
ACTIVITY REPORT
July 1993-June 1994

Department of Physics and Measurement Technology

Linköping University
Linköping Institute of Technology

Linköping, September, 1994



ACTIVITY REPORT

JULY 1993 -JUNE 1994

DEPARTMENT OF PHYSICS AND MEASUREMENT TECHNOLOGY

LINKÖPING UNIVERSITY

LINKÖPING INSTITUTE OF TECHNOLOGY

Linköping, September, 1994



INDEX PAGE

INTRODUCTION

ORGANIZATION

RESEARCH IN
Applied Physics
Biology
Chemical Physics
Chemistry
Computational Physics
Device Physics
Electronic Devices
Materials Science
Measurement Technology
Surface and Semiconductor Physics
Surface Physics and Chemistry
Theoretical Physics
Thin Film Physics

UNDERGRADUATE COURSES
Physics and Measurement Technology
Biology
Chemistry
Physics

1

3

4
24
27
36
37
43
44
54
88
92
97

103
113

120
120
124
125
126

I F M GRADUATE PROGRAMME 128

L I S T O F SCIENTIFIC REPORTS I 30

DISSERTATIONS 203

Licentiate's dissertations 204

UNDERGRADUATE THESIS 206
Technology Programs 206
Mathematical and Science Program 208



INTRODUCTION

The Department of Physics and Measurement Technology, Biology and
Chemistry (IFM) presents its 24th consecutive annual prog.ess report. It
contains a brief description of activities in research and education within
the department. The report is intended as an information for colleagues
and institutions. The present report contains activities for the academic
year July 1993 to June 1994.

IFM has been in operation for slightly more than two decades, and has
during that time expanded quite substantially. The number of employees
is around 270 including 110 graduate students. Most of the expansion has
taken place in the area of research, and this progress has mainly been
possible by generous grants from research councils like the Swedish
National Board for Industrial and Technical Development (NUTEK),
NFR, TFR and foundations like the Knut and Alice Wallenberg
foundation. More than 70 % of our total research budget comes from
external sources like these. The number of papers accepted for
publication or published in highly reputated international scientific
journals is on a high level, which gives a good indication of the quality of
research performed at IFM.

IFM is also very active in education for undergraduates. Examples of
such activities are given in our report. Almost 30 % of the total budget is
allocated to undergraduate educational programmes.

The above mentioned expansion has made it necessary for us to rent
laboratory space and office rooms for new activities outside and far away
from our main building, which certainly has had its drawbacks. However,
we can now see the beginning of the end of these unfortunately
circumstances since a new building is now being erected for our purpose.
According to the plans we should be able to move into the new building
during the academic year of 1995/96 and we are of course really looking
forward to that.

The cover picture is taken from a research project at IFM. It is a snapshot
taken from a classical molecular dynamics simulation. A raytracer is used
to generate the picture. One Argon atom (yellow; with a kinetic energy
of 200 eV is just about to hit a monolayer of Molybdenum (red) on top of
18 layers of Tungsten (violet). The two bottom layers (green) are of
Tungsten and kept fixed. Totally there are 3025 atoms. The simulations
are carried out to gain a detailed understanding of the dynamics of defect
generation in ion assisted growth of epitaxial metallic heterostructures.
Properties of many applications of heterostructures depends on the defect
structure. Simulations of this kind is part of the activities in Theoretical
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Physics and matches the experimental program within the Thin Film
Physics Division and the NUTEK/NFR Materials Research Consortium on
Thin Film Growth.

If the reader of this activity report is interested in more details of a
certain area, please write to the department under address IFM,
Linköping University, S-581 83 Linköping, Sweden.

Anders Fahlman
Chairman
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APPLIED PHYSICS

professors: Ingemar Lundström, Hans Elwing, interface biology, Lars-
Gunnar Petersson, chemical surface physics and Carl Fredrik Mandenius,
adjunct professor (20%) bioprocess measurement technology, secretary:
Carin Jonsson, technical staff: Agneta Askendal, Jörgen Bengtsson, Peter
Hebo (lab manager), Eva Hedborg (50%), Petronella Norberg (50%),
Per-Erik Fägerman (50%), and Hans Sundgren (50%).

The research at the Laboratory of Applied Physics is interdisciplinary.
The members of the Laboratory are electrical engineers, physicists,
chemists, biochemists and biologists. Several projects are chosen in the
areas between physics and chemistry, and physics and biology. The
research activities contain, nowever, also fundamental intradisciplinary
research mainly within surface physics. Many projects are run in collabo-
ration with other laboratories at the Department of Physics and
Measurement Technology and with external collaborators. The research
areas include

- chemical and biosensors
- catalytic reactions
- conjugated polymers
- thin film optics
- scanning force microscopy
- fourier transform infrared and Raman spectroscopy
- biomaterials
- interface biology
- bioprocess measurement technology and micronics

Several of the projects fall within the area defined as "Micronics" since
they combine biological, chemical or physical phenomena in or with small
geometrical structures. The Laboratory receives several research grants
from NFR, TFR, and NUTEK. The Laboratory is also together with the
Department of Applied Physics, Chalmers University, Gothenburg, a
member of a Biomaterials consortium supported by NFR/NUTEK. The
Laboratory has also been appointed as one of the NUTEK competence
centra (Center for bio and chemical sensor science and technology, "S-
SENCE"). The planning of and start up of this center will take place
during the next fiscal year (94/95).

The Activity Report contains in the following a short description of the
different research groups. The results of one of them, this year the
"Biomaterials Consortium", will be more thoroughly described.



Chemical and biosensors
(group leader: Fredrik Winquist, post doc: Anita Spetz Lloyd, grad
students: Amir Arbab, Eva Hedborg, Martin Holmberg, and Hans
Sundgren, guest student: Peter Tobias)

The main effort within this area is to develop chemical- and biosensors
based on rnetal-insulator-semiconductor (MIS) structures and to under-
stand the physical and chemical properties of such structures. Also, new
applications of chemical sensors are investigated, often in co-operation
with external collaborators. The research area is also strongly related to
the more fundamental studies described under the section "catalytic
reactions".

During the last year several interesting developments took place, a few of
which are described here. We have learned to use artificial neural net-
works to evaluate sensor arrays to create an electronic nose. This concept
has found a number of applications and has gained a large interest from
many branches of the industry. The research within this area is now
based on practical applications as well as on investigating new pattern
recognition routines.

We have previously demonstrated how a continuous sensing surface can
be used to produce an image of the response to a gas mixture. We have
now further developed this concept. These artificial olfactory images are
regarded as being a new concept in chemical sensing. This technology has
also been used for studies of hydrogen spillover on catalytically active
surfaces. We could then, for instance, obtain the diffusion constant and
activation energy for the spillover phenomenon.

We have studied the wettability properties of thin (a few nm) catalytically
active metals. This has led to new sensing principles for MOS structures
in solutions. Furthermore, several ways to modify the selectivity of field
effect chemical sensors have been investigated. We have thus shown that
membranes with molecular imprints can be useful as sensing layers.

We have also started to develop gas sensitive field effect devices based on
silicon carbide which can operate at much higher temperatures than sili-
con devices. Interesting results have already been obtained regarding the
use of such devices with Pt-gates to detect saturated hydrocarbons or
gasoline in air (at temperatures above 300°C), something which we
cannot do with our silicon based devices. A new gate technology has been
tested v/hich appears to give both fast and longterm stable responses to
hydrocarbons. Further studies are performed to elucidate the usefulness
of the new sensors. One interesting application concerns the use of this
kind of sensor in a car engine for monitoring of the combustion process.

We are also developing multisensor arrays of our own, based on MIS
technology. These will be used in the electronic nose and for fundamental



studies of e.g. response kinetics. A new UAV evaporation chamber has
been installed during this year. It will be used to create alloys and/or
gradients in composition and thickness of the gates in a sensor array. This
will increase our possibilities to make sensors with varying selectivity
patterns in the same array. A technology to make a temperature gradient
along a sensor array is developed of the same reason.

Artificial olfactory images. In our gas sensitive field effect transistors,
chemistry on a (thin) catalytic metal gate gives rise to electronic (work
function) changes in the gate, which in turn influences the electrical pro-
perties of the field-effect structures. This change is due to the fact that the
surface potential of the semiconductor depends on the difference between
the work functions of the metal and the semiconductor. The surface
potential of a semiconductor can be measured also with a pulsed light
beam which induces a photocapacitive current in the semiconductor sur-
face. The size of this current depends on the surface potential of the semi-
conductor and hence on the work function difference above. Since the
photocurrent is generated only where the light spot hits the
semiconductor it is possible to measure surface potential changes locally
for a large sensing surface, consisting of a thin (transparent) chemically
sensitive conducting layer. By scanning the light beam over the surface, a
map of the response of a sensing surface to a gas mixture can be created.
Using a surface with different catalytically active metals over which a
temperature gradient is applied "artificial olfactory intensity images" or
"response maps" can be obtained. We have created various types of
images of different alcohols (there is a distinct difference in the images
obtained for e.g. methanol and ethanol) as well as for the odour from
different types of cheeses. A picture of the odour from e.g. Italian
gorgonzola looks definitely different from that of e.g. French brie.
Besides these types of investigations we have used the equipment to
determine the direction of flow of a molecular stream. We utilize here a
change in response of a homogeneous sensor .surface caused by the con-
sumption of molecules on the sensing surface, a phenomenon which most
likely is involved also in the formation of the olfactory images. We have
also built a new experimental set up with better resolution and accuracy
than the previous one. With this new set up, we have made studies on the
catalytic consumption of e.g. hydrogen, ammonia and alcohols.

The electronic nose. During the last years, we have developed field effect
transistors with different selectivities for various gases or odours. We
have constructed an electronic nose, which consists of a gas sensor array
combined with an artificial neural net (ANN) for pattern recognition.
The sensor array normally contains ten field effect transistors, and four
commercially available tin dioxide sensors and, in some applications, a
carbon dioxide monitor. We have developed this concept from a pure
laboratory idea to a useful set up for practical measurements. We have
investigated a number of applications, such as to determine the quality of
meat and various materials used in the packaging industry, for classifica-



tion of batteries, various types of ores, and also for the identification of
different types of cheeses. We have shown that different damages to
grains (e.g. fungal or bacterial infection) can be determined. This latter
project is carried on in collaboration with Svenska Lantmännens
Riksförbund (SLR). We have also developed a small and portable
electronic nose, a "nose to go", designed for field studies. This has
already been used in several applications, e.g. for mapping of gaseous
petrol products, for studies of emitted gases in the interior of cars etc.
The main application area at present time for electronic noses is within
the food industry for process monitoring and quality control.

Catalytic reactions
(group leader: Lars-Gunnar Petersson, post decs: Helen Dannetun and
Lars Wilzén, grad students: Ulf Ackelid, Mats Eriksson, Joakim
Fogelberg, and Petronella Norberg)

Studies of heterogeneous catalytic reactions on (thin) catalytic metal films
are made both to increase our understanding of the sensing mechanism of
the chemically sensitive field-effect structures and to obtain basic know-
ledge of the catalytic reactions per se. Such studies are made both in a
UHV-system with surface analytical tools, mass spectrometry. Kelvin
probe and electrical (CV-) measurements on field effect structures and in
a specially constructed micro-reactor, PANDORA, where catalytic
reactions can be studied at atmospheric pressures under well controlled
conditions. Two projects where particular progress has been achieved this
year are first described below.

Hydrogen interaction with Pd supported on SiO2- A large effort has
during the last year been devoted to the development of a simulation pro-
gramme, modelling a catalytic reaction on a Pd surface when there also is
a possibility of hydrogen absorption into the catalyst. This modelling has
also been applied to the case of hydrogen sensitive MOS devices and, for
instance, lead to the conclusion that the concentration of hydrogen sites at
the Pd/SiO2 interface is much less than at the surface and that each inter-
face adsorbed hydrogen "atom" gives rise to a dipole moment of around
2D.
The modelling has also been applied to the catalytic reduction of NO in
hydrogen atmospheres on Pd-MOS devices. It is, for instance, deduced
that the surface oxygen coverage all the time is very much lower than the
NO surface coverage.

Catalytic reactions on thin membranes. During the last year we have
tested a newly constructed mass spectrometric system for studies of gas
permeable membranes (GEMINI). For instance, a membrane catalyst
could be of interest in any reaction where hydrogen transfer is involved.
One side of the membrane can be optimized for the dehydrogenation
reaction while the other side is optimised for the hydrogenation reaction.
Furthermore, a natural separation between reactants and products is



obtained thus providing the opportunity to also shift the reaction
equilibrium by lowering the chemical potential on the product side.
During this year the effect of oxygen and carbon monoxide adsorption on
hydrogen permeation has been studied. It has, for instance, been
demonstrated that the water forming reaction involving hydrogen and
oxygen, in oxygen excess, is much more effective when run with per-
meated hydrogen than with hydrogen being supplied on the same side as
the oxygen. The process of hydrogen generation from various hydro-
carbons and alcohols is presently under evaluation.

Reactions at atmospheric pressures with model catalysts is another project
in which the group is involved. A specific feature of PANDORA is that
the gas concentration can be probed with high spatial resolution as a
function of distance from a catalytically active surface. This feature gives
the possibility to measure reaction rates at true surface pressures,
something which may be quite difficult to achieve otherwise in reactions
involving high turn-over numbers leading to mass transport limitations.
Furthermore, in specific cases, the so-called sticking coefficient can be
calculated from the mass transport rate and the surface pressure over
many orders of magnitude in pressure. At present a study of the
combustion of ethylene on Pt is made which shows that ethylene has a
high reactive sticking coefficient and that at oxygen pressures between 1
to 1500 Torr the only reaction products are water and carbon dioxide.

Dispersion effects on model catalysts. In another project we are studying
the effects on certain model reactions as the catalytic metal film
(supported by the SiO2 substrate) is made very thin, so as to consist of
metal islands instead of forming a continuous film. A detailed study of
CO and H2 oxidation reactions has been performed. The results show that
spillover of oxygen and hydrogen affects the kinetics of these reactions,
i.e. both hydrogen and oxygen dissociates on the Pd islands but may then
spillover as atoms to react also on the S1O2 support.

Gas transport and reactions in narrow channels. By modern "micro-
machining" techniques it is possible to fabricate long (1=5 cm) and very
narrow (d=1000Å) channels in silicon (with e.g. a lid of glass). We are
studying the transport and chemistry of molecules that pass these long and
narrow channels by letting the channels end up in a mass spectrometer.
The interior of the channel may e.g. be coated with different catalytically
active metals. Since every molecule that passes through the channel has
had a very large number of wall contacts (prop to [l/d]2) we believe that
this, if nothing else, could be a very efficient way of studying improbable
catalytic reactions. One interesting observation concerns the fact that the
transit time of the molecules through the capillary appears to be
completely determined by the molecule-wall interaction, even for noble
gas atoms, which we have described also by a simple physical model.



Conjugated polymers
(group leader: Olle Inganäs, post docs: Elisabeth Smela and Xiwen Chen,
grad students: Magnus Berggren, Magnus Granström, Catarina
Gustafsson-Carlberg, and Peter Dyreklev, guest students: Geberere
Mariam and Teketel Yohannes)

Polymer electronics. Over the last year we have extended our set of
substituted polythiophenes incorporated in polymer light emitting diodes,
and are now capable of covering the full visible spectrum into the near
infrared, with materials giving electroluminescence peaks from 460 nm
down to 800 nm (blue, green orange and red). Materials are synthesized
at Chalmers University in a joint project. The blue LEDs show high
quantum efficiencies, among the best worldwide. We have also
demonstrated, for the first time, that LEDs based on blends of these
polymers can give voltage controlled colour sources, i.e. the choice of
voltage determines the colour of the device. It is thus possible to vary
between green and yellow, or between pink and blue. Our interpretation
of this phenomenon, is based on scanning force microscopy which
verifies that the polymer blends consist of phase separated domains (50-
200 nm size) of the homopolymers incorporated. This implies that we
should be able to build full colour electroluminescent polymer thin film
screens based on simple matrix addressing of the pixels.

We have also demonstrated that oriented polymers may be incorporated
into polymer LEDs, giving polarized light in electroluminescence. The
assembling process for this device can be used also for other purposes,
and brings a completely new range of possibilities into the field of poly-
mer (and molecular) electronics.

Exploiting some of our other results, we have used nanometer sized
electrodes as contacts in polymer LEDs and have obtained very small
light sources. Using optical microscopy we have verified light sources as
small as 100 nm; the 10 nm light sources can not be studied in an
ordinary light microscope, and we are collaborating with Twente
University in the Netherlands in an attempt to use scanning near field
optical microscopy for imaging the smallest light sources.

Combinations of LEDs (and photodiodes) with polymeric optical wave
guides are under development, in collaboration with IMC AB, Linköping.

Micro and nanostructures in polymers. In the field of micronics we have
concluded our studies of conjugated polymers synthesised by electro-
chemical polymerisation inside narrow tubes. We verify that higher order
in the material is the cause of the high conductivity, and find that the
microelectrochemical aspects of the synthesis can explain this higher
polymer regularity. We observe that the particular conditions for
electropolymerization leads to unique stoichiometries for polymer
growth, ami that we can correlate the conductivity of the resulting



materials with the ratio of neutral monomers to radical cations during the
reaction. This indicates that the accepted mechanism for electropolymeri-
zation is, at best, incomplete and, at worst, quite wrong. Our evidence
suggests that synthesis at low current density will mimic the conditions
inside the pores. Experiments in collaboration with Dr. Steen Skaarup at
DTH, Lyngby, show that this is indeed giving higher conductivity to the
materials. A licenciate dissertation has been presented on this subject.

Transport has also been studied in stretch oriented substituted polythio-
phenes using our new Dyreklev probe, a four point probe designed for
conductivity anisotropy measurements. Low values of anisotropy is
observed in the oriented polymer, and we have been following the change
of conductance and anisotropy during spontaneous undoping (after doping
with iodine). The anisotropv increases with increasing doping level,
something which can be understood as a reflection of the essentially one-
dimensional electronic structure of the materials. We have found much
higher conductivities than previously reported for polythiophenes, in the
very thin layers studied with this probe.

Polymer electrochemistry. Our electrochronic windows, based on poly-
mer electrodes together with polymer electrolytes and inorganic metal
oxide counter electrodes, have been used for studies of various polythio-
phenes, also used in our polymer LEDs. Several of the materials fail to
show reversible electrochromic properties, and we are currently trying to
understand this failure. In general, an important result is that the in-
organic counter electrode is the first one to fail in these systems; the
common prejudice has been (and still is) that the organic materials are
most prone to degradation. This points to potential for all solid state
polymeric electrochromic systems.

Micromuscles. The extension of the bending beam method to build
micromuscles using photolithography on silicon has now led to small
"fingers" of size 10*10 (im, capable of moving during electrochemical
doping and undoping. These micromuscles have met quite a lot of inter-
national interest, as they are the first examples. The limiting problem in
these devices is delamination of the active polymer layers from the
electrically conducting support. Synthesis of thiol-modified pyrrole
monomers, that self-assemble on gold surfaces, has been used with success
to enhance adhesion between the two layers.
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Thin film optics
(group leader: Hans Arwin, grad students: Kenneth Jarefors, Kenneth
Järrendahl (joint project with thin film physics group), and Jan
Mårtensson, project leader for industrial applications: Robert Björklund,
research engineer: Roger Jansson, post docs Guo Shuwen and Gang Jin)

The long term goals are (i) to increase the base of knowledge about
physics and chemistry of thin films, (ii) to explore the possibilities to
utilize thin (<10 nm) organic films in devices, (iii) to contribute to the
advancement of the research front on methodology for analysis of thin
films with spectroscopic ellipsometry, and (iv) to apply ellipsometry on
industrial surface problems.

Recent and current projects are: Protein films - accurate determination of
optical properties and microstructure. We have shown that ferritin mono-
layers interact with gold substrates and suggested a model for a two-state
adsorption process. Methodology in ellipsometry - development of
procedures for determination and analysis of optical properties of thin
films: design of an imaging ellipsometer for thin film analysis: a new
computer algorithm for effective medium models. "Optical" superlattices
• ellipsometric, XTEM and x-ray diffraction studies of deterministic
aperiodic superlattices (Cantor sequences): preliminary studies of di-
electric superlattices. Ceramics - oxidation studies of silicon nitride and
other ceramics with spectroscopic ellipsometry. Thin oxide films -
growth and determination of optical properties of TiO2 and CeO2-
Polymer films - Line-shape analysis of absorption bands in conducting
polymer films. Refractive index determination of thin films for optical
waveguides. Porous films - preliminary studies of growth and optical
characterization of thin porous oxide layers. We have applied ellipso-
metry in industrial and technical applications in the following area: poly-
mer adsorption studies on calcium carbonate and silicon surfaces (paper
and pulp industry). As an example we describe more thoroughly thin
films from colloidal particles. A number of systems involving thin film
preparation from suspensions of colloidal particles have been
investigated. These include aqueous suspensions of sterically stabilized
polypyrrole, sodium and calcium exchanged bentonite, ultrafine polymer
particles having imprints of biological molecules, and colloidal zeolites.
The goal is to obtain continuous films of the materials, either by spinning
or direct adsorption onto substrates, which are suitable for use as sensor
surfaces or as model surfaces for the bulk materials. Spontaneous
adsorption of polypyrrole particles from the School of Chemistry at
Sussex University, UK, stabilized by poly(4-vinylpyridine-co-n-butyl
methacrylate) having core diameters of about 110 nm has been obtained
at pH 2.5 onto gold substrates. Applying negative potentials to the
deposited particles results in large changes in the reflection of polarized
light from the films which gives the possibility for their use as optical
switches. Films formed "rom bentonite and zeolite particles have been
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used as surfaces for model adsorption studies of different chemicals on
these microporous substances.

During the year Roger Jansson presented his Ph. D. thesis "Spectroscopic
Ellipsometry: Instrumentation and Applications" and Kenneth Järrendahl
presented his Tekn. Lie. thesis "Growth and Studies of Periodic and
Cantor Aperiodic Amorphous Ge/Si Superlattices".

Scanning force microscopy
(group leader: Ragnar Erlandsson, grad students: Lars Olsson, Roger
Wigren, and Johan Rasmusson)

Force microscopy in UHV. The aim of our activity is to use and develop
the scanning force microscopy technique in areas central to the research
profile of the Laboratory of Applied Physics. During the last year, the
construction of SFM instrumentation has proceeded and the UHV system
including scanning probe microscopy, LEED and mass spectroscopy was
completed. This instrument will mainly be used for investigations of
oxide supported metal catalysts, an area where we have done some pre-
vious work using instruments operating in air.

Liquid phase measurements. An instrument that operates in liquid has
been constructed by Roger Wigren, and has been used to investigate
mechanical properties of dextran gel films of the same type that is used to
immobilize proteins in the BIAcore equipment marketed by Pharmacia
Biosensor AB. By changing the salt and protein concentration in the film,
the force on the probe tip as a function of the penetration depth will
change, giving information about the extension and stiffness of the gel
film.

Plasmid DNA. Images of plasmid DNA adsorbed on mica has been
obtained using different operation modes of the force microscope. An
individual molecule was scanned using both conventional contact mode
and tapping mode imaging which shows that tapping mode is capable of
the same resolution on these delicate molecules but also giving lower risk
of damaging the sample due to excessive lateral forces.

Ordered adsorption on PTFE fibres. Our previous investigation of
protein adsorption has been combined with efforts to manufacture
ordered PTFE films which has enabled us to obtain alignment of protein
molecules during adsorption. The PTFE films are made by dragging a
PTFE rod over a silicon substrate at controlled temperature and contact
pressure which gives a surface covered with parallel polymer fibres, each
consisting of ordered polymer chains. The size and separation of the
fibres are of the same order as the dimensions of the fibrinogen molecule
which is well suited for alignment experiments due to its characteristic
asymmetric shape. It has been demonstrated that the fibrinogen molecules
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adsorb with their long axis perpendicular to thin fibres and at the edges
of thicker fibres, indicating that the radius of curvature may influence the
alignment.

Ion craters. In a collaboration with the Department of Radiation Science
at Uppsala University, we have used scanning force microscopy to
investigate crater formation caused by high energy ion bombardment of a
single crystal of the amino acid, L-valin. The shape of the individual
craters indicates that the sputtering takes place due to a hydrodynamic
pressure pulse phenomenon in response to the initially deposited energy.
These measurements are an interesting challenge to the SFM technique, as
the observed topography of the soft material can be influenced by its
elastic properties.

Fourier transform infrared and Raman spectroscopy
(group leader: Bo Liedberg, grad students: Isak Engqvist, Hans Kariis,
Knut Johansen, Magnus Lestelius (partly), Trine Vikinge-Platou (partly),
and Lars Bertilsson)

The activities within the infrared and Raman group are focused on two
main themes: (i) Development of organic monolayer architectures on
metallic supports and characterisation of their physical properties;
(ii) fundamental interaction studies on well-defined monolayer assemblies
in a recently developed UHV system. Three types of ligand/substrate (soft
donor/acceptor) systems have been studied during this period: Thiols (R-
SH)/Au, xanthates (R-0CS2)/Au,Cu,Ag,Ni and phosphines (R3iP/Rh)/ Pt,
Pd, Au, Ag, Cu. Self-assembled monolayers based on long chain n-alkyl
thiols on gold form the basis for the activities, and a long term collabora-
tion has been initiated with Professor David L. Allara, the Pennsylvania
State University. A new research project on biosensors has also been
initiated this year in collaboration with Pharmacia Biosensor AB and
TFR. Knut Johansen, an former employee at Biosensor, started to work
on a Ph. D. project during the spring.

Flotation. Organic xanthates have been used for many years as collectors
in the flotation process of sulphide minerals. Our interest is focused on
coordination behaviour of the xanthato group to different metal surfaces
and on the reorganization phenomena that occur within the adsorbed
layers as a function of coverage. We have been able to show that the
xanthato group coordinates in a bridge-like configuration on gold and
that a coverage dependent structural transition occurs within the mono-
layers. More complex reactions are observed on silver and copper,
including both directly coordinated (surface-bound) xanthate molecules as
well as precipitated copper(I)- and silver(I)-xanthates. Synthetic sulphide
mineral surfaces also have been prepared and analysed with Auger
spectroscopy before employed in the adsorption studies.
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Inorganic surface chemistry. We are also involved in a project aiming at
the development of new collectors for recovery and recycling of platinum
group metals in catalysts. The idea is to use phosphorous ligands,
primarily phosphines, to improve the critical steps in the flotation pro-
cess. This is a joint project between Linköping University, SLU, Uppsala
and KTH, Stockholm, and we are primarily involved in accurate surfaces
spectroscopy studies of the phosphine overlayers using infrared, X-ray
photoelectron and mass spectroscopy.

Self assembled monolayers. One of the important break-throughs in sur-
face chemistry during the eighties was the development of the preparation
strategies for Self Assembled Monolayers (SAMs) based on long chain n-
alkyl thiols HS-(CH2)n-X on gold (silver and copper). We are together
with scientists at the Pennsylvania State University involved in several
systematic studies on their structural and thermodynamic properties.
These SAMs also provide an ideal model system for detailed studies of
interfacial reactions of interest to both physicists, chemists and biologists.
This may include fundamental studies of the structure of small and simple
molecules, like water, on differently functionalized SAMs, as well as very
complex biomolecular interactions where, e.g., proteins and enzymes are
involved.

The ability to control both composition and distribution of tail groups
makes them potentially useful as templates for the development of new
organic architectures. We have used this approach to study wettability
induced transitions in OTS (Cl3-Si-((CH2)17-CH3) monolayers on
controlled composition HS-(CH2)16-OH/HS-(CH2)15-CH3 surfaces. The
OTS monolayers formed are observed to undergo a structural
progression characterized by three distinct phases, as determined with
infrared spectroscopy and contact angle measurements, depending on the
HS-(CH2)16-OH fraction in the underlying lattice.

We have used mixed SAMs of HS-(CH2)16-OH and HS-(CH2)15-CH3 to
prepare model organic surfaces with varying wettabilty
(0O<QH2O<1 14°). These SAMs are used as substrates to study wettability
induced phase transitions in condensed overlayers of D2O. Both infrared
and temperature programmed desorption spectroscopy have shown that
thermal annealing (82-140 K) of the initially condensed D2O layer (82 K)
causes a phase transition from amorphous solid D2O ice to polycrystalline
Ih ice in the above temperature range. The exact transition temperature
depends on the wettability of the surface.

A new route to prepare molecular gradients has been developed for thiols
on gold. The gradients are prepared by cross-diffusing two different
thiols, HS-(CH2)n-X and HS-(CH2)m-Y, with different tail groups and/or
chain lengths, in an organic diffusion matrix. When the two diffusion
flows meet, the molecules will compete for the binding sites and mono-
layer exhibiting a concentration gradient in one dimension will result.
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This method of preparation allows us to develop a new class of organic
surfaces with continuously varying chemical properties. A broad range of
experimental techniques including ellipsometry, contact angle measure-
ments, infrared-, photoelectron- and secondary ion mass spectroscopy are
currently used to verify the existence of the gradient and its lateral
dimension.

The biological aspect of SAMs is of particular interest to us, and we are
currently using the above SAMs as model surfaces in our biomaterial and
biosensor research. HS-(CH2)16-OH thiols have been used also
commercially as a linker layer to anchor the bioactive sensor matrix to
the gold sensor chip in the recently developed biosensor system
(BIAcore) at Pharmacia Biosensor AB, Uppsala. The membrane like
structure of these SAMs also makes them very attractive as models for
ligand-receptor studies on cell surfaces. For example, the sterical
requirements for the very specific receptor-ligand reactions can be
addressed in detail by designing SAMs with varying tail group separation
and mobility.

Biosensors. We have taken up our work on biosensors again. The main
idea is to develop new and improved principles for the detection of bio-
molecular interactions on solid surfaces. Another part of the project is
focused on methods to improve the sensitivity of biosensor systems based
on surface plasmon detection.

Biomaterials consortium
(group leader: Pentti Tcngvall, grad students: Magnus Lestelius, Trine
Platou Vikinge, Peter H. Warkentin, and Bengt Wälivaara)

The biomaterials consortium is one of eleven Swedish materials consortia
founded by NUTEK and NFR. The consortium is equally shared between
Linköping University (Prof. I. Lundström) and Chalmers University,
Göteborg (Prof. B. Kasemo) and has by now been active for four years.
The total budget is approximately 5.600 KSEK.
The research in the consortium, at Applied Physics, LiU, is concentrated
on biomaterial model surface development, physical/chemical characteri-
zation and in vitro biological evaluation. The surfaces developed by us
are used further in cell and animal experiments in collaborative projects.
The surface characterizations include several physical, chemical and in
vitro biochemical methods, such as ellipsometry combined with antibody
techniques, atomic force microscopy (Nanoscope III), contact angle
measurements, Auger electron-, FT-IR- and Raman spectroscopies,
BIAcore, and ELISA techniques. This year the research in Linköping
within the consortium will be more thoroughly described.

Titanium. Titanium is a well-known material in dental restoration and is
in general well suited for bone anchorage applications. Also, recently,
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titanium was chosen as a blood contacting construction material in
artificial hearts. At present in vitro calcification, inflammatory activation
and blood compatibility studies, problems related to both tissue and blood
applications, are conducted at our laboratory. Model studies on bone
integration mechanisms are made using Ti-surfaces contacting simulated
body fluids at physiological concentrations. Auger electron spectroscopy
(AES) is then used to identify and quantify calcium and phosphate, the
major inorganic components of bone. The deposited mass depends on the
surface chemistry and a clear correlation between surface pretreatment
and calcium/phosphate ratios is observed (see figure below). This can in
some cases also be correlated to macroscopic properties such as the sur-
face wettability.

Chemically oxidized
(10mMH2O2)for 6 days

Thick thermal oxide
(rutile)~4000 Å

Thin thermal oxide
(amorphous)~30 Å

5 10 15

Incubation (Days)
20

Calcium and phosphorus binding kinetics onto differently prepared Ti
surfaces, after incubation in a simulated body fluid.
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Another project focuses on blood coagulation on titanium surfaces where
we study protein adsorption and activation of blood enzymes when plasma
contacts the metal for a short time. The results so far suggest that
titanium initially binds fibrinogen and trigger the inflammatory system
(blood contact up to 1-2 minutes) and later, (1-10 minutes), the blood
coagulation is activated via the intrinsic pathway, as seen from the
accumulation of high molecular weight kininogen (HMWK) on the sur-
face (see figure below).
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Blood protein binding to titanium. Each surface was incubated for one
minute in heparinized human plasma and then 15 minutes in antibody and
30 minutes in secondary antibody solutions, respectively. High
(secondary) antibody bar indicates that a specific protein was present on
the surface and that its antibody bound to it.

Thiol modified gold surfaces. Thiols and alkanethiols are organic mole-
cules with an HS-group at one end. They bind via strong sulphur-gold
interactions (=30 kcal/mol) to gold. Using gold substrates (electron beam
evaporated gold on silicon substrates and sputter-deposited gold) and
simple thiol deposition procedures, novel monolayer structures are
obtained. The surface chemistry is determined by the outer end of the
thiol, and thereby a variety of functionalities can be obtained. Currently
we prepare hydroxyl, methyl, carboxyl, amine, sulphate, and ester sur-
faces.
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When alkane thiols are used, an extra feature is added to the monolayers.
The molecules are built up of methylene groups (-CH2-), which tend to
organize spontaneously when the chain length is 10 carbons or more.
These ordered structures are also called self-assembled monolayers
(SAMs). The SAMs preparation and characterization is mostly done by
the FT-IR- and Raman spectroscopy group and biological evaluation by
the biomaterials consortium.
Currently the SAMs constitute the basis for a number of in vitro and in
vivo biological model studies. In this way we hope to learn how chemical
(functional groups) and physical (geometry, mobility and wettability) sur-
face properties influence protein adsorption patterns, adsorption kinetics,
coagulation, and complement activation, i.e., the properties of surfaces in
contact with humoral systems.

H-S-(CH )^-X + Au3 _» Au3-S-(CH ) ^ \ + 1/2 H2 Ed= 30 kcal/mol

Self-Assembly process: 0.8 kcal / molCH.group (Van der Waal's interaction)

Schematic ofa'tkane thiol self-assembly on gold.

Using ellipsometry for studies on protein adsorption, and biological
assays for coagulation and complement activation, it is found that short,
naturally occurring hydrophilic thiols; glutathione, L-cysteine, and
mercaptopropionic acid, all adsorb proteins differently from human
plasma. Glutathione, with low binding of complement and coagulation
factors, emerges as an interesting surface for further testing. Immobilized
propanediol (glycerol) shows a remarkable complement activation
capacity in in vitro experimental systems. Also, the ion binding capacity
from body fluid-like solutions of thiol-modified surfaces is of interest.
This is presently studied with a combination of Auger electron spectro-
scopy, ellipsometry, and infrared spectroscopy.

Due to the thromboresitant properties of heparinized surfaces, they are
widely used in oxygenators and other blood contacting equipment. In a
recent work the protein adsorption pattern onto these was probed. It is
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interesting to note that antithrombin III, a known coagulation regulation
protein, was found at large quantities after incubation in human plasma
(see figure below).
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0.48

Heparinized Silicon

• Plasma
pi.+AB
PI+AB+SAB

i

Blood protein binding to immobilized heparin. Each surface was
incubated for 10 minutes in 10% citrated human plasma and then 15
minutes in primary and secondary antibody solutions, respectively. High
{secondary) antibody bar means, that a specific protein was present on the
surface and its antibody bound to it. This surface readily binds anti-anti-
thrombin 111 antibodies, thereby indicating that surface initiated coagula-
tion is suppressed.

Protein-Surface and Protein-Protein Interactions. Central to understanding
biomaterials is the appreciation and understanding of how biological com-
ponents interact with surfaces to which they have been introduced. Our
recent studies on proteins have displayed that protein-protein interactions
affect surface-protein interactions and, therefore, can alter observed results
from the pure protein/surface situation. Work has focused on protein
adsorption to methylated silicon gradient and hydrophilic silicon surfaces
as single, binary, and tertiary purified protein components, and in associa-
tion with normal plasma. Antibody and albumin incubations of protein and
plasma treated surfaces have been shown to affect ellipsometric thickness
and antibody binding patterns.
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Methyl silica gradients incubated in IgG and then in anti-IgG, and IgG
followed by albumin (BSA) and finally anti-IgG. It is found that on the
hydrophilic portion (Q<I0<*>) of the gradient, anti-IgG binding decreases
upon albumin treatments. The reason to this is that IgG was removed from
the surface by albumin.

This has led to an understanding that serum albumin influences and may
even participate in the removal of IgG and fibrinogen from certain sur-
faces. Another coagulation protein, high molecular weight kininogen,
adsorbs differently to surfaces dependent on whether it is a serum com-
ponent or a single protein, suggesting that its interaction is affected by
other proteins. The albumin and specific antibody interactions noted can be
responsible for undesirable experimental bias. This does not negate their
use as investigative tools, but it should be noted that these proteins are the
same types of biological molecules as those being probed for. Such an
understanding is important of the surface interaction properties of proteins
and improve interpretation of experimental results.

New BIAcore applications. Our laboratory has recently received a dona-
tion of a BIAcore instrument from Pharmacia Biosensor AB, Sweden.
One graduate student has started projects in order to develop new
diagnostic applications, specifically in the complex protein solutions,
blood plasma and serum.

Collaborative work. The biomaterials consortium is due to its inter-
disciplinary character dependent on collaborative projects. One of the
most important collaborations is with the FT-IR- and Raman spectroscopy
group at our laboratory (Dr. Bo Liedberg). The surface modifications
using thiol techniques are planned and executed in a close collaboration
with this group. The activities of the FT-IR- and Raman group were
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more thoroughly described in the activity report last year (92/93).
Modification of and protein adsorption studies on titanium are conducted
together with the Biomaterial Consortium partner at the Department of
Applied Physics, Chalmers University, Göteborg (Dr. B. Kasemo).
Furthermore, the physical-chemical research in our laboratory is
connected to biology and medicine via collaboration projects. Well
controlled alterations of surface properties give rise to differences in the
biological response. In order to investigate this, thiol modified gold sur-
faces with hydroxyl (wetting) and methyl (hydrophobic) surfaces were
implanted in rats, and macrophage activation experiments were made at
the Department of Anatomy and Cell Biology, Göteborg (Dr. Peter
Thomsen). The results show that the surface chemistry determines the
tissue organization around implants and the inflammatory activation.
Other experiments at the same department (Dr. H. Nygren) show that the
initial degree of platelet binding and activation, and also inflammatory
activation, is largely determined by the surface chemistry. Differences in
cell organization on other kinds of thiol modified surfaces have been
observed in a similar collaborative work at Lund University (Dr. L. M.
Bjursten). The Department of Thorax Surgery, Linköping University
Hospital (Dr. C. Olin) is developing a new artificial heart, and joint work
is done to control blood surface interactions in order to prevent or de-
crease occurrence of thrombosis when blood interacts with artificial sur-
faces. At the University Hospital in Liverpool, England
(Dr. R. Williams), experiments with fibroblast attachment and
proliferation on methyl/silica gradients, prepared and analyzed at our
laboratory, are under way. Chemically modified surfaces aimed for
specific protein selection from human blood plasma are presently
developed in a joint blood compatibility project with McMaster
University, Ontario, Canada (Dr. J L. Brash). Protein adsorption studies
on heparinized silicon surfaces were made in collaboration with Carmeda
AB (Johan Ristenfeldt). Collaborative work on the impact of surface
properties for complement activation in in vitro experimental model
systems has been performed with the Interface Biology Group at our
laboratory (Dr. H. Elwing).

Interface Biology
(group leader: Hans Elwing, post docs: Steven Clark and Stefan Welin-
Klintström, grad students Peter Billsten, Li Liu, Ghada Nimeri, and Bo
Lassen (YKI).

Neutrophile response to some model surfaces. We made investigation of
how white blood cells (Netrophilis) reacted with some polymer surfaces
made by radio frequency plasma polymerisation. Cell activation was
determined with the use of luminescence measurement. It was found that
different polymers reacted very differently with the neutrophils.
Precoating of the surfaces with albumin seems to have a down regulating
effect on the cellular response. This work was done in co-operation with
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the Department of Medical Microbiology at the Linköping University
Hospital (Co-supervisor Lena Öhman and Olle Stendahl).

Activation of complement at solid surfaces. We found that hydrophobic
solid surfaces, precoated with IgG, activate complement in blood serum
through the classical activation pathway. In co-operation with the bio-
material group we also made an investigation of the complement
activation ability of gold surfaces, modified with monolayer of simple
thiol containing reagents. A couple of those surfaces was found to activate
complement but the activation route (alternative activation pathway) was
entirely different from that of IgG coated hydrophobic surface. It is
probably the high density of the hydroxyl groups at those surfaces that
mediate the complement activation properties of those surfaces. The
methods used in this investigation were ellipsometry, haemolytic con-
sumption and quantification of C3 degradation products.

Conformational changes of proteins adsorb on solid surface. We are
developing a methodological system for the investigation of conforma-
tional changes of proteins at solid surfaces. In these experiments we
adsorb model proteins (mainly T4-lysozyme and carboanhydrase) on to
silicon particle of nanometer size. Thereafter we make spectroscopic
determinations of conformational status of adsorbed proteins. We use
circular dichroism and different kinds of fluorimetric methods for this
purpose. We have found that some of the proteins adopt a folding inter-
mediär ("moulted globulin") at the surface. We are now in the process of
more closely investigating the difference and similarities in protein
denaturation provoked by a solid surface and denaturation provoked by a
reagent in the solution. This project is made in close co-operation with
the department of Chemistry at IFM (P. O. Freskgård)

Total Internal Reflection Spectroscopy (TIRF). This method is excellent
for the investigation of competition phenomena of proteins adsorbed to
solid surface. The surfaces used for the TIRF experiments are the similar
to those used by another student in her ELISA experiments of protein
adsorption at solid surface. We found good qualitative agreement between
the methods. The TIRF method permits, however, also kinetic measure-
ments that give us new possibilities of making physical models of the
protein competition phenomena. This project is made in close co-opera-
tion with the Institute for Surface Chemistry in Stockholm.

Bioprocess measurement technology
(group leader: Carl-Fredrik Mandenius, post docs: Gunnar Hörnsten and
Milan Polakovic)

Reliable measurements with robust sensors are one of the guarantees for
achieving successful development of bioprocesses. With access to many of
the recent ascents in modern sensor and measurement technology, much
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better insight into the conditions of chemical processes are gained,
especially for biological processes with their inherent complexity. The
fusion of on-line sensor data of the bioprocess with advanced signal and
data processing based on various methodologies, for example multivariate
techniques and knowledge-based systems, provides new possibilities for
the process developer and the control engineer. Questions addressed are
related to the use of sensors and modern measurement technology to
promote process design, optimization, control and modelling of bio-
technical processes and to provide new information about metabolic
fluxes. The projects include (i) Construction and design of complex bio-
technical process systems, (ii) Knowledge-based design and simulation of
industrial bioprocesses (in collaboration with the Department of
Computer and Information Science), (iii) Monitoring and control of
continuous yeast fermentations using simulation techniques and real-time
knowledge-based systems, (iv) Modelling of E. coli expression under
stressed process conditions, (v) Design of new measurement devices for
specific detection of cells and viruses in biofluids using carbohydrates.
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BIOLOGY

The division of biology is concerned with education and research. The
main part of the research is externally funded. Four research students are
working on their doctoral theses; in Theoretical Population Biology (A
Johansson and T Jonsson) and in Ecology (B Ekstam and K-0 Bergman).
There is also a cooperative work going on between the division of Biology
and several institutions at the Linköping University Faculty of Health
Sciences. The research of some of the teachers in the physiological section
of the division of Biology is located in the Faculty of Health Sciences.
Every year a number of students carry out their undergraduate theses at
the Faculty of Health Sciences.

Ecology and conservation biology
The existence, structure and function of animal and plant communities are
aspects of ecology that are often discussed. A community can be said to
consist of a group of species, and may be found in different places while
still approximately consisting of the same species and the same dominant
species. Some problems to be considered are: how common is this
phenomenon; which factors are influencing the species groups and how do
they function. Jan Landin is studying these problems in cooperation with
Finnish biologists at Tvärminne Zoological station, Helsinki University.
The objects of their studies are groups of insect species found in different
types of small ponds. Linköping University has subsidized the project. At
present the project is being at a standstill.

South of the city of Linköping there is one of the largest areas consisting
of vanishing, old cultural landscape in Sweden where several threatened
animal and plant species live. The acutely threatened butterfly Lopinga
achine, the woodland brown, is found here in a subdivided population.
This area is the only existing area on the Swedish mainland of the
woodland brown, which is included in the Bern convention list of acutely
threatened species. The aim of the study is to develop proposals for a
system of protected localities which allow the species to survive and which
may also serve as a model when protecting other threatened species. K-
0 Bergman and J Landin are pursuing a study on the population and
dispersal ecology and habitat requirements of this species. The project is
supported financially by the National Swedish Environment Protection
Board and the World Wildlife Fund. In connection with this project a new
one dealing with vegetational succession and associated changes in insect
faunas has been started recently. It is supported by World Wildlife Fund.

In Ethiopia large problems in farming are caused by attacks on cereal
crops by grasshoppers, both the well known migratory grasshoppers and
other, non migratory species. Jan Landin is engaged in studying the
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ecology and biology of grasshoppers in wheat and tef (an Ethiopian cereal)
together with an Ethiopian researcher, Dr. Tibebu Habtewold, and in
cooperation with the Debre Zeit Agricultural Research Center and the
Department of Plants and Forest Protection, Swedish University of
Agricultural Science. The grasshopper fauna in the crops is unexpectedly
rich in species, but usually one species (Aiolopus longicornis) is dominant
and is the most important pest in the present area. Its importance as a pest
and its life history in relation to the rains, and the control methods, are
being studied. The composition and structure of the total grasshopper
fauna in different cereal crops, grown on the two most important soil
types in some regions, have been analyzed. Patterns of seasonal and
regional abundance for the dominant species are studied. T Habtewold put
forward his thesis in March 1993. The project is in its closing phase.

Minimum viable populations and the structure of food webs
The primary aim with the present project is to investigate the relationship
between extinction rates of populations and the structure of food webs and
ecological communities. Extinction rates can be expected to depend on
body size of inviduals since size will affect demographic rates. Extinction
rat?s can therefore be expected to affect certain structural characteristics
of food webs (e.g. food chain lengths) and ecological communities (e.g. the
distribution of number of species over different body size classes). In this
way body size may indirectly affect the structure of food webs and
ecological communities. Moreover, size dependent demographic rates and
interactions will directly affect the dynamics and stability of food webs
and hence their structure. The following problems are investigated within
the general frame of the project: 1) The effect of body size on the expected
time to extinction of local popultions and metapopulations; 2) The
relationship between body size and population density; 3) The distribution
of number of species over different body size classes; 4) The effects of
sizedependent demographic rates and interactions on the dynamics and
structure of food webs. The project is carried out by B Ebenman, T
Jonsson and A Johansson with financial support from the Swedish Natural
Science Research Council, The Bank of Sweden Tercentenary Foundation
and ihe World Wildlife Fund.

Niche theory for age-structured populations
In many organisms the ecological niche changes during the life cycle (e.g.
juveniles and adults utilize different resources). The primary aim of this
project is a theoretical analysis of the evolutionary and population dynamic
consequences of niche changes during the life cycle and competition
between age classes. Special problems that are investigated include: (1)
evolutionary diversification of life cycles and the evolution of complex life
cycles; (2) competition between age classes and growth patterns of indivi-
duals; (3) synchronized reproduction and competition between age classes;
(4) competition between age classes and population dynamics in organisms
with flexible growth. The project is carried out by B Ebenman.
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Structure, dynamics and stability of size-structured populations
In many organisms the age classes differ in size/morphology. The purpose
of this project is to examine the implications of such differences on evolu-
tion and population dynamics and to focus upon how natural selection will
shape the growth pattern of individuals and hence the size structure of
populations under different ecological conditions. The dynamics in size-
structured population are governed by interacting processes at the
individual and population level. B Ebenman, A Johansson, T Jonsson and
U Wennergren analyse such systems with the help of mathematical
models, field studies and laboratory experiments.

Quantitative Ecology: Population growth in a variable environment
When a population experiences temporal changes in survivorship,
reproduction rates, etc. due to environmental or biotic variation, change is
not only expected in the rate of population growth but also in the structure
of the population. U Wennergren studies this phenomenon by using
mathematical models and the supercomputer at NSC. He put forward his
thesis in January 1993. Since February 1993 he is on a postdoctoral leave
at the University of Washington, Seattle, USA, with Prof. Peter Kareiva,
Dept. of Zoology.

Ethology
Animal behaviour is presently expanding, higher courses are given and a
doctorate programme is planned. Due to cooperation with the Dept. of
Communication Studies the main research interest so far has been on
communication, resulting e.g. in a Nordic anthology Biokommunikation,
sponsored by the Nordic Council.
In cooperation with the Division of Theoretical Biology at the University
of Vienna, Austria, S. Sjölander has been working in the area of cognition
and evolutionary epistemology, during the last two years as a guest
professor in Vienna.

Mycology
Cultivation of mushrooms is a field of growing interest: L Gidholm is
working with isolation and characterization of mycelia from wild Agaricus
species.This project uses electrophoretic and PCR methods and includes
studies of cadmium and pH conditions. D Wahlström is working on the
composition of a substrate for cultivation of Lentinula edodes (Shiitake)
and different ways to increase the yield and the quality of the fruit bodies.
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CHEMICAL PHYSICS

A unifying theme of the research is that of free radicals either as inter-
mediates in chemical reactions of basic, environmental and technological
interest or as probes to investigate the structure and dynamics of
materials. An independent project in cooperation with FOA of non linear
optics has recently started.

The structure, mobility and reactions of radicals in solids and liquids are
studied experimentally with electron spin resonance (ESR), ENDOR,
optically detected ESR and electron spin echo (ESE) spectroscopies.
Theoretical studies of spin dynamics are performed in parallel. Most of
the studies have been of basic nature concerned with ionic radicals
produced by X-ray irradiation. Reorientation towards studies of radicals
on surfaces is attempted.

We have been developing a nonperturbative treatment of the effects of
exchange on ESR lineshapes of anisotropic spin systems for a couple of
years. The theory development has been shifted to more advanced
dynamical models invoking diffusional and inertial rotation in presence of
restoring potentials and also dynamical effects on ENDOR and Fourier-
transformed ESE signals. Pulse selectivity is planned to be studied in
connection to pulsed ENDOR theory development. Correlation of
chemical kinetics and motional dynamics is attempted in order to account
for recently obtained experimental studies. The development of methods
for simulating spin dynamics is led by N Benetis.

Gas phase kinetics of radical reactions at combustion is studied
experimentally with pulse radiolysis. The experimental studies have been
concerned with the combination kinetics of simple radicals like methyl
and hydroxyl. The work is done in cooperation with the Rise National
Laboratory, Dr P Pagsberg and the Medical University in Wroclaw, Prof
E Ratajczak.

The chemistry of halogen oxide radicals of relevance to ozone degrada-
tion has been investigated in cooperation with doc B Nelander, Lund
University. The experiments involving matrix isolation with FTIR
detection have been carried out in Lund.

The spin probing technique has been applied to investigate protein
structure and dynamics, particularly the unfolding process during
denaturation. A differentiation technique to analyze complex ESR spectra
has been developed for the purpose. Preliminary studies of liquid crystals
and ferroelectric systems have also been made using the spin probe
technique.
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Organic materials for nonlinear optics are studied by M Lindgren in
collaboration with the National Defence Research Establishment (FOA).

Research on radiation chemistry of water related to nuclear technology is
carried out by H Christensen in cooperation with the Rise National
Laboratory. The experimental work with pulse radiolysis is carried out at
Rise .

Graduate education. Two courses were offered, one in nonlinear optics
(M. Lindgren) another in theoretical spin dynamics (N Benetis). A
Licentiate thesis has been presented by Klas Johnsson.

Honorary doctor P. Pagsberg, Rise, was awarded an honorary doctor's
degree for his important contributions to initiate environmental science
studies of gas phase reactions in our laboratory.

1. Resources

The main experimental resources are

Pulse radiolysis equipment for gas phase kinetics
Magnetic resonance spectrometers for ESR, ENDOR, electron spin echo,
and optical detection.
These were described in detail in the Activity Report for 1992-93.

2. Research projects

2.1 Primary oxidation and reduction products in condensed phase.
(M Lindgren, R Erickson, A Lund). Ion radicals are formed by one-
electron loss (oxidation) or gain (reduction) after irradiation with
ionising radiation (X-rays). The ions are reactive but can be stabilised in
solid matrices at low temperature. The project is supported by NFR.

A detailed experimental study of the ENDOR spectrum of the biphenyl
cation has been made. A theory to calculate ENDOR spectra including
line intensities has also been made and a computer program to simulate
powder ENDOR spectra has been written. To our knowledge this is one
of very few cases in which anisotropic features are resolved and analysed.
The analysis indicates that the ion is nearly planar. Experimental data
obtained from other protiated and deuterated aromatic cations have been
obtained. A theoretical analysis of the ENDOR intensity of quadrupolar
nuclei (I > 1) has been made, but has not yet been incorporated in the
simulation program.

Recently, the project has been reoriented towards studies of radicals on
surfaces. Studies of free radicals on surfaces are of interest for several
reasons: The spontaneous or stimulated formation of radicals from
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adsorbed molecules may represent one possible mechanism for hetero-
geneous catalysis. In some cases the radicals are ionic, indicating that
primary oxidation and reduction reactions occur. Radicals can also be
used as probes to investigate diffusion processes on catalytic surfaces. Our
particular interests concern the structure of radicals formed
spontaneously or with UV light or ionising radiation, radical-surface
interactions, and the mobility of radicals on surfaces or in cavities and
channels of zeolites. The idea is to use modern ESR techniques like
ENDOR and ESE in conjunction with accurate theoretical methods to
extract this information. Preliminary results have been obtained for the
formation of cations by UV photolysis of aromatic molecules on H-ZSM-
5 catalyst, the motion of NO2 spin probes in Na-mordenite, and the
dynamics of surface bonded NH2 radicals in Linde molecular sieves. A
book with the title "Radicals on Surfaces" (A Lund and C Rhodes,
editors) is in preparation.

One aspect of the studies of radicals at surfaces is that the trapping and
reactions occur in confined spaces. This is also the case with another
investigation concerned with the effect of ionising radiation of certain
tetralkyl ammonium hydrate clathrates. The clathrates consist of a hydro-
gen-bonded water lattice that encloses a guest cation. Common to these
clathrates is that trapped electrons are unusually stable, up to 200 K. In
the project cooperation is made with experts on clathrate chemistry, prof
S Schlick from the University of Detroit and Dr J Bednarek, Technical
University of Lodz. Our competence lies in the physical aspects of the
project. The work program has the following main issues: a) site of the
trapped electrons, b) formation and decay of dielectrons and c) formation
of neutral radicals.

2.2 Modelling of spin and motional dynamics. (N Benetis).

Thermodynamic rotational limits. We have studied the motion of small
moieties in radicals at different thermodynamic regimes.
In the high temperature, diffusional regime, we did not find any inertial
effects. We have lately been able to simulate the low temperature, inertial
regime of a methyl group rotating with respect to a large reference
frame. This was possible by including the kinetic and the potential
energies of the rotor in a generalized "spin" Hamiltonian, i.e. we
performed a fully quantum mechanical treatment. The experimental
spectrum of the selectively deuterated counterpart of the same radical in
this regime shows a vastly different temperature dependence and a
tunneling energy differing a couple of orders of magnitude.

The fundamental questions of the correlation of the potential barrier and
the tunneling energy to the usual Arrhenius type of barrier can be
resolved. The transition regime of almost equal thermal energy and
potential barrier can also be studied provided that an equally accurate
treatment of the high temperature limit can be performed. At this limit
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the motion has to be treated classically as diffusion in a direction
restoring potential. A great deal of the theoretical work for this limit has
already been accomplished and new programming is planned to be started
in cooperation with Oslo Univerity. The same formalism can be used in
considering the motion of anisotropic spin probes and radicals on surfaces
and macromolecules.

The above two limiting cases are formulated in their most general fashion
and should still be accurate in a superimposed, intermediate regime as we
have already verified for the inertial limit. This theory could even
account for motional averaged hyperfine interaction (hfi) conditions of
the methyl group. We aim at being able to account for the whole scale of
motional conditions from pure rotational dynamics to diffusional rota-
tional dynamics in a coherent fashion.

Pulsed techniques: Following modern detection developments in magnetic
resonance we realized that a turn to pulsed methods has to be undertaken
by the group. Both the experimental equipment and the appropriate theo-
retical framework of pulsed ENDOR and ESEEM are currently in focus.
The regular ENDOR suffers from the complications due to the sensitivity
to the relaxation processes. Pulsed techniques though difficult to im-
plement experimentally are more suited in studying dynamics.

In theory we have continued the development of nonsecular simulations
and in parallel we have initiated a theoretical study of pulses.

A detailed study of the effect of pulses on the initial as well as the inter-
mediate "states" of the spin system is important for the pulsed ENDOR
and ESEEM. Up to now simple rotational pulses under total excitation
conditions have been used.

The aim of the new pulsed-theory development is to include simultaneous
or consecutive mw and/or rf pulses in a coupled electron-nucleus spin
system. A detailed investigation of the strength, the length and of the
offset of the irradiation is necessary to account for the polarization and
coherence transfer among the constituents of the above two-spin system.

Very little is known about the effect of dynamics on ENDOR and
ESEEM. These methods are complementary for the slow time scales and
more sensitive than pure ESR. A general ESEEM simulation program for
multinuclear powders is soon ready to help the analysis of our experi-
ments. This program is unique in its kind by not assuming any secular
approximation for the electron spin. Except for our routine needs of
interpreting the experimental data we are able, using this program, to
answer some fundamental questions like: What is the effect of the non-
secular terms of the electron Zeeman and the hyperfine interaction (hfi)
on the ESE modulation? What is the limit of the lowest allowed nuclear
quadrupolar interaction (nqi) producing adequate nuclear mixing for the
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ESE modulation to be observable in systems with isotropic hfi? What is
the effect of nonaxiality of the hfi and nqi on the ESEEM? Under what
conditions the spatial correlation of the magnetic neighbours of the
electron in disordered systems is important for the ESEEM signal? What
are the effects of internal reorganization on the signals? Under what
conditions is it possible to observe ESEEM of S>l/2 for the electron spin
like in certain paramagnetic complexes?

Applications in chemistry: With cooperation with external experi-
mentalists we have had the opportunity to study the correlation of kinetics
and motional dynamics for certain reactions. We refer to two separate
cases. Our collaborators at the University of Moscow have recently
observed experimentally that viscosity could influence intramolecular
processes like electron or proton transfer. This is an unexpected result at
first sight and requires detailed theoretical and experimental study of
appropriate systems. We have accordingly to simulate the dynamics of
viscous media in combination with internal reorganization. The investi-
gation has been started by studying the dynamics of Cu(I) complexes with
paramagnetic ligands.

The discrete site exchange theory has been used recently to obtain kinetic
information with our collaborators in Poland. The decay of the HO2
radical in frozen aqueous systems shows an unusual nonmonotonic
temperature dependence of the rate parameter for this reaction. An
accurate lineshape theory for this system with large g-anisotropy at Q-
band was necessary. That is exactly where we found that the perturbative
exchange theories are not adequate.

A new use of this theory is the slow tumbling regime of spin probes
under simultaneous exchange. Mikael Lindgren has shown that it is
possible to simulate slow tumbling provided that environments of
symmetry preferably higher than octahedral can be used.

2.3 Spin-probing in materials sciences. (Mikael Lindgren). This is a new
research area within the group which aims on the application of EPR and
the related ENDOR and ESE methods to investigate various materials.
The basic idea is to use stable free radicals as probes to obtain informa-
tion of the structure and dynamics in molecular systems. Particularly we
try to seek information where other methods fail to give an accurate
description of a physical process in question. The systems are usually
investigated in close cooperation with the research groups specialising in
the particular materials synthesis and preparation. The project depends
strongly on the feed-back between experimental and theoretical methods
within the chemical physics group.

Spin-probing of protein structure and dynamics. In this project we
collaborate with Doc Uno Carlsson and coworkers at the Chemistry
Department, see their annual report for a more extensive description of
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the subject. It concerns the structural changes of proteins during the
denaturation process, particularly the identification and characterisation
of an eventual folding intermediate. By introducing a stable free radical
on cysteins in carbonic anhydrase modified using advanced protein
engineering methods (site directed mutagenesis), we have obtained a
wealth of experimental information of the local structure and dynamics at
the various sites of the spin-probe. The experimental EPR spectra are
usually very complex, since the associated protein structures are dynamic,
and the interchange between different conformations (as defined at the
probe site) occurs in a wide range of time-scales. However, some new
approaches to analyse the EPR data to understand more details of the
dynamic equilibrium between several protein structures, are very useful:
i) By developing a special differentiation technique to analyse complex
EPR spectra of several components in equilibrium, we have reported the
first clear "direct" spectroscopic evidence of folding intermediates.
Furthermore, certain extracted EPR parameters obtained in this manner
correlates very well with optical absorption (UV) data and it is thereby
possible to relate the local structure (EPR) with the global structure
(UV). The accumulated experimental data for a series of Carbonic
Anhydrase mutants are currently analysed, and will give a "map" of the
gradual changes; native - folding intermediate - unfolded structure; for
the whole three-dimensional structure. To the best of our knowledge, this
is the first study of this kind.
ii) Very recently we have shown the possibility to use site-jumping
models for dynamic spin-exchange (theoretical development led by
Benetis) as an excellent tool in describing the dynamic equilibrium
involving various (spin-labelled) protein conformations. Hereby we can
consider the rate of interchange between various protein conformations in
our modelling of the experimental data. It appears that this is a new
unique approach, and we believe that the rate of interchange can be
related to the kinetics of protein folding processes. However, further
theoretical work is needed to relate the dynamic parameters obtained
from line-shape simulations to thermodynamic properties of the protein
conformations.

Liquid crystals and ferroelectric systems. Ferroelectric liquid crystalline
materials is currently developed to achieve better performance in display
applications. Pioneering work concerning their applications was carried
out at CTH (Göteborg), some ten years ago, and new interesting poly-
merizable liquid crystals is currently synthesised at KTH (Stockholm).
We are currently investigating the possibility to use spin-probes as a tool
to monitor the molecular as well as macroscopic structure and dynamics
in related systems. Preliminary EPR, ENDOR and ESE results of various
spin-probes dissolved in nematic liquid crystals are very promising. We
have been in contact with the groups at CTH (Lagerwall) and KTH (Hult)
for discussions of potential projects and suitable materials. In this context
we have also studied a ferroelectric single crystal, Cs2S2C»6, where a
stable SO3-radical formed by ionizing radiation was used to probe (by



ENDOR) the temperature changes of the lattice parameters. Ferroelectric
crystals usually possess rather extraordinary piezo- and pyroelectric
effects, and a deeper understanding of these must be achieved before we
can discuss the more complicated systems used in display technology.

2.4 Nonlinear optics. (Mikael Lindgren). This is a new research area
within the group carried out in close connection with the National
Defence Research Establishment (FOA) in Linköping. FOA supports a
part-time research position for Lindgren at the Institution for Laser
Systems where experimental facilities to run nonlinear optics research is
being built up. Means for purchasing a tunable (0.4 - 4 \im) ns laser was
recently granted. The research at FOA is aiming on using nonlinear
optics for sensor protection, however, it is anticipated that parallel
research into other applications is made in the future within the chemical
physics group, having access to the experimental facilities in FOA.

The nonlinear optical (NLO) research is currently divided in four areas:
i) Nonlinear absorption processes in organic materials. Preliminary data
have been obtained for C60 a°d certain dye complexes. These systems
will be examined further with the new laser system, ii) Beam profile
measurements. By comparing the beam profile before and after being
focussed in a nonlinear optical component it is possible to define "figure
of merits" to obtain a quantitative measure of the optical limiting capa-
bility of the component in question, iii) Theoretical calculation of mole-
cular hyperpolarizabilities. Quantum chemical methods and programs are
employed at the supercomputer facilities at IFM. iv) Modelling of wave-
guide properties of thin, multilayered, anisotropic, polymer films.
Projects involving electrooptic modulators and light emitting polymer
diods are run in collaboration with FOA groups in Stockholm and
material research groups at Applied Physics (IFM), respectively.

2.5 Combustion kinetics. (K Fagerström, G Mahmoud, E Ratajczak, A
Lund). The work performed at the Chemical Physics Laboratory involves
the studies of the reactions of hydroxyl radicals with methyl and amino
radicals respectively. These radicals are very important as they are
formed at an early stage in hydrocarbon combustion. The reaction with
NH2 has been identified as a rate limiting step in the NO\ reaction
kinetics. The two studied reactions are therefore key reactions in those
processes. The general aim with this work is to get a better understanding
of the formation processes of air pollutants related to hydrocarbon com-
bustion and to identify the rate controlling steps in these processes.

The reactions were studied by pulse radiolysis combined with time
resolved UV absorption spectroscopy [1-2]. The radicals were produced
by the H-atom abstraction reaction of F-atoms with H2O, NH3 and CH4.
Pulse radiolysis of SF6 was used as the F-atom source.
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The pressure dependence of the OH and NH2 radical self-reactions was
studied in the range of 200-1000 mbar SF6. The temperature dependence
of the self-reaction of OH radicals was examined at 298 and 361 K. The
cross-combination reaction of CH3 + OH was studied in the range of 85-
1000 mbar SF6 and in the temperature range of 283-373 K. No pressure
dependence of the rate constants for the cross-combination reactions NH2
+ OH and NH2 + CH3 was observed in the range of 500-1000 mbar SF6
at room temperature. The pressure dependence of the experimentally
determined rate constants was analyzed following the concepts of Troe et
al.

2.6 Chemistry of halogen oxides. (K Johnsson, B Nelander, A Lund). The
studies aim at an understanding of the detailed mechanism of ozone
degradation in the upper atmosphere. Our contribution is supported by
SNV (grant to B Nelander) and Stiftelsen Futura. The studies are made by
matrix isolation and involves the following parts contained in K
Johnsson's tekn. lie. thesis:
a) A matrix isolation study of the water complexes of Cl2, C1OC1, OCIO,
and HOC1 and their photochemistry.
b) A matrix isolation study of the C1OO radical.
c) The UV and IR spectra of the C1CIO molecule.

The experimental work has been done at the Chemical Centre, Lund
University, under the direction of Doc B Nelander. The Ph. D work will
also be performed in Lund.

2.7 Radicals in irradiated single crystals. (O Eid, R Erickson, M
Lindgren, A Lund). Omer Eid, University of Khartoum, has spent 10
months in our laboratory studying radiation damage after X-irradiation
of single crystals using ESR and ENDOR. The ENDOR method is useful
owing to the high resolution. The aim of the studies has been to clarify
the effect of radiation on certain inorganic-, organic - and biomolecules.
The project is supported by SAREC, and is a "sandwich" program for Ph
D education in Khartoum.

2.8 Radiation Chemistry in Nuclear Industry. (Hilbert Christensen).
Research on radiation chemistry of water at high temperature and
pressure has been carried out in cooperation with the Risö National
Laboratory. The work is carried out by H Christensen. The study of rate
constants and activation energies at high temperatures for the reactions of
the hydrated electron with OH, H and H2O2 has now been published.
After some additional computer fitting a study of the reaction between
OH and H radicals will be published. Experiments on the system H +
H2O2 have been initiated.

The reactions are of importance for the understanding of radiolysis in
nuclear reactors. Another project aims at an understanding of the
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mechanism of oxidation and dissolution of UO2- The latter project is
carried out in cooperation with the Atomic Energy Commission of
Canada. The project is important, when the risk of storing highly active
nuclear waste is evaluated.

3. Research cooperation

Nordic network to promote advanced magnetic resonance methods.
The network has participants from the universities in Aarhus, Jyväskylä,
Linköping and Oslc. It was formed on the initiative from our laboratory.
It is supported by NorFA. The activities are short visits by students and
senior scientists for special projects, annual meetings between the groups
and arrangement of short courses.

Prof E Ratajczak. Medical University of Wroclaw, Poland, for com-
bustion kinetics studies, with support from NFR.
Dr P Pagsberg. Rise National Laboratory for studies of gas phase
reactions of environmental concern.
Doc B Nelander. Chemical Center, University of Lund for matrix
isolation studies of chlorine oxides and their water complexes.
Sen. Res. Off Sören Svensson. Dr Jan Lindström. The Swedish Defence
Research Establishment, (FOA3 Linköping and F0A2 Stockholm) for
studies of applications of nonlinear optics.
Dr R R Rakhimov and Prof A I Prokofev. Institute of Chemical Physics,
Academy of Sciences, Moscow for investigation of molecular and
chemical dynamics of free radicals in viscous media.
Prof A Plonka and Dr J Bednarek. Technical University of Lodz for
studies of dispersive kinetics in ice using HO2 spin probes.
Prof Masaru Shiotani. Hiroshima University, Japan for studies of free
radicals at surfaces. M Lindgren has spent 8 months in Prof Shiotani's
laboratory during 1993-94.
Doc Uno Carlsson. Chemical Department, Linköping for studies of the
unfolding of carbonic anhydrase during denaturation.
Dr C J Rhodes. University of London, GB for studies of ionic radicals in
matrices and for editing the book "Radicals on Surfaces".
Prof S Schlick. University of Detroit, and Dr J Bednarek. Technical
University of Lodz for studies of radiation induced free radicals in
clathrates.
Mr O Eid. University of Khartoum, for studies of radiation induced
radicals in single crystals of hydrazides.
Einar Sagstuen and Anders Srirnes. Oslo University, for development of a
method to analyse ENDOR data from radicals with hyperfine and
quadrupole interactions.
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CHEMISTRY

In biochemistry the enzyme carbonic anhydrase is studied. This enzyme is
used as a model protein for folding studies aimed at gaining deeper
insight into the folding mechanism of this enzyme and in proteins in
general. In collaboration with Dept. of Biochemistry, Umeå University,
we are exploiting the recombinant DNA-technique to produce different
variants of the enzyme by side-directed mutagenesis to be able to test the
role of various amino acids during the folding process. Spectroscopic
probes, specifically bound to various regions of the tertiary structure are
also utilized to obtain a detailed description of the folding pathway.
Further the role of chaperones in the folding process is investigated.

In organic synthesis the research is focused on synthesis of potential
inhibitors of HIV. In particular target compounds for two enzyms in the
virus are studied. The reseach project is done in collaboration with the
University of Stockholm and BMC, Uppsala. Synthesis of other natural
products and stereoselective glycosylation reactions have also been
studied.

In organic analytical chemistry one method for the separation of optical
antipodes (enantiomers) has been developed. The separations are per-
formed by HPLC with BSA as a chiral stationary phase chemically bound
to silica.

Research in analytical chemistry is focused on environmental issues and
performed in cooperation with the department of Water and
Environmental Studies. The occurrence and distribution of many classes
of organic compound ranging form low-molecular-weight trace organics
to humic substances are analysed.
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COMPUTATIONAL PHYSICS

The research activity during the period is summarized as Simulations of
properties, spectra and reactions of molecules, polymers and solvated
species. Development and computer applications of ab initio quantum
chemistry methods.

PhD Students
LuoYi
Patrick Norman
Dan Jonsson

Long term visitors:
Olav Vahtras
Boris Minaev
Fans Gelmukhanov

Analytical respons properties of molecules
Collaboration: P Jorgensen (Aarhus), H J Aa Jensen (Odense), T Helgaker
(Oslo), J Olsen (Lund).

10 years have now passed since the first publication from the joint
"SIRIUS/ABACUS" research effort. This effort has covered method
development and calculations referring to molecular properties, spectra
and reactions, and is based on self-consistent field theory (single- or
multi-configuration-) and analytic respons theory. Brief descriptions of
the scientific content have been given in previous years reports. The
project has been much diversified over the years with respect to content,
type of properties, collaborators etc. The project has been supported
through many channels, basically through the research councils in the
Scandinavian countries. In Linköping we have during the last year been
interested in extentions of these methods for applications on extended
species, and have succeeded to make ab initio computations for species
like oligomer chains up to 60 atoms, (solvated) multi-substituted
benzenes, and fullerenes. The three first projects listed below describe
this work. They are based, in turn, on (double) direct atomic orbital
techniques for property calculations; integral approximations in ab initio
calculations; and reaction field solvation methods for modelling effects of
a surrounding medium. Project 4 and 5 listed below describe also studies
of extended species, in these cases together with some theory and method
development referring to resonant X-ray emission and X-ray absorption.
Project 6 lists calculations of spin-related properties (triplet spectra,
phosphorescence, spin-catalysis) through a respons theory method
described in last years report.
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Calculations of linear and non-linear properties and spectra of
large molecules. Modelling of optical activity
Collaboration: P Jorgensen (Aarhus), T Helgaker (Oslo), K Mikkelsen
(Aarhus).

In last years report we described a development of so-called direct self-
consistent field-, and linear- and quadratic random phase approximation
methods (DDSCF, DDRPA and DDQRPA) for the study of linear and
non-linear properties of large molecules. In these methods the self-con-
sistent field problem and the equations for the random phase
approximation are solved with "double-direct (DD)" iterative techniques
that are particularly suitable for supercomputers and fast workstations.
Double direct means here direct in terms of construction of Fock
matrices over atomic integrals, and direct in terms of solving the matrix
equations by iterative techniques using direct linear transformations of a
generating matrix times trial vectors. Integral transformations are thus
avoided as well as storing and retrieving integrals in the construction of
the Fock matrices that are relevant for a non-linear property calculation.
The goal in mind was to enable the study of larger molecules with an ab
initio technique and thereby make possible a systematic modelling of, for
example, conjugated organic compounds and conducting polymers.
During the last year the codes have been speeded up so as to make large
scale applications feasible; for instance the hyperpolarizability of polyene
chains up to C28H30 have now been determined.

A special goal is to model optical activity, to characterize optical proper-
ties of larger organic molecules, and to establish property-to-structure
relationships for such molecules. Structure can here mean both electronic
and geometric structures, and property can mean linear- and non-linear
properties, for instance one- and two-photon spectra, polarizabilities and
hyperpolarizabilities. The hyperpolarizability tensors can be used to
characterize several important quantities, such as Kerr effects and second
harmonic generation (frequency doubling). In addition to prediction, one
also aims at interpretation, for instance the spectral distribution can be
used to find the origin of a strong hyperpolarizability, and, for certain
compounds, so-called few-state models can give further insight in this
respect. The molecular systems that we have addressed by respons theory
calculations are of three categories; small systems for which extensive
computational tests on electron correlation, basis sets, role of frequency
dependence and vibrational dependence have been carried out; oligomer
sequences (trans-polyenes, cis-polyenes, and polynes) for which the length
dependence and convergence to the polymer value of the hyper-
polarizability is of interest, and; special donor-acceptor compounds
(polysubstituted benzenes) for which the charge transfer character implies
strong polarizabilities and hyperpolarizabilities. The quadratic respons
methods have been employed addressing the frequency dispersion as well
as the role of electron correlation in a direct fashion. The recent
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generalization that includes a reaction field modified Hamiltonian has
been used to model solvent effects.

Integral approximations in ab initio calculations
Collaboration: J Almlöf, M Feyeresien, (Minnesota)

One of the major bottlenecks in large-scale ab initio calculations is the
calculation and processing of two-electron integrals. To reduce the
number of integrals several approximations based on reexpansions of
charge distributions (products of two basis functions) have been proposed
(reducing four-index integrals to three-index integrals). It is clear that
much is gained with an algorithm that has an N^ dependence in the
number of basis functions, rather than N^. Previously, it was believed
that the numerical accuracy obtained with such methods is insufficient. It
was, however, shown by us that accurate results could indeed be obtained
by choosing a suitable set of expansion functions and a suitable criterion
for determining the expansion coefficients. As an expansion basis we use
an even-tempered set centered on the atoms of the molecular system (i.e.
no bond functions were needed) and the expansion coefficients are deter-
mined by minimizing the self-repulsion of a residual function (the
difference between a charge distribution and its expansion), instead of the
more obvious criterion of minimizing the norm of the residual (i.e.
projecting the charge distribution onto the expansion basis).

Solvent effects and reaction field theory
Collaboration: K V Mikkelsen (Copenhagen), H J Aa Jensen (Odense),
P J0rgensen (Aarhus).

This is a continuation of a long-term project for studies of solvent effects
on spectra and properties, and which was briefly described in last years
report. Our original contribution with respect to the self-consistent
reaction field model referred to a generalization to open shell and multi-
configuration states which allowed applications to general spectroscopic
problems. During the course of the last year the emphasis with the reac-
tion field model has been two-fold: Firstly, inertial polarization was
included for studying non-equilibrium salvation. Because an excited state
or a charge transfer state is not in equilibrium with the inertial
polarization (the nuclear degrees of freedom) higher order solvent
interactions must be considered. W • have shown the difference of non-
equilibrium and equilibrium solvati^n effects for optical excitations and
electron detachment (ionization) and attachment is some organic mole-
cules in non-polar solvents. The second generalization of the solvent
model refers to linear respons theory applied to SCF and MCSCF states,
introducing a reaction field modified Hamiltonian. With this model we
obtain the dipole spectra (excitation energies and transition moments),
polarizabilities and other linear respons properties directly in the solvent
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without explicitly referring to excited states. Applications have been per-
formed for hyperpolarizabilities of liquid water and substituted benzenes
in solutions (1- and 2-dimensional charge transfer complexes). The
solvent induced effect is found to be the dominating factor for the latter
type of compounds.

Theory and calculations of resonant X-ray scattering spectra
Collaboration: F Gelmukhanov (Novosibirsk).

The development of tunable, narrowband synchrotron radiation sources
has stimulated studies of resonant inelastic X-ray scattering (RIXS) by
atoms, molecules and solids. The achievement in the field of resonant
RIXS (or resonant X-ray Raman scattering) has spun off from many
technical improvements,viz use of monochromatic X-ray excitation,
ability to continuously retune incoming X-ray frequencies near the ioni-
zation threshold, use of spectral widths of incoming X-rays smaller than
the lifetime broadening of core-excited states. The large interest in
spectroscopic studies of IXS processes derives from the potentially rich,
but yet largely unexplored, information they provide on electronic
structure and scattering dynamics. During the last year we have presented
a formalism for symmetry and polarization selective X-ray scattering.
This formalism is valid for systems with random orientation (molecules
in the gas phase) or with fixed orientation (surface adsorbates), and
applies to both resonance elastic (REXS) and inelastic (RIXS) X-ray
scattering. A few molecules with high symmetry have been chosen to
demonstrate the potential of the theory; e.g. C60. C70, C6H6 and N2- The
computer simulations rest on transition moments and energies obtained
by ab initio calculations in the full point group symmetries. Isolated
properties of the RIXS spectra have been simulated and their cooperative
action for the build-up of various features in RIXS have been analyzed.
Apart from symmetry and polarization dependencies, the role of Stokes
doubling, tail excitation, vibrational excitation and anomalous non-
resonant scattering were simulated in detail. The difference between
polarization and angular dependencies for randomly oriented and ordered
molecules have been investigated, using C60 as the prime test case. Other
relevant aspects have been discussed, such as interference effects,
influence of vibronic coupling, and the core hole localization problem.
Several conclusions about the nature of RIXS have been derived. The
symmetry selective character of RIXS spectra leads to a strong correla-
tion between the shape of the RIXS spectrum and the shape of the spectral
function describing the incoming excitation photons. It also leads to that
the RIXS spectra become very sparse in the limits of long core hole state
lifetime and narrow-band excitation.

We have derived general cross section formulas which uncover the
polarization, orientation and symmetry dependencies of RIXS spectra and
that apply to any molecule using any type of polarized radiation. Also
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from the point of view of polarization selectivity, the resonantly exited
X-ray spectra are much more informative than the corresponding non-
resonant spectra, and can be utilized as a sharp tool for symmetry
assignments also of free molecules or of other systems with random
orientation. In the general case information from both linearly and circu-
larly polarized exciting light is required. However, in the important
special case of non-degenerate, resolved, core orbitals only linearly
polarized photons are required for a unique symmetry identification. As
shown, the polarization dependence of the scattering cross sections for
resonance elastic X-ray emission (REXS) can also be used as a crucial
tool in assigning symmetries of unoccupied levels.

Calculations of near-edge X-ray absorption spectra of large
molecules and polymers
Collaboration: V Carravetta (Pisa), L G M Petterson (Stockholm),
C M Liegener (Erlangen).

Modern high-resolution X-ray spectra reveal a wealth of information
both in their discrete and continuum parts. This goes for spectra of free
molecules, solids, polymers as well as for surface adsorbates. NEXAFS
(near-edge X-ray absorption-) spectra show elemental specificity and
chemical information of the electronic and, sometimes also, conforma-
tional structure surrounding the site of core excitation. A central concept
is the so-called building block picture, which predicts that the NEXAFS
spectrum associated to a particular atom should only exhibit resonances
associated with the particular type of bond of that atom. The emphasis of
our work on NEXAFS has during this year been on the development of
an ab initio method which applies to large molecules and clusters. This
complements in many ways the Green's function method for NEXAFS
spectra mentioned in last years report. The new so-called static exchange
method can address large aperiodic molecules and large portions of their
spectra, although at a more approximate level of theory than the Green's
function method. The static exchange matrices are determined directly
from one- and two-electron integrals computed in the atomic orbital
basis, with some similarities with the direct SCF and RPA methods
mentioned in the second paragraph above. We have made applications on
the n-alkylnitrile sequence CH3(CH2)nCN, polyenes, poly-tetrafluoro-
ethylene (fluon), graphite, magnesium-oxide and CO on cupper. The two
latter representing solid crystals and surface adsorbates, respectively.

We have also derived a theory for near-edge (NEXAFS) and extended
(EXAFS) X-ray absorption fine structures (EXAFS) measured in the X-
ray Raman scattering mode (Collaboration: F Gelmukhanov), and
suggested this as a novel spectroscopic technique with some extraordinary
properties. In the Raman mode, the X-ray absorption structures are
obtained by scanning the frequency of the exciting X-ray photons over
the NEXAFS/EXAFS region while fixing the detector frequency to an
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emission resonance.In the NEXAFS case this leads to super-high (sub-
lifetime) resolution and sharp polarization dependencies.In the EXAFS
case we showed that these spectra, in addition to the structure determining
features of ordinary EXAFS, also give the possibilities to obtain orienta-
tional information, that is to obtain data on both bond lengths and on
orientations of bonds. Since each resonance frequency is associated with a
specific direction of the transition dipole, rich possibilities for orienta-
tional information within a molecular framework are at hand. This also
holds for disordered systems such as glasses or free molecules, for which
conventional X-ray diffraction methods do not apply.

Spin-orbit coupling, spin catalysis and phosphorescence
Collaboration: B F Minaev (Cherkassy)

In previous reports we have mentioned the development of respons
theory with triplet perturbations, from which various triplet state
properties can be simulated. Although the role of the low-lying triplet
states for the description of spectra and reactions are known to be quite
important, the number of theoretical investigations is still quite small
compared to singlet states. The mentioned respons method have overcome
some of the obstacles for characterizing the non-linear nature (spin-orbit
and dipole interaction) that is involved in the absorption or emission of
the triplet states.This year we have continued the applications of this
method on spin-related phenomena and on it spin catalysis. We have also
extended previous applications on phosphorescence phenomena to some
aliphatic compoundsand determined the role of the triplet states in the
UV/optical spectra of a few diatomic molecules. Our calculations have
concerned quantities such as polarization directions, oscillator strengths,
vibronic coupling, radiative lifetimes and excitation energies for the
triplet states, and triplet state spin sublevels.

The term "spin catalysis" denotes a large range of phenomena for which
the overcoming of spin-forbidness in a chemical reaction and an increase
of rate constants can be introduced by interaction with additional sub-
stances. In the vicinity of activated transition complexes, where chemical
bonds grow weak, the singlet-triplet (S-T) gap is not large and can even
become negative. In general, the S-T transition can be induced by pertur-
bations of a catalytic nature (spin-orbit coupling (SOC), paramagnetic
exchange) and contribute to the lowering of activation energy and the
increase in the reaction rate constant. We have investigated some
reactions with spin-orbit induced spin catalysis (oxirane) and paramagne-
tically induced spin-catalysis 02 with hydrocarbons). As yet another
example, we have used the spin-catalysis concept to explain the
mechanism behind alkene photooxidation in zeolites.
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DEVICE PHYSICS

Lab manager: Bengt Andersson, secretary: Inger Eriksson, technical
staff: Anna Lundqvist (50%), Per-Erik Fägerman (50%).

The device physics laboratory is a modern Class 100 clean room facility
with equipments and processes for research and development on semi-
conductor materials. The laboratory is a joint facility for all research
divisions within the physics department that have activities within the
field of semiconductor processing. The laboratory is actively used by
more than 30 scientists in a variety of research projects on semiconductor
devices and sensor structures. More detailed discriptions of the different
research projects are given under the reseach divisions Applied Physics,
Electronic Devices, Materials Science, and Surface and Semiconductor
Physics.

The main purpose of the laboratory is to offer a modern clean room
working environment suitable for the critical steps in semiconductor pro-
cessing. We generate our own masks for contact aligners using an optical
pattern generator controlled by AutoCad software. Equipments are
available for high temperature oxidation/diffusion as well as plasma and
low temperature CVD deposition, rapid thermal processing, reactive ion
etching, metallisation by evaporation and sputtering, scribing, bonding
and also instrumentation for process characterization and evaluation.
Most of the work is performed on individual processing steps and various
device structures rather than IC-processing.

The laboratory also includes an Molecular Beam Epitaxy (MBE) instru-
ment for Si, Si/Ge film growth.
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ELECTRONIC DEVICES

The Electronic devices group does research in two main areas, integrated
circuit design and physics of electronic devices. Both activities have close
connections with graduate and undergraduate education. In fact, most of
the research is done by graduate students. Also, most activities include
considerable cooperation with other groups, inside IFM and outside. It is
our general goal to combine physical science and electrical engineering in
the field of physical electronics and its use in industrial products. About
28 persons are involved in the research program, of which 19 are gradu-
ate students. Research results have been presented in about 95 papers,
published in international journals and conferences.

Staff
Professor

Secretary

Associate prof.

Adjunct prof.

Assist, prof.

Senior res. engineer

Graduate students

Christer Svensson

Inger Eriksson

Magnus Willander
Jiren Yuan

Staffan Rudner

Ying Fu

Peter Eriksson

M Sc Mane Cao
Tekn Lie Per L Edefors
M Sc Anders Edman
M Sc Jan-Erik Eklund
Tekn Lic Christer Jansson
M Sc Henrik Johansson
Tekn Lie Magnus Karlsteen
M Sc Anders Kindlihagen
Tekn Lic Patrik Larsson
Tekn Lie Dake Liu
M Sc Omer Nur
Tekn Lie Aziz Ouacha
Tekn Lic Q Ul-Wahab
M Sc Yong-bin Wang
M Sc Hans Johansson (FOA)
Tekn Lie Ted Johansson (Ericsson components)
M Sc Ulf Ring (FOA)
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M Se Joakim Strömberg (Saab Missiles)
Tekn Lic Ingemar Söderqvist (Saab Missiles)

Guest scientists Dr Qiang Chen
Dr Mihnea Dulea
Dr Ping Han
Dr Valery Tolstikhin
Dr Yevgeny Mamontov

Guest students Mr Jacob Midtgaard
Mr Michael Klein
Ms Ceccil Couen-Joonathan
Ms Eva Hopper

Graduate education
During 1993/94 the group have produced 1 doctor and 1 licentiate. At
September 3rd, 1993, Qiang Chen defended his thesis "Electrical
Properties of Field-Effect Transistors and Resonant Tunneling Diodes".
In September 1993, Patrik Larsson presented his licentiate thesis
"Robustness of Digital CMOS Techniques with special emphasis on the
True Single Phase Clocking Strategy".

During 1993/94 we have given one course for graduate students,
Microwave engineering (5p, 10 students) (Christer Svensson, Staffan
Rudner, Hans Johansson , Sven Hagelin and L Pettersson).

Undergraduate education
We have further given 4 courses in the undergraduate program, for stu-
dents in applied physics, electrical engineering and computer science.
These are Solid-State Electronics (Magnus Willander), Semiconductor
technology Y (Magnus Willander), Semiconductor technology D (Magnus
Willander) and VLSI design (Jiren Yuan).

RESEARCH IN INTEGRATED CIRCUIT DESIGN

This research group was headed by professor Christer Svensson. The
main goal in this group is to develop circuit and systems technique for
standard CMOS processes and to develop a deeper understanding of pos-
sibilities and limitations of this technology.

The group is, from July 1st 1993, mainly financed through three research
consortia, aimed for cooperation between research groups and industry,
"Advanced ASIC Design", "High speed electronics" and "IR sensors".
These consortia are a new form of research cooperation in Sweden,
originally suggested by Christer Svensson.
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Christer Svensson has served in the 1994 International Workshop on Low
Power Design program committee (Napa, April 1994), the ESSCIRC'94
program committee (Ulm, Sept. 1994), and in the PATMOS94 program
comittee (Barcelona, October 1994). Jiren Yuan and Christer Svensson
participated as teachers in the Eurochip course "High Speed Silicon
Design Course", Ulm, 18-22 April, 1994.

Some highlights for this year: 1 member of the group has received his
licentiate degree this year. The low voltage approach to low power pro-
posed by the group has got an international recognition through the invi-
tations to a program committee (see above) and an invited paper at a Low
Power Workshop in Ulm, Sept. 1994.

Research projects:

High performance CMOS circuitry
(P Edefors, A Edman, P Larsson, C Svensson and J Yuan.)

We study high performance CMOS circuit techniques and methology.
This project is a part of the Advanced System Design with Asic
(AASICCS) consortium, in cooperation with Ericsson CADLAB, Saab
Missiles, Ellemtel and Per Andersson, Lund University. It is also
supported by CENIIT, LiU, as the project "Industrial electronics design".

A new circuit technique and clocking principle for high clock frequencies
was developed here 1987, the TSPC technique. The robustness of this
technique has been carefully investigated by studies of clock slope effects,
skew sensitivity and noise effects. A new measurement method was devel-
oped in order to verify the noise results.

We have applied this new technique to a numerically controlled oscillator
in cooperation with UCLA, to several new divider and counter circuits,
several bitserial ALU's, to a bitserial neural network chip and to a neural
network type error correcting decoder. A new type of high speed
parallell adder archetecture has been developed, using an extension of the
TSPC technique.

We have initiated the study of an automatic synthesis tool for pipelined
TSPC logic (for 1 GHz clock frequency), PRIMUS.

As a part of the above mentioned AASICCS consortium, we have defined
an ATM switch as demonstrator project. For that purpose, a new ATM
switch kernel concept, allowing several 10 Gb/s channels per chip, has
been proposed.
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High speed electronics
(H Johansson, C Svensson and J Yuan)

This project concentrates on high speed data transfer. We will study tech-
niques and methods for I... 10 Gb/s data transfer between chips in high
speed systems. The project is a part of the High Speed Electronics con-
sortium in cooperation with Ericsson HSERC, Ericsson MIRC and Saab
Missiles.

We have initiated studies of high speed sampling as a method for decision
circuits and for clock extraction in connection with high speed data tran-
sport. A mixed bipolar/CMOS approach for high speed (5 Gb/s)
MUX/DEMUX functions was tested using a standard BiCMOS process. A
new protocol for high speed chip-to-chip communication has been devel-
oped.

Low power CMOS techniques
(D Liu, C Svensson)

Low power electronics is a very fast growing research area, motivated
both by the increased power problems in high performance chips and by
the increased importance of high performance battery operated equip-
ment. This project is a part of the AASICCS consortium (see above).

We have earlier studied the optimization of the supply voltage for low
power, concluding that by using very low supply voltages, considerable
power savings can be obtained (10-300 times). These studies have been
continued, by studying other benifits of low voltages and by a more
detailed study of process and device optimization for low supply voltages.
Process and device simulation is performed in cooperation with Technical
University, Vienna.

In order to initiate studies of circuit and architecture techniques for low
power we developed a method for power estimation in complex CMOS
chips.

Smart image sensors and Video/image processors
(A Edman, C Jansson, J-E Eklund and C Svensson)

This project contains parts of three other projects. The Smart image sen-
sor project is run in cooperation with Dept. of Electrical Engineering at
LiTH (Per-Erik Danielson and Anders Åström) and supported by
CENIIT, The VIP consortium is run with Electrical Engineering at LiTH
(Per-Erik Danielson and Anders Åström), Ericsson Radar Electronics,
Saab Missiles and Innovativ Vision. The Infrared camera consortium is
run in cooperation with Defence Research Institute, AGEMA and KTH.
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Within the Smart image sensor project we have earlier developed a
256*256 pixel sensor with digital output. We are now developing a new
type of array sensor, Near Sensor Image Processing (NSIP), performing
analog/digital computations within the array.

Within the VIP consortium we are supporting the Åström group with
hardware competence and we are planning an investigation on speed
limits of the VIP architecture.

The goal of the Infrared camera consortium is to develop a uncooled
focal plane heat camera, based on micromachined bolometer sensors
fabricated on top of a CMOS circuit containing signal conditioning and
readout circuitry. The task for our group is to develop the signal con-
ditioning and readout electronics. For this purpose, two new concepts
have been developed. For one of these a patent application has been filed.

In connection with earlier sensor work, a new type of voltage ramp
generator has been developed.

Analog/digital circuit technique for VLSI
(J-E Eklund, C Jansson, C Svensson and J Yuan)

We are studying fast and accurate AD-converters in cooperation with
CERN, Switzerland, as a part of a larger project, FERMI. The goal is to
convert 70 MS/s with 10 bit accuracity within 300 mW of power con-
sumption. We are now very close to that goal, using a new AD-converter
concept, the parallell successive approximation principle (PSA). The
PSA-concept has been further developed for better accuracity and better
speed.

A fast and accurate sigmadelta DAC has been demonstrated.

During the year a new AD-converter project is initiated in cooperation
with Ericsson Radar Electronics, as a part of the High Speed Electronics
consortium (see above) and aimed for radar frontends. Again the PSA
principle is used, now integrated with some analog filtering.

RESEARCH IN PHYSICS OF ELECTRONIC DEVICES

This group is headed by professor Magnus Willander. The main goal of
our research is to improve and find the ultimate performance of
electronic and photonic devices. Hence, our work ranges from
fundamental quantum mechanical analysis of small structures to high
temperature measurements on MOS structures. An important activity for
the device processing is the support of the IFM Device Physics
Laboratory, headed by Bengt Andersson. This laboratory contains 200
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m2 of clean room area and equipments for mask making and wafer
processing. During 93/94 we have started up a new project on photonic
devices, which involves physics and technology of long-wave infrared
detectors and semiconductor lasers. Below we present briefly the main
results obtained during the last year.

Research Projects:

Quantum Devices and Heterostructures
(S Cao, M Dulea, Y Fu, A Kindlihagen, M Willander)

We have investigated:
Unipolar (electron) resonant tunneling diodes for oscillators (electrical
applications) and for fundamental physical reasons.
Bipolar (electron and hole) resonant tunneling for optical applications.
Superlattices for electron launcher applications and for fundamental
physical reasons.
Single barrier varactor for millimeter-wave multipliers.
Quantum wells for basic physical reasons.

Unipolar Resonant Tunneling Diodes
Noise has experimentally been investigated in double barrier resonant
tunneling diodes (DBRTDs).
Comparison of the scattering effect on the IV-characteristics of DBRTDs
and of triple barrier resonant tunneling have been done. Different
approaches of modelling the electron phonon interaction for tunneling
structures have been published. The Instability in the current-voltage
curves of tunneling diodes has been analysed. Oscillators based on RTDs
have been investigated both experimentally and theoretically. Excitonic
effects on the current-voltage curve have been analysed.

Bipolar Resonant Tunnelling Diodes (Bipolar RTDs)
A full self-consistent solution of Schrödinger and Poisson equation for
simultaneous electron-hole tunneling has been developed. Particularly the
influence of the emitter and collector on the possibility to obtain simul-
taneous tunneling has been analysed. Capacitance and optical modelling
has been done.

Superlattices
Experimental and theoretical work has been done on the excitonic states
in a superlattice with one well wider than the others under electric fields.
The electron spectrum can be interpreted as a result of field-induced-
mixing and anti-crossing of electron quantized states in the enlarged
quantum well with non-equidistant Stark-ladder states in the semi-infinite
ideal superlattice.

Single Barrier Varactors
The temporal dependence of the capacitance as function of the applied
voltage and frequence has been investigated theoretically. We have
developed an analytical model for the T-X current in GaAs/AIGaAs single
barriers.
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Quantum-Wells
Optical characterization and theoretical analyses of coupled and uncoupled
quantum wells in II-VI and III-V compounds have been done, in coopera-
tion with material science.

Field-Effect Transistors
(Q Chen, Y Fu, P Han, T Johansson, and M Willander)

The main efforts have been to make improvements of the MOS
technologies and to do advanced MOS-modelling.

MOS Transistors.
A three dimensional solution of Schrödinger and Poisson equation has
been done to make an accurate charge control model. The program has
been applied to:

Investigate single-electron tunneling in a split-gate MOS transistor.
Determine the physical smallest size of MOS transistors.
Investigate the influence of dipoles in catalytical MOS gas sensors.

Experimental results from power MOS transistors with fr and fmax
around 10 GHz have been published. For Si/SiGe quantum-well MOS
transistors, we have developed a low temperature (300°C) PECVD SiO2
technique and characterized the oxide and the Si/SiO2 interface. Analyses
of the charge-control in Si/SiGe MOS transistors have been performed.
The influence of modulation doping and Ge grading on the threshold vol-
tage has been investigated by analytical methods.

Delta-Doped Field-Effect Transistors
Experimental results from strong mobility enhancement in double delta-
doped FET have been published. The theoretical explanation has been
given, see "Transport and Recombination Properties". Extremely high
transconductance in single delta-doped FET have been published as well
as a charge-control model.

Bipolar Transistors
(M Karlsteen, Y Mamontov, O Nur, A Ouacha and M Willander)

This year we have started up a noise project with the goal to develop a
two-dimensional noise model for circuit applications. Our main goal for
the silicon based and III-V based bipolar transistors is to make
innovations to improve the bipolar technology in general.

Noise
From Langevin equation thermal noise (minimum) for two-dimensional
simulation of bipolar transistors has been derived. Several mathematical
problems related to noise theory have analysed in different manuscripts.
1/f noise in HBTs has been experimentally investigated. Phase noise in
different HBT oscillators has been measured.
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InP/InGaAs HBTs
Experimental results from passivation by using SiN has been published.
Also experimental results from the influence of emitter-base and base-
collector design on the offset voltage have been published. Noise investi-
gations have been performed, see "Noise".

Silicon based HBTs
Strong reduction of power consumption and improved switching
properties have been obtained for I^L technology by using Si/SiGe HBTs.
Simulation results have been published for how the base doping profile
influence DCTL in digital applications. The results from enhanced in-
plane hole mobility have been used to investigate the design of Si/SiGe
HBTs with high fmax. A 50 GHz (fT) Si/SiGe HBT has been processed.
Work on power Si/SiGe HBT for GHz operation has started.
Experimental and theoretical results from Si/SiGe HBTs with Schottky
collectors have been published. Theoretical results from bandgap
narrowing due to heavy doping effects in SiGe and Si, for a wide
temperature range have been published. Finally, structural charac-
terization of tin-doped silicon has been done in order to make a tin-doped
silicon based HBT.

Silicon Carbide
(M Karlsteen, Q Wahab and M Willander)

The main goal of this project is to understand the relations between device
properties, material properties and growth conditions.

Devices
The interfaces between SiO2 and 6H-SiC and 3C-SiC have been
investigated as well as the work on realization of a MOS transistor. MIS
tunneling diodes have been investigated with emphasize on application of
high temperature gas sensors. The work has continued on realization of
MESFETs. PN-diodes, ion-implanted, have been investigated for 6H-SiC.
PN-heterojunction (3C-SiC/Si) diodes have been fabricated and
characterized.

Material characterization
Two-photon absorption and second harmonic generation in reflectivity
have been performed for electronic characterization (see also "Transport
and Recombination). A lot of structural characterizations have been done
on 3C-SiC.

Growth
(This work is done with the Thin Film Group.)
High quality 3C-SiC films have been grown by reactive magnetron
sputtering (RMS) on off-axis Si (001) substrates kept at 850°C. The
influence of CH4 partial pressure on the 3C-SiC film quality using RMS
has been investigated.
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Photonic Devices
(Y Fu, V Tolstikhin, M Willander, and W Xu)

This project started during 93/94. We have divided the project into two
subprojects:
Long-wave infrared detectors and semiconductor lasers. Our first step has
been to predict improved properties for IR detectors and lasers by using
advanced theory.

Infrared Detectors
Si/SiGe Heterojunction Internal Photoemission detectors: Agreement
between experiment and theory has been obtained for the cut-off wave
length by improving the calculation for the valence band structure in
heavily doped strain SiGe Schottky detectors: Pt and Ir/SiGe Schottky
diodes have been fabricated and characterized.
Quantum-Well infrared detectors: A new method has been published on
how to determine in which growth direction the maximum optical
absorption appears for normal incident irradiation on n-type indirect
quantum wells.

Semiconductor Lasers
Carrier heating affect on the CW operation, small-signal modulation
response and non-linear picosecond dynamics of single-frequency
GalnAsP/InP laser diodes has been studied. Particularly the competition
between carrier concentration and temperature influences on gain, optical
bistability and regenerative optical pulsations have been investigated.

Polymer Devices
(A Assadi, C Svensson, Y Wang and M Willander)

This year results from Schottky diodes have been published: Polymer
MESFETs, gas sensors based on Schottky diodes and investigation of
different metal-polymer combinations. Also, an extremely long photo-
conductance decay has been discovered.

Carrier Transport and Carrier Recombination
(Y Fu, E Mamontov, M Petrauskas and M Willander)

The purpose of this project is to determine carrier transport and carrier
recombination properties of different bulk materials and thin films.
Emphasis of the work is on materials and structures that have strong
influences on device performances.

Theory
Different approaches to understand the enhanced electron i..ohility in 6-
doped layers have been published. Based on valence band structure cal-
culation in undoped and heavily doped strained SiGe, hole mobilities and
diffusion coefficients in different directions have been calculated.
Electron mobilities at low electric fields in germanium have been
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published. Mathematical solutions of Boltzmann equation have been per-
formed and the work has been submitted.

Experiments
Transport and recombinations properties at surfaces, in bulk and at inter-
faces in materials from group IV, III-V and II-VI have been investigated.
We have partly used time-resolved optical (transient gratings and second
harmonic genertion) and electro-optical methods with ps-time resolution
and partly Hal! measurements. Also results from electromagnetic wave
propagation in different shaped strip-lines have been published.
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MATERIALS SCIENCE

Professors: B Monemar, head of division; E Janzén, adjunct prof, semi-
conductor physics, (100%); L Lindström, adjunct prof, semiconductor
physics, (20%); U Lindefelt, adjunct professor, semiconductor physics,
(20%). Additional senior research staff: L I Johansson, docent, P O Holtz,
docent, W M Chen, docent, H Weman, docent, P Bergman, Dr Techn, A
Henry, PhD. In addition there are continuosly between 5 and 10 post doc
visitors in the division. We also have 10 PhD students. Technical support:
L Samuelsson, research technician, (PhD), (25%), O Kordina, research
engineer (techn lie 50%), S Andersson, research engineer (civ ing,
100%), C Hallin, research engineer (civ ing, 100%), A Eklund, research
engineer, lab manager, (50%), K Larsson, research engineer, (25%).

The budget for research in our division was about 9 MSEK during the
year 930701-940630, excluding equipment grants. The major part of this
budget comes from external sources, the faculty support is about 1.6
MSEK.

We would like to point out that a substantial part of the SiC research pro-
gram is financed via the NUTEK/NFR Thin Film Consortium.

The research activities in the materials science division cover a broad
spectrum from basic research (which dominates) to projects of an applied
character, partly in direct cooperation with industry. There is a strong
international cooperation within most research projects. The present
research program can be divided into the following partly overlapping
areas:

studies of the electronic properties of semiconductor quantum
structures, such as heterostructures, quantum wells, quantum wires
and superlattices, with various spectroscopic techniques.

studies of electronic properties of defects in semiconductors, in-
cluding both bulk, surface and interface defects, with several
techniques including laser spectroscopy and magnetic resonance.

preparation and characterization of epitaxial films of semicon-
ductors with molecular beam epitaxy (MBE), chemical vapor
deposition (MOCVD) and liquid phase epitaxy (LPE).

studies of bulk and surface bandstructure, geometrical surface
structure and adsorption phenomena on clean surfaces from single
crystals (semiconductors, metals, alloys) as well as from interfaces
and polycrystalline materials, with photoemission (including
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synchrotron radiation), inverse photoemission, and other surface-
sensitive techniques.

Below we shall present an account of the results obtained during the last
year. We find it useful to divide the description under four major head-
lines, the three first ones describe the activities in semiconductor physics,
and the fourth research in photoelectron spectroscopy:

I. III-V Semiconductors and Quantum Structures

II. Silicon Carbide

III. Silicon, Porous Silicon and SiGe Structures.

IV. Electronic and Surface Structure of Metals and Compounds.

I. III-V SEMICONDUCTORS AND QUANTUM STRUCTURES

I.I . Optical properties of quantum wires and quantum dots
(H Weman, J Hammersberg, J P Bergman, C I Harris, K Swiatek)

1.1.1. (Al,Ga)As serpentine superlattice quantum wires

General optical properties. The optical properties of various types of
quantum wires fabricated at the QUEST Center at University of
California, Santa Barbara (M S Miller, J L Merz and P M Petroff) are
studied by luminescence spectroscopy. In particular a detailed study has
been made on the (Al,Ga)As quantum wires grown on vicinal (100) GaAs
substrates by molecular beam epitaxy. From polarization-dependent
photoluminescence (PL) of (Al,Ga)As serpentine superlattice (SSL)
structures grown on vicinal GaAs substrates, an optical anisotropy has
been found which confirms the ID properties for the valence band.
Conclusive evidence about the origin of these PL peaks and bands was
obtained by PL excitation (PLE) and a complete analysis of the polariza-
tion, recombination lifetime, diamagnetic shift, thermal activation energy
and pump power dependence.

We have measured PLE spectra and radiative lifetimes as a function of
temperature. At low temperature we observe excitons to be strongly
localized within potential fluctuations along the wires. The degree of
localization decreases with increasing temperature, a localization depth of
approximately 10 meV is estimated from the thermalization behavior. At
higher temperatures, the excitons have sufficient thermal energy for
motion along the wires. The radiative lifetime increases continuously
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with temperature, reaching 20 ns for the free carrier recombination at
room temperature. The long recombination lifetime and high external PL
efficiency are due to the lateral barriers between the wires in the SSL
structure and could have important implications for their use in semi-
conductor lasers. In linear polarized PLE, we have been able to resolve
an SSL-induced heavy-light hole splitting of the ground state exciton. The
observed heavy-light hole splitting is of the order of 5 meV with an
electron-heavy hole subband separation of 15-20 meV. We extract the
lateral composition modulation between the barrier and the wire to be
15% from the observed heavy-light hole splitting, corresponding to a
lateral potential-energy difference in the conduction band of about
120 meV.

Microwave modulation. We have studied the modulation of exciton PL in
(Al.Ga)As SSLs, induced by external microwave and magnetic fields at
low temperature. We observe that the inhomogeneously broadened PL
band of excitons is split into high-energy positive- and low-energy
negative- modulation components. Analysis of the spectral shape of
modulated PL and its dependence on microwave power draw us to the
following interpretation. Photo-excited free carriers are heated by
microwave irradiation. They can activate (by impact) the excitons in the
wire region from localized to more delocalized states (with higher
energy). The localized excitons are "trapped" by short-range potential
fluctuations in interfacial islands, whereas delocalized (activated) excitons
are more mobile and can move along the wire axis. Thus, the microwave
radiation can change the distribution of excitons in localized to more
delocalized states in the quantum wire. From a comparison of the cyclo-
tron resonance spectra we can also estimate in a qualitative way the
relative degree of carrier confinement in the ordered (Al,Ga)As
structures.

High magnetic fields. Low-temperature high magnetic field studies on
quantum wire arrays have been performed in fields up to 24 Tesla (in
collaboration with Dr M Potemski, High-Magnetic Field Lab,
Grenoble). The PL and PLE from (Al.Ga)As SSLs in a magnetic field
applied parallel and in two perpendicular directions to the wire was
studied. In PL we found an anisotropy in the diamagnetic shift as well as
in the linewidth dependence. The amount of the energy shift is critically
dependent on the direction of the applied magnetic field. The energy shift
for a band-to-band electron-heavy hole transition in the SSL structure has
been calculated for the three perpendicular magnetic field orientations
(Dr M Lazzouni and Prof L J Sham, UC San Diego). In the model the
intermixing of the barrier and well material has been included and the
best fit to the data is achieved with an Al composition in the barrier
(wire) of 16 % (4 %).

The data give a clear indication that the ground state exciton wave packet
is experiencing an anisotropic environment. The linewidth anisotropy
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dependence is interpreted as a result of how the shrinking exciton volume
is probing the amount of potential fluctuations in the ordered AlGaAs
structure. This indicates in particular that the lateral potential is not very
uniform. In PLE we observe four subbands which all have a weak dia-
magnetic field dependence. When the magnetic field is applied perpendi-
cular to the plane of the quantum wire superlattice we observe (spin split)
Landau-level-like magneto exciton transitions from fields as low as 2
Tesla. We find that the exciton binding energy increases from 8 meVfor
a 2D reference to 11.5 meV and 13 meV for the 54 Å and 160 Å wide
wire, respectively. The decreased binding energy for the narrowest wire
is due to the strong lateral penetration of the exciton wavefunction into
the barrier region and is in good agreement with recent calculations.

1.1.2. InGaAs/InP quantum wires

We have intensified our collaboration with NTT, Opto-electronics lab.,
Atsugi, Japan (Dr Tamamura and Notomi) to study the optical properties
of lattice-matched InGaAs/InP and strained InAsP/InP quantum wires.
Dr. Weman spent six months at NTT where he was involved in the
fabrication, design and characterization of these wires. The ultra-narrow
quantum wires are fabricated by electron-beam lithography, reverse-mesa
wet etching, and an overgrowth achieving a lateral dimension of down to
100 Å. InGaAs/InP quantum wires have been studied with magneto-
photoluminescence measurements. The results show a gradual transition
of the quasi-one-dimensional sub-bands to quasi-two dimensional Landau
levels with increasing magnetic field. This transition appears at fields
higher than 10 T for the most narrow wires. This is an evidence for the
strong lateral confinement in these wire structures. A pronounced effect
of the lateral barriers was the quenching of classical Landau-orbits with
cyclotron-diameter wider than the wire width. At higher magnetic fields
the magneto-photoluminescence spectra split into clear discrete peaks for
each sub-band. By varying the excitation density at 14 T we are able to
observe some intriguing many-body effects. E.g. we see a reduced band-
gap renormalization for the most narrow quantum wires. In the near
future we are planning to study the optical properties of the strained
(modulation doped and undoped) InAsP/InP quantum wires.

1.1.3. Selforganized InGaAs quantum discs

We are studying the optical properties of self-organized InGaAs quantum
dots fabricated at the NTT Opto-electronics lab. in Atsugi, Japan (Dr
Tamamura, Dr Nötzel and Dr Temmyo). The disks are formed during
spontaneous reorganization of a sequence of AlGaAs and strained InGaAs
epitaxial films grown on GaAs (311)B substrates by MOCVD. The size of
the quantum dots are as small as 20 nm, and the PL is characterized by
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narrow linewidths and well resolved exciton resonances in excitation
spectroscopy.

The magneto-luminescence properties of InGaAs quantum disks have
been studied using the High-Magnetic Field Lab. in Grenoble. The
circularly polarized excitation spectra have been measured for three
different disk sizes in fields up to 20 Tesla. Near 10 Tesla we see several
higher Landau levels in the disks with the number of levels depending on
the size of the disk. Above 10 Tesla the magnetic confinement starts to
dominate and there is not much difference in the Landau-level energy
spectrum between a disk and a reference quantum well sample. There are
however some interesting differences in the oscillator strength for the
different polarization states. In addition we have investigated the high-
excitation spectra using a pulsed Nd:YAG laser of one quantum disk (80
nm wide) in fields up to 28 Tesla.

Further experiments on the quantum disks are directed towards more
systematic studies for different disc sizes under high excitation and to
study the interaction between excitons in strongly 3D confined systems.

1.2. Optical properties of the GaAs/AlGaAs two-dimensional
system

1.2.1. Undoped GaAs/AlGaAs quantum wells

1.2.1.1. Exciton dynamics
(C I Harris, J P Bergman, P O Holtz, Q X Zhao, and B Monemar)

The radiative emission in structures showing quantum size effects is well
known to be dominated by exciton recombination. It is therefore impor-
tant to have a clear understanding of the interaction of excitons with
impurities and defects in the structure, in particular at the interface
between layers. The predominant interaction mechanisms occur on a time
scale from one picosecond up to one nanosecond, a range accessible to
measurements using a streak camera. Using this equipment we have
studied the detailed mechanisms determining the capture of a free exciton
at impurities and at defects present at the interface between the quantum
well and the barrier layers.

Localisation as a mechanism in narrow quantum wells has indeed been
found to be a key to many of the radiative properties observed for these
structures. Continuing work over the last few years has highlighted a
number of fundamental mechanisms which depend on localisation. We
have shown that for narrow quantum wells the capture of excitons at
impurities becomes extremely inefficient and is thus of relative un-
importance for the smallest quantum structures, this result is due to the
importance of interface roughness in these systems. The localisation of a
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free exciton due to a non-smooth interface inhibits the motion of the free
exciton, such that there is a reduced probability of being in the vicinity of
an impurity and therefore able to be captured. The presence of this
mechanism leads to a temperature dependence of exciton capture that is
strongly anomalous in comparison to the recognised behaviour in bulk
material. We have also recently demonstrated that this same mechanism is
particularly important for lower dimensional systems (see section 1.1.1)
where the additional confinement of carriers severely limits impurity
capture.

A further example we have studied is how the interaction of the
Coulombic potential of a shallow impurity together with the localising
potential due to interface roughness affects the total confinement of the
exciton. The two potentials are essentially independent, however, the
confinement of an exciton will be determined by interface roughness in
the case that the localisation island, in which the impurity is located,
defines a smaller radius than does the Bohr radius of the exciton at the
impurity. For narrow quantum wells we have found a strong dispersion
in the exciton to impurity binding energy as a result of this coupling of
potentials.

Using a time resolved technique for studying the dynamics of exciton re-
combination we are now beginning to better understand the interactions
that determine the final radiative recombination. From this basic level we
can move on to understand how the mechanisms are perturbed under
extreme conditions which for example mimic the parameters under which
practical devices such as semiconductor lasers will operate.

1.2.1.2. Non-radiative recombination processes
(J P Bergman, C I Harris, P O Holtz, Q X Zhao, and B Monemar)

GaAs/AlGaAs is widely used for optoelectronic components as both
emitters and detectors of light. We have previously shown that the re-
combination at low injection at room temperature in GaAs/AlGaAs
quantum wells (QW's) is dominated by nonradiative recombination. This
is evident from the observed decrease of the PL intensity and the decay
time as a function of temperature. We have shown that this channel is
most likely due to thermal escape of the carriers out of the well followed
by a non-radiative recombination via deep defect levels in the AlGaAs
barrier layer. We are now investigating QW's grown by different
methods in order to determine whether this process is related to the
growth method. We are also studying samples with different growth
structures, like different numbers of multiple QW's or with additional
barriers on each side of the QW, to study the changes of the decay time
due to carrier escape.
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At low temperatures the non radiative recombination processes are of
minor importance and the recombination is dominated by radiative pro-
cesses. We have, however, intentionally introduced deep level defects in
undoped GaAs/AlGaAs QW's by electron irradiation. This is expected to
produce deep defects in both well and barrier material. In the irradiated
material we observe both a decrease of the total PL intensity and a
decrease of the observed decay time, with increasing irradiation dose. At
the highest irradiation level we observe decay times faster than 50 ps,
which is comparable to the time resolution of our present system. In these
samples we do not observe the temperature dependence of the decay time
which is normal for a radiative recombination. It is obvious that the re-
combination is determined by a non radiative recombination process.

We have further observed that the non radiative recombination process
can be saturated or deactivated by intense optical illumination. Using
normal pulsed excitation intensity, we observe an increase of the low
temperature decay time from 50 ps to several hundreds picosecond
during a time period of about 10 minutes. The final value for the decay
time is comparable to the decay time in the non irradiated samples. We
have not yet determined the actual non radiative recombination process or
what is required in order to activate this process after illumination.

1.2.1.3. Shake-up processes
(P O Holtz, Q X Zhao, and B Monemar)

Shake-up transitions involving QW hole subbands have been observed as
satellites in selective photoluminescence spectra of undoped GaAs/AlGaAs
QWs. These shake-up transitions are explained in terms of an interaction
between localized excitons and valence-band hole states attached to the
QW subbands, in which holes are shaken up from the n=l heavy hole sub-
band to higher subbands, either the n=l light hole subband or the n=2
heavy hole subband. The required localization is due to the interface
roughness; thus these new transitions are of intrinsic origin. From the
observation of the intersubband shake-up processes we derive direct
information about the hole inter-subband energies. Furthermore, the
satellite intensity is strikingly enhanced in the presence of a magnetic field
due to an increasing exciton localization related to the compression of its
wave function in the field. The exciton wave function compression
continues until its radius in the plane of the well is comparable with the
radius of the "flat island" characterized by constant QW width.
Accordingly, we can from the magnetic field dependence of the shake-up
satellite intensity roughly estimate the size of the "flat islands" and con-
sequently probe the interface roughness. For instance, for a 50 Å wide
QW, the intensity enhancement of the satellite reaches its maximum at
= 10T, which corresponds to a wave function radius of =90±10 Å.
Although the accuracy of the method used is limited, we derive unique
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information on the dimensions of the island size for characterizing the
interface smoothness.

1.2.2. Doped GaAs/AIGaAs quantum wells

1.2.2.1. Acceptors in GaAs/AIGaAs QWs
(P O Holtz, Q X Zhao, A C Ferreira, J Dalfors, M Singh, B Sernelius and
B Monemar)

The electronic structure of the confined acceptor. The confinement effects
on the ground state as well as the excited states of the shallow acceptor in
center-doped GaAs/AIGaAs quantum wells have been investigated via the
neutral acceptor bound exciton (BE). Several novel excited states of the
acceptor have been observed both via resonant Raman scattering and two-
hole transition satellites of the BE recombination observed in selectively
excited PL (SPL) and PLE spectroscopy. The observation of satellites in
SPL spectra also opens the possibility to monitor the BE in PLE spectra.
By detecting the THT satellite in PLE, the splitting of the acceptor IS
ground state into the hh-like acceptor ]S(F6) ground state and the lh-like
1S(F7) state has been spectrally resolved for the first time. The proposed
interpretation of the acceptor ground state splitting has been confirmed by
polarized PLE measurements.

Magneto-optical properties. The observed acceptor bound exciton (BE)
peak is found to split into two components in emission in the presence of a
magnetic field. In order to further proceed with the interpretation of the
magneto optical results achieved, the electronic structures of the initial
excited acceptor BE state and the final acceptor ground state have been
treated separately. The g-values for the confined acceptor holes
describing the linear magnetic field splitting of the acceptor 1S[F6]
ground state for varying QW width have been calculated. The excited
acceptor states are computed within a four-band effective-mass theory, in
which the valence-band mixing as well as the mismatch of the band
parameters and the dielectric constants between well and barrier materials
have been taken into account. The calculated g-values for the acceptor
1S[T6] ground states, i.e. the final state in the PL emission, in a 150 Å
wide QW is g3/2 = 0.61 and gl/2 = 0.35. For the initial state in PL
emission, the acceptor BE state, the j-j coupling between the two bound
holes and the single electron involved in the BE system gives rise to three
BE states with J = 1/2, 3/2 and 5/2, of which the J = 5/2 BE state is
concluded to be at lowest energy for shallow acceptor BEs in our QWs.
Accordingly, the BE emission observed in PL at low temperatures
originates from the initial J = 5/2 neutral acceptor BE state to the final
neutral acceptor JS[F6j ground state. The derived Zeeman results agree
well with the theoretically predicted exciton transitions in the presence of
a magnetic field.
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Furthermore, the energy separation between the acceptor mj = ±3/2
1S[F6] ground state and the excited mj = ±3/2 2S[F6] state as a function
of applied magnetic field has been determined from selective photo-
luminescence and resonant Raman scattering measurements. These
experimental results have also been compared with theoretical predictions
for the confined acceptor states.

Doping level dependence. A systematic study of various optical properties
on the acceptor doping up to 6x10^8 cm"3 has been performed. Several
unexpected and interesting properties have been revealed. The excitons
exhibit a red shift with increasing acceptor doping level. Two effects
dominate the exciton position: The blue-shift due to band-filling (the
Burstein-Moss shift) and the counteracting effect due to the bandgap
renormalisation. For n-type GaAs, the Fermi-level shift dominates, which
results in an exciton blue-shift, while the reverse situation applies to p-
type GaAs. The experimentally observed red shift in our p-type quantum
wells is in nice agreement with theoretical predictions if band-filling and
many-body effects such as exchange and correlation effects are taken into
account. Another interesting observation is the decreasing energy separa-
tion between the light hole and heavy hole excitons with increasing
doping level. Also this at first sight surprising doping dependence is fully
explained within the above described theoretical model. Furthermore, a
novel bound exciton with a larger binding energy than the normal neutral
acceptor bound exciton, appears at higher doping levels. This novel
exciton is interpreted as the ionized acceptor bound exciton.

1.2.2.2. Donors in GaAs/AlGaAs QWs

(P O Holtz, Q X Zhao, and B Monemar)

Satellite spectra. The excited states of the confined Si donor have been
monitored via two electron transitions (TETs) of the confined donor BE,
observed in SPL and PLE spectra. The energy position of the observed
TET satellite yields an accurate determination of the IS - 2S transition
energy for donors in QWs. Furthermore, the TET satellites in SPL
spectra have been monitored also in the presence of a magnetic field.
From such magneto-optical studies of TET satellites, the dependence of S-
like excited states of the confined donor on the applied magnetic field has
been determined for the first time. Previously, only transitions between
the ground state and p-like excited donor states, observed in optical
absorption, have been experimentally studied.

The D- centers. The negatively charged donor is formed when a neutral
donor traps an extra electron. There are accordingly two electrons bound
to this D" center, which form a singlet state at lowest energy and a higher
triplet state. This D" center has recently attracted a lot of attention. In

62



addition to a number of theoretical predictions of the D~ center, the
experimental observation of the D~ center by far infrared magneto-optical
measurements has recently been reported. We have observed a novel
feature in photoluminescence spectroscopy, which is interpreted as the D~
bound exciton. The binding energy of this exciton is dependent on the
excitation intensity level, but measures to 1.3 meV for a 200 Å wide
quantum well at low excitation intensity conditions. This D" bound exciton
also exhibits a striking dependence on temperature and applied magnetic
field in accordance with the expectations.

1.2.3. The Transition from Quantum Well to Superlattice
(Q X Zhao, P O Holtz, C I Harris, and B Monemar)

This project has been performed in collaboration with E Veje at H C
0rsted Institute, Copenhagen.

The electronic structure. When the barrier widths in multiple quantum
wells (MQWs) become narrow enough, neighbouring wells become
coupled to each other. The MQWs arc converted into a superlattice (SL).
The electronic structure is strongly influenced by this coupling strength.
With decreasing barrier thickness, Lb, the neighbouring wells become
electronically more coupled. The electron and hole progressively lose
their 2D character, and the structure is instead gradually transformed to a
more three-dimensional (denoted as quasi-3D in the following discussion).
We therefore have a unique system, which enables us to control the 2D
character relative to the quasi-3D-like character by varying the barrier
thickness Lb- A series of samples has been used to investigate both the
free exciton (FE) and the Be-acceptor bound exciton (BE) in the
transition region between the 2D and the quasi-3D system.

Free excitons. The FE binding energy is strikingly reduced with
decreasing barrier thickness. For instance, the 1S-2S energy separation
for the heavy hole state of the FE in a 100 Å wide QW decreases from
about 8.5 meV to 3.3 meV as the barrier width is reduced from 150 to 10
Å. Our results show that the energy separations between the heavy hole
and light hole states of theFE IS states remain constant for barrier thick-
nesses down to about 40 Å, to decrease for further reduction of Lb.

The Be acceptors. A similar characterization as for the FE has been
carried out for the Be-acceptor BE. From these measurements, it is found
that a) the 1S-2S transition energy of the acceptor does not change as the
barrier thickness is reduced down to 20 Å, b) the binding energy of the
BE (relative the position of the FE) remains constant within the experi-
mental accuracy as the barrier thickness is reduced, c) the decay time of
the BE increases drastically with decreasing AlGaAs barrier width. We
have concluded that the oscillator strength of the BE in a QW is related to
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the relative extension of the electron and hole wave functions, and does
not necessarily correlate with the BE binding energy.

1.2.4 Coupled double GaAs/AlGaAs quantum wells
(Q X Zhao, B Monemar, P O Holtz)

This project has been undertaken in co-operation with the MBE group at
NTH in Trondheim (B Fimland, T Westgaard, K Johannessen).

Electronic structure of excitons. If the barrier in a double quantum well
structure is sufficiently narrow, there will be an interaction between the
twc wells, and we have a so called coupled double quantum well (CDQW)
structure. The electronic states corresponding to a single quantum well
split into symmetric and anti-symmetric states. The exciton states are
formed from either symmetric or anti-symmetric hole and electron one-
particle wave functions and are consequently denoted "symmetric" and
"anti symmetric" excitons. An important feature in the experimental PLE
spectra is a significant reduction of the oscillator strength for optical
transitions related to anti symmetric heavy-hole and light-hole exciton
states compared to the strength of the symmetric exciton states, when the
symmetry splitting becomes comparable to the single quantum well
exciton binding energies. This effect is absent in the simplest theory for
CDQW's, but can be obtained within an extended effective-mass theory, in
which the Coulomb interaction between electrons and holes, which gives
rise to the mixing between the symmetric and anti symmetric exciton
states, has been taken into account.

The binding energy of the free excitons. To investigate the exciton
binding energies, combined unpolarized and polarized photoluminescence
excitation measurements have been performed to measure the exciton 2S
states. Discrete peaks, which are identified as the excited 2s state of the
n=l symmetric heavy hole exciton, are observed in GaAs/AlGaAs
symmetric coupled double quantum well (SCDQW) samples. The 1S-2S
energy splitting of the symmetric heave hole exciton in the SCDQW is
significantly reduced in comparison with the uncoupled quantum wells. A
simple model to calculate the binding energies of the IS and 2S exciton
states is developed. The predicted 1S-2S energy separation derived from
such calculations are in very good agreement with the achieved experi-
mental results.

Diamagnetic shift of the FE. The diamagnetic shift of the FE in SDCQW
structures has been measured and compared with results from isolated
QW. The results show that the diamagnetic shift of the FE in SDCQWs is
larger than the corresponding diamagnetic shift in isolated QWs. The
experimental results of the diamagnetic shift are also in excellent
agreement with our theoretical predictions.
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1.2.5. High Density Carrier Effects in Quantum Wells
(J P Bergman)

We have performed studies of the radiative recombination in
GaAs/AlGaAs QW's during intense picosecond and femtosecond pulsed
excitation. In specially designed GRINSCH - structures (GRaded INdex
Separate Confinement Heterostructures ) it is easy to obtain high carrier
densities and forming a two-component plasma of electrons and holes. At
these carrier densities excitons do not longer exist due to screening and
phase space filling effects and the electrons and holes in the well re-
combine through a band to band transition on a picosecond time scale.

With time resolved spectroscopy on this time scale we have studied the
radiative recombination at different carrier densities and observed many-
body effects such as bandgap renormalisation and large broadening of all
transitions. In narrow QW's, with a well width smaller than 40 A, we
have observed a blue shift instead of the expected red shift due to the
bandgap renormalisation. This is in disagreement with standard many
body calculations in 2D systems, but recent theoretical studies, which
treats the Hartree term on equal footing with the exchange and correla-
tion terms in the calculation, support our experimental results.

This work is expected to continue and evolve due to the installation of
new and more powerful pulsed laser systems in the femto- and pico-
second time domain in our laboratories.

1.2.6. GaAs/AIGaAs/InGaAs Tunneling Structures
(Q X Zhao, T Lundström, P O Holtz, J P Bergman, and B Monemar)

The pioneering work on the double barrier resonant tunnelling structures
(DBRTS) was made 20 years ago (Chang et al, Appl Phys Lett 24, 593
(1974)). There are a number of potential applications based on the
tunnelling structures, e.g. the resonant tunnelling light-emitting diode.
One important parameter is the on-off ratio for the QW light output when
the device switches from resonance to off-resonance. Different ways to
improve the optical on-off ratio have been proposed, for instance via the
triple-barrier resonant tunnelling structures (TBRTS).
We have based our project on the GaAs/AlGaAs TBRTS structures, but
modified this structure by introducing a narrow InGaAs well in the GaAs
layer region to further improve the optical on-off ratio. Our preliminary
data show that the narrow well has a strong influence on the electronic
and optical properties of the TBRTS structures. The optical and electrical
characterization will continue on such structures in order to optimise the
conditions for the on-off ratio. We will in this project focus on the
fundamental properties such as the effects of defects, shallow impurities
and deep level centers in both the barrier and the well region on the
carrier escape time and the recombination efficiency.

65



1.2.7. The GaAs/AlGaAs Modulationdoped Heterostructure
(T Lundström, Q X Zhao, P O Holtz, J P Bergman, C I Harris, and B
Monemar)

Recombination processes. We have studied the radiative recombination
processes in a series of modulation doped GaAs/AlGaAs single
heterojunctions, with an active GaAs layer ranging from 400 Å to 1500
Å. In these structures a 2D electron-gas (2DEG) is formed and trapped in
a notch potential near the GaAs/AlGaAs heterojunction due to charge
transfer from the modulation doping in the AlGaAs barrier to the active
GaAs layer. Radiative recombination processes involving this 2DEG have
been studied by means of PL.SPL.PLE and time resolved PL. In all our
samples a PL-band denoted H-band 1 (HB1) can be observed. This
emission is due to radiative recombination between the 2D-electrons and
free holes located in the active GaAs layer. The spectral position of HB1
is strongly dependent on the excitation conditions, the emission shifts
towards higher recombination energies with increasing excitation inten-
sities. This dependence is explained by a band bending model, where the
equilibrium built in band bending in the active GaAs layer is decreased by
creation of spatially separated photo excited electrons and holes. By
applying an external electric field perpendicular to the layers we can con-
trol the band bending in the active region. The behaviour of the HB 1
emission with varying applied electric fields confirms the proposed band
bending model. The applied field also gives us the possibility to vary the
separation between the Fermi level and the next unoccupied 2D electron
subband. At sufficiently small separation, an efficient scattering path near
k=0 is available for electrons at the Fermi edge, which makes it possible
for 2D electrons with an energy close to the Ferm- : ?ge to radiatively
recombine with free holes at k=0. This many-body excitonic transition,
usually referred to as tue Fermi edge singularity (FES) can be observed
both in PL and PLE in our samples. In time resolved PL we observe a
spectral shift of the HB1 emission towards lower recombination energies
with increasing time after the pulsed photo-excitation, which also is
consistent with the band bending model.

Theoretical model. The interpretation of the experimental data is
supported by theoretical calculations of energy levels, wave-functions and
band bending in the heterojunction. The theoretical model is formulated
in the effective mass approximation, where a one-dimensional
Schrödinger equation and Poissons equation are solved simultaneously and
self-consistently by numerical methods. Simulations of the dependence of
recombination energies on the excitation intensity shows exactly the same
behaviour as the experimentally observed. We also plan to simulate the
transient behaviour of the radiative recombinatioiis in the modulation
doped heterojunction following pulsed excitation and compare with time
resolved PL measurements.

66



Intersubband relaxation at a single GaAs/AlGaAs heterojunction. The
triangular-like confining potential at a single heterojunction implies that
the wavefunction for progressively higher subbands is considerably more
extended than for the lowest subband. As a result the recombination
probability increases dramatically for higher subbands. The observed
recombination from a single heterojunction therefore depends dramati-
cally on the rate of inter-subband relaxation for photo-excited carriers.
We have recently investigated the dependence of relaxation rate as a
function of carrier density. By examining the low temperature time-
resolved photoluminescence using a streak camera we have been able to
demonstrate a dramatic decrease in relaxation rate as the Fermi-level
energy increases beyond a threshold fraction of the intersubband spacing
(EF/DEn,n+l > 0.7). The slow relaxation rate implies that a large
fraction of the total recombination occurs while carriers remain in the
higher subbands. Thus there is a dramatic relative increase in the higher
subband emission. In addition we are able to observe under transient
conditions the formation of the Fermi-Edge-Singularity (FES). The small
variation in Fermi-level relative to the higher subband, during re-
combination following pulsed excitation, passes through the threshold for
FES formation. We are thus able to observe the full kinetics of the
heterojunction recombination and to understand the dependence in terms
of band bending and relative occupation of different subbands.

1.3. Optical characterization of the InGaAs/InP two-dimen-
sional system

1.3.1 Intersubband Transitions in Strained InGaAs/InP
Quantum Wells
(S A Stoklitsky, Q X Zhao, T Lundström, P O Holtz, and B Monemar)

Theoretical calculations. The infrared (IR) detector based on intersubband
transitions in p-type quantum wells has been paid considerable attention in
recent years. The major advantage of using p-type QW structures for the
IR detector is the possibility to monitor infrared radiation at normal
incidence. Owing to a strong mixing between the light hole and heavy
hole subbands, optical transitions between the valence subbands are
allowed also for normally incident light. We have theoretically
investigated the lattice mismatch (strain) effects on the infrared absorption
in p-type Ini-xGa\As/InP quantum wells for both tensile (x>0.47) and
compressive (x<0.47) strains. The results show that normal incidence
optical matrix elements substantially increase in the case of the
compressive strain and decreases in the case of the tensile strain at a
constant hole density. The peak of the normal incidence absorption in the
compressively strained QW is shown to reach a considerable value of
5000-6000 cm"' for a sheet hole concentration of 10^2 cnr2. On the
other hand, for the z-polarization of the light, we found a substantial
enhancement of the optical matrix elements in the case of a tensile strain.
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We intend to perform far-infrared measurements in order to compare
with the calculated results. A prototype infrared detector will be
fabricated at the optimised conditions according to our theoretical model.

1.3.2. The InGaAs/InP Heterostructure
(T Lundström, M Singh, Q X Zhao, P O Holtz, and B Monemar)

Fundamental parameters. The InGaAs/InP system has a bandgap energy
which is favourable for optical communication device applications, and
has accordingly attracted great interest in recent years. But many of the
basic physical parameters such as effective masses, bandgap offset and g-
values for both electrons and holes etc. are still not well documented.
Therefore it is important both for fundamental physical reasons and
application purposes, to study the InGaAs/InP system more in detail. We
have chosen to concentrate on modulation doped InGaAs/InP hetero-
structures since they are very interesting as device structures and ideal for
studying fundamental physical properties of two-dimensional (2D)
carriers. The samples are grown at the Institute of Microelectronics in
Kista (G Landgren), and measured by optical methods such as PL,
Fourier-transform PL (FT-PL) and Fourier-transform PL excitation (FT-
PLE). In PL-measurements we observe band to band transitions involving
different subband levels for the 2D carriers. The energy separation
between these levels can be used in theoretical band structure calculations
from which physical parameters such as the bandgap offset can be
deduced. Effective carrier masses can be extracted from magneto-optical
PL-measurements, where an applied magnetic field splits the 2D levels
into Landau levels. Studies of the effective masses as a function of internal
strain, i.e. the In-composition in the InGaAs-layer are in progress.

Many-body effects. The many-body excitonic transition, usually referred
to as the Fermi-edge singularity (FES), was also observed in the
InGaAs/InP system. Hole localization due to strong potential fluctuations
is claimed to be the mechanism for the required momentum conservation
in this radiative transition. But in the case of GaAs/AlGaAs systems,
where the potential fluctuations are much smaller, momentum conserva-
tion for the FES transition is usually explained in terms of a scattering
process via the next unoccupied state. By applying an electric field across
an InGaAs/InP structure we are able to control the energy separation
between the Fermi-level and the next unoccupied state. This gives us a
unique possibility to investigate the relative importance of the scattering
process compared to the hole localization mechanism for the momentum
conservation in the FES transition.
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1.4. Low temperature III-V compounds

1.4.1 Low temperature InP
(W M Chen, E Sörman and B Monemar)

This project is a cooperation with Department of Materials Sciences,
University of California at Berkeley, USA (E R Weber, P Dreszer, A
Prasad, A Kurpiewski, W Walukiewicz).

There has been a continuous effort in searching for methods to produce
undoped semi-insulating (SI) InP, as a desirable substrate material or for
device isolation in InP-based optoelectronics. The SI behavior of GaAs
grown at low temperature (LT), which is highly As rich, has inspired an
effort to grow InP at low temperature under phosphorus over-pressure in
the attempt to achieve undoped SI InP. Very unexpected and surprising
results were observed, however, as as-grown LT-InP was shown to be
highly n-type conductive.

In this work we show with correlated optical and electrical measurements
that the Pin antisite is the prevailing defect in LT-InP. We show that the
increase in free electron concentration measured by the Hall effect
measurements correlates very well with the increase in the Pjn+ con-
centration determined by magnetic circular dichroism of absorption
(MCDA), with decreasing growth temperature. The results therefore give
evidence that the dominant deep donor level at Ec + 0.12 eV in LT-InP
corresponds to Pin (0/+). It is the auto-ionization of the Pin antisite via
its first ionization stage which leads to the n-type conductivity in as-
grown LT-InP. This work indicates that the introduction of Pin antisites
in InP is not at all suitable to achieve SI material as suggested in the past.

1.4.2 Low temperature GaAs
(W M Chen)

This project is a cooperation with Department of Materials Sciences,
University of California at Berkeley, USA (E R Weber, X Liu, A
Prasad).

Highly As -ich LT-GaAs grown below 400° C has attracted great atten-
tion in recent years, because of their unique properties of record-high
resistivity, extremely short carrier lifetime and reasonably good mobility.
In as-grown LT-GaAs, the excess As exists in the form of As antisite
(AsGa) defects in a large quantity (= 10^0 cm"3). The material is con-
ductive due to carrier hopping between the defects. Upon annealing at
= 600 °C, LT-GaAs becomes semi-insulating. The AsGa defect con-
centration decreases significantly, accompanied by the formation of As
precipitates. There exist controversial models to account for the SI
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properties of the annealed LT-GaAs, as due to the residual AsGa defects
or the As precipitates. If the AsGa defects pin the Fermi level close to
midgap, the metal precipitates formed in such a GaAs matrix should have
a near-flat-band condition. Hence the key question is whether the AsGa-
defect concentration is high enough in the material.

In this work we determine the concentration of AsGa defects in neutral
and positive charge states, AsGa^ and AsGa+. by near-infrared absorp-
tion and MCDA. We show that samples grown at ~ 200 °C contain a large
amount of AsGa defects. The defect concentration decreases significantly
for annealed materials, and for samples grown at higher temperatures.
However, we find that a high concentration of the defects is always
present in the LT-GaAs studied, with the concentration ofAsQa^ larger
than that of AsGa+ defects. This result indicates that the defects can
account for the pinning of the Fermi energy, and consequently also the
semi-insulating properties.

II. SILICON CARBIDE

ILL CVD growth of Silicon Carbide
(O Kordina, C Hallin, R C Glass, C Hemmingsson, L-O. Björketun,
E Janzén)

Growth of epitaxial layers of SiC has been made by Chemical Vapour
Deposition (CVD). The growth is performed in a hot-wall reactor by
passing reactive gases (silane and propane or silane and methane) over a
heated susceptor where a substrate of SiC or Si is placed. As carrier gas
hydrogen is used. N- or p-type doping is achieved by small additions of
nitrogen or trimethylaluminium.

The aim with the work has been to produce thick low-doped layers with
long carrier lifetimes for bipolar high power devices. The work has been
concentrated on the 6H-SiC polytype, however, a considerable amount of
fundamental growth studies have been made on the 3C-SiC polytype
which may be grown on Si substrates. Recently we have also began
studies on the, perhaps, most promising polytype, 4H-SiC. The material
we have produced on 6H-SiC is the, to date, purest ever reported. The
residual doping concentration of n-type layers is in some cases below
1014 cm-3. For uncompensated layers this value is slightly higher, 5 •
10l4 cm"3. The corresponding mobilities at 6 K is as high as 1.1 • 10^
cw-ZVs and the minority carrier lifetimes close to 0.5 (is. A bipolar
device structure has been made from 6H-SiC with a 45 u.m thick low-
doped n-type base layer and a 1.5 nm heavily p-type doped emitter layer.
The device structure was processed by the Industrial Microelectronic
Center (IMC) in Stockholm into mesa shaped diodes. The reverse block-
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ing voltages obtained by these diodes were as high as 4.5 kV which is the,
to date, highest reported value for any wide bandgap material.

The grown 4H-SiC material show even more promising results than the
6H-S1C. Low-doped 2 • 10*4 Cnr3, uncompensated n-type layers have
been produced with mobilities as high as 1.8 • 10$ cm^/Vs.

Several important studies will in the near future be carried out: The
nitrogen and aluminium incorporation of the layers will be investigated,
the growth conditions for obtaining high carrier lifetimes will be deter-
mined and new hot-wall reactor designs will be looked into.

II.2 Silicon Carbide Bulk Growth
(M Tuominen, R Yakimova, E Janzén)

An experimental set-up for large crystal sublimation growth of SiC has
been designed and tested. This is a vertical system consisting of a graphite
crucible assembly placed in a quartz tube and heated by RF-power.
Graphite felt or graphite foam can be used as heat insulation. The growth
process employs a SiC single crystal seed located at one end of a
cylindrical growth cavity while at the other end the source material is
placed. An axial temperature gradient in the cavity maintains the source
material at its sublimation temperature (~2400°C) and the seed at a lower
temperature (most commonly 2200°C). The growth takes place on the
seed crystal in an argon atmosphere at 10 to 200 mbar gas pressure.The
seeds used in all runs are Lely-grown platelets. The temperature is
controlled by a two-wavelength pyrometer. Different RF-generators and
different coils have been used to minimize reflected power losses and to
increase the heating efficiency. Growth parameters like seed temperature,
temperature difference between seed and source, source material, and gas
pressure in the growth chamber have been varied in order to optimize the
growth regimes. As a result monocrystalline SiC material has been
obtained. Depending on the growth conditions the growth rate varies
from tens to hundreds [im/h. The crystals grown have been characterized
by means of microscopy, X-ray diffraction (XRD) and PL techniques.
The crystal structure quality is affected mainly by seed imperfections and
vapor supersaturation while the doping level depends on the source
material purity.

II.3 Dispersive photoluminescence characterisation of SiC
(A Henry, O Kordina, E Janzén)

The main part of the results obtained since the SiC project was started in
our laboratory (about 3 years ago), is related to the CVD growth
technique. Improvement of the quality of the material for three different
polytypes (3C, 6H and 4H) was obtained and we are now able to grow
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epitaxial SiC film of state-of-the-art purity. The characterisation of the
material using various techniques is used as feed back to the growth
technique and is greatly responsible for the remarkably fast development
of the research project. The photoluminescence technique is used as the
first characterisation process of the grown material. We also characterise
with the luminescence technique bulk or epilayer samples grown by other
groups such as 3C and 6H SiC epilayers grown at IMC, 3C-SiC epitaxial
films grown by reactive magnetron sputtering (RMS) by the thin film
group at IFM, or bulk and epitaxial samples from external sources (from
USA or Russia). All these studies allow us to compare the quality of the
samples.

Generally in SiC the dominant PL behaviour is due to donor-acceptor
pair emissions giving rise to broad PL bands. This fact is mainly due to
the high concentration level of the doping impurities. However in good
material it is possible to observe excitons bound to the shallow nitrogen
donor(s), characteristic with sharp, near-bandgap and phonon related
replica lines. In high purity material strong free-exciton (FE) phonon
related lines can be identified. We did observe strong FE related lines,
firstly in 6H-SiC and recently also in 4H-SiC, as never reported in the
literature to our knowledge. We also observe in some of our 6H-SiC
epilayers unresolved aluminium bound-excitons (BE), showing a compen-
sation effect due to the acceptor unintentionally introduced during the
growth.

As a first example, the intensity of impurity (bound exciton) and intrinsic
(free-exciton) luminescence lines reflect the impurity doping concentra-
tion. We have presented a calibration procedure for the nitrogen impurity
concentration in 6H SiC epilayers grown in our laboratory. The
calibration is valid for a large range of doping from 1 0 ^ Cm"3 to 1()17
cm"3. We also presented the possibility to distinguish between n-type and
p-type low doped material by using simply the PL technique.

Characterisation of 6H-SiC epilayers grown at IMC (e.g. in a completely
different CVD reactor) is also performed and shows the importance of
the growth parameters. From these epilayers very strong hydrogen
related lines could be identified, whereas they were never observed in
epilayers grown in Linköping. More investigation about hydrogen in SiC
is presently in progress.

In high quality 6H CVD epilayer grown on 6H SiC substrate we also
observe the Di PL spectrum, which has earlier been observed in as-
grown 3C SiC grown on Si substrates. The Di center, a radiation-induced
defect, is one of the most studied defects in bulk SiC, both in 3C and 6H
SiC polytypes. It is generally observed after implantation with heavy ions
and subsequent annealing at temperatures between 1000°C and 1700°C,
and gives rise to a well-resolved line structure in PL spectra. It has been
speculated that it is due to a vacancy related defect and to have a Jahn-
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Teller effect in the PL spectrum. We have started to measure the decay
time of the Dl center from both 3C and 6H CVD layers. For comparison
electron irradiated and annealed materials should also be investigated. In
the 3C epilayer the Dl spectrum is well separated from other luminescent
spectra whereas in 6C SiC the Dl spectrum is often superimposed over a
broad PL band associated with a donor-acceptor pair emission. The decay
time of this background must then be taken in consideration in the
analysis. The high-temperature spectrum of the D\ center in both poly-
types is found to have decay times in the range of tens of microseconds.
This confirms that the Dl defect behaves as an isoelectronic center.

Investigation of 3C-SiC epitaxial films grown using the RMS method was
also performed. The nitrogen BE lines could be observed together with
other weak and broad PL lines associated to interface defects. This be-
haviour proved that 3C-SiC films with a crystalline quality comparable to
the best CVD-grown 3C-SiC epilayers could be grown by the RMS
technique.

11.4. Infrared FTPL characterization of CVD SiC
(M Singh, O Kordina, E Janzén)

Unintentional contamination with extremely low concentrations of transi-
tion metals in SiC is known to give rise to luminescence-active centres
that emit in the infrared region. Vanadium is a well-known example of
one such transition metal and gives rise to the 0.8 eV emission band. The
positions of the zero-phonon lines are dependent on the various polytypes
of SiC. The presence of the 6H, 4H and 15R polytypes can be determined
from the 0.8 eV vanadium PL band. In addition to this band we also
observed a weak band with zero-phonon lines around 1.17 eV. Consistent
with the site symmetry, three lines could be observed in 6H material.
However, an additional line could be observed in CVD material with
significant 3C polytype inclusions. The intensity of this additional line
which appears to increase systematically, relative to the 6H lines, as the
3C inclusions incease. We believe that this PL band is related to low level
contamination with a transition metal and serves as a PL probe of the
presence of 3C-SiC during the growth of 6H. The exact identity of this
transition metal is unclear as yet but a similar transition has been
observed in other wide-gap materials such as GaN doped with chromium,
and is thought to be an internal ^T2(F)—3A2(F) transition in ^

II.5 Time Resolved Photoluminescence Measurements in SiC
(J P Bergman, C I Harris, E Janzén)

We have performed time resolved measurements of radiative recombina-
tion in different polytypes of SiC. To do this it is necessary to have a
pulsed laser excitation source in the UV spectral region, to excite above
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the bandgap of SiC. This is made possible by up-converting the
picosecond pulses from a modelocked IR dye laser by non linear optical
crystals. The luminescence is detected by a photomultiplier tube and a
standard time correlated photon counting system, with a time resolution
in the picosecond time scale.

We have measured the decay time of the bound excitons (BE) at the
neutral nitrogen donor in the 3C, 6H, 4H and 21R polytype of SiC.
Nitrogen is the most common residual impurity in SiC, and nitrogen BE's
are normally the dominating emission at low temperatures. The measured
decay times are extremely fast, ranging from 1.5 ns for the S BE in
SiC:6H to 160 ns for the BE in 3C SiC. We have found a strong correla-
tion between the observed decay time and the binding energy of the
corresponding donor. We conclude that the dominating recombination
mechanism for the BE's is a non-radiative Auger process.

We have also studied the decay characteristics of the free exciton (FE) in
both the 4H and 6H polytype of SiC. These are only present in low doped
material and their presence influences the observed decay of the BE's. A
study of the dynamical interaction between the FE's and BE's has been
started. At low temperatures we are trying to observe the capture and
creation of the BE from the FE state. The opposite process, i.e. the
thermal ionisation of the BE into a FE, is studied at higher temperatures
where the thermal energy is comparable to the binding energy of the
exciton.

We have made extensive time resolved measurements of the optical
emission at room temperature in 6H SiC. From this we have obtained the
minority carrier lifetime in a series of samples with different doping con-
centrations. We have found a weak correlation with doping concentration
with a maximum lifetime of 450 ns for a sample with Nd= 3 - 5 1014 cm-
3. We have also found a reduction of both the observed lifetime and
optical efficiency in samples with compensating doping. This study
continues in order to completely understand the processes that limit the
carrier lifetime, since long carrier lifetimes is of great importance for
power device applications. A special interest is focused on the carrier
dynamics during high injection, which previously has not been possible to
obtain with our excitation sources.

II.6 Electrolytic Etching of SiC and Formation of Porous SiC
(C I Harris, A O Konstantinov, R C Glass, A Henry, B Monemar,
E Janzén)

The chemically inert nature of SiC makes it a very difficult material to
etch in a controlled manner. In order to achieve a chemical reaction
vigorous enough to remove significant quantities of material we optimise
the physical conditions to drive the reaction. We have recently
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investigated the use of electrolytic etching of SiC whereby the rate of
reaction is enhanced by the application of an electrical potential
difference between the SiC substrate and the electrolyte. In addition
photo-assisted electrochemical etching provides a further parameter to
control the reaction. Our initial work in this area demonstrated that these
techniques provide both a means for selective etching and also a valuable
tool in the assessment and characterisation of structural defects in the
material. For electrolytic etching in the dark the nominal etch rate of n-
type 6H SiC is extremely low, this etch rate is however enhanced along
defects such as screw dislocations. As a result the etch is able to highlight
certain defects, thereby allowing a routine assessment of the structural
quality. The use of additional photo-excitation further enhances the
reaction such that substantial etch rates are achieved even in low defect
areas. By careful optimisation of the parameters an etch can be achieved
which yields both a high quality surface and sharp profiles defined by the
photo-excitation.

More detailed recent investigation has shown that material produced
under low etch-rate conditions, in particular for the non-cubic (a) poly-
types, has a number of interesting and unique properties. Scanning
electron microscopy (SEM) reveals that the etch process results in a
porous surface layer resembling a complex sponge. Careful selection of
the preparation conditions allows us to control the mean fibre size within
a wide range (20O-500nm). By controlling the size of the fibres which
make up this 'sponge' we radically alter the electrical properties of the
material. A small fibre size results in a very high resistivity material. A
patent application in collaboration with ABB has indeed been made to use
the formation of a high resistivity layer as a means of device isolation and
passivation. The larger fibre size material has relatively lower resistivity
but also shows interesting properties including high photo-sensitivity.
Work is continuing to demonstrate the use of porous SiC both in photo-
sensitive and chemical sensitive detectors. The mechanism for the unusual
properties of the porous layer has been investigated using electrical (I-V,
C-V) and optical (photoluminescence (PL), photo-conductivity) tech-
niques. We have shown conclusively that the dominant process is one of
Fermi-level pinning at surface states in the fibres produced by the etch.
A post oxidation treatment passivates these surface states and results in a
lower resistivity. In particular C-V measurements provide a nice illustra-
tion of the mechanism of depletion within thin fibres as the capacitance is
modulated according to the active surface area.

PL measurements have demonstrated a strong room temperature blue-
green luminescence resulting from the etched layers. This was originally
interpreted in terms of a similar model to that proposed for porous sili-
con, although the efficiency was considerably lower. Further work
highlighted the fact that the emission is independent of SiC polytype. We
therefore interpret the luminescence as being from molecular-like states
at the etched surface. These states, as yet unidentified, are almost cer-
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tainly related to those responsible for Fermi-level pinning as the post
oxidation process also results in a loss of luminescent emission.

Work on the use of electrochemical etching will in the future focus
primarily on the use of the porous material for practical application in
power device termination and sensors, but further study on the identi-
fication of the surface state mechanism will also continue.

II.7 Hydrogen passivation of SiC
(C I Harris, A O Konstantinov, E Janzén)

Preliminary experiments have recently been carried out to investigate the
passivation of defects/ impurities in SiC using a dc hydrogen plasma
technique. A dc plasma is used to prevent surface damage of the material
which has been shown to be a problem in the treatment of semi-
conductors. Passivation of both n and p type material has been achieved
using a potential difference applied to the sample to enhancethe hydrogen
ion flux and to lower the surface barrier to diffusion. At present a
relatively low passivation efficiency has been demonstrated from in-
creased sample resistivity, however further work is underway to use
higher substrate temperatures during passivation in order to achieve a
higher rate of hydrogen diffusion.

II.8. ODMR characterization of SiC
(W M Chen, N T Son, E Sörman, B Monemar, E Janzén)

As the first goal of this project, we attempt to reveal and investigate the
lifetime limiting defect in SiC by optical and magnetic resonance
spectroscopies. The samples studied include 4H and 6H bulk crystals and
epilayers grown by CVD, either n- or p-type doped. The carrier
recombination processes are monitored here by PL emissions from the
materials. A defect-related magnetic resonance signal at around g=2 is
observed via these PL emissions, giving rise to the so-called optically
detected magnetic resonance (ODMR) signal. The resonance line at X-
band frequencies probably contains unresolved hyperfine structure. This
ODMR signal corresponds to an enhancement in the intensity of the PL
band peaking at about 1.7 eV and a decrease in the intensity of other PL
emissions ranging from near band edge shallow bound excitons to near-
infrared deep PL bands. This is interpreted as due to the competing
process in carrier recombination: the magnetic resonance at the dominant
recombination center promotes carrier recombination via this center (the
PL band at 1.7 eV) and consequently reduces carrier recombination via
other recombination channels. This dominant recombination center is
shown to be a deep level defect, evident from the related deep PL
emission and a photo-excitation spectrum of the ODMR signal. The latter
reveals the photo-ionization of the center, which determines the energy
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level of the defect to be at about 1.1 eV below the bottom of the
conduction band. The fact that this ODMR signal has been observed in
both 6H and 4H SiC, regardless of their doping type and whether they are
bulk or epilayers, indicates that this must be a common and basic defect in
SiC. This defect provides a very efficient recombination channel, limiting
the carrier lifetime.

II.9. ODCR studies of SiC
(W M Chen, N T Son, B Monemar, E Janzén)

We employ optically detected cyclotron resonance (ODCR) technique, for
the first time, to determine electron effective masses and mobilities in 6H
and 4H SiC. High purity undoped 6H and 4H layers grown by CVD, with
residual n-type doping concentrations in the range of 10^ . \Q\5 cm"3,
were investigated.

In 6H SiC, the electron effective mass values were determined as m||* =
(2.0±0.2)m0 and m±* = (0.42±O.02)mO- From the fit of the ODCR line
shape, a remarkably high mobility at 6 K was deduced as fi± ~ 1.1x10$
cm^/Vs for electrons in the basal plane. In 4H SiC, the electron effective
mass values were obtained as m\\* = (0.29±0.02)m0 and m±* =
(0.42±0.01)mo. The electron mobility in the basal plane at 6 K was
deduced as (j,± = 1.8x10$ ctn^/Vs. These results represent the first direct
experimental determination of the electron effective masses in 6H and 4H
SiC. These results are consistent with the assumption that the electron
valleys in 6H and 4H SiC can be described as ellipsoids, which locate at
the M point on the side planes of the Brillouin zone with the principal
axis along the c-axis.

11.10 Structural analysis of SiC wafers
(M Tuominen, L -O Björketun, R Yakimova, R C Glass, E Janzén)

Synchrotron X-ray topography has been combined with high resolution
X-ray diffraction (XRD) analysis and microscopy examination to study
specific structural imperfections in commercially available 4H SiC
wafers. Preferential chemical etching has been additionally applied to
reveal strain associated defects. Several types of macro-defects have been
observed: micropipes, basal plane tubes, dislocation networks comprising
domain boundaries, strain and cracks. It has been concluded from the
high resolution XRD measurements that mosaicity with domain misorien-
tation is a dominant imperfection in the wafers. Synchrotron topographs
have shown strain contrast around micropipes and little or no strain
associated with cracks. It has been found out in the section topographs
that misorientation occuring in the crystal is closely related to trie micro-
pipes.
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A comparison has been made with the crystal structure quality of Lely
grown platelets. The results obtained suggest that the growth direction
and the growth process (growth rate and supersaturation) play an
essential role in crystal defect formation. The investigation of structural
defects in 4H SiC wafers has shown some similarity with the 6H material
as far as micropipes and mosaicity are concerned. However it appears that
the micropipe distribution in 4H material is somewhat different. A model
for micropipe formation has been proposed. It seems to be more difficult
to prevent crack formation in 4H wafers because of higher supersatura-
tion required for 4H polytype formation and higher growth rate com-
pared with the Lely process. The post growth processing of the wafers
might also be critical for developing additional structural macro-defects.

TEM and XRD have been used for characterisation of 3C-SiC grown by
CVD. The work carried out so far has been devoted to study the effect of
growth parameters on film quality. Conventional X-ray diffraction was
used for phase analysis and to study the Full Width Half Maximum
(FWHM) of the SiC(200) peak to estimate film quality. In addition to
conventional X-ray diffraction there were also X-ray texture measure-
ments done to confirm that the films were single crystalline. Cross-
sectional TEM has been used to study the quality of the interface, the top
surface and the defect density of the grown films. The density of voids in
the substrate as a function of the growth temperature has also been
studied.

11.11. Physical models of SiC
(C Persson, A Konstantinov, U Lindefelt, E Janzén)

The development of semiconductor devices benefits strongly from com-
puter simulation of device properties. Such simulation, however, requires
knowledge of fundamental transport properties (e.g., electron- and hole
mobilities as functions of temperature, doping etc., and impact ionization
properties) of the material from which the device is made. One of the
objectives of this project is to provide, not only quantitative information
on material (SiC) characteristics associated with transport properties of
importance for simulation, but also an understanding in terms of
fundamental interaction processes.

To achieve this, the theoretical part of the project will focus on band
structure calculations (based on the Schrödinger equation within the local
density approximation) and calculations of transport properties (based on
Boltzmann's transport equation) using the Monte Carlo method.The SiC-
polytypes of main interest are the 3C, 2H, 4H, and 6H polytypes,
containing 2, 4, 8, and 12 atoms per unit cell, respectively. The large
number of atoms per unit cell for the 4H and 6H polytypes puts very
demanding requirements on the numerical method used to solve the band
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structure problem within the self-consistent local density approximation.
Within this project we benefit from a collaboration with Carl-Olof
Almbladh, Dept. of Theoretical Physics, University of Lund, who has
developed a band structure program based on the density functional
LAPW (Linearized Augmentet Plane Wave) method. Fully self-consistent
potentials and band structures have so far been calculated for the 3C, 2H,
and 4H polytypes. From these results, important band structure para-
meters necessary for calculating transport parameters can be deduced.

Through good contacts with Dept. of Integrated Systems, ETH, Zurich,
Switzerland, we now also have access to a Monte Carlo program for per-
forming transport calculations (i.e., solving Boltzmann's transport equa-
tion). Some work on modifying this program to suit the SiC crystal
structure has been performed.

The major part of an extension of the deformation potential acoustic
phonon scattering model, to suit the SiC crystal structure and based on
group theoretical considerations, has also been performed.

III. SILICON, POROUS SILICON AND SiGe STRUCTURES

III.l Magnetic resonance for complex defects in silicon
(W M Chen, E Sörman, A Henry, M Singh, E Janzén and B Monemar)

The activities in this research area have continued during the year, in
close cooperation with the group at Huygens Laboratory at the U- iversity
of Leiden, Holland (A Frens, M T Bennebroek and J Schmidt).

We have completed the analysis of experimental results obtained on an S-
Cu-related metastable complex defect in Si, by optical detection of
magnetic resonance (ODMR) at X-band and K-band. Two photo-
luminescence (PL) emissions arising from the bound exciton (BE)
recombination at the defect in two different configurations were
monitored in the ODMR experiments. The spin-triplet nature of the
lowest BE state for both BE's was confirmed. The symmetry of each
configuration has been determined, to be monoclinic-l and triclinic,
respectively. The unusually broad ODMR linewidth is argued to originate
from unresolved hyperfine interaction with a copper atom involved in the
defect, at which the primary bound particle (i.e. the hole) of the BE is
highly localized. The configurational metastability has been demonstrated
in the ODMR experiments.

We have carried out ODMR studies of a similar metastable selenium-
related complex defect in silicon. This defect gives rise to two different
deep photoluminescence spectra, originating from bound exciton re-
combination at two different configurations (referred to as A and B) of
the same selenium-related centre. The lowest BE state in the A con-
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figuration is shown to be a spin triplet state, and the symmetry of the
defect in this configuration is determined to be monoclinic I. In this
symmetry one of the principal spin axis (z) is along the [llO] direction,
while the other two principal spin axes (x and y) lie in the (UO) plane.
The x-axis is shown to be 22° away from the [111] axis towards the [001]
axis, and the y-axis is orthogonal to the x- and z-axis. The broad ODMR
line width is attributed to an unresolved hyperfine interaction, most likely
due to a copper atom in the centre. This is further supported by level
anti-crossing effects observed in the experiments. The conversion
between the two configurations, either by above bandgap light
(SeA=*SeB) or by thermal annealing at temperatures > 60 K (SeB=J>SeA),
can be followed in PL and also in ODMR.

III.2. Direct determination of the electron-electron-hole (eeh)
Auger threshold energy in silicon
(W M Chen, B Monemar and E Janzén)

This project is also part of a cooperation with the Leiden group (A Frens,
M T Bennebroek and J Schmidt).

The electron-electron-hole (eeh) Auger threshold energy Ea is a
fundamental property of the Auger recombination process, resulting
from the requirement of both energy ana momentum conservation and
the band structure. In this work we have directly determined Ea in
silicon, for the first time, by a novel experimental approach. The success
of the new experimental approach is greatly attributed to our recent
discovery of the excitonic Auger process as the dominant process
inducing conftgurational changes of a metastable defect in silicon. For the
particular defect studied, a S-Cu-related complex defect in silicon, the eeh
Auger process was shown to govern the conversion of the defect from its
stable configuration to the metastable configuration. By measuring the
conversion rate as a function of the excitation photon energy, Ea can be
determined directly. We have shown that the Ea value of 5 meV obtained
for the defect-mediated eeh Auger process gives the upper limit for Ea in
the case of the intrinsic eeh Auger process. This provides a direct
experimental evidence that the eeh Auger threshold energy in silicon is
indeed very small, and consequently this important Auger process must
be dominated by the direct (phonon-less) mechanism. The results from
this work are therefore expected to resolve the controversies on the
subject, an.i lead to a better understanding of both the fundamental
carrier recombination processes and the band structure in silicon.
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III.3. Shallow excited states of deep luminescent centers in
silicon studied by Fourier transform photoluminescence
excitation spectroscopy
(M Singh, N T Son, W M Chen, B Monemar and E Janzén)

We employ the novel Fourier transform photoluminescence excitation
spectroscopy (FTPLES) to investigate the shallow excited states of deep
defects in Si. Excitation spectroscopy in the near infrared region has been
hindered in the past by the lack of suitable tunable light sources which has
meant that only a handful of studies in narrow spectral regions have been
carried out. We show that FTPLES is a powerful technique for studying
the excited states of deep defects. In Ag-doped silicon we observe the
dominant emission band with zero-phonon lines (ZPL) around 780 meV.
The FTPLE spectrum with a series of sharp lines in the 780-830 meV
range can be attributed to ls-ns transitions of a pseudo-donor electron.
The FTPLE spectrum of the main PL band in Fe-doped Si with a ZPL at
735.1 meV, exhibits weak excited effective-mass-like states which
indicates that the defect is hole-attractive with a bound electron in a
delocalized effective mass orbit. We reveal the general features on UK
electronic structure of the excited states of deep BE systems in silicon
doped with transition-metal impurities. These results elucidate the nature
of excitons bound to deep isoelectronic impurities in semiconductors.

III.4. Efficient excitation transfer between deep defects in
silicon
(M Singh, W M Chen, N T Son and B Monemar)

Intcr-defect excitation transfer is believed to be an important mechanism
in semiconducting crystals. However, the role of excitation transfer
processes in Si is not fully appreciated due to a general lack of experi-
mental evidence. In this work we provide direct experimental evidence,
by using a novel approach of the recently developed FTPLE
spectroscopy, that one defect can be excited efficiently by a transfer
process from an electronic excitation of another defect in Si. One such
example is a deep iron-related isoelectronic defect in Si, which gives rise
to a deep photoluminescence emission with a no-phonon line at 735 meV.
In the FTPLE spectrum we observe the shallow electronic excited states
in the 735-780 meV region, which provides evidence on the pseudo-
donor nature of the defect. The superior resolution, sensitivity and the
large spectral ranges that can be covered in Fourier spectroscopy allow us
to obtain the entire excitation spectrum of the defect up to the bandgap. In
addition to an efficient excitation at the fundamental band edge, two
strong peaks are present in the excitation spectrum at 976.3 meV and
1115.6 meV. These two excitation processes are believed to originate
from electronic excitation of other defects, since the energy of these
excitations is higher than the ionization energy of the 735 meV defect.
This clearly shows that the 735 meV defect can he efficiently excited
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through an excitation transfer process via these defects. From the width
of the 976.3 meV excitation line, we estimate its lifetime, governed by the
transfer process, to be less than 1 ps - a remarkably short lifetime for
defect states in Si. Since the excitation transfer dominates, no radiative
recombination of the electronic excitations at these defects could be
observed experimentally.

III.5. Theoretical identification of new defects in P-doped
electron-irradiated Czochralski silicon
(A B Van Oosten, W M Chen, J L Lindström and B Monemar)

Irradiation defects in oxygen and phosphorus rich silicon are identified
by comparing ab initio theoretical predictions for a variety of possible
complexes with experimental results. It is shown that infrared absorption
and optically detected magnetic resonance spectra detect two different
complexes with similar formation kinetics and cannot be accounted for by
a single complex. Evidence for the existence of a (V-O-P) complex with a
neutral as well as a negative charge state is presented and the complex is
identified as the center responsible for the IR absorption bands. The
ODMR spectrum is accounted for by the positively charged (V-P2) com-
plex. It is shown that the negatively charged (V-P2) should also exist and
can account for the NL1 electron paramagnetic resonance spectrum. (V-
O-P) and (V-P2 ) are proposed to be formed through capture of the (V-
P) complex (E center) by interstitial O and substitutional P, respectively,
which explains why both complexes are formed simultaneously. We also
confirm the identification of the 889 cm'1 IR band with the (V-O2)
complex, which is predominantly formed in the absence of P.

III.5. Porous Silicon
(C I Harris, M Syväjärvi, O Kordina, P Bergman, B Monemar)

The field of research surrounding porous silicon has expanded rapidly
since the first demonstration of bright room temperature luminescence
some three years ago. The small program at Linköping has focussed in
the last year on two specific areas which are of interest both to the
understanding of the luminescence mechanism itself and from the view-
point of device application. ODMR has been applied to investigate the
recombination in the visible band and also the less studied near infra-red
emission. The technologically interesting blue emission from porous
silicon has also been examined in detail using both time integrated and
time resolved photoluminescence techniques. The blue emission is
observed in as-etched samples prepared using a standard electrochemical
method. The porous materia! giving the blue emission is unstable and
degrades rapidly under UV photo-excitation. A corresponding increase
in red intensity with decreasing blue intensity is observed, demonstrating
a correlation between the two types of emission. Under ambient light
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conditions at room temperature the material is more stable and remains
emissive for a number of days. The radiative decay timefor the blue
emission is found to be extremely fast (x=0.86 ns), and remarkably
remains unchanged from room temperature down to 77K. This
independence of decay time on temperature suggests a molecular origin
for the luminescence rather than the more widely accepted quantum size
picture.

III.6 Processinduced defects in silicon

III.6.1 Oxygen microclusters in silicon
(T Hallberg, L Lindström)

Clustering of oxygen is a well-known but not well understood phenome-
non in heat treated Czochralski silicon. We have studied oxygen
clustering in the temperature range 350-650 °C where oxygen related
thermal donors are formed causing resistivity changes. We have
developed a new method to study the clustering process which can be an
important tool to better understand the huge amount of data published
since the 1950:s. Our results show that oxygen atoms are clustering in
different structures which can be correlated with different electrically
active centers. The thermal donor formation process is found to be
governed both by ordinary oxygen diffusion and by structural trans-
formation processes of pre-existing clusters.

III.6.2 Characterization of silicon exposed to reactive ion
etching (RIE)
(L Lindström, A Henry, G S Oehrlein, B Monemar)

Photoluminescence and thermal wave modulated reflectance
investigations have been performed on silicon wafers exposed to different
plasmas in a reactor equipped with an electron cyclotron resonance
(ECR) source. The work has been performed in collaboration with G S
Oehrlein at SUNY Albany, USA. Various etch conditions have been
investigated and compared to results from a standard type of RIE reactor.

III.6.3 Other defects in silicon
(T Hallberg, L Lindström, B G Svensson, A Henry, B Monemar)

An effort to characterize a group of defects in n-type silicon (P-, As-,
Sb-, and Bi-doped) induced by electron irradiation has continued using
FTIR spectroscopy and DLTS. In addition the effect of hydrogenation of
Hg-implanted silicon has been studied and found to give rise to new
photoluminescence lines.
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HI. 7. Characterisation of Si-SiGe structures
(A Henry, B Monemar, W X Ni and G V Hansson)

The new solid-source molecular beam epitaxy (MBE) system has
produced various Si-Ge structures (single epilayers, single quantum
wells, multi quantum wells or superlattices) which were investigated by
the photoluminescence (PL) technique. Until now no luminescence was
detected from the superlattice structures. However epilayers and quantum
wells structures show good PL properties.

Epilayers. The PL spectra of the SiGe alloy epilayers grown on silicon
substrates are characteristic of near bandedge excitons bound to shallow
impurities such as phosphorus or boron. Our PL data showing the energy
position of the PL lines as the function of the Ge concentration (in the
range 8 to 17%), are comparable to some previous results from the
literature. These PL lines have a full width at half maximum (FWHM)
relatively narrow of about 2.7 meV. However inhomogeneity in the Ge
concentration for some of the samples was revealed by the observation of
the broadening of the PL lines or net superposition of different lines
related to different Ge concentrations. The SiGe luminescence is observed
at low temperature and is rapidly thermally quenched when the experi-
mental temperature is increased. When the boron concentration
introduced during the growth is increased to around 3.7x1018 enr^ a
weak luminescence feature can indicate a band-gap narrowing of about 54
meV with a filling energy of 50 meV.

Single quantum wells. From single quantum wells (SQW) very intense
and narrow (FWHM = 2.7 meV) PL lines can be observed indicating the
good quality of the structures. The PL is detected up to high
temperatures, comparatively to the case of alloy epilayers, such as 77K,
depending of the Ge concentration and well width. However no structure
of the PL lines could be observed as expected if bound exciton and free
exciton PL lines could be resolved. The excitation power dependence of
the luminescence at low temperature shows a broadening of the line width
together with a slight shift to the high energies. These both behaviours
(temperature and excitation power dependence) are characteristics of
localised excitons in SQW where the potential fluctuations are relatively
smooth. To check the homogeneity of the doping in the case of a Sb 8-
doped SQW, a large wafer (3") was used as the substrate and that without
rotation during the growth. A variation of the energy position of the PL
was found to be only 3 meV, indicating a small variation in the doping
concentration. A Comparative study between an undoped SQW and a
modulated structure shows as expected a decrease in intensity of the PL
together with a shift to higher energy.

Multiple quantum wells. Multiple quantum wells (MQW) were also
investigated. However their PL intensity is less efficient than in the case
of the SQW, showing the importance of non-radiative channels existing in
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the Si barriers. This behaviour is confirmed by using excitation below the
Si band gap during the PL experiments instead of the usual visible
excitation.

IV. ELECTRONIC STRUCTURE AND SURFACE STRUC-
TURE STUDIES OF METALS AND COMPOUNDS
(L I Johansson and H Johansson).

Experimental studies aimed to increase the understanding of the surface
properties of selected metals and metallic compounds represent our main
research efforts. Synchrotron radiation at the MAX-laboratory in Lund
has been utilized to a large extent but also inhouse photoemission and
inverse photoemission equipment. Instrument development work on an
inhouse LEED I-V instrument and on a spherical grating monochromator
for beamline 33 at the MAX laboratory have been continued during this
year. Below short summaries of different projects are given.

IV 1. Transition metal carbides and nitrides

High resolution core level photoemission studies of some surfaces of
carbides and nitrides have been continued for the purpose of making a
systematic study of the occurence of surface shifts in the metal and non-
metal levels of these materials. Results on TiC(lOO), TiN(lOO) and
WC(0001) have been published during this year while the data collected
on ZrN(lOO), NbC(lOO) and NbN(lOO) not yet have been summarized in
reports. The investigation of WC(0001) revealed presence of surface
shifts in both the metal and nonmetal level for the first time for these
materials. In the earlier studies presence of surface shifts in the nonmetal
levels only have been possible to identify unambigously. The plan is to
utilize these findings in future studies of selective surface reactions.
These core level results have together with earlier results from studies of
the band structure and the surface structure of these materials been
summarized in a review for Surface Science Reports.

IV2. Transition metal silicides

High resolution core level photoemission investigations of the (001) and
(110) surfaces of l\f>Si2 and of WSi2(l 10) have been reported during
this year. Surface shifted Si 2p components were identified on all sur-
faces, indicating Si termination. A surface shifted W 4f level could also
be identified on WSi2 while no shifted Mo 4p level could be identified on
MoSi2- Initial oxidation studies revealed a fairly rapid Si oxidation for
both silicides. No Mo oxidation could not be detected on the MoSi2 sur-
faces but a weak W oxide signal w:>s revealed on WSi2 at the large
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exposures. Investigations of FeSi2 silicide surfaces have been started but
not completed.

IV 3. Beryllium metal

Be metal appears to be unique since we could identify three surface
shifted Be Is components on the close-packed Be(0001) surface. These
components were interpreted to originate from the three outermost
layers, two subsurface Be Is components were thus identified and the
first layer showed the largest surface shift observed so far on any close-
packed metal surface. These experimental results initiated a theoretical
study (Aldén et al PRL 71, 2457 (1993)) which predicted negative shifts
for the three outermost atomic layers with magnitudes close to the
observed values. The calculated results showed that what makes Be
anomalous compared to other metals is the absence of a p-core, against
which the screening orbitals would have to orthogonalize.

A photoemission study of the Be(lOlO) surface gave a further example of
the anomalous surface related core level shifts of Be metal. Three surface
shifted Be 1 s components were unambigously identified also on this sur-
face. From considerations of extracted surface to bulk intensity ratios
these components were assigned to emission from the first, second and
third plus fourth atomic layer. Surprisingly, the surface shifts of -700,
-500 and -220 meV determined for this surface were found to be smaller
in magnitude than the shifts of -825, -570 and -265 meV previously
determined for the close-packed Be(0001) surface. This finding of
smaller surface core level shifts on a more open surface was most
unusual, since the close-packed surface have shown the smallest shift for
all other metals.

The electron mean free path in Be metal was determined from the surface
to bulk intensity ratios extracted from these two surfaces. The values
determined were found to show a good overall agreement and the mean
free path was found to exhibit a pronounced minimum at an electron
kinetic energy around 25 eV. The experimental results were compared
with the mean free path calculated using an approach originally applied
by Quinn. The experimental and theoretical values agreed well at higher
energies but at lower energies the experimental values were found to
drop significantly below the theoretical values and locate the minimum at
a markedly smaller kinetic energy.

IV 4. Instrument development

Development work on the LEED I-V instrument, equipped with a video
camera and computer system, for surface crystallography studies has
been completed during this year.
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The spherical grating monochromator designed for beamline 33 at the
MAX laboratory has been built and delivered and is presently under
installation. Much work remains to be done, however, before the
monochromator is characterized and operational.
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MEASUREMENT TECHNOLOGY (MT)
and ENVIRONMENTAL SCIENCE and

TECHNOLOGY (EST)

Research activities are centered around problems of modern industry,
including environmental protection.

PROJECTS IN MEASUREMENT TECHNOLOGY

1. Sensors and Control for Autonomous Assembly

In cooperation with the division of Assembly technology (AT),
department of Mechanical Engineering (IKP) and with the Computer-
Aided Engineering Laboratory (CAE), Department of Computer Science,
we develop sensors and control for robots in automatic assembly. MT
focuses on the measurement/sensor system parts of the project. This
years' effort is aimed towards convolving the different units existing to-
day at the MT site, the AT site and the CAE site respectively, into one
well-functioning unit. The resulting system consists of three parts:
o at the MT site, a robot fitted with a setup of sensors acting on-line

* 2D-vision
* tactile matrices
* distance/proximity to object
* object orientation relative robot gripper
* force
* torque

o at the AT site TROCS, a transputer-based, modular system for
concurrent handling of sensor data and for robot control

o at the CAE site Aramis, an architecture for a runtime and off-line
system combining

* a hybrid language comprising rule orientation and
procedural knowledge representation

* a graphic editor for this language
* a task-oriented description for the operator
* a separation of task program and sensor-effector program

These three parts, implemented physically in three different locations, are
interconnected electronically, guaranteeing fast and efficient
communication between the different subsystems.

The project is financed by Nutek. Researchers: Per Holmberg, Per
Holmbom, Anders Nilsson and Hans Odeberg.
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2. Autonomous Inspection and Intervention Robot

In coopertion with the Computer Vision Laboratory (CVL), Department
of Electrical Engineering and with ABB Atom, Västerås, we develop a
rail-bound robot for inspection work inside nuclear reactors. Our part of
the projects relates to measurement problems:

o vibration
o sound
o humidity

The project is financed by Nutek. Researchers: Ole Pedersen, Alexander
Lauber.

3. Sensor Based Guard Systems for Automatic Manufacturing

In automatic manufacturing accidents may occur where humans are
injured or even killed. The most potent villain when it comes to accidents
in automatic systems is the robot. We have therefore investigated how
sensors can be used to complement and improve existing protection
systems for robot work cells (e.g. grids, light curtains etc).

We are developing a capacitive guard system detecting intruders into a
work cell. The system exhibits adequate sensitivity: it is invisible to the
intruder, cheep, robust and immune against most interferences.

There are situations, however, where personnel must enter the work cell
while the robot is active: servicemen, operators on special duty etc. The
capacitive guard system cannot handle theses situations. Since most robot
accidents occur during this kind of activity, another protecting system is
sorely needed to handle these situations.

To this aim we develop a protection system based on an optical scanner.
The scanner establishes a topological map of the work cell and updates it
at high frequency. It particularly monitors possible, potentially dangerous
mouvements of the robot arm towards the person present in the work
cell. If necessary, the person is warned and the robot stopped.

When developing sensor-based guard systems, two points must be
emphasized:

o sensor-based guard systems will complement existing protection
systems, not replace them

o with the sensor systems in action the accident rate will be
significantly reduced, but not down to zero

The project is financed by the Swedish Work Environment Fund.
Researchers: Jan-Ove Järrhed, Nils Karlsson and Alexander Lauber.
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4. FEM Computations of Electromagnetic Systems

Electromagnetic FEM computations have been made, using the
OPERA/ELEKTRA program of Vector Fields, Oxford, UK. Shielding
computations have been made in connections with measurements on
laboratory mock-ups of three-phase 50 Hz systems with shields. Good
agreement has been acheived in this case. Modelling of a power substation
at 50 Hz has been subject of an extended study.

The FEM programs have also been used for computations on a non-
destructive measu- tent method to evaluate cladding thickness and its
change through -̂..y current measurements.

Researcher v.i Möller

PP ^ECTS IN ENVIRONMENTAL SCIENCE and TECH-
\ U)GY

.. Control of biological processes

The research project "Optimising biological processes" aims to develop
new measurement technology, useful for controlling all kinds of
biological processes. The technology used combines multisensorial
measurement, neural nets and fuzzy logic. A case study in Västervik has
been made to study biological processes in a sewage treatment plant.
Analyses of the composition of biogenic trace gases in the air above the
treatment basins and a literature review have been published in two
reports. The next step is to make adjustments of the parameters that
regulate process activities and evaluate the possibility of measuring gas
concentrations with semiconductor sensors and optical techniques.

The project is financed by NUTEK and has been carried out as a pilot
study. Researchers: Gunnar Karlsson, Petter Norrthon and Ylva
Edvardsson.

2. Cleaner Production in smaller and medium sized
enterprises

Ten smaller companies have been invited to participate in a Cleaner
Production project, run by EST and the County Administration of
Östergötland. The research aims to find ways of Cleaner Production
implementation in small and medium sized enterprises. The method is a
quality case study, which helps us to find and analyse good examples. A
group of four post graduates from the "ALU-program" have been
engaged to help the companies to apply the ideas of Cleaner Production.
A future goal is to evaluate how companies could introduce Eco-
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Management and Clean Production without affecting their competing
ability.

The project is financed by Kommunforskningsrådet. Researchers: Leif
Thuresson, Gunnar Karlsson, Petter Norrthon, Tomas Gärdström and
Florence Axelsson

GRADUATE COURSES

two graduate courses were given:

1. "Methods for multisensorial systems"

The course analyzed various problems of multisensorial systems and
presented classical as well as novel ways to solve them:

o different aspects of sensing
o different techniques for sensor signal fusion
o AI as applied to this problem
o possibilities of chaos

Ten students were examined. Coordinator: A. Lauber

2. Electromagnetic Computations using FEM

A course has been given on the principles and practical use of a Finite
Element Program for computing fields, energy loss, electrical circuit
parameters etc in electromagnetic systems. The programs used are the 3D
programs TOSCA and ELEKTRA from Vector Fields Ltd, Oxford, for
static and eddy currents.

Two students were examined. Lecturer: E. Möller
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SURFACE AND SEMICONDUCTOR
PHYSICS

Professor: Göran Hansson, secretary: Louise Rydström (20%), additional
senior research staff: Roger Uhrberg. docent, Per Mårtensson, docent,
Erik Landemark, tekn dr, senior research engineers: Wei-Xin Ni (tekn
dr), Leif Samuelsson (tekn dr, 25%), Jonas Ekberg, research engineer:
Kenneth Larsson (60%), graduate students: Mauro Sardela jr, Mats
Larsson, Christer Karlsson, Fredrik Owman, Homayon Radamson, Yu-
Cheng Chao, Kenneth Joelsson.

The research within the division of Surface and Semiconductor Physics
concerns two main fields. First, basic studies are made of the electronic
and atomic structure of semiconductor surfaces, either clean or with well
characterized overlayers. Second, there are studies, development and
application of silicon-based molecular beam epitaxy, which is a crystal
growth technique to produce advanced semiconductor structures.

During the year three doctoral theses were presented in surface and semi-
conductor physics:
Mauro Sardela jr, "The growth, thermal stability, and structural and
electrical properties of doped and undoped Si-based epitaxial structures"
Mats Larsson, "Applications and modelling of reflection high energy
electron diffraction intensity oscillations"
Christer Karlsson, "Silicon surfaces, clean and modified by adsorbates,
studied with core-level and angle-resolved photoelectron spectroscopy"
One licentiate thesis has also been presented:
Fredrik Owman, "Design and application of an ultra-high vacuum
scanning tunneling microscope"

Projects:

Studies of semiconductor surfaces using angle-resolved photo-
emission and surface sensitive core-level spectroscopy
(R Uhrberg, C Karlsson, Y-C Chao and E Landemark)

High-resolution core-level spectroscopy has been used to study the
Si(100) alkali-metal interface. Alkali-metals, in general, have attracted a
lot of interest since they are supposed to give rise to ideal metal-semi-
conductor junctions due to their simple electronic structure. However,
several questions about the properties of the interface are under debate,
e.g. adsorption sites, metallization, charge transfer, saturation coverage
and the nature of the bonding. We have addressed these questions in a
study involving growth at both room temperature (RT) and liquid
nitrogen temperature of Na, K and Cs on Si(100). At the RT saturation
coverage (= 1 ML) the Si 2p core-level shows a clearly resolved surface

Q1)



component due to the adsorbed alkali-metals similar to other adsorbate
systems with smaller electronegativity. The specific types of adsorpion
sites occupied by the alkali atoms were studied through the core-levels of
the alkali metals. By doing the alkali evaporations on a cold sample it is
possible to grow several layers. The alkali-metals behave quite
differently when deposited on a cold surface. Both Na and K show strong
islanding while Cs grows in a simple layer by layer fashion. The
interface component of the alkali-metal levels shows an anomalous width,
which persists for the higher coverages while the width of the bulk
component is close to the metallic values.

The interpretation of the surface sensitive core-level spectra from the
Si( 111 )7x7 surface has for a long time been under discussion in the
literature. There are essentially two rivalling interpretations and it has
been difficult to rule out any of the two. We have done a surface sensitive
Si 2p core-level study of Si(l 11)7x7 with an unprecedented energy
resolution. From these data we are able to sort out most of the surface
contributions to the Si 2p spectra, and the final picture that we obtain is
in agreement which the interpretation that was favored by most of the
earlier results on the Si(l 11)7x7 surface. The key results of our study are
that the adatoms give rise to a shift of = 0.7 eV to lower binding energies
and that the rest atom core-level is shifted by 0.5 eV to higher binding
energies.

A new spectrometer system for high-resolution valence band and core-
level spectroscopy at beam line 33 at Maxlab has been designed (financed
by an FRN grant). The spectrometer which has been built by VG during
the year, consists of an ARUPS chamber, a preparation chamber, a
circular sample transfer chamber and a load-lock chamber. The ARUPS
chamber is equipped with VG's new 75 mm radius analyser for angle-
resolved photoelectron spectroscopy. The large radius allows for a high
energy resolution (better than 20 meV) and a high transmission. The
analyser is fitted with an electron lens which allows for an electronically
controlled angular resolution in the range ±1.5° to ±0.4°. The ARUPS
and the preparation chambers are both equipped with LEED-optics, rest
gas analysers, ion sputter guns, gas inlets etc. The preparation chamber
has a base flange with four ports suitable for effusion cells, ports for
shutters and a port for temperature measurements. Several other ports
are included on the preparation chamber for future additons of e.g.
RHEED-gun and screen, thickness monitor, electron analyser for
Auger/XPS, XPS-source, UV-source etc. The circular sample transfer
vessel is the VG R2P3 system which allows for sample transfer through
any of the eight radial ports put on the vessel. In the present configura-
tion of the system three of these ports are occupied, i.e. the ports for
ARUPS, sample preparation and load-lock chambers, respectively. The
arrangement with the R2P3 vessel makes it possible to reconfigurate the
system for future needs. In principle up to five more chambers can be
connected to the system, which allow for the addition of many different
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experimental techniques. The system will be installed at Maxlab in the
fall of -94.

Scanning tunneling microscopy studies of semiconductor sur-
faces and nucleation and growth on semiconductors
(P Mårtensson, F Owman)

We have used scanning tunneling microscopy (STM) and scanning force
microscopy (SFM) to study the structure of silicon-carbide surfaces and
the initial stages of growth of silicon carbide on silicon substrates. The
structural studies have so far been focussed on the silicon-terminated
(0001) surface of 6H SiC. SFM measurements have shown that the surface
morphology is strongly dependent on the type of material and preparation
technique used. The best results have been obtained using Si-etched
samples which exhibit large flat terraces separated by steps which are a
multiple of three double layers high. We observe three different surface
reconstructions for the SiC(OOOl) surfaces depending on the temperature
used during annealing of the samples: a V3x\3 phase for temperatures in
the range 900-1100°C and a 6^3x6^3 and an incommensurate "5x5"
phase above 1100°C. High-resolution filled- and empty-state STM images
indicate that the V3xV3 reconstruction is of a similar adatom type as pre-
viously observed for many simple metals on the Si(lll) surface, but
further studies, e.g. using angle-resolved photoemission, are needed to
determine the bonding configuration of the sub-surface atoms. The high-
temperature reconstructions which have more complicated structures also
require additional work.

When growing SiC films on Si substrates, a carbonization process is used
to overcome the problems associated with the large lattice mismatch
between the two materials (20%). In this process, the Si substrate is
exposed to hydrocarbons at elevated temperatures resulting in a
crystalline SiC buffer layer. In order to contribute lo a better under-
standing of this process on the atomic scale, we have initiated in situ STM
studies of the carbonization of Si( 111) substrates using different hydro-
carbons (CH4, C2H6, and C2H4). So far, the SiC buffer layers we have
grown have been quite rough and we are still in the process of deter-
mining the optimal parameters for obtaining high-quality buffer layers.
The STM-studies on SiC are done within the NFR/Nutek Thin film
consortium.
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Silicon molecular beam epitaxy (Si-MBE): Growth, characteri-
zation and device structures
(G Hansson, W-X Ni, M Larsson, M Sardela Jr, H Radamson, K Joelsson,
J Ekberg)

In the Si-MBE project, various modulation-doped Si and Si).xGex
structures are grown by molecular beam epitaxy in ultra high vacuum.
One MBE-chamber is, besides evaporation sources, equipped with
electron diffraction for in situ studies of the atomic structure on the sur-
face (LEED and RHEED) and electron spectroscopy for chemical analysis
(AES and XPS). A second Si-MBE chamber, which is devoted to growth
of device structures and other layers with very high demands on the
crystal quality, contains mass-spectrometer-controlled electron-beam
sources for evaporation of Si and Ge and dopant sources for n- and p-
doping. We have developed a high temperature (=2000 °C) source for
boron and erbium doping and a unique low-energy ion-source for anti-
mony doping. The quality of the materal that has been grown is now
excellent, as established by the intense and narrow photoluminescence
obtained from Si i-xGex quantum wells.

For epitaxial growth of a doped Si or Si|_xGex layer on silicon there will
always be some strain introduced, since the layers do not have exactly the
same lattice parameter as pure silicon. The growth and relaxation of
metastable structures have been studied in the cases of highly boron or
antimony doped layers and Si/Si|.xGex heterostructures. Detailed studies
of the strain in as-grown and annealed structures have been done using
two-dimensional reciprocal space mapping of high resolution X-ray
diffraction. The mechanisms for relaxation, whether generation of misfit
dislocations as in the case of Si/Si|.xGex heterostructures, or precipitation
and out-diffusion as in the cases of layers B-doped up to 5x10^0 cm"3,
have been studied with high-resolution transmission electron microscopy
and electrical characterization with Hall- or four-point probe measure-
ments. The X-ray reciprocal space mapping has also been used to study
strain and relaxation in epitaxial structures containing CoSi2 or Sn-doped
Si or Ge.

The possibility to grow 8-doped layers (monolayer doping) with MBE has
been used to produce new types of structures showing very interesting
properties. Various 8-doped structures have been made to study the
different properties of scattering in 8-doped structures compared to
homogeneously doped layers. A ten-fold increase of the electron mobility
at room temperature has been observed in doubly 8-doped layers, with a
Schottky gate on top to modify the potential of the doping induced
quantum well. Triply 8-doped structures n+-p+-n+ have been grown and
used in structures with carrier transport perpendicular to the layers. With
this type of structure we have observed the first negative differential
resistance characteristic for a modulation-doped Si-structure and for a
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p+-n+-p+ structure this is even observed at room temperature. Further
structures of this type have been grown in order to identify whether the
origin of the negative differential resistance is resonant tunneling or
interband tunneling between the valence and conduction bands.

Basic studies of the growth of Si/Si|.xGex heterostructures and modulation
doped structures have continued during the year. To achieve very
accurate control over the layer thicknesses and maximize the abruptness
in Si/Sii.xGex interfaces, a set-up using RHEED-intensity oscillations for
monitoring the growth of individual atomic layers has been used. The
system has been used to study phase-locked epitaxy, i.e., shutters
controlling the material fluxes are actuated when complete monolayers
have been grown. Extensive studies have also been made of synchroniza-
tion of nucleation by periodically varying the substrate temperature
during growth of each monolayer. A Monte-Carlo simulation program
has been developed to model the growth of Si and Si 1 -xGex-layers and
both the synchronization of nucleation and the well-known surface
segregation of Ge have been possible to model.

Concerning research on MBE-grown device structures there is a close
collaboration with the division of Electronic Devices. There are also a
number of subprojects on characterization of MBE-materials where we
collaborate with the divisions of Thin Film Physics and Materials Science.
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SURFACE PHYSICS AND CHEMISTRY

The Laboratory of Surface Physics and Chemistry conducts research into
the basic electronic and chemical structure of organic molecular solids,
polymers and polymer interfaces with metals, oxides and semiconductors.
In particular, the laboratory studies conjugated polymers; model mole-
cular solid systems designed to incorporate issues of interest involving
conjugated polymers; and relatively large organic molecules adsorbed
upon well characterised surfaces as model systems for polymer-metal,
oxide or semiconductor interfaces. A large part of our present activities
are motivated by the recent developments in organic molecular
electronics applications, for example, the new polymer-based light
emitting diodes or LED's.
Ultraviolet and X-ray photoelectron spectroscopies (UPS and XPS) are
used in conjunction with optical absorption spectroscopy (OAS) as
standard tools to study thin polymer or model molecular films. Some
work is carried out at the MAX Laboratory for synchrotron radiation
studies in Lund, Sweden. In addition, ultra-thin films or isolated mole-
cules on substrates are studied with the help of Scanning Probe
Microscopy, both STM and AFM.
Close cooperation with theorists in Linköping (Slafström, et al) and at the
University of Mons-Hainaut, Belgium (Bredas, et al) is essential in the
interpretation of the experimental results. Materials collaborations are
carried out with Cambridge University, UK (Friend and Holmes, et al),
Philips Laboratories, NL (Staring, et al), NIMCR, Tskuba, Japan
(Kaerijama, et al), Hoechst Chemicals, Germany (Scharf, et al),
University of Paris, France (Schott, et al), the RUSTI group, Daresbury,
UK (Clark, et al), the Neste Corporation, Finland (Österholm, et al), and
the Soviet Academy of Sciences, Baskerian Branch (Lachinov, et al).
Spectroscopic studies of molecular systems are carried out in cooperation
with the Nordic Molecular Materials Research Group, with members in
Uppsala (Svensson and Siegbahn) and Lund (Eberson, et al).

Equipment:
Unique UHV (If)"'" Torr) photoelectron spectrometer for UPS and
XPS(9);
Commercial VG-ESCA system for applied research and teaching;
Scanning tunnelling microscope (operated presently in air, designed
for UHV);
UHV System for in situ vapor deposition and optical spectroscopic
studies of organic molecular materials;
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Spin-coating equipment and an apparatus for forming ultra-thin
films of ordered polytetrafluoroethylene films.

Support:
Swedish Natural Sciences Research Council (NFR);
Swedish National Board for Industrial and Technical
Development (NUTKK);
Swedish Research Council for Engineering Sciences (TFR);
Neste Corp., Finland (finished 93/12/31).
Wallenberg Foundation;
Philips Corporation, NL (within the Brite/EURAM project
PolyLED); and
EU programs:
SCIENCE project 0661 POLYSURF; and
Esprit project 8013 LEDFOS.

INDIVIDUAL PROJECTS

Spectroscopic Studies of Conjugated Polymers in Thin Film Form:

Recently, a CN-substituted poly(/wra-phenylene vinylene), CN-PPV, has
been shown to be particularly useful in constructing multi-polymer-layer
organic LED's. The electronic structure of a CN-PPV was studied using
UPS, XPS and optical absorption spectroscopy. In addition, the doping of
CN-PPV in situ was studied, in order to fully understand the nature of
charge storage in this p-conjugated material [P Broms and M Fahlman],

In connection with our several years work on charge bearing species in
conjugated polymers, a novel polymeric material poly(3,3'phthali-
dylidene-4,4'biphenylene), or PPB, was studied both experimentally
(UPS, XPS, STM, AFM) and theoretically (quantum chemical calculations
of the molecular and electronic structures). This polymer is non-con-
jugated in the undoped state, but exhibits a significant charge-induced
geometrical change in the oxidized or reduced (doped) state. Our initial
results indicate that even in the doped state, the PPB system is not con-
jugated. We found a novel geometrical configuration, the existence of
which is indicated in the electronic structure measurements, contrary to
expectations in the chemistry literature. The preliminary results indicate
that significant inter-chain interactions are necessary to explain the
experimental results. The charge-induced geometric instabilities in PPB
may contribute to the large pressure-induced changes in the electrical
conductivity of PPB reported elsewhere fN Johansson and T KuglerJ.
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Over the past several years we have studied the electronic and chemical
structure of a series of substituted polythiophenes. In Connection with
possible applications in polymer LED's, these studies have been extended
to temperature-dependent studies of the electronic structure of poly(3, 4-
octylphenylthiophene), or POPT, and poly (3 ,4-ethylenedioxythio-
phene, or PEDOT. Results are being compared with previous results on
the thermochromism in poly(3-hexylthiophene), where color changes
were observed at elevated temperatures. In addition, doping with sodium
atoms has been studied. The net results contribute to the totality of
electronic structural information acquired on the polythiophenes, which
serves as input into models of device performance [K Xing].

Spectroscopic Studies of Ordered Conjugated Polymers:

Large, ultra-thin single crystal samples of 4-BCMU polydiacetylene can
be grown (Schott and Lapersonne, University of Paris - VII). The
electronic structure of 4-BCMU polydiacetylene was studied with
polarised light from synchrotron radiation. We have observed the
dispersion of the highest occupied Tt-band across the first Brillouin zone.
This is the first observation of rt-band dispersion in an organic polymer
(but dispersion in model molecular systems has been studied before). We
are now able to distinguish among various theoretical models of the
electronic structure of 4-BCMU-PDA [Fahiman and Salaneck]. In
addition, PDA is the only ^-conjugated polymer which thus far has not
been able to be doped. In initial attempts at the in situ doping of 4-
BCMU PDA with sodium, a finite density-of-states at the Fermi energy
has been observed, indicating the formation of a metallic species. These
studies will be pursued in the coming year [P Dannetun).

Previously, we have studied ordered films of polytetrafluoroethylene,
or PTFE (some times known by the trade names Teflon or Fluoron), by
STM, AFM and polarised-light UPS. Now we have observed that ordered
films of conjugated polymers can be formed by a form of molecular
epitaxy on ordered PTFE substrates. We have found that, under certain
conditions, both poly(2,5-diheptyl-/?-phenylene), or PDHPP, and
poly(2,5-diheptyl-/)-phenylene vinylene), or PDHPV, form ordered over-
layers of ordered PTFE. The experimental studies were carried out using
polarised light from synchrotron radiation. The dispersion of the highest
occupied Tt-bands in the overlayers is used as an indication of order. This
work is based to a large extent on our experience with the polydiace-
tylenes, where the ordering of the samples is known [M Fahlman].
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Model molecular systems for conjugated polymers:

In order to enable an interpretation of experimental results on polymer
systems, often studies of model molecular counter parts are found to be
useful. Since poly(p-phenylene), or PPP, is the first polymer material to
be used in organic LEDs yielding blue light, is deemed important to
understand the details of the spectroscopic features associated with the
electronic structure of PPP. Initial temperature dependent XPS shake-up
measurements on vapor-deposited thin films of three- or four-ringed
parfl-phenylene molecules (/Merphenyl and p-quaterphenyl) were carried
out. There are known geometrical phase transitions in the single crystals
of these materials. Differences in the XPS shake up spectra were observed
above and below the known phase transition in molecular solid films of p-
quaterphenyl. The data obtained in Linköping is of low resolution, how-
ever, and interpretation of the spectra is difficult. The measurements will
be repeated in the future using the special high resolution spectromenter
of the Nordic Molecular Materials Research Group presently under con-
struction for use with synchrotron radiation at beam line 51 at the MAX-
lab. Lund [M Fahlman].

Polymer-Metal Interfaces:

Previously, we have shown how sodium and aluminum atoms interact
with the surfaces of conjugated polymers or model molecular systems
therefore. In this period, we studied the doping of molecular solid films
of biphenyi with sodium. The experimental data fill a gap in the series of
diphenylpolyenes oligomers of poly(p-phenylenevinylene), or PPV,
studied previously. Analysis of the data, in conjunction with an analysis of
a variety published results, enables an explanation of certain features in
the UPS spectra which were incorrectly attributed to "incomplete
screening effects" in photoelectron spectroscopy [C Fauquet, K Xing, P
Dannetun, and M Logdlund).

Calcium is used as the low work function metal in the new polymer
LED's based upon poly(/>-phenylenevinylene), or PPV. In this past year,
we have studied the interaction of calcium atoms with the surfaces of
poly(2,5-diheptyl-/>-phenylenevinylene). The studies indicate that,
contrary to expectations, calcium acts as an electron donating dopant at
the surface of this substituted PPV. This effect helps explain some of the
unusual behavior of LED's with calcium electrodes, as prepared at
Cambridge University, UK fP Dannetun].

In the polymer LED area there is much interest in finding metallic
electrode materials which optimise electron injection at the metal-poly-
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mer interfaces, as well as exhibit the proper chemical and physical
characteristics which do not impede device performance. In this vain, we
have begun the investigation of the behavior of rubidium (Rb) atoms on
the surfaces of conjugated polymers. Initial studies of Rb on PPV have
indicated that Rb is a dopant agent for PPV, transferring electrons to the
polymer. Because of the some what larger size of the Rb-ion, less inter-
facial diffusion is expected in comparison with the case of Ca atoms on
PPV [G Iucci].

Our previous studies have shown how chemical reactions occur at the sur-
faces of conjugated polymers when aluminum electrodes are physically
vapor-deposited on to the surfaces, leading to detrimental effects at the
metal-polymer interface. We have initiated a study of the possibility of
applying aluminum electrodes to polymer surfaces using chemical vapor-
deposition, which should remove the atomic kinetic energy element in the
surface treatment. We have begun a study of the chemical and electronic
structure of trimethylamine alane (TMAA). Ultimately, we will try to use
the TMAA in applications of laser-assisted CVD of aluminum on con-
jugated polymer surfaces [C Fauquet].

Scanning Probe Microscopy:

Our general interest in polymer interfaces has taken us into quasi-bio-
logical areas. In cooperation with personnel in the Laboratory of Applied
Physics [Erlandsson and Lundström], we have studied the orientation
effects in fibrinogen adsorbed at the sub-monolayer level upon ordered
PTFE substrates using scanning force microscopy. A high degree of
orientation is observed. The details have been incorporated into a feasible
model [J Rasmusson].

Post Doctoral Visitors:
Dr. Carole Faquet, France, 6 months.
Dr. Giovanna Iucci, Italy, 4 months.
Dr. Thomas Kugler, Germany, 5 months.

Research Visitors:
Asst. Prof. C. R. Wu, South East Institute of Technology, Nanjing, China;
2 months.
Mr. Volker Martin, University of Graz, Austria; 4 weeks.
Asst. Prof. R. Lazzaroni, University of Mons-Hainaut, Belgium; 2 weeks.
Ms. S. Spagnoli, University of Paris-VII, France; 1 week.
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Research Travel:
M. Fahlman, to Daresbury, UK; 5 weeks.
M. Fahlman, W. R. Salaneck, N. Johansson, to MAX-Lab, Lund, Sweden;
1 week.

Other Activities:

Organisation of European Materials Research Society 1994 Spring
Meeting, Symposium-D: Organic Materials for Electronics: Conjugated
polymer interfaces with metals and semiconductors, Strasbourg, May 24 -
27, 1994, J. L. Bredas, W. R. Salaneck, and G. Wegner, Chairmen.

The Nordic Molecular Materials Research Group (NMMRG) was formed
with support from the Wallenberg Foundation. Founding members are L.
Eberson, Lund; S. Svensson and H. Siegbahn, Uppsala; A. Fahlman and
W. R. Salaneck, Linköping. A unique end station for photoelectron
spectroscopy, NEXAFS, Auger spectroscopy, photostimulated desorption,
and more, at beam line 51 at MAX-Lab, Lund, Sweden has been designed
and is under construction. The equipment, a modernised and elaborate
copy of the MOSES spectrometer here in Linköping, will utilise the
Scientia ES-200 electron energy analyser, which is capable of 4 meV
energy resolution. The system will be the first in the world capable of
studying gases liquids and condensed molecular solids of certain mole-
cular materials. Installation and testing is scheduled for early 1995
[M. Fahlman and W R Salaneck].

Degrees Granted:
PhD.

P. Dannetun, December 1993.
Licenciate:
M. Fahlman, December, 1993; and
J. Rasmusson, May, 1994.
Undergraduate Degree (Ms):
P. Broms, January 1994
N. Johansson, January 1994
M. Vigren, June, 1994.

Teaching:
Atomic and Molecular Physics; Salaneck
General Physics (Introductory course); Fahlman, Johansson, Broms
Measurement Techniques; Johansson
Classical Physics (for Mechanical Engineering students); Broms
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THEORETICAL PHYSICS

The theoretical physics group conducts research which covers a wide
range of subjects in the field of condensed matter physics. A number of
projects deal with electronic properties, transport and thin film growth
processes of new advanced materials. The physics of ultra small
(mesoscopic) semiconductor structures based on such materials are also
studied. A linkage between solid state theory and quantum chemistry is
established in the studies of conducting polymers, fullerenes and poly-
merelectrolytes. There are also projects which are oriented more towards
fundamental studies, e.g., the theory of aperiodic, ordered systems, the
global behaviour of discrete systems, and chaotic behaviour.

The theory group takes active part in the physics teaching programme at
undergraduate and graduate levels. A new course intended for both
undergraduates and graduates, "Relativistic quantum mechanics - Wave
Functions" has been introduced by K-F Berggren and R Riklund. "Theory
of Relativity" has been conducted by M Severin with the same purpose.
Other, more strict graduate courses have also been given: "Statistical and
Thermal Physics I,II" (P Miinger) and "Quantum Mechanics" (K-F
Berggren). In addition to the courses seminars on current research topics
have been arranged on a regular basis, mostly with external speakers.

Much of the work in theoretical physics involve numerical simulations.
Hence the group is strongly dependent on efficient and easily accessible
computer systems. The local computer systems include the department
Sun workstation network and a departmental Cray Y-MP EL. Funding
for future upgrading the computer facilities have been granted by the
Swedish Engineering Research Council and Knut and Alice Wallenberg
Foundation. An active part is also taken in improving academic com-
puting facilities on a national level. Thus K-F Berggren has been
appointed member of the National Board for High Performance
Computing which was recently established by the government.

One doctor thesis was presented in theoretical physics during the last
academic year: Claes Fredriksson, "Theoretical Studies of Metal/Conju-
gated Polymer Interactions". He now continues related studies at Ecole
Polytechnique de Montreal, Departement de Genie Chimique, Montreal,
Canada, by means of a post doctoral fellowship from the Swedish
Engineering Research Council (TFR).

Two licentiate theses were also completed:
- Jan Fagerström. "Electronic structure calculations of conjugated
macromolecules and a study of the second order polarisation propagator
approximation applied to some small molecules"
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- Jan Hemmingsson: "Some global effects in cellular automata". During
the fall of 94 he continues collaborative work at Laboratoire de Physique
et Mécanique des Milieux Hétérogénes, Ecole Superieure de Physique et
Chetnie Industrielle, Paris.France. Financial support for the stay in Paris
is received from the Swedish Institute in terms of a fellowship.

Below follows a summary of the research projects within the group.
More information can be found in the list of publications given in the last
section of this activity report.

Conjugated polymers and macromolecules
(M Boman, J Fagerström, C Fredriksson, S Stafström)

Chemically synthesised electroactive materials such as conjugated poly-
mers are becoming increasingly interesting for applications in photo-
electronic devices such as light emitting diodes and solar cells. The large
tunability of the electronic properties of this type of material, opens up
enormous possibilities in terms of applications. The research is focused
on theoretical studies of the electronic and transport properties of a wide
range of extended rc-conjugated systems; conducting polymers and oligo-
mers, metal/polymer interfaces, and fullerenes.

Conductance and localization of heavily doped conjugated polymers
The quasi one-dimensional (1-D) nature of conjugated polymeric systems
is of fundamental interest as concerns the disorder induced electron
localization since this type of material bridges the theoretically well
studied 3-D and 1 -D systems. We perform calculations of the conductance
for a system of coupled linear chains. Disorder is introduced in this type
of system and the length dependence of the conductance is studied as a
function of the interaction strength between the chains. For interaction
strengths typical of polymeric system we find very long localization
lengths along the chain directions in agreement with the long mean free
paths and the high conductivity which are observed for this type of
systems.

Optical properties of doped conducting polymers
Optical absorption is one of the most powerful tools in order to investi-
gate conjugated polymers and fullerenes. We have previously studied
optical transitions in the band model as well as using configuration
interactions. More recently we have developed a method based on the
random phase approximation (RPA) to calculate the optical absorption
spectrum for extended systems. This method makes it possible to cal-
culate, for instance, exciton binding energies in polymers and fullerenes.
Within this project we are also studying photoisomerization and non-
linear optical properties of polyenes.
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Metal/polymer interfaces
Large scale ab initio Hartree-Fock/MP2 as well as density functional cal-
culations are performed on clusters of metal atoms interacting with con-
jugated macro-molecules, which are model systems for polymeric
systems. These studies are aimed at understanding of the basic interfacial
chemistry of the metal/polymer interface which appear for instance in
polymer based electronic devices. During the year, one PhD thesis has
been completed within this project, "Theoretical studies of
metal/conjugated polymer interactions, by Claes Fredriksson The thesis
was presented in December 1993.

Fullerenes
We have found that a fundamental type of coupled electron-phonon
excitation exists in C60> a ring like distortion around the spherical mole-
cule. This distortion corresponds to the ground state in C60 anions.
Energies of singlet and triplet excited states are also calculated for the
neutral molecule as well as for the anions. The triplet state is shown to be
the lowest excited state of the neutral molecules as well as of the dianion.
We are presently studying the experimentally claimed possibility of the
formation of fullerene polymers, i.e., a chain formed by coupling
together C60 molecules in a linear fashion.

Elastic properties of crystals
The rare properties of stress densification and negative Poisson rations
are studied for low symmetry crystal phases. We have been able to derive
general relations which makes it possible to tell from the elements of the
compliance tensor whether or not a material stress densifies and/or has a
negative Poisson ratio. Using these relations we have searched the litera-
ture and found a total of 11 phases which are stress densified.

Global effects in cellular automata
(J Hemmingsson, R Riklund)

In the context of global behavior in spatially distributed dynamical
systems, we have continued a study of a class of cellular automata with
very peculiar properties. These systems are governed by local interac-
tions only, but nevertheless seem to have the same dynamical phase over
large spatial distances. There are e.g. binary cellular automata - a
spatially ordered system of spins - where the fraction of up-spins is
periodic or quasiperiodic in time. In order to trace the origin of this
behavior, we have tried several different methods of investigation. One
computer experiment on binary cellular automata that we performed, was
to mix one rule that gives a global quasiperiodic behavior with a rule that
gives a periodic behavior. With the period three compontnt of the
Fourier tiansform of the fraction of up-spins" as the order parameter,
we found a phase transition at a critical mixing of the two rules. Though
this work might seem a bit far from reality, it is still of interest since
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phase transitions in such dynamical systems have hardly ever been
investigated closer. The reason for this is not that there are no appli-
cations, but rather that there is still no simple and ready-to-use formalism
to threat this kind of problems. Collaborators during the last year have
been Hans Herrmann and Gongwen Peng at Hochstleistungs-
rechenzentrum, Germany.

Macroscopic conformation of polyelectrolytes and electro-
elastomers
(M Severin)

Polyelectrolytes are flexible charged polymers and electroelastomers are
materials that combine the elasticity and flexibility of elastomers (e.g.,
rubbers) with the electroactivity and electrical conductivity of conjugated
polymers. The polymers studied resembles ordinary rubbers in the sense
that they can form gels of cross-linked flexible polymers, but the shape
and elasticity of the constituent polymers can be manipulated using their
electroactive properties.
The objective of this project is to generate an understanding of the
mechanisms responsible for the changes in linear dimension and optical
properties of the isolated polymer upon doping, as a function of various
external parameters as temperature and solvent quality. We have found
that a full treatment of the relevant factors in this problem must include
the effects on the 7i-electron bandstructure of the polymer as well as
excluded volume effects due to the intra-polymer repulsion from the
finite size of the monomer units and from the global charging of the
polymer. The project thus embraces two traditionally separate fields of
polymer physics; classical polyelectrolyte theory, which since long is a
very active area in physical chemistry, and electronic structure theory of
conjugated polymers, the latter being part of solid state physics and
quantum chemistry.
Experimentally, these materials show strong thermocromic behavior. The
absorption spectrum of the neutral polymer is blue-shifted upon heating
which suggests that the bandgap widens with increasing temperature.
There is however still some controversy concerning the causes of the
blue-shift and it is not fully established that single chain mechanisms are
the dominant factors. We address this problem using Monte-Carlo
simulations of single chains modelled by the usual Hiickel Hamiltonian to
calculate the thermodynamic averages of the relevant order parameters;
the conjugation length and the persistence length. It is found that the
bandgap, which is related to the conjugation length, is indeed widened
when the temperature is increased. Furthermore, the absorption
spectrum, through the electric dipole matrix element, also depends on the
macroscopic shape of the polymer. It can be shown that this effect is
related to the persistence length and also favours a high frequency shift at
higher temperature.. Our simulations indicate that excluded volume
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effects contribute significantly to increase the temperature dependence of
the persistence length.
The Monte-Carlo simulations were performed on the Cray computer of
the National Super Computer Centre in Linköping. This project is carried
out as a collaboration with Dr Olle Inganäs at the laboratory of Applied
Physics.

Theory of aperiodically ordered and nonlinear systems
(M Hömquist, M Johansson, B Lindquist, R Riklund)

Within condensed matter physics one has traditionally studied materials
that are either periodically ordered or disordered (amorphous). In the
early sixties a new class of materials was found, so called incommensurate
crystals. They are ordered but in an aperiodic way. During the eighties
the list of deterministic aperiodic systems was extended to include quasi-
crystals (1984) and artificially prepared deterministic aperiodic super-
lattices (1985). Since then such systems has been a very active field of
study.

A very large number of papers have earlier treated the one-dimensional
Fibonacci lattice generated by the inflation rule A -> AB and B -> A, i.e.
the lattice structure is given by ABAABABAABAAB... . There has
recently been much interest in the so called Thue-Morse lattice given by
the rule A -> AB and B -> BA which results in the lattice
ABBABAABBAABABBA... . A study of the localization effects in such
aperiodic systems when a random perturbation is applied has also been
performed. We have also obtained results concerning generalizations of
the so called "circle sequence". Inflation rules have been derived for these
sequences and a pure analytical treatment has shown that the nature of the
electron spectrum is of the same sort as for the Fibonacci lattice (so called
singular continuous spectrum).

The general interest for nonlinear systems is strongly increasing. We
have started investigations of the effect of nonlinearities on the physical
properties of deterministic aperiodic systems. Soliton-like solutions
similar to those present in periodic crystals was found in a Thue-Morse
lattice, described by a discrete non-linear Schrödinger equation. We have
then performed a numerical study of the dynamical properties of solitons
in a Thue-Morse lattice. Rapidly moving solitions are shown to propagate
with small dispersion and radiation if they have a phase-modulation wave-
length corresponding to regions of small amplitudes in the Fourier-
spectrum of the on-site potential. Such solitons also remain essentially
unchanged after collision. Furthermore, we have shown that, for slowly
moving solitons, an effective particle model is useful in order to under-
stand some of the dynamic behaviour, e.g. trapping of the solitons around
points where they experience a local extremum in energy. The relation
between the width and energy of the solitons has also been studied.
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Molecular dynamics simulations
(M H Carlberg, V Chirita, E P Munger)

The rapid development of powerful computers makes it ever mote
interesting to use various computer simulation methods to gain detailed
information on physical problems. One method to obtain dynamical
information about many particle systems is to numerically integrate the
classical equations of motion (Newton's equations) for the particles. The
forces acting on the particles can either be calculated from classical model
potentials in which case the method is referred to as classical molecular
dynamics or simply the molecular dynamics method. An other method is
to use a full quantum mechanical treatment to calculate the forces acting
on the particles. The resulting method is called quantum molecular
dynamics. Various static and dynamic quantities can then be calculated
from particle trajectories.

We are currently using the classical molecular dynamics method to study
ion induced defect generation during growth of metallic heterostructures
in collaboration with the Thin Film Physics Division at this department
and the NUTEK/NFR Materials Research Consortium on Thin Film
Growth. It is experimentally known that metallic heterostructures grown
by ion assisted molecular beam epitaxy shows asymmetric interface
broadening. The broadening depends not only on the ion type and energy,
but also on the material that is grown and what it is grown upon. To be
able to control the sharpness and stress levels in the interfaces are
important in many applications. The objective of this project is to obtain a
detailed understanding of the dynamics and stress levels of the initial faces
of the defect generation due to ion bombardment. As a typical case we
study ion assisted growth of Molybdenum Tungsten heterostructures with
Argon as sputtering gas. Typical Argon energies are between 50 eV and
200 eV. Individual Argon ions incident on a monolayer of one material
on top of the other material are followed for a few picoseconds during
which stress levels and defect generation are studied.
The simulations are done on the department CRAY Y-MP/EL and uses
the embedded atom method to describe the interaction potentials and
forces between the atoms.

Quantum transport in ultra small semiconductor systems
(K-F Berggren. Z-L Ji, T Lundberg, T Ouchterlony, C Wang,
D Wilczynski)

This project deals with very small (mesoscopic), low-dimensional
structures that may be formed by various experimental techniques in e.g.
semiconductor heterojunctions. At low temperatures the mobility of an
electron gas residing at the interface may be very high and the corre-
sponding mean-free length, i.e. the average distance an electron travels
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before it collides with an impurity or another imperfection, may exceed
several urn (10 - 20 ^m in GaAs/AlGaAs).
The low-dimensional structures may be in the shape of one-dimensional
(ID) conducting channels, rings, quantum dots and various leads. Typical
spatial dimensions are about 10 - 100 nm, a regime that is referred to as
mesoscopic. Because the mean-free length may be much larger than the
spatial extensions of the structures, transport becomes essentially ballistic
at low temperatures, i.e. electrons injected on one side of a device may
shoot through to another side without colliding with impurities. The
transport is therefore dominated by quantisation effects, reflections at the
confining walls and wave interference. Systems of this kind are
interesting from the view of fundamental physics. They are also impor-
tant for future applications. In the field of microelectronics, for example,
there is a constant drive to smaller and smaller devices. It is therefore
important to understand the physics associated with smallness.
The research program focuses on quantum transport in ID channels or
quantum wires of different shapes and dimensions, quantum dots and
chaotic billiards of different shapes. Non-linear transport in quantum
point contact in series has been considered. Other topics are flow patterns
and the formation of vortices and their detailed dependence on geo-
metrical features, effects of magnetic field, randomness etc. Also classical
transport has been studied for certain Y-switches.
The interplay between theory and experiments is an important aspect of
the field. A collaboration with the Department of Solid State Physics at
Lund University has therefore been established through NUTEK-NFR
consortium "Nanometer structures: fabrication, characterisation and
applications" (Lars Samuelsson and Pär Omling). There is also a joint
project on non-linear transport in quantum point contacts together with
the Semiconductor Physics Group, Cavendish Laboratory, Cambridge,
UK (Michael Pepper). Transport in large circular quantum dots have
been considered together Magnus Persson and collaborators at
Department of Physics, Chalmers University of Technology, Gothenburg.

Basic and applied many-particle physics
(B E Sernelius, E Söderström)

The work is centered around phenomena and properties that are
dominated by many-body effects. The materials studied are often bulk
semiconductors or semiconductor structures. The current work can
schematically be divided into the following categories: basic theory,
transport properties, optical properties, many-body effects in quantum
wells, and drag effects.

Basic theory : The polaron concept has attracted much attention for a
long time. It is one of the simplest examples of the interaction between a
particle and a field. During previous year the free-polaron absorption
was derived in perturbation theory to fourth order for the first time.
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These exact results were obtained on closed analytical form. This work
filled in a missing piece of the theory for the polaron.

In experiments on free-polaron absorption the free carriers are usually
introduced into the system by doping. The doping leads to an extra
scattering process, electron dcpant-ion scattering, which influences the
optical absorption. We have this year initiated a study of the effect on the
absorption from a combination of phonon- and impurity-scattering. We
also study the effect from electron-electron interactions, which becomes
important if the carrier concentration is high enough.

Transport properties : We have spent much time on studying various
theories for the impurity resistivity in three and two dimensions at
various temperatures. At the present we are working on an extension of
the theories to higher order in the impurity potential. We have also
entered a collaboration with the 'surface and semiconductor physics'
group in a project on high mobility structures and devices. We will cal-
culate the transport properties of a doubly delta doped structure. This
system is neither a three- nor a two-dimensional system but rather
something in between. The electron states are quantized in one direction
and extended in the; other two. Thus, the system consists of many levels
and the electrons can scatter both within and between the levels. The
screening is also rather complicated in a system of this kind. This cal-
culation is a great challenge for the theory and will hopefully explain why
one experimentally obtain an order of magnitude higher mobility for this
structure as compared to a corresponding bulk structure or a single delta-
doped structure. If we succeed with our task we hopefully can suggest
other possible structures that might have even higher mobilities.

We have also calculated the mean free path in metals and in particular
studied the anamolous behavior in the experimental results extracted from
photo emission data on Be. This has been done in collaboration with Leif
Johansson, material science group.

Optical properties : We have since many years an ongoing collaboration
with CG. Granqvist's group, now in Uppsala, on the optical properties of
transparent optical coatings. Heavily doped large band-gap semi-
conductors can be used as coatings on highly energy-efficient windows,
giving good solar transmittance and low thermal emittance. It turns out
that these systems are ideal for studying the aforementioned free-polaron
absorption. This absorption occurs in the infra-red region. We are now
investigating, theoretically and experimentally, how this absorption varies
with carrier concentration and temperature.

Many-body effects in quantum wells : Here we determine the band-gap
renormalization and other many-body effects showing up in the
luminescence-, absorption-, and photo-luminescence-excitation- spectra
from quantum wells. Some of these effects are Fano resonances in exciton
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spectra and Fermi-edge singularities. The work is in collaboration with
the materials science group and with Ivar Linnerud, a research student
from the Norwegian Institute of Technology in Trondheim.

Drag effects : We study a system composed of two very closely spaced
metallic sheets, e.g., two conducting quantum wells. If current is forced
to go in one of the sheets the carriers in the other are dragged along. This
is an effect that cannot be obtained from the Maxwell's equations. A
microscopic theory is needed. There is also a force developed between the
sheets.

A Compton spectrometer
(R Ribberfors)

This project is a longterm collaboration with the Dept. of Radiation
Physics at the University Hospital in Linöping. It deals with X-ray
scattering and how to measure intensities in e.g. clinical situations.

Compton scattering represents a most important mode of interaction
between condensed matter and energetic photons. This process is bein^
explored for the purpose of in situ measurements of very intense X-rays
in the energy range 10-500 keV. The high yield from X-ray units used
for diagnostic purposes makes it impossible to measure the associated
spectra by direct methods, i. e. in the primary beam from the X-ray tube.
A way to avoid this problem is to use a Compton spectrometer, in which
the intensity of the primary beam is reduced by scattering of the photons
from a filament of a material with a very low atomic number. We use
polyethylene or lucite because these materials are able to manufacture in a
very pure form. The scattered radiation is of low enough intensity to
allow for measurements by means of a conventional high purity Ge
detector. The primary beam is then reconstructed by means of theoretical
convolution methods using a knowledge of the differential cross sections
for elastic and inelastic scattering of the photons, attenuation in the
scatterer and in the air and detector response functions. We are now able
to do measurements on an absolute scale, i. e. the total number of photons
per second, per energy interval and per squared centimeters may be
measured. At the Department of Radiation Physics at the University
Hospital in Linköping a group is working with measurements from
different radiation sources (X-rays and radioactive sources) using the
Compton spectrometer. We are also studying the scattered spectra of
photons, when the scattering angle is small (down to 10°) and the maxi-
mal energy of the incoming photons is low (~ 5 keV). The quantum
electrodynamical theories give a very good agreement between theory
and experiment in this area, except for the relatively small fraction of
elastically scattered photons where small discrepances still exist.
However, theoretically this problem still has to be solved. One of the
members in our group (Georg Matscheko) has left Sweden for a position



as SSDL officer (Secondary Standard Dosimetry Laboratories) at IAEA
in Vienna, where he is working with standardisation methods for
different radiation sources. We believe that our method will be useful as a
standard method in the future for calibration of x-ray tubes used in
clinical and terapeutic situations.
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THIN FILM PHYSICS

At the department research concerning growth of thin films from the
vapor phase has been conducted since 1973. The research is focused on
understanding relationships between growth parameters, structures and
physical properties of thin films. The <>oals of the research are both to
increase the understanding of vapor phase growth and reactions in thin
films on an atomistic level and to explore physical properties of
structures unique to thin films. The research is relatively broad and
covers several different material combinations and growth techniques.

Research program
The research program which is experimental in its character is focused
on films grown by sputtering and evaporation techniques. The characteri-
zation of deposited films is concentrated onto structural techniques such
as electron microscopy and x-ray diffraction. Physical properties are
predominantly investigated in cooperation with other groups as described
below. The emphasis is to understand kinetically limited growth processes
and the program includes studies of low-energy ion/surface interactions,
growth on lattice-mismatched substrates, low-temperature growth,
growth of superlattices, thin film solid phase reactions and sputtering of
compounds (including nitrides, high-Tc superconductors, and SiC).

Projects
The ongoing research projects are described below (including the prin-
cipal investigator(s). graduated researchers, graduate students involved
and the main financial sponsor(s).) During the year three persons (Jens
Birch, Kenneth Järrendahl and Hans Sjöström) have obtained their
licentiate degrees.

Influence of low-energy ions on film growth.
(Prof. J-E Sundgren. Doc L Hultman. Dr P Kazansky, Dr I Ivanov.
Sponsor: NFR).

The project has been directed towards defect incorporation as a function
of ion energy and growth temperature in films grown utilizing ion
assisted magnetron sputtering. A significant proportion of these studies
has been carried out in cooperation with Prof. J.E.Greene at University
of Illinois, USA. Results for poly- and single crystalline TiAIN, TiN
films as well as for epitaxial Mo/W superlattice films have been obtained.
As the ion energy and/or ion flux are increased the amount of defects in-
creases. At low temperatures the defects consist predominantly of point
defect clusters and incorporated primary ions while at higher tempera-
tures redistribution of point defects and incorporated primary ions results
in dislocation loops and gas bubbles, respectively. However, for low ion
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energies where the energy transferred to the growing film surface is not
high enough to cause atomic displacement events, reduction of defect
densities can also be obtained.
By studying the interface structure in epitaxial Mo/W superlattice films,
by x-ray diffraction and simulations of x-ray diffraction spectra, we have
demonstrated that energetic particle bombardment even at low energies
gives rise to a substantial intermixing. In Mo/W superlattices grown by
magnetron sputtering a significant unintentional bombardment of the
growing film surface by energetic (but neutral) particles will occur as a
result of Ar ions being back scattered and neutralized at the target sur-
face. Since the mass difference between Mo and W is high the flux as well
as the energy of the back scattered Ar ions will vary depending if the
substrates are exposed to a Mo or a W flux. This will then result in an
asymmetric broadening of the interfaces with the Mo/W interface being
wider than the W/Mo interface. The experimental results have also been
modelled using dynamic Monte Carlo simulations in which the ion/surface
interaction is simulated using the binary collision approach (dynamic-
TRIM simulations). Together with Dr Peter Miinger at the Theoretical
Physics Division we are also studying the detailed mechanism causing the
interface broadening using molecular dynamic simulations, as graphically
demonstrated on the front page of this report.
During the year we have also carefully investigated unbalanced
magnetron discharges by electrical probe measurements. By using the
second derivative of the current versus voltage characteristics we have
derived electron energy distribution functions, average electron tempera-
tures, space-potentials as well as impinging ion fluxes as a function of the
magnetic field strength. By varying the magnetic filed strength in the
substrate vicinity very large changes in the above mentioned parameters
can be obtained while keeping the plasma conditions at the target constant.
In order to access the energy of the impinging ions also a retarding field
analyser have been built and initial tests performed.

Growth of high-Tc superconductors and other compound
oxides
(Doc U Helmersson. Dr L Madsen, X Wang, N Johnson, S Normann
Jacobsen) Sponsor: NUTEK, NFR and Nordic Industrial Fund)

In this project the aim is to develop an understanding of thin film growth
of complex compound materials, in particular high-Tc superconductors.
An important part of the project is applied aspects of such materials and
we are therefore participating in a Nordic project on applications of high-
Tc superconductors. For most applications, high quality films without
secondary phases have to be grown on different substrates, such as AI2O3
substrates, which are of a large interest in many applications in which
high frequencies are required. In order to be able to grow epitaxial
YBa2Cu3O7 films with state of the art superconducting properties on
AI2O3 substrates buffer layers must be used. We have used thin (10-20
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nm) epitaxial layers of CeO2- These structures have been shown to work
well giving high Tc and Jc-values. Also microwave devices (circulators)
have been fabricated and found to work well. The latter part of the work
is performed in co-operation with Professor Staffan Rudner FOA,
Linköping. Much of the efforts during the year has also been on further
developing our experimental equipment. An existing HV-system has been
equipped with three sputtering sources and a computer driven shutter
mechanism that make superlattice growth possible. Furthermore, an
UHV-sputtering system (financed by Knut and Alice Wallenberg
foundation), designed for thin film growth under oxygen atmospheres,
has been ordered.

Thin film metallurgy for microelectronics
(Doc H Hentzell (IMC AB). Dr S-F Gong (IMC AB). J Carlsson and X-H
Li, Sponsor: TFR)

The main emphasis in this project is on reactions between metals and
amorphous Si. The studies within this project are focused on, i) Basic
studies of reactions between metals and amorphous Si and ii) Device
technology using thin film reactions. In the first area the emphasis is on
thermodynamics and kinetics involved in metal-induced crystallization of
amorphous Si, and formation of amorphous alloys and silicides. During
the year the thermodynamical studies of group Ill-Si and group V-Si
alloys have continued. The experimental studies of electrical and optical
properties and thermal stability have been focused on the Si-B and Si-P.
By using extended fine-structure electron energy loss spectroscopy
(together with Doc S Csillag at Stockholm University) the short range
order variation in Si-B alloys with different composition have been
determined. In the area of device technology tyhe use of amorphous
alloys with bandgaps different from that of pure Si has been explored.
Furthermore, solid phase doping from heavily doped poly-Si and silicides
has also potential applications for small dimensional integrated circuits.
Heterojunction bipolar transistors, in which the emittor is fabricated
using an amorphous Si-B alloy have been realized. Also initial studies of
using microcrystalline poly-Si alloys in IR-detector elements have been
initiated this year.

Growth of Cubic Boron Nitride
(Doc L Hultman and M Johansson. Sponsor: Commission of the European
Communities, NUTEK)

In February 1992, a three year long Brite-EuRam II project was initiated
with the participation from Linköping University, Fraunhofer-
Gesellschaft in Hamburg, Hauzer Techno Coating in Venlo, Giinther &
Co in Frankfurt/Main, and Philips Research Laboratories in Eindhoven.
The objective is to develop an industrial low-temperature PVD technique
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for cubic boron nitride for long lifetime products. The task of the Thin
Film Division is to investigate the effects of substrate surface structure
and deposition parameters on the phase structure and microstmcture
evolution during film deposition. The present work has shown that single-
phase c-BN films can be grown by the use of r.f. sputtering method from
a boron carbide target. Electron microscopy characterization showed a
(110) texture in single-phase BN. The presence of 5 at.% C in BN did not
hinder the formation of the cubic phase and C is suggested to be
structurally located in a turbostratic structure. In order to learn more
about the chemical bonds of C, x-ray photoelectron spectroscopy studies
has been initiated. A deposition system for d.c. sputtering of BN films is
currently being constructed at Linköping.

Growth of optical superlattice structures
(Prof J-E Sundgren. Doc H Arwin (Laboratory of Applied Physics),
K Järrendahl and J Birch. Sponsor: TFR)

This project is performed in close cooperation with the consortium
activities and as a joint project between the Thin Film Physics Division
and the Laboratory of Applied Physics. The work has been concentrated
on amorphous Si/Ge multilayers and superlattices. The aim is to explore
optical properties of superlattice structures. So far growth conditions for
obtaining dense Si/Ge superlattices have been explored. Also optical
memories based on Si/Ge multilayers have been fabricated and tested.
Finally also initial optical measurements, using variable angle of
incidence spectroscopic ellipsometry, on superlattices with different
wavelengths and modulation sequences have been performed. Particular
emphasis have been placed on studies of generalized aperiodic Cantor
sequences. In cooperation with M Duleha from the Theoretical Physics
Division detailed theoretical as well as experimental studies of x-ray
diffraction patterns from such .superlattices have been performed.

Materials Research Consortium "Thin Film Growth"
(Prof. J-E Sundgren. Doc L Hultman, Q ul Wahab, L-0 Björketun,
J Birch, H Johansson, H Sjöström, K Järrendal, E Svedberg. Sponsor:
NUTEK/NFR).

An important part of the research activities in the Thin Film Division is
being undertaken in the NUTEK/NFR financed materials research
consortium "Thin Film Growth". Within this consortium the aims are to
increase the knowledge within the fields of epitaxial growth, growth of
high quality SiC films and artificial structures such as superlattices. The
consortium involves several groups within IFM as well as groups at
Uppsala University (R Wäppling and B Hjövarsson) and Lund University
(R Wallenberg). The consortium is managed by a steering board
consisting of Prof. Jan-Eric Sundgren, chairman, Prof. E Janzén IFM, Dr
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P Mårtensson IFM, Doc R Wäppling Uppsala University, Dr K Bergman
ABB, Dr M Sjöstrand Sandvik Coromant and Doc H Hentzell IMC AB.
The research that is being carried out by members of the Thin Film
Physics Division is focused on superlattice growth and low-temperature
growth.

In the area of superlattices the work has been concentrated on Mo/V
(001) superlattices, particularly onto generation of misfit dislocations and
hydrogen uptake. A large emphasis has been placed on developing
diffraction techniques and simulation methods in order to obtain a
detailed information about all structural parameters, including in-plane
and out-of-plane lattice parameters in the individual layers. Both x-ray
and neutron diffraction have been utilized. In addition to experimental
observations of defect generation in superlattices also theoretical
modelling (through molecular dynamic simulations) of such structures
have been conducted together with Peter Miinger at the Theoretical
Physics Division.

Another important part of the superlattice investigations is studies of
transition metal nitride superlattices. This part is carried out in colla-
boration with Prof. S.A. Barnet t at Northwestern University in USA.
Both epitaxial TiN/NbN and TiN/Vo.6Nbo.4N structures have been
grown. The two systems represents lattice mismatch of 3.5 % and < 0.2
%, respectively. For these two systems, the studies have been
concentrated on understanding enhancements in their mechanical
hardness. Preparation and characterization of superlattices combining one
hard and rather brittle material and one very ductile material have been
started. The first model system that currently is being explored is
TiN/Cu. This part of the project is supported by Seco Tool AB.

We have also started a collaboration with the Dept. of Materials Science
at Uppsala University and a Swedish industry consortium on new coatings
that are harder and tougher than present for a future industrial
exploitation of the coatings on tools. Nitride-based superlattices and car-
bon nitride (se paragraph below) show much promise, but there is a lack
of both knowledge about the mechanical and tribological properties of the
coatings as well as about well-characterised deposition processes. We are
presently directing research necessary before an industrial application
phase with the goals of 1) understanding mechanical and tribological pro-
perties of superlattices and carbon nitride, 2) developing PVD-processes
of said coating materials with a hardness of 4000 Vickers, and 3)
characterising and optimising the process for high-speed steel and
cemented carbides. During the first half year of the project, we have
modified a reactive magnetron sputtering process and demonstrated the
possibility of depositing TiN/NbN superlattices on different cutting insert
materials. The coating microstructure is being investigated using XRD
and TEM. Mechanical and tribological properties are studied and the
coating functionality will be evaluated in laboratory and endurance tests.
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As a consequence of these applied and fundamental research interests we
were also founding memebers of the Swedish Association for Surface
Engineering in the spring of 1994.

The project on low-temperature growth within the consortium has been
directed towards low-temperature growth of SiC onto Si and SiC
substrates and on interface studies of amorphous C:H films (so called
diamond like films) deposited on to steel substrates at temperatures below
150 °C. In the latter case the interface studies have been carried out using
transmission electron microscopy (TEM). This project which is aimed at
understanding adhesion mechanisms at low temperatures is performed in
cooperation with the SKF Engineering Research Centre in Holland.
During the year also studies on CNX films have continued. Based on
theoretical predictions of the existence of a C3N4 phase with a bulk
modules higher than that of diamond several groups have tried to
synthesis this compound. Using reactive sputter deposition of C in N2 and
NH3 discharges we have so far obtained films with a N-concentration of
maximum 30 at.% which is still far below the 57 at.% for the predicted
C3N4 phase. The structure of these films have been determined, using
high resolution TEM, to be of a turbostratic C type. However, in spite of
the fact that the C3N4 phase has not been obtained the mechanical
properties of the turbostratic films are interesting. They are relatively
hard with a hardness slightly higher than that of Si, but extremly elastic
with an elastic recovery of more than 80%.

In the consortium we have also been involved in nucleation studies of Pd
on MgO substrates in order to obtain a detailed understanding of how to
tailor island dispersions (sizes, forms etc.) so as to obtain samples with
different crystallographic structures and different ratios between surface
and bulk atom densities. These different structures will then be used for
fundamental catalysis studies. This part is performed entirely together
with Doc L-G Petersson at the Laboratory of Applied Physics.

Finally, an important part of the consortium activities is focused on
growth of high quality SiC epilayers. This work is to a large extent
carried out within the Materials Science Division (Prof. Erik Janzén) and
the detailed description of this part is given in the section of this report
covering their activities (see page 70 and 77). However, personnel from
the Thin Film Division (L-0 Björketun, L Hultman, I Ivanov and J-E
Sundgren) have also been engaged in these studies particularly in the
structural analyses of epitaxial SiC layers. Low-temperature CVD and
PVD processes for growth of epitaxial films of device quality have been
demonstrated. For example, films grown by ultra-high vacuum
magnetron sputtering on Si substrates kept at a temperature of 850 °C
have been shown by TEM and XRD to exhibit an excellent quality.
Photoluminescence (PL) from these films also proved that the crystalline
quality was comparable to the best CVD-grown 3C-SiC epilayers. For
example, the nitrogen bound exciton lines could be observed together
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with other weak and broad PL lines associated to interface defects. Also
device structures fabricated from films grown by sputtering have been
investigated together with M Willander and Q ul Wahab from the
Electronic Device Division. For example, 3C-SiC/Si heterojunction
diodes have been fabricated. From the electrical characterization of these
diodes band offset values for the 3C-SiC/Si heterojunction were
determined to be -0.27 and 1.35 eV for the conduction and valence bands,
respectively. The diode breakdown was obtained at a voltage of -110V.

Cooperations
Extensive cooperations exist both with other groups within IFM and with
groups at other universities, institutes and companies in Sweden and
abroad.
Cooperative partners within IFM:
Prof. G V Hansson (Si/Ge structures)
Doc H Arwin (Optic il studies of superlattices)
Doc M Willander (SiC devices)
Doc L-G Petersson (Films for catalysis studies)
Dr P Miinger (Molecular dynamic simulations)
Prof E Janzén (SiC)
Cooperative partners outside IFM :
Prof. E Karlsson, Doc R Wäppling and Dr B Hjövarsson, Uppsala
University (Hydrogen uptake in Superlattices and magnetic properties of
superlattices)
Dr S Rudner at the Defense Research Establishment in Linköping (High-
Tc superconductors)
Doc R.L.Wallenberg at Kemicentrum, Lund University (High resolution
microscopy)
Prof. J.E. Greene at University of Illinois USA (Ion/surface interactions
and superlattices.)
Prof. S.A.Barnett at Northwestern University Illinois USA (Growth and
mechanical properties of nitride superlattices).
Prof T. Page at University of New Castle, New Castle upon Tyne, UK
(Mechanical properties of CNx films)
Dr. G Radnoczi at Inst. of Technical Physics, Budapest, Hungary
(Structure of superlattices)
Doc Ö Rapp, KTH , Stockholm (Magnetic measurements on high-Tc
superconductors)
Prof V K Rao, KTH, Stockholm ( Magnhetic properties of Mo/V
Superlattices)
Prof E Kollberg, CTH Göteborg (High frequency measurements on high-
Tc superconductors)
Prof B Sundquist, Umeå University (Hall measurements on high-Tc

superconductors).
Dr K Bewilouga, Fraunhofer Institute, Hamburg, Germany (c-BN films)
Doc. S Csillag, Stockholm University (Si-B alloys).
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UNDERGRADUATE COURSES

The faculty of technology offers M.Sc programs; the Swedish name of the
degree is "Civilingenjör". 666 students are annually accepted in four
disciplines:

M: Mechanical engineering (150)
D: Computer science and engineering (120)
Y: Applied physics av Electrical engineering (180)
I: Industrial engineering and Management (216)

The nominal time for the M.Sc. program is 4,5 years. The first three
years mainly consist of compulsory courses in basic subjects. After two
and a half years the students make a choice between different specializa-
tions (profiles), where some courses are compulsory (profile courses) and
the rest, within some limits, can be composed to fit the students own
interest.

The Y-students can choose between ten profiles, three of which are
related to the Department of Physics and Measurement technology (IFM).
The "IFM-profiles" are:

Applied Physics
Physical Electronics
Measurement Technology

Most of the courses given by IFM are for the Y-program, and in addition
some basic courses are given for the other programs. The courses are
classified in two fields: "Physics" and "Measurement technology".

Tuition in Physics
Basic (compulsory) courses in Physics:

Principles of Physi
Introductory Physics
Introductory Pysics
Modern Physics
Wave Physics
Electromagnetic field theory Y
Electromagnetic field theory I
Electromagnetism
Engineering Mechanics D
Modern Physics
Thermodynamics and

Statistical Mechanics
Modern Physics Y

120

Year

Y l
I 1
Ml
M l
Y2
Y2
13
D2
D2
13

Y3
Y3

Lecture
hours
42
30
36
36
18
36
26
28
44
36

30
42

Lesson
hours

24
24

22
40
18
20
26

18
34

Labwork
hours
32

20
25
10

4



Specialized courses, mainly aimed at the profiles "Applied Physics" and
"Physical Electronics".

Physical laboratory work,
advanced course

Analytical Methods in Material Science
Mathematical Methods in Physics
Molecular Electronics
Semiconductor Technology D
Semiconductor Technology Y
Semiconductor Physics
Analytical Mechanics
Quantum Dynamics
Quantum Mechanics, advanced course
Introductory Solid State Physics
Atomic- and Molecular Physics
Physical Metallurgy
Physics of Condensed Matter, part I
Physics of Condensed Matter, part II
Chemistry
Advanced Project Work in

Applied Physics
Biotechnical processes
Field theory, advanced course
Applied Physics
VLSI-design
Evaluation of an Integrated Circuit
Solid State Electronics
Surface Physics
Theory of relativity

The faculty of technology offers M.Sc programs; the Swedish name of the
degree is "Civilingenjör". 600 students are annually accepted in four
disciplines:

M: Mechanical engineering (120)
D: Computer science and engineering (120)
Y: Applied physics av Electrical engineering (180)
I: Industrial engineering and Management (180)

The nominal time for the M.Sc. program is 4,5 years. The first three
years consist of compulsory courses in basic subjects. In the end of the
third year the students make a choice between different specializations
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Year

Y4
Y4
Y4
Y4
D4
Y4
Y4
Y3,4
Y4
Y4
Y4
Y4
Y4
Y4
Y4
Y4

Y4
Y4
Y4
Y4
Y.D4
Y,D5
Y5
Y5
Y5

Lecture
hours

12

48
30
18
22
28
24
64
38
32
24
30
28
36
30

18
46
34
24

4
30
32
30

Lesson
hours

12
18
12
22

24
16
6

18
12

38
8

Labwork
hours

84
72

12
8

12
20

14
!2

28

48
5

12

12
10



(profiles), where some courses are compulsory (profile courses) and the
rest, within some limits, can be composed to fit the students own interest.

The Y-students can choose between ten profiles, three of which are
related to the Department of Physics and Measurement technology (IFM).
The "IFM-profiles" are:

Applied Physics
Physical Electronics
Measurement Technology

Most of the courses given by IFM are for the Y-program, und in addition
some basic courses are given for the other programs. The courses are
classified in two fields: "Physics" and "Measurement technology".

Tuition in Physics
Basic (compulsory) courses in Physics:

Principles of Physics
Experimental problem solving
Introductory Physics
Introductory Pysics
Modern Physics
Wave Motion
Electromagnetic field theory
Electromagnetic field theory
Electromagnetism
Engineering Mechanics
Modern Physics
Thermodynamics and Statistical Mechanics
Modern Physics

Year

Yl
I 1
I 1
Ml
Ml
Y2
Y2
13
D2
D2
13
Y3
Y3

lecture
hours
42

6
30
36
36
18
36
26
24
44
36
30
40

Lesson
hours

24
24

22
40
18
24
26

18
26

Labwork
hours

32
24

20
25
10

4
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Specialized courses, mainly
"Physical Electronics".

aimed at the profiles "Applied Physics " and

Physical laboratory work, advanced course
Analytical Methods in Material Science
Mathematical Methods in Physics
Molecular Electronics
Semiconductor Technology
Semiconductor Technology
Semiconductor Physics
Analytical Mechanics
Quantum Dynamics
Quantum mechanics, advanced course
Introductory Solid State Physics
Atomic- and Molecular Physics
Physical Metallurgy
Physics of Condensed Matter, part I
Physics of Condensed Matter, part II
Chemistry
Advanced Project Work in Applied Physics
Monitoring and Control of
Biotechnical processes
Field theory, advanced course
Applied Physics
VLSI-design
Evaluation of an Integrated Circuit
Solid State Electronics
Surface Physics
Theory of relativity

ear

Y4
Y4
Y4
Y4
D4
Y4
Y4
Y3,4
Y4
Y4
Y4
Y4
Y4
Y4
Y4
Y4
Y4

Y4
Y4
Y4
Y.D4
Y,D5
Y5
Y5
Y5

Lecture
hours

12

48
30
18
22
28
24
54
38
32
24
30
28
36
30

18
46
34
24
4

30
32
30

Lesson
hours

12
18
12
22

24
16
6

18
12

Labwork
hours

84
72

12
8

12
20

14
12

28
48

5

12
38
8

12
10

Tuition in Measurement Technology
Basic (compulsory) courses in Measurement Technology

Measurement Technology, Y
Circuit Theory and Electrical
Measurements (in coop with ISY)
Circuit Theory and Electrical
Measurements (in coop with 1SY)

Specialized courses for the profile
Current topics in Measurement
High frequency measurements
Measurement systems design
Computers in measurements and
signal processing
Project work in measurements
Mechanical measurements
Measurement technology, M
Digital measurements
Measurement technology, theory
and application

Year

Y2

Yl

Dl

Lecture Lesson
hours hours

8

8

8

"Measurement Technology'
Y3
Y4
Y4

Y4
Y4
Y5
M4
D4

Y4

20
24
24

20
4

24
20
8

40

Labwork
hours

20

16

16

8
35
4

20
48
14
40
20

54
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Tuition in Environmental Science and Technology

Within the Department of Physics and Measurement Technology is a
division "Environmental Science and Technology", which gives five
courses, listed below. The first course is compulsory for the M-student»,
and all are eligible for different disciplines.

Year Lecture Labwork
hours hours

Environmental Science M1, Y3.4 26 16
14, D4, C4

Environmental technology M4, Y4. 24 26
14, D4, C4

Environmental Measurement Y4 (I, M, 36 24
Technology D, C)
Life Cycle Assessment and Ecodesign Y4 (I, M, 40 10

D,C)
Cleaner Production optional 40

Biology

Biology majors can pursue a three year study program (120 credits)
leading to the degree of Bachelor of Science in Biology or extend this to a
four year study program (160 credits), thereby also obtaining the degree
of Master of Science in Biology. Most of the students have earned the
required number of credits per year without the need for repetition or
delayed completing their studies. 30 • 'udents are enrolled in the first year
of the program, 30 in the second, 18 in the third and 17 in the fourth year.
12 students have put forward their examination works. 10 students were
awarded degrees at the end of the year.

Eight students adopted the physiological option of the third year of the
Biology study program. The work on degree projects was carried out at,
among other places, the departments of Microbiology, Pharmacology and
Pathology at the Linköping University Medical School. The ecological
option had 22 students in its third and fourth year of the study program.

Colloboration with various local and non-local laboratories, in regards to
special projects and degree projects, has proven very valuable in widening
the scope of our activities. The list of the degree projects listed under
undergraduate thesis give further information of the contents of the works.
A doctorate student from Vienna, T. Bugnyar, has during the summer of
94 worked in Sweden on cognition and imitation in monkeys (in coopera-
tion with the Skansen Zoo), and four undergraduate students from
Linköping have done their thesis work at the field station of the University
of Vienna (Ethology) in Griinau. Thesis work by undergraduate students
has also been done in Australia and Costa Rica.
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Courses for one year or shorter have also been given; Human Ecology (ten
credits), Actual Biology including cell biology (five credits), two
Environmental Care courses (ten credits) and Practical Biology (ten
credits). Three 20 credits courses in Biology have also been given during
the year. A total of 71 students have participated.

Chemistry

Most of the chemistry courses offered are part of a four year study pro-
gram (160 credits). Students completing this program are awarded the
degree of Master of Science in Chemistry. Some of these courses are also
included in the study program of students majoring in Biology and in
Science Education (High School level). Biology masters are required to
earn at least 20 credits, while Science Education majors usually earn
between 20 and 60 credits. Courses in Science Education (Elementary
school) are also given.

In addition to the courses mentioned above, a course in general chemistry
for technology students (3 credits) was offered.

The following is a list of the number of students enrolled as Chemistry
majors during the 1993-94 school year:

First year
Second year
Third year
Fourth year

(KI)
(K2)
(K3)
(K4)

29 students
22 students
21 students
14 students

Final thesis (20 credits) have been carried out by 15 students.
Master of Science degree have been awarded by 11 students, and Bachelor
of Science degree (120 credits) by four students.
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Physics

Mathematical Natural Science

PHYSICS as a part of Mathematic Natural Science at Linköping
University belongs since 1 July 1993 to the Faculty of Technology
(Linköpings Institute of Technology). The students may choose to study
in the Physics Programme:

• 160 points to become Master of Science
• 120 points to become Bachelor of Science

or just studying
• shorter separate courses in Electronics, Measurement Technology,
Astronomy and Geophysics and Principles of Physics

PHYSICS can also be chosen by students who intend to become teachers.
In some cases they will study together with students belonging to the
Physics Programme. However, these students belong to another faculty,
"the Faculty of Arts and Science" and the courses are organized by a
separate Faculty Committe for Teachers' Training.

The number of students 1993/94 has been as follows:

/. Courses in physics as part of a longer study programme

P = Physics as a part of the Mathematic Natural Science Study
Programme

T = Teachers' Training Programme
(for Upper Secondary School)

S = Separate Courses

PHYSICS 1, 20p
PHYSICS 2 , 20p
PHYSICS 3, 20p
PHYSICS 4, 20p
PHYSICS 5, 20p
Final Paper, 20p

Primary School Teachers ("4-9-teachers")

a) Mechanics and Electronics, 12p
b) Astronomy and Geophysics

Energy, THEME, 15p
c) Applied Computer Technology

Technology and Environment

Number
of students*

E
44
33
23
18
3

-
-
-

1
7
7
7
8
-

38

17
10
9

s
5
5
4
8

11

_

-
-
-
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3. Separate Courses

Electronics 1, 20p 8
Measurement Technology, 20p 9
Physics IF, 20p 3
Astronomy, 3p 26
Principles of Physics, 2,5p 60

Final paper in Physics has been presented by 10 students during 1993/94

Three students have taken part in the ERASMUS exchange programme:
Olov Ekström studying at Sussex University, Brighton U.K.
Cecilia Larsson och Urban Forsberg have studied Physics at Vrije
Universiteit Amsterdam.

Teachers and assistants from "FYSIK mat nat" take part in research in
physics at different research groups at the Department of Physics and
Measurement Technology or international research groups. The last two
years two new lecturer were enrolle in our teacher staff under the
condition of 50% teaching and 50% research. During 1994 two of our
assistants (Christer Karlsson and Mats Larsson) have defended their
theses (see details under "Surface and Semiconductor Physics".
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IFM GRADUATE PROGRAMME

Lars-G. Petersson, Director of graduate studies

The graduate programme leading to a Ph. D. degree is nominally a four-
year full-time programme consisting of courses ( adding to a total study-
ing time of about 1.5 year) and a research project (2.5 year). After
approximately half the time a licentiate degree may be awarded. Many
graduate students also teach on the undergraduate level and thus the
average time spent before completing the graduate programme adds to
about 5 years.
The course programme is organised jointly for the different research
programmes at IFM by the director for graduate studies (studierektor för
forskarutbildningen). In general the graduate student belong to a specific
research group (see the description of the various research programmes)
where most of his/her research is performed under the supervision of a
senior researcher (group leader). The research project and the obtained
results are described by the student in a thesis which commonly consists
of a project presentation and 4-6 scientific papers published in first rate
scientific journals (or if not published the report should be of corre-
sponding quality). The thesis is then publicly defended in a disputation
with a highly qualified opponent, often a world leading expert in the
field.

This year the graduate programme at IFM has been quite successful and
we were rewarded an extra grant from the Department of Education to be
used to promote the cross disciplinary aspects of the graduate school. We
believe that the cross-disciplinary ambitions of the graduate school is well
reflected in the course programme for 93/94 listed below.

The names of students who have completed their Ph.D. or licentiate
studies are listed under the reports from the various research divisions.

During the academic year 93/94 the following graduate courses have
been given at IFM within the graduate programme. The names of the
course responsible persons/lecturers are also given. A total of 117 course
credits has thus been offered which corresponds to around 1000 h of
lecturing. The courses that are offered during 94/95 are listed in a
separate course catalogue which can be obtained from the director of
graduate studies.
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Statistical and Thermal Physics, I (5)
Biomaterials (5)
Non-linear Optics (6)
Plasma Physics (5)
Theory of Relativity (3)
Si-based Heterostructures and Technologies (5)
Electron Energy Loss Spectroscopy (5)
Dislocations (5)
Quantum Mechanics II (5)
Physical Electrochemistry (4)
Presentation Techniques (3)
Electromagnetic Computations using "FEM" (3)
Molecular Vibrations I and II (3+1)
Solid State Physics, I (5)
Statistical and Thermal Physics, II (5)
Crystallography (5)
Vacuum Technology (5)
Protein Folding (5)
Relativistic Quantum Mechanics and QED (5)

Molecular spectroscopy for chemists (4)
Ytfysik (3)
Surface Physics II: Chemisorption and reactions (3)
Microwave engineering (5)
Forskare gör uppfinn ingår-utan att veta om det!
Journal Club Course in Biomaterials (2)
Basic semiconductor physics (10)
Ett avfallssnålt samhälle (2)

P. Miinger
P. Tengvall
M. Lindgren
J.-E. Sundgren
M. Severin
G. Hansson
L. Hultman
L. Hultman
K.-F. Berggren
O. Inganäs
L. Petersson
E. Möller
B. Liedberg
G. Hansson
P. Miinger
L. Hultman
R. Erlandsson
U. Carlsson
K.-F. Bergren/
R. Riklund
A. Lund
L.Johansson
L. Petersson
Ch. Svensson
S. Trolle
P. Tengvall
B. Monemar
G. Karlsson
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LIST OF SCIENTIFIC REPORTS

Applied Physics

M R Andersson, Q Pei, T Hjertberg, O Inganäs, O Wennerström, and J
E Österholm: "Synthesis of soluble poly(alkylthiophenes) which are
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