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There is no general agreement on whether photon-stimulated ion desorption (PSID) extended and
near-edge x-ray-absorption fine structure (EXAFS and NEXAFS) can provide surface structural infor-
mation. To address this question, we have monitored the H%-ion yield from Si(100)2X1-H,
Si(111)7X 7-H,0, and Si(111)7X7-H at the substrate Si K edge and the Cl*-ion yield for the systems
Si(100)2 X 1-Cl and Si(111)7 X 7-Cl at both the substrate Si K edge and adsorbate Cl K edge. Moreover,
we reassess our previously published Si K-edge H -ion yield data from the Si(100)2 X 1-H,O system. The
EXAFS in the ion yield spectra is analyzed with a view to clarifying the physical processes deter-
mining the ion yield. At the substrate Si K edge, the similarity of near-neighbor distances and coordina-
tion numbers to bulk values in all the systems studied indicates that the ion yield at this edge is dominat-
ed by x-ray-induced electron-stimulated desorption. This is corroborated by NEXAFS data at the same
absorption edge. For Si(100)2 X 1-Cl and Si(111)7X 7-Cl the Cl*-ion yield at the Cl K edge produces
EXAFS and NEXAFS spectra identical to those recorded using Auger-electron yield, indicating the
likely desorption mechanism to be a Knotek-Feibelman intra-atomic Auger process. The implications of
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these findings for PSID EXAFS, and NEXAFS are discussed.

I. INTRODUCTION

Surface extended x-ray absorption (SEXAFS) and
near-edge x-ray absorption (NEXAFS) are established
techniques for the determination of short-range surface
structure.! One major disadvantage with both techniques
(in comparison with other structural probes such as low-
energy electron diffraction or surface x-ray diffraction) is
that they are limited to studying the structure around ad-
sorbate atoms: here the adsorbate is the “central atom”
where the photoabsorption event occurs and the sub-
strate and other adsorbate atoms are the backscatterers.
If a substrate atom is photoionized, the EXAFS informa-
tion is dominated by the signal coming from the bulk ab-
sorption events. This means that it is not possible to
study clean surfaces with the usual variants of the
SEXAFS and NEXAFS technique.

There have been two distinct attempts to move beyond
this situation. One was a study of the clean surface of Si
by monitoring the yield of Si LVV Auger electrons of en-
ergy (~92 eV) close to the minimum in the mean free
path and hence originating within 5 A of the surface.’
This provided NEXAFS information, but because the
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photoelectron peak swept through the kinetic-energy
window of the detector, the data range was limited to
<92 eV —too short for useful EXAFS information.

A second approach has been to study the local
geometry about a surface substrate atom in the presence
of an adsorbate using the yield of desorbed adsorbate ions
above a substrate edge. The EXAFS and NEXAFS in the
yield of desorbed ions should probe the local geometry of
the substrate atom to which the desorbed ion was bond-
ed, provided that the ion desorption event is directly relat-
ed to the substrate surface ionization rather than to the
bulk.

This condition is satisfied if the dominant desorption
mechanism is that described by Knotek and Feibelman
(KF).*>* This mechanism was originally proposed to ex-
plain the increase in O™ electron-stimulated desorption
(ESD) yields from TiO,, V,0s5, and WO, when the in-
cident electron energy is large enough to ionize the metal
atoms in the sample. Extending this mechanism to an
adsorbate-substrate system, the inner shell hole on a sub-
strate surface atom is filled by an inter-atomic Auger pro-
cess; this results in at least two holes in the valence levels
of the adsorbate, thus breaking the bond of the adsorbate
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complex. The adsorbate is desorbed as a positively
charged ion due to reversal of the sign of the Madelung
potential —the so-called Coulomb explosion. In this KF
mechanism, the desorption of an adsorbed atom may
proceed only via photon absorption at the substrate atom
to which the adsorbate is directly bonded; the range of
the wave-function overlap ensures that more distant
atoms cannot be involved.> As the desorption follows the
photoionization event, it is the undisturbed structure
which causes the EXAFS and the adsorbate atom should
be visible as a backscatterer prior to its desorption.
Photon-stimulated ion desorption (PSID) should provide
SEXAFS .and NEXAFS signal with a very low back-
ground and thus large edge jump.

The first PSID EXAFS experiment reported by Jaeger
et al.,® involved the study of Mo(100)-O in which O was
thought to be bonded in an ionic form. Monitoring the
yield of O™ ions above the Mo L ,(2s) edge, it was found
that the SEXAFS was dominated by a Mo-Mo first shell,
with a bond distance equal to that in bulk Mo. The coor-
dination number of this shell was, however, half that of
the bulk [recorded in total electron yield (TEY)] leading
to the conclusion that the data were surface specific and
that the KF mechanism was dominant. Due to overlap-
ping Mo L, ; edges in the low-k region of the spectrum
where O backscattering might be expected, an O-Mo
shell was not isolated. The conclusion was that the
desorbing O atoms were bonded without inducing major
surface reconstruction.

Since the PSID EXAFS study of Jaeger et al., there
have also been several NEXAFS studies of Si-adsorbate
systems at the Si 2p edge which indicated that a KF
mechanism dominated.””'© However, in other studies a
competing desorption mechanism giving only bulk infor-
mation has been found to dominate. The mechanism
usually invoked to explain ESD is that of Menzel, Go-
mer, and Redhead (MGR).!' In this model desorption
occurs following a Franck-Condon transition to an anti-
bonding, metastable or ionic state of the complex; these
excited states normally involve only valence-level excita-
tions. Thus MGR events could arise at the surface from
photoexcitation of bulk atoms and subsequent secondary
electron migration to the surface. This mechanism,
known as x-ray-induced electron-stimulated desorption
(XESD), has been found to contribute substantially to or
to dominate the ion yield in a number of substrate edge
studies,!2™ 13 though the dominance of the XESD mecha-
nism in the work of Refs. 12-14 has since been ques-
tioned.'® In our previous study of the H' yield from
Si(100)2 X 1-H,O at the Si K edge,!” the bond lengths ob-
tained were close to those of bulk values; however, a KF
mechanism was inferred, because the PSID edge jump
was different from that in TEY. The assumption was
that the XESD above a substrate absorption edge should
mirror the TEY. Subsequently Menzel'® questioned
whether this was a sufficient criterion, and this led us to
show that the edge jumps in TEY and XESD are not
necessarily similar, being, in fact, a complex function of
the electron distribution N(E) and the ion desorption
cross section ¢(E).! In the light of this evidence, we in-
clude here a reassessment of the Si(100)2 X 1-H,O data.
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In view of the uncertain situation, Menzel!® has called
for further studies, especially of systems where both the
adsorbate and substrate core levels are accessible and
thus the adsorbate-substrate distance may be determined
by conventional SEXAFS techniques. In addition, this
offers the possibility of PSID at the adsorbate edge and
although several adequate detection mechanisms exist for
SEXAFS and NEXAFS at this edge, there is intrinsic in-
terest in ion-yield measurements at such an edge related
to the study of minority absorption sites. In one study of
adsorbate edge excitation, a KF mechanism has been
found to dominate.”® There the desorption process
proceeds via an intra-atomic Auger process leading to a
Coulomb explosion. Notably, this allowed a measure-
ment of the C 1s NEXAFS in CO adsorbed on Ru(001), a
measurement not possible with Auger yield because of an
overlapping photoelectron peak. In other systems,
though, the ion yield has been found to arise from a mix-
ture of PSID and XESD (Refs. 12 and 13) or from
desorption due to higher excitations (core shakeup and
shakeoff).?° 22 In these cases the ion yield deviates from
the absorption coefficient as measured by conventional
Auger yield.

To summarize, in this work we have monitored PSID
EXAFS and NEXAFS for a number of Si-adsorbate sys-
tems to determine whether the ion desorption is dominat-
ed by surface or bulk processes. Chlorine was chosen as
the adsorbate for which both adsorbate and substrate
edges could be studied. Moreover, Cl should be a “visi-
ble” backscatterer as its backscattering amplitude is
much stronger than that of H or 0,?* and the CI-Si bond
length is known to be different from the Si-Si distance in
bulk silicon. The systems studied were Si(100)2 X 1-H,O,
Si(100)2 X 1-H, Si(111)7 X 7-H,0, Si(111)7X7-H,
Si(100)2 X 1-Cl, and Si(111)7 X 7-CL.* Measurements were
made of the H* yield at the Si K edge, and of the C1*
yield at both Si and Cl K edges. In addition Auger-yield
SEXAFS spectra above the Cl K edge were recorded
from Si(100)2 X 1-Cl and Si(111)7 X 7-Cl for comparison.
The structures of all of these systems are relatively well
known from a variety of previous studies.”’ * A com-
parison of PSID EXAFS results (bond lengths and coor-
dination numbers) with the values calculated for the
known adsorption geometry allows the origin of the
EXAFS to be determined. The NEXAFS spectra are
also qualitatively compared with those from bulk systems
and with Auger NEXAFS measurements. These data al-
low a more complete assessment of the prospects for this
technique than has previously been attempted.

II. EXPERIMENTAL AND DATA ANALYSIS DETAILS

Measurements were performed at a base pressure of
<2X107'° Torr, the residual gas being mainly H, (par-
tial pressure of H,0 <5X 107 !2 Torr). All measurements
were made at room temperature. The Si(100) and Si(111)
crystals were cleaned and ordered using either cycles of
0.5-keV Ar*-ion bombardment and annealing to 1240 K,
or by flash annealing the as-inserted crystal to remove the
surface oxide. Auger electron spectroscopy with either a
double-pass cylindrical mirror analyzer (CMA) or a re-
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tarding field analyzer was used to determine surface
cleanliness and low-energy electron diffraction (LEED)
was used to determine the surface order.

Water dosing was achieved by exposing the sample at
295 K to the vapor from doubly distilled H,0, which had
been treated with several freeze-thaw cycles to remove
impurities. The 2X1 and 7X7 symmetries were main-
tained up to the saturation H,O exposures of 2 and 100
L, respectively. On the (100) surface the H,O dissociates
with the adsorption of H and OH on the dimer
atoms.”>”?7 H,O adsorption on Si(111) is also dissocia-
tive and the adsorption site is thought to be atop.?®?

Atomic H dosing was achieved by exposing to
research-grade H, gas dissociated with a hot tungsten
filament ~5 cm from the sample and in line of sight. For
Si(100) a dose of 10 L led to the formation of the
Si(100)2 X 1:H monohydride species.?® Dosing was carried
out with the sample at elevated temperature to prevent
reaction with H,0 from the residual vacuum.*® For
Si(111)7X7 a dose of 40 L led to the low-coverage
monohydride phase as evidenced by the LEED pattern
which remained 7 X 7.3!

An electrolytic Cl source, consisting of a Ag gauze
anode and a Pt foil cathode with an “electrolyte” compo-
sition (by mass) of 1% CdCl, and 99% AgCl (Ref. 39)
was used to dose the Si crystals. Ion flux was enhanced
by heating the electrolyte pellet with a tungsten filament
to 320-370 K, and the sample was maintained at ~570
K during dosing. The dosing was continued until satura-
tion coverages were recorded on both surfaces. In both
cases the LEED pattern was unchanged from that of the
clean surface.

Desorbed ions were detected using a specially con-
structed time-of-flight (TOF) detector.!> This consists of
a l-cm-diam drift tube of length 3 cm, approximately 2
cm from the sample. The drift tube is at a large negative
potential (¥, = —2.2 keV) so that small differences in the
desorption kinetic energies can be neglected (i.e., the ion
flight times are solely determined by the applied volt-
ages). The ions are detected using a matched pair of mul-
tichannel electron multiplier plates and a 50-Q coaxial
anode, the output of which is connected to a chamber
feedthrough via a coaxial cable. The first channel plate is
operated at a more negative potential than the drift tube
to ensure that electrons photoemitted from the drift tube
by fluorescent photons and scattered x rays are not
detected, though fluorescent photons directly hitting the
channel plates are detected. A schematic diagram of this
detector with the associated electronics is shown in Fig.
1.

The ion-yield experiments were carried out on line 6.3
at the Daresbury Laboratory Synchrotron Radiation
Source (SRS).*” The TOF measurements utilize the time
structure of the storage ring in single bunch mode (bunch
width ~200 ps, orbit time 320 ns). When an ion or pho-
ton triggers the detector, the time-to-digital converter is
started which counts in 1-ns intervals until stopped by a
pulse from the SRS orbit clock. This time interval Az is
recorded in a 512 channel histogramming memory which
is incremented by one unit in a channel corresponding to
At and thus a TOF spectrum is built up. The ion flight
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FIG. 1. Schematic diagram of the TOF mass spectrometer
and associated electronics. TDC is the time-to-digital convert-
er. The operation is described in the text.

times can thus be measured relative to the prompt peak
which is triggered by a fluorescent photon from the sam-
ple, which reaches the detector almost immediately. The
absolute flight times #; can thus be measured relative to
the prompt pulse at t=0; different ion species can be
identified using the relation

m/an_ ‘t_l 2

(1)
m,/q, 153

where m, and m, are the masses of two ion species, g,
and g, are their charge, and ¢, and ¢, are their drift
times. A typical TOF spectrum from Si(111)7X7-Cl at a
photon energy 480 eV above the Cl K edge is shown in
Fig. 2.

Ion-yield EXAFS spectra were recorded by monitoring
the photon energy-dependent intensity variation of a
given peak in the TOF spectrum. The Si K-edge (1839
eV) measurements utilized the InSb(111) crystals
(2d=7.4860 A), while the Ge(l11) crystals (2d
=6.27064 A) were used at the Cl K edge (2823 eV). The
low ion yields obtained in off-normal emission meant that
the experiments were performed with the light at grazing
incidence on the sample (20%+5°) and normal emission
(£5°). The ion-yield signals were flux normalized using
the drain current from a 90% transparent Cu mesh as a
monitor of the incident intensity. TEY Si K-edge spectra
were recorded for use as model bulk Si data for the
SEXAFS analysis procedure. For Auger SEXAFS mea-
surements at the Cl K edge, a double-pass CMA (Physical
Electronics Inc.) operated in nonretard mode was used
with the CMA axis being at 90° to the incident photon
beam. The kinetic energy of the analyzer was set to 2363
eV to monitor the Cl KLL Auger electron yield (AEY).

Data reduction and analysis were done using the SRS
program library at Daresbury. After normalization to
the edge height and subtraction of a smoothly varying
polynomial background the normalized oscillatory part
of the fine structure y(k) was analyzed using the
EXCURVE fitting program.*! Phase shifts were calculated
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FIG. 2. TOF spectrum recorded from the Si(111)7 X 7-Cl at
15° x-ray incidence, with ions emitted around normal to the
Si(111) substrate being detected. The accumulation time as 10s.
The dominant peak is from fluorescent photons with another
fluorescent peak at 12 ns due to an impurity in the exciting
beam. As well as the two C1* peaks with flight times of 451 and
465 ns, a small H" feature is seen at 76 ns. The abscissa scale
break accounts for the Cl*-ion flight time being greater than the
SRS repetition period of 320 ns.

for Si and Cl central atoms and Si and Cl backscatterers
and then refined empirically by fitting EXAFS data from
the standard compounds bulk Si (TEY data) and SiCl,.*?
Effective coordination numbers were also extracted from
the data using model compound values for the other am-
plitude parameters.

Experimentally determined effective coordination num-
bers N were compared with calculated values for the
different structural geometries for each system. N can
be calculated for any system from the expression

N
J
N!=33 cos’6

=1

i (2)
where 6,; is the angle between the polarization vector A
and r;;, and N; is the actual number of atoms in the jth
shell. In the case where a given shell consists of more
than one bond distance, contributions were weighted ac-
cording to the scheme introduced by Citrin, Eisenberger,
and Rowe.* For bond lengths R; and R, close in dis-
tance, and R, <R,, the effective coordination number
N* is the sum of contributions from the atoms at R, and
the atoms at R, weighted by (R, /R,)%

2

N3 . (3)

-

N*=N}+
1 R2
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The average bond length in this scheme is given by

R=aR,+(1—a)R, , (4)
where a=NT /N*.

III. RESULTS

This section is divided into two parts. In the first part
we consider the data taken at the substrate Si K edge.
The second section considers the adsorbate Cl K-edge
measurements.

A. Si K-edge measurements

Figure 3 shows a comparison of ion-yield data with
bulk TEY data for several systems recorded at the Si K
edge. Collection times for the ion yield spectra were typi-
cally 20 s per point, and the energy step used was 2 eV
giving a total collection time of 1-1.5 h per spectrum al-
lowing for dead time. Differences in the quality of the
ion-yield data arise mainly from different beam condi-
tions in the storage ring. From the tick marks above the
main spectral features, it can be seen that the spectra are
qualitatively similar. This would be expected in cases
(b)-(e) where the Si-Si surface atoms bond length would
not be very much different from the bulk case (2.35 A).
In the case of the Cl adsorbate surfaces it indicates that
the CI-Si bond length (typically 2.00 A in other com-
pounds) does not give rise to a large modification of the

Si K edge

Intensity (arb. units)

18 19 20 241 2.2
Photon Energy (keV)

FIG. 3. Comparison of Si K-edge scans at grazing incidence.
The spectra have been normalized to the absorption edge
height. (a) Bulk Si total electron yield; (b) HY yield from
Si(1002 X 1-H,0; (c) H' yield from Si(100)2 X 1-H; (d) H* yield
from Si(111)7 X 7-H,0; (e) H yield from Si(111)7 X 7-H; () C1*
yield from Si(100)2X 1-Cl; and (g) Cl1* yield from Si(111)7 X7-
Cl. The tick marks above the main EXAFS features are provid-
ed as a guide to the eye.
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EXAFS.

The EXAFS oscillations were isolated as described in
the preceding section. As an example, the background
subtracted and edge step normalized EXAFS x(k)
weighted by k* from Si(100)(2X 1)-H,0 is shown in Fig.
4 (top panel, solid line). The modulus of the resulting
Fourier transform is shown in Fig. 4 (bottom panel). In
order to extract structural parameters of interest, the first
three shells are Fourier filtered and then backtransformed
and the contribution from these components is modeled.
Because of the weak backscattering amplitude of hydro-
gen, the Si-H distance is not included in any fit, but Si-O
and Si-Cl distances are included as appropriate. Each
shell is first modeled independently and then the three are
modeled together until the best fit to the data is found.
This three-shell fit is then plotted as a dashed line with
the EXAFS and the Fourier transform in Fig. 4. It is
also emphasized that for the surface data the only ampli-
tude parameters varied in these and subsequent fits were
the effective coordination numbers. All other parameters
(mean free path of the photoelectrons, Debye-Waller-like
factor) were those derived from the model compound
bulk Si data [this is similar to the procedure followed by
Jaeger et al. in the O-Mo(100) work®]. While surface
mean-free-path and Debye-Waller-like parameters may
be different from bulk values***> and their variation
would undoubtedly produce better fits, allowing these to
vary as free parameters along with the coordination num-
bers would produce a result which could not be easily in-
terpreted. Error bars in the distance determinations were

Si(100)2x1-H,0

H'yield Si K edge
Theory - - -
(5]
K4
=
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FIG. 4. Top panel: H* yield EXAFS data above the Si K
edge for 0.5 ML of H,O on Si(100)2 X1 after background sub-
traction and normalization to the edge jump [corresponding to
the data in Fig. 3 (b)]. The EXAFS function (k) weighted by
k3 (solid line) and the best theoretical three-shell fit (dashed
line) are compared. Bottom panel: the Fourier transform F of
the EXAFS shown above together with the best three-shell fit.
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FIG. 5. Fourier transforms ¥ of the background subtracted
edge-height normalized EXAFS y(k) corresponding to Figs.
3(a)-3(e) (solid lines), together with the best theoretical three-
shell fits (dashed lines). The bulk Si spectrum was recorded by
monitoring total electron yield, while the others represent the
H? yield.

estimated by studying the changes in distance introduced
by varying the threshold energy E, and by taking
different k-space ranges for the data. The error bars in
the coordination numbers were taken to be +20%.

In order to reduce unnecessary length, only the moduli
of the Fourier transforms and the corresponding fit will
subsequently be shown. Figure 5(a) shows the Fourier
transform and fit from bulk Si corresponding to the data
of Fig. 3(a). Three shells of atoms are clearly visible cor-
responding to distances of 2.35, 3.84, and 4.5 A and to
coordination numbers of 4, 12, and 12, respectively. We
now present the results for the ion yield and AEY stud-
ies.

1. Si(100)2X1-H,0

Figure 4 shows the EXAFS and the Fourier transform
from Si(100)2 X 1-H,O; the Fourier transform is repeated
in Fig. 5(b) for completeness. After phase-shift correc-
tion the distances for the first three nearest-neighbor
sﬂhells are found to be 2.37%0.02, 3.9+0.1, and 4.6+0.2
A. The coordination numbers for each shell in this ex-
perimental geometry were 3.1, 10.7, and 8.5, respectively.
These results are listed in Table I, row 1.

In order to evaluate these data further, we have per-
formed calculations of the bond lengths and effective
coordination numbers for a model adsorption site, using
the methodology described above. The Si(100)2X 1 sur-
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TABLE I. Results of the three-shell fits to the ion yield Si K-edge data. The errors quoted are es-
timated from the results of several analyses of each spectrum, where different background subtraction,
Fourier windows, data ranges, etc., were employed. The figures for bulk Si are from Ref. 62.

Average distance in A

Effective coordination nos.

R, R, R; N, N, N;
Si(100)2 X 1-H,O 2.37 3.90 4.6 3.1 10.7 8.5
Si(100)2 X 1-H 2.36 3.82 4.5 3.5 5.5 12.5
Si(111)7 X 7-H,0 2.35 3.80 4.5 3.7 8.6 12
Si(111)7 X 7-H 2.34 3.86 4.6 4.1 14 12
Si(100)2 X 1-C1 2.36 3.87 4.4 3.7 14 3
Si(111)7 X 7-Cl1 2.34 3.82 4.5 33 9.6 9.7
Bulk Si 2.35 3.84 4.5 4 12 12
Estimated error +0.02 +0.1 +0.2 +1 +3 +4

face has been studied using a wide variety of structural
and modeling techniques. This 2X 1 structure is inter-
preted as being due to the formation of dimers at the sur-
face. Scanning tunneling microscopy*®~* (STM) indi-
cates the presence of roughly equal numbers of non-
buckled and buckled dimers, together with dimer-
vacancy defects. Several studies indicate dissociative ad-
sorption at room temperature, with some rotational free-
dom from the OH and H bonded to the Si dimer
atoms.®?’” The Si(100)2X 1-H,O calculations were aver-
aged over both domains on the Si surface, and in agree-
ment with the STM results, over both symmetric and
asymmetric dimer types. The dimer models used were
the Levine* (symmetric) and Chadi***! (asymmetric)
models. The Chadi model was chosen as it seems to be
favored by many of the experimental studies.’> The
asymmetric dimer models indicate a charge transfer to
the “upper” atom of the dimer.>® The high electron den-
sity should favor bonding to H, with OH bonded to the
lower, electron-deficient site. Therefore selective bonding
of H to the upper atom of the dimer was chosen in the
case of asymmetric dimers. An O atom bonded to the
other Si dimer atom was included in the second shell of
neighboring atoms.

On the basis of the above model, the ﬁrsg three shells
lies at bond lengths of 2.37, 3.69, and 4.5 A, the corre-
sponding effective coordination numbers being 1.92, 7.9,
and 3.9, respectively. These are listed in Table II, row 1.
To evaluate whether the ion yield originates from surface
or bulk processes, the calculations can be compared with
the experimentally derived values and the bulk figures of
2.35, 3.84, and 4.5 A and 4, 12, and 12 nearest- -neighbor
atoms. The first-shell data are the most accurately
known, and here the surface and bulk experimental
values and the measured value for the bond length all lie
within the experimental error of each other; the effective
coordination number lies marginally closer to that of the
bulk value. For the second shell, the bond length and
coordination number lie within experimental error of the
bulk value and outside the calculated surface values, and
for the third shell, the margin of error includes both sur-
face and bulk models. In terms of choosing between sur-

face and bulk origin therefore the strongest evidence
comes from the second-shell data which indicate a bulk
origin.

2. Si(100)2X1-H

The modulus of the Fourier transform corresponding
to the EXAFS from Si(100)2 X 1-H is shown in Fig. 5(c).
While the noise in the spectrum produces extra com-
ponents below 2 A and above 5 A, the three shells of data
can clearly be seen. The best three-shell fit to the data is
shown by the dashed line. The three shells have bond
lengths of 2.36+0.02, 3.82+0.1, and 4.510.2 A and
effective coordination numbers of 3.5+1, 5.5+3, and
12.5+4, respectively. The model calculations of dis-
tances and effective coordination number in this case
were based on the experimental geometry proposed by
Schaefer et al.*° This has H adsorbed on both atoms of
the Si-Si dimer. Thus the information from the H™ yield
in this case should be an average of three adsorption sites:
the symmetric dimer site and the upper and lower atoms
of the asymmetric dimers, with additional averaging over
both domains present. The results are shown in Table 1I,
row 02. The first three shell distances are 2.37, 3.70, and
4.5 A. Compared with the experimental values obtained
above, the first- and third-shell distances are consistent
with both a surface and bulk origin, while the second-
shell distance can only be explained in terms of a bulk
origin. The coordination numbers for the first and third
shell both indicate a bulk origin, that for the second shell
is closer to the surface calculation.

3. Si(111)7X 7-H,0

Figure 5(d) shows the Fourier transform corresponding
to the EXAFS from Si(111)7X7-H,O recorded in H*
yield. The data are noisy, producmg transform com-
ponents above 5 A and below 2 A and a component at
~3 A. The component at ~3 A has not been fitted as it
falls in a place where neither a surface or bulk peak is ex-
pected. The data are modeled with a three shell fit, and
the best fit is shown as the dashed line in Fig. 5(d). The
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TABLE II. Calculated coordination numbers and average bond lengths expected at the Si K edge for
the systems studied and the experimental geometries employed, based on the structural models de-
scribed in the text. For bulk Si the effective coordination numbers equal the actual coordination num-

bers as expected.

Average distance in A

Effective coordination nos.

R, R, R, N, N, N;
Si(100)2 X 1-H,0 2.37 3.69 4.5 1.92 7.9 39
Si(100)2 X 1-H 2.37 3.70 4.5 1.75 6.7 3.6
Si(111)7 X 7-H,0 2.35 3.84 4.5 1.3 6.4 8.4
Si(111)7X7-H 2.35 3.84 4.5 1.3 6.4 8.4
Si(100)2 X 1-Cl1 2.11 3.72 4.5 35 7.0 3.6
Si(111)7 X 7-Cl 2.15 3.84 4.5 44 6.4 8.4
Bulk Si 2.35 3.84 4.5 4 12 12

distances measured were 2.351+0.02 3.80%0.1, and
4.5+0.2 A and the corresponding effective coordination
numbers were 3.7x1, 8.6%3, and 12+4.

To model the surface distances and effective coordina-
tion numbers, the known adsorption geometry for H,O
on Si(111)7X7 was utilized. The Si(111)7X7 surface
structure is taken to be the dimer-adatom-stacking-fault
model.>* These surfaces form the substrates for the ad-
sorption systems studied. All results indicate a dissocia-
tive adsorption mode in the temperature range 80-400
K.**732 For Si(111)7X7-H,0 and Si(111)7X7-H,, an
atop adatom site was assumed, the adatom being bonded
to three Si atoms below it. This is consistent with recent
STM results.’? This approximation has been used before
in other such calculations on the Si(111)7 X7 surface.**5’
This model for the H adsorption site has Si backscatter-
ing shell§ about the Si adatom at distances of 2.35, 3.84,
and 4.5 A, i.e., bulk values, and the effective coordination
numbers are 1.3, 6.4, and 8.4, respectively. (The results
are identical for both the H,O- and H,-dosed surfaces.)
The results for this surface are s}gown in Table II, row 3;
the first shell distance of 2.35 A produces an effective
coordination number of 1.3, whereas the measured value
is 3.7, close to the bulk value of 4. The higher shell coor-
dination numbers and distances are all consistent with
the bulk values and not with the surface values.

4. Si(111)7X7-H

Figure 5(e) shows the Fourier transform corresponding
to the EXAFS from this system. The dashed line indi-
cates the best three-shell fit to these data. The nearest-
neighbor odistances are 2.34+0.02, 3.86+0.1, and
4.61£0.2 A; the corresponding effective coordination
numbers are 4.1x1, 14£3, and 1214, respectively. An
appropriate model calculation was based on the model of
the monohydride phase. The calculation gives effective
coordination number of 1.3, 6.4, and 8.4, which is not
consistent with the measured value. The measured values
are all closer to the bulk values in this system.

5. Si(111)7X 7-H ,0 and Si(111)7X 7-H NEXAFS

Figure 6 shows the NEXAFS spectra of bulk silicon in
total electron yield, together with H -ion yield NEXAFS

for the Si(111)7 X 7-H,O and Si(111)7 X 7-H systems. The
spectra are all very similar in shape at the edge and there
is no edge shift evident which might reflect a different
final state for the photoemitted electrons. This result
may be contrasted with those of Rosenberg et al.”, who
recorded H* and D yield spectra from the Si(111)7 X 7-
H,0 and Si(111)7X7-D,0 systems at the Si L, ; edge
(~100 eV). In that case a shift of 0.5 eV was observed
between the ion yield and the TEY spectra. No corre-
sponding shift is evident in our K-edge data; such a shift,
however, might be obscured because of the poorer resolu-
tion of the double crystal monochromator ( ~2 eV) at the
Si K edge. Although the similarity in Fig. 6 might sug-
gest an XESD mechanism, it is not clear (in the absence
of calculations) whether NEXAFS data from a H or H,0
adsorbate surface would be expected to differ substantial-
ly from the bulk NEXAFS at this edge. This evidence
must be considered inconclusive.

6. Si(100)2X1-Cl

The Fourier transform corresponding to the EXAFS
from bulk Si is reproduced from Fig. 5(a) in Fig. 7(a) for

Si K-edge NEXAFS

Bulk Si

Si(111)7x7-H,0

Si(111)7x7-H

Intensity (arb. units)

1840 1850
Photon Energy (eV)

FIG 6. Comparison of Si K-edge NEXAFS. The bulk Si
spectrum was taken in total electron yield, while the others were
H" yield. The step width was 0.5 eV in each case.
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FIG. 7. Fourier transforms ¥ of the background subtracted
edge height normalized EXAFS y(k) together with the best
theoretical three-shell fits (dashed lines), corresponding to Figs.
3(a), 3(f), and 3(g). The bulk Si spectrum was recorded by moni-
toring total electron yield, while the other spectra are Cl*-ion
yield data.

comparison with the other data presented in this figure.
Figure 7(b) shows the Fourier transform corresponding to
the background subtracted and normalized EXAFS from
the Si(100)2 X 1-Cl system [from Fig. 3(f)]. The signal-to-
noise ratio in the data is poor in comparison with the oth-
er spectra shown; nevertheless, the Fourier transform of
the data reveals a first-shell component and a mixture of
second and third shells. The discrepancy in the second
and third shells in the case of Si(100)2X1-Cl is
noteworthy. The presence of a glitch in the data at ~200
eV (~7 A™") above the edge due to a Bragg peak in the
InSb(111) monochromator crystals which is not entirely
normalized out in the ion-yield data seems to have caused
this distortion in the higher shells. The spectrum was an-
alyzed with and without this glitch, and the first shell re-
sults were found to be reproducible, whereas large varia-
tions in the higher shells occurred. The component at
the unphysical distance of ~1 A can be attributed to
low-frequency noise and is most likely due to imperfect
background subtraction giving a residual long-period os-
cillation under the EXAFS. An attempt was made to fit
the first shell data with Si-Si and Si-Cl backscatterers;
however, the Si-Cl component was rejected in the least-
squares fitting procedure. A three-shell fit to the data
gives bond lengths of 2.36+0.02, 3.87+0.1, and 4.4+0.2
A and effective coordination numbers of 3.7%1, 14+£3,
and 314, respectively.

The model calculations for this system are based on the
dimer adsorption site determined geometry from photo-
emission measurements® and from SEXAFS.***"** The
SEXAFS bond length is 2.01+0.02 A. For Si(100)2 X 1-
Cl, a scheme similar to that employed for Si(100)2 X 1-H
was used. The first shell is a weighted average of contri-
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butions from three Si and one Cl backscattering atoms.
The results of these calculations are given in Table II,
row 5. The bond lengths predicted are 2.11, 3.72, and 4.5
A and the corresponding effective coordination numbers
are 3.5, 7.0, and 3.6, respectively. The first-shell compar-
ison provides a clear test of a system where it is known
that a different bond length should result if the measure-
ments were surface sensitive. This is not the case and
provides a strong indication of a bulk origin for these
data.

7. Si(111)7X 7-Cl

Figure 7(c) shows the Fourier transform corresponding
to the Cl™-ion yield data of Fig. 3(g). The Fourier trans-
form reveals a strong first shell peak and a mixture of two
higher shells in the region 2-5 A. The modeling of these
data is shown with the dashed line. The model is based
on shells of Si backscatterers. An attempt was made to fit
the data to a ClI-Si bond length of 2.0 A, based on the
Auger SEXAFS results described below. However, this
led to an increased fit index indicating a worse fit. This is
strong evidence that the ion yield has a bulk origin and is
substantiated by the higher-shell data and calculations.
The results of the three shell fit are bond lengths of
2.3440.02, 3.82+0.1, and 4.5+0.2 A with effective coor-
dination numbers of 3.3%1, 9.6+3 and 9.7+t4, respec-
tively. These are recorded in Table I, row 6.

The structure of Si(111)7X7-Cl is known from previ-
ous results. On Si(111)7 X7, after room-temperature ex-
posure, photoemission shows evidence for a number of
inequivalent sites.>*> A SEXAFS investigation has shown
that after annealing the dosed surface to 400°C, the Cl
adatoms occupy atop sites with a first nearest-neighbor
bond length of 2.0340.03 A.>* Photoemission results
confirm this adsorption site geometry for this phase.®
NEXAFS from annealed Si(111)7 X 7-Cl displays two res-
onances which are interpreted in terms of transitions into
the antibonding (C1,Si) 3p-derived o, states and antibond-
ing 7, , states. The CI-Si bond length in this system is
again much shorter than the Si-Si bond length of 2.35 A
and this difference should allow the true PSID-KF con-
tribution to be distinguished for C1"-ion yield at the Si K
edge. Calculated bond lengths for this model were 2.15,
3.84, and 4.5 A with coordination numbers of 4.4, 6.4,
and 8.4, respectively. These results are clearly not con-
sistent with the experimental data, which are much closer
to values for the bulk.

B. Cl K-edge measurements

Figure 8 shows EXAFS spectra recorded in AEY and
Cl™"-ion yield mode at and above the Cl K edge at the
same grazing angle. The top panel is for the
Si(100)2 X 1-Cl system and the bottom panel shows results
of the Si(111)7X7-Cl system. Tick marks are provided
over the main spectral features as a guide to the eye. The
correspondence of the main features indicates that the
dominant scattering distance (the Si-Cl bond length) is
similar in each of these systems.
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Cl K edge
Si(100)2x1-Cl

Cl KLL
Auger yield

Cl*yield

Si(111)7x7-Cl

Intensity (arb. units)

CIKLL
Auger yield

Cltyield

2900 3100
Photon Energy (eV)

FIG. 8. Top panel: comparison of Cl K-edge SEXAFS for
Cl*-ion yield and Auger electron yield for the Si(100)2X1-Cl
system at room temperature. Bottom panel: comparison of the
Cl K-edge SEXAFS for Cl*-ion yield and AEY in the
Si(111)7 X 7-Cl system. The tick marks are provided as a guide
to the eye.

1. Si(100)2X 1-Cl

The spectra in the top panel of Fig. 8 represent AEY
spectra and Cl* -ion yield from the system. The analysis
of the AEY data (not shown) indicates that the spectrum
is dominated by a first shell. The bond length, from these
and other data,***” is 2.0140.02 A. The poor quality
of the Cl™-ion yield data from this system precluded an
EXAFS analysis, but qualitatively the spectrum is similar
to that of the Auger yield data; the fact that any edge
jump is measured in ion yield at the adsorbate edge
means that there is some correlation between the absorp-
tion event at the surface and the ion desorption.

The correspondence between ion yield and Auger yield
is also found in the NEXAFS spectra shown in Fig. 9.
An ion-yield spectrum at 15° grazing angle is compared
with Auger yield spectra at 15°, 40°, and 75°. Clearly, the
agreement between the measurement modes is only ob-
served at equivalent incidence angles.

2. Si(111)7X 7-Cl

Finally, we compare ion and Auger electron yield spec-
tra from Si(111)7X7-Cl. The raw data are presented in
Fig. 8, bottom panel. The spectra are qualitatively very
similar. The Fourier transform of the Auger yield spec-
tra [Fig. 10(a)] is dominated by the first shell of CI-Si
backscattering. The CI-Si bond length is 2.00+£0.02 A,
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Si(100)2x1-Cl, C1K edge

Intensity (arb. units)

N

2820 2840
Photon Energy (eV)

FIG. 9. Comparison of room-temperature Cl K-edge
NEXAFS for the Si(100)2 X 1-Cl system from Cl*-ion yield and
Cl KLL Auger yield.

and no EXAFS oscillations were evident in the normal
incidence §eometry, in agreement with the previous mea-
surements”” from this system. The CI-Si bond distance is
the same, within error bars, as that obtained in this ear-
lier work (2.03%0.03 A). Our data are consistent with
the lower limit of ~75% occupation of the atop
geometry site given by Citrin, Rowe, and Eisenberger,*
based on the absolute amplitude of their grazing in-
cidence SEXAFS data.

The Fourier transform of the Si(111)7X7-Cl Cl*-ion
yield data is shown in Fig. 10(b). These data, though
poorer in signal-to-noise ratio than the AEY data, are
again dominated by a first nexghbor distance of
2.00%0.02 A identical to that recorded in AEY. Addi-
tionally, the similarity of the effective co-ordination num-
bers (PSID, 2.9+0.7; AEY, 2.1£0.7) points to the C1*
yield being a monitor of the surface absorption coefficient

Si(111)7x7-Cl  CIK edge

Experiment
Theory

|1

6
R(A)

FIG. 10. Fourier transforms ¥ of the background subtracted
edge height normalized EXAFS y(k) together with the best
theoretical single-shell fits (dashed lines), corresponding to Fig.
8 bottom panel.
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in this case. The fact that the PSID and AEY results are
so similar rules out the possibility that the C1* ions are
desorbing from minority sites with a more favorable
desorption cross section.

IV. DISCUSSION

The main aim of this paper is to determine the origin
of the x-ray absorption fine structure in the ion yield at
the substrate edge for a range of silicon adsorbate sys-
tems. If the EXAFS and NEXAFS information matches
the known local geometry of the substrate Si atom, a KF
mechanism may be inferred for the PSID. If the informa-
tion mirrors the bulk geometry, the implication is that
XESD dominates. A secondary issue is the ion-yield
mechanism which operates at the Cl adsorbate edge.

A. Substrate edge PSID

The results presented in the preceding section can now
be summarized in these terms. In the four HY studies of
H, and H,O adsorption the adsorbate atoms are not
“visible” in the sense discussed above: hydrogen is a very
weak scatterer while oxygen in these cases is confined to
the second shell. The discussion then turns on the less
obvious differences between the substrate surface struc-
ture and that of the bulk. In these four cases the first-
neighbor bond length is consistent with either surface or
bulk values. However, the coordination numbers in the
first shell are consistent only with the bulk data and, tak-
en together, the first shell results therefore point to a bulk
origin for these EXAFS. The second shell data are con-
sistent in two cases [Si(100)2 X 1-H and Si(111)7 X 7-H,0O]
with surface values only, in three cases with the bulk
values only and in one case with both surface and bulk
values. The third-shell data are consistent in five cases
with bulk values only, in one case with surface values
only. Though not as reliable a test as the first-shell data,
the higher-shell data generally support the view that the
origin of the EXAFS at the substrate edge is bulk.

In our earlier analysis of the Si(100)2 X 1-H,O system,
we assumed that a difference between the edge jumps in
PSID and TEY was evidence for a dominance of KF over
XESD.!” Following questioning of this criterion by Men-
zel,'® we showed that this indeed ignores cross-section
effects which prevent the XESD yield being simply equat-
ed with TEY." A more valid approach to distinguish be-
tween the KF and XESD mechanisms is the one dis-
cussed in the preceding paragraph.

A more definitive test arises with the first shell in the
Si(100)2 X 1-Cl and Si(111)7X7-Cl systems. This is be-
cause the adsorbate chlorine should be clearly visible as a
backscattering atom?’ at a significantly different bond dis-
tance.3”*® In both cases, the grazing incidence geometry
employed should favor the Si-Cl bond direction, as this
bond lies close to the surface normal. This is reflected in
the calculated ‘‘effective”” R values of 2.11 and 2.15 A,
which are weighted averages of a Si-Cl bond and three
Si-Si bonds. However, the experimentally determined

R. McGRATH et al. 45

first-shell values of 2.36 and 2.34:0.02 A are within ex-
perimental error equal to that of bulk Si. Any attempt to
fit a Si-Cl shell was rejected in the least-squares-fitting
procedure. The clear conclusion is that PSID from these
systems at the substrate edge has a bulk origin. It is
worth noting that the effective coordination numbers in
this shell do not allow a clear distinction between bulk
and surface. The scattering distances in the other two
shells are also inconclusive, but the experimental effective
coordination number in the second shell is clearly bulk-
like.

It is instructive to compare these results with the origi-
nal PSID SEXAFS experiment of Jaeger et al.:® in that
experiment the adsorbate oxygen was not distinguished
due to L, ; EXAFS overlapping the low-k range of the
data where the oxygen backscattering is significant. The
resulting first-shell scattering length was indistinguish-
able from that of the bulk so that the surface character
could only be confirmed from the reduced effective coor-
dination number. The normalization of the amplitude
was made rather difficult by the presence of glitches at
the edge.

The conclusion of the O-Mo experiment was that the
minority-site a-oxygen phase desorbs from an unrecon-
structed part of the Mo surface. However, there is some
evidence that the adsorbate-covered surface is strongly
reconstructed. The a-oxygen phase under study by
Jaeger et al.® was formed by dosing with 100-L O,; the
terminology comes from ESD studies on polycrystalline
Mo where two desorption thresholds were identified. The
[ phase has a vanishingly small ESD cross section and
forms at low coverages and low-dose conditions at room
temperature. It has an adsorption energy of 100-120
kcal/mole.’®>’ The a phase forms at higher coverages
and has a very high desorption yield and a smaller ad-
sorption energy [37-60 kcal/mol (Refs. 56 and 57)]. The
desorption cross section for the a phase is ~ 10* greater
than for the 3 phase.’® Studies involving both ESD and
LEED allow the classification of the a phase in terms of
coverage and LEED patterns. Yu’® determines the onset
of the a phase after 3.5-L exposure; the LEED pattern is
initially 1X1 and changes to a p(1X1) at saturation.
Bauer and Poppa® also identify this very high yield ESD
state at higher coverages. The LEED pattern for this
phase is a diffuse 1 X 1. This study and other LEED and
work-function studies®®®! suggest that the Mo surface is
strongly reconstructed in this coverage range, with the
formation of a surface oxide phase. To reconcile the
PSID conclusion that the a-oxygen desorbs from bulklike
metal sites, it is necessary to infer that in the presence of
the surface oxide there are still parts of the surface which
are unreconstructed. It is suggested that a full structural
study of the a and B phases is needed to clarify this point.

B. Adsorbate edge PSID

There is clear evidence for the dominance of a surface
desorption mechanism in the measurements of Cl" yield
EXAFS at the Cl K edge presented in Fig. 8. The ab-
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sorption threshold is the same for the Auger yield and
ion-yield data, ruling out multielectron excitations as the
cause of desorption. There is a good correspondence be-
tween the spectral features observed in both measurement
techniques, even in the rather ion-yield SEXAFS data for
Si(100)2 X 1-Cl. The NEXAFS data of Fig. 9 also corre-
spond well, with the same main “white line”” at ~2825
eV and the broad feature centered at ~2845 eV in each.
The analysis of the ion-yield SEXAFS from Si(111)7X7-
Cl provides quantitative evidence that the information
has a surface origin.

The two possible mechanisms to explain this surface
origin are KF and ESD by electrons arising from the ab-
sorption events in neighboring Cl atoms. Both mecha-
nisms should provide true SEXAFS information. It is
difficult to formally distinguish between these two mecha-
nisms. Because ESD cross sections are not well known,
the comparison of the PSID edge jump with that of TEY
or even AEY will not be definitive. The limitation of this
approach for a substrate edge has already been dis-
cussed.!® However, the very large difference between the
edge jump in TEY (1-2%) and Cl* yield (>200%) at
this adsorbate edge would seem to indicate that the
desorption is dominated by the KF mechanism. While
these data show that ion desorption can provide surface
EXAFS information at an adsorbate edge, it seems un-
likely that this detection mechanism will supplant the es-
tablished Auger electron, total electron, or fluorescence
yield techniques, except in specific cases where the latter
are limited in scope.
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V. CONCLUSIONS

The measurements on silicon adsorbate systems
presented in this paper are a significant increase in the
data base of PSID EXAFS. From our data we can con-
clude the following.

(a) At the substrate Si K edge, the characteristic pa-
rameters are closer to bulk than to surface values indicat-
ing that the dominant desorption mechanism is not KF
but XESD. Especially relevant is lack of a distinct Si-Cl
first shell, chlorine being a “visible” adsorbate whose am-
plitude should be favored by the experimental geometry.
By comparison with these systems, there seems to be a
case for reexamination of the Mo(100)-O system,®
specifically an investigation of the surface structure by
other techniques. A scanning tunneling microscopy
study would be particularly helpful in this respect.

(b) At the adsorbate Cl K edge, the ion-yield EXAFS
contains information related to the surface absorption
events. The NEXAFS data also correspond well with the
Auger yield. The most likely mechanism is the KF
mechanism. However, this opens up only limited possi-
bilities for SEXAFS measurements: the same information
can usually be obtained with other, well-established
methods.
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FIG. 4. Top panel: H* yield EXAFS data above the Si K
edge for 0.5 ML of H,0 on Si(100)2X 1 after background sub-
traction and normalization to the edge jump [corresponding to
the data in Fig. 3 (b)]. The EXAFS function y(k) weighted by
k* (solid line) and the best theoretical three-shell fit (dashed
line) are compared. Bottom panel: the Fourier transform F of
the EXAFS shown above together with the best three-shell fit.
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FIG. 9. Comparison of room-temperature Cl K-edge
NEXAFS for the Si(100)2 X 1-Cl system from Cl* -ion yield and
Cl KLL Auger yield.



