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STUDIES GF FOREIGN ATOMS ON THE
SUREACES OF SOLIDS ION BEAM
AND X-RAY STANDING WAVE
TECHNIGUES
W.M, Gibson

State University of New York at Albany
Albany, N. Y., 113, A,

One of the important questions in understanding

the interaction of foreign atoms with the surface of
a single crystal solid is: “Where are the atoms ?”.
This refers to atoms in the surface layers of the
substrate erystal as well as adsorbed foreign atoms.
In recent years a number of new techniques have
been developed to answer this important question.
This paper will review two of these; High Energy
{(MeV), Ion Scattering and X-Ray Standing-Wave
interference Spectroscopy. Ion channeling has been
known for almost twenty years but it is only dur-
ing the past few years that it has been applied to
studies of surface and interface structure. Adsorbate
induced substrate crystal reconstruction and relaxa-
tion is illustrated by oxygen adsorbed on a Ni{111)
surface™.  Structural changes during the early stages
of epitaxial growth are illustrate dusing germanium
on Si(111)® and the power of transmission chan-
neling through thin films iz demonstrated for pal-
adium on a Si(111) surface®. X-Ray Standingl
Wave Interference Spectroscopy (¥SWIS) iz a very
new technique capable of measuring the position of
foreign atoms with a precision of ~0.02A with a
sensitivity of <0.1 monolayers. The principles of
this technique are reviewed and studies of bromine
adsorbed on Si(110) and Si(111) surfaces from
methancl solution are deseribed™, The unique
ability of this technique to determine foreign atom
positions at solid-solid, solid-liquid and solid-gas as
well as solid-vacuum interfaces is demanstrated.
This work was supported by The Office of Naval
Research under Contract ¥ 0014-78-c-06186.

{1) Phys. Rev. Lett., 47 417 (1981); Surface Sci.

114 331 (1982).
(2) Phys. Rev. Lett. 47 1450 (1981); J. Vac. Sei.
Technol. 20 709 (1082).
{3) J. Vac. Sci. Technol. 20 859 (1982).
{(4) I Vac. Bci. Technol. 20 634 (1982).

THE INTERFACE OF GaAs(001) AND A}

T.G. Andersson, G. Landgren
and S.P. Svensson

Department of Physics, Chalmers University of
Technology, $-412 96 GOTEBORG, Sweden

The formation of an interface of MPBE-grown
GaAs{001) and Al has been anzlyzed by AES and
RHEED. The subsequent electrical characteristics
of the formed Schottky barrier was studied by CV-
and IV-technigues. All experiments were performed
in a Varian MBE-360 system.

The magnitude of the ALLVV transition was
studied in the monolayer (ML) range for growth on
GaBs(001) c(4x4), ¢(2x8 and (4%6) surfaces.
Measurements were performed in the temperature
range 268 K to 673 K. The Al growth was chara-
cterized by an initial linear increase preceeding 1he
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nucleation which strongly depended on the temper-
ature. At high temperatures, 523 K for ¢{2x8)} and
400K for (2%8), no nucleation was observed.

. The Schottky barrier formed exhibited no de-
pendence of the barrier height on the initial surface
reconsiruction (i.e. As/Ga-ratio). Upon annealing
the interfaces an interface layer is formed. The
composition of this interface is discussed based on
the annealing behaviocur of the Schottky barrier,

THE GROWTH OF METALS ON III-V
SEMICONDUCTORS

Jean MASSIES

Laboratoire Central de Recherches, THOMSON-
CSIF BP 10 $H1401 ORSAY (France)

In the last few years, a great experimental effort
has been devoted to the study of the epitaxial growth
of thin metal films on III-V semiconductors. A
review of the main results obtained by the different
groups active in the fleld is given with special
emphasis on surface and interface related features.
In general, metas] were depesited onto semicondu-
ctor surfaces according to an MBE process. More-
over, most.of the results were obtained on GaAs
{001} epitaxial layers grown in situ by MBE.
However, some results concerning Gahs {001} sur-
faces prepared by ion bombardment and annealing
{IBA) or Gahs {011} surfaces obtained by cleavage,
as well as other II-V semiconductors such as InP
and InSb are also available. Very different metals
have been grown epitaxially on III-V semiconductor
surfaces: Al, Ag and Au on GaAs and InP [001}
surfaces, Fe cn GaAs {011} and {001} surfaces and
Sn on InSb {001} surface, Various epitaxial rela-
tionships exist between these metals and the semi-
conductor surface, depending on the following main
parameters !

1 -temperature of the growth

2 - surface reaction between metal and
semiconductor

3 - misht between the two lattices

4 - structure of the metal {i. e. fce, bee.)

One of the most striking characteristics of the
metal epitaxial layers is that surface reconsiructions
are often observed, in particular for Al and Ag
grown onte Gahs {001} surfaces, while such recon-
structions are not known as intrinsic surface pro-
periies of standard metal single crystals. Anocther
important observation is that the difference between
the two (110 axis with respect to the dangling
bonds direction at the surface, induces profound
anisotropic effects in the metal layer, as clearly
indicated by recent synchrotron radiation plane
wave experiments. After discussing the main fea-
tures of the growth of metels over semiconductor
surfaces, some new results will be given on the

_orthogonal {110} directions.

W3 4B (1982)

growth of semiconductor/metal/semiconductor struc-
tures which involves severe difficulties, but which
are obvicusly of great potential interest for both
fundamental and practical purposes.

ELECTRONIC AND CRYSTALLOGRAPHIC
STRUCTURE OF MBE-GROWXN
GalAs SURFACES

B. A. Joyce', P.K, Larsen'™, P. J. Dobson®,
J.1. Neave' and J.F. van der Veen'®
fa) Philips Research Laboratories, Redhill, Surrey,
England.

{b) Philips Research Laboratories, 5800MD, Lind-
hover, The Netherlands,

{¢) Department of Physics, Imperial College, Londen
SW7 2Bz, UK.

(dy FOM-insitute for Atomic and Molecular Physics,
Kruiglaan 407, 1098 353 Amsterdam, The Nether-
lands.

The application of molecular beam epitaxy (MBE)
techniques makes it possible to prepare a wide range
of clean, damage-free, reconstructed surfaces of III-
V semiconductors, which can then be examined in-
situ to evaluate their composition, crystallegraphic
and electronic structure, We have combined MBE
with reflection electron diffraction (RHEED), syn-
chrotron radiation excited angle-resolved photcemis-
sion (ARPES) and core-level photoemission to in-
vestigate wvarious reconstructions of, and metal
overlayers on, the technologically important (001)
GaAs surface.

The different reconstructions are related to its
variable stoichiometry, with the 2x4 and c(4x4)
structures being generally considered as As-rich,
the latter having the higher As-coverage, while 4%
2 and 4 X6 structures have higher Ga concentrations.
The driving force for the 2X4 reconstruction, which
is the most stable, appears to be the formaticn of
an asymmetric As-As dimer bond between adjacent
Ag surface atoms. This gives rise to a nearly dis-
persionless state =B3eV below the VBM, while
dangling bond states with significant in-plane
character are found in the energy range near the
top of the projected bulk bands. The dimer related
state is absent in the c(4x4) surface, and also in
surfaces with sub-monolayver coverages of certain
metals {e.g. Pb). In addition it has been possible
to deduce from RHEED patterns that the recon-
structed surfaces are not totally ordered, but show
evidence of a domain stracture in one of the
There is also some
evidence that deep level incorperation in MBE-
grown films may be related to surface structure.
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INTERFACE STRUCTURE OF Si FILMS
GROWN BY ION-ENHANCED
TECHNIQUES

C. Weissmantel, H.-J; Hinneberg, W. Nowick,
V. Guether, V. Hilarius, and A. Kalugin
Sektion Physik/Elekironische Bauelemente,
Technische Hochschule, 9010 Karl-Marx-Stadt,
FPOB 964, D.D.R.

Ion beam sputtering (IBS) and partially ionized
vapor deposition (PIVD) have been applied to pre-
pare crystalline and amorphous silicon films /1, 2/.
Structure investigations in conjunction with mea-
surements of electrical and photoelectronic proper-
ties revealed that the layers exhibit specific features
that must be ascribed mainly to defects produced
at the interface and within the growing films by
the action of energetic ions and neutrals. The
principal results may be summarized as follows:

Epitaxial films on silicon and spinel substrates
were obtained by ion beam sputtering with Ax™ at
6...10keV in the temperature region from 800...
1000°C. A detailed analysis of thinned specimens
by transmission electron microscopy (TEM) showed,
however, that the films contain numerous defects,
in particular stacking fault arrays, twinned regions,
dislocations and agglomerations of point defects.
In the early stage of film growth the formation of
defects was detected even on the uncovered sub-
strate surface regions between threedimensional
islands. Hence the impinging energetic ions and
neutrals are made responsible for the defect crea-
tion. Increased substrate temperatures resulted in
lower defect concentraticns, but then other extended
defects originating from A-SiC particles were ob-
served.

Stepwise thinning of the films by chemical respec-
tively lon beam etching enabled to determine the
Hall mobilities differentially. It was found that the
mobilities decreased linearily within a 3 um thick
transition region, and became negligibly small near
the interface of heteroepitaxial samples.

Investigations of films grown by PIVD cenfirmed
that the participation of accelerated ions in the de-
position process causes increased defect densities
particularly near the substrate/flm interface.

Amorphous hydrogenated silicon films {a-Si: )
were preparcd by ion beam sputtering at substrate
temperatures from 100...450°C. The hydrogen was
supplied either by the residual gas or—mors
efficiently—by feeding a gas mixture of Ar/H: to
the sputter ion source, Depending on the deposition
parameters the hydrogen content and the band gap
could be varied within wide limits, however, the
defect concentrations remained for most of the
samples to high to accomplich effective deping.

B = — 207 -
The observed photocurrents were often found to be
lower than the dark-currents.

In accordance with the highly disturbed structure
extremely low recombination times for these a-Si:
H films were found by picosecond reflectivity mea-
surcments using double pulses of modelocked Nd:
YAG lasers. Moreover, it could be demonstrated
that the relaxation time can be adjusted within
about three orders of magnitude down to a few
picoseconds, eventually even to smaller values, by
varying the deposition parameters.

Another prospective application is offered by
using the amorphous films prepared by IBS as transi-
tion layers for graphoepitaxial refilms prepared by
IBS as transition layers for graphoepitaxial recrystal-
lization. Comparative investigations indicated that
the perfection of recrystallized layers obtained from
ion-beam-sputtered layers is superior to that prepared
from other types of a-Si: H.

/17 C. Weissmantel, G. Hecht, H.-]J. Hinneberg, A.
Kalugin, W. Nowick and W. Scharff, Proc. 8th
Intern. Vacuum Congress, Cannes 1980, Vol. I,
p. 129.

/2/ C. Weissmantel, K. Bewilogua, [ Dietrich,
H.-J. Erler, H.-]J. Hinneberg, S. Klose, W.
Nowick and G. Reisse, Thin Solid Films, 72
(1980) 19,

THE EXTRAQRDINARY STRUCTURE
SENSITIVITY OF THE ADSORFTION
OF 0: AND CO ON (111) Pd

R.W. Vool, B.C. De Cooman,
and V. Vankar
Department of Chemical Engineering and Materials
Science, Syracuse University, Syracuse, N. Y.
13210, U.S. A,

Almost all previous surface studies on (111) Pd
have bheen carried out using sputter etched and
annealed bulk crystals, These investigations have
shown that Oz and CO form ordered superlattices
at relatively low geseous exposures and that the
{111} Pd surface wiil actively catalyze the oxidation
of CO at rates that depend upon the experimental
conditions. In the present study vacuum deposited
Pd films were used for similar studies. These films
were formed in twe ways: (1) on {111) Cu films
that had been deposited epitaxially on thin (111)
NaCl films formed on mica; and (2) directly on
mica. The epitaxial growth of these Pd films was
studied by AES, LEED, RHEED, TEM/TED, and
replica TEM techniques. The AES investigations
included both Auger intensity and R-factor mea-
surements. 1t was found that (111) Pd grows on
{(111) Cu at 25°C by a monoatomic layerg rowth
mechanism and that ~1500 A thick (111)Pd Alms
formed on mica also grow by layer growth. These
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surfaces along with those of polycrystallines Pd film
were exposed to B000L of Os and 7200L of CO.
The surface oxygen and CO concentrations were
determined by AES methods. Surfaces contaminated
with Cl (from NaCl) adsorbed the largest amounts
of O and CO. Much less O and CO were adsorbed
on polyerystalline Pd surfaces while very little was
adsorbed on a somewhat rough (~800A4 thick) (111)
Pd monocrystalline surface. The most striking result
of all was the observation that at 25°C the clean,
thick (~1500 ;31), flat (111) Pd surface does not adsorb
O or CO at all.

EXTENDED FINE STRUCTURE ANALYSIS
OF LOW-Z ADSORBATES*

Robert L. Park and John F. Morar

Department of Physics and Astronomy, University of
Maryland, College Park, Maryland 20742

The applicaticn of extended fine structure analysis
to the determination of local structure associated
with a particular elemental constituent is severely
restricted by the problem of overlapping absorption
edges. To accurately determine interatomic separa-
tions, extended fine structure must be analyzed for
several hundred volts above an edge. If an absorp-
tion edge of a different element falls within this
region, analysis by conventional techniques is not
possible. This limitation has been particularly severe
in surface techniques such as SEXAFS and EAPFS,
since surface studies tend to concentrate on the im-
portant case of low-Z adsorbates, and the problem
of overlapping edges is most severe for low-7Z ele-
ments in the presence of relatively high-Z elements.
To aveid this difficulty, we have recently developed
a technigue that utilizes the electron-excited Auger
spectrum of an element to monitor the core-level
excitation probability. Using this technique, we
have shown that it is possible to analyze extended
fine structure above the oxygen 1-s edge, even though
thiz edge fails between the titanium Z-p and 2-s
edges. The technique has also been applied to the
study of monolayer quantities of sulfur on titanium.
All measurements were performed using a standard
eylindrical mirror Auger spectrometer.

* This work was supported by the Office of Naval
Research under grant no. N0O014-31-K-0450.

ARUPS OF MBE-GROWN GaAs (001)

T.G. Andersson, J. Kanski
and P.O. Nilsson

Department of Physics, Chalmers University of Tech-
nology, 5-412 96 GOTEBORG, Sweden

Surfaces of GaAs(001) were prepared by Molecular
Beam Epitaxy (MBE). Surface geometrieswere de-

WAS (1982)

termined by electron diffraction (RHEED) before
the samples were transferred into a separate surface
analysis system via a UHV interlock system. Surface
studies were here undertakenby LEED and angle
resolved ultraviolet photoelectron spectroscopy
(ARUPS) at 16.8 and 21.2eV. The c(4x4) and
c{2%8) surface reconstructions were initially pre-
pared in the MBE.system. The ¢{(2x8) and (4x8)
surface structures were formed by annealing in the
vacuum system. Eleciron energy spectra were mea-
sured at different polar angles using UPS. Experi-
mental spectra h as been compared to transitions
predicted by bulk band calculations., Surface induced
features in spectra will be discussed.

DETERMINATION OF SURFACE
STRUCTURES BY ANGLE-RESOLVED
PHOTOEMISSION SPECTROSCOPY
S. Y. Tong
Laboratory for Surface Studies and Departinent of

Physics, University of Wisconsin-Milwaukee
Milwaukee, Wisconsin 53201 U. 8 A,

Angle-resolved photoemission spectroscopy con-
tains surface structural information due te diffrac-
tion of the photoelectron by neighbors of the
emitting atom,

Twe modes of measurement are usually employed &
{1) Photoelectrons from a fixed (initial) lfevel are
collected at fized exit angle as a function of varying
photon energy, and (2) photoelectrons at a fixed
photon energy are collected as a function of exit
angle. Structural information most readily deter-
mined are surface layer spacings and orientation of
local surface complexes. Special features of the
technique are: (1) The probe is site specific and (2)
it requires only local orderingof length comparable
to the electron mean-free-path.

Applications of this technique to atomic and
molecular adsorption are given. Also, we compare
this technique to surface EXAFS.

CALCULATIONS OF RHEED
J.L. Beeby and P. A. Maksym
University of Leicester, Leicester, T. K.

A theory will be described which allows accurate
caleulations of elastic scattering Iintensities in Re-
flection High Energy Electron Diffraction (RHEED)
{(1,2). The basis of the method is an expansion of
the wave function in a Fourier series in the diree-
tion parallel te the surface with coefficients which
depend on the co-ordinate perpendicular to the sur-
face. Adfter manipulation a set of integral ecuations
is obtained from which, using appropriated boundary
conditions, reflection and transmission coefficients
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for a slab can be obtained. Tast computation is
possible and the results can be checked using flux
conservation. The results for 20 keV electrons scat-
tering from three surfaces of Ag, (001), (110) and
{111), will be presented in the form of rocking
curves. These contain a great deal of structure
which can be identified as primary and secondary
Bragg diffraction peaks and resonance peaks. The
dependence of the rocking curves on azimuth of
incidence will be described. It will be shown that
the RHEED pattern is very sensitive to surface
structure such as the spacing of the topmost atomic
It will also be demonstrated that the method
can be applied to calculate elastic intensities for much
lower energy electrons. It can be made to work in
the LEED range, though it is inefficient there, but
works well in the MEED range. The results sug-
gest that experiments using electrons in the 5-10keV
range may have significant advantages over those
of higher or lower energies, with much of the
sensitivity and computational advantage of RHEED
but without some of the apparent experimental
problems of the higher energy.

(1) P.A. Maksym and J.L. Beeby, Surface Science

110 423 {1981)
{2) P.A. Maksym and J.L. Beeby, Applications of
Surface Science (to be published}

layers.

VERY LOW ENERGY ELECTRON
DIFFRACTION FROM SURFACES

. L. Price

Telecom Australia Research Laboratories, 770
Blackburn Road, Clayton, 3168, Australia

Very low energy electron diffraction {0-30eV)
studies on clean and adsorbate covered surfaces are
reviewed, One of the most useful surface propertiss
which can be found by this technique is the shape
of the surface barrier potential which can be deduced
from the “Rydberg-series™ of peaks found in these
spectra. A comparison of theoretical and experi-
mental methods is given, including a discussion of
polarised electron diffiraction and the extent to which
surface structure can be determined.

FORMATION PROCESS OI' SI-METAL
INTERFACES STUDIED BY MEV
HE+ IO0N SCATTERING

Akio Hiraki

Department of Electrical Engineering, Osaka Univer-
sity Suita, Osala 565, Japan

A number of experiments have shown that de-
posited metal films intermix readily with silicon
substrate at the interfaces to lead to alloyed inter-
face formation at low temperatures (ZZ200°C). Since
silicon is & typical covalent semiconductor with large
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bond energy which is ~2eV/bond, without the pre-
sence of such a effect of metal as to modify or
weaken the covalent bonding of silicon adjacent to
the metal the above interfacial reaction can hardly
occur,

In this respect recently Hirali* has proposed a
model postulating electronic screening of Coulomb
interaction responsible for the covalent bonding of
silicon crystal due to mobile free electrons in the
deposited metal. This screening model seems to be
evidenced at least for Si~Au system by several
electron spectroscopic studies done on the initial
stage of the interfacial intermixing reaction between
silicon substrate and deposited Au-film under ultra
high vacuum. Namely, these studies have indicated
that for the intermixing reaction at the SifAu inter-
face to take place the Au-film thickness must exceed
a critical value. This presence of the ecritical film
thickness is understood to be necessary for the
thicker Au-film than this thickness to act as an
intrinsic Au-metal.

The present talk demonstrates the usefulness of
MeV He™ ion scattering, a powerful complementary
method for electron spectroscopies, to study the
initial stage of 3i-Metal interfacial reaction, especially
the presence of the eritical thickness, a key point
for the screening model. The scattering experiments
were done on Si-Au and Si~Pd systems by Hiraki,
Narusawa and Gibson under the ausp ices of Osaka
University and the State University of New York
at Albany (SUNYA) using Dynamitron accelerator
at SUNYA.

Reference

* A, Hiraki: . Electrochem. Soc., 127 (1980) 2662

MICROCLUSTERS AND COALESCENCE
IN THIN FILM GROWTH

J.L. Robins, K. Mclsaac and B, F, Usher#*

Depertment of Physics, University of Western
Australia, Nedland, W. A, 6009 Australia

A common mode of thin film growth is the
Volmer-Webber (or 3-dimensional particle growth)
mode. Recent measurements on such a system where
gold is deposited onto NaCl surfaces have produced
evidence that under most conditions the growth of
visible clusters does not take place primarily through
the addition of single atoms [1]. It is only at the
lowest temperatures investigated {—150°C) that the
observations are consistent with the growth occur-
ring by single atom additions and this leads to
randomly oriented f.¢ ¢ crystals forming a highly
polyerystalline film. At higher temperatures the
evidence suggests that microclusters of atoms form

#*# Present address: School of Mathematical and Phy-
sical Sciences, Murdoch University, Murdech, W, A,
6160, Australia.
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but these are so mobile on the surface that growth
of the larger particles in the deposit occurs pre-
dominantly through capture of these microclusters.
Within such microclusters the atoms will be packed
in the highest binding energy configuration which
for very small clusters is not the f. ¢, ¢ structure of
bulk gold [2]. Thus at these higher temperatures
the structure of the larger growing particles will
depend upon whether there is sufficient thermal
energy available to dissociate the microclusters into
independent atoms which can take up the conven-
tional f.e. ¢, or even the multiply-twinned particle,

BENE 3B

B4 S (1982)

forms. At still higher temperatures there is evi-
dence to suggest that the larger partinles themselves
become mobile and coalesce with or witheout recryst-
allisation depending on available ther.nal energy.
The evidence presented consists of measured nucle-
aticn and growth kinetics together with bright and
dark field electron microscopy and diffraction.

[1] B.¥. Usher and J.L. Robins, Thin Solid Films

© 90, 16 (1962).

[2] M. R. Hoare and P. Pal, J. Crystal Growth 17,
77 (1972).
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