
by employing higher-order harmonic measurements
[21,24]. The Debye—Waller factor can be expressed in
terms of the adatom’s thermal vibration amplitude

\,<u;7i> as
Dy = exp( — 2n*Cugy/dp). (5)

Based on Egs. (3) and (5), if the ordered fraction (C)
remains constant during the combined (004) and (0038)

XSW measurements, the thermal vibrational amplitude
along the [00 1] direction can be determined from the
measured (004) and (00 8) coherent fractions as

—~—s— d ‘
iy = s fipfoos ©)
N4 6m Joos
The (004){008) XSW combination also determines the
ordered fraction (C) by the following equation:

- [f—} ™)

.f008

3. Experimental

The experiments were conducted at beamline X15A of
the National Synchrotron Light Source (NSLS) at
Brookhaven National Laboratory. The X15A ultrahigh
vacuum (UHYV) system (base pressure ~9 x 107! torr)
consists of four coupled chambers allowing sample intro-
duction, sample preparation (annealing, sputtering, MBE
growth) and characterization (LEED, AES and XSW).
The double-crystal monochromator at X15A produces
a monochromated and collimated incident X-ray (Fig. 2).
The X-ray beam is directed into the UHV chamber
through a Be window and is Bragg reflected by the
sample which is held by a UHV sample manipulator. The
intensity of the Bragg-reflected X-ray beam was meas-
ured by an in vacuo Si photodiode. The X-ray fluores-
cence yield is recorded by an energy dispersive solid-state
detector. In our experiments, a rocking curve about the
(hkl) Bragg condition was accomplished by scanning the
incident X-ray energy (using angular piezoelectric drives
on both monochromator crystals). This is equivalent to
scanning the angle of the sample substrate about the
Bragg angle 6, and the abscissas of the data are therefore
expressed as angular deflections. At each angular step,
the reflected X-ray intensity and fluorescence spectrum
were recorded simultaneously. The XSW technique as
well as the experimental arrangement at X15A have
recently been extensively reviewed by Zegenhagen [25].

To prepare a clean Si(00 1)-(2 x 1) surface, the sample
was first Syton-polished and chemically cleaned ex situ
using the Shiraki process [26]. It was mounted in
a strain-free manner on a molybdenum holder and was
introduced into the UHV system. After degassing the
sample in UHYV, the Shiraki oxide was thermally desor-
bed when the Si sample was flashed to 900°C for 10 min.
The sample was then cooled to room temperature (initial
cooling rate =2.0°C/s), resulting in a sharp, two-domain
(2x 1) LEED pattern. AES could detect no O and only
a small amount of C contamination (~0.03 ML).
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Fig. 2. A schematic drawing of the XSW experimental setup at X15A.

To prepare the saturated Si(001)/Sb-(1 x 2) surface,
=3 ML of Sb was deposited from an effusion cell over
10 min with the Si substrate held at 550 C. Since the
sticking coefficient for Sb adsorption goes to zero at
coverages near | ML [11], approximately 1 ML Sb was
adsorbed on the surface. The Sb-saturated surface was
further annealed for 5 min at 550°C, resulting in a two
domain (2 x 1) LEED pattern with slightly diffuse half-
order spots.

On the saturated Si(001)/Sb-(1 x 2) surface, we per-
formed XSW measurements using the Si(004),(022) and
(00 8) Bragg reflections. We used 6.23 keV X-rays for the
(004) measurement, 6.77 keV X-rays for the (022)
measurement, and 9.60 keV for the (00 8) measurement
(these energies are above the Sb L absorption edges). To
do the (022) measurement, the sample had to be tilted
45" from the [00 1] direction (which is the surface nor-
mal) towards the [010] direction. To do the (008)
measurement, an Al foil was placed between the mono-
chromator and the sample to attenuate the coexisting
4.8 keV incident photons from the (00 4) reflection to less
than 1%. To double check the stability of the surface, we
then took another (004) XSW measurement immediately
after the (008) measurement. The (004), (008) and
(002) XSW results are shown in Fig. 3(a). (b) and (c),
respectively.
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Etrance
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NSLS
X15A

Double-Crystal
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White X-ray
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\

4, Results and discussion

The coherent fractions (fyo4.fo22,foos) and coherent
positions (Poga, Poa2, Poog) shown in Fig. 3 (a) —(c) are
determined by y? fits of Eq. (1) to the Sb L fluorescence
data. The measured value of Pyp4 = 1.21 4 0.01 indicates
that the Sb ad-dimer height h' = Poosdoos = 1.64
0.02 A above the Si(004) bulk-like atomic planes. In
a SEXAFS experiment, Richter et al. [8] measured the
bond lengths for this surface system, finding a Sb-Si
bond length of 2.63 + 0.04 A and a Sb-Sb bond length of
2.88 +0.03 A. Assuming a symmetric dimer geometry,
the SEXAFS values imply that the Sb ad-dimer resides
1.74 + 0.05 A above the surface Si plane. Therefore, we
can combine the XSW and SEXAFS results to conclude
that at room temperature the top layer Si atoms on the
saturated Si(00 1)/Sb-(1 x 2) surface are relaxed inward
by 0.10 +£0.05 A.

The Si surface relaxation for this surface system was
also measured to be 0.09 £0.07 A by an ion channeling
method [10] and was predicted by the DMol calculation
of Tang et al. [15] to be 0.05 £0.05 A. the XSW-
SEXAFS result is also consistent with the pseudo-poten-
tial calculation [27] of the relaxation of the As-termin-
ated Si(00 1) surface (0.09 A), which should exhibit a re-
laxation comparable to the present case.
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Fig. 3. Experimental data (dots) and theoretical curves (solid
lines) for the normalized Sb L fluorescence yield and Si reflectiv-
ity (R) versus Bragg reflection angle 0 for: (a) the Si(00 4) reflec-
tion, (b) the Si(0 2 2) reflection and (c) the Si(0 0 8) reflection from
a saturated Si(001)/Sb-(1 x 2) surface.

As shown in Eq. (6), the thermal vibrational amplitude
can be determined from fyo4 and foog if the ordered
fraction C is constant. We obtained the same fyq4 and
P04 values for the (00 4) scans taken before and after the

(00 8) measurement. This indicates that the surface struc-
ture and the ordering are very stable over a long period
of time (~ 30 h) taken by the combined (004) and (008)
measurements. With measured coherent fractions foo4 =
0.73 +£0.02 and fy0s = 0.33 +0.03 and using Eq. (6), we
found that the thermal vibrational amplitude of the Sb
adatom in the [00 1] direction at room temperature is
0.156 + 0.01 A. From Eq. (7), the corresponding Sb or-
dered fraction was C = 0.95 for this surface preparation.
This indicates that 95% of the Sb adsorbed on the Si
surface is forming ad-dimers and the saturated Si(0 0 1)/Sb-
(1 x 2) surface is highly ordered, similar to what has been
found for other group V elements adsorption on Si(00 1)
[28,29]. __

We can compare our measured Sb \/<u801> value with
other measured and calculated values of \/@; for the
clean Si surface [30], and the As [28], Ga [24] and Bi
[31] adsorbed Si surfaces (see Table 1).

To describe the geometry of symmetric Sb dimers,
another piece of information that we need to specify is the
Sb-Sb bond length L. As shown before, we can determine
this quantity using Egs. (3) and (4), if we know the De-
bye—Waller factor for the Sb adatoms along both [00 1]
and [011] direction. In this experiment, we directly
measured the Sb V/% along the [001] direction.
However, we do not have any direct measurement for the
thermal vibration amplitude along the [0 1 1] direction.
Therefore, we will start by assuming that the thermal
vibration amplitude of Sb on the Si(00 1)/Sb-(1 x 2) sur-
face at room temperature is isotropic. This is consistent
with calculations for the clean Si(00 1) surface [32], and
XSW measurements of the As/Si(00 1) surface [28]. Us-
ing our measured /{uf)> value, the Debye-Waller fac-
tors are Dggqs = 0.77 £0.03 and Dy,, = 0.88 +0.02. Eq.
(4) then leads directly to A value of the Sb— Sb bond
length of L =2.75 +£0.06 A.

In Table 2, we compare the structural parameters
derived in this study under the assumption of symmetric
dimers with previous theoretical and experimental stud-
ies of this surface system. Both experiments and calcu-
lations agree with each other on the Sb ad-dimer height
and the top Si layer relaxation but disagree on the Sb
dimer bond length. Our measured Sb dimer bond length
value is in good agreement with that determined by ion
channeling [10] and is also consistent with the Sb-Sb
covalent bond length of 2.72 A. Our value for the bond
length L, however, is shorter than the value measured by
SEXAFS [8], computed by the DMol calculation [15]
and LDA calculation [16].

The above calculation of the Sb dimer bond length
from the XSW measured values is based on the structural
model which assumes that the Sb dimers are centered
with respect to the underlying substrate and parallel to
the surface. However, it was recently reported that on the
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Table 1

Measured and calculated thermal vibration amplitudes \/{u3> at room temperature

Bulk Si on Sion
Si® Si(111)° Si(00 1)°

Sb on As on Ga on Bion
Si(001) Si(00 1)¢ Si(00 1) Si(00 1)

—_—

NECTYS (/o\) 0.075 0.120 0.107

0.156 0.14 0.135 0.130

aRef. [34].
b-cRef. [30].
dRef, [28].
“Ref. [24].
TRef. [31].

Table 2

Theoretical and experimental values of structural dimensions for the saturated Si(00 1)/Sb-(1 x 2)surface.
L is the Sb ad-dimer bond length. h and " are the height of the Sb ad-dimer relative to the relaxed and
unrelaxed Si(00 1) surface atomic planes, respectively. Az represents the inward relaxation of the top layer

Si001) atoms. See Fig. 1

Theory Experiment
DMol? LDA® Ton Chanl.® SEXAFS! Present XSW
L(.{\) 293 +0.05 2.96 28 + 0.1 2.88 +0.03 2.75 + 0.06
h (Ao) 1.73 1.70 1.74 + 0.05
h (A) . 1.68 1.63 + 0.07 1.64 +0.02
z=h—h(A) 0.05 £ 0.05 0.09 + 0.07 0.10 +£ 0.05
“Ref. [15].
"Ref. [16].
“Ref. [10].
IRef. [8].

Ge(00 1)/Sb-(1 x 2) surface the mid-point of the Sb dimer
was shifted along the bond direction by 0.16 A [33]. Our
value of bond length of L = 2.75 +0.06 A has been cal-
culated assuming no such shift. Additional Fourier com-
ponents (e.g. (044) and (066)) are needed to uniquely
determine whether the Sb ad-dimer is laterally shifted or
not. Although it is not possible for us to conclude on the
basis of the present data alone, we favor the symmetric-
dimers model (i.., no shift), based on its simplicity and on
chemical bonding considerations.

The discrepancy between our XSW measured Sb-Sb
bond length and results from SEXAFS measurement and
calculations does not fall into the range of the experi-
mental uncertainty. In our study, the Sb dimer bond
length is determined from the f,,, measured value by
assuming that the Sb thermal vibration is isotropic.
However, if we assumed that the Sb bond length was
2.88 +0.04 A as measured by SEXAFS, the fy,, XSW
value would imply an Sb thermal vibration amplitude of
0.22 + 0.04 A along the [0 1 1] direction at room temper-
ature. Whether, or not, there exists such a large anisot-
ropy for the Sb thermal motion at RT will be the focus of

future and off-normal higher-order harmonic XSW
measurements (e.g. using Si(044) and (066) reflections
may resolve this issue).

5. Conclusions

We have measured the structure of Sb adsorption on
the Si(00 1) surface using the XSW technique. We find
that Sb atoms occur as symmetric dimers whose centers
are located 1.64 +£0.02 A above the bulk-like Si lattice
plane with the Sb dimer bond length of 2.75 +£0.06 A.
Combined with previous SEXAFS measurements of the
Sb-Si and Sb-Sb bond lengths, this implies an inward
relaxation of the surface Si plane by 0.10 £0.05 A. Em-
ploying the higher-order harmonic measurement, the Sb
room temperature thermal vibrational amplitude is de-
termined experimentally to be 0.156 +0.01 A. Our meas-
urements will be important in establishing a structural
baseline for our upcoming experiments using Sb during
surfactant mediated epitaxy, as well as for a stringent test
of predictive theoretical calculations.
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