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INTRODUCTION

The Department of Physics and Measurement Technology, Biology and
Chemistry (IFM) presents its 23nd consecutive annual progress 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 1992 to June 1993.

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 100 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 activities.

The above mentioned expansion has, however, 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 its drawbacks. As
mentioned in our report of last year the Swedish government has accepted
and funded a proposal from us which involves a new building for the
physics part of IFM adjacent to our present main building and a
rebuilding of the laboratories for the activities, that will stay in the old
building. Five Swedish architect consortium were invited to participate in
a competition in which they should give their detailed proposal for how
our different demands on the building could be met. The proposals were
judged by a jury and the winning consortium came from Gothenburg. We
have after the decision put quite some time and effort into the project
during the elapsed year, and we are certainly looking forward to a new
situation, which will give us much better conditions for future develop-
ment.



According to the present plans the erection of the new building will start
in the beginning of 1994 and the construction time will be less than two
years.

The picture on the cover is taken from an ongoing research project at
1FM. It shows a polymer light-emitting diode. A red polymer is
sandwiched between a transparent conducting glass electrode and two
narrow Aluminium electrodes. When a voltage of approximately 10 V is
applied between the conducting glass electrode and one of the two
Aluminium electrodes yellow-orange light is emitted from the polymer.
Studies of these diodes are part of the activities in Applied Physics.

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 and Hans Elwing, interface biology, Carl
Fredrik Mandenius, adjunct professor (20%) bioprocess measurement
technology, secretaries: Carin Jonsson, Rita Fantl (50%), technical staff:
Agneta Askendal, Jörgen Bengtsson, Ulf Frykman (50%), Peter Hebo
(lab manager), Eva Hedborg (50%), Petronella Norberg (50%), Per-Erik
Sterner (50%), Hans Sundgren (50%).

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

- chemical and biosensors
- chemical surface physics
- conjugated polymers
- thin film optics
- scanning force microscopy
- fourier transform infrared and Raman spectrdscopy
- biomaterials
- interface biology
- bioprocess measurement technology

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. Besides several research grants from NFR,
TFR, and NUTEK the Laboratory received (during 92/93) a block grant
from NUTEK (the Swedish National Board for Industrial and Technical
Development) for interdisciplinary research. The Laboratory is together
with the Department of Applied Physics, Chalmers University,
Gothenburg, also a member of a Biomaterials consortium supported by
NFR/NUTEK.

During the last year Lars-Gunnar Petersson has been appointed professor
of Chemical Surface Physics.

The Activity Report contains in the following a short discription of the
different research projects. One of them, this year "Self Assembled



Monolayers" within the research on "Fourier Transform Infrared and
Raman Spectroscopy", will be more thoroughly described.

Chemical- and biosensors
(group leader: Fredrik Winquist, post doc: Anita Spetz, grad students:
Amir Arbab, Eva Hedborg, Martin Holmberg, and Hans Sundgren, guest
students: Oliver Wiederhold and Peter Tobias, techn: Ulf Frykman)

The main effort within this area is to develop chemical- and biosensors
based on metal-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. We have also demonstrated how a
continuous sensing surface can be used to produce an image of the
response to a gas mixture. These artificial olfactory images are regarded
as being a new concept in chemical sensing. Furthermore, several ways to
modify the selectivity of field effect chemical sensors have been in-
vestigated. 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
silicon devices. Interesting results have already been obtained regarding
the use of such devcies 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. One interesting application con-
cerns the use of this kind of sensor in the exhaust of 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.

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
properties of the field-effect structures. The chemistry changes the so-
called threshold voltage of the field effect transistor. 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 semi-
conductor. The surface potential of a semiconductor can be measured also
with a pulsed light beam which induces a photocapacitive current in the



semiconductor surface. The size of this current depends on the surface
potential of the semiconductor 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 "three dimensional 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 brié. 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 consumption of molecules on the sensing surface, a phenomenon
which most likely is involved also in the formation of the olfactory
images. A large effort has been made to build a new experimental set-up
with better resolution and accuracy than the previous one. With this new
set-up, it was possible to make an "olfactory movie" i.e. to record the
response pattern as it evolves with time.

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 consists usually of 10 field effect transistors, and 4
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 packing industry, for classification
of batteries, various types of ores, and also for different types of cheeses.
We have shown that different damages to grains (e.g. fungal or bacterial
infection) cap be determined. This latter project is carried on in collabo-
ration with Svenska Lantmännens Riksförbund (SLR). We are presently
also developing a small and portable electronic nose, a "nose to go",
designed for field studies.

Chemical surface physics
(group leader: Lars-Gunnar Petersson, post docs: 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.

Catalytic reactions at atmospheric pressures. 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 co-
efficient 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 I to 50 Torr the only reaction products are water and carbon
dioxide.

The catalytic metal films. 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 SiOi support.

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 optimised 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. One
interesting case is, of course, the splitting of water, where the membrane
would provide the possibility of separating the hydrogen from the
oxygen.

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). At
present we are studying the chemistry of reactants that passes these long
and narrow channels by letting the channels end up in a mass spectro-
meter. The interior of the channel may e.g. be coated with different cata-
lytically 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 now may
be completely determined by the molecule-wall interaction, even for
noble gas atoms interacting very weakly with any surface.

Practical catalysts
(project leader: Robert Björklund)

NO Pollution Control. A sensor system is being developed to monitor the
reduction of nitric oxide by ammonia in a conventional catalytic reactor.
The emission of nitrogen oxides produced during the combustion of fossil
fuels can be lowered by injecting ammonia into the flue gas and passing
the mixture over vanadia oxide based catalysts. The sensor system being
worked on uses the electrical conductance change for supported vanadia
in tablet and thin film form. Monitoring several sensors in the catalyst
bed yields information about the concentrations of ammonia and nitric
oxide, the vanadia oxidation state, or the accumulation of poisons, such as
arsenic trioxide which is present in some coals, at several locations in the
bed. In the later case the presence of arsenic on the catalyst surface dopes
the vanadia and causes the conductance to increase by as much as a factor
of one hundred. Thin films of the sensors have been prepared by screen
printing techniques in order to decrease the response times for the
different phenomena occuring in the reactor.

Conjugated polymers
(group leader: Olle Inganäs, post docs: Qibing Pei, Elisabeth Smela, and
Göran Gustafsson, grad students: Magnus Berggren, Magnus Granström,
Catarina Gustafsson, and Peter Dyreklev, guest scientists: Markus
Ahlskog and Bantikassegn Workalemahu)

Polymer physics. The bending beam method, in which volume changes in
a conjugated polymer during changes of doping is measured, has given
data supporting a new interpretation of the so-called "slow relaxation" in
conjugated polymers. This phenomenon, an electrochemical memory
effect in these materials, can be understood as a consequence of the
change of volume upon doping. It is primarily thus not an electronic
interface effect, as .suggested by other workers, but due to a slow move-
ment of polymer chains and ions in the polymer solid, after that ions have
been extracted or injected.

On the issue of electronic structure in polymers, we have discovered a
new feature of optical absorption in poly(3-octylphenylthiophene), as ob-
served in solid state electrochemical cells at slightly elevated tempera-
tures. On oxidative doping, four new absorption bands appear below
bandgap, rather than the three expected from a normal polaron model.
We have suggested that the fourth band is due to the non-degeneracy of
two polaron transitions, and named this the asymmetric polaron.



Theoretical studies are underway to investigate the source of this
asymmetry, never before observed.

Polymer electronics. The use of conjugated polymers in electronic
devices has rendered electrooptics new opportunities. Our program in
Conjugated polymer electrooptics, run in collaboration with synthetic
chemists at Chalmers, has now given fruit in the first light emitting
polymer diodes. Synthesis of new materials with enhanced photo-
luminescence yield and good processing properties allows us to form
these diodes by spin-coating the polymer in a 400-1000 Å layer on a
conducting support, and depositing a metal electrode by evaporation on
that assembly. It is also possible to form multilayers, by spincoating
different polymers in sequence, or by evaporating an organic molecule
on top of the surface. With these devices we today obtain red-orange
electroluminescence in single polymer layers. With multilayers, we are
able to obtain both red, blue and green colours at the same time. A rapid
enhancement of quantum efficiency for electroluminescence has today
brought us to the level of obtaining 2 photons for every 1000 electrons
injected in the device, at low current levels. Formation of the polymer
layer by Langmuir-Blodgett techniques (in collaboration with VTT,
Finland), giving layers of 200 Å thickness, also allows formation of
polymer diodes, but now electroluminescence is of a different character,
giving white light.

We have also observed strong photoelectric effects in multilayer
structures, giving hopes for the use of the same devices as photodetectors.
The physics of electroluminescence and photoelectric transport in these
structures is still full of riddles, and we hope to untangle these in coming
work.

Polymer electrochemistry. The development of polymer materials for
solid state electrochemistry is progressing. Synthesis of polymers of 3,4-
ethylenedioxythiophene has given us a new material with a bandgap 0.5
eV lower than that of polythiophene, and with unrivalled stability among
conjugated polymers. We are presently incorporating this polymer as the
electrochromic layer in all solid state smart windows, combined with a
solid polymer electrolyte and an optically passive metal oxide counter
electrode. The low bandgap of this polymer gives a blue-black colour in
the neutral state and a sky blue, almost transparent colour in the doped,
oxidized state. The same type of material is studied for application in
second generation polymer batteries incorporating amorphous poly-
ethylene oxide as the polymer electrolyte. The synthesis of cation
conductors as polymer electrolytes is now being evaluated by impedance
measurements of the transport properties. Low conductivity, comparable
to what has been obtained in most other cation conductors, appears to be
the rule.

Similar electrochemical structures have been studied for electro-
chemically controlled resistors, and is giving new information on
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transport and doping of conjugated polymers. We have for the first time
been able to do in-situ measurements of electrical conductivity of poly-
mer electrodes in an electrochemical cell, going down to 100 K, and then,
after heating to room temperature, modifying the state of doping by
electrochemical control. Development of electrochemically controlled
muscles, in which the volume change of a polymer electrode during
doping and undoping is used to drive the movement of a metal/polymer
bilayer, has been directed towards miniaturisation through micro-
machining. We have demonstrated micromuscles, of width 10-1000 |im,
length mm's and thickness = l\im, which act as corkscrews and fingers
during their electrochemically controlled movement. The limiting
problem is delamination, which occurs after several thousand cycles. This
problem is now being addressed, as well as development of new
structures for micropumps, microhands and cilia.

Thin film optics
(group leader: Hans Arwin, grad students: Roger Jansson, Kenneth
Jarefors, Kenneth Järrendahl (joint project with thin film physics group),
and Jan Mårtensson, project leader for industrial applications: Robert
Björklund)

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 - initial adsorption
kinetics, cluster formation and optical characterization. We have shown
that nucleation is rate limiting for formation of monolayers of ferritin.
Methodology in ellipsometry - development of procedures for deter-
mination and analysis of optical properties of thin films and for inter-
pretation of off-null ellipsometry data. "Optical" superlattices - growth
and microstructural studies of amorphous Ge/Si multilayer structures.
Deterministic aperiodic superlattices (Cantor sequences) have been grown
and analyzed with ellipsometry, XTEM and x-ray diffraction. Ceramics -
oxidation studies of silicon nitride with spectroscopic ellipsometry. Thin
coatings - determination of optical properties of ZrN. We have applied
ellipsometry in industrial and technical applications in the following
areas: flotation reagent adsorption on apatite and calcite; polymer
adsorption studies on calcium carbonate (paper and pulp industry); and
thin oxide films on steel and iron.
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Scanning force microscopy
(group leader: Ragnar Erlandsson, grad students: Lars Olsson, Roger
Wigren, and Johan Rasmusson)

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. Our main effort has been in the investi-
gation of biomolecules adsorbed on solid surfaces, where we use the
instrument in the attractive mode. In this case we measure the weak van
der Waals forces between the sharp probe tip and the surface in order to
obtain high resolution images of the adsorbed molecules. This method has
the advantage of exposing the sample to very low forces which minimizes
the risk of sample damage which can be a problem in conventional
repulsive mode force microscopy. We have studied fibrinogen adsorption
on silicon dioxide substrates treated to have different levels of
hydrophobicity, where we observe clear differences in the adsorption
properties. Spontaneous network formation is observed on the
hydrophobic surface, in contrast to the uniform distribution of molecules
on the hydrophilic surface. We have also studied the morphology of
HMM (Heavy Mero Myosin) molecules adsorbed on silicon, in a
collaboration with Dr. Anders Arner at the University of Lund. These
molecules are the primary motors in muscle fibers, and change their
shape as a function of chemical environment. We have observed the
molecules and are trying to develop the technique in order to observe the
morphology changes. In order to get a better understanding of the crucia1

tip-surface interaction, we have started an effort to chemically modify the
probe tips. During the last year we have also worked with the production
and characterization of ordered PTFE films in a collaboration with prof.
Salanecks group. As a part of this collaboration, one of our group
members, Johan Rasmusson, spent a month in prof. Michel Schott's group
at University of Jussieu in Paris. A substantial part of our effort has been
devoted to instrument construction, as we are extending our measurement
capability to UHV and the liquid phase. In joint effort with the Interface
biology group, we have also initiated the development of an instrument to
measure forces associated with cell adhesion, the "cytoforce probe".

Fourier transform infrared and Raman spectroscopy
(group leader: Bo Liedberg; post docs Kajsa Uvdal and Nils-Ola Persson,
grad students: Isak Engqvist, Anita Ihs, Hans Kariis, Magnus Lestelius
(partly), and Trine Vikinge-Platou (partly))

The activities within the infrared and Raman group are focussed on two
main themes: 1) Development of organic monolayer architectures on
metallic supports and characterization of their physical properties;
2) 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 (R3lP/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 collabo-
ration has been initiated with Professor David L. Allara, The
Pennsylvania State University. Bo Liedberg also spent a period of 5
months, as a visiting scientist, at his laboratory this year. The FT-Raman
spectrometer, installed spring 1991, has started to generate results con-
cerning the structure of the Ti-peroxy system and its degradation
products (joint project with researchers from the Biomaterial
consortium).
Flotation: Organic xanthates have been used for many years as collectors
in the flotation process of sulphide minerals. Our interest is focussed on
co-ordination 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 co-ordinates in a bridge-like configuration to gold and
that a coverage dependent structural transition occurs within the
monolayers. 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 by Auger
spectroscopy before employed in the adsorption studies.

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 process. This is a joint project between Linköping, SLU Uppsala
and KTH, Stockholm, and we are mainly 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). These molecules,
10-22 methylene units long, were shown to form highly organized,
densely packed and very stable monolayers on gold with the SH group
acting as an anchor to the surface and the tail group (X=COOH, CJN, OH,
CH3 etc.) pointing towards the surrounding medium. The monolayers
exhibit a low defect density and the alkyl chains are organized in an
almost perfect all trans (zig-zag) conformation. The structural properties
of the thiol monolayers are, in fact, fully comparable with those obtained
for the more well known Langmuir-Blodgett (LB) films of, e.g., long-
chain carboxylic acids (-OOC-(CH2)n-CH3) on metal oxides. They
display, at the same time, the chemical and mechanical robustness of
alkyltrichlorosilanes on Si/SiO2. Thus, SAMs based on n-alkyl thiols on
gold (RSH/Au) are believed to have a great potential for applications in
very aggressive environments where a predefined chemical identity is of
vital importance. Their flexibility in terms of chemical signature makes



them also well suited as model organic surfaces for, e.g., polymer sur-
faces and biological cell membranes.

Solution self-assembly is one method to prepare highly organized mono-
layer assemblies. The classical and most thoroughly studied system of
solution self-assembly is octadecyltrichlorosilane (OTS,Cl3lSi-(CH2)n-
CH3) on Si/SiO2- OTS forms an extremely well organized monolayer
structure with the alkyl chains in an all trans conformation and the chain
axis oriented perpendicular to the Si/SiO2 surface, Fig. 1. It is, however,
very difficult to reproducibly prepare SAMs based on functionalized
alkyltrichlorosilanes, e.g., by using silanes having tail groups other than
CH3. This is due to the extreme sensitivity of the Cl3JSi-group. It reacts
strongly with most functional groups either inter- or intramolecularly.

Self assembled monolayers based on the RSH/Au system do not suffer
from this particular drawback of alkyltrichlorosilanes nor from the
known drawbacks LB films. The reason for that is primarily related to
the strong and specific soft donor/acceptor interaction between the SH
group and the gold surface. Recent studies of long-chain alkyl thiols on
gold suggest a total heat of desorption of about 25-35 kcal/mole, where
about 20-25 kcal/mole accounts for the Au-S bond formation. The
remaining 5-15 kcal/mole is related to the self-assembly process (« 0.8
kcal/mole and CH2 group). Surface X-ray diffraction and He atom
scattering studies of n-alkyl thiols furthermore suggest a 3-fold hollow
adsorption site symmetri and a hexagonal -K3 x -s-3 R30° overlayer struc-
ture on Au(l 11). Ideally the thiol molecules are expected to adsorb with
the chain axis perpendicular to the gold surface as in the case of OTS on
Si/SiO2- However, the mismatch between the lattice parameters of the
Au(lll) [Ag(lll)] crystal faces and the van der Waals radius of the
methylene groups forces the alkyl chains to relax in a slightly tilted con-
figuration, Fig. 1.

The specificity and high binding energy of the SH group to gold, as com-
pared to other functional groups like COOH, CIN and OH, implies that
the adsorption characteristics is almost independent of the chemical
properties of the tail group X. Thus, substituted n-alkyl thiols also form
highly organized assemblies on Au. This unique property opens the
possibility of forming mixed monolayers with predefined composition
and distribution from binary mixtures of HS-(CH2)n-X and HS-(CH2)m-
Y. Another very important experimental parameter is the mobility of the
tail group. By preparing SAMs from binary mixtures of thiols with
varying chain length it is possible to alter the properties of the othermost
surface from a crystalline-like (n=m) to a more liquid-like (nrcm)
character.

14



Adsorbate: OTS HS-(CH2)17-CH3 HS-(CH2)17-CH3

Substrate:

Chain Tilt:

Si/SiO2

0c

A g ( l l l )

11

Au(lll)

26C

Fig. 1 A comparison of chain tilt for different adsorbate/substrate systems.

Two fundamentally very important questions can be raised about mixed
SAMs. First, what is the relation between the solution composition of the
two components and the ultimate surface composition? Secondly, do the
components aggregate into single component domains (macroscopic
islands) or are they distributed randomly on the surface? We have found
these questions very interesting and much of our fundamental research is
focussed on compositional and structural characterization of mixed
SAMs.

Fourier transform infrared spectroscopy is one very powerful technique
for structural characterization of SAMs. The spectroscopical details of
the methylene stretching vibrations are well understood as well as their
correlation to the alkyl chain structure. For example, an asymmetric
stretching vibration nas(CH2) at 2918 cm-1 has been found to be
characteristic for all trans (zig-zag) alkyl chains, whereas an upward shift
of the same mode to = 2926 cm-1 is taken as evidence for significant
amounts of gauche amformers, spagetti-like structures, within the mono-
layer. This type of correlation has been extensively used to establish the
necessary experimental conditions for obtaining highly organized
assemblies. We have paid much attention to lateral phenomena occuring
between tail groups at the outhermost surface of the monolayer. Figure 2
shows FT-IR reflection-absorption (R-A) spectra of mixed monolayers of
HS-(CH2)16-OH/HS-(CH2)n-CH3 of different chain length and compo-
sition. The idea with these experiments was to investigate the possibility
of utilizing the hydrogen bonding properties of the OH group as a probe
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to study the distribution of the components on the surface, i.e. can
hydrogen bonding be used to distinguish between random molecular
mixing and single component domain formation. The top spectrum is
representative for a single component HS-(CH2)16-OH monolayer. The
sharp features below 3000 cm-1 originates from the methylene groups
and show essentially that the alkyl chains consist of all trans units. More
interestingly, however, is the broad absorption band (shaded). This band
is due to hydrogen bonded hydroxyls (OH) indicating that strong lateral
interaction occurs between neighbouring tail groups at the outhermost
surface of this monolayer (the chemical structure is schematically shown
along with the spectra). This broad feature gradually disappears as the
HS-(CH2)16-OH thiol is mixed in equimolar amounts with HS-(CH2)11-
CH3 and HS-(CH2)15-CH3, respectively, and the only component finally
present above 3000 cm-1 (lower spectrum) is a weak peak ascribable to
free (non-hydrogen bonded) hydroxyls. Obviously the hydroxyls appear
isolated unable to interact with each other already at a 1:1 composition if
the two components have the same chain length. This behaviour of the
OH group clearly favours random mixing rather than single component
domain formation, and it seem resonable to postulate that single
component domains of any resonable size or macroscopic islands do not
form.

Case R-A spectra Proposed structure

HS-(CH2)l6-OH -N^p^'^.'up*' dW
I C C C

H-bonded U ' \ \
OH I

HS-(CH2)!6-OH/

L ̂ 1 C

HS-(CH2)16-OH/
HS-(CH2)15-CH3

Free " " " °
OH

3500 3000

WAV2NUM1ERS <-m 1

Fig 2 Infrared spectra of pure HS-(CH2)I6-OH and HS-(CH2)i6-OH/HS-(CH2)n-CH3
(I: I molar composition, n= 11,15) monolayers on gold.

It should be emphasized that FT-IR is a macroscopic technique that
averages over fairly large areas (cm2). Generalization of the above
postulate to all levels of molecular organisation is therefore not possible.



Secondary Ion Mass Spectroscopy (SIMS) is a technique that can address
this questions on a completely different scale. Imaging SIMS provides
information on the lOOnm-l^m scale and no domains on that scale have
been found so far. The lateral resolution can be improved further by
investigating the high mass region in the SIMS spectrum. By controlling
the energy from the incident metal ion it is possible to vary the size of the
collision cascade, the area from which the secondary fragments are
ejected. In this particular case the energy was chosen to give a collision
cascade of about lOnm, Fig. 3. The high mass spectra of HS-(CH2)16-
O H / H S - ( C H 2 ) 1 6 - C ! N mixtures on gold contains so-called cluster peaks
represented by two alkyl chains attached to the same gold atom. The fact
that we can observe these peaks in the spectra confirms the well
established picture of a strong soft donor/acceptor interaction between the
SH group and gold surface, and consequently that chemisorption has
occurred. Moreover, for the molecular system studied here one has to
consider three different combinations of cluster peaks, as shown in Fig.
3. If we first assume that random mixing of the two components has
occurred, the relative peak intensities in the SIMS spectrum, without
cross sections taken into account, should follow simple statistical rules of
combination, i.e., the 1:1 and 9:1 mixtures should provide a SIMS cluster
peak intensity pattern AU(OH)2:AU(OH)(CJN):AU(CJN)2 of 0.25:0.5:0.25
and 0.81:018:0.01, respectively. Conversly, if we assume islanding the
self combination peaks of each component, i.e., Au(OH)2 and Au(CJN)2,
should completely dominate the spectrum and only a low signal of mixed
species Au(OH)(CJN) from the boundaries of the islands are expected.
This is definitely not what we observe experimentally. Instead, the
relative intensities in the SIMS spectra follow very nicely the expected
statistical rules of combination for random mixing (1:1 mix,
0.24:0.46:0.30 and 9:1 mix, 0.82:0.14:0.04). Thus, it seems likely to
assume that random mixing occurs even on the 10 nm scale. To push the
limits down to molecular resolution requires other techniques, like
scanning tunneling or scanning force microscopy, and such studies are in
progress.

tXXXXXXXXXXXXXXXXXX)

< 10 nm

(CH,),,

Fig. 3 Schematic illustration of the collision cascade generated by the incident metal
ion and the cluster peaks obtained in the high mass SIMS spectrum .
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The properties of SAMs based on the RSH/Au system provide, as
mentioned before, an ideal model system for detailed studies of
interfacial reactions of interest to both chemists and biologists. This may
include fundamental studies of the structure of small and simple
molecules, like water, on differently funtionalized SAMs, as well as, of
very complex biomolecular interactions where, e.g., proteins and
enzymes are involved. The biological aspect is of particular interest to us,
and we are currently using these type of SAMs as model surfaces in our
biomaterial and biosensor research. The HS-(CH2)I6-OH thiol also have
been used commersially to anchor a bioactive sensor matrix to the sensor
chip in the recently developed biosensor system (BIAcore) at Pharmacia
Biosensor, Uppsala. The membrane like structure of these SAMs makes
them also very attractive as models for ligand-receptor studies on cell
membrane surfaces. For example, the steric requirements for the very
specific receptor-ligand reactions can be addressed in detail by designing
SAMs with varying tail group separation and mobility. The real
experimental challenge for the surface chemist is to develop a synthetic
cell fragment based entirely on this type of surface chemistry.

The ability to control both composition and distribution of tail groups at
the outhermost surface of the monolayers makes them potentially very
useful as templates for the development of new organic architectures. We
have, together with scientists from the Pennsylvania State University,
used this approach to study wettability induced transitions in OTS mono-
layers on controlled composition HS-(CH2)16-OH/HS-(CH2)15-CH3 sur-
faces. The OTS monolayers formed are observed to undergo a structural
progression characterized by three distinct phases, as determined with IR
spectroscopy and contact angle measurements, depending on the
HS-(CH2)16-OH (OH) fraction in the underlying lattice. 1) At low OH
fraction 0-12 %, a very small quantity of OTS molecules (a fraction of an
equivalent monolayer) are incorporated at defects in the thiol monolayer;
2) at 25-75 % OH, a highly disordered (isotropic) overlayer assembly
forms at below close packed monolayer coverages; 3) at 82-100% OH, a
close packed overlayer is formed at near maximum theoretical coverage
with the alkyl chains in almost perfect all trans configurations and the
chain axis oriented = 6 ° from the surface normal. This tilt is very
different from the value of the thiol underlayer « 26°, Fig. 1, indicating
incommensurability between the in-plane lattice parameters of the two
layers. The decreasing contact angles (increasing surface energy) with
surface OH fraction is also consistent with earlier observations that a thin
film of water is a prerequisite for the formation of highly organized OTS
assemblies. Most importantly, however, is the observation that we can
prepare OTS overlayers with distinctly different structural and wetta-
bility properties simply by varying the composition of the underlying
thiol monolayer.
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Biomaterials
(group leader: Pentti Tengvall, grad students: Magnus Lestelius, Trine
Platou Vikinge, Peter Warkentin, and Bengt Wälivaara)

General: The Biomaterials consortium, funded by NUTEK and NFR, has
now been active for three years. The research activities during the last
year have been focused on preparation and analysis of chemically modi-
fied solid surfaces, and their biological activity in in vitro and in vivo
model systems. Specific interest has been shown to protein adsorption,
coagulation, and complement activation phenomena when the surfaces
contact blood. New external and industrial contacts have been initiated
and found beneficial for our choice of research problems.

Titanium implants: Titanium is the best known metallic biomaterial for
bone anchorage and dental applications. The metal and the metal oxide
may be dissolved in tissues when in contact with enzymes and activated
oxygen compounds such as hydrogen peroxide. Titanium-peroxy com-
plexes are then formed. The study of the degradation of such complexes,
and the impact of peroxide treatment for surface biological events, have
continued. It was e.g. found that mild peroxide treatments of Ti-surfaces
results in a higher fibrinogen adsorption from blood plasma as well as in
a higher adsorption of calcium from a saline buffer. The Laboratory of
Applied Physics, Linköping, Department of Anatomy, Department of
Applied Physics, CTH, Gothenburg are running a multidisciplinary study
within the biomaterials consortium on the impact of titanium oxide thick-
ness and structure for the bone-titanium healing and integration process.
The results indicate that samples with thick anodically prepared oxides
induce more bone formation over short time periods than reference
samples with thin (native) oxides. More studies are under way.

Surface modifications: Small molecules with thiol (-SH) functionalities
are known to bind strongly to gold (see previous seeection). This
immobilization technique has been used, in collaboration with the FT-IR
group, to prepare surfaces with well defined chemical properties. The so
prepared surfaces have been characterized by FT-IR, XPS, SPM, and
ellipsometric techniques, and have been used tor biological experiments.
The results show e.g. that thiols presenting a protein like surface bind
proteins loosely from plasma under a ten minutes incubation. Some of the
thiolated surfaces are also low activators of the coagulation and the
complement systems. Thiolated gold surfaces are currently evaluated in
in vivo soft tissue experiments in rat, and bone cell experiments are per-
formed in a joint project with a Canadian group. A collaboration on
complement activation on thiol modified gold surfaces has been initiated
with the Interface Biology Group, at our laboratory. Several techniques
are used for these studies, and preliminary results show significant
differences in complement activation between differently modified sur-
faces.
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Human plasma protein displacement sequences on solid surfaces with
varying surface energies have been studied using mixtures of proteins and
human plasma, SDS-PAGE/immunoblotting, and antibody/ellipsometric
techniques. The results indicate that protein displacement phenomena
depend on the surface chemistry and surface energy.

Interface biology
(group leader: Hans Elwing, post docs: Steven Clark and Stefan Welin-
Klintström, grad students: Peter Billsten, Li Liu, and Ghada Nimeri,
techn: Agneta Askendal)

Blood plasma protein adsorption at surfaces modified with rf- plasma
polymers. An ELISA study is performed concerning selective adsorption
of blood plasma proteins at polymer surfaces modified with radio
frequency plasma polymerization. The results obtained so far indicate
that fibrinogen has an unusual large ability to adsorb to any surface in-
dependent of the chemical nature of the surface. Work is in progress to
relate this large surface affinity to the tendency of fibrinogen to form
two dimensional networks at solid surfaces.

Activation of complement at solid surfaces. Contact activation of the
complement system in blood serum is investigated at wettability gradient
surfaces precoated with antibodies. So far we have found that IgG anti-
bodies that are adsorbed to hydrophobic silicon surfaces activate com-
plement and activation depends on the degree of wettability of the solid
surface. An adsorbed double layer of antigen and antibody also activates
complement but there is no dependence on solid surface wettability. We
have now indications of that the activation pathways of the complement
system differ between the two type of surfaces and work is in progress to
investigate the details of this difference.

The cytoforce probe. We are trying to build a new instrument for
measuring forces in association with phagocytosis of single cells. The
method uses the force measuring principle of scanning force microscopy
in combination with an ordinary inverted microscope. The forces
involved in phagocytosis will be determined by applying a fine tip to the
surface of a phagocyte. When phagocytosis occurs we will measure the
pulling force on the tip that the phagocyte gives rise to. We will also try
to use similar technology for the measurement of adhesion forces of
single bacteria and turgor pressure of red blood cells.

Protein - surfactant investigations. With the use of e.g. "off-null"
ellipsometry we have continued our investigations of surfactant and
protein interactions at wettability gradient surfaces. The efficiency of
different surfactants in desorption of adsorbed protein was studied.
Electrostatic repulsion and hydrophobic competition seem to be pre-
dominant factors for detergency. Sodium dodecyl sulphate seems to have
best over all effictivity in the removal of proteins at the gradient
surfaces. Ethylene oxide based non-ionic surfactants were, however, also
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very effective both in the removal of adsorbed proteins by hydrophobic
competition and in preventing proteins from adsorbing at hydrophobic
surfaces.

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

Reliable measurements with robust sensors are one of the best guarantees
for achieving successful development of bioprocesses. With access to
many of the recent ascents in modern sensor and measurement technology
much 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
processing based on various methods, for example muitivariate
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
biotechnical processes and to provide new information about metabolic
fluxes. The projects inculde (i) Construction and design of complex
biotechnical process systems, (ii) Knowledge-based design and simulation
of industrial bioprocesses (in collaboration with Department of Computer
and Information Science), (iii) Monitoring and control of continuous
yeast fermentations using simulation techniques and real-time knowledge-
based systems, (iv) E. coli metabolism under anaerobic and partially
anaerobic condtions. (v) Design of new measurement devices for
bioprocess quality control.
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CHEMICAL PHYSICS

The research at the Chemical Physics laboratory is focused on studies of
free radicals both in condensed phase and in gases.

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 pro-
duced by X-ray irradiation. Reorientation towards studies of radicals on
surfaces and to biological systems is attempted.

Gas phase kinetics of radical reactions at combustion is studied experi-
mentally with pulse radiolysis. The construction of the equipment was
completed last year. The experimental studies have been concerned with
the combination kinetics of simple radicals like methyl and hydroxyl.

The chemistry of halogen oxide radicals of relevance to ozone de-
gradation 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.

Organic materials for nonlinear optics are studied in collaboration with
the National Defence Research Establishment (FOA). Calculations of
molecular properties (optic/electronic) are carried out at the National
Supercomputer Center in Linköping (NSC). Experiments using para-
magnetic probes to explore structure and dynamics of molecular systems
are carried out in the Chemical Physics' laboratory. Experiments on
optical properties are carried out at the laser physics department at FOA.

Research on radiation chemistry of water related to nuclear technology is
carried out by H Christensen in cooperation with the Ris0 National
Laboratory. The experimental work with pulse radiolysis is carried out at
Ris0.

Graduate education. Licentiate theses have been presented by Oleg
Antzutkin, Roland Erickson and Kjell Fagerström. A course in nuclear
magnetic resonance, with medical and biological applications has been
given in cooperation with the University hospital and with Dr Lars
Sjöqvist as main lecturer. Research seminars have been held based on the
book Catalytic Chemistry by B C Gates, Wiley 1992. Two master theses
have been completed.



1. Resources

The laboratory was moved last year to FOA because of lack of space in
the main building. The conditions for laboratory work have greatly im-
proved.

1.1 Pulse radiolysis. (K Fagerström. G Mahmoud, A Lund). The
apparatus was completed last year. The kinetics of radical-radical
reactions occurring in 1 -5000 (is can be measured.

Since then equipment to control the temperature of the gas samples has
been constructed by Dr Gharib Mahmoud. The computer equipment used
to register the kinetic data has been modified by Mr P-0 Arntzen to allow
measurements of slow reactions occurring during minutes - hours. The
developments have made it possible to measure the temperature dependent
kinetics of reactions between radicals and molecules like that between
NO2 and methylmercaptan.

1.2 Magnetic resonance. (R Erickson, M Lindgren, A Koptyug, O
Antzutkin, A Lund). An OD (optically detected) ESR accessory has been
built on the basis of our commercial Bruker ER 200 X-band spectro-
meter. The accessory consists of an X-ray tube (Mo anode), a light
detection system with a quartz light guide and a photomultiplier, and a
specially designed lock-in amplifier which delivers a DC signal to the
spectrometer input. A new acceptor, rubrene, with fluorescence in the
red wavelength has been used to detect ODESR spectra of cations from
substances like azobenzene which is not transparent to the blue light of
ordinary acceptors. The equipment has been constructed by visiting
scientists from Novosibirsk, Dr A V Koptyug and tek lic O N Antzutkin.
A medium field OD ESR accessory operating at 2 GHz has been designed.
It uses a magnetron generator to achieve higher power and higher
sensitivity than is possible with the X-band accessory. The accessory has
been designed by Dr A Koptyug and Dr Grishin from the Novosibirsk
group.

A new high-sensitive TM-mode cavity for ESR measurements has been
purchased with support from Trygger Foundation, The large volume of
the cavity in combination with its electric properties makes it particularly
useful for large aqueous samples (biological) and thin films (liquid
crystals, conducting polymers).

A UV/VIS/NIR spectrophotometer has been donated to the group by the
National Defence Research Establishment

During the year the Electron Spin Echo (ESE) spectrometer has been
modernized by R Erickson. Great help in the work has been obtained
from Dr A V Koptyug and Dr T Ichikawa. A transient recorder has been
added and new detection equipment has greatly improved the spectro-
meter performance.
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A data collection system for a Varian E9 X and Q band spectrometer was
designed by P-0 Arntzen as a master degree work. The system has been
offered (free) to colleagues in Göteborg and abroad who have similar old
type of spectrometers.

1.3 Spin dynamics. (N. Benetis). We have been developing a non-
perturbative 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
rotation in presence of restoring potentials and also dynamical effects on
ENDOR and Fourier-transformed ESE signals. The development of
methods for simulating spindynamics is led by N Benetis. An application
for the purchase of a powerful workstation was granted recently by NFR.

1.4 Nordic network to promote advanced magnetic resonance methods.
The network has participants from the universities in Aarhus, Jyväskylä,
Linköping and Oslo. It was formed last year on the initiative from our
laboratory. It is supported by NorFA. The activities are short visits by
students (preferably) and senior scientists for special projects, annual
meetings between the groups and arrangement of short courses. The first
annual meeting took place in Linköping and the first course in Jyväskylä.
The network is scheduled for three years.

1.5 Visiting scientists and research cooperation. The following scientists
have visited the laboratory

Prof E Ratajczak. University of Wroclaw, Poland, 3 months for
combustion kinetics studies, with support for cooperation with East
European countries;
Dr T Ellermann. Ris0 National Laboratory, Denmark, 1 month for
work on the CIO kinetics with support from NFR;
Dr A M Magoub. University of Khartoum, Sudan one year for
radiation damage studies, with support from SAREC;
Prof M Shiotani. University of Hiroshima, Japan one month for
work on radicals on surfaces with support from NFR;
Dr A Koptyug. Tek lic O Antzutkin. Institute of Kinetics and
Combustion, Novosibirsk, until end of 1992 for work on ODESR,
with support from KVA, SI, and NFR.
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Among several cooperation partners the following are mentioned

Doc B Nelander. Chemical Center, University of Lund;
Dr P Pagsberg Rise National Laboratory, Denmark;
Dr G Hay man. Harwell Laboratory, England;
Sen. Res. Off Sören Svensson. Dr Jan Lindström. The Swedish
Defence Research Establishment, (FOA3 Linköping and F0A2
Stockholm);
Prof Masaru Shiotani. Hiroshima University, Japan;
Prof Einar Sagstuen. Oslo University, Norway;
Doc Uno Carlsson. Chemical Department, Linköping;
Doc Olle Inganäs. Department of Applied Physics, Linköping;
Dr C J Rhodes. University of London, GB.

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 electronic structure, the internal
dynamics and the reactions have been studied using ESR, ENDOR and
ESE. Some systems have also been investigated in the liquid phase using
ODESR to detect ion pairs generated in situ by X-rays. The project is
supported by NFR.

The detailed structure and dynamics of the THF-d8 radical cation in two
freon matrices have been studied using ENDOR and ESR spectroscopy
together with sophisticated line-shape simulations. It was possible to
distinguish different paths in the potential governing the puckering
motion using multi-site exchange models (Cs-->Cs; Cs-->C2; C2->C2)
and detect magnetic interactions between the cation and fluorine in the
surrounding matrix.

The energy of activation for double-methyl group rotation in 1,2,4-
trimethylcyclohexane cations stabilized in fluoroalkane matrices has been
determined in collaboration with Prof M Shiotani at Hiroshima
University. The results seem to imply that rotational barriers of a methyl
group is related to the degree of sp2-hybridization at the proximate
carbon-carbon bonds of high spin and charge density.

Results of ENDOR spectroscopy have pointed out the possible existence
of an equilibrium between the 1,2,4,5,6,8-Hexamethylanthracene cation
radical and an intermediate cation of lower symmetry during the
ionization/isomerization of 2,2',3,4',5,5',6-heptamethyldiphenyl-methane
in trifluoroacetic acid. The project is a collaboration initiated by Prof L
Eberson at University of Lund.
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The structure, selective deprotonation reaction and dynamics of
piperidine radical cations and methylsubstituted derivatives in freon
matrices have been studied together with a visiting PhD student from
Novosibirsk, Oleg N Antzutkin. A study of the influence of molecular
motion (temperature dependence) on the anisotropic ESR line-shape of
the neutral radicals (deprotonated forms) has clarified some of the
dynamical matrix-ion interactions.

The dynamical equilibrium between the two degenerate asymmetric
ground states and one thermally excited symmetric state of radical cations
of 1,2,3-trimethylcyelohexane has been investigated together with Prof M
Shiotani at Hiroshima University adopting multi-site exchange models to
simulate the ESR line-shape.

The structure of azo-alkane and azo-benzene radical cations in freon
matrices have been investigated by ESR, line-shape simulations, and semi-
empirical calculations together with Dr C J Rhodes at London University.
The same radical ions were investigated together with O N Antzutkin
from Novosibirsk in viscous solutions using the OD-ESR/FDMR (FDMR
= fluorescence detected magnetic resonance) technique. In addition to the
clarification of radical structures the study also resulted in the develop-
ment of an experimental technique to adopt FDMR to systems of strongly
absorbing species by the introduction of acceptors which fluoresce at
wave-lengths outside the absorption of the species.

2.2 Modelling of spin and motional dynamics. (N Benetis). This project is
supported by NFR. So far ESR lineshape simulations of anisotropic
systems based on jump models have been performed and compared with
experimental spectra of the group. Application of this theory to both
single-crystals and powders led to an understanding of the specific
motional dynamics for several systems. Accordingly, hindred rotation of
small moieties in radicals like methyl and ethyl, internal reorganizations
of five-member rings, and restricted rotation of the radical as a whole
were found in different cases and analyzed. In the most favourable case
we were able not only to differentiate between possible kinds of motion
like restricted rotation, internal reorganization or "tumbling", but also to
determine the rotation axis of the radical in a powder spectrum!

These studies also revealed the weaknesses of previous secular theories in
the case of large reorganization or reorientation and large anisotropy
especially outside the ESR X-band. We also discovered that the treatment
of some systems require refinement of the theoretical models for motion.
For example the internal rotation of methyl and also ethyl groups in
radicals is almost unaffected by isotopic substitution in the classical
regime. Furthermore the classical and quantum mechanical regimes have
different barriers. The objective is to study the transition between these
two regimes and determine the inertial effects of rotation on methyl,
which is a fairly simple isotropic system. For anisotropic systems the
objective is different. We know that the jump models can simulate fairly

26



well restricted rotation in powder but presumably not in single crystals.
The direction of the axis of restricted rotation in benzene, or other ani-
sotropic molecules, on surfaces cannot be considered as static.

Accordingly, a natural direction of the theoretical development is the
transition from jump models to stepless diffusion models with incorpo-
ration of periodic potential barriers. This is an intermediate step towards
more complicated direction-restoring potentials which are necessary to
describe anisotropic spin probes on surfaces or macromolecules. The
nonperturbative simulation of the ESR lineshape of a CH3 - C = fragment
is in process in our laboratory. X-irradiated methyl malonic acid powder
at ca 4 ° K reveals that the ESR lineshape of the above fragment is
seriously affected by the quantum-mechanical rotation of the methyl
moiety. We are aiming to study the temperature dependence of the
theoretical versus the experimental lineshapes and obtain the barrier for
the methyl rotation.

The ENDOR spectra of exchanging systems show a by far more complex
variation with temperature than ESR spectra and are therefore more
sensitive to motion than plain ESR. We are going to simulate ENDOR
lineshapes and combine with Fourier-transformed ESE.

The efficiency of the simulations has been enhanced by separating groups
of nuclei coupled by exchange. We have to improve still in storing and
elaborating with the large matrices generated in connection to the
accurate theoretical treatment. Together with experts from the USA we
have developed and used in NMR-relaxation studies a very efficient
matrix inversion algorithm which can easily be modified and used in our
problems.

2.3 Radicals on catalytic metal oxide surfaces. (R Erickson, M Lindgren,
A Lund). A project supported by NFR was initiated last year with the aim
to determine the fundamental processes involving free radicals and
radical ions in heterogeneous surface catalysis. 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.

ESR, ENDOR and electron spin echo modulation (ESEM) have been used
to characterise radical cations of benzene, benzene-d6, and benzene-dl
generated by X-rays on silica gel and HY molecular sieve. The ENDOR
and ESEM data gave an axially symmetric hyperfine structure, consistent
with rotation or pseudorotation about the sixfold axis even at 3.5 K. In
addition, a smaller hyperfine splitting due to hydroxyl protons on the sur-
face was detected.

Radical cations of the iiromatics naphtalene and biphenyl generated by UV
light on the H-ZSM 5 zeolite have been investigated by the same techni-
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ques. The monomer cation of naphtalene, which has defied observation in
solution, has been identified and was found to be stable even at room
temperature. It was shown to be much less mobile than benz ?ne cations on
the HY zeolite. The cation of biphenyl formed on H-ZSM :•> was found to
have hyperfine parameters similar to those we have observed in halo-
carbon matrix isolation studies. The cation was found to interact strongly
with the halocarbon matrix whereas only weak hyperfine interactions
between the cation and hydroxyl protons on H-ZSM 5 could be detected.
Preliminary results have been presented at a conference on electron spin
echo spectroscopy.

Small radicals like NH2, CH3, C2H5 adsorbed inside the cavites of
zeolites can be used to probe the bonding sites by observing the
interaction between the radical and metal ions or protons from the
catalyst. The work has started in collaboration with prof. M. Shiotani at
the University of Hiroshima.

In collaboration with Dr R B Björklund at the Laboratory of Applied
Physics, partial reduction of vanadia/silica-titania catalyst has been
studied. The intensity of the V(IV) signal increased during exposure to
NH3 + NO. This is in accordance with the proposed selective catalytic
reduction occurring at low temperatures (484 K).

V2O5 + 2NH3 + 2NO -> V2O4 + 2N2 + 3H2O

The process is used to reduce emissions from power stations. More work
is needed to establish the temperature dependence of the reaction.

2.5 Radicals in irradiated single crystals. (R Erickson, M Lindgren, A
Lund). The radicals formed after X-irradiation of single crystals have
been investigated using ESR and ENDOR. The ENDOR method is useful
owing to the high resolution. The aim of the studies is to clarify the effect
of radiation on certain inorganic-, organic- and biomolecules.

Dr N A Salih has studied x-irradiated acetic acid single crystals. The pur-
pose was to investigate the fragmentation of the primary reduction pio-
duct, the molecular anion radical. It was found that acetyl radicals were
formed when the anions decayed. An ESR and ENDOR study of the
structure and dynamics of radicals present in irradiated glutarimide is in
progress. The work is supported by SAREC. P Norman (master thesis
work) has investigated irradiated '3c_iabeuetl acetic acid with the aim to
further study the structure and dynamics of the molecular anion. In
another project supported by SAREC Dr A S Magoub has investigated the
radiation damage of piezoelectric cesium dithionate using ENDOR. The

temperature dependent ENDOR signal of an SO^ radical anion interacting

with surrounding 133Cs could be related to displacements of certain Cs
atoms along the hexagonal axis in the crystal structure owing to the
piezoelectric and pyroelectric properties of 'he crystals. He has also
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investigated the dynamics of rotation about carbon-carbon bonds in

radicals of the type D2C - COO" and H3C - C(COOH)2 in crystals and
powders of zinc acetate and methyl malonic acid to elucidate possible
isotope and quantum mechanical tunnelling effects.

Structure, stability and reactions of PO3^- radical ions in glucose-1-
phosphate has been studied in collaboration with Prof E Sagstuen at Oslo
University.

Radicals formed in y-irradiated single crystals of sulphamethoxazole and
trimethoprim, two bacterostatic drugs, have been investigated with
ENDOR and semiempirical quantum chemical calculations together with
Dr R Krzyminiewski.

2.6 Spin-labelled enzymes. (M Lindgren). The local mobility at certain
positions in an enzyme, carbonic anhydrase, modified by site-directed
mutagenesis, has been investigated together with doc Uno Carlsson and
coworkers at the Chemistry department. Among other techniques
described in the periodic report of the Chemistry department, the ESR
lineshape associated with certain ^in-labelled mutants has been
characterized. Simulations of the line-shapes clarified the local mobility
at various positions of the spin-label in the enzyme. The gradual changes
of the mobility at the selected positions from a folded to an unfolded
structure (denaturation) were examined by following the changes in the
ESR line-shape. The results obtained so far support the suggestion of a
folding intermediate at intermediate denaturation levels, in agreement
with optical data. Future development of the ESR part of the project will
include more sophisticated modelling in line-shape simulations and an
attempted characterization of the kinetics during folding-refolding.

2.7 Combustion kinetics, (K Fagerström, G Mahmoud, A Lund). Free
radicals are formed in the combustion processes of hydrocarbons and thus
these play an important role in the formation of products. The work per-
formed at the Chemical Physics Laboratory involves the studies of the
reactions of hydroxyl radicals with methyl and ethyl radicals respectively.
These radicals are very important as these are formed at an early stage in
hydrocarbon combustion processes. The two studied reactions are key
reactions in those processes. The work is performed within the CEC pro-
gram "Chemical Kinetics for Combustion, CHEMCOM" involving 20
laboratories in Europe. The general aim with this work is to get a better
understanding of the formation processes of air pollutants related to
hydrocarbon combustion and to identify the rate controlling steps in these
processes. In collaboration with Prof E Ratajczak the temperature and
pressure dependence of the above mentioned reactions have been studied.
The results show that the reaction between methyl and hydroxyl radicals
is strongly pressure dependent in the pressure region 85-1000 mbar. The
reaction shows a negative temperature dependence which is often the case
with addition reactions. The reaction of ethyl radicals with hydroxyl
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radicals is not pressure dependent in the studied pressure region (85-1000
mbar). Furthermore the temperature dependence of this reaction is very
minor.

2.8 Chemistry of halogen oxides. (K Johnsson, A Lund). The studies are
part of an EC project aiming at an understanding of the detailed
mechanism of ozone degradation in the upper atmosphere. Our contribu-
tion is supported by NFR. The studies are made mainly by matrix isola-
tion and in gas phase.

Studies of water complexes of chlorine and chlorine oxides are made
under the direction of doc B Nelander at the University of Lund. A
matrix isolation study of the water complexes of Cl2 and chlorine oxides
and their photochemistry has been made. The IR and UV-spectra of the
ClOO radical in argon matrices have been measured and the wavelength
dependency of the photochemistry of OC1O and ClOO has been studied.

A gas phase pulse radiolysis study of the kinetics and the equilibrium
constant of the reversible reaction CIO + CIO + M <-» CI2O2 + M has
been made. The experimental work has been done at Ris0.

2.9 Radiation chemistry related to nuclear technology. (H Christensen).
Research on radiation chemistry of water at high temperature and
pressure has been carried out in cooperation with the Ris0 National
Laboratory. The work is carried out by H Christensen. Rate constants and
activation energies for the reactions

e._ + H2O2 = OH + OH"

have been determined through computer fitting of experimental results.
The activation energies for the three reactions are 14.7, 15.6 and 14.0 kJ
• mol"' , respectively. The reactions are of importance for the
understanding of radiolysis in water-cooled nuclear reactors. Another
project aims at an understanding of the mechanism of oxidation and
dissolution of UO2, as caused by water radiolysis products. The latter
project is carried out in cooperation with Atomic Energy of Canada. The
project is important, when the risk of storing highly active nuclear waste
is evaluated.
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2.10 Organic materials for nonlinear optics. (M Lindgren). Materials for
nonlinear optics are studied together with researchers at the Swedish
Defence Research Establishment (FOA), Sen Res Off Sören Svensson
(Linköping), Dr Jan Lindström (Stockholm), and coworkers. The project
was initiated recently, January 1993, with current support from FOA
extending to June 1994. Experimental laser facilities are available at FOA
in Linköping and Stockholm. Materials are supplied by Prof Anders Hult,
Royal Institute of Technology (KTH) and other collaborations through
FOA.

Emphasis is made on organic materials for potential use directly or
indirectly in sensor protection against laser irradiation. Materials with
second and third order nonlinearities are of interest, such as, liquid
crystals, ferroelectric crystals, conducting polymers, large pi-conjugated
molecules, intrinsic donor-acceptor molecules, doped polymer systems,
and organic film processing/characterization techniques for control and
measurement of the nonlinear optical properties.

Theory and programs for analysis of optically anisotropic wave-guiding
films have been developed. Experimental facilities are being set up at
FOA in Stockholm.

A measurement system for characterization of nonlinear refractive index
and two-photon absorption is under construction (based on the z-scan
method).

Molecular optical non-linearities and other properties are calculated using
software (MOPAC 5.0, GAUSSIAN 92) and computers (Cray Y-MP EL)
available at the National Supercomputer Center (NSC) in Linköping. The
results are used to find and optimize molecular systems for selected
applications.



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
mechanical methods.

PhD Students:
Olav Vahtras (Disputation 18/12 1992)
Sören Knuts (Disputation 2/6 1993)
Luo Yi
Patrick Norman
Dan Jonsson

Long term visitor:
Boris Minaev (23/1 1993 - 20/4 1993)

Graduate Course:
Molecular orbital theory for spectra and reactivity

List of ongoing projects:

Analytic respons properties of molecules
Collaboration: P J0rgensen (Aarhus), H J Aa Jensen (Odense), T Helgaker
(Oslo), J Olsen (Lund).

This research covers a Jong term project for method development and
calculations referring to molecular properties, spectra and reactions. The
methods are based on multi-configuration self-consistent field theory and
analytic respons theory and are implemented in the program package
SIRIUS/ABACUS. A brief description of the scientific content was given
in last year's report. The respons methods are constantly diversified to
applications on a wide variety of properties; time-independent properties
evaluated at zero frequency have thus been augmented with their dyna-
mic, frequency dependent analogues; a number of magnetic properties
have been added to the electric field generated properties; likewise have
calculations of linear respons functions been generalized to non-linear
respons functions. Except for the two last paragraphs the work described
below files under the broad context of respons theory methods and
applications.
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Calculations of linear and non-linear properties and spectra of
large molecules
Collaboration: P J0rgensen (Aarhus), T Helgaker (Oslo), H J Aa Jensen
(Odense).

Experimental progress in determining non-linear spectra and non-linear
properties of molecules has greatly challenged a compatible development
of theory and computations. In last year's report we described a
development of so-called double-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-consistent field problem and the
equations for the random phase equation are solved with "double-direct
(DD)' iterative techniques that are particularly suitable for super-
computers 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 ab initia oriented techniques
and make possible a more systematic modelling of conjugated organic
compounds, conducting polymers or other compounds of technological
interest. During the last year many applications with these codes have
been conducted. Work is in progress to tune and further speed up these
programs.

Respons theory and calculations of spin-orbit coupling and
spin related properties
Our calculations of spin related properties rest on the formalism for
linear and quadratic respons functions for singlet and triplet
perturbations when no permutational symmetry in the two-electron
operators is assumed. Various triplet as well as singlet respons properties
are derived as documented in last year's report. This year the potential of
the theory and its range of applications has been demonstrated by a series
of investigations covering different molecular phenomena (specific
applications given in parenthesis): I. Second order energy contribution of
the spin-orbit interaction (potential energy curve of Cr2). II. Use of
spin-orbit coupling constants (SOC:s) in perturbation theory for
predicting intensity rearrangement in electronic spectra (the Auger
spectrum of water). HI. Use of SOC:s to solve the dynamical, multi-
channel Schrödinger equation and thereby to explore quasibound states
(determination of predissociative lifetimes of low-lying states of CO^.
IV. Use of spin-orbit respons theory for assignment problems in optical
and UV absorption spectra (a new assignment of the lowest lying
absorption band in ozone). V. Spin-orbit respons calculations for deter-
mining intersystem crossings in radical reactions (ring opening of
oxirane). VI. Use of quadratic respons theory involving simultaneous
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dipole and spin-orbit coupling to determine phosphorescence moments
and triplet state radiative lifetimes (small molecules, azabenzenes and
azanaphtalenes, see next section). VII. Interpretation of the internal and
the external heavy atom effects on S-T transitions (ethylene + halogen
anion collisions).

Theory of spin catalysis phenomena
Collaboration: B F Minaev (Cherkassy, Ukraine).

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 accordance with the concept of spin-valency a chemical bond
appears when atomic orbitals of two atoms overlap and share two
electrons with paired spins (singlet state). The majority of stable chemical
products are diamagnetic; they have a singlet ground state with the
excited triplet state well separated in energy. However, in the vicinity of
activated transition metal complexes, where chemical bonds grow weak,
the singlet-triplet (S-T) gap is not large and can even become negative.
The possibility of S-T transitions must be taken into account for a large
number of chemical reactions because they can be crucial for the deter-
mination of the reaction rates and paths. In general, the S-T transition can
be induced by perturbations 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. The
present project consists of three parts: 1) Quantum chemical investiga-
tions of intermolecular complexes between C»2 and organic substances.
Various types of singlet-triplet switching in chemical reaction paths,
mainly in oxidation reactions of hydrocarbons by molecular oxygen; 2)
Spin-orbit induced chemical reactions in solution modelled by the
reaction field approach. Potential and transition state searches are con-
ducted on the molecular hypersurface of singlet and triplet states and
spin-orbit coupling computed at selected points. We also plan; 3) Cluster
simulations of the role of spin-orbit coupling in surface catalysis.
Isomerization reactions of transition metal complexes with multiplicity
changes.

Phosphorescence of aromatic compounds
Collaboration: Boris F Minaev (Cherkassy, Ukraine).

Out of the spin dependent properties investigated we have paid the most
effort on the phosphorescence phenomenon of lowest triplet states.
Although the important role of the low-lying triplet states for the
description of solvation chemistry and spectroscopy of such aromatic
compounds has been recognized since long the number of theoretical
investigations is still very small. This follows from the non-linear nature
of the interaction, with simultaneous spin-orbit and dipole coupling, that
is involved in the absorption or emission of the triplet states. Calculations
of triplet spectra have been hampered in a two-fold way; by the (correct)
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representation of the spin-orbit operator, and by the need to perform
sum-over-state calculations to evaluate the perturbation expressions for
phosphorescence and non-radiative yields. With our implementation of
quadratic respons theory for triplet operators these problems have now
been overcome, and triplet states and the phosphorescence phenomenon in
particular are now within reach for accurate quantum calculations. The
respons calculations have concerned polarization directions, oscillator
strengths, radiative lifetimes and excitation energies for the triplet states.
These quantities either refer to values averaged over the triplet states or
to the specific triplet state spin sublevels. The studied systems comprise
small molecules and aromatic compounds such as benzene, naphtalene,
azabenzenes and azanaphtalenes. Results for calculation are relevant for
the interpretation of several modern spin-resolved spectroscopic
techniques, in particular phosphorescence microwave double resonance
(PMDR) and electron spin-echo envelope modulation (ESEEM) spectro-
scopies.

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 year's
report. Out of several models of thermochemical, statistical, dielectric
and reaction field origin we now focus on the latter. Our original contri-
bution 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 reaction field model has
been two-fold: The first refers to the inclusion of inertial polarization for
studying solvatochromatic shifts in fast electronic transitions. All proper-
ties referring to the ground state are in equilibrium with both electronic
(inertialess), and orientational (inertial) components of solvent polariza-
tion. The excited state is not in equilibrium with the inertial polarization
(the nuclear degrees of freedom) and neither the optical nor the static
dielectric responses would alone correctly represent the solvent effect.
Our recently generalized model thus includes higher order solvent
interactions that copes with such fast electronic absorption to states not in
equilibrium with the medium. 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 (and
analytically) in the solvent without explicitly referring to excited states.



Modelling of optically active materials
Collaboration: K V Mikkelsen (Copenhagen), P J0rgensen (Aarhus).

The understanding of the microscopic origin of strong non-linearity of
electric and and magnetic molecular properties constitutes an effort on
which much theoretical research has been devoted lately. A basic goal is
to relate the appearance of the strong non-linearity with both electionic
and geometric structures of the molecules, with the ultimate goal in mind
to design optically active and conducting devices through the use of mole-
cular modelling and computations. There has been growing interest and
possibilities for calculations of such non-linear effects with semi-
empirical as well as ab initio models. These have mostly focussed on
hyperpolarizabilities since these quantities connect directly to measured
non-linear susceptibilities and conducting properties.

The molecular systems that we have been addressed by respons theory
calculation are of three categories; small systems (the neon isoelectronic
hydrides) for which extensive computational tests on electron correlation,
basis sets, role of frequency dependence and vibrational dependence have
been accomplished; oligomer sequences (polyynes) 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 of the
HOMO-LUMO excitation implies strong polarizabilities and hyper-
polarizabilities. The multiconfiguration quadratic respons and quadratic
random phase approximations have been employed addressing the
frequency dispersion as well as the role of electron correlation in a direct
fashion. Since the great bulk of measurements are conducted for solvated
or solid species our current interest is to simulate such effects. For this
purpose we apply the multipolar self-consistent reaction field method for
both static and dynamic hyperpolarizabilities, and use the recent
generalization of this model for linear respons theory applied to SCF and
MCSCF states, introducing a reaction field modified Hamiltonian (see
previous paragraph). Results support the notion of a strong influence on
the hyperpolarizability by the environment. Para-nitroaniline addressed
in the first work represents a so-called 1-dimensional charge transfer
complex for which a strong in-plane longitudal excitation dominates the
hyperpolarizability. We are currently investigating other 1-dimensional
as well as some 2-dimensional charge transfer complexes. The latter
contain several donors and/or acceptors connected to the benzene ring
with competing in-plane orthogonal excitations and are particularly
attractive as model compounds for optical activity.

Theory and calculations of resonance X-ray emission
Collaboration: F Gelmukhanov (Novosibirsk), C-M Liegener (Erlangen).

Soft X-ray emission spectra of molecules display site sensitivity of the
chemical environment. They have traditionally been used for probing
local densities of certain symmetries and the atomic decomposition of
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molecular orbitals. The experiments have also involved larger systems,
such as molecular crystals, surface adsorbates and polymers. In the pre-
vious report we described a Greens function based method that retained
the simplicity of the intensity models but that could handle many-
electron effects, that could cover a wide spectral energy interval and,
furthermore, that was applicable to large systems in a size-consistent
manner. The convergence behaviour in the oligomer to polymer sequence
of X-ray emission spectra was of particular interest for this method. This
year we have generalized the studies also to include it resonance X-ray
emission. With the introduction of polarized excitation and the use of
samples with fixed molecular directions the recording of angular
distributions in resonance X-ray emission gives additional information
both on conformation and on the physics behind the X-ray resonance
process itself. In the resonance case the so-called two-step model has a
rather limited applicability and a more fundamental starting point is
required based on multi-channel scattering theory. Such an approach
leads to so-called interference effects and our studies of such effects in
resonance X-ray emission have led to some interesting and unexpected
features in particular for the angular distributions.

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

Owing to the fact that tunable synchrotron radiation sources recently
have become available in the X-ray wavelength region there has been a
resurge of interest in X-ray absorption spectroscopy. 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 spectra show
elemental specificity and chemical information of the electronic and,
sometimes also, conformational 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 is on the
development of ab initio methods which are flexible enough to be applied
to both bound and continuum states appearing in NEXAFS spectra of
very large molecular systems and also polymers. In the latter, periodic,
case we have developed a Green's function method which has many
similarities to the one for X-ray emission referred to in the previous
paragraph. The X-ray rates are obtained as the residues of the retarded
one-particle Green's function modulated by X-ray orbital transition
moments. The spectral features are interpreted from the singularities of
the spectral density of the one-particle Green's function and the site
selectivity of the NEXAFS process. Utilizing this site selectivity and
local symmetry selection rules the transition moments are optionally
decomposed into atomic contributions. Applicrtions have been performed
for molecules in the polyene sequence and for polyacetylene. For the
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aperiodic, general, case we are working on a so-called direct-atomic-
orbital static exchange method, in many respects similar to the direct SCF
method of Almlöf, and the direct RPA methods described in the second
paragraph above. Thus the static exchange Hamiltonian is constructed
directly from the list of atomic integrals, using density screening and
various ways to identify and eliminate small integrals etc. This
Hamiltonian is diagonalized to give the discrete and continuous NEXAFS
spectra, the latter after energy normalization by the so-called Stieltjes
imaging method.
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DEVICE PHYSICS

Lab manager: Bengt Andersson, technical staff: Anna Lundqvist (50%),
Per-Erik (Sterner) 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, and is actively used by more than 30
scientists in a variety of research projects on semiconductor devices and
sensor structures. More detailed descriptions of the different research
projects are given under the research 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
processing. 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 pressure 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 Mol< cular Beam Epitaxy (MBE) instru-
ment for Si, Si/Ge film growth.
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ELECTRONIC DEVICES

Introduction

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
23 people are involved in the research program, of which 15 are
graduate students. Research results have been presented in about 110
papers, published in international journals and conferences.

Staff

Professor

Associate prof.

Assist, prof.

Senior res. engineer

Secretary

Res. engineers

Graduate students

Christer Svensson

Magnus Willander
Jiren Yuan

Ying Fu

Leif Hedström

Inger Eriksson

Anna Lundqvist
Per-Erik (Sterner) Fägerman

Tekn Lie Azar Assadi
M Sc Mang Cao
M Sc Qiang Chen
Tekn Lie Per Larsson Edefors
Tekn Lie Per Ingelhag
Tekn Lic Christer Jansson
M Sc Henrik Johansson
Tekn Lie Magnus Karlsteen
M Sc Patrik Larsson
Tekn Lic Dake Liu
M Sc Omer Nur
Tekn Lie Aziz Ouacha
Tekn Lic Q Ul-Wahab
M Sc Hans Johansson (Defence Res Inst, FOA)
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Tekn Lic Ingemar Söderqvist (Saab
Combitech)
Tekn Lic Ted Johansson (Ericsson
Components)

Guest Scientists Yevgeny Mamontov
Nanzhi Zou

Guest student Mr Michael Klein

Graduate education
During 1992/93 the group have produced 1 doctor and 8 licentiates. At
June 1st, 1993, Azar Assadi defended her thesis "Polymer based
electronic devices". During the fall Per Ingelhag presented his licentiate
thesis "A contribution to high performance CMOS circuit techniques" and
Dake Liu his thesis "Power reduction strategies for digital integrated
circuits". During the spring six licentiate theses were presented: Christer
Jansson, "Image sensing using standard CMOS techniques", Magnus
Karlsteen, "Some investigations of device properties of compounds from
group IV", Qamar ul Wahab, "Epitaxial growth of 3C-SiC films on Si
substrates by reactive magnetron sputtering and devices made on these
films", Aziz Ouacha, "Electrical properties of InP/InGaAs heterojunction
bipolar transistors", Ted Johansson, "Process and device development of
MOSFET technologies for telecommunication applications" and Per
Larsson-Edefors, "High-performance bit-serial CMOS arithmetic".

During 1992/93 we have given one course for graduate students, Silicon
Technology (5p, 15 students)( Bengt Andersson and Christer Svensson).

Undergraduate education
We have further given 4 courses in the undergraduate program, for
students 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
possibilities and limitations of this technology.

An important activity within this group is to support the group itself, the
education and other groups at LiTH with knowledge, tools and
fabrication channels concerning CMOS integrated circuits. This is
performed under the project CENIIT ASIC (Leif Hedström and Patrik
Larsson).

Christer Svensson has during the year initiated the formation of several
research consortia, which is a cooperation between research groups and
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industry. The group will therefore, from July 1st 1993, be mainly
financed through three such consortia, "Advanced ASIC Design", "High
speed electronics" and "IR sensors". Christer Svensson was invited to
participate in a discussion panel on high speed clocking at the ISSCC'93
(San Francisco, Feb. 1993). He also served in the ESSCIRC93 program
committee (Copenhagen Sept. 1992) and as guest editor (together with
Eric Bruun) for the July 1993 issue of IEEE Journal of Solid State
Circuits.

Research projects

High performance CMOS circuitry

(P Larsson Edefors, P Larsson, D Liu, C Svensson and J Yuan.)

We study high speed and low power digital CMOS circuit techniques.
A new circuit technique and clocking principle for high clock frequencies
was developed here 1987. Operation frequencies of 100 - 1000 MHz
using in standard 1.2-3 |im CMOS processes have been experimentally
verified. 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 developed in order to verify the noise results.

We have applied this new technique to a numerically controlled oscillator
in cooperation with UCLA, to a so called radio frequency memory in
cooperation with SiCon and Saab Missiles, several new divider and
counter circuits, several bitserial ALU's and to a neural network type
error correcting decoder. Reports from abroad tells that the single phase
clock technology is used in many advanced designs, for example in the
new Alpha microprocessor from Digital Equipment.

The strategy for high speed clock distribution and communication within
a chip for large chips have been investigated. A new protocol for high
speed chip-to-chip communication has been developed.

The studies of high performance CMOS has been extended to the area of
low power CMOS. We have thus analyzed the possibility to minimize
power by a proper choise of circuit techniques and by controlling supply
and threshold voltages. We have also developed a method for power
estimation in complex CMOS chips.

Smart image sensors and Video/image processors
(P Larsson Edefors, P Ingelhag, C Jansson and C Svensson).

The smart image sensor project is run in cooperation with Dept. of
Electrical Engineering at LiTH (prof. Per-Erik Danielson). It is
supported by CENIIT (Center for industrial information technology at
LiTH). The goal is to develop single chip image sensors, which also
include AD-conversion and processing capability.
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The earlier PASIC concept have been carried over to a spin-off
company, Integration Vision Products, (IVP) and we have given IVP
some support in the development of their first PASIC-like product,
MAPP2200. MAPP22OO is a 256*256 pixel sensor with on-chip AD-
conversion and image processing. The product is now availible.

In connection with MAPP2200, we developed a 256*256 pixel image
sensor with A/D-conversion. The sensor has been successfully fabricated
and investigated. Within the Eureka project Prometheus, we have in
cooperation with Dept of Electrical Engineering developed a new sensor
concept for modulation selective pixel sensing.

In connection with PASIC we have earlier developed an new architecture
for video/image processing, VIP. This is an SIMD machine with 128-
1024 processors and memory on the same chip, aimed for processing
whole video lines in parallell. We are investigating the possibility to
commercialize the VIP concept in cooperation with Ericsson Radar
Electronics, Mölndal.

We have analyzed the ability of PASIC and VIP to handle different kinds
of image-processing algorithms for real time video and for radar in
cooperation with Dept of Electrical Engineering. In connection to these
studies several extensions to the VIP architecture, for example hardware
support for multiplication and multiplication/ackumulation has been
studied.

Analog/digital circuit technique for VLSI
(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 and we are now very close to that goal. A spinoff result, a new
principle for "voltage copying" has been presented.

In connection with the PASIC sensor above, a new type of voltage ramp
generator has been developed.

Research in Physics of Electronic Devices
This group is headed by Professor Magnus Willander. The main goal of
our research is partly to improve and find the ultimate performance for
electrical devices which today are in industrial production and partly to
investigate future electrical and optical devices. During the last year more
emphasis has been on the latter part. Our work therefore range over
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
m2 of clean room area and equipments for mask making and wafer
processing. Some highlights for this year: We have theoretically
demonstrated the existence of "quantum inductance", which controls
oscillations in resonant tunneling diodes. We have successfully calculated
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the valence band structure of heavily doped, strained Sii_xGex, taking
nonparabolicity into account. Experimentally, we have fabricated 5-
doped field effect transistors with the highest observed transconductance
and fabricated the first bipolar transistor with a CoSi2 metal collector.

Research Projects
Quantum Devices
(S Cao, Y Fu, M Willander, W Xu and N Zou)

The work is divided into basic research and applications of tunnelling and
of quantum wells on devices. Both theoretical and experimental works
are included in the project.

Bipolar Resonant Tunnelling Diodes (Bipolar RTDs)
The main goal is to theoretical'v understand the electroluminescence
from double and triple barrier rt vnant tunnelling devices. Several steps
towards the understanding of electroluminescence have been presented.

High Frequency Oscillations in Double Barrier RTDs
Theoretical investigations of the quantum inductance and its influence on
the oscillation frequency are reported.
A quantum mechanical method has been developed to calculate the maxi-
mum oscillation frequency of RTDs.
An integration of a high frequency RTD-oscillator with a stripline
antenna has been experimentally demonstrated, and the antenna lobes
have been investigated.

Prewells in RTDs
In a series of experiments and simulations, the effect from adding a
prewell to an RTD to increase the current peak to valley ratio (PVR) has
been determined.

Delta Doped Induced Tunnelling
Tunnelling in triple delta-doped silicon has been investigated to under-
stand the origin of the negative differential resistance (NDR).

Superlattiees (SLs)
Excitons and electron Stark ladders have been investigated in SLs with an
enlarged quantum well (QW) in the presence of an electric field.
GC mixing effects on the electron transmission through GaAs(AlAs)m
GaAs SLs have been analysed theoretically in connection to the validity of
using the effective mass approximation for transport studies in SLs.

Quantum Well Detectors
The requirements to detect normal incident radiation for n-type indirect
gap QW detectors have been analysed.
Calculations of oscillator strength and the optimisation of the infra-red
absorption under normal incident radiation have been performed.
Ab initio calculations of intersubband absorption in QW detectors have
been done.
Simulations and experiments on tunnelling injection of carriers into QW
detectors have been done.
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This project has been supported by ESPRIT III,(basic research), and
TFR. Also a new Human Capital and Mobility program has been
approved.

Fie Id-Effect Transistors
(Q Chen, Y Fu, T Johansson, O Nur, A Ouacha, and M Willander)

We have partly worked on delta-doped silicon FETs and partly on high
frequency power MOS FETs. Modelling, characterisation and realisation
of FETs have been performed

Delta-Doped FETs
Single delta-doped Si FETs have been demonstrated with a world record
transconductance. Transport properties of the channel have been charac-
terised.
Double delta-doped Si FETs have been investigated with respect to im-
proved transport properties in the channel.
Electronic potential and band structure of modulated doped semi-
conductors have been re-examined with regards to the self-consistent
solution of Schrödinger equation and Poisson equation.

High Frequency Power MOS Transistors
MOS transistors with Lg=l.l-1.9 ^m have been demonstrated with fmax
= 10.5 GHz (fT=3.6 GHz) and with power gain up to 20 dBm.

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

The research on bipolar junction transistors (BJTs) is divided into two
parts: Si based heterojunction transistors (HBTs) and 111-V HBTs

InP/lnGaAs/InP DHBTs and InP/InGaAs HBTs
Processing technology has been developed for these transistors.
Influence of the recombination properties in the base and the temperature
for SiN passivation on the dc characteristics has been investigated.
Various facts influencing the offset voltage have been investigated experi-
mentally for both HBTs and DHBTs.

Si/SiGe/CoSi2 Schottky collector HBTs. Si/SiGe and Si BJTs
The total switch time for Si/SiGe HBTs in direct coupled transistor logic
circuits has been simulated as function of doping and germanium profiles
in the base.
Two-dimensional simulations of transistor characteristics for transistors
with Ge ion-implanted bases have been published.
The switch time and fj have been analysed for Si/SiGe/CoSi2 Schottky
collector HBTs.
Experimental demonstrations of Si/SiGe/CoSi2 have been done and the
influence of CoSi2 formation on the strain in the base has been
investigated.
Simulations of Si BJTs under low-level-injection have been done.
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Bandgap-narrowing modelling in silicon at high and low temperature has
been finished and the model is under implementation in the commercial
device simulator MEDICI.
Integral manifolds of smooth non-linear ordinary differential equation
systems have been investigated with application on simulation of bipolar
circuits.
It should also be mentioned that during this year the bipolar project has
been put into connection with the field-effect transistor project through a
new ESPRIT 111 project on BiCMOS technology.

This project is supported by NUTEK and ESPRIT 111.

Silicon Carbide; Material and Devices
(M Karlsteen, Q Wahab and M Willander)

The research on growth (with Prof. J.E. Sundgren) has been on low
temperature sputtering growth of 3C-SiC on silicon substrates. Material
characterisation has been done mainly for carrier transport, and carrier
recombination properties and for the band-offsets in 6H-SiC/SiO2 and
3C-SiC/Si. The device applications have been investigations of high
temperature operation of MIS structures.

Growth and Characterisation
Crystalline 3C-SiC films have been deposited on silicon substrates at 850
C by sputtering. In samples grown by this technology extremely long

carrier lifetimes have been measured. Band offsets in 3C-SiC/Si have
been experimentally determined.

MIS tunnelling Diodes and MOS Diodes
MIS tunneling diodes (several different metals on SiO2/6H-SiC) have
been investigated related to the fundamental properties (e.g. band offsets
and electron affinity). 6H-SiC MOS sensors working at high temperatures
have been demonstrated.

Polymer Devices
(A Ässadi, C Svensson and M Willander)

This year, fundamental properties of metal-polymer junctions as well as
applications of Schottky polymer diodes have been investigated.
Electrical characterisation of planar aluminium - poly(3-octylthiophene)
Schottky barrier diodes have been investigated with emphasis on the
current transport mechanisms.
The diodes have been operated as gas sensors for nitric oxide and
ammonia.
Polymer Schottky barrier diodes have also been investigated with regards
to barrier heights for Al on poly(3-alkylthiophene) with different side-
chain lengths.
Finally we have demonstrated that it is possible to control the current
between source and drain by an Al Schottky contact on poly (3-alkylthio-
phene).
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Carrier Transport anil Carrier Recombination Properties in Bulk
Materials (Theory and Experiments)
(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
Calculations of the valence bands for heavily doped strained Sil-xGex
have been performed, taking into account the non-parabolicity. In this
way we have determined the effective hole masses, mobilities and
diffusion coefficients for the different valence bands.
Analytical methods (existence, uniqueness, and boundedness) for con-
structing quasi-equilibrium solutions of the non-stationary linearized
Boltzmann equation have been presented.
A unified model for carrier mobility in silicon (temperature, doping and
electric field dependencies) is developed.
Monte-Carlo simulations of warm electron effects in germanium have

been published with applications to microwave detectors.

Experiments
Optical (transient gratings and second harmonic generations) and electro-
optical (photoconductivity) methods in the ps-time regime have been
used.
Carrier recombination and carrier transport properties have been deter-
mined in 3C-SiC and in 6H-SiC for medium and high carrier densities.
Similar experiments have been applied on Si/SiGe superlattices.
In a series of experiments carrier transport and carrier recombination
properties of InP and of InGaAs at high carrier densities ( 1 ()20 c m-3)
have been investigated.

Collaborators
University of California, Los Angeles, USA, H Samueli.
Vilnius University, USSR, M Petrauskas.
Daimler-Bentz, Fed. Rep. Germany, Kasper.
AT&T. N.J., USA, R. Logan.
Royal Institute of Technology, Stockholm, O Nilsson, L H Zetterberg
Ericsson Radar Electronics, Mölndal, R Arvidsson.
CERN, Geneva, Switzerland, B Löfstedt.
SiCon AB, Linköping, R Sundblad.
Integrated Vision Products, Linköping, R Forcheimer.
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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, A
Fahlman, docent, P O Holtz, docent, W M Chen, docent, H Weman,
docent, P Bergman, Dr Techn, A Henry, PhD, J Svensson, Dr Techn. In
addition there are continuosly between 5 and 10 post doc visitors in the
division. We also have about 10 PhD students. Technical support: L
Samuelsson, research technician, (PhD), (25%), S Andersson, research
engineer (civ ing, 100%), O Kordina, research engineer (techn lie 50%),
C Hallin, research engineer (civ ing, 100%), A Eklund, engineer, lab
manager, (50%).

The annual total budget for research in our division was about 9 MSEK
during the year 920701-930630, excluding equipment grants. The major
part of this budget comes from external sources, the faculty support is
about 1,5 MSEK.

The research activities in the materials science division cover a broad
spectrum from basic research (which dominates) to projects of an applied
character in direct connection with industry. There is a strong inter-
national 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,
including both bulk, surface and interface defects, with several
techniques including laser spectroscopy and magnetic resonance.

preparation and characterization of epitaxial films of semi-
conductors 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
synchrotron radiation), inverse photoemission, and other surface-
sensitive techniques.
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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 from Electron Spectroscopy.

I. III-V SEMICONDUCTORS AND QUANTUM STRUCTURES

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

(AlGa)As serpentine superlattices. The optical properties of various types
of quantum wires fabricated as part of an extensive cooperation with the
QUEST Center at University of California, Santa Barbara (M. Miller, C.
E. Pryor, J. Merz and P.M. Petroff), are studied by luminescence
spectroscopy in our laboratories. In particular a detailed study has been
made on the (Al,Ga)As quantum wires grown on vicinal (100) GaAs sub-
strates by molecular beam epitaxy. From polarization-dependent photo-
luminescence (PL) of (Al,Ga)As serpentine superlattice 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 excita-
tion (PLE) and a complete analysis of the polarization, recombination
lifetime, diamagnetic shift, thermal activation energy and pump power
dependence of the emitted lines. The low temperature PL decay data has
shown a longer (radiative) decay time for the SSL structure than for a
reference alloy-well structure, indicating a reduced carrier relaxation in
the serpentine structure. At higher temperature (200 K) the measured
decay time is mainly non-radiative and found to be much longer in the
SSL structure (4 ns) than for the reference alloy-well (600 ps).

In linear polarized PLE, we have been able to resolve a 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 a lateral composition
modulation between the barrier and the wire to be 13 % from the ob-
served heavy-light hole splitting corresponding to a lateral potential-
energy difference in the conduction band of about 100 meV.

High magnetic fields Low-temperature high magnetic field studies on
quantum wire arrays have been performed in fields up to 24 Tesla (in
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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. The ground state electron-heavy hole exciton in magnetic fields
up to the maximum field was measured, and we found an anisotropy in
the diamagnetic shift (20 %) as well as in the linewidth dependence. The
diamagnetic shift anisotropy is a direct indication of the 1D properties of
the excitonic wavefunction. The linewidth anisotropy 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.

InGaAs/InP quantum wires We have also initiated a collaboration with
NTT, Opto-electronics Laboratories, Atsugi, Japan, to study the optical
properties of InGaAs/InP quantum wires. The ultra-narrow InGaAs/InP
quantum wires are fabricated by electron-beam lithography, reverse-mesa
wet etching, and an overgrowth achieving a lateral dimension of down to
150 Å. Preliminary magneto-luminescence studies performed in our lab
have shown that the number of Landau levels is dependent on the size of
the wire. For a 450 Å wide wire we can clearly see four levels at higher
fields (16 Tesla), whereas for a 250 Å wide wire we see only two Landau
levels. We are planning to study the optical properties of these quantum
wires as well as quantum dots in more detail in the near future.

1.2. Optical properties of AlGaAs/GaAs two-dimensional
systems
Most projects under this headline are part of an extensive cooperation
with the QUEST Center at University of California at Santa Barbara,
USA (M Sundaram, J L Merz, A C Gossard, P M Petroff).

1.2.1 Excitons in GaAs/AIGaAs quantum wells
(C Harris, J P Bergman, P O Holtz, Q X Zhao, and B Monemar)

Exciton dynamics The radiative emission in structures showing quantum
size effects is well known to be dominated by exciton recombination. It is
therefore important 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 recently studied the detailed mechanisms determining the capture
of a free exciton at impurities in the well and at irregularities present at
the interface between the quantum well and the barrier layers. We have
shown that for narrow quantum wells the capture of excitons at impurities
becomes extremely inefficient and is thus of relative unimportance for the
smallest quantum structures. This significant result is due to the im-
portance 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.

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. A further example we have been able to study is how the
interaction of the Coulombic potential of a shallow impurity together with
the localising potential due to interface roughness affects the total con-
finement energy of the exciton. The two potentials are in fact found to be
essentially independent, but 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. Furthermore the use of the streak
camera allows us to resolve in time the diffusion of excitons between
regions of different localisation strength and to observe their subsequent
capture at impurities in these areas.

Using a time resolved technique for studying the dynamics of exciton
recombination 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.

Non-radiative recombination processes In undoped MBE-grown
GaAs/AlGaAs QW's we have studied the dynamics of the radiative
recombination in the temperature range from 2 K up to 500 K. The
observed decay time increases from about 300 ps to 100 ns with the
temperature increasing from 2 K to 200 K. This is expected for the
radiative transition of the dominating free exciton recombination, due to
the redistribution of the exciton wave vectors away from K=0 where the
radiative transition is allowed. These results show that the radiative
recombination is the dominating process and that the non-radiative
recombination plays a negligible role at low temperatures. At tempera-
tures above 200 K we observe a rapid decrease of the decay time which
we interpret as the onset of a competing non-radiative recombination
channel. 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
have also shown that at higher temperatures the FE's exist in thermal
equilibrium with free carriers, but that even at room temperature the FE
recombination is the dominating process in the observed luminescence
spectrum.
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Deep level defects In relation to these studies we have performed electron
irradiation of undoped GaAs/AlGaAs QW's in order to create an
increased concentration of deep level defects. From our measurements of
the radiative decay time as a function of temperature we observe that this
increases the non-radiative recombination. At the higher irradiation levels
the non-radiative recombination is totally dominating as manifested by
measured decay times shorter than 50 ps, at low temperature, which do
not change with increasing temperature. We are at the moment analysing
these results trying to understand the actual process and relative im-
portance of the non-radiative recombination in irradiated materials.

Interface roughness The quality of the interface between the well and
barrier in MBE grown QW structures has been investigated by
spectroscopic means. The method is based on localization effects on the
free exciton (FE) due to interface roughness. In case of sufficient
localization, the interaction between a FE and an adjacent "free" hole
gives rise to a shakeup transition resulting in a novel satellite peak in
selectively excited PL (SPL) spectra. Calculations show that interface
roughness can give rise to the required localization by producing
localized states which are weakly bound to each subband state. The
observed satellite peaks are interpreted as due to shakeup transitions
between different hole subbands. The degree of localization has been
simulated by application of a magnetic field: The satellite intensity
increases with increasing applied field. Accordingly, the intensity of the
observed satellite can be used as a probe on the interface quality. From
temperature dependent SPL measurements an activation energy has been
evaluated, which is in agreement with the FE Stokes' shift.

1.2.2 Donors in GaAs/AIGaAs quantum wells
(P O Holtz, C Harris, and B Monemar)

Two Electron Satellites spectra A spectroscopic study of shallow donors
and its bound exciton (BE) in narrow GaAs/AIGaAs QWs has been per-
formed. The electronic structure has been investigated by means of
selective photoluminescence (SPL) and PL excitation (PLE) spectroscopy.
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.

Magneto-optical properties The TET satellites in SPL spectra have been
monitored also in a magnetic field. While the donor BE shifts towards
higher energy with increasing field, with a diamagnetic shift similar to
the free exciton, the TET satellite is found to shift considerably towards
lower energies, i.e. the Is - 2s energy separation increases with increasing
magnetic field. From such magneto-optical studies of TET satellites, the
dependence of S-like excited states of the confined donor on the applied
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magnetic field has been determined for the first time. Previously only
transitions between the ground state and p-like excited donor states, ob-
served in optical absorption, have been experimentally studied.

1.2.3. Acceptors in GaAs/AlGaAs quantum wells
(P O Holtz, Q X Zhao, C Harris, J P Bergman, A C Ferreira, J Dalfors,
M Singh, and B Monemar)

Acceptor excited states The confinement effects on the excited states of
shallow neutral acceptors in center-doped GaAs/AlGaAs QWs have been
investigated via the neutral acceptor BE. The excited states of the acceptor
have been observed both via resonant Raman scattering and two-hole
transition (THT) satellites of the BE recombination observed in SPL and
PLE spectroscopy. Several novel excited states have been observed: The
heavy hole-like (hh-like) 2S(F6) excited acceptor state dominates the
satellite spectrum, but also satellites corresponding to the light hole-like
(lh-like) 2S(F7) excited state and the higher hh-like 3S(F6) state as well
as the satellite corresponding to the parity forbidden transition to the
2P3/2 excited state have been observed. The confinement effects on these
excited states have been explored by performing SPL and PLE measure-
ments on QWs with varying widths in the range 50<Lz<150 Å to be com-
pared with corresponding results for bulk acceptors.

The electronic structure of the acceptor and its bound exciton The
acceptor electronic structure has been studied via the exciton bound at the
acceptor. The excited states of the acceptor have been observed via RRS
and THT satellites as described above. However, the observation of
satellites in SPL spectra also opens the possibilty to monitor the BE in
PLE spectra, i.e. in absorption mode. When the THT satellite is detected
in a PLE measurement, the splitting of the acceptor IS ground state into
the hh-like acceptor IS(F6) ground state and the lh-like 1S(F7) state has
been spectrally resolved for the first time. The splitting between the F6
hh-like and the F7 lh-like acceptor IS ground states is found to increase
with decreasing QW width in agreement with theoretical predictions. The
proposed interpretation of the acceptor Fö hh-like and the F7 lh-like
states is confirmed by polarized PLE measurements. Also several BE
states are theoretically predicted and experimentally observed in these
PLE spectra, with the J = 5/2 BE state at lowest energy, similar to bulk
GaAs.

Magneto-optical properties The information available in the literature
about the magneto-optical properties of confined acceptor states based on
experimental as well as theoretical studies is still very limited. However,
the magneto-optical properties are important input parameters for a
proper characterization of acceptor states and we have recently initiated a
broad project covering both the experimental and theoretical side of the
magneto-optical properties of acceptor states in QW's, to be compared



with the corresponding properties in bulk GaAs. The magnetic field
dependence for the confined acceptor ground and excited states are
measured up to 16 T. The g-factors of shallow acceptor states are ob-
tained from our calculations for varying QW width. The g-values for the
acceptor IS ground states related to the Luttinger parameters k and q are
predicted. The excited acceptor states are calculated 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. To ensure that the cal-
culations converge for all different states, a large number of basis
functions (up to 1000) have been used. The theoretically predicted results
are in good agreement with recently achieved experimental data. The
theoretical work has been done partly in cooperation with A Pasquarello
in Lausanne.

High doping The acceptor doping conditions in the QWs have been varied
in a systematic way up to the degenerate limit. Several novel aspects of
the excitonic properties are demonstrated: For higher acceptor concentra-
tions, the normal BE peak is replaced by a broader feature appearing with
a larger binding energy than the normal BE. The novel band is inter-
preted as the exciton bound at interacting acceptors. An interesting aspect
is the increasing Stokes' shift for this novel band at higher doping levels.
This is explained in terms of an exciton transfer process from more
shallow to deeper BE states. This transfer model is supported by PL
decay measurements.

Auger effects An interesting recombination process is observed in QWs
with moderate doping levels: The intensity of the free-to-bound band, a
free electron recombining with an acceptor bound hole, is significantly
enhanced, when the exciton is resonantly excited. Since this process is
observed also when the thermal energy is zero, it implies that an Auger
process is involved to bring the electron from the bound exciton state up
to the conduction band. Such a recombination process, denoted excitonic
Auger, has previously been suggested to occur for some deep centers in
bulk Si. We have reported on a model for excitonic Auger recombination
in QWs and are currently working on the theoretical treatment for this
novel recombination mechanism in collaboration with F.G. Pikus,
University of Utah.

1.2.4. Coupled Double GaAs/AIGaAs Quantum Wells
(Q X Zhao, B Monemar, and P O Holtz)

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

Electronic structure Coupled symmetric double quantum (CDQW) well
structures have interesting electronic properties, important for many
optoelectronic devices. If the barriers in the double quantum well strut-



tures are sufficiently narrow, there will be an interaction between the two
wells. The electronic states corresponding to single well one-particle
states split into symmetric and antisymmetric states and the exciton states
are accordingly formed from either symmetric or anti-symmetric hole
and electron one-particle wavefunctions. An important feature in the PLE
spectra is a significant reduction of the oscillator strengths for optical
transitions related to antisymmetric hh and lh excitons compared to the
strength of the corresponding symmetric exciton states, when the
symmetry splitting becomes comparable with the single-QW exciton
binding energies. This effect is absent in the simplest theory for CDQW's,
but can be calculated in an extended effective-mass theory. Also the
Coulomb interaction between electrons and holes, which mixes symmetric
exciton states with antisymmetric exciton states, has been taken into
account in the calculations.

Exciton energies To investigate the exciton binding energies, combined
unpolarized and polarized PLE measurements are used to measure the 2S
exciton state. From such measurements, the 1S-2S energy separation for
symmetric heave hole excitons has been accurately determined for
CDQW's. The so obtained 1S-2S energy separation is significantly re-
duced compared to uncoupled QWs. A simple model to calculate the
binding energies of the 1S and 2S exciton states has been developed. The
predicted 1S-2S energy separation derived from such calculations are in
very good agreement with the experimental results.

Acceptor doped CDQWs Also the effects of coupling on the acceptor
states in center-doped CDQW structures have been studied by means of
different optical methods, such as PL, PLE, SPL and RRS. With an
electric field perpendicular to the QW layer, interwell and intrawell FEs
have been observed in PL spectra. The corresponding interwell and
intrawell acceptor BE have been observed simultaneously in the case of
weakly coupled QW's, while only the interwell BE is observed in the
strongly coupled system. The binding energies of the acceptor, its excited
states and its BE have been determined for different CDQW structures
using RRS and THT measurements of the BE in SPL. Electric-optical
characterisation and studies on the dynamics of the exciton capture and
emission to these acceptor states are also included in this project.

1.2.5. High Carrier Density Effects in AlGaAs/GaAs Quantum
Wells
(J P Bergman)

Many-body effects As a co-operation with CNET in Lannion, France, we
have performed studies of the optical 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
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carrier densities excitons do no longer exist due to screening and band
filling effects and the electrons and holes in the well recombine through a
band to band transition on a picosecond time scale. With time resolved
spectroscopy on this time scale we have studied the optical recombination
at different carrier densities and observed many-body effects such as
bandgap renormalisation and large broadening of all transition states.
These results are of vital importance for device applications such as
injection lasers, since many-body effects affect the optical gain. We plan
to continue this work to study for example the stimulated and spontaneous
luminescence in the direction perpendicular and parallel to the QW layer.

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

The electronic structure As the barrier width in multiple QWs (MQWs) is
reduced, the exponentially decaying wave function in the barrier will
have some finite value in the neighbouring well at a certain barrier width.
The transition from a MQW into a superlattice (SL) is initiated. The
electronic structure is strongly influenced by the wave function
interaction. The single electronic levels in MQWs are replaced by energy
bands in the SL. The FE and acceptor BE has been investigated in a series
of structures with varying barrier width grown by H C Örsted Institut,
Copenhagen (E Veje). A simple model has been developed to calculate the
exciton binding energies, when we go from a MQW to a SL. The FE
binding energy is strikingly reduced as the MQW is replaced by the SL:
For instance, the IS - 2S energy separation for the hh FE in a 100 Å wide
QW decreases from about 7.5 meV to 3.3 meV as the barrier width is
reduced from 150 to 10 Å. A similar reduction is found for the acceptor
BE binding energy, while there is no significant effect on the binding
energy of the acceptor itself. Dynamical studies of the acceptor BE show
that the decay time increases as the barrier width decreases, as can be
expected when the wave function overlap decreases.

1.2.7. Optical Properties of the GaAs/AIGaAs Heterojunction
(T Lundström, Q X Zhao, P O Holtz, J P Bergman, C Hallin, and B
Monemar)

Recombination processes A series of modulation doped GaAs/AIGaAs
single heterojuctions grown by MBE, with an active GaAs layer ranging
from 400 Å to 1500 Å, have been studied by means of SPL and PLE
spectroscopy. In these structures, a 2D electron gas (2DEG) is formed at
equlibrium in a notch potential near the GaAs/AIGaAs interface due to
charge transfer from the modulaton doped layer in the AlGaAs barrier.
This 2DEG gives rise to several PL bands which can be observed in all
the samples with different width of the active GaAs layer. The so called
H-band 1 (HB1) is due to the radiative recombination between 2D
electrons and holes in the valence band, and the H-band 2 (HB2) is due to
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radiative recombination between 2D electrons and bound holes from
residual acceptors in the active layer. The energy positions of the H-bands
are strongly dependent on sample design and excitation conditions. This
dependence is explained by a proposed band bending model. In order to
control the band bending in the active layer, an external electric field has
been applied perpendicular to the layers. The HB1 emission shifts
according to the band bending model with the applied electric field. The
applied field also gives us the possibility to vary the separation between
the Fermi edge and the second 2D electron subband. At sufficiently small
separation, an efficient scattering path near k=0 is available for electrons
at the Fermi energy, resulting in an enhanced oscillator strength. This is
observed both in the PL and PLE spectra as a striking enhancement of the
many-body excitonic transition, usually refered to as the Fermi edge
singularity (FES). In fact, we have been able to observe two different
FES transitions, one which involves a free 2D hole in the valence band,
and another involving a hole bound to a residual acceptor in the active
GaAs layer. At even higher applied electric field, the second 2D electron
subband becomes populated and the n=2 excition is observed in PL
spectra instead of the FES transition.

Theoretical approach The interpretation of the experimental data is
supported by a theoretical model of the modulation-doped heterojunction.
In the effective mass approximation a one-dimensional Schrödinger-
equation and Poisson-equation are simultaneously solved in a self-
consistent manner. The numerical solution to these equations gives the
band bending in the structure, energy levels for the 2D electron gas and
envelope-wave-functions.

1.3. InP-based two-dimensional systems

1.3.1 Strained InGaAs/InP Quantum Wells
(J P Bergman, P O Holtz, M Singh, J Dalfors, Q X Zhao, and B
Monemar)

This project is a cooperation with the Institute of Microelectronics in
Kista (G Landgren).

The dynamics We have studied the dynamics of free excitons by time
resolved spectroscopy in a serie of InxGai_xAs/InP QW samples with
different x-value, giving a structure with either lattice-matched (for
x=0.53), compressive or tensional strain. The width of the InGaAs well
material was very thin, in the order of a few monolayers, in order to
have a recombination energy suitable for detection with photomultiplier
tubes. We find surprisingly small differences between samples with
different strain, with low temperature decay times just above 1 ns. The
temperature dependence of the decay time indicates that the radiative
recombination is dominating even at high temperatures (300 K), where no
contribution due to non-radiative recombinations is observed. This is an



important difference as compared to similar structures of other material
systems such as GaAs/AlGaAs or InGaAs/GaAs. We have also found that
the exciton dynamics are strongly influenced by localisation effects and
exciton transfer between regions.

The electronic structure studied by FTPLE While laser-excited PLE
spectroscopy has yielded valuable information on the electronic excited
states of the AlGaAs/GaAs systems, another class of structures in the
InGaAs/InP system, which exhibit strong emission in the 1.0-1.7 urn
spectral region has remained largely uninvestigated. This is due to the
lack of convenient cw tunable laser sources in this spectral region. It is
now becoming clear that this limitation can be overcome by the
employment of Fourier transform (FT) spectroscopic techniques. In
recent years FTPL has gained favour amongst semiconductor
spectroscopists for the high spectral resolutions attainable, the high optical
throughput, the signal-to-noise superiority due to the multiplex advantage
and the speed of data acquisition. The natural extension of FTPL is of
course FTPLE spectroscopy. The clear advantage of FTPLE is that a
tunable laser source is not required. Instead, the internal white-light
source of the FT spectrometer is modulated through the interferometer in
the spectal region of interest e.g. at the high energy end of a PL emission
transition in InGaAs/InP. This modulated (and frequency-encoded) light
beam is focused onto the sample; the emission (i.e. the excitation signal) is
then detected at the luminesence transition through a narrow band-pass
filter or via a monochomator as with laser excited PLE. The inherently
large optical throughput of FT spectrometers enables the acquisition of
excitation spectra with excellent signal-to-noise ratio. Furthermore, the
spectral resolution in laser-excited PLE is governed by the laser linewidth
which in solid-state lasers can be 0.05 meV or more. In FTPLE the
maximum spectral resolution is governed by the spectrometer i.e. 0.0025
meV for the Bomem DA3 spectrometer used in this study. We have
successfully applied FTPLE spectroscopy on quantum wells in
InGaAs/InP and it is clear from our preliminary measurements that this
technique can be employed for AlGaAs and GalnSb systems as well.

1.3.2. InGaAs/InP Heterojunctions
(Q X Zhao, T Lundström, P O Holtz, P Bergman, and B Monemar)

Basic parameters Because of its large potential for various device
applications, the InP/InGaAs system with a bandgap energy favorable for
optical communication applications, has been paid great attention in recent
years. However, many basic physical parameters such as band gap offset,
effective mass, g-values for both electrons and holes etc are still poorly
documented. Accordingly, studies of the InP/InGaAs system are of
importance both for fundamental physics and application purposes.
Modulation-doped InP/InGaAs heterostructures are ideal structures to
study the properties of the two-dimensional (2D) carriers, such as
radiative recombination processes, effective masses, electronic structure



etc. Band to band transitions involving different 2D electron levels (up to
n=3) in n-type modulation-doped InP/InGaAs heterostructures prepared
at the Institute of Microelectronics in Kista (G Landgren) have been ob-
served in PL spectra. The energy separations between the confined 2D
levels are important input parameters for theoretical bandstructure cal-
culations, which in turn yield information about other physical
parameters for the system such as the band gap offset. In the presence of a
magnetic field, the electronic levels split into Landau levels. This type of
magneto-optical studies gives a unique possiblity to deduce the effective
masses of the electron and hole simultaneously in structures of varying
degree of confinement. Corresponding studies of the effective masses as a
function of internal strain, i.e. the In-composition in the InGaAs layer are
in progress.

Fermi edge singularity In addition to the band to band transition,
interesting many-body excitonic transitions, referred to as the Fermi edge
singularity (FES), are observed also in the InP/InGaAs system. The pre-
requisite of momentum conservation for observation of the FES is
explained in different ways for the InP/InGaAs and AIGaAs/GaAs
systems. In the latter case, the momentum is conserved by a scattering
process via the next unoccupied state as described above, while the hole
localization due to the strong potential fluctuations is claimed to be the
mechanism of importance for the case of the InP/InGaAs system. By
applying an electric field across the structure, the energy separation
between the Fermi-level and next unoccupied state can be altered in a
controlled way, which yields information about the relative importance of
the scattering process for the momentum conservation.

1.4. Low temperature InP
(W M Chen, E Sörman, K Swiatek, B Monemar)

This project is a cooperation with Department of Materials Science,
University of California, Berkeley (E R Weber, P Dreszer, R Leon).

Low temperature (200 °C) grown III-V semiconductors have recently
attracted strong attention due to unique materials properties like high
resistivity, and extrememely short carrier lifetimes, with still reasonably
good mobility. The properties have so far been mainly studied in GaAs,
and a large concentration of antisite defects seems to explain the
properties. We have initiated a study of low T InP, which seems to have
unique properties as well. In particular the electrical properties are very
different from GaAs. From a combined study of Hall measurements,
Deep Level Transient Spectroscopy (DLTS) and Optical Detection of
Magnetic Resonance (ODMR), the +/++ level of the Pjn antisite defect is
at Ec - 0.23 eV, while the 0/+ level is resonant with the conduction band,
at about Ec + 0.2 eV.



1.5. Mechanical properties of GaAs and AlxGal-xAs
(C Kallin, S Andersson. E Janzén, in cooperation with J-Å Schweitz's
group at Uppsala University)

Hardness and fracture toughness of AlxGai-xAs Vickers microhardness
indentations of 10 [im (001 )-oriented LPE-grown epilayers of AlxGal-
xAs on GaAs substrates, have been utilized to evaluate the hardness Hv

and the fracture toughness Kic of the layers as a function of their
composition parameter x: Hv( GPa) = 6.9 - 2.2x and Klc(MPam^2) =

=.44 + 0.38x.

Low temperature fusion bonding of GaAs We have created a strong bond
of GaAs-GaAs type in a H2-atmosphere at 400 °C. The quality of the
bonds has been investigated with: (1) bond strength testing by the razor
blade technique, (2) tensile strength testing, (3) electrical measurements,
(4) IR microscopy and (5) XTEM.

Microscribes in SI GaAs substrates and in epitaxial layer The project
aimes at an improved understanding of lattice defects generated by
surface damage, their influence on an epitaxial process and eventually, the
mechanism behind optical degradation of GaAs-based optical devices.

II. SILICON CARBIDE

II.1. CVD of Silicon Carbide Hetero- and Homoepitaxial layers
(O Kordina, C Hallin, R C Glass, C Hemmingsson, E Janzén)

CVD efforts have concentrated on implementing and optimising the novel
susceptor design in our Hot Walled CVD system as well as producing
intrinsically low doped (high resistivity) epilayers on Si (100) and 6H-SiC
(0001) substrates. The effects of propane and methane C sources,
susceptor design, and gas flow parameters were analyzed. These
procedures have resulted in deposition of epilayers of 3C-SiC on the Si
substrates at temperatures ranging from as low as 900 to 1300 °C with
thickness up to 10 ̂ im. Additionally, epilayers of 6H-SiC were deposited
over a temperature range from 1350 to 1700 °C and thicknesses of up to
= 14 Jim. An intrinsic Na-Nd ~ 3 x 10*5 cm-?> was obtained. XRD and
PL analyses show these to be high quality single crystalline films.

II.2. Structural analysis of 6H-SiC wafers
(R C Glass, L-0 Kjellberg, S Andersson, C Harris, E Janzén)

Structural characterization of Lely and Modified Lely grown 6H-SiC
electronic grade wafers have been conducted utilizing high resolution
reciprocal space mapping, reflection topography, SEM, TEM, electro-
chemical etching and KOH etching. Our goals were to determine the large
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area (>1 cm^) quality of these wafers for future power device
applications. The results of work conducted here and in collaborative
efforts with Philips research in Redhill, England have shown that while
the dislocation density is relatively low for both the Lely and modified
Lely grown wafers (lO^-lO^/cm^), the type of defect in the modified
Lely material seems to be predominately screw dislocations or growth
spirals passing completely through the wafers with cores parallel to the C
axis. These cause long range disturbances to the lattice structure of the
material creating minor misorientations throughout.

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

As this project is just starting with mainly the set-up of new equipments,
the first work was essentially basic characterisation of different material
(bulk and epilayer) from various provenance: either bought samples
(from USA or Russia) or epilayers grown in our laboratory.

Generally in 6H-SiC the dominant PL behaviour is due to donor-acceptor
pair emissions giving rise to broad PL bands. However it is possible to
identify in good material 3 no-phonon, sharp, near-band gap lines
associated to nitrogen BE, with their related phonon replicas. From our
recently grown epilayers (6H-SiC grown on 6H-SiC substrates) we also
observe strong free-exciton (FE) phonon related lines, proving the good
quality of your growth epilayers.

Investigation of our 3C-SiC epilayers grown on (100) Si wafers was also
performed. The nitrogen BE lines can be observed together with other
broad PL lines associated to interface defects. A PL study of SiC/Si dis-
location-related lines observed in the silicon substrate during and after the
formation of thin epitaxial 3C-SiC layer has been performed.

II.4. Fourier transform photoluminescence characterisation of
SiC
(M Singh and E Janzén)

The photoluminescence characterisation of thin films of SiC in the infra-
red spectral region forms an important part of the research effort. It is
well known that electron irradiated and transition metal contaminated SiC
exhibits emission bands in the 0.8-1.8 urn region. However, the PL
intensities tend to be low. This limitation is overcome by employing
Fourier transform (FT) PL spectroscopy. We proceeded to modify our
Bomem DA3 FT spectrometer for PL spectroscopy. We have successfully
applied FTPL in the characterisation of grown SiC films in detecting the
ubiquitous 0.8 eV vanadium-related band which can be used as a test for
the various polytypes of SiC. Work is under way on the FTPL
characterisation of thermally quenched and elecron-irradiated material.
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The natural extension of FTPL is FTPLE spectroscopy which has been
applied to determine the electronic excited state level scheme of the 0.8
eV band in SiC.V.

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

We have performed optical time resolved measurements of exciton
recombination in SiC. This is made possible by up-converting the
picosecond pulses from a modelocked dye laser with a L1IO3 non-linear
crystal. The luminescence is detected with a photomultiplier tube and a
photon counting system, with a time resolution in the picosecond range.

We have measured the decay time of the bound excitons at the neutral
nitrogen donor in both epitaxial and substrate samples of 6H polytype, as
a function of temperature. The decay time, with values of 1.5 ns and 7.0
ns for the different excitons, is constant in temperature, up to where the
thermal energy is equal to the binding energy of the bound exciton. The
decay time is then rapidly decreasing. The decay time is much faster than
expected for the radiative recombination in an indirect bandgap material,
and we believe instead that a phonon-Iess Auger process is the dominating
recombination mechanism.

We are also studying the dynamics of the free exciton (FE) in 6H epitaxial
layers grown within our group. The observed free exciton decay time is
found to increase from 13 ns to 55 ns with a temperature increase from 2
K to 40 K. In the temperature range further up to 80 K, we observe no
change in the decay time. The decay time of the free exciton has never
previously been reported, and already the fact that we can observe it
demonstrates the high quality of samples. Just as for the bound excitons
discussed above the radiative lifetime for the FE is expected to be very
long, and the measured decay time is more likely determined by capture
of FE's and carriers to defects. The measured decay time is then a good
measure of the quality of the sample. The increase of the observed FE
decay time with temperature below 40 K is explained as ionisation of
bound excitons states reducing the capture probability.

II.6. Electrolytic Etching of SiC
(C I Harris, R C Glass, 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 in-
vestigated 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

62



electrochemical etching provides a further parameter to control the
reaction. The work demonstrates 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 dis-
locations. 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 sub-
stantial 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.
Work is continuing to evaluate the selectivity of these techniques for n
and p-type material and to investigate the formation of porous SiC which
has been achieved under extreme etch conditions.

II.7. ODMR characterization of SiC
(E Sörman, N T Son, B Monemar, E Janzén)

Preliminary ODMR characterization of 6H SiC epilayers and bulk
material has been performed. It was found that the nitrogen donors play
an important role in the dominant carrier recombination channel at low
temperatures.

HI. SILICON, POROUS SILICON AND SiGe STRUCTURES

III.l. Magnetic resonance for complex defects in silicon
(W M Chen, E Sörman, E Janzén, N T Son, M Singh, K Swiatek, L
Lindström, B Monemar)

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

The S-Cu defect The excited pseudo-donor states of the S-Cu defect have
been further studied with optically detected time-resolved and double
resonance techniques. The time constants of the radiative decay of the
triplet components have been measured, and are in the few ms range.
These values are explained as due to the spin-orbit coupling with higher
excited states. Also the populating rates of the triplet substates have been
measured and found to be equal. This result is tentatively explained as due
to the contribution of the isotropic hyperfine (HF) interaction with the
Cu nucleus, which is part of the defect, to the intersystem crossing
between the excited singlet and triplet states.

The involvement of a Cu atom in the S-Cu defect has been proven by
zero-field double resonance ODMR techniques. Further the different
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quadrupole splitting parameters for the two different configurations of
the defect (as detected from the corresponding triplet luminescence
spectra in the ODMR transitions) indicate that the Cu atom is changing its
position versus the S atoms in the defect upon configuration change,
changing the defect symmetry.

The analysis of the X-band ODMR data for this defect has been
completed. The data clearly show that the symmetry of the stable con-
figuration (corresponding to spectrum S A ) is monoclinic I, while the
metastable configuration is triclinic. A complete mapping of the geo-
metric structure of the defect will probably require the development of
ODENDOR techniques for silicon.

The V-0 defect in silicon Another defect that has been studied in detail is
the V-0 defect in irradiated CZ silicon, employing the timeresolved
electron spin echo (ESE) technique on the excited triplet level in the
neutral configuration. From excitation spectroscopy detecting the ESE
signal the position of the 0/+ level in the bandgap is found to be at Ev
+0.41 eV, this level was previously supposed to be resonant with the
valence band. The recombination rates of the triplet sublevels are
measured and found to be all different (in the range 200 [is to 2 ms),
while again the feeding rates are the same for the three sublevels in the
absence of a magnetic field. A search for the radiative spectrum from the
triplet level has so far been unsuccessful. Theoretical calculations by Van
Oosten place the triplet level rather deep, only about 0.2 eV above the 0/+
ground state level.

Residual defects Another project concerns the study of residual defects
governing the lifetime in high purity float zone silicon, relevant for
power device structures. The concentration of such defects is very small,
and therefore they escape normal EPR and ENDOR detection. In
processed structures with a lifetime about 200 [is we see in ODMR a
negative resonance signal around g=2, which corresponds to the major
recombination center in the material. It is severely broadened by largely
unresolved HF interaction, and we suggest it is a complex defect involving
a metal atom which is responsible for the HF broadening. We feel that
ODENDOR will be needed to identify these residual defects.
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III.2 Charge transfer in the recombination process for deep
levels in silicon
(W M Chen, J H Svensson, A Henry, E Janzén, L Lindström, B
Monemar)

This project is also part of a cooperation with the group at Huygens
Laboratory in Leiden (A Frens, M Bennebroek, A Zakrzewski, and J
Schmidt).

Our previous studies of the importance of excitation transfer for
recombination processes via deep levels in silicon showed that shallow
donors like P were very efficient in transferring electrons to deep
centers. We have now extended these studies to transfer between deep
levels, notably the C-0 related C-line defect and the (V-O) defect in
silicon. ESE signals related to the excited triplet state of neutral (V-O)
can be detected on the timescale of about 10 ns after a laser pulse
resonantly exciting the (C-O) defect into its pseudo-donor excited states.
This shows that an electron is transferred on that timescale from the (C-
O) to the (V-O) center. Simultaneously the creation of the paramagnetic
species (C-O)+ and (V-O)- are observed in ESE detected EPR at 95 GHz.
The results show that charge transfer between defects may easily
dominate the recombination rate via deep levels in silicon, in which case
the Shocklev-Read-Hall model is not valid.

III.3. Mechanism for configuration change for metastable
defects in silicon
(W M Chen, J H Svensson, E Janzén, A Henry, B Monemar, M Singh)

Cooperation with the Leiden group (A Frens, M Bennebroek and J
Schmidt).

An optical study of the conversion process between the stable and the
metastable defect configurations has been performed for two metastable
defects in silicon, the above mentioned S-Cu center and a C-related center
with an optical transition at 0.615 eV. In both cases the rate of trans-
formation was found to be temperature independent in the range studied
(<70 K). The excitation spectrum of the transformation was also found to
be similar to the bandgap absorption, i e the transformation needs free
carriers or free excitons. The data suggest an Auger process as the
mechanism responsible for the transformation, evidence for the presence
of the Auger particle in the conduction band after the transformation is
also found for the S-Cu defect. In contrast to these results it has pre-
viously been suggested that a multiphonon recombination at the defect
should be the most important process causing the conversion in silicon.
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III.4. Other defects in silicon
(A Henry, B Monemar, E Sörman, E Janzén, L Lindström)

Hg-implanted silicon As part of a program of studying process-induced
defects we have optically characterised Hg-implanted silicon, subject to
rapid thermal annealing at 1000 °C, as a function of additional annealing
treatments, in cooperation with SUNY at Albany (Y Zhang and J W
Corbett). A new strong PL spectrum at 1.067 eV appears in these samples
after annealing at 600 °C, connected with a pseudo-donor with a 0/+
ground state level at Ev + 0.079 eV. The defect is suggested to be a com-
plex involving Hg and in addition either Cu or C.

A metastable Se-related defect Another study we have completed concerns
a metastable Se-related defect which is analogous to the previously studied
metastable S-Cu defect. The Se-related defect can be produced in a similar
way to the S-r^lated one, and seems to have similar metastable properties.
It also has two PL spectra, one for each configuration. ODMR results also
confirm the same symmetry as for the S-Cu defect.

III.5. Annealing of electron irradiated P-, As-, Sb- and Bi-
doped Czochralski silicon
(T Hallberg, L Lindström, K Swiatek)

Thermal annealing of n-type electron irradiated Czochralski silicon con-
taining phosphorus, arsenic and antimony (0.07-0.1 Qcm) and bismuth (1
Qcm) dopant atoms are studied in the temperature range 150-500 °C.
Measurements are made using a Fourier Transform Infrared (FTIR)
spectrometer at sample temperatures of both 10 K and room temperature.
Electron irradiation causes formation of the vacancy-oxygen (VO) center
which appears both in a neutral and a singly negative charge state, with
IR absorption bands at 830 and 877 cm'l, respectively. Normally, a band
at 889 cm"' (vacancy-dioxygen complex) appears after annealing above
300°C, but in these samples it is, except for the Bi-doped material,
strongly suppressed and other new bands dominate. Also, the annealing of
the VO center is enhanced and the presence of new bands correlates with
a negative temperature dependence of the free-carrier absorption in the
material.

A previous investigation of P-doped (0.1 £2cm) Si, using FTIR
spectroscopy, DLTS and ODMR showed that these new bands can be
interpreted as originating from a disturbed VO complex, where some of
its nearest neighboring atoms have been replaced by P atoms.

Further ODMR investigations are to be made on Sb- and As-doped
samples to look for a correlation with the previously investigated P-doped
samples. Investigations using DLTS should be useful in the presence of a
deep level associated with this new defect center. The negative tempera-
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ture dependence as correlated with the presence of the new bands will also
be thoroughly investigated.

III.6. Characterization of reactive ion etching on silicon
(L Lindström, A Henry, B Monemar)

Photoluminescence characterization of reactive ion etched (RIE)
silicon is an area where the efforts have continued, in cooperation with
dr G S Oehrlein, IBM, Yorktown Heights. Magnetically enhanced RIE
is a new development that has been studied. The PL data give
information on defect reactions in the near surface region, in relation
to the etch rate.

III.7. Characterisation of Si-SiGe structures
(A Henry, B Monemar, W X Ni and G V Hansson)

During this year the new MBE system for growth of these structures has
been started up and the initial problems have been continuously addressed.
Recently the system has produced SiGe layers and QW structures with
good photoluminescence properties, dominated by rather narrow near
bandedge excitons in the SiGe QW layers. A program on studies of
doping in such layers is under way.

III.8. Porous silicon
( C Harris, K Swiatek, B Monemar)

Porous silicon and SiC layers with luminescent properties in the visible
region have been fabricated. ODMR studies have been performed on both
the visible and IR emissions, and in particular the interplay with the Si
substrate has been studied. Fast ps timeresolved studies of the visible
spectrum, in particular the blue and green parts, are under way, as well as
H passivation studies.

IV. ELECTRONIC AND SURFACE STRUCTURE FROM
ELECTRON SPECTROSCOPY

IV.1. Electronic structure and surface structure studies of
metals and compounds
(LI Johansson, L Håkansson 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 in this group. Inhouse photoemission and inverse photo-
emission equipment have been utilized but to a large extent also
synchrotron radiation at the MAX-laboratory in Lund. Instrument
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developments on an inhouse LEED IV instrument and on a spherical
grating monochromator for beamline 33 at the MAX laboratory have also
been carried out during this year. Below short summaries of different
projects are given.

IV. 1.1. Transition metal carbides and nitrides
High resolution core level photoemission studies of some surfaces of
carbides and nitrides were carried out for the purpose of revealing sur-
face shifts in the nonmetal and metal levels. One motivation was that it
had been argued based on theoretical work that no surface shift in the
nonmetal level could be expected on TiC(lOO), and probably not on other
carbide and nitride surfaces. If such shifted levels could be revealed
however they could for example be exploited in future studies of surface
reactions, which was another motivation for our studies. The investiga-
tions we have performed on TiC(lOO), TiN(lOO), ZrC(lOO), VC(IOO)
and VC(lll) clearly show presence of surface shifts in the nonmetal
levels, i.e. in the C Is and N Is levels. We plan to make a systematic study
of this and also utilize these findings in studies of surface reactions.

Inverse photoemission studies of VC(IOO) and ZrC(lOO) have been
carried out. The purpose was to determine the unoccupied band structure
experimentally. Direct calculations of inverse photoemission spectra were
also made so a comparison with theoretical results could be made.

IV.1.2. Transition metal silicides
High resolution core level photoemission investigations of the (001) and
(110) surfaces of MoSi2 have been completed. Two surface shifted Si 2p
components were identified on each surface but no shifted Mo 4p level
could be identified, which indicated Si termination. Initial oxidation
studies also revealed Si oxidation while Mo oxidation could not be
detected even at the largest exposures investigated. The (110) surface
showed a considerably larger oxidation rate than the (001) surface.

Scanning tunneling microscopy studies of Mo3Si and Cr3Si surfaces have
been carried out in collaboration with a group at KTH. The purpose was
to try to reveal the surface structure and if possible also the termination.
Atomic resolution could be obtained on the Mo3Si surface but not on the
OjSi surface. On the M03S1 surface Si termination with a bulk truncated
structure could be revealed but also percipitates of Mo. This work has not
yet been completed.

IV.1.3. The beryllium metal surface
For close packed metal surfaces only the atoms in the outermost layer are
in general found to exhibit surface core level shifts large enough to allow
an unambigous separation of surface and bulk contributions. The
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influence of the surface is thus effectively felt only by the first layer
atoms, which has been attributed to the short screening length typical for
metals. For the Be(0001) surface we have by high resolution photo-
mission studies revealed something very different compared to earlier
findings on close-packed metal surfaces. Three shifted Be Is core levels
were clearly resolved, in spectra recorded at 100 K, and interpreted to
originate from the three outermost layers of this simple-metal surface.
The Be(0001) surface thus appears unique since two subsurface peaks can
be unambigously identified and the first layer show the largest surface
shift observed so far on any metal surface. These results have not yet
been published.

IV.1.4. Instrument developments
Work on a LEED I-V instrument, equipped with a video camera and
computer system, for surface crystallography studies has continued this
year, but at a slow pace due to financial difficulties.

The final design of a spherical grating monochromator for beamline 33 at
the MAX laboratory was worked out during this year. Orders have been
placed and parts have been delivered but the final parts will not be
delivered until October this year.

IV.2. Auger electrons in the photoionization of metal atoms
(A Fahlman)

If the removal of an electron from an inner shell of an atom leaves a hole
with angular momentum j > 1, the ion can be aligned. This alignment,
A20* is reflected in the angular distribution of the Auger electrons pro-
duced when the hole decays, i. e.

1(0) a 1 +CM A2oP2(cos8)

Tht Auger decay parameter aj is calculated based on a two-step inter-
pretation of the Auger process, which clearly separates the initial ioni-
zation from the subsequent decay. If, however, there is a correlation
between the photoelectron and the Auger electron, the angular distri-
bution can be modified from that given above.

We have made an initial study of the correlation between the 5d photo-
electron and the 2.82 eV Auger electron produced in the ionization of
lead. By detecting the photoelectron at 0° with respect to the electric field
and detecting the Auger electron at 90° and 180°, we have measured the
ratio R = I(180°)/I(90°) of Auger electrons both directly, to determine
the alignment A20, and in coincidence to explore the effects of correla-
tion. The results indicate that correlation could be important at these low
electron energies.
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MEASUREMENT TECHNOLOGY AND
ENVIRONMENTAL CONSERVATION

TECHNOLOGY

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

The sensor-controled industrial robot
At the Linköping Institute of Technology, a broad interdisciplinary
research program centered on autonomous industrial robots is in
progress. Our group focuses on the measurement/sensor aspects of the
program. We therefore concentrate on the development of sensors and
sensor controled systems, adapted to the autonomous industrial robot.

A number of topics have been investigated during this year:
• robust, ultrasound based sensor systems for the detection of distance,

shape and orientation of objects
• the combination of 2D-vision and ultrasound range sensor as an

alternative to 3D-vision
• sensor fusion by means of associative models - neural nets
• sensor fusion using fuzzy logic
• CAD data and AI techniques for sensor data handling

Guard system for automatic manufacturing
Automatic manufacturing systems using robots may cause accidents
where humans are injured. We have investigated how sensors can be used
to complement and improve existing protection systems (grids, light
curtains etc). As a result, we developed a capacitive guard system
warning against intruders entering the work cell (the forbidden zone).
The system is invisible to the intruder; it is simple, robust and cheap.

Modelling and FEM computations of electromagnetic systems
Studies have continued on electromagnetic systems by modelling and
evaluation through computations by the Finite Element Method in com-
puters by the use of programs, developed by Vector Fields Ltd, Oxford,
UK. The main efforts have been made in the case of shielding of fields
from a 50 Hz substation in cooperation with a research group at
Chalmers Univ. of Technology, Gothenburg. Further, the same programs
have been user for electrostatic field computations in semiconductors and
other cases.

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

Research activities in Environmental Conservation Technology are
conducted within two projects:

Control of sewage treatment plants - new measurement
methods and new process technologies
The project aims at optimizing the biological processes within sewage
treatment plants by means of analyses of the gas composition above the
treatment basins. Semiconductor sensors and the optical techniques for
the measurements of gas concentrations will be tested.

Cleaner production in small and middle-sized companies
The goal of the project is to

• reduce the environmental load from a product's entire life cycle
• show companies and communities how to start ecocycles without

reducing their ability to compete; stimulate them to do so
• teach methods to introduce cleaner production in small and middle-

sized enterprises

List of projects in Measurement Technology
P Holmberg, A Nilsson, P Holmbom: Cooperation and coordination
between different sensors and the robot control system in an experimental
robot platform

A Nilsson: Improved vision function for the robot: a miniaturized vision
camera in the gripper

P Holmberg: Development of a location and orientation detecting system
based on ultrasound

P Holmberg, A Nilsson: Combining 2D-vision and ultrasound range
detector for improved object localization

B Sandell, I Grahn: Development of miniaturized ultrasound transmitters

H Odeberg: Fuzzy logic as a tool for intelligent sensor fusion

J-0 Järrhed, N Karlsson, 1 Grahn, A Lauber: The use of sensors to
improve security and reduce accidents with industrial robots

E Möller: Modelling and FEM computations of electromagnetic systems

L Axelsson, A.Lauber: Environmental measurements using sensors and
novel technologies
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List of projects in Environmental Conservation Technology

G Karlsson, L Axelsson, A Lauber: Control of sewage treatment plants -
new measurement methods and new process technologies

L Thuresson, P Norrthon: Cleaner production in small and middle-sized
companies
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SURFACE AND SEMICONDUCTOR
PHYSICS

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. Second, there are
studies, development and application of silicon molecular beam epitaxy
(Si-MBE), which is a crystal growth technique to produce advanced
silicon-based semiconductor structures. The total number of people
involved (staff, graduate students, visitors) is around fifteen and the
group is headed by professor Göran Hansson.

Project:

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

The possible importance of vibrational effects in core-level spectroscopy
of adsorbates on semiconductor surfaces has been discussed recently in
the literature. A high-resolution study of SiH4 molecules, in the gas
phase, was able to clearly resolve shifted components of the Si 2p core-
level due to stretching vibrational losses. In a recent study of the
Si( 111)1x1 :H surface two of several shifted components were in fact
identified as such vibrational losses. To challenge this interpretation we
have performed high-resolution core-level studies of both the
Si(ll 1)1x1 :H and Si(ll 1)1x1 :D surfaces. Since deuterium (D) has twice
the mass of hydrogen (H) one expects a change in the vibrational
frequencies by a factor of 1/V2. Any components in the core-level
spectrum due to vibrational losses would thus shift in energy corre-
sponding to this factor. The hydrogen and deuterium spectra looked,
however, identical, and we can thus exclude contributions from the
stretching vibrational mode to the surface sensitive core-level spectra.

With the access to beamline-spectrometer combinations with extremely
high energy resolution, such as beamline 22 at Maxlab, it is possible to
observe finer and finer details in the core-level spectra. Although the
suggested vibrational losses due to the H(D) streching mode do not seem
to influence the spectra the actual line shape used for interpreting the data
can be questioned. For semiconductor surfaces a convolution of a
Gaussian function (experimental resolution) and a Lorentzian function
(life time broadening) is commonly used. This so called Voigt function is
used for semiconducting surfaces. Detailed analysis of our spectra
obtained on the Si(100)2xl:H and Si(100)3xl:H surfaces indicates that the
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symmetric Voigt function is not sufficient to describe these systems. The
actual line shape seems instead to be asymmetric with a tail extending to
higher binding energies even though the surface is electronically semi-
conducting. Further investigations of the Si 2p line shape are performed
on the Si( 111) 1 x 1 :H (D) surfaces.

High-resolution core-level spectroscopy has been used to study the
K/Si( 100) interface. Alkali metals, in general, have attracted a lot of
interest since they are supposed to give rise to ideal metal-semiconductor
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 K growth at both room temperature (RT) and liquid nitrogen
temperature. At the RT saturation coverage (= 1 ML) the Si 2p core-level
shows a clearly resolved surface component due to the adsorbed K
similar to other adsorbate systems with smaller electronegativity. The K
3p core-level spectrum consists of two components indicating two
adsorption sites for saturation coverage. Both components have an
anomalous large width in the coverage range up to saturation. By doing
the K evaporations on a cold sample it is possible to grow several layers
of K. For the thicker layers it is possible to identify interface, bulk and
surface components of the K 3p core-level. The anomalous width of the
interface component persists for the higher coverages while the width of
the bulk component is close to the value for metallic K. The interface
component still shows a substantial intensity for a ~ 20 ML evaporation
which suggests significant island growth for this system.

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

We have performed a detailed study of the interaction of atomic
hydrogen with the Si(l 11)7x7 surface for H-exposures in the range 1-
25000 L and temperatures in the range 350-450 °C. Hydrogen exposure
of the 7x7 surface at room temperature results not only in a saturation of
the surface dangling bonds, but also in a partial removal of the adatoms
and stacking-fault present in the 7x7 unit cell. Our work shows that the
removal process is greatly enhanced at elevated temperatures, resulting in
a modification of the surface reconstruction from a 7x7 structure to a
simple Ixl stucture in which the surface atoms are H-terminated. The
highest quality lxl surfaces are obtained for H-doses of the order of
5000 L; for smaller exposures the stacking-fault removal is incomplete,
while larger exposures result in rougher surfaces as the H-atoms start to
etch the outermost atomic layer of the surface. Although H-terminated
Si(l 11)1x1 surfaces have been prepared previously by chemical treat-
ments in HF or NH4F solutions, there are cases in which an /'// situ
method is preferable, as in the comparative study of hydrogen- and
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deuterium-terminated S i ( l l l ) surfaces performed by the photoemission
group within the division of Surface and Semiconductor Physics.

Silicon molecular beam epitaxy (Si-MBE): Growth, character-
ization and device structures
(G Hansson, W-X Ni, M Larsson, M Sardela Jr, H Radpisheh, J Ekberg)

In the Si-MBE project, various modulation-doped Si and Sil-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 recently developed both a high temperature (=2000 °C)
source for boron and a unique low-energy ion-source for antimony.

For epitaxial growth of a doped Si or Sil-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 1-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 1-xGex heterostructures, or precipita-
tion and out-diffusion as in the cases of layers doped up to 5x10^0 cnr^,
have been studied with high-resolution transmission electron microscopy
and electrical characterization with Hall- or four-point probe measure-
ments.

The possibility to grow 5-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 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
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tunneling or interband tunneling between the valence and conduction
bands.

Basic studies of the growth of Si/Si 1-xGex heterostructures and modula-
tion doped structures have continued during the year. To achieve very
accurate control over the layer thicknesses and maximize the abruptness
in Si/Si 1-xGex interfaces, a set-up using RHEED-intensity oscillations for
monitoring the growth of individual atomic layers has been used. The
system can be used for phase-locked epitaxy, i.e., shutters controlling the
material fluxes are actuated when complete monolayers have been grown.
To reduce the usual damping of the RHEED-intensity oscillations, the
system can also use the method of synchronization 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 Sii-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

Staff

W R Salaneck
I Eriksson
A Evaldsson
A Robertsson
C Fauquet
P Barta
M Lögdlund
P Dannetun
J Rasmusson
M Fahlman
M Wigren
U Öhrling
P Broms

Equipment

Professor
Secretary
Technical Assistant
Laboratory Assistant
Post Doctoral Fellow
Visiting Scientist (Krakow, Poland)
Graduate Student (PhD, March, 1993)
Graduate Student
Graduate Student
Graduate Student
Undergraduate Thesis Student
Undergraduate Thesis Student
Undergraduate Thesis Student

Unique UHV (1(H° Torr) Photoelectron Spectrometer for UPS and
XPS(8);
Scanning Tunnelling Microscope (designed for UHV);
UHV Thin-film Vapour Deposition System for Organic Materials;
UHV Optical Absorption Spectrometer;

Long-term Cooperation

Experimental Studies
Gas Phase ESCA (Svensson; Uppsala, Sweden);
Chemistry and sample preparation (MacDiarmid; Univ.of
Pennsylvania, USA; Österholm, Neste OY, Finland; Kaeriyama,
National Institute of Materials and Chemical Research, Japan;
Spangler, NIU,USA; and Eberson, Lund);
Polymer Interfaces (Bredas, Lazzaroni, Mons University, Belgium;
and Friend, Cavendish Laboratory, Cambridge, UK);
STM. Schott; University of Paris VII, France; and Ziegler; Univ.
Tubingen, Germany);
Polymer surfaces (Clark; Daresbury, UK); and
Molecular physics (Ramsey; Graz University, Austria).

Theoretical Calculations:
S. Stafström, B. Sjögren (Theory Group, Linköping)
J.-L. Bredas (Univ. Mons, Belgium);
O. Wennerström, (CTH, Sweden);
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Projects with Industry:
Neste OY, Finland: Conducting Polymers (Österholm)

Support
Swedish Natural Sciences Research Council (NFR)
Swedish Research Council for Engineering Sciences (TFR)
Swedish National Board for Industrial and Technical Development (Nutek)
Neste Corp., Finland, and
The Science program of the EEC (Project POLYSURF).

Methods
The electronic and chemical structure of polymers, mostly conjugated
polymers, and the interaction of metal atoms with organic molecular sur-
faces is investigated using mainly X-ray and Ultra Violet Photoelectron
Spectroscopy (XPS and UPS) and also optical absorption spectroscopy.
Photoelectron spectroscopy is carried out both in-house and at the MAX
laboratory for synchrotron research in Lund. Since model molecular
systems have certain spectroscopic, conceptual, and computational
advantages over real polymers, oligomeric systems are studied
complimentary to the polymer studies. Morphological features of poly-
mers and the early stages of polymer adsorption on surfaces are studied
using scanning tunnelling microscopy (STM) and atomic force
microscopy (AFM). Photoelectron and optical absorption spectra are
analysed with the help of quantum chemical calculations, carried out in
co-operation with the Theoretical Physics group in Linköping (Stafström,
et al) as well as the Quantum Chemistry group at the University in Mons,
Belgium (Bredas, et al).

Electronic structure of polymers
A series of substituted poly(/?-phenylenevinylene)s was studied, focusing
on the influence of the torsion angles of the rings in the polymer back-
bone, as influenced by the presence of substituents on the phenyl groups
(with Kaeriyama, National Institute of Materials and Chemical Research,
Japan; Japan; and Friend, Cambridge, UK). The torsion angle effects lead
to changes in the optical absorption edge, with direct consequences for
the colors of light emitted from organic LED's fabricated from these
materials.

The electronic structure of polythiopheneoctylphenylthiophene, or
PTOPT, was studied as a continuation of the studies of a series of
substituted polythiophenes starting in 1987 (with Österholm et al, Neste
Oy, Finland; and Wennerström, et al, Chalmers). PTOPT is one of the
most stable and pure conjugated polymers available today. Potential
applications in the area of electronic shielding depend upon a detailed
knowledge of the electronic properties in both the pristine and the doped
states, especially thermal properties and environmental stability.

A study of the electronic structure of a series of substituted poly(/?-
phenylene)s and model (oligomer) molecules there of, was started (with
Kaeriyama, National Institute of Materials and Chemical Research, Japan;
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and Leising, Univ. of Graz, Austria). Particular attention is focused on
the so-called "shake up" (s.u.) features on the high binding energy side of
the C(ls) XPS line, which are a measure of the electronic excitations in
the molecular ion. The s.u. features, as well as the nature of the 7C-band
edges seen in the UPS spectra, are dependent upon the torsion angles
among the phenyl rings. The extent of the distribution of torsion angles,
which is temperature dependent, determines the optical properties,
especially the electroluminescence spectra, of these materials in LED
applications.

The electronic 7C-band dispersion in a polydiacetylene (4-BCMU PDA) is
under study using synchrotron radiation. The dispersion of an electronic
band in a real polymer material has never been reported; only dispersion
in model oligomer molecules is known in the literature (with Schott and
Lapersonne, Univ. of Paris-VII). Single crystals are grown in Paris and
studied in Lund. The measured dispersion is less than that reported in
early calculations. New quantum chemical calculations are under way
(Bredas, Möns, Belgium).

The electronic structure of poly(4,4'-dialkyl-2,2'-bithiophene) in the
pristine and doped states was studied (with Barta and Pron, Krakow,
Poland). Unusual features of the temperature dependence of the
electronic properties are attributed to specific intra- and intermolecular
interactions. This polythiophene is one of the most sterio regular
polythiophenes ever prepared, and these studies enable the observation of
certain new phenomena.

The effects of doping with sodium, in situ in UHV, of poly(/>phenylene-
vinylene), or PPV, were studied by UPS. Na-doping leads to two new
electronic states with in the otherwise forbidden energy gap, associated
with formation of self-localised bipolaron states. Although previously the
binding energies of these states have been determined indirectly using
optical absorption spectroscopy, the present work represents the first
direct measurement of the binding energies of these states in the
otherwise forbidden energy gap. This knowledge is important in under-
standing the electronic transport as well as optical properties of PPV,
which is the prototypical material used in the new organic LED's.

The nature of charge storage in finite polyenes was studied through in
situ doping of a series of diphenyl polyenes with sodium (with Spangler,
Illinois Univ., USA). Self-localised, soliton-like, gap states are formed,
which conform to the length of the polyene segment of the diphenyl-
polyene. In addition, charge storage in Na-doped 1,3,5-hexatriene was
studied to understand the effect of the phenyl end groups in the diphenyl-
polyene series. The results of these studies are important in a general
over all understanding of charge storage and transport in polyacetylene.

Details of the doping of ultra-thin films of 1,3,5-hexatriene with sodium
at low temperatures has been studied as a part of the work on the
diphenylpolyenes (with Stafström, Theory Group, Linköping; and
Bredas, Univ. Mons, Belgium). The finite size of the molecule allows
high level calculations of the charged state to be carried out, using the
Cray X-MP/416 computer of the National Supercomputer Center (NCC),
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Linköping. Both the experimental and the theoretical parts represent
state-of-the-art efforts.

Ordered ultra-thin films of polytetrafluoroethylene, or PTFE (Teflon®
or Fluon®), were prepared on a variety of different surfaces using the
hot-dragging technique (with Clark and Beamson, SERC-Daresbury, UK;
and Schott, Univ. Paris-VII, France). The electronic structure of PTFE
was studied by UPS for the first time using these thin films, which was
not possible previously using bulk material. New quantum chemical
calculations were found to be necessary to interpret these new spectra
(Fredriksson, et al, Univ. Möns, Belgium). In addition, the spatially
resolved decomposition of PTFE induced by a focused beam of white
synchrotron radiation (at MAX) was studied with the help of a Scientia
ESCA instrument at Daresbury. The alignment of the fibers in these
PTFE films was studied by scanning tunnelling microscopy (STM) and
atomic force microscopy (AFM) both in Linköping and Paris (with
Schott, Univ. Paris-VII). Morphological features seen help explain the
ordering of organic macromolecules on the surface of thin films of
ordered PTFE. Since these ordered PTFF films can be used to prepared
ordered organic molecular (polymeric^ over layers, the understanding of
the properties of the PTFE films is a prerequisite.

Laser-induced surface charge transfer between tetranitromethane and
napthalene is under study (with Eberson, Lund). Co-adsorbed ultra-thin
films at 90K are exposed using an Argon ion laser. Slow, time-dependent
effects are seen in the XPS spectra, which can be mapped on to a model
of long-lived intermediate states. This work falls under the catagory of
general interest in laser-induced surface chemistry.

Polymer interfaces
The early stages of metal-interface formation on conjugated polymers
was studied by physical vapor deposition of aluminum and calcium on
polythiophene, or PT, and poly(/>-phenylenevinylene), or PPV (wiiii
Lazzaroni, Univ. Mons. Belgium; and Friend et al, Cambridge, UK). Al
atoms appear to form covalent bonds to the polymer substrates, while Ca
atoms appear to dope the conjugated 7i-systems. The later behaviour is
similar to the doping of PPV using Na atoms, as discussed above. The
nature of the polymer-metal interface is important in determining charge
injection characteristics in electroluminescent devices, such organic
LED's.

The nature of the metal-polyacetylene interface was investigated using a
model molecule, a,(O-diphenyltetradecaheptaene, or DP7 (Spangler,
Illinois, Univ., USA; and Lazzaroni, Univ. Mons, Belgium). Interactions
with Al, Ca and Na atoms were studied. Differences in behavior de-
pending upon the magnitude of the first ionisation potential of the metal
atom, relative to that of the DP7 molecule, determines the nature of the
interactions, which range from covalent (Al) to ionic (Na). These results
are important in the over all understanding of the nature of charge
storage in polyenes (above), as well as the general nature of electrical
contacts to electrically conducting polymers.
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Oxidative and reductive doping in the model molecular a-sexithiophene,
or 6T, system was studied (with Lazzaroni, Univ. Mons, Belgium; and
Taliani, Univ. Bolognia, Italy). Since studies of both doping and meta-
lisation of polythiophenes previously have been done using substituted
polythiophenes, where in the presence of the side groups obscures many
of the essential spectroscopic features, these results are essential in
verifying models of charge transfer in the polythiophene family of con-
jugated polymers.

Laser-assisted chemical vapor deposition (LACVD) of trimethylamine-
alane (TMAA) is under study as an alternative method to physical vapor
deposition (PVD) of aluminum on conjugated polymers (with Bourée,
CNRS, France). An argon laser can be used to break the metal-ligand
bonds, leading to very carbon-free aluminum films (Bourée). Thus far
only the electronic structure of the TMAA molecule has been under study
(with Stafström, Theory Group, Linköping).

Ordered (aligned polymer chains) multilayer films of an alkylsubstituted
poly(/?-phenylene) were studied using synchrotron radiation. Adsorption
of the polymer molecules on the ordered PTFE substrates leads to
ordering in the conjugated polymer overlayer. Ordered conjugated films
are known to exhibit highly anisotropic non-linear optical properties. The
PTFE-substrate method may be an important way to fabricate such
ordered films for optical communication applications.

Organisational work
International Conference on the Science and Technology of Synthetic
Metals, ICSM-92, Göteborg, Sweden, August, 1992, S Stafström, W R
Salaneck, O Inganäs, and T Hjertberg.

Polymer Surfaces and Interfaces, European Materials Research Society,
Strassbourg, May, 1994, J -L Bredas, W R Salaneck and G Wegner.

Teaching
Atomic and Molecular Physics, Y4, W. R. Salaneck.
Thermodynamics and Statistical Mechanics, Y3, Per Dannetun.
Modern Physics, Y3, Johan Rasmusson
Materialtekniska analysmetoder, Y4, Mats Fahlman
Physics I, II, Mats Fahlman
Modern Physics M, Ml, Mats Fahlman
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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 applications of such materials
in novel semiconductor technology are also studied. A linkage between
solid state theory and quantum chemistry is established in the studies of
conducting polymers, fullerenes and polymerelectrolytes. There are also
projects which are oriented more towards fundamental studies, e.g., the
theory of aperiodic, ordered systems and the global behaviour of discrete
systems.
All members of the group take active part in the physics teaching
programme at the undergraduate or at the graduate level. We are also
concerned with the student curriculum, for instance, a new course in high
energy physics was developed and given by Rolf Riklund and Karl-
Fredrik Berggren.
Since most work in theoretical physics involve computations, we are
strongly dependent on efficient and easily accessible computer systems.
The local computer systems include the department workstation network
and a Cray Y-MP EL. The theoretical physics group is closely connected
to the National Supercomputer Centre (NSC) and their facilities,
including a Cray X-MP/416. An active part in improving the Swedish
computing system is taken by Karl-Fredrik Berggren who is chairman of
the national committee for future supercomputing appointed by the
Swedish Natural Research Council.
One doctor thesis was presented in theoretical physics during the last
academic year: Ji Zhen-Li, "Transport properties of electron-waves in
low-dimensional semiconducting nanostructures".
Three licentiate theses were also completed:
- Magnus Johansson: "Electronic Properties of One-Dimensional Deter-
ministic Aperiodic Tight-Binding Systems"
- Magnus Boman: "Electronic Structure of Defecis in Conjugated
Polymers and of Metal/Polymer Interfaces"
- Erik Söderström: "Theories of impurity resistivity"

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
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Quantum transport in ultrasmall semiconductor systems
(KF Berggren. Z-L Ji, T Lundberg, H Xu)

Consider a two-dimensional electron gas (2DEG) at a semiconductor
interface. At low temperatures the mobility in such a gas may be very
high and the corresponding mean-free length, i.e. the average distance an
electron travels before it collides with an impurity or another
imperfection, may exceed several |im (10-20 |im in GaAs/AlGaAs).
With the resources now available in semiconductor technology such as
lithography, etching and epitaxi it is possible to define exceedingly tiny
structures of different shapes in the 2DEG above. For example, these
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 of the 2DEG may be much
larger than the ultrasmall structures, transport becomes essentialy
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 quantization effects,
reflexions at the confining walls and interference. Obviously systems of
this kind are interesting from the view of fundamental physics. They are
also potentially important for applications, e.g. in microelectronics in
which miniaturization and a constant drive to smaller and smaller devices
will eventually encounter mesoscopic phenomena.
This project focuses on quantum transport in ID channels or quantum
wires of different shapes and dimensions, circular quantum dots and
arrays of scatterers (antidots). Nonlinear transport and the appearance of
"half-plateaus" in the quantized conduction of a quantum point contact has
been considered. Other topics are flow patterns and the formation of
vortices and their detailed dependence on geometrical features, effects of
magnetic field, electron interactions etc.
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, characterization and
applications" (Lars Samuelsson and Pär Omling). There is also a joint
project on nonlinear transport in quantum point contacts together with
the Semiconductor Physics Group, Cavendish Laboratory, Cambridge,
UK (Michael Pepper).
During the year one PhD thesis has been completed within this project,
namely "Transport Properties of Electron-Waves in Low-Dimensional
Semiconductor Nanostructures" by Zhen-Li Ji. The thesis was presented
in May 1993.

Global behavior in discrete systems
(J Hemmingsson, R Riklund)

It was often assumed that discrete extended systems with synchronous
updating could not show non-trivial global behavior, until Chaté and
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Manneville recently presented examples of such systems in form of
cellular automata and coupled map lattices. The question asked at that
time was how these systems manage to synchronize, even when they are
exposed to external noise. We found that these systems are highly pre-
dictable, and can be rather well described by a set of mean field variables.
We concluded that this is not a collective phenomenon - where different
subsystems are supposed to synchronize - but rather like many very
weakly coupled oscillators fluctuating around one exact frequency. In
other words, there is no dynamical synchronization present, and the
system remains in phase just because all subsystems remember the
(random) initial configuration. The global quantity measured is a mean
taken over all these subsystems, and gets more precise the larger the
system is.

This project is performed in collaboration with Hans J.Herrmann at
Hoechstleistungsrechenzentrum (HLRZ), Germany, and Henrik Flyvbjerg
and Allan Sorensen at Niels Bohr Institute, Denmark.

Theory of aperiodically ordered systems
(M Dulea, M Johansson, R Riklund)

In condensed matter physics it was for long time taken for granted that an
ordered material had to be periodically ordered. The first exception to
this idea was the experimental finding of so called incommensurate
crystals in the early sixties. In 1984 the list of deterministic aperiodic
materials was extended to include the quasicrystals. The artificial pre-
paration of deterministic aperiodic superlattices in 1985 enlarged the class
of non-periodically ordered materials even further and the study of such
structures has since then been a very active area of research.

One of the first studied example of a one-dimensional quasicrystal was the
Fibonacci model, which is generated by the inflation rule A->AB and
B ->A, i.e.the lattice structure is ABAABABAABAABABAABABA... .
We have been searching for other types of deterministic aperiodic
systems, to see what new physical properties they could have. We will
here shortly discuss the so called Rudin-Shapiro lattice. This is given by
the inflation rule A->AB, B->AC, C->DB and D->BC and where finally
A and B are identified with A, and where C and D are identified with B.
The lattice is thus given by AAABAABAAAABBBAB... . It has been
shown that the wavefunctions display a wide range of features going from
weak to exponential localization, except for some specific values of the
potential for which extended states exist. The nature of the spectrum of
the Rudin-Shapiro tight-binding model has been investigated. A study of
the scaling properties of the energy bands of periodic approximants
performed for various values of the energy and the on-site potential has
revealed scaling relations intermediate between the power and exponential
laws. Multifractal arguments indicate a pure point spectrum when the on-
site potential <s larger than the hopping integral.
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In recent years there has been an increasing interest in the effects of non-
linearities on the physical properties of many different kinds of systems.
A study of the effects of non-linear interactions in deterministic aperiodic
systems has been initiated. Soliton-like solutions similar to those present
in periodic crystals have been found in a special lattice of so called Thue-
Morse type. The coupling of an incoming plane wave to these structures
results in peaks of perfect transmission in the transmission gaps of the
corresponding linear system.

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 7t-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 temperatures. Our simulations indicate that excluded volume



effects contribute significantly to increase the temperature dependence of
the persistence length.
The Monte-Carlo simulations are performed on the Cray X-MP 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, IFM.

Molecular dynamics simulations
(P Miinger)

The rapid development of more and more powerful computers makes it
ever more 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. This method is usually referred to as the molecular dynamics
method. Various static and dynamic quantities can then be calculated from
the trajectories of the particles. We are currently using the molecular
dynamics method in two main projects:

1) Defect generation in strained metallic heterostructures is studied in
collaboration with the Thin Film Consortium at this department.The
details available from simulations are important to interpretate and
predict properties of epitaxial grown heterostructures. It is experi-
mentally known that multilayers of Molybdenum and Vanadium (lattice
mismatch 3.6%) can be grown essentially defect free in strained layers if
the individual layers are less then about 1.2nm thick. However, when the
layer thicknesses are increased the strain energy in the layers will become
larger than the energy to form mismatch dislocations between the layers.
The objective of this project is to obtain a detailed understanding of the
transformation from a growth of strained defect free layers to a growth
of strain reduced layers with dislocations between the layers. The simula-
tions are done on the CRAY Y-MP/EL at the department and uses the
embedded atom method to describe the interaction potentials and forces
between the atoms.

2) Impurity resistivity in two dimensions is studied in collaboration with
B E Sernelius and E Söderström (also in the theoretical physics group).
Most low order theories give the same result for zero temperature but
deviates for finite temperatures and give two distinct results in the
classical region. Molecular dynamics simulations in the classical regime is
therefore interesting for comparison. A two dimensional Ewald sum
method is used to handle the long range Coulomb potential.

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

The research is focused on the electronic properties of extended TT-con-
jugated systems such as conducting polymers, metal/polymer interfaces,
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and fullerenes. The aim of our research is to understand the optical and
transport properties of this class of materials. A basic feature of the n-
conjugated systems is their reduced dimensionality; conjugated polymers
are essentially one-dimensional, whereas fullerenes are quasi two-
dimensional. Generally speaking, this leads to a stronger electron-phonon
coupling than in three-dimensional solids. This strong electron-phonon
coupling is the key-point in order to understand the physical properties of
conjugated systems.

The nature of the metallic state of heavily doped trans-polyacetylene has
been the subject of a series of articles during the last three years. The
metallic properties of this system are explained in terms of the formation
of a three-dimensionally coupled soliton lattice. Having established the
nature of this state, we will go on to study transport in this kind of
system. (Stafström)

Optical properties of doped conducting polymers are studied using the
supercell methodology in combination with calculations of the oscillator
strength for the doping induced transitions. These studies are, in a first
step, aimed to resolve the problem of calculating the oscillator strength
for transitions involving polarons. We are also studying photoisomeriza-
tion and non-linear optical properties of polyenes. (Boman, Fagerström,
Stafström)

Metal/polymer interfaces are studied using large scale ab initio Hartree-
Fock/MP2 as well as density functional calculations on clusters of metal
atoms interacting with conjugated macro-molecules, which are model
systems for polymeric systems. These studies are aimed at understanding
the basic interfacial chemistry of the metal/polymer interface which
appear for instance in polymer based electronic devices. (Fredriksson,
Boman, Stafström)

The electron-phonon coupling in C60 is of large interest as concerns the
understanding of the superconducting state of e.g. K3C60- We have
developed a method which makes it possible to calculate the geometry in
the ground state as well as in the excited states of C60 and anions of C60-
We have found that a fundamental type of coupled electron-phonon
excitation exists in C60. a ring like distortion around the spherical
molecule. In the anions, a maximum of two electrons can localize to the
region of the distortion. Future work in this field will involve studies of
giant fullerenes, so called bucky tubes etc. (Fagerström, Stafström)

Cooperation within the department
Prof. W. R. Salaneck (Metal/polymer interfaces)
Prof. H. Ågren (Non-linear optical properties)
Doc. O. Inganäs (Optical properties)
Doc. R. Ribberfors (Elastic scattering)
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External
Doc. T. Gillbro, Umeå (Photoisomerization)
Prof. J.-L. Bredas, Möns, Belgium (Metal/polymer interfaces)

A Compton spectrometer
(R Ribberfors)

Compton scattering represents a most important mode of interaction
between condensed matter and energetic photons. This process is being
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 can be manufactured 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 detector response functions. At the department of Radiation
Physics at the University Hospital in Linköping a group is now 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 (= 30°) and the maximal energy of the incoming photons is low (=
10 keV). The quantum electrodynamical theories give a very good
agreement between theory and experiment in this area, except for the
relatively small fraction of elastic scattered photons where small
discrepances still exist. This lack between experiment and theory is caused
by our use of more primitive atomic form factors (for molecules). In
cooperation with Sven Stafström we therefore calculate molecular form
factors for lucite and polyethylene to be used in the reconstruction
formulas, in order to improve the results.

Basic and applied many-particle physics
(B 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. During this last year the free-polaron absorption was
derived in perturbation theory to fourth order for the first time. These
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exact results were obtained in closed analytical form. This work filled in
a missing piece of the theory for the polaron.The polaron concept has
attracted much attention for a long time, since it is one of the simplest
examples of the interaction between a particle and a field.

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
calculate the transport properties of a double 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
calculation is a great challenge for the theory and will hopefully explain
why experimentally an order of magnitude higher mobility for this
structure as compared to a corresponding bulk structure or a single delta-
doped structure is obtained experimentally. If we succeed with our task
we hopefully can suggest other possible structures that might have even
higher mobilities.

Optical properties. We have since many years an ongoing collaboration
with C G Granqvists group at Chalmers 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 temparature.

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
spectra and Fermi-edge singularities. The work is in collaboration with
the materials science group and with Ivar Linnerud, a doctorand from
Trondheim Technical University, Norway.

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 Maxwells equations. A
microscopic theory is needed.
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THIN FILM PHYSICS

At the Departnv research concerning growth of thin films from the
vapor phase r-ai been conducted during more than 15 years The
research \< focused on understanding relationships between
growth v ära-meters, structures and physical properties of the
depo'v./i films. The goals of the research are both to increase
tb' .iderstanding of vapor phase growth and reactions in thin
f> 'Vs 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 including mole-
cular beam epitaxy. The characterization of deposited films is con-
centrated onto structural techniques such as electron microscopy and X-
ray diffraction. Physical properties are predominantly investigated in co-
operation 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
SiC and high-Tc superconductors).

Projects
The ongoing research projects are described below (including the
principal investigator(s). graduated researchers, graduate students
involved and the main financial sponsor(s).) During the year one new
doctor Torbjörn Selinder has graduated and one person (Ulf Wahlström)
has obtained the licenciate degree.

Influence of low-energy ions on film growth
(Prof Jan-Eric Sundgren. Doc Lars Hultman. Dr Pavel Kazansky, Dr I
Ivanov and Ulf Wahlström. 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
have been carried out in co-operation 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/V superlattice films have been obtained. As the
ion energy and/or ion flux are increased the amount of defects increases.
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At low temperatures the defects consist predominantly of point defect
clusters and incorporated primary ions while at higher temperatures
redistribution of point defects and incorporated primary ions results in
dislocation loops and gas bubbles, respectively. However, for low ion
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.
In several reports published on ion assisted growth it has been claimed
that the energy per deposited atom delivered to the growing film surface
can be used as a universial parameter describing film ion assisted growth.
By systematic studies using unbalanced magnetron sputtering of TiAIN
and TiN we have unambigously demonstrated that this parameter can not
be used as a universial parameter. Large differences in the resulting film
structures were obtained depending on if the ion energy or the ion flux
were changed. During the year we have allso carefully investigated un-
balanced magnetron discharges by electrical probe measurements. For
example, the variation in the electron energy distributions have been
studied as a function of the magnetic field strength.

Growth of epitaxial P-SiC films
(Prof Jan-Eric Sundgren. Doc Lars Hultman, Dr Ivan Ivanov, Dr Robert
Glass, Lars-Olof Kjellberg and Qamar ul Wahab. Sponsor: NUTEK).

In this project the aim is to develop a low-temperature process for growth
of epitaxial films of device quality. The films are presently grown by
ultra-high vacuum magnetron sputtering. So far the results show that
epitaxial films with relatively sharp SiC/Si interfaces can be grown on
Si(OOl) substrates at temperatures between 850 and 1000° C. On Si(l 11)
substrates highly oriented films have been grown at a temperature as low
as 850 °C. In these films no high angle grain boundaries were present but
only double position boundaries rotated 60° with respect to each other.
Furthermore, since the formation of the initial carbide layer is of crucial
importance for the final film quality, when SiC is grown on Si, detailed
studies of carbonization procedures have been initiated. Also growth
experiments using 6H-SiC substrates have been started. These studies have
been complemented with structural studies of commercial SiC substrates
with and without epitaxial CVD films. The latter studies have been
conducted in co-operation with Prof Erik Janzén at the Materials Physics
division. Finally, simple device structures have been fabricated in
cooperation with Doc Magnus Willander at the Laboratory of Electronic
Devices. Examples of such device structures include p-n diodes and MOS
structures.

Growth of high-Tc superconductors
(Doc Ulf Helmersson, Niclas Johnson, Sissel 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.
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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.
During the year we have focused on understanding surface roughness
induced by secondary phases and we have succeeded in growing smooth
films by varying the source composition and changing the sputtering gas
environment. We have also initiated growth of high-Tc superconductors
on "difficult" substrates such as Si and AI2O3, due to their importance in
device structures. Until now we have developed a technique for growing
buffer layers and we are now successfully growing YBa2Cu3O7 super-
conductors on AI2O3 substrates using CeO2 as the intermediate layer.
Efforts have also been carried out in order to increase the fundamental
understanding of YBa2Cu3O7 superconductors. By reducing the oxygen
content of the film and measuring the normal state resistivity, it has been
possible to correlate the obtained data with suggested theories. Also Hall
measurements have been initiated in co-operation with Professor Bertil
Sundqvist at Umeå University.

Thin film metallurgy for microelectronics
(Doc Hans Hentzell. Dr Shao-Fang Gong, Johan Carlsson and Xin-Hai 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 goup Ill-Si and V-Si have been
done together with experimental studies of electrical and optical pro-
perties and thermal stability of amorphous Si-B alloys. Also studies of Si-
P alloys have been started. In the second area device technology using
thin film reactions, such as those mentioned above, is investigated. Solid
phase doping from heavily doped poly-Si and silicides has potential
applications for small dimensional integrated circuits, and this year
heterojunction bipolar transistors have been realized using this technique.
A new interesting potential application for microcrystalline poly-Si alloys
may be as IR-detector elements.

Materials research consortium "Thin Film Growth".
(Prof Jan-Eric Sundgren. Doc Lars Hultman, Jens Birch, Helena
Johansson, Hans Sjöström, Kenneth Järrendal. 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 con-
sortium "Thin Film Growth". Within this consortium the aims are to
increase the knowledge within the fields of epitaxial growth, low-
temperature growth and artificial structures such as superlattices. The
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consortium involves several groups within IFM as well as at other
universities. During the year the Swedish materials research consortia
efforts have been evaluated by an international evaluation group. The
results of this evaluation was very positive for the Thin Film Growth
Consortium and it was regarded as one of the two most outstanding
consortia of total 11 ongoing consortia. The consortium is managed by a
steering board for which Prof Jan-Eric Sundgren is in charge. 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 on
effects of ion irradiation on interface roughness. The structural studies
performed within the consortium are conducted in close co-operation
with Doc Reine Wallenberg at the Chemistry centre at Lund University.
In addition to experimental observations of defect generation in
superlattices also theoretical modeling (through molecular dynamic
simulations) of such structures have been conducted together with Peter
Monger at the theoretical physics group at IFM.
Another important part of the superlattice investigations is studies of
transition metal nitride superlattices. This part is carried out in
collaboration with Prof S.A. Barnett at Northwestern University in USA.
Both epitaxial TiN/NbN and TiN/Vo.6Nbo.4N structures have been
grown. The two systems represent 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 nitride based superlattices for cutting applications
is underway in a project supported by Seco Tools AB. Also hydrogen
uptake in Mo/V superlattices have been investigated This consortium
related sub-project is performed in co-operation with Dr Björgvin
Hjörvarsson and Prof Erik Karlsson at the department of Physics at
Uppsala University. By detecting hydrogen by a nuclear resonance
technique it has been concluded that charge transfer from Mo to V in a
narrow region close to each interface in makes the heat of solution for H
in V to become positive. This thus implies that the hydrogen uptake will
decrease as the wavelength of the superlattice changes.
The project on low-temperature growth within the consortium has been
directed towards low-temperature growth of SiC and on interface studies
of amorphous C:H films (so called diamond like films) deposited on steel
substrates at temperatures below 150° C. In the latter case the interface
studies have been carried out using transmission electron microscopy.
This project which is aimed at understanding adhesion mechanisms at low
temperatures is performed in co-operation with the SKF Engineering
Research Centre in Holland. During the year also studies on CNx films
have been started. Based on theoretical predictions of the existence of a
C3N4 phase with a bulk modulus higher than that of diamond several
groups have tried to synthesis this compound. Using reactive sputter
deposition of C in N2 discharges we have so far obtained films with a N-
concentration of 25 at % which is still far below the 57 at % for the
predicted C3N4 phase. The structure of these films have been determined,
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using high resolution transmission electron microscopy, to be of a turbo-
stratic C type.
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) in order to be able 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 Lars-Gunnar Petersson at the Laboratory of
Applied Physics.

Growth of Cubic Boron Nitride
(Lars Hultman, Jan-Eric Sundgren and Mats Johansson. Sponsor:
Commission of the European Communities, NUTEK)

In February 1992, a 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 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 microstructure evolution
during film deposition. Up till now, we have characterized BN films
prepared by rf sputtering which were found to consist of a mixture of
nm-sized grains of turbostratic and cubic phase. A critical
energy/momentum of incident species to the growing film must be
supplied to help stabilize the cubic phase, and our deposition systems are
being modified to that effect.

Growth of optical superlattice structures
( Prof Jan-Eric Sundgren. Doc Hans Arwin (from Laboratory of Applied
Physics), Kenneth Järrendahl and Jens Birch. Sponsor: TFR )
This project is performed in close co-operation 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 co-
operation with M Dulea from the Theoretical Physics Division at IFM
detailed theoretical as well as experimental studies of X-ray diffraction
patterns from such superlattices have been performed.

94



Co-operations
Extensive co-operations 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 Hansson (Si/Ge structures)
Doc H Arwin (Optical 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 and Dr Björgvin Hjörvarsson, Uppsala University
(Hydrogen uptake in 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 CN\ 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 (Magnetic 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)



BIOLOGY

Faculty of Arts and Science
The division of biology is especially concerned with education. However,
research projects are being carried out with, among other things,
external financial help. Four research students are working for their
doctoral thesis; in Theoretical Population Biology (A Johansson and T
Jonsson) and in Ecology (B Ekstam and K-0 Bergman). Two doctoral
thesis have been defended by coworkers at the departement: U
Wennergren, "Population growth and structure in a variable environ-
ment" and T Habtewold, "Ecology and management of grasshoppers
(Orthoptera)) of cereals in central Ethiopia".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 part of the division of Biology
is located in the Faculty of Health Sciences. Every year a number of
students carry out their undergraduate thesis at the Faculty of Health
Sciences.

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. The group could 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 varying 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
echine, the woodland brown, lives there in a subdivided population. This
area is the only existing area on the Swedish mainland of the woodland
brown. This butterfly 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 accomplishing a project 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
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connection with this project a new one dealing with vegetational
succession and associated changes in insect faunas has beed 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
ecology and biology of grasshoppers in wheat and tef (an Ethiopian
cereal) together with an Ethiopian researcher, and Ph. Dr. Student,
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, are also being
analyzed. Patterns of seasonal and regional abundance for the dominant
species are studied. T Habtewold put forward his thesis in March 1993.

Minimum viable populations and the structure of food webs: The
primary aim with the present project is to investigate the effects of body
size on the expected time to extinction (ETE) of local populations and on
the structure of food webs and ecological communities. ETE of local
populations and metapopulations can be expected to depend on body size
of individuals since size will affect demographic rates. The extinction
rates (i.e. ETE) of populations 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, The
National Swedish Environment Protection Board and the 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 theo-
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retical 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 individuals; (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.

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 evolution
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 is governed by interacting processes at the indi-
vidual and population level. B Ebenman, A Johansson, T Jonsson and
U Wennergren analyse such systems with the help of mathematical
models, field and laboratory experiments.

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 phenomena by
using mathematical models and the supercomputer at NSC. He put for-
ward his thesis in January 1993. Since February 1993 he is on a post-
doctoral leave at the University of Washington, Seattle, USA, with Prof.
Peter Kareiva, Dept. of Zoology.

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 Lentinus edodes
(Shiitake) and different ways to increase the yield and the quality of the
fruitbodies.
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CHEMISTRY

Faculty of Arts and Science
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 chemistry the research in synthetic carbonhydrate chemistry
has continued in collaboration with the University of Stockholm.
Synthesis of nucleoside, natural products and stereoseletive glycosylation
reactions have 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.

In cooperation with the department of Water end Environmetal Studies a
study of organic compounds in natural and drinking water is undertaken.
The effect of low molecular organic compounds on taste, odour and
mutagenicity of drinking water is investigated. The chemistry of humic
compounds is studied in a project focusing on the transport of radion-
culides in deep ground water in connections with the Swedish nuclear
water program.
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UNDERGRADUATE COURSES

Faculty of Arts and Science
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. 31 students were enrolled in the first
year of the program, 22 in the second, 16 in the third and 10 in the
fourth year. 10 students have put forward their examination works. 6
students were awarded degrees at the end of the year.

Five students adopted the physiological variant 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
variant had 19 students in its third and fourth year of the study program.

Such colloboration with various local and non-local laboratories, in
regards to special projects and degree projects, is 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.

Courses for one year or shorter were also given; Human Ecology (ten
credits), Actual Biology with an ethological aspect (five credits), two
Environmental Care courses (ten credits) and Practical Biology (ten
credits). Three 20 credits courses in Biology were also performed during
the year. Totally 80 students.
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Faculty of Arts and Science

Chemistry
Most of the chemistry courses offered are part of a four year study
program (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 1991-92 school year:

First year (KI) 25 students
Second year (K2) 22 students
Third year (K3) 17 students
Fourth year (K4) 9 students

7 of the 9 fourth year students as well as 5 students from earlier students
group have been awarded their Master of Science degree.
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Faculty of Arts and Science

Physics
During 1992/93 extensive discussions about the Natural Science
Programmes inside the Faculty of Arts and Science lead to two important
changes

• all studies in Natural Sciences and Mathematics related to them will
from July 1, 1993 belong to the Faculty of Technology (Linköping
Institute of Technology)

• the Mathematic-Natural-Science Programme will from July 1, 1993 be
split into four separate study programmes:

the Programme for Mathematics
- the Programme for Biology
- the Programme for Chemistry
- the Programme for Physics

AH students who already have studied the Basic Courses of the Physics
Programme may, from July 1, follow the new programmes.

For students studying courses in order to become teachers, there will be
no change of faculty and as before, in some of the courses, they will
study together with students belonging e g to the Physics Programme.

The number of students 1992/93 has been as follows:

1. Courses in physics as part of a longer study programme Number
of students*

]
PHYSICS 1, 20p
PHYSICS 2,20p
PHYSICS 3, 20p
PHYSICS 4, 20p
PHYSICS 5, 20p

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

T = Teacher Study Programme (for teaching at Secondary School)
S = Separate Courses

p
41
28
13
14
4

T
4
3
6
-

3
10
4
3
8
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2. Primary School Teachers ("4-9-larare") Number
of students*

I 3
Mechanics; Electronics (Term 5, 12p) 19
Astronomy, Geophysics
Energy, THEME (Term 7, 15p) 16 -

3. Separate Courses

Electronics 1, lOp, HT 16
lOp, VT 30

Measurement Technology 1, lOp, HT 9
lOp, VT 21

Computers, lOp 8
Computer Based Measurement Systems, lOp 5
Physics l,20p 7
Astronomy, 3p 20
One-card-computer 12

Two students have during 1992/93 presented their Final Papers.

One student, Örjan Bodin, has taken part in the Sussex Project 1993,
spring and summer terms at Sussex University Brighton U K. For the
first time this project was included as an ERASMUS-programme which
has a positive effect on the economic situation both for our department
and for the student.

* T = Teacher Study Programme (for teaching at Secondary School)

S = Separate Courses
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Faculty of Technology

The Faculty of Technology offers M.Sc programs; the Swedish name of
the exam is "Civilingenjör". 600 students are annually accepted in four
disciplines:

M: Mechanical engineering (120)
D. Computer science and engineering (120)
Y: Applied physics and 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
(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 Physics
Experimental problem solving
Introductory Physics
Introductory Physics
Modern Physics
Wave Motion
Electromagnetic field theory
Electromagnetic field theory
Electromagnetism
Engineering Mechanics
Modern Physics
Thermodynamics and Statistical Mechanics
Modem Physics

Year

YI
II
I 1

Ml
M 1
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

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
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

Electrical Measurements
Analogue Measurement Technology
Circuit Theory and Electrical
Measurements (in coop with ISY)
Circuit Theory and Electrical
Measurements (in coop with ISY)

Specialized courses mainly aimed
nology"
Current Topics in Measurement
Industrial measurements
Instrumentation technology
High frequency measurements
Measurement systems design
Computers in Measurements and
Signal processing
Project Work in Measurements
Mechanical Measurements
Measurement technology
Digital Measurements

Year

Y2
D3

Yl

Dl

at the

Y3
Y4
Y4
Y4
Y4

Y4
Y4
Y5
M5
D4

Lecture
hours
20
8

8

8

profile

20
20
20
24
24

20
4

24
20
8

Lesson
hours

Labwork
hours

36
20

16

16

"Measurement Tt

8
28
24
35
4

20
48
14
40
20
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Tuition in Environmental Conservation and Technology

Within the Department of Physics and Measurement Technology is a
division "Environmental technology", which gives two courses, eligible
for all disciplines. The first course is compulsory for the M-students, as
seen above

Science of the environment
(offered twice, 280 students)

Year

All

Lecture
hours

26

Labwork
hours

16

Environmental technology All 24 26
(offered twice, 70 students)

Two special courses, open to both students and the public were also given.

• "Cleaner production" deals with the holistic view of industrial
production due to environmental concern - from cradle to grave of a
product. It comprised 40 h lecture, 80 h projectwork and was
attended by 20 participants, mostly students at the faculty of
technology.

• "Human ecology", given in Norrköping, in cooperation with the
division of Biology, during the autumn 1992. It comprised 80 h
lectures, 32 h lab and was attended by 20 participants.

106



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
studying 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.

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 92/93 the following graduate courses have
been given at IFM within the graduate programme. The names of the
course responsible persons/lecturers are also given. The courses that are
offered during 93/94 are listed in a separate course catalogue which can
be obtained from the director of graduate studies.

Basic semiconductor physics B Monemar

Applied electronics A Koptyug

Molecular spectroscopy A Lund/
L Sjöqvist/
N Benetis

Proteinstruktur U Carlsson
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Biochemistry

High energy physics

Organic chemistry

Electrodynamics I o. II

Quantum mechanics I

Transmission electron microscopy

Electromagnetic computations using "FEM"

Surface physics I

Presentation techniques

Molecular orbital theory

H Elwing/
P Billsten/
M Svensson

K-F Berggren/
R Riklund

H Boren

S Stafström

K-F Berggren

L Hultman

E Möller

L Johansson

L Petersson

H Ågren/
B Minaer
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LIST OF SCIENTIFIC REPORTS

Faculty of Technology
Applied Physics

P Tengvall and I Lundström: "Physico-chemical considerations of tita-
nium as a biomaterials". Clin Mat, 9, 115 (1992).

I Lundström, J O G Karlsson, S P S Svensson, L G E Mårtensson, H
Elwing, S Ödman, and R G G Andersson: "Locan and non-local receptor
signalling". J Theor Biol, in press.

M Menyhard, A Barna, A Sulyok, K Järrendahl, J -E Sundgren, and J P
Biersack: "Low-energy ion mixing in a Ge/Si multilayer system". J Nucl
Instr and Meth in Phys Res, accepted.

N O Persson, K Uvdal, B Litdberg, and M Hellsten: "Organic xanthates
adsorbed on gold surfaces: an infrared and photoelectron study". Progr
Coll Pol Sci, 88, 100(1992).

L Bertilsson and B Liedberg: "Infrared study of thiol Monolayer
assemblies on gold: Preparation, characterization, and functionalization of
mixed monolayers". Langmuir 9, 141 (1993).

A Ihs, K Uvdal, and B Liedberg: "Infrared and photoelectron
spectroscopic studies of ethyl and octyl xantate ions adsorbed on metallic
and sulphidized gold surfaces". Langmuir 9, 733 (1993).

Q Pei, O Inganäs, and I Lundström: "Bending bilayer strips built from
polyaniline for artificial electrochemical muscles". Smart Mater Struct 2,
1 (1993).

I Lundström, C Svensson, A Spetz, H Sundgren, and F Winquist: "From
hydrogen sensors to olfactory images - twenty years with catalytic field-
effect devices". Sens and Actuators B 13-14, 16 (1993).

E Hedborg, A Spetz, F Winquist, and I Lundström: "Polymer membranes
for modification of the selectivity of field-effect-devices". Sens and
Actuators B 7, 661 (1992).

F Winquist, H Sundgren, E Hedborg, and I Lundström: "Evaluation of
gas sensing surfaces with a scanned light pulse technique". Sens and
Actuators B, 270(1993).
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E Hedborg, F Winquist, I Lundström, L-I Andersson, and K Mosbach:
"Some studies of molecularly imprinted polymer membranes in combina-
tion with field effect devices". Sens and Actuators, accepted (1993).

F Winquist, E-G Hörnsten, H Sundgren, and I Lundström: "Performance
of an electronic nose for the quality estimation of ground meat". Meas Sci
and Techn, accepted (1993).

B Wälivaara, A Askendahl, H Elwing, I Lundström, and P Tengvall:
"Antisera binding onto metals immersed in human plasma in vitro". J
BiomedMR26, 1205(1992).

H Sundgren, I Lundström, and H Vollmer: "Chemical sensor arrays and
abductive networks". Sens and Actuators B, 9, 127 (1992).

P TengvaM, L Olsson, B Wälivaara, A Askendahl, I Lundström, and H
Elwing: "Deposition of antisera onto methyl gradients after immersion in
human plasma: an in vitro study". Adv Biomat, 10, 511 (1992).

P Norberg, F Winquist, and I Lundström: "Development of a thermal
micro-bio-sensor fabricated on a silicon chip". Sens and Actors B, 6, 127
(1992).

F Winquist, H Sundgren, E Hedborg, A Spetz, M Holmberg, and I
Lundström: "Identification of molecules with field effect structures".
Technical digest of the 11th sensor symposium 1992, pp 257.

S R Clark, D W Paul, H Sundgren, and I Lundström: "Instrumental
development of an inexpensive double-layer capacitance meter for study-
ing surface adsorption phenomena". Microchem J, 46, 225 (1992).

R Erlandsson, H Elwing, M Eriksson, L Olsson, P Tengvall, R Wigren, S
Welin-Klintström, and I Lundström: "Scanning force microscopy -
examples of applications to surface chemistry". Prog Coll P 88 154
(1992).

S Ödman, I Lundström, J O G Karlson, P Sveider, and S P S Svensson:
"Measurements of light transmission trough single melanophores". Pigm
Cell Res, 5, 213(1992).

P Tengvall, M Lestelius, B Liedberg, and I Lundström: "Plasma protein
and antisera interactions with L-Cysteine and 3-Mercaptoprorionic acid
monolayers on gold surfaces". Langmuir 8 (1992).

J Mårtensson, H Arwin, I Lundström, and Th Ericson: "Adsorption of
lactopersoxidase on hydrophilic and hydrophobic silicon dioxide surfaces:
An ellipsometric study". J Coll Int Sci, 155, 30 (1993).
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B Wälivaara, I Lundström, and P Tengvall: "An in-vitro study of H2O2-
treated titanium surfaces in contact with blood plasma and a simulated
body fluid". Clin Mat, 12, 141 (1993).

J O G Karlsson, Å Nilsson, H Sundgren, S P S Svensson, H Elwing, I
Lundström, and S Ödman: "Fish-scale photometry and in vitro cytotoxi-
city". Sens and Actuators B, 11, 323 (1993).

F Winquist and I Lundström: "Gassensoren - kiinstliche Nasen".
Geruchsbilder Technische Rundeschau Heft 19, 54 (1993).

S P S Svensson, P Sveider, T Norberg, J O G Kailsson, H Elwing, I
Lundström, and S Ödman: "Optical biosensors based on fish pigment
cells". Sensors and Actuators B 11, 543 (1993).

B Liedberg, I Lundström, and E Stenberg: "Principles of biosensing with
an extended coupling matrix and surface piasmon resonance". Sens nnd
Actuators B 11,63(1993).

H Arwin, J Mårtensson, and R Jansson: "Line-shape analysis of ellipso-
rnetric spectra on thin organic films". Appl Optics 31, 6707 (1992).

R Björklund and H Arwin: "Ellipsometric study of anionic surfactant
adsorption on apatite and calcite ore surfaces". Langmuir 8, 1709 (1992).

K Järrendahl, R Jansson, J-E Sundgren, and H Arwin: "Amorphous Ge/Si
multilayer structures as models for optical memories". Mat Res Soc Proc,
258, 535 (1992).

K Järrendahl, J Birch, L Hultman, L R Wallenberg, G Radnoczi, H
Arwin, and J-E Sundgren: "Growth of Ge/Si amorphous superlattices by
dual-target DC magnetron sputtering". Mat Res Soc Proc, 258, 571
(1992).

J Mårtensson, H Arwin, Th Ericsson, and I Lundström: "Adsorption
studies of lactoperoxidase: Physical and biological aspects". J Coll Int Sci,
155,43(1993).

H Arwin: "Applications of spectroscopic ellipsometry on thin organic
films". Chapter in Trends in Applied Spectroscopy (Council of Scientific
Research Integration). Accepted 1992.

M Veszelei, K Andersson, K Järrendahl, C-G Ribbing, and H Arwin:
"Optical constants and drude analysis of sputtered zirkonium nitride
films". Thin Solid Films, accepted (1993).

R Björklund and H Arwin: "Distribution of an adsorbed anionic
surfactant on the external and internal surfaces of an apatite mineral".
Minerals Eng, accepted (1993).
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H Nygren, H Arwin, and S Welin-Klintström: "Nucleation is the rate
limiting step in the initial adsorption of ferritin at a hydrophobic sur-
face". Colloids and Surf, accepted (1992).

H Nygren and H Arwin: "Self-organized criticality of ferritin at a liquid-
solid interface". J Coll Pol Sci, accepted (1993).

K Järrendahl, B Pécz, J-E Sundgren, and H Arwin: "Growth and ellipso-
metric studies of periodic and cantor aperiodic amorphous Ge/Si super-
lattices". Thin Solid Films, accepted.

R Björklund, H Arwin, and L Järnström: "Adsorption of anionic and
cationic polymers on porous and non-porous calcium carbonate surfaces".
Appl Surf Sci, accepted.

H Arwin and R Jansson: "Line-shape analysis of ellipsometric spectra on
thin conducting polymer films". Electrochimica Acta, accepted (1993).

P Tengvall, T Vikinge-Platou, I Lundström, and B Liedberg: "FT-Raman
Spectroscopic studies of the degradation of titanium peroxy gels made
from metallic titanium and hydrogen peroxide". J Coll Interf Sci,
accepted (1993).

C Freij-Larsson, M Kober, B Wesslén, E Willquist, and P Tengvall:
"Effects of a polymeric additive in a biomedical poly(ether urethaneu-
rea)". J Appl Polym Sci, accepted (1992).

Q Pei and O Inganäs: "Poly(3-octylthiophene- co-3-methylthiophene), a
processible and stable conducting copolymer". Synthetic Metal, 46, 353
(1992).

Q Pei and O Inganäs: "Conjugated polymers and the bending beam
method: Electric muscles and smart devices". Adv Mat, 4, 277 (1992).

P Dyreklev, G Gustafsson, O Inganäs, and H Stubb: "Anisotropic polymer
chain field effect transistors". Solid State Commun, 82, 317 (1992).

Q Pei, H Järvinen, J E Österholm, J Laakso, and O Inganäs: "Poly(3-(4-
octyl-phenyl)-thiophene), a new processible conducting polymer". Macro-
mol F,4297 (1992).

Q Pei and O Inganäs: "Electrochemical applications of the bending beam
method. I mass transport and volume changes in polypyrrole during
redox". J Phys Chem, 96, 10507 (1992).

Q Pei, H Järvinen, J E Österholm, J Laakso, and O Inganäs: "An electri-
cally conducting copolymer from 3-octylthiophene and 3-
methylthiophene". Polymer, 34, 247 (1993).
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B Workalemahu, P Dannetun, O Inganäs, and W R Salaneck: "Absence of
schottky barrier formation in junctions of A! and polypyrrole
-polyelectrolyte polymer complexes". Thin Solid Films, 224, 232 (1993).

Q Pei and O Inganäs: "Electrochemical applications of the bending beam
method, a novel way to study ion transport in electroactive polymers".
(Polymer Ionics 1992) Solid State Ionics 60, 161 (1993).

Q Pei and O Inganäs: "Electroelastomers: Conjugated poly(3-octyl-
thiophene) gels with controlled crosslinking". (ICSM 92) Synth Met 57,
3724(1993).

Q Pei and O Inganäs: "Electrochemical muscles: Bending strips built from
conjugated polymers". (ICSM 92) Synth Met, 57, 3718 (1993).

Q Pei and O Inganäs: "Conjugated polymers as smart materials: gas sen-
sors and actuators using bending beams". (ICSM 92) Synth Met, 57, 3730
(1993).

Q Pei, O Inganäs, G Gustafsson, M Granström, M Andersson, T
Hjertberg, O Wennerström, J E Österholm, J Laakso, and H Järvinen:
"The routes towards processible and stable conducting poly(thiophenes)".
(ICSM 92) Synth Met, 55, 1221 (1993).

Q Pei and O Inganäs: "Electrochemical applications of the bending beam
method. II. Electroshrinking and slow relaxation in polypyrrole". J Phys
Chem, accepted.

Q Pei, O Inganäs, and I Lundström: "Bending bilayers strips built from
polyaniline for artificial electrochemical muscles". J Smart Materials,
accepted.

E Smela, O Inganäs, Q Pei, and I Lundström: "Electrochemical muscles:
Micromachining fingers and corkscrews". Adv Mat, accepted.

J C Gustafsson, O Inganäs, and A Andersson: "Conductive polyhetero-
cycles as electrode materials in solid state electrochromic devices". Synth
Metals, accepted.

J C Gustafsson, Q Pei, and O Inganäs: "Spectroscopic evidence for
asymmetric polaron states in poly[3-(4-octylphenyl)-thiophene]". Solid
State Commun, accepted.

H Arwin, S Welin-Klintström, and R Jansson: "Off-null ellipsometry
revisited: basic considerations for measuring surface concentration at
solid/liquid interfaces". J Coll and Int Sci 156 (2), 377 (1993).
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R Erlandsson, H Elwing, M Eriksson, et al: "Scanning force microscopy -
Examples of applications to surface chemistry". Coll and Polymer Sci,
accepted (1992).

U R Nilsson, O Larm, B Nilsson, K E Storm, H Elwing, and K N Ekdahl:
"Modification of the complement binding-properties of polystyrene -
effects of end-point heparin attachment". Scandinavian J Immunology 37
(3), 349 (1993).

U R Nilsson, K E Storm, H Elwing, and B Nilsson: "Conformational
epitopes of c3 reflecting its mode of binding to an artificial polymer sur-
face". Mol Immunology, 30 (3), 211 (1993).

P Tengvall, L Olsson, B Wälivaara, A Askendal, I Lundström, and H
Elwing: "Deposition of antisera onto methyl gradients after immersion in
human plasma an in vitro study". Biomaterial - Tissue Interfaces Elsevier
511 (1992).

M Wahlgren, T Arnebrant, A Askendal, and S Welin-Klintström: "The
elutability of fibrinogen by sodium dodecyl sulfate and alkyltri-
methylammonium bromides". Coll and Surfaces A 70, 151 (1993).

S Welin-Klintström, A Askendal, and H Elwing: "Surfactant and protein
interactions on wettability gradient surfaces". J Coll and Int Sci, 158
(1993) in press.

S Welin-Klintström, R Jansson, and H Elwing: "An off-null ellipsometer
with lateral scanning capability for kinetic studies at liquid-solid inter-
faces". J Coll and Int Sci, 157 (2), 498 (1993).

M Wikström, S Welin-Klintström, S Renvert, and H Elwing: "Reflectance
method for simple determination of proteinase activity in |il samples of a
complex serum-like fluid". Enzyme and Microbial Techn 14 (8), 614
(1992).

H Hanberger, E Svensson, M Nilsson, L E Nilsson, E G Hörnsten, and R
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