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In-plane structure of an arsenic-adsorbed Si„001… surface probed with grazing-angle
x-ray standing waves
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The grazing-angle x-ray standing-wave technique has been employed for in-plane structure determination of
an arsenic-deposited Si~001! surface with 132 and 231 domains. Experimental data were collected using the
~220!, (2̄20), and ~040! Bragg planes nearly perpendicular to the surface under UHV conditions. Three
arsenic-emission profiles were fit by calculations based on the x-ray dynamical theory for perfect crystals. The
data analysis allows us to limit the possible ranges of an As-As dimer bond lengthL, an in-plane root
mean-square thermal vibrational amplitudeA^ui

2&, and the two domain fractions,M1 andM2 . The ranges of
the structural parameters, such asL and A^ui

2&, are consistent with other works. In particular,L and a
two-domain area ratioM2 /M1 are restricted within the narrow ranges from 2.57 to 2.52 Å, and from 1.35 to
1.29, respectively. Assuming domains are perfectly ordered, it is found thatL52.5260.05 Å, A^ui

2&50.22
60.07 Å, M150.4460.07, andM250.5660.07. @S0163-1829~99!03747-9#
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Papers reporting on As on Si~001! surface structures ar
classified into two groups: papers focused on step struct
and papers describing atomic structures such as a b
length and atomic positions. The step structures of
Si~001! have been investigated and understood using s
ning tunneling microscopy1–4 ~STM! and theoretical
calculations.5 They are strongly related to the step structu
of a clean Si~001!, which have been investigate
experimentally6–8 and theoretically.9–12 The Si surfaces with
small misorientations, which need dimers to reduce the n
ber of dangling bonds, show both 132 and 231 domains of
the reconstructed surfaces. These domains are separat
single-layer height steps. The surfaces with large misor
tations include domains having mainly double-layer hei
steps. Four distinct types of steps,SA , SB , DA , andDB are
defined by Chadi.10 The subscriptsA and B indicate that the
direction of dimer bonds on an upper terrace is norm
(SA ,DA) or parallel (SB ,DB) to the step edge.S and D
stand for a single-height step and a double-height step.

The step structures of As/Si~001! also depend on substra
misorientation and substrate temperature during As dep
tion. The results by Becker, Klitsner, and Vickers1 show a
nearly single domain surface consisting ofDB . This indi-
cates that As dimers substitute Si dimers. Bringans, B
gelsen, and Swartz3 prepared samples with a 4° misorient
tion using different sequences and conditions. Their lo
energy electron diffraction~LEED! results showed tha
intensity ratios of the 231 to the 132 spots were very
sensitive to the substrate temperature during As deposi
In addition, it was found that the intensity ratios changed
a function of time when the substrate temperature and
pressure were raised. Ide4 reported the variation of the ste
structures with a 1° vicinal surface. His STM results show
arsenic-deposited surfaces changed their step structure
pending on the substrate temperature and the As covera

X-ray measurements13–15 revealed the atomic structure o
As/Si~001!. Zegenhagenet al.13 registered a location for the
PRB 600163-1829/99/60~23!/15546~4!/$15.00
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vertical position of arsenic atoms relevant to the~004! Bragg
planes using x-ray standing waves~XSW! in air. Franklin
et al.15 reported an arsenic dimer height and a bond len
using XSW for the 004 and 022 reflections in a UHV co
dition. Their results showed an As-dimer bond length as w
as thermal vibration amplitudes of As perpendicular to
spective Bragg planes, but not parallel to the surface.
x-ray surface diffraction measurements by Jedrecyet al.14

determined the As dimer bond length, the second laye
displacement and the thermal vibration amplitude.

In this paper, we used grazing-angle standing waves16–19

~GAXSW! to simultaneously determine the As-dimer bo
length, the in-plane thermal vibrational amplitude which w
not directly determined in Ref. 15, and the domain ratios
the 132 and 231 domains of Si~001!:As. GAXSW were
chosen instead of conventional XSW due to the fact that
former are more sensitive to the in-plane structure of cry
surfaces. This is because, in the grazing-angle geometry
standing wave is phase-shifted in the nearly in-pla
reciprocal-lattice vectorh direction.

We consider an arsenic-adsorbed surface that is comp
of ordered 132 and 231 domains with their area fractions
M1 andM2 , respectively. It is assumed that more than tw
domains exist on the surface and are classified to 132 or
231 domains. In addition, we assume that there could e
randomly distributed atoms on the surface.Mi is propor-
tional to the sum of the terrace areas which belong to 132
or 231 domains. For a surface withSA , SB , DA , andDB ,
we would expect that As dimers are located both exactly
the substrate~220! atomic planes, as well as well-define
distancesl and 12 l away from the atomic planes~Fig. 1!.
Here, l is the distance normalized by the substrate-latt
spacingd220 and d040. The As-As bond lengthL, is thus
equal to 2ld220, and As atoms sit on distancesl and 12 l
from the substrate~040! planes using the same parameterl. It
is noted that the bond lengthL, is independent of a surfac
15 546 ©1999 The American Physical Society
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miscut angle sincel is defined by crystallographic plane
s. As dimers on different domains should have the sa
bond length because As atoms are microscopically on
~001! planes.

X-rays with an amplitude of«0 are incident on the sampl
at a glancing anglef0 , and also satisfy the Bragg conditio
on lattice planes nearly perpendicular to the surface. W
f0 is close to the critical angle for total external reflectio
specular x-rays with a complex amplitude of«s , and dif-
fracted x-rays with a complex amplitude«h emerge out of
the surface atf0 andfh , respectively.«0 , «s , and«h co-
herently form an x-ray field on the surface, the intensity
which modulates in the direction of theh vector. Thus a tilt
angle r betweenh and the surface must be smaller th
several degrees when the GAXSW method is employed
determination of an in-plane structure of a surface. An em
sion yield from adsorbed atoms is proportional to the x-
field intensity. The yieldRf in grazing-angle geometry ha
been expressed in Refs. 17, 18, and 19. In particular, fo
adsorbate system involving atoms in symmetry-related s
as follows20

Rf5A1h iG sin~b1c1d!, ~1!

where

A5uE01Es exp~ ia !exp~ i4pKf0Z!u21u«hu2, ~2!

c5H 2pK~f02fh!Z for real fh

2pKf0Z for imaginary fh ,
~3!

d5tan21H E01Es cos~a14pKf0Z!

Es sin~a14pKf0Z! J , ~4!

and

G52u«huuE01«s exp~ i4pKf0Z!u. ~5!

E0 andEs are the real positive amplitudes of«0 and«s ,
respectively. The phasesa andb stand for the phases for«s
and«h , respectively. K is the wave number of x-rays use
and the emission atoms are located at a surface-norma
sition Z. Theh i ’s depend on the reflections as follows,

FIG. 1. Arsenic-atoms sitting in symmetry-related sites with
spect to the~220! and ~040! atomic planes of a substrate with i

surface normal 4° off the~001! toward the@ 1̄10# direction. Drawn
for our sample.A 231 dimer is shifted by integral number of th
~220! spacing.
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h15@M11M2 cos$2p~12 l !%#p21

for the 220 reflection, ~6!

h25@M21M1 cos$2p~12 l !%#p21

for the 2̄20 reflection, ~7!

h35~M11M2!cos$2p~12 l !%p22

for the 040 reflection, ~8!

wherep5exp(2p2^ui
2&/d220

2 ) andp21 is a Debye-Waller fac-
tor. A^ui

2& is the root mean-square thermal vibrational a
plitude for the 220 reflection. We assume that the therm
vibrational amplitude is isotropic in the~001! planes. The
subscripti means an in-plane component of the thermal
brational amplitude. If̂ ui

2& is known,

l 512
1

2p
cos21H h3p2

~h11h2!p2h3p2J . ~9!

If l is known,

A^ui
2&5F d220

2

2p2 lnH ~h11h2!cos~2p l !

h3ˆ11cos~2p l !‰ J G1/2

. ~10!

If neither ^ui
2& nor l are known, a relation between^ui

2& and
l can be obtained from data. The area fractions are also
pressed usingh i ’s andp,

M15p~h12gh2!/~12g2!, ~11!

M25p~h22gh1!/~12g2!. ~12!

Here,g5h3p2/$(h11h2)p2h3p2%.
The sample surface was cut 4° away from the~001! plane

toward the @ 1̄10# axis.21 The Shiraki-etched surface wa
cleaned by heating 3 times at a temperature of about 100
for a few minutes in a UHV environment (;1027 Pa!. The
substrate temperature reached about 580 °C and was ke
this temperature during arsenic deposition. This deposi
was done using an outgassed Knudsen cell operated at a
300 °C. The vapor pressure of As was;1023 Pa. The
sample was annealed at about 350 °C for more than 3 mi
remove any loosely bound As on the surface. After this p
cess, LEED patterns showed stronger 231 spots than 132
spots.

The sample transfer technique and the horizontal sca
ing geometry used in the x-ray measurements at the Pho
Factory synchrotron-radiation source, Japan, were simila
those of the previous experiment.19 The pressure of a UHV
chamber22 used for the x-ray measurements was maintain
at better than 1027 Pa during sample transportation and i
troduction, and 1028 Pa during the 3 days of our measur
ments. Measurements were performed at the 14B vert
wiggler. X-rays of 17.0 keV photon energy were extract
with a double-crystal beamline silicon monochromator.
Si~220! monochromator with a symmetric reflection wa
used in the beamline hutch. We used the~220!, (2̄20), and
~040! planes nearly perpendicular to the surface. The
anglesr’s were 0.0, 4.0, and 2.83° for the~220!, (2̄20), and
~040! planes, respectively, and had errors of 0.02°. We
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cordedK fluorescence emission from As atoms with an e
ergy of 10.54 keV using a germanium detector. Simu
neously we collected specular intensities and diffrac
intensities using Na~I! detectors. A typical arsenic-emissio
intensity was 650 counts for an acquisition time of 500 s
the 220 reflection atf052.50 mrad for a 1 mm315 mm ir-
radiated area on the sample.

Figure 2 shows the experimental data together with
fitted curve. These calculations include an experimental re
lution function, which has two divergence angles,df0 for
the glancing angle anddu for the lattice planes considered
We useddf050.4 mrad anddu511.5mrad for the 220 re-
flection, df050.2 mrad anddu511.5mrad for the 2̄20 re-
flection, anddf050.4 mrad anddu538.5mrad for the 040
reflection. Differentdf0 values indicate that the sample h
anisotropic curvature. The calculations also take into acco
the miscut angler as well.

Experimental-specular data are in quite good agreem
with the calculations on the basis of the x-ray dynami
theory for perfect crystals, while experimental-diffractio
curves are not in very good agreement with such calc
tions. The experimental-diffraction curves imply that crys
lattices in surface layers of the substrate may be bent. Th
distortions could be induced by a thermal-cleaning proce

Z is not a fitting value since GAXSW are not sensitive19

to a Z position close to 0 Å. This is due to the long
wavelength modulation of a GAXSW field in the perpe
dicular direction induced by total-external reflection. Pu

FIG. 2. Symbols represent experimental data and lines s
calculations including an experimental resolution function: arse
emission yields~d!, specular reflectivities~s!, and diffracted re-
flectivities ~1!. The reflections and the glancing angles used
indicated. The critical angle of total external reflection is 1.8 mr
-
-
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lished Z values are21.43 ~Ref. 13!, 21.40 ~Refs. 15 and
23!, 21.37 ~Ref. 24!, 21.32 ~Ref. 25! Å. To check the de-
pendence of fitting parameter~h! on Z, we tried to fit the As
emission yields with calculations using Eqs.~1!, ~6!, ~7!, and
~8! for the four Z values. We obtained the identicalh i ’s
values for the fourZ values within the estimated standa
deviations: h150.1060.05, h250.2560.05, and h3
520.3260.07.

If we assumeA^ui
2&50.17 ~Ref. 14! Å, thenL, M1 , and

M2 calculated using Eqs.~9!, ~11!, and ~12! are 2.54
60.04 Å, 0.3660.07, and 0.4860.08, respectively. If we
assumeL52.55 ~Ref. 14! Å, then A^ui

2&50.1560.07 Å,
M150.3560.07, andM250.4660.08 from Eqs.~10!, ~11!,
and ~12!.

Figure 3~a! shows theM1 andM2 dependence onA^ui
2&

calculated from Eqs.~11! and ~12!. M1 and M2 increase
from 0.28 to 0.43 and from 0.39 to 0.56, respectively, w
A^ui

2&. They are sensitive toA^ui
2&. The fraction of ran-

domly distributed atoms, 12M12M2 , which should be
positive, allows us to limit a range ofA^ui

2&. AccordinglyL
and M2 /M1 vary between 2.57 and 2.52 Å and 1.35 a
1.29, respectively@Fig. 3~b!#. From these results, it is foun
that L and M2 /M1 do not strongly depend on the therm
vibrational amplitude. This indicates that we were able
determine the As-dimer bond length and the area ratio.
attained L is consistent with those of other works, b
calculations;24 by the combination of calculations and use
the angle-resolved photoelectron spectroscopy25 as well as
the results of x-ray measurements.14,15 If a relative intensity
ratio of 231 spots to 132 spots in LEED results is equiva
lent to the domain ratio, ourM2 /M1 ratio is different from
the value as obtained by Bringans, Biegelsen and Swa3

~they measured about 8!. The difference might be ascribed t
the slight difference of temperature in the thermal-clean
process and the arsenic-deposition process since they sh

w
-

e
.

FIG. 3. Area fractions,M1 , M2 , and 12M12M2 dependence
on the in-plane root mean-square thermal vibrational amplit
A^ui

2& ~a!. As-As dimer bond lengthL and area ratioM2 /M1 as a
function ofA^ui

2& ~b!.
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that the intensity ratio is sensitive to the substrate tempe
ture. The x-ray irradiated area on the sample was mu
larger than the area observed by LEED. This also impl
that the domain ratios may not be identical over the x-r
irradiated area and ourM2 /M1 is the average value of the
domain ratio over the area.

From a previous STM study,1 it seems clear that the
dimerized surface is highly ordered and thus we assume
ordered fraction is equal to 1(M11M251). This assump-
tion was also used to determine the thermal vibrational a
plitude in the previous XSW study.15 We obtain thatL
52.5260.05 Å, A^ui

2&50.2260.07 Å, M150.4460.07
and M250.5660.07. This L is slightly smaller than 2.58
~Ref. 15! Å. It is noted that the in-plane root mean-squa
thermal vibrational amplitude is larger than the 0.14~Ref.
15! Å, which is the surface-normal one. It is difficult to sepa
rate the surface-normal and the in-plane component of
thermal vibrational amplitude using the usual XSW tec
nique. This is because intensity modulations of these XS
have a considerably large surface-normal component as
as the in-plane component. In addition, the x-ray field inte
sities are modulated in the both direction as a function of
periodicity of thed spacing used~this modulation is short
compared with that in the normal direction of GAXSW
fields!. The in-plane component of the thermal vibration
amplitude should be different from the surface-normal co
ponent since the surface is truncated. The GAXSW meth
was able to extract the in-plane componentA^ui

2& of the
thermal vibrational amplitude. We also have to note that
D
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analysis based on the x-ray dynamical theory for perf
crystals gave us reasonable surface structure informa
such as the dimer bond length and the in-plane thermal
brational amplitude. These results were valid even if the s
face layer may include some crystal distortions.

We have employed the GAXSW method for determini
a dimer bond length and an in-plane thermal vibrational a
plitude. The dimer bond length is in good agreement with
results obtained by the x-ray diffraction measurement14

conventional XSW measurements,15 and theoretical
calculations.24,25 The obtained in-plane root mean-squa
thermal vibrational amplitude is slightly larger than the su
face normal one in the XSW study15 when domains are as
sumed to be perfectly ordered. Moreover, we have obtai
the average domain ratio over a large area of the sam
which might be difficult to determine with other technique
The GAXSW method is promising for in-plane structure d
termination of adsorbed atoms because the third-genera
synchrotron-radiation sources with brighter x-rays allow
to obtain better statistics of the fluorescence from adsor
atoms.
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