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Probing an atomic monolayer of
10" atoms adsorbed on an ultra-
dean, 600°C, semiconductor surface
in ultra-high vacoum with 3.5 to 27
keV x-rays could be an experimental -
1st’s nightmare —if it weren't for the
facilities available at CHESS. The ini-
tative to use synchrotron x-rays to
study surface structure was launched
at CHESS in the 198('s by Professors
Bob Batterman, CHESS, and Jack
Blakely, Materials Science, with
funding provided through Comell’s
Materials Saence Center. Recently,
interesting studies of submonolayers
of Agladsorbate) on the 5i{111) sur-
face have been completed using the
X-ray Standing Wawve (XSW) and po-
larization dependent Surface EXAFS
(SEXAFS) techniques.

Why Ag? An Enigmatic 2D
Phase System.

In 1967, K. Spiegel' was probably
pragmatically motivated to put silver
atoms on a silicon surface. There was
alot to understand about the nature
of ohmic and Schotthky inter faces at
that time. A simple model system was
needed where atomicstructure was
krwrwn so that electronic structure

could be calculated.
There is only one d-
metal [ silicon system
without a complicating
silicide structure; only
one combination that
bulk studies had un-
ambiguously shown
not to intermix — that
was the Agon Si sys-
tem. Spiegel conduct-
ed the first Low Ener-
gy Electron Di ffraction
{LEED) studies and
showed that it took 1/
3 of a monolayer (1 Ag
atom for every 3 5i at-
omsin the surface unit
cell ) to cover the sur-
face before subsequent
Agdeposits produced crystalline Ag
islands on top of this adlayer. The
Ag/5i{111) interface was thus mod-
eled as Agatoms aitting in hollows
formed by three 5i surface atoms and
making a centered-hexagonal net-
wark on the surface (see figure 1).
Today, 27 years later, this simple,
non-silicide forming, non-intermix-
ing system of silver atoms on a
5i{111) surface has been repeatedly
tested, by every available sur-
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face science technique. The
result — not confirmation or
refinement of the ariginal
findings — but total chaos!
Over 125 different papers
from almost as many re-
search groups battle over
which of at least fourteen
surface structural models
their results support. There
1% no consensus as to how
many Ag atoms per S sur-
face unit el constitutes a
single monolayer and no
consenss even as to wheth-

{Figura 1) Two of fourtesn compei-
ing modais for AgSi {fop) Spie-
gas anginal CH mode’, {botiom)
recent SHCT modeal .
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er the Ag atom sits on the Si surface
or embeds itself in the top surface
layer!

The most famous example of this
mnfusion came in a 1987 Physical Re-
wiew Letters. Two groups, working
independently and using the newly
developed Scanning Tunneling Mi-
aoscope (STM) studied the Ag /
5i{111) surface. Both groups were
members of [BM's research laborato-
ry system; Wilson® at IBM Almaden
in California and Van Loenen® at IBM
Watson Research Center in New
York. The Almaden group deter-
mined that the Ag atoms satina
honeymmb structure on the 5i(111)
surface — the Watson group con-
duded that the Ag atoms were em-
bedded under a 5i surface layer.

Today, the theoretical interest in
Ag/5i{111) as a model sy stem has
long been forgotten. The applied in-
terest in understanding Ag/Siasa
Schottky barrier has been supplanted
by experience. To surface scientists,
Ag on 5i{111) has just become an
enigma. With the solution of its
structure, we can, hopefully, begin to
understand the interaction between



the arystallographic, electronic and
chemical structures produdng metal
induced semiconductor surface
states.

The research described here at-
tempts to answer the basic question,
“How can so many good resear chers
from s0 many good labs come to
such fundamentally different conclu-
sions about the surface structure of
such a simple systeml”. XSW and
SEXAFS have been done on the sur-
face concurrently with LEED and
other surface techniques, providing
information that takes account of any
surface contraction effects. Addition-
ally, we have studied the rare 3x1 to
Y3 y3R 30" phase transition in order
to gain insight into the Ag surface
placement.

Experiments at D-line,

The XSW technique provides a
measurement of atomic position rela-
tive to bulk diffraction planes and
SEXAFS provides bond-length infor-
mation. To study silver and silicon
without the interfering effects of oth-
e atomic species, experiments must
be done under ultra-high vacuum
mnditions. At base pressures of § x
107 torr (1% 107 Pa.) and elevated
temperatures of 400 to &00°C, there
was a useful 18 to 24 hours experi-
mental window before surface con-
tamination became detectable.

A UHV beamline end-chamber
was designed for use at CHESS sta-
tion D=1 {see photo). Mumerouws
pumping stages help this chamber to

reach a demonstrated
5% 107" torr ((L67 x 107
Pa.) base pressure.
(For comparison, the
Wake Shield Facility
recently flown on
NASA's February "94
Shuttle mission
achieved a vacuum of
about 5 x 10 torr
while flying outside of
the orbiter.) Instru-
mentation on the end-
chamber includes
LEED, a CMA for
electron analysis, a
Enudsen effusion/
deposition source,
sample furnaces and
thermometry, a mov-
able Si(Li) luores-
cene detector port, a
sample load-lock
mechanism, &7 diame-
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ter Be windows for entrance and exit
x-ray beams, viewports, an RGA sys-
tern and internal quartz IR bake-out
heaters.

Experiments were conducted at
CHESS' D-1 bend magnet station.
Spedcally designed Si(111) and
51 220) four-bounce aystal sets were
used to provide the wide energy
range needed for Ag K (25.5 keV)
SEXAFS and lower energy XSW ex-
periments. The four bounce de-
signed provides for detuning the
two-bounce pairs to reduce the
maonachromator energy band-pass
and allow an accurate sampling of

(Figure 3) XEW resuits for 0.2 monolayers at
A00C: fiop curva) well-ordared Ag on surfacs
with sfight carbon contamination, {middie
curve) carbon free surfaca.  The differant co-
herant fracions and atomic positions indicate
diferant Ag sruciures in the fwo cases,

the sample's Darwin reflection curve,
({These monochromator sets are awvail -
able for use at CHESS' [-1 and B-2

stations.)

Results? Don't Just Expect the Un-
expected — Count omn it!

Two dominant factors were ser-
endipitously found to control the
surface structure. The first is carbon
mtamination; even slight amounts

(Figura 2) Expaimental configuration at
CHESS [-iine.
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will inhibit the formation of the 3x1
phase. Unexpectedly, we found that
the structure is path dependent,
that 15, the method used to get to a
point on the surface phase diagram
can dramatically affect the resultant
structure.

A few of the interesting XSW
experimental results are shown in
figure 3. Curves are both from sur-
faces with about 0.2 monolayers of
Agon 5i(111) at 400°C. LEED pat-
terns from both surfaces show a
stromg V3% BR30 structure; both
data sets are taken from the same
sample, prepared and cleaned in
the same way. The difference is that
one surface has trace amounts of
carbon contamination which sup-
presses the 3xl phase and stabilizes

the 43 V3R30° Ag phase. The Fourier
Transform (FT) SEX AFS spectrum,
g—polarization, alse shows that Agin
the C stabilized surfaces i1s mono-po-
sitional while the Ag on the clean
surfaces 15 multi-positional i the 3x1
and Y3xV3R30" phases. Depending
om the path taken through the sur-
face phase diagram and surface
cleanliness, one can get a single near-
est-neighbor bond length to domi-
nate or, at other times, a three
peaked structure to appear w here
there is bulk-like Ag behavior and
multiple, but close, nearest neighbor
distances.

Dures this help explain the dis-
parity in results of the last 27 years?
Certainly! Normally reported in the
literature is the final coverage and

temperature conditions of a test, but
rarely the path taken to get to that
endpoint. Once a method is found to
reach that endpoint, the same path to
that endpoint is typically taken, re-
ducing the number of vari ations in-
troduced in the procedure. Each ex-
periment becomes self-consistent.

It may be possible that many ex-
periments, different as they are, may
be correct! We may not be closer to
understanding the Ag-5i interaction
but these recent results suggest areas
in which greater care must be exer-
dsed in the future.

! K.Spiegel, Surf 5o T (1867 125,

# R.). Wison and 5. Chisng, Phys. Revlett 53
| 1987) 280,

3 B wan Losnen, J.E. Dermuth, BM. Tromp and
FLJ. Harrmers, Piws. Rev.Let 58 (1087) 373,



