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X-Ray Standing Waves at Crystal Surfaces
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With use of bromine atoms, deposited on the surface of a silicon single crystal, the
presence of x-ray standing waves above the crystal surface has been detected under con-

ditions of strong Bragg diffraction.

PACS numbers: 68.20.+t, 61.10.Fr

Nearly ninety years ago Wiener® reported on a
method of exciting standing waves of optical in-
tensity just outside the surface of a metallic re-
flecting mirror. In so doing he determined the
correspondence between the electric vector of
Maxwell’s theory and the photographically active
light vector which developed a plate placed just
outside the mirror surface, We report below on
an extension of Wiener’s idea to the x-ray region
of the spectrum.

Our interest in this problem lies not only in
demonstrating phenomena analogous to that ob-
served by Wiener but also in the prospect of ob-
taining a completely new experimental method to
observe and characterize, on a microscopic
scale, adsorbed layers on the surfaces of single
crystals. We describe the experimental realiza-
tion of these possibilities in the following dis-
cussion,

The basic idea behind our experiment is quite
similar to that of Wiener’s, i.e., establish a
standing-wave field external to the crystal sur-
face via the interference between an incident and
reflected plane wave. In place of metallic reflec-
tion we have used a Bragg reflection for the x-ray
case. This distinction results in a remarkable
extension of the achievable experimental possibili-
ties compared to metallic reflection. In the latter
case the phase of the reflected wave relative to
the incident wave is determined by the fixed
boundary condition of zero tangential electric vec-
tor along the surface. This fixes the phase of
the standing wave relative to the boundary sur-
face. The conditions that determine the phase of
the reflected beam from a Bragg reflection are
somewhat more complex but are thoroughly ex-
posed in the dynamical theory of x-ray diffrac-
tion. Thus as early as 1935, von Laue? discussed
the nature of the x-ray standing waves excited
inside perfect crystals for both the Bragg and
Laue diffraction geometries. The Bragg case is
particularly interesting to us. Here for semi-
infinite single crystals a finite angular region of
essentially total reflection occurs in the vicinity
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of the Bragg angle. Within this region the phase
of the reflected beam is a very strong function of
angle, changing by 7 from one side of the total-
reflection region to the other. Thus the resulting
standing wave caused by interference between
incident and reflected beams is no longer fixed
relative to the surface but may be moved experi-
mentally with a simple angular adjustment. A
second distinction arising from the use of a Bragg
rather than a metallic reflection lies in the con-
figuration of the standing-wave field. The Bragg
condition implies that the nodal planes of the
standing waves lie parallel to, and have the
periodicity of, the Miller planes responsible for
the diffraction.

The final and crucial aspect of our experiment
is to replace the photographic emulsion of Wie~
ner’s experiment with an atomic layer of surface
impurity atoms and detect the presence of x-ray
standing waves in their vicinity through x-ray
fluorescent scattering., Thus as the incident
beam angle is scanned through the region of total
reflectivity, the standing waves outside the crys-
tal surface will move, and as a node (or antinode)
passes through the atomic position of the sur-
face atoms the characteristic fluorescent impur-
ity signal should go through a minimum (or maxi-
mum). This experiment is a logical extension of
recent work developing x-ray standing-wave
methods for the determination of bulk atomic im-
purity locations.?

The conventional approach to the preparation
of a crystal surface with adatoms involves sputter-
ing, annealing, and impurity-atom exposure fol-
lowed by a number of standard measurements
such as low-energy electron diffraction (LEED),
Auger spectroscopy, etc., all done in an ultra-
high-vacuum environment. While we have pur-
sued this route in some of our surface x-ray
interference experiments, we report on a differ-
ent kind of surface preparation here. We have
taken advantage of the strong penetrating power
of both incident and fluorescence x rays to dem-
onstrate the existence of surface standing waves
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at a crystal-liquid boundary. We believe that
this represents one of the few means of obtaining
microscopic atomic location information at this
kind of interface.

A single crystal of silicon was cut and Syton-
polished with the (220) planes parallel to the sur-
face. Oxide was removed with an HF etch fol-
lowed by a quick methanol rinse. The sample was
‘then immediately transferred to a solution of 50
ml methyl alcohol to which a single drop of liquid
bromine was added, the goal being to deposit
bromine atoms on the clean silicon surface, With-
out allowing the sample surface to come in con-
tact with the atmosphere it was transferred suc-
cessively to six clean methanol baths. A 0.0005-
in. Mylar window wet with methanol was placed
in contact with the sample and the combination of
surface wetting and tension forces trapped a thin
liquid layer (several microns thick). The sample
was then placed in a quartz cell (see Fig. 1) that
continually resupplied methanol to the layer via
capillary action replacing liquid lost by evapora-
tion from the sample edges. This procedure is
necessary to minimize Compton and diffuse scat-
terings off the liquid from entering our fluores-
cence detector.

The cell described above was then placed in an
x-ray apparatus illustrated in Fig. 1. A fine-
focus molybdenum x-ray tube served as the
source of Mo Ka x rays. The beam was then
collimated and monochromated by a 220 reflec-
tion from an asymmetrically cut silicon crystal.
The asymmetry of the collimator crystal pro-
duced an outgoing beam having a theoretical angu-
lar width ¢ the natural width of the (220) reflec-
tion for a symmetric crystal. This broad, highly
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FIG. 1. Schematic layout of experimental apparatus
including sample cell detail.

collimated beam then fell upon our sample in
solution after passing through the thin Mylar
window. The sample and its holder were placed
on a recently discussed® piezoelectrically con-
trolled and long-term stabilized goniometer capa-
ble of stabilities of order 0.01 arc sec over many
days. The goniometer was programmed to sweep
back and forth through the region of total reflec-
tion associated with the (220) Bragg angle (10.6°).
A lithium-drifted silicon x-ray detector monitor-
ed the inelastic x rays scattered from the sample.
In particular the fluorescent x-ray yield from the
surface bromine atoms was monitored as a func-
tion of crystal angle relative to the beam.

Bromine surface coverage could be evaluated
immediately by comparing “off Bragg” bromine
fluorescence yields with another similar sample
that had 10'°/cm? bromine atoms ion-implanted
to a depth of ~300 A instead of the chemical treat-
ment. A surface coverage of 4 X10'* bromine/cm?
was thus obtained fro the chemically prepared
sample. Evidence that the chemically deposited
bromine was actually on the surface came from
observing that a brief dip in hydrofluoric acid
completely removed it. (We have also attempted
to establish bromine coverage by Rutherford back-
scattering and electron-induced Auger yields,
but bromine appears to be rapidly desorbed by
these techniques.)

The closed-circle data points in Fig. 2(a) which
were acquired over a 14-h period represent the
experimental angular yield of bromine K« fluores-
cence around the total-reflection region. The
yield is clearly asymmetric with respect to the
center of the reflectivity curve which is shown
as curve A in the figure. Had there been no
standing waves at the surface or no coherent
bromine atom positions this yield would have
been simply an incoherent sum of fluorescence
yields from the incident and reflected beams
(curve B).

We proceed now to discuss the coherent aspects
of the bromine fluorescence signal. First note
that as we move across the region of total re-
flectivity the aforementioned phase change of the
reflected beam results in the x-ray antinodes
shifting from being midway between to being in
step withf the crystal (220) planes. Thus, for an
angle of incidence at the left of the total-reflec-
tion region the first external x-ray antinode lies
one half a (220) planar spacing above the surface.
For an angle of incidence at the right of the total-
reflection region the antinode lies one whole
planar spacing above the surface (1.92 A). There-
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FIG. 2. (a) Normalized x-ray yields from both fluo~
rescence and reflected-beam detectors. Bromine fluo-
rescence, solid circles; Bragg reflectivity, open cir-
cles. Curve A, Bragg reflectivity theory; curve B,
standing-wave theory with coherent fraction 0%; curve
C, standing-wave theory with coherent fraction 30% at
6=1,72 f\; curve D, standing-wave theory with coherent
fraction 100% at 6=1.72 A. 6 is distance above surface
plane. (b) Bragg reflectivity theory, dot-dashed curve;
standing-wave theory with coherent fraction 0%, dashed
curve; standing-wave theory with coherent fraction 30%
at 6=1.15 IOX, solid curve; standing-wave theory with
coherent fraction 100% at 6=1.15 108, dotted curve.

fore the presence of the fluorescence maximum
on the right side of the total-reflectivity region
indicates that a significant fraction of the ad-
sorbed bromine lies approximately 1.9 A above
the crystal surface. A calculation using standard
silicon parameters in a two-beam dynamical
theory is also shown in Fig. 2(a) (curve C). The
fit assumes that 30% of the bromine lies 1.73 A
above the crystal surface and 70% is incoherent
relative to the crystal lattice below. The theory
for completely coherent (curve D) and completely
incoherent (curve B) results is also indicated.
Figure 2(b) shows the expected results for com-
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pletely incoherent, completely coherent, and a
mixture with a different atomic position than we
have observed. Our experimental value of 1.73
+0.07 A corresponds closely with that expected
from a Si-Br covalent bond in volatile molecules.
The value for the latter is™® 1,76 0,16 A with
geometrical factors taken into account. Here we
assume that the angular orientation of the Si-Br
bond is identical to that expected for the equiva-
lent Si-Si bond.

It has been shown previously®? that the incident
and diffracted beams are highly coherent even at
distances of ~1000 A above the single-crystal
region which produces the standing waves. We
therefore believe that the explanation for the 65%
incoherent signal is actually connected with some
bromine atom sites being essentially uncorre-
lated with the crystal lattice below. Thus, while
some of the deposited Br atoms are able to situ-
ate themselves at preferred sites relative to the
crystal substrate, most of the Br present may be
caught in some more complex structure. Surface
impurities from the air of the methanol such as
oxygen or hydrocarbons which are too light to
give an observable fluorescence signal may be
responsible for the complex environment. On
the other hand, while it is not appropriate to go
into great detail here, we just mention that sam-
ples prepared and measured in a UHV environ-
ment, samples allowed to age in air after the
bromine treatment, and samples prepared in a
CF,Br plasma all gave rather similar results
with regard to bromine incoherent fraction (and
position). Attempts to get any coherent fraction
from bromine in the bulk (i.e., ion implantation
followed by thermal or laser annealing), however,
have all failed. This leaves open the possibility
that some bromine may actually penetrate into
the solid and take up incoherent positions or that
a combination of locations is populated that simu-
lates an incoherent result in the fluorescence data.

The statistical accuracy of the data in Fig. 2 is
rather poor compared to data from standing-wave
experiments on bulk impurities.®® This is due
partly to the low coherent fraction (~10'* Br/cm?)
and partly to the limited times we have been able
to keep a well-defined liquid-solid interface.
However, both surface and bulk x-ray standing-
wave experiments could be drastically shortened
in duration by use of x-ray synchrotron radiation
as a source of the incident x-ray beam. In addi-
tion to the increased incident flux (by factors of
~10%) other major advantages of such a source
include reductions in the Compton and thermal
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diffuse backgrounds by utilizing the beam polari-
zation, and optimization of fluorescence cross
sections by beam energy tuning. We believe that
with these improvements a position resolution
better than 0.01-0.02 A can be obtained for sur-
face impurities in relatively short experiments.

In conclusion, we have demonstrated the exis-
tence of x-ray standing waves outside a silicon
crystal surface under condition of strong Bragg
diffraction. Such fields can be excited not only
near the crystal-vacuum interface but also at the
crystal-liquid interface. Their use in the system-
atic study of surface atom location in both en-
vironments may be expected to contribute signifi-
cantly to the study of surface physics in the near
future.
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