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The past decade has seen rapid pro
gress in two apparently unrelated fields.
The first, surface physics, has establish
ed the possibility of determining the
electronic and crystallographic struc
ture of surfaces as well as their chemical
composition. The second, molecular
beam epitaxy (MBE), is a thin filmprepa
ration technique, applied especially to
semiconductors, which makes possible
the preparation of structures having
highly controlled characteristics (e.g.
chemical composition, dopant concen
tration and profile, thickness). The com
bination of MBE with the techniques
used in surface physics, all of which are
based on operation in ultra high vacuum
(UHV), has opened up new possibilities
of semiconductor surface studies. MBE
also has a much wider application than
this, particularly in the burgeoning field
of low-dimension solids 1) — quantum
well structures and periodic super lat
tices — for which it is one of the two
enabling technologies, the other being
organo-metallic vapour phase epitaxy
which is outside the scope of this article.
Molecular Beam Epitaxy
Almost all of the earlier work on semi
conductor surfaces relied for sample
preparation on either cleavage or ther
mal annealing, possibly combined with
ion bombardment. Cleavage restricts
measurements to a single plane, how
ever. Ion bombardment and annealing
are not appropriate to compound semi
conductors, where controlled surface
stoichiometry is crucial. By using MBE
these limitations are removed and a
wide range of semiconductor surfaces
can be prepared in-situ with a high
degree of stoichiometric control and
crystallographic perfection. The method
uses directed neutral thermal atomic
and molecular beams, which impinge
onto a heated single-crystal substrate
maintained under UHV conditions. Al
though the earliest work on MBE was
concerned with Si, most recent develop
ments have concentrated on III-Vsemi
conductors. The growth process for
(001) oriented GaAs is illustrated in Fig.
1. The beams which are generated by
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Knudsen effusion cells, for Group III
elements (Al, Ga, In) are composed of
atoms, whereas Group V elements (P,
As, Sb) form either tetramers or dimers.
Growth rates are typically one monolayer (ML) per second and filmthickness
can be controlled down to atomic di
mensions. Equivalent control of the in
terface abruptness between two diffe
rent semiconductor layers can also be
achieved.
The (001)-oriented crystal illustrated
in Fig. 1 is composed of alternating
layers of covalently bonded Ga and As
atoms. This implies that the surface can
be terminated by either Ga, As, or a mix
ture of both types of atom. With MBE
growth it is possible to arrange the con
ditions so as to specify the surface stoi
chiometry (i.e. Ga to As surface concen
tration ratio) and so the crystallographic
surface structure. In comparison with
the bulk atom positions in general with
semiconductors, there is a reduction in
symmetry at the surface due to atomic
rearrangements and the surface unit cell
has a larger periodicity than that of the
ideal bulk terminated lattice. This is
known as a reconstructed surface and
the new primitive cell is expressed in
terms of the dimensions of the unre
constructed unit cell (the so-called 1x1
structure). For example, the (001) sur
face of GaAs has several reconstruc
tions of which the most stable is the
2 x4 structure. This means that along
two orthogonal < 110> directions there
is a twofold and a fourfold increase inthe

Fig. 1 — Schematic growth model
for GaAs (001). Incident Ga atoms
can either bond directly to As-substrate atoms (V or first diffuse over
the surface (2). Arriving As2molecu
les desorb from As-terminated sites
(3) or dissociatively chemisorb on Ga
atoms (4).

periodicity, respectively. (A particular
example of such a structure is shown in
Fig. 7.)
Electron Diffraction and
Surface Crystallography
Surface crystallography is most con
veniently monitored by electron diffrac
tion techniques. Low-energy electron
diffraction (LEED), which uses a backscattering geometry, has been extensi
vely used for work on cleaved surfaces,
but it is not really suitable in combination
with MBE. For this, the forward scatter
ing geometry of reflection high-energy
electron diffraction (RHEED) is more ap
propriate, since the electron beam is at
extreme grazing incidence (Fig. 2)
whereas the molecular beams impinge
almost normally on the substrate.
Although the same basic information is
obtained from both methods, a com
bination of RHEED and MBE enables the
surface crystallography to be monitored
even under dynamic conditions when
the surface is growing.
As an example of the information
which can be obtained from RHEED we
consider the GaAs (100) surface. Anum
ber of different reconstructions have
been observed, of which the most im
portant in order of increasing As surface
population are 4x2, 4 x 6, 1x6, 2x4
and the centred 4x4 (referred to as c
(4x4). Figure 3 shows the RHEED pat
terns in two-orthogonal < 110> azi
muths from a 2x4 reconstructed sur
face, one with a twofold and the other

Fig. 2 — Schematic diagram of RHEED
geometry showing the incident beam at an
angle 8 to the surface plane. The scattered
beam is characterised by sets of streaks nor
mal to the shadow edge.

with a fourfold increase in periodicity. In
addition to establishing the surface
geometry, the RHEED pattern can also
be used to evaluate the surface mor
phology (surface steps, facets, antisite
disorder, etc.) 2).
The compatibility of RHEED and MBE
has recently been exploited to study the
dynamics of epitaxial thin-film growth
by monitoring temporal variations in the
intensity of any feature in the RHEED
pattern. It has been found that damped
oscillations occur immediately after the
initiation of growth. Atypical example is
shown in Fig. 4. The period of oscillation
corresponds exactly to the growth of a
single monolayer, i.e. a complete layer of
Ga and As atoms. This provides an abso
lute and continuous growth-rate moni
tor with atomic layer precision. A parti
cularly important application is the insitu determination of the width of quan
tum wells (thin GaAs layers between
GaxAl1 x-As) and this is the most critical
parameter in defining energy levels of
the confined electrons. The observation
of oscillatory effects in thin-film growth
studies is usually associated with a
layer-by-layer growth process, i.e. twodimensional nucleation. It is assumed
that the equilibrium surface is smooth
and strongly reflective to electrons so

Fig. 3 —RHEEDpatterns from two orthogonal < 110> azimuths of the GaAs (001) - 2 x 4
reconstructed surface.

that the specular beam intensity is high.
To illustrate the photo-emission tech
As growth commences, two-dimensio nique, we show in Fig. 5 a schematic
nal clusters are formed randomly on the energy level diagram of a heteropolar
surface leading to a decrease in intensi semiconductor. The absorption of pho
ty; the maximum roughening (i.e. mini tons of energy hv leads to (direct) optical
mum intensity) occurs at half layer cove transitions (e.g. transition no. 1) from an
rage. The oscillations are damped be initial state (of energy E) to a final state
cause the ideal layer-by-layer model is (Ef). Close to the surface photo-excited
not completely followed and the surface electrons may escape into the vacuum
becomes statistically distributed over without being inelastically scattered
several incomplete layers. Detailed ana and in the ARPES measurements, their
lysis of the intensity requires the deve kinetic energies and directions are deter
lopment of a dynamical theory (i.e. multi mined which provides information on
ple scattering theory) from a randomly the initial states. The basis of ARPES
stepped surface which is not yet avai relates directly to the conservation of
lable. In the near future we may expect the surface parallel component of the
rapid progress in our knowledge of thin- wave vector of the photo-electron when
film growth dynamics from the applica it crosses the surface on its way into the
tion of this technique.
vacuum, i.e. kII = klIvac + gII. Here, k and
kvac denote the wave vector in the solid
Electronic Surface Structure
and in vacuum, respectively, and is a
The surface electronic structure is vector of the reciprocal surface lattice.
directly related to the surface crystallo From Ekin, the polar angle 6 between the
graphy and therefore, in principle, each surface normal and the electron trajec
reconstruction results ina surface with a tory invacuum, and the azimuth angle φ,
specific electronic structure. Angle- both the initial state energy E and the
resolved photo-emission spectroscopy wave vector kII can be directly determin
(ARPES) using monochromatized syn ed, i.e. ARPES measurements provide a
chrotron radiation provides a powerful determination of two-dimensional band
method for determining surface and structures Ei = Ei(kII).
bulk electronic structure, together with
In Fig. 5 two transitions from initial
chemical bonding information 3).
states in the valence band region are in
dicated. No. 1 is from a bulk valence
band state which in general depends on
k : Ei = Ei(k) = Eik , kII). At the surface
and also at semiconductor-semiconduc
tor and semiconductor-metal interfaces
the energy states are modified and loca
lized surface (or interface) states appear
giving rise to transition no. 2, which by
nature is two-dimensional, Ei = Ei(kII).
(Similarly, the different chemical envi
ronment at the surface compared to the
Fig. 4 — Intensity oscillations of the specular beam in the
RHEEDpattern froma GaAs (001) - 2 x 4 reconstructed sur
face, [110] azimuth. The period exactly corresponds to the
growth of a single Ga +As layer and the amplitude gradually
decreases (Neave J.H. et al., Appl. Phys. A31 (1983) 1).
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Fig. 6 — Angle-resol
ved photo-electron
spectra taken at a
polar angle of 27° in
the [010] azimuth for
three GaAs (001) sur
face reconstructions
(Larsen P.K. et al.,
Phys. Rev. B26 (1982)
322 2).

Fig. 5 —Schematic energy level diagram for
a heteropolar semiconductor illustrating the
photo-emission process. The valence band
maximum (EVBM)is taken as the zero of ener
gy and / e / x refers the vacuum potential to
this.

bulk may cause an energy shift (AE) in
the core level binding energy and there
fore different core level transitions, nos.
3 and 4.) We are here primarily concern
ed with the surface electronic structure,
not the bulk, but both types of transition
are manifest in the photo-emission
spectra and have to be distinguished.
The use of MBEto produce different sur
face structures of the same bulk crystal
provides a unique opportunity of making
this distinction. This is demonstrated in
Fig. 6, which shows three spectra from
different GaAs (001) surface structures
measured under identical conditions
using synchrotron radiation from the
ACO synchrotron storage rings, LURE,
Orsay. For initial energies Ei < -2.7 eV,
the spectra are qualitatively very similar
and this region is dominated by bulk
emission. The peaks X3 and Σ1min occur
at the energy of the X3 and Σ1min band
structure extrema and are observed over
a wide range of experimental conditions
because of the flatness of the energy
bands and the resulting high density of
states. The peak labelled 1 represents a
transition from a valence band state. The
final state for such bulk transitions at
sufficiently high photon energies (hv ≥
20 eV) is found to be free-electron-like
for GaAs and as a result the threedimensional bulk band structure can be
directly determined 3).
When we consider energies higher
than -2.7 eV, however, there are few
similarities in the spectra shown in Fig.
6. Energy positions of peaks and shoul
ders from the 2x4 and c(4x4) recons14

tructions are quite different, and the leave two broken sp3-hybrid bonds per
emission is strongly quenched in the surface atom (see Fig. 7a). Since these
presence of an overlayer structure of two broken bonds are localized at the
lead. This strongly indicates that the same atom, they interact very strongly
prominent emission features, e.g. S2and and lower the surface energy and conse
S3 for the 2 x4 structure, are surface quently give rise to a different symmetry
character (Fig. 7b). The two resulting
state related.
Another technique used to distinguish bonds are very different. One is the spzvalence band and surface states, where mixed dangling bond oriented perpen
the tunability of synchrotron radiation dicular to the surface and the other is the
plays a decisive part, relies on keeping kII Px-Py mixed bridge bond. Interaction
at a constant value while changing the between neighbour As-atoms (Fig. 7c)
photon energy (achieved by changing may lead to further energy lowering ; it is
both hvand θ). Dispersive peaks depend believed, that the formation of asymme
on k while surface states do not. Using tric surface dimers is important as a driv
this procedure the states S2 and S3 are ing force for the surface reconstruction,
for As-terminated GaAs (001) - 2 x4 as
again identified as surface states.
Surface states in semiconductors can well as for Si (001) - 2 x 1. Using asym
generally be associated with broken metric (aplanar) dimers as building ele
bonds of surface atoms and the modi ments it is possible to construct a sur
fied bonds between these atoms and face model of the reconstructed GaAs
their neighbours. The creation of a (001) (001) - 2x4 surface as shown in Fig.
As terminated GaAs surface would 7d.

Fig. 7 — Schematic diagram of the two disrupted sp3 lobes per surface atom on an Asterminated newly created GaAs (001) surface (a), the dehybridized dangling bond (spz) and
bridge bond (py - px) on the ideal surface (b), a planar dimer model for the reconstructed 2
x 1surface (c), and a top view of the 2 x 4 full reconstructed asymmetric dimer model (d).
The hatching of the lobes (a - c) is an indication of the number of electrons per bond.

Returning to the photo-emission stu
dies we note that we are able to deter
mine the surface electronic structure ex
perimentally, and from intensity measu
rements we can establish symmetries
and the orbital character of the states.
These results must be compared with
calculated surface energy bonds to
check models. Such calculations are dif
ficult and expensive for large surface
unit cells and have so far for GaAs (001)
been restricted to the non-existing, but
calculable 2 x 1 reconstruction. There is,
however, a good qualitative agreement
between the measurements for the 2 x 4
reconstruction and the calculated sur
face bonds for the 2 x1 dimer model il
lustrated in Fig. 7c. The dimer bond is
found to have approximately the same
binding energies (-3.5 eV ≤ Ei ≤ -3.0
eV) and kII-values by both calculations
and measurements, while states which
are associated with broken bonds and
bonds to Ga-atoms in the second layer,
are found both theoretically and experi
mentally in the energy range - 2.5eV ≤
Ei ≤ 0 eV.

The Jülich Nuclear Research Centre
(Kernforschungsanlage Jülich)

is seeking for its Solid State Research Institute
(Institut für Festkörperforschung, IFF) a

DIRECTOR
as Head of one of its experimental institutes
(previously the Institute for Superconductivity
and Low-temperature Physics).
The IFF comprises seven experimental and three theoretical institutes, which carry
out basic research in solid state physics, together with the necessary infrastructure.
The applicant should have outstanding knowledge and experience in experimental
condensed matter physics and be capable of leading a scientific institute. He should
be able to complement the present activities of the IFF by a new and promising field,
preferentially in the area of disorder phenomena or of phase boundaries and internal
interfaces. It would be preferable if the institute would use German and international
neutron sources (FRJ-2 Jülich; ILL Grenoble, later the Jülich Spallation Neutron
Source, SNQ), and synchrotron sources (Hasylab, Hamburg; Bessy, Berlin; later the
European Synchrotron Radiation Facility ESRF). Particular importance will be attach
ed to a willingness to work with the other experimental and theoretical groups of the
IFF. It is planned to arrange a joint appointment as a full professor (C-4) with one of the
universities of North-Rhine-Westfalia.
Applications with curriculum vitae, list of publications and a short account of pre
vious scientific activity should be sent by 15 May, 1985 to

Conclusions
VORSTAND DER KERNFORSCHUNGSANLAGEJÜLICH GmbH
In this article we have shown how the
Postfach 1913
D- 5170 Jülich
combination of a UHV-based thin film
growth technique (MBE) with ARPES
and RHEED has provided unique oppor
tunities for the study of a wide range of
semiconductor surfaces and interfaces. Council Decisions
The limitations of cleavage and ion bom
The EPS Council met in Berlin (West) on 22/23 March 1985 following meetings of
bardment are removed and the grown
the
Executive Committee and various advisory committees, reports on which will be
surfaces are free of damage and show
given
in the May issue of Europhysics News. Coincidentally, the 5th EPS General
precisely controlled composition. We
have used the GaAs (001) - 2x4 re Condensed Matter Physics Conference was being held at the Technical University
construction to illustrate the method. during which generous exposure was given to EPS, and participants not yet IOMs
This surface cannot be reproducibly pre were urged to add their weight to the Society.
Decisions taken bythe Council included: the election of the Executive Committee
pared by any other means.
for
1985/86 which took office immediately after the Council meeting; the changes
In addition to evaluating the crystallo
to
the
Constitution and By-laws to cater more effectively for the suspension of
graphic and electronic structure of asmembers
who do not pay their annual fees, and the provision of a reduced member
grown surfaces we have shown how
RHEED can be used to study thin-film ship fee for young physicists (below 30 years of age) as well as retired physicists
growth dynamics. Space does not per (already agreed). The relevant articles and rule are cited overleaf.
mit the discussion of core level spec
Council by a large majority also em Executive Committee
troscopy and interface studies, but they
are readily incorporated into this general powered the Executive Committee to 1985/86
area, to the exatent that surface and inter raise the unit fee from the beginning of
G.H. Stafford, Oxford
face chemical effects are already being 1986 from its present value of Sw.Fr. President
W. Buckel, Karlsruhe
studied by measurements of core level 10.- to Sw.Fr. 11. —. The last rise took Vice-President
W.J. Merz, Zurich
binding energies and energy shifts, place at the beginning of 1983 and Secretary
Vice-Secretary
N. Kroo, Budapest
Council
has
in
the
past
approved
the
which can also provide information on
Treasurer
D. Kuhn, Innsbruck
the values of band edge discontinuities principle that the unit fee should, in ge Vice-Treasurer
E.W.A. Lingeman,
neral
terms,
keep
pace
with
Swiss
infla
at semiconductor heterojunctions.
Amsterdam
tion, as this represents the increase in Members
B. Dreyfus, Grenoble
much of the Society's expenditure. Al
REFERENCES
J.M. Gilles, Namur
though
inflation in Switzerland tends to
O.V. Lounasmaa, Espoo
1. Gossard A.C., Treatise on Materials Scien rise more
slowly than in most European
K. K. Rebane, Tallinn
ce and Technology 24 (Academic Press,
countries, the yearly rate is rarely below
R.A. Ricci, Padova
New York) 1983, p. 13.
2. Joyce B.A., Neave J.H., Dobson P.J. and 3% and in 1985 has been running at Outgoing members completing the maxi
nearly 10%. The three-year figure, mum term of office were:
Larsen P.K., Phys. Rev. B29 (1984) 814.
3. Braun W. and Bradshaw A.M., Europhy 1983-85, is thus likelyto be well over the
J. Kaczer, Prague
sics News 15 (1984) 6.
G. Preparata, Bari
10% mark.
15

