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The adsorption sites of Br on well characterized ultra-high vacuum prepared
Si(111) Ixl and 7x7 surfaces were determined with in situ X-ray standing
wave measurements. Only small differences were observed for low Br coverages
(< 1/3 ML) between the on-top adsorption taking place on the Ixl and the
7x7 surfaces. This is in conformity with the change of the LEED pattern
and indicates a local reordering of the 7x7 unit cell. At Br coverages > 1/3 ML
an outward shift of the (111) Fourier component of the Br distribution function
was measured. These results are compared with models of the Si(111) surface
and discussed with semi-empirical formulae for the binding.
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1. Introduction

The adsorption of halogen atoms on Si(111) has been studied in many theore-
tical and experimental investigations in order to determine the electronic
states and the geometrical arrangement of the interface atoms. Because of
the expected monovalency of the halogen atoms, this system promises to be
a good case to learn in which way the chemisorption of atoms on the surface
depends on the reconstruction and relaxation of the substrate and on the
electronic levels and the electronegativity of the adsorbed species, and
in which way such substrate properties are changed by the reaction on the
surface. A systematic comparison of the adsorption going through the halogen
series for example, can help to separate the influence of atomic size and
electronic effects for the adsorption process.

In particular, the geometrical structure of the Br/Si(111) surface has been
investigated in several X-ray standing wave (XSW) studies /1-6/. Since Br
forms a stable, well ordered layer even upon chemical deposition, and since
such layers show a very low desorption rate, a comparison of different pre-
paration processes as well as different environments becomes feasible by
using XSW. The surface on-top site, which is expected for a monovalent bonding
of the Br to the Si dangling bond was found /2-4/ for chemisorption on a
mechano-chemically polished surface from an alcohol solution.

The same preparation technique used on a cleaved surface showed at low coverages
the identical result with evidence of a small outward relaxation, but additional-
ly revealed another position with increasing coverage which agreed with

a threefold ionic bonding site /6/. Independently, this later position was
measured in the first XSW study carried out in situ in ultra-high vacuum
on a Si(111) 1xl surface at ~ 1 ML Br coverage /5/. This result, however,
can also be interpreted with a model in which Br adsorption takes place

at the on-top site on a (111) surface which is inwardly relaxed by a large
amount of 0.5 & as was suggested for the clean Si(111) 7x7 surface /7/.

In our present study we have compared the Br adsorption on 1xl and 7x7 surfaces
and have measured the position as a function of Br coverage. The results
identify the influence of the adsorbate on the substrate surface order and
give an estimate of the interaction of the Br at larger coverages. The

quest ion of surface relaxation has been addressed as well.




II. Experimental Techniques

We have used standing X-ray wavefields to determine the adsorbate geometry
as well as the coverage of adsorbed Br atoms. The simultaneous measurement
of the substrate reflectivity and the inelastically scattered adsorbate
fluorescence photons can be used to determine the surface atom density funmc-
tion relative to a known origin in the undisturbed substrate lattice, Its
application for surfaces and the mathematical procedure which is used to
extract the corresponding (hkl) fourier component of the surface atom density
from the measured data of the (hkl) dynamical_refiection Has been described
in several prier publications /6,8/ and a brief review of recent applica-

tions with synchrotron radiation is given in /9/.

The experiment was carried out at the instrument ROEMQ of the Hamburg Synchro-
tron Radiation Laboratory HASYLAB using synchrotron radiation from the storage
ring DORTS. The complete set-up including the ultra~high vacuum chamber

in which the sample was prepared, characterized, and measured is described

in detail elsewhere /10/. A schematic drawing is repeated in Fig. 1. Dur
present experimental description will therefore concentrate an the sample
preparation techniques used and the churacterization methods ta assure that

XSW can be applied to the samples.

The Si{111) samples werc cut from a high resistivity (> lU3 2 cm), p-type
single crystal with a size of 10 x 5 x 5 mn3. They were mechanically polished
to optical flatness wilh diamond paste, etched in a solution of 95% HNO3 +

5 % HF and finished by a chemical-mechanical Syton polish. Just before in-
sertion into the vacuum chamber, the oxide layer was removed in a pure HF
bath. Inside the IIHV, the sample was carefully heated with girect current

for several hours at elevated temperatures until the normal base pressure

of the system was reached again.

After this trealmenl the surface was usually cleaned for 30 minutes with

500 cV Ar' ions. The dumage to the crystal latlice from this treatment was
amnealed again by heating lhe sample for several minutes at high temperatures
of 1200° te 1300°C. This firnul Lemperature and the cooling rate determines
whether a Ix1 or 7x7 reconstructed surface is formed at room temperature,

A fasl cooling rate will guench the high temperature 1xl structure /11/
while a maximum Lemperature sbove 13000 together wilh a slow heating and

cooling eycle (1 - {.% h) produces a 7x7 surlace.
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The slowness of all thermal treatments, avoiding extensive thermal strains,
also helped to preserve the high perfection of the substrate lattice which
is used as reference far the adsorbate distribution function. Two standard
X-ray diffraction techniques, double crystal diffractometry andthree crystal
topography were used to monitor the substrate perfection. Fig. 2 shows the
influence of sputtering on the reflectivity which was measured by rocking

in a parallel mode the first and second crystal relative to the third crystal
which is the sample. Although the fwhm of the curve is not affected strongly,
its shape has changed drastically. The plateau at the top has become more
rounded and the intensity in the tails increased because of defects and

strains induced from sputtering.

Fig. 3 shows topographs of the full size reflected beam from the sample.
During the exposure the relative angle A% (Fig. 2) was kept constant at about
50 % of the maximum intensity of the rocking curve. For the top row of the
rocking curve one picture was taken an the right and one an the left slope
of the rocking curve. Theo topographs show one fringe extending across the
sample which images a corresponding strain variation of the lattice constant.
However, sections of the homogeneous area can be chosen for an XSW measure-
ment. Such characterization was used in each case, and a proper perfect

area for the XSW measurement was selected. The bottom picture shows an almost

homogeneous reflection for comparison.

A LEED system with e epergies between 30D and 50 eV was used to characterize
the surface reconstruction. By applying a 1 kHz modulated retarding vollage

to the grids of this system and operating the e gqun at about 2 keV, it

was converted into an Auger-electron spectrometer. Fig. 4 (solid line) shows
such Auger-electron measurement of a sample just after insertion inta the

UHV. The main contaminants are C, 0 and N. After sputtering and heating

as described above, a spectrum is recirded for which the dashed line in

Fig. 4 is typical. The O and N peaks have vanished but a small amnunt of C

is still visible which may, however, partly originate from a minute contamina-

tion of the spectrameter itself.

Br was adsorbed from an electrolytic AgBr cell /12/. The doses could be
contrelled via the current passing through the cell since the asnovunt of Br
released at the anode is propurtiovnal to the electric current. This value

ic checked and calibrated by measuring the Br K fluorescence yield in units

of the Si K, yield from the substrate /13/.



I11. Data Analysis

All XSW measurements which are discussed here were performed with (111)
reflection planes lying parallel to the Si surface. Thus the (111) Fourier
component of the Br atomic density function is determined in our measurements
relative to the bulk diffraction planes. The experimental data are fitted

by a least-squares fit to the formula
1/2
¥Y($) = 1 + R(8) + 2 (R(8)) f cos(u(8) - zne) (1)

where Y(8) is the fluorescence yield, normalized to its value at an off-Bragg
angle %, R{§)} and v(%) are intensity and phase of the reflected beam relative
to the incident beam, calculated from the dynamical theory. In order to
determine the angular scale, the measured reflectivity is canvoluted with

the monochramator angular emittance function and fitted to R(§). FC and ¢

are the amplitude and the phase, respectively, of the (hkl} Fourier component

FH = fC,H
fluorescence selected species.

exp(—2ﬂi¢H) of the normalized atomic density distribution of the

Since we detected Br Ka radiation which ariginates from electronic orbitals
extending aver a narrow range clese to the Br nuclei, we can use a é-function
like Br density function /8/

o(r) =po_+20

o . 8(r - 1) i=1,2, ...y n (2)

1 —J

with Du + L pj = 1, where n gives the number of ocrupied sites.

The Fourier components are

=L O H- = ! (21 i
Fy = j P exp(2mither ) Pyl exp(-zmie)) &3]
with
|F ]2 =2z oz +2 Epp cos(ZH(c. - 1)) (4)
H N Sl -
J Js
Jek
and
tan(2d ) = 2 0 51n(2nﬂ~gj)/§ P; cos(Zwﬂ-LJ) (%)

J J
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Themal vibrations can be included by modifying the density function appropriately

/8/. For our analysis, a density function (2) has been used with only one
Br site occupied coherently relative to 5i bulk diffraction planes and the
rest being unifarmely distributed. Thus, a coherent fraction FC = @C/O,
where O is the total coverage and C% the coherent coverage of Br atoms
accupying sites ¢H E (Ad/d)H measured in direction of H, is determined by

this analysis.

IV. Results

The result of an XSW measurement can, in addition to the LEED pattern,
be used to check the homogeneity of the adsorbate structure. Table 1 shows
the values of fE and ¢ abtained for different surface areas of a sample.
They clearly exhibit inhomogeneities resulting from this particular prepara-
tion. Such variations in fc and ¢ can point towards adsorbate inhomogeneities
as well as towards bulk substrate deformations and have to be controlled

carefully before the measurement to ensure a homogeneous adsorbate.

Br_adsorption_on Si(111) 1xl

No charge of the LEED pattern was observed when Br was adsorbed on an
initially $i(111) Ixl surface. A typical result of a preparaticn with =
0.2 ML is shown in Fig. 5. A coherent fraction fC = 0.96 + 0.07 is reached
which proves the validity of the assumed one-position model. The position
¢ = 0.84 + 0.01 is equivalent to a distance of (2.64 + 0.03)R to the Br
atoms from the topmost bulk (111) diffraction plane. Assuming an unrelaxed,
bulk like topmust Si atomic plane and Br adsarption at the one-fold covalent
atop site, this result is in very good agreement with the bond length observed
in SiBra molecules (2,54 8) /15/, with theoretical cluster calculations
(2,62 B) /16/ and with XSW measurements an chemically prepared interfaces
under atmospheric conditions (2.61 RB) /4/.

To determine the influence of the Br-Br interaction the Br coverage was
increased up to 1 M. Table II gives a summary of the results from a consecu-
tive run on the same sample spot. As can be seen, the phase value increases
with coverage. Above © = 0.3 ML the phase becomes 0.88 + 0.0l while the
amplitude is nnt affected strongly.
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Fig. 6 shows the result of tempering a Br covered sample (0.5 ML) at about
300°C. The phase changes hy the same amount as in the case of increasing

the thickness nf the Br layer. However, in the case of heating the amplitude
also increases. While the total) coverage decreases as expected from thermal
desorption, the coherent coverage increases from 0.12 ML to 0.18 ML, which

reflects the thermal annealing of the layer.

Br_adsorption on $i{111) 7x7

When Br was adsorbed on a 7x7 reconstructed Si(11l) surface, the LEED
pattern changed markedly. Except for those seventh order LEED spots along
the lines connecting the first order spots in the form of a hexagon and
a six-fold “star" arnund each first order spot, all other fractional arder
spots vanished. The new pattern is similar to that observed afler Cl and

H adsorption on 7x7 /17,18/.

lig. 7 (solid line) shows lhe result of an XSW measurement with € = 0.24 ML
after Br depusition at room-temperature. The phase value @ = 0.82 + 0.01

is hardly significantly different from that of adsorption ontu a lxl recon-
structed surface. Adsorption onte 7x7 with € = 0.42 ML gave the identical
phase value with a slightly reduced fc = 0.76 + U.03. The dot-dashed line
shows the results after tempering the adsorbate at 300°C. The phase d =

0.81 + 0.01 15 nut significantly different from the results of the 7x7 surface.
The cuberent coverages F% decreased from 0.20 M to 0.13 ML and the LEED
pattern changed fully to 1xl.

In this measurement the theoretical cubcrent fraction fﬁl = 0.71 from the
substrate S1 atoms was reduced by imperfection to 0.61 :>0.03. If Lhis difference
15 gpplicd as correction for inhomogeneities af the Br adsorbate caused

from substrate imperfections, fn values close to the theoretically maximum
possible value which is the Debye-Waller factor of the Si-Br system are

reached.
V.  Duscussion

Because of Lhe large coherent fractions which were measured for the Br
on Ixl and 7x7 surfaces and which are close to the maximum passible value,
Lhe assumpt ion, thal Br occupics at low coverages one adsorption sile has

bern unambiquously justified. Several measurement s gave high coherent fractions

-7 -

with identical positions for each kind of reconstruction and only very small

differences between 1x1 and 7x7.

Jable III compares the measured distance of the Br atom relative to the
tapmost bulk (111) diffraclion plane with other relevant values. We have
also included a semi-empirical estimation /19,20/ using the equation for
the bondlength dcov in a covalent bonding

- _ - '
oy = Fsi * Tge = © %5 - ) (6)

of two atoms with covalent radii Tg; = 1.17 A and gy = 1.14 8 and electro-
negativities Xgi = 1.8 and Xpy = 2.8. The later difference is the measure
for the shortening of the banding arising from the different electranegativi-

ties of the partners; the constant c = 0.06 A was taken from ref. /19/.

The agreement between the result of equ. (6}, the cluster calculation, the
XSW resull on chemically prepared adsorbates, and the XSW UHY result on

an initially 1xl reconstructed surface is excellent.

The ¢-results on the system which was eriginally 7x7 reconstructed are slightly
smaller. The maximum relaxation which is in agreement with the results,

is the difference between the 7x7 value (2.57 + 0.03)8 and the 1x1 value

(2.64 + 0.03)R and is therefore < 0.1 A. This is in agreement with recent
channeling data /21/ but in contradiction with other UHV XSW measurements

/7/ which faund a contraction of 0.5 f inward. Assuming a dimer-adatom-
stacking fault model /22/ for the 7x7 unit cell, which was also used success-
fully to explain recent XSW results for Ge on Si{(l1l) 7x7 /23/, the maximum
coverage for adsorption on surface atop sites is 0.12 M. Since much larqer
coherent coverages were measured with maximum fn values, the surface adatoms
must have been displaced from their sites to allow for more Br adsorption

at surface ontop sites. This displacement 1s reflected in the change of

the LEED pattern. The originally 7x7 unil cell is reordered in the interior
similar to the cases of H /17/ and C1 /18/ adsarption. A possible explanation
is the removal of the adatoms and survival of the dimers and the stacking
fault. The small difference between the value after reordering, {2.54 + 0.03)4,
and the pure 1Ix1, (2.64 + 0.03)8, cuse hiots Lowards an inward relaxation

albeit a small one.
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The increase of the phase value for consecutive Br adsorption on a 1x1 surface
can be interpreted by assuming an increasing ionic character of the Br-Si

bonding. For this case the bondlength can be approximated by /19/

deav/ion = Yooy ~ P 109 P S
where p = va/n is the bonding number, with the effective valency v, and

the number of nearest neighbours m, and the empirical constant b = 0.8 A

/20/. The value dcov/ion
v, = 3 and a coordination number n = 4, which is quite suitable for the

= 2.73 R is calculated with an effective valency

high coverage Br case assuming that one Br is surrounded hy three other

Br atoms and one Si atom. This takes the interactian between adjacent Br
atoms into account and its valency will thus differ from that of an isolated
atom. Although the value from (7) cannot be taken as being precise because
of the transfer of b from other bonding geametries and because of the rough
description of the bonding by a number p, the measured increase of the posi-
tion with coverage is explained by this model. Another possible explana-
tion, namely an increasing outward relaxation of the top 5i layer is much
less unlikely, because this requires an increasing 5i-Si bondlength. In
addition, the lengthening of the bonding, because of the increased Br-Br
interaction, also explains that the chemical preparations /2-4/ cauld only
attain a maximum C% of 0.20 ML. As discussed in /l4,6/, the steric overlap

of adjacent Br ataoms will cause a change in bonding geometry and will increase
the banding energy which prohibits a bigher @c during deposition from the

solution.

The threefold ionic site, which has been found /5/ on a differently prepared
UHV surface before, did not show up in our present systematic study. This
can be caused by a different method used for preparation here or by different

Si materials with bigher contaminent concentration.

Summary

The present XSW study on Br adsurbed on 51(111) for different reconstruc-
tion structures 1x1 and 7x7 has clearly shown that 8r is adsorbed on the
surface atop site in UHV just as it is known to be adsorbed nn chemically
prepared surfaces. With increasing coverage of Br on 1x1, the 5i-8r bondlength
increases because of the increasing Br-Br layer interaction. On a 7x7 surface,

Br rearders the interior of the unit cell by a locul reconstruction. No

-9 -

indication was found for a large relaxation of the Si-Br double layer perpen-
dicular to the bulk (111) diffraction planes.
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Table II

Sequence of coverage dependent standing wave measurements an Si{111)Ix1.

Q

a

]

el fl e Br-(111) e

14, 2 €

(mA min} {107 fem™) (ML) (R)
40 2.3 0.33 0.84 + 0.02 0.24 + 0.03 2,64 0.08
80 3.3 0.47 0.87 + 0.02 0.26 + D.03 2.73 0.12
120 3.4 0.49 0.88 + 0.02 0.35 + 0.02 2.76 0.17
240 4.5 0.64 0.89 + 0.02 0.27 + 0.02 2.79 0.17
360 6.8 0.96 0.88 + 0.01 0.320 + 0.02 2.76 0.29
480 6.4 0.91 0.88 + 0.01 0.37 + 0.02 2.76 0.39
720 6.7 0.96 0.87 + 0.01 0.35 + D.02 2.73 0.34

Qel is the electric charge released from the AgBr cell. O¢y is the Br coverage

estimated from the ratio af Si and Br Kafluorescence ylelds. @ is the corresporn-

ding Br coverage in parts of a monolayer. The measured saturation coverage

at approximately 7 x lﬂla/cm2 has been set to © = 1. The theoretical value

of 7.83 x lﬂla/cm2 is within the error limit of ~ 10 %. d

See text for definition of ¢, f and OC.

Br-(111)

=%« 3.14 R,

Table III

List of distances of the Br atom from the top Si layer as calculated and

measured with different methods (see text).

Y%e-(111y M
from SiBra /15/ 2.54
from covalent radii 2.70
cluster calculation /16/ 2.62
dcov from /6/ 2.64
{
dcov/ion from {7) 2.73
chemical preparation /4/ 2.61 + 0.01
this work:
UHV Ix1 low cov. 2.64 + 0.03
large cov. 2.76 + 0.03
UHY 7x7 Br 2.57 + 0.03
UHV 1x1 {annealed 7x7 Br) 2.54 + 0.03
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