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PREFACE 
 

This Biennial Report gives an overview of the scientific activities of the Institute 
of Electrical Engineering in 2001 and 2002. The research results achieved are 
summarised in nine sections corresponding to nine research departments of the Institute. 

During this period we intensively pursued international scientific collaboration. 
Our most important activities were linked with the 5th Framework Programme, which 
we successfully joined from its inception. Our involvement in the programme in 2001 
and 2002 included two RTD (research and technology development) projects, one 
thematic network, and participation in the European Atomic Energy programme. In 
2002 we started two new RTD projects and joined one network. The Institute received 
special support for its Applied Superconducting Training Research Advanced Centre – 
ASTRA, under the umbrella of integration of associate countries in European research. 
We view this support as proof of recognition that the Institute achieved scientific and 
technological excellence in the field of superconductivity. 

During 2001 and 2002, besides the activities within the 5th Framework 
Programme, the Institute also worked on three projects supported by the NATO Science 
for Peace Programme. They are currently in the final stages of transferring the results to 
industrial end-users.  

In 2002 we also applied for projects to the newly founded Slovak grant agency 
APVT. Five of these projects were approved by the agency in the first call. We hope 
that the APVT agency will increasingly contribute to our research activities as well as to 
the development of the Institute. 

The intensity of our research is reflected in our publication efforts. I greatly 
appreciate the increasing response to our published results, which comes in the form of 
citations quoted by the Science Citations Index. We strongly believe that it is a true 
measure of the increasing merit of our work.  

During 2001 and 2002 we successfully continued with the training of PhD 
students. Usually 10 to 12 students are working on PhD studies at the Institute at any 
one time. Some of our former PhD students are currently in post-doc positions in 
European research laboratories. We hope that they will return to the Institute after 
completing their stays. The Institute will surely benefit from their experiences gathered 
abroad. 

I would like to express my gratitude to all staff members for their contributions to 
the successful development of the Institute in 2001 and 2002. Finally, I would like to 
acknowledge my predecessor, Dr. Jozef Novak, who was at the helm of the Institute 
until July 2002, for his great contributions to the advancement of the Institute. 

 
    Dr. Karol Frőhlich, Director of the Institute 
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THEMATIC FOCUS OF THE INSTITUTE 
 
 

The Institute focused on the preparation of semiconductor, oxide and 
superconductor materials and devices, and on the theoretical and experimental study of 
their structural, optical, and transport properties.  

A wide variety of thin films and multilayers were prepared. The semiconductor 
research was centred on the epitaxy of III-Vs. Attention was mostly focused on films 
and heterostructures based on GaAs, InP and GaP. We devoted our efforts to the 
understanding of fundamental properties of thin film structures with lowered 
dimensionality. This included one-dimensional electron transport in quantum wires and 
two-dimensional transport in quantum wells. We also dealt with non-planar epitaxy of 
III-V semiconductor films. Other research activities were aimed at the growth of oxide 
films (RuO2, CeO2, high-Tc superconducting films like YBa2Cu3O7, Tl- and Hg- based 
oxides). We also prepared layers from recently discovered MgB2 superconductor. Apart 
from that a new type of superconducting tunnel junctions were realised. The junctions 
consist of two superconductors separated by a very thin ferromagnetic layer ( Nb/FexSi1-

x/Nb ). 

The main techniques employed for the growth of thin films and multilayers were 
magnetron sputtering, vacuum evaporation, and metal-organic chemical vapour 
deposition. Professional scientific R&D ultra-vacuum deposition equipment was used, 
such as Varian, Alcatel SCM 600, Balzers (magnetron sputtering), and AIXTRON AIX-
202. The IEE designed and built up home-made systems, namely an MOCVD apparatus 
for the growth of oxide films. Processing techniques were also developed to pattern 
semiconductor, metallic, and oxide films and multilayers, including lithography on 
substrates with non-standard dimensions. To support these activities, the IEE purchased 
an etching apparatus for reactive ion beam milling (MicroSys 350) and an inductively 
coupled plasma ion source etching system.   

Structural characteristics of the films and multilayers were studied using standard 
methods, such as X-ray diffraction and transition electron microscopy (TEM, JEOL 
1200 EX equipment with a 120 kV acceleration voltage). The morphology of the films 
and multilayers was studied by scanning electron microscopy (SEM - Hitachi, in 
collaboration, Tesla BS 340) and atomic force microscopy (AFM - TopoMetrix 
Explorer). Tunnelling spectroscopy was employed for the characterisation of interface 
in high-Tc superconductor/normal metal heterostructures. 

The thin film structures were designed for use in advanced microelectronic sensors 
and devices, such as vector Hall sensors, magnetoresistive sensors, and multilayered 
Josephson junctions. Additionally, new techniques for the preparation of nano- and 
micro-electro-mechanical systems (NEMS, MEMS) were developed. This included 
micromachining of GaAs cantilevers with integrated MESFET’s for the design of a 
novel power microsensor. Another application-oriented activity was aimed at the 
realisation of ionising radiation detectors based on semi-insulating GaAs and InP 
semiconductors.  
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New superconductor, MgB2 , with Tc = 39 K, was discovered at the beginning of 
2001. The IEE SAS prepared superconducting MgB2 wires. To make thin nano-
crystalline MgB2 films for cryoelectronic applications, the institute developed relevant 
technological processes that employ B and Mg co-deposition in vacuum, sequential 
evaporation of the components, and also ex-situ and in-situ synthesis of MgB2. The 
MgB2 material was characterized using several methods including tunnelling 
spectroscopy. Thin MgB2 films were also used to realise the first superconductor/tunnel 
barrier/superconductor structures (MgB2/Al2O3/Nb) with Josephson effects. The 
Institute continued in R&D in the field of superconductivity. It used non-conventional 
metal deformation techniques to manufacture high-Tc Bi-2223 phase composite ceramic 
superconducting tapes in Ag sheath, and MgB2 in Fe sheath. The tapes were prepared in 
several specific configurations with the aim to reduce both critical current anisotropy 
and AC losses. A great effort was devoted to the diagnostics of superconducting 
multifilamentary Bi-2223/Ag tapes. The properties of superconductor and 
superconducting coils in AC current regime (current distribution, losses) were 
intensively studied, too. Results of these investigations served as a starting point for the 
design and optimisation of prototypes of high TC devices (superconducting magnets, 
power transmissions cables, transformers).  

 Electronic transport was analysed in the thin films, heterostructures, oxides, 
composite superconductors and devices at temperatures ranged from 4.2 K to 350 K.  

Besides the research work described above, the researchers of the Institute were 
involved in the training of PhD students. The Institute was commissioned as an external 
educational institution to educate PhD students in the following areas:  

• Electronics 
• Physics of condensed matter and acoustics 
• Electrotechnology and materials 
• Theory of electrical engineering 

In 2001 – 2002 fifteen students studied at the IEE SAS, and five students finished their 
PhD studies successfully. Co-operation with EU countries in this field is also 
promising – three PhD students from aboard worked on their PhD studies at the Institute 
during long-term stays. 

Researches from the Institute were partially involved in lecturing at the Slovak 
Technical University and at the Comenius University, Bratislava. Their lectures covered 
topics on superconductivity, tunnelling spectroscopy, integrated optoelectronics, and 
modern aspects of solid-state physics.  
 
 

FUNDING OF THE RESEARCH 
 

 
The Institute of Electrical Engineering is a research-oriented governmental 

organisation. Governmental contributions to the budget are mostly spent on personnel 
costs, and only little money is invested in research and running the Institute. Other 



sources are needed to fund research. Fig. 1 shows the development of both budget 
components from 1998 to 2002. Although the governmental funding has gradually 
increased annually since 1999, still only very small part can be used to renew 
equipment.  

The research is mostly funded by the national and international grant agencies: 
VEGA, the Science and Technology Assistance Agency, the European Commission and 
NATO. Fig. 2 shows the composition of funds in 2001 and 2002. The largest 
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  Fig. 2. Budget composition in 2001 and 2002. 
contribution came from the 5th Framework Programme and the NATO Science for 
Peace Programme. It confirms how important our engagement in European research 
activities is. The Institute will hopefully achieve a similar or even greater share in 
European research in the future, especially within the 6th Framework Programme.  
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SUMMARY OF SCIENTIFIC OUTPUT 
 

The main research results were published in international scientific journals. 
Figure 1 shows the number of publications per year issued since 1965, including the 
number of publications with the first author from the Institute. The number of 
publications increased towards the end of the eighties, which is related to the discovery 
of high-TC superconductivity as well as to political changes in the former Czechoslovak 
Republic. At the same time the number of publications with the first authors from other 
institutions also increased, which resulted from a larger involvement of the Institute in 
international collaboration. It seems that the recent years saw a saturation in the number 
of published papers at 50 – 60 publications a year, except for the lower number in 1999. 
The statistics shows that on the average the Institute published more than one 
publication per research scientist a year. The articles were published in journals whose 
average impact factor ranged between 1.1 and 1.3. 

 The scientific significance of the publications is expressed by their citation 
impact. Figure 2 depicts the number of citations from the SCI database since 1967. The 
time evolution of this number follows the evolution of publications in Fig. 1. The 
average number of citations was about 200 in the recent three years. The developments 
in publication activities as well as the number of citations reflect important changes in 
the life of the Institute during the last decade of the 20th century. 
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Scientific activity during the 2001 – 2002 period resulted in several important 
achievements in solid-state physics, preparation of materials as well as in application-
ready outputs. The following list introduces the most important ones. 

Interesting results were obtained on the MgB2 (39K) superconductor, discovered at 
the beginning of 2001. We developed technological processes to prepare 
superconducting MgB2 wires.  Thin nano-crystalline films were prepared using B and 
Mg co-deposition in vacuum, sequential evaporation of the components, and also ex-
situ and in-situ synthesis. A temperature dependence of the MgB2 energy gap was 
measured by tunnelling spectroscopy and interpreted. The thin films were used to make 
the first superconductor/tunnel barrier/superconductor structures (MgB2/Al2O3/Nb) with 
Josephson effects.  

The Institute developed a technology using micro-(nano)-machining to make 
mechanically fixed and thermally isolated cantilevers and bridges using a polyimide 
membrane. It was shown that it can be used to fabricate mechanically fixed and 
thermally isolated islands for new micro-(nano)-mechanical structures. This technology 
was further developed to realise a new concept of MEMS device. The MEMS devices 
are at the heart of new microwave electrical power sensors. The sensors are highly 
efficient electro-thermal converters.  

The institute prepared thin conducting oxide films for application in new-
generation CMOS gates and in DRAM and FeRAM memories. Using MOCVD 
technique, we prepared thin RuO2 films that exhibited room temperature resistivity and 
a residual resistivity ratio comparable with those of the best RuO2 thin films and single 
crystals. The thin films were prepared and characterised in co-operation with the 
AIXTRON company and Laboratory LMGP, within project No. GRT-CT-2000-05001 
under the 5th Framework Programme “MULTIMETOX”.  
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New type of superconducting tunnel junctions were prepared. The junctions 
consist of two superconductors separated by a very thin (~ 2 nm) ferromagnetic layer 
(Nb/FexSi1-x/Nb ). Measurements in the microwave and dc magnetic fields confirmed 
the occurrence of the ac and dc Josephson effects in such junctions. The evidence of a 
highly efficient Andreev reflection was proven by the measurement of I-V 
characteristics, which indicated a high quality of superconductor/ferromagnet interfaces. 
Novel types of dependence of the critical current on the magnitude of magnetic field 
were observed, in accord with model computer simulations.   

It is believed, that a disordered 1D wire with coherent electronic conduction is an 
insulator with the mean resistance and resistance dispersion both growing exponentially 
with the wire length - localization length ratio. We have shown theoretically that this 1D 
insulator undergoes at full coherence the crossover to a 1D “metal”, caused by thermal 
smearing and resonant tunnelling. As a result, the resistance dispersion becomes wire 
length independent and smaller than unity, while the mean resistance grows with the 
wire length – localization length ratio linearly and eventually polynomially, manifesting 
the so-called medium localization. A comparison with experiment has been 
demonstrated. 

Series of a few HTS (high temperature superconductor) model transformers were 
built and successfully tested. They were developed and built in cooperation with 
ŠKODA Plzen and the University in Wuppertal within the framework of the NATO 
programme Science for Peace (project No. SfP-974124). The BT-2 model (15 kVA) 
was tested at BEZ Bratislava.  The tests revealed an increased efficiency of the HTS 
transformers compared with that of conventional equivalent transformers. 

Collaboration with the University of Bath within the project NATO SfP-97239 led 
to the realization of a Vector Hall Probe scanning Microscope with a novel Hall sensor 
capable of resolving the entire local magnetic field vector. The vector Hall sensors are 
realized by patterning Hall probes on the tilted faces of pyramidal-shaped mesa 
structures. Data from three of these 'tilted' Hall probes are used to reconstruct the full 
magnetic field vector. The vector microscope differs from other existing systems in the 
scanning range at low temperatures - it scans an area of 25 mm2 at 10 K with a 
resolution of 2.5 µm. 

 

INTERNATIONAL SCIENTIFIC PROJECTS 
 

The Institute participates in the following international projects funded by the 
European Commission and the NATO Science Committee: 

5th Framework Programme: 
• Optimising Powder-In-Tube Tapes In MRI Systems as Ice-breaker for HTS Socio-

Economic Benefits, G5RD-CT-1999-00049, 2000 – 2001. 
• Quality monitoring of Superconductors for the production of Efficient, Compact 

and reliable Energy Transmission Systems, G3RD-CT-2000-00239, 2000 – 2002. 
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• Metal Oxide Multilayers obtained by Cost-Effective New CVD Technologies for 
Magnetoelectronic Microsystems and Nanotechnologies, G5RT-CT-2000-05001, 
2001 – 2002. 

• Superconducting European Network SCENET-2 
• New gallium phosphide grown by vertical gradient freeze method for light emitting 

diodes, IST-2001-32793, 2002 - 2004 
• Integration of very high-k dielectrics with silicon CMOS technology, IST-2001-

39094, 2002 - 2004 
• AC loss measurements and strand joining methods, FU05-CT-2000-00081AC, 

2000 – 2001. 
 
NATO Science for Peace programme: 
• Development of advanced Vector Hall Probes for magnetic microscopy, SfP-

972399, 1998 – 2002. 
• Microwave Monolithic Integrated Transmitted Power Sensors and Their Industrial 

and Metrological Applications, SfP-974172, 1999 – 2003. 
• High temperature superconducting model transformers using BSCCO and YBCO 

tapes, SfP-974124, 2000 – 2002. 
 

 
 

SCIENTIFIC EVENTS ORGANISED BY THE INSTITUTE 
 

• ASDAM ‘02, 4th International Conference on Advanced Semiconductor Devices 
and Microsystems, 14-16.10.2002, Smolenice, Ing. T. Lalinský, CSc., Ing. F. 
Dubecký, CSc., 54 77 58 26, eleklali@savba.sk 

 

• SIMC-XII-2002, 12th Semiconducting & Insulating Materials Conference, 30.6.-
5.7.2002, Ing. F. Dubecký, CSc., 54 77 58 26, elekfdub@savba.sk 
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DEPARTMENT OF THEORY OF SEMICONDUCTOR  MICROSTRUCTURES 
 

 Head of department: Martin Moško 
 
 Research scientists     PhD students 
 Pavel Vagner     Michal Bajdich 
 Andrej Gendiar 
 
 In 2001-2002 the research activities of the group were focused on two topics: 1) 
Theoretical investigation of electronic transport in one-dimensional disordered 
conductors; 2) Numerical simulation of statistical properties of various spin lattice 
models. These activities were performed within the project “Effect of many-particle 
Coulomb interaction on the carrier transport in one- and two-dimensional 
semiconductors”, supported by the Slovak grant agency VEGA, and within the project 
“One-dimensional carrier transport in the V-groove quantum wires”, supported by the 
European COST P5 Action on Mesoscopic Electronics. In August 2002 the group 
started to participate in the project “Strongly correlated and disordered electronic 
systems”, supported by the Science and Technology Assistance Agency. 
 Our results can be summarised as follows: 
 1. We investigated theoretically the decoherence of coherent electronic transport in 
a one-dimensional (1D) disordered wire. Each phase breaking event was viewed as 
Büttiker’s conceptual voltage probe that causes perfect phase relaxation. The distance 
between two successive “probes” was determined as the quantum (localization-
dominated) diffusion length. We calculated statistical properties of the wire resistance 
as a function of the wire length, Thouless coherence length, localization length, and 
temperature. We also traced the transition from coherent to incoherent transport. 
 2. Our efforts included a study of coherent electron transport in a 1D wire with 
disorder modelled as a chain of randomly positioned scatterers. Analytical formulae 
were derived for all statistical moments of the wire resistance ρ. By means of these 
formulae we showed that the distribution of the variable ln(1+ρ) is not exactly Gaussian 
even for weak disorder. In a strict mathematical sense, this conclusion holds not only 
for the distribution tails but also for the bulk of the distribution. 
 3. It is believed, that a disordered 1D wire with coherent electronic conduction is 
an insulator with the mean resistance and resistance dispersion both growing 
exponentially with the wire length - localization length ratio. We have shown 
theoretically that this 1D insulator undergoes at full coherence the crossover to a 1D 
“metal”, caused by thermal smearing and resonant tunneling. As a result, the resistance 
dispersion becomes wire length independent and smaller than unity, while the mean 
resistance grows with the wire length – localization length ratio linearly and eventually 
polynomially, manifesting the so-called medium localization. A comparison with 
experiment has been demonstrated. 
 4. Finally, we developed the so-called „Tensor Product Variational Approach 
(TPVA)“ in order to calculate the critical properties of statistical spin systems on a 3D 
lattice. This was achieved by generalizing the known algorithm „Density Matrix 
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Renormalization Group“, originally developed for the 1D a 2D systems. By means of 
the variational principle, the TVPA evaluates the ground state of the 3D-transfer matrix, 
written as a product of local variational tensors. By using the TVPA, we simulated the 
phase transitions and latent heat in the q=3, 4, and 5 Potts models and Ising models. 
 
Collaboration: 
 We have cooperated with Thomas Schäpers from the Institute of Thin Films and 
Interfaces (ISG), Forschungszentrum Jülich, Germany. Pavel Vagner worked at the ISG 
for two years, supported by the Marie Currie Fellowship of the European Community. 
Martin Moško worked at the ISG four months, supported by the ISG. We have also 
cooperated with T. Nishino from the Department of Physics, University of Kobe, Japan. 
The stay of Andrej Gendiar in Kobe during 2002 was supported by the Ministry of 
Education of Japan.  We have also co-operated with Peter Markoš, from the Institute of 
Physics of the Slovak Academy of Sciences. 
 
I would like to thank to all members of the group as well as our collaborators for their 
contributions to this research. 
 
      Martin Moško 



MODELLING OF COHERENT TRANSPORT IN A DISORDERED 1D WIRE  
 

M. Moško, P. Vagner, and M. Bajdich 
 
At zero temperature the coherent electronic resistance of a disordered single-channel 1D 
wire is given (in units h / 2e2) by the Landauer formula [1] 
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R
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where R and T are the electron reflection and transmission coefficients at Fermi energy. 
To evaluate the resistance (1) one just needs solve the tunneling problem 
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where ε = h2 k2 / 2m is the electron energy, V(x)  is the random potential due to the 
disorder, and L is the wire length. Then R = |rk|2 and T = |tk|2.  
 The resistance (1) depends on microscopic details of disorder and wildly fluctuates 
from wire to wire in an ensemble of macroscopically identical wires. It is thus natural to 
deal with the ensemble-averaged (mean) resistance, which can be shown to grow as [2] 

 ]1

ξ/Le≈

)/2[exp(
2
1)( −= ξρ LL ,  (4) 

where ξ is the electron localization length. However, the variable ρ exhibits giant fluctu- 
ations. In particular, dispersion ∆ρ ≡ (<ρ2> - <ρ>2)1/2 / <ρ> grows as [2,3]
 ,  (5) ρ∆
which means that the mean resistance (4) is not representative of the ensemble [2]. The 
authors of Ref. [3] proposed to average the variable f = ln(1+ρ) and defined the typical 
resistance ρt = exp<f >-1, where <f > is the average of  f . They found <f > = L /ξ , i.e.,  
 ( )/exp= 1−ξρ Lt .  (6) 

It can be shown [3] that ∆f ∝ (L)-1/2, i.e., the variable f self-averages with increasing L 
and ρt is representative of the ensemble. 
 In the following two contributions we discuss how the above reviewed coherent 
results are modified by the effects of thermal averaging and decoherence. Before 
discussing these effects we need to introduce microscopic modeling of coherent 1D 
transport. We do so in this contribution.  
  As depicted in Fig. 1, we model the impurity disorder as a chain of N δ-shaped 
barriers with equal strength γ and with random positions xi along the wire. The random 
potential thus reads V(x)=ΣN

j=1 γ δ(x-xj). Here N is the random number from Poisson 
distribution g(N) = (NIL)N exp(-NIL), where NI is the linear impurity density. We 
parametrize the δ-barrier by the electron reflection coefficient at the Fermi level, RI. We 
consider the weak disorder (RI <<1) at low impurity density (1/ NI >> 2π / kF). Since RI 

<<1, all our results depend on a single parameter L /ξ. We also assume 1/ NI >> 2π / kF . 
Then ξ = (NI RI)-1, where (NI RI)-1 is the elastic mean free path [2,3].  
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Fig.1 Sketch of our coherent model.  

After the disorder is specified, we find the amplitudes tk and rk by means of the 
transfer matrix (TM) method [4]. The transfer matrix of disorder V(x) is the transfer 
matrix of the chain of N δ-barriers. It reads 
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is the transfer matrix of the δ-barrier at position xj and Ω=mγ/h2. We evaluate the right 
hand side of eq. (7) numerically. We obtain R = |rk|2 and T = |tk|2 and from eq. (1) we 
evaluate the resistance of a single wire. We repeat this procedure for the ensemble of 
wires with various randomness of disorder. We obtain the resistance distribution and 
mean values.  
 Numerical results presented in Refs. [5,6] demonstrate, that such microscopic 
simulation reproduces, as one expects, the macroscopic results (4-6). The microscopic 
simulation is thus ready for further applications. In the following contribution we extend 
the microscopic simulation to nonzero temperatures by incorporating, still at full 
coherence, the effect of thermal averaging.  

 
 
[1] Landauer, R.: Philos. Mag. 21 (1970) 863. 
[2] Beenakker, C. W. J.: Rev. Mod. Phys. 69 (1997) 731. 
[3] Anderson, P. W., Thouless, D., Abrahams, E., and Fisher, D.: Phys. Rev. B 22 (1980) 3519. 
[4] Datta, S., Electron Transport in Mesoscopic Systems (Cambridge Univ. Press, UK, 1995). 
[5] Vagner, P., Moško, M., Bajdich, M., and Schäpers, Th.: Proceedings of QNN ’02, 

September 9–11, 2002, Tsukuba, Japan, pp. 189–192. 
[6] Vagner, P., Moško, M., Markoš, P., and Schäpers, Th.: Physica E 12 (2002) 703. 
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COHERENT “METALLIC” RESISTANCE AND MEDIUM LOCALISATION 
IN A DISORDERED 1D INSULATOR 

 
M. Moško, P. Vagner, and M. Bajdich 
 
 In the preceding contribution we have reviewed the theory of the coherent electron 
transport in a disordered 1D wire at T = 0 K The theory states that any coherent 1D wire 
tends to be insulating if the wire length L is larger that the electron localization length ξ. 
Specifically, the mean resistance <ρ>, the typical resistance ρt, and the resistance 
dispersion ∆ρ exhibit the exponential dependencies 

 )1 1(
2
1 /2 −=>< ξρ Le ,  t

/ −= ξρ Le ,   . (1) ξρ /Le≈∆

The disordered 1D insulator described by equations (1) is believed to exist also at low 
enough nonzero temperatures (without hopping and at full coherence) and the crossover 
to the 1D “metal” is expect to occur only if inelastic collisions are present [1,2]. 
 In Ref. [3] we report a surprising finding, that the crossover to a rather different 
1D “metal” occurs at full coherence due to the thermal averaging. The resulting 1D 
“metal” exhibits the wire resistance which grows with L/ξ linearly and eventually 
polynomially owing to the medium localization. In addition, dispersion ∆ρ becomes 
L/ξ-independent and smaller than unity. Below we briefly discuss the most important 
results.  
In the preceding contribution we have described the microscopic modelling of the 
coherent 1D transport at T = 0 K. The modelling gives the transmission amplitude tk  
and transmission probability T = |tk|2, describing the tunnelling across the disordered 
wire. Once the transmission is known, we evaluate the two-terminal conductance  
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where f(ε) is the Fermi distribution. Then we obtain the wire resistance as 
 /1/1 −= Gρ , (3) 
where 1/f(0) is the contact resistance (~1 at low T). We perform this calculation for the 
ensemble of macroscopically identical wires with various randomness of disorder. We 
obtain the mean resistance, typical resistance, resistance dispersion, etc.  Since we 
consider the weak low-density disorder (for details see the preceding contribution), our 
final results depend solely on the universal dimensionless parameters L/ξ and T/Tξ, 
independently on microscopic details of disorder. Here kBTξ = 1 / [ g(εF) ξ ], where 
g(εF)=1/(πhvF) is the density of the energy levels. For the weak low-density disorder the 
localization length coincides with the classical elastic mean free path [3]. In the GaAs 
quantum wires one typically finds ξ = 10 µm and Tξ ~ 1 K. 
 In the figure below we show the mean and typical resistances of the 1D wire as a 
function of universal parameters L/ξ and T/Tξ. In the top panel we reproduce at T/Tξ = 0 
the exponential dependencies (1). However, at T/Tξ>0 both <ρ> and ρt tend to grow 
with L/ξ slower than exponentially. Eventually, at T/Tξ>1 the metallic dependence <ρ> 
= ρt ≈ L/ξ is seen up to L/ξ ≈ 2, while for larger L/ξ the growth is faster than linear but 
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far much slower than exp(L/ξ). 
If we plot these results in a 
logarithmic scale (Fig.3 in Ref. 
3), it is clearly visible that for 
T/Tξ>1 both <ρ> and ρt grow 
with L/ξ at most polynomially. 
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 The bottom panel shows 
the resistance dispersion ∆ρ and 
conductance dispersion ∆g, 
where g = 1/ρ. At T=0 K, ∆ρ 
follows exponential dependence 
(1) and ∆g diverges (not shown). 
For T/Tξ >0 both ∆ρ and ∆g are 
strongly modified, for T/Tξ>1 
and L/ξ >1 they are smaller than 
unity and independent on L. If 
measured experimentally, the L-
independent ∆g would distin-
guish this transport regime from 
others in which ∆g always 
varies with L in a certain typical 
way [1]. 
In summary, due to the thermal 
smearing and resonant 
tunnelling, the disordered 1D 
insulator shows at full coherence 
the crossover to the 1D “metal”. 
The resistance of the 1D “metal” 

grows with L/ξ linearly and eventually polynomially. In [3] we show that this prediction 
agrees with the experiments [4] and we interpret the polynomial growth as medium 
localization. Finally, we have shown above that the dispersion is L/ξ-independent and 
smaller than unity. All this is in contrast with the exponential growth predicted by 
equations (1). 

 

 
This work was performed in collaboration with Thomas Schäpers, ISG Jülich. 
 
[1] Datta, S., Electron Transport in Mesoscopic Systems (Cambridge Univ. Press, UK, 1995). 
[2] Imry, Y., Introduction to Mesoscopic Physics (Oxford University Press, Oxford, UK, 2002). 
[3] Moško, M., Vagner, P., Bajdich, M., and Schäpers, Th., cond-mat/0211235 at 

http://arxiv.org/, submitted to Physical Review Letters. 
[4] Kaufman, D., Berk, Y., Dwir, B., Rudra, A., Palevski, A., and Kapon, E.: Phys. Rev. B 59 

(1999) R10433. 
 
 
 



 EFFECT OF DECOHERENCE ON THE COHERENT 1D TRANSPORT  
 

M. Moško, P. Vagner, and M. Bajdich 
 
 As discussed in the two preceding contributions, the coherent transport theory at T 
= 0 K claims, that any coherent 1D wire tends to be insulating if the wire length L is 
larger that the electron localization length ξ. The mean resistance <ρ>, the typical 
resistance ρt, and the resistance dispersion ∆ρ exhibit the exponential dependencies 

 )1(
2
1 /2 −=>< ξρ Le , 1t

/ −= ξρ Le ,       .                (1) ξρ /Le≈∆

An important question is how the coherent results (1) are modified by decoherence due 
to the inelastic phase-breaking collisions. This was examined in our work [1, 2]. We 
have developed the phenomenological decoherence model allowing to calculate the wire 
resistance as a function of the wire length L, Thouless length LTh, and localization 
length ξ. We have traced the 1D transport from the coherent regime up to the diffusive 
one. Below we review the analysis ignoring the thermal averaging (discussed in [1]).  
To model the coherent transport, we rely on the microscopic method described in our 
contribution “Modelling of coherent transport ...”. To incorporate decoherence, we 
assume that the electron motion along the wire is perturbed by inelastic collisions of 
frequency 1/τin. Our simulation proceeds as follows: 
i. We specify disorder V(x) in a given wire. 
ii. We model each inelastic collision by a conceptual voltage probe [3] – a reservoir 
with floating potential. We consider the conceptual probes which cause a perfect phase 
relaxation without introducing any contact resistance [4]. Such probes break the wire 
into segments, where each segment is an independent series resistor with coherent 
electronic resistance. For example, in Fig. 1 three inelastic collisions break the wire into 
segments s1, s2, s3, and s4, where ρ1, ρ2, ρ3, and ρ4 are the coherent resistances of the 
segments. We can write for each of the segments 

 4,3,2,1,
2

,2 === j
j

js
Fv

jDjjDjs
ρ

τ   (7) 

where Dj is the diffusion coefficient and τj the diffusion time across the segment j. 
Notice that Dj is expressed through the coherent resistance ρj. This means that Dj 
describes the quantum (localization controlled) diffusion. In the very first version of our 
simulation (in Ref. 2) we approximated 
Dj by classical diffusion coefficient. Once 
the quantum diffusion is included, the 
final results are qualitatively similar, but 
quite different quantitatively [1]. 

 
 

Fig. 1. Sketch of our decoherence model.  

iii. We select the time τ between two 
inelastic collisions at random from the 
distribution τin

-1 exp(-τ /τin). Once the 
times τ1, τ2, τ3, and τ4 are selected, we 
calculate the segment lengths s1, s2, s3, 
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and s4 from the formulae (11). 
The calculation of sj is 
performed self-consistently with 
the calculation of ρj. Here ρj has 
to be determined from eq. (1) by 
solving eq. (2) with the 
boundary conditions (3) and (4) 
applied at the beginning and end 
of segment j.  
iv. The segmentation (the steps 

ii – iii) is repeated many times and the resistance of the segmented wire is averaged over 
all possible configurations of segments. 
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Fig. 2. Left: Mean resistance 
(full line) and typical resistance 
(dashed line) of the disordered 
1D wire as a function of L /ξ. 
The coherent resistance (LTh=∞) 
is compared with the resistance 
limited by decoherence (finite 
LTh). The indicated values of Lφ 
are our simulation results. 
Right: The same dependencies 
for the resistance dispersion. 

v. We apply the steps i – iv to the ensemble of wires with various randomness of 
disorder. We finally get the resistance distribution and mean values. 
In Fig. 2 we present the mean and typical resistances for various levels of decoherence. 
We parametrize decoherence by the Thouless length LTh = (D0 τin)1/2, where D0 = (vF/2)ξ 
is the classical diffusivity. As one expects, decoherence drives both the mean and 
typical resistances towards the linear dependence on the wire length L. The slope of this 
linear dependence gives the wire resistivity β. Note that the resistance does not 
approach the dependence ∝βL. It approaches the dependence ∝β (L-L0), intersecting the 
horizontal axis at L = L0. Our simulation gives L0 ~ Lφ for the typical resistance and L0 ~ 
Lφ /2 for the mean resistance. If observed experimentally, the dependence ∝β (L-L0) 
would thus allow to extract both β and Lφ. 
 
This work was performed in collaboration with Thomas Schäpers, ISG Jülich, and Peter 
Markoš, Institute of Physics, Bratislava. 
  
[1] Vagner, P., Moško, M., Bajdich, M., and Schäpers, Th.: Proceedings of QNN ’02, 

September 9–11, 2002, Tsukuba, Japan, pp. 189–192. 
[2] Vagner, P., Moško, M., Markoš, P., and Schäpers, Th.: Physica E 12 (2002) 703. 
[3] Büttiker, M.: Phys. Rev. B 33 (1986) 3020. 
[4] Datta, S., Electron Transport in Mesoscopic Systems (Cambridge Univ. Press, UK, 1995). 



COHERENT RESISTANCE OF A DISORDERED 1D WIRE:  
EXPRESSIONS FOR ALL MOMENTS AND EVIDENCE FOR NON-GAUSSIAN 

DISTRIBUTION 
 

P. Vagner and M. Moško 
 
It is known that a coherent electron wave in a disordered one-dimensional (1D) wire of 
infinite length is exponentially localized by an arbitrary weak disorder [1,2,3]. The 
resistance ρ of the 1D wire of length L should therefore increase with L exponentially. 
In fact, the resistance wildly fluctuates from wire to wire in an ensemble of 
macroscopically identical wires (with disorder in each wire being microscopically 
different) and what increases exponentially is the mean resistance and also the “typical” 
resistance [4,5]. 
It has also become clear that the resistance ρ is not a self-averaged quantity [5]. In fact, 
the resistance fluctuations are so huge that (i) the resistance dispersion exceeds the 
mean resistance many orders of magnitude, (ii) the higher moments of the resistance 
exceed the mean resistance even more drastically, and (iii) the mean resistance is much 
larger than the typical one. These features are due to the fact that the moments of ρ are 
governed by extremely high resistances occurring with an extremely low (but nonzero) 
probability. 
To avoid the absence of self-averaging, the distribution P(f ) of the variable f = ln(1+ρ) 
was studied instead of the distribution P(ρ) [5–8]. In contrast to P(ρ), distribution P(f ) 
is well localized around the mean value <f >. It is commonly accepted that for long 
enough wires the bulk of the distribution P(f ) is described by the Gauss function 
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where ∆2 ≡<f 2 >-<f >2 is the variance, while the tails of the distribution P(f ) are allowed 
to be non-universal and depend on the model of disorder. In the limit of weak disorder it 
is accepted that ∆2 =2<f >, i.e., that the distribution (1) obeys the single parameter 
scaling. The two-parameter scaling is generally accepted to appear for strong disorder, 
where ∆2 is not an unambiguous function of <f > [9]. As a special case, the authors of 
Ref. 10 found two-parameter scaling also for weak disorder, namely for the Anderson 
1D disorder at certain special conditions. 
In our work [11] we have studied the coherent transport in a 1D wire with disorder 
modelled as a chain of randomly positioned scatterers. We have derived analytically all 
statistical moments of the wire resistance. By means of these moments we have proven 
analytically in the limit of long wires, that the distribution P(f ) always deviates from 
the Gauss distribution. The form of P(f ) for f  larger than  <f > was concluded to be 
nonuniversal (dependent on the model of disorder) even in the limit of weak disorder. 
The nonuniversality was demonstrated for two models. As a model I we considered the 
statistical ensemble of wires with the same number of scatterers in each wire, in the 
model II we let the number of scatterers to fluctuate from wire to wire. We could thus 
conclude that in realistic wires the disorder is never weak enough for P(f ) to be exactly 
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Gaussian. The only approximation of our analysis was the phase randomization 
hypothesis [4,5]. We have confirmed its validity by means of the microscopic numerical 
simulation. 
 
This work was performed in collaboration with Peter Markoš, Institute of Physics 
Bratislava, and Thomas Schäpers, ISG Jülich. 
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SPIN LATTICES STUDIED BY DENSITY MATRIX RENORMALIZATION 
GROUP APPROACHES 

 
A. Gendiar 
 
 In Ref. [1] we have reviewed the density matrix renormalization group (DMRG) 
technique and its applications to various two- and three-dimensional classical spin 
lattices. We have introduced the DMRG as a powerful numerical method capable to 
determine the statistical properties of spin lattices at criticality, e.g., the critical points, 
critical exponents, and the commensurate and incommensurate phases. By means of the 
DMRG we have constructed the phase diagrams of the antiferromagnetic next-nearest-
neighbor and triangular-nearest-neighbor 2D Ising models. We have also developed the 
so-called „Tensor Product Variational Approach (TPVA)“, which is a useful DMRG-
based method for studying the 3D spin lattices. By means of the variational principle, 
the TVPA evaluates the ground state of the 3D transfer matrix, written as a 2D product 
of local variational tensors. It is a self-consistent method, no a priori (initial) conditions 
are necessary for the local variational tensors. By using the TVPA we have simulated 
[2] the first-order phase transitions and latent heat in the q=3, 4, and 5 Potts models and 
Ising models.  
 
This work was performed in collaboration with T. Nishino, Department of Physics, 
Kobe University, Japan. A part of the review paper [1] was written during the author’s 
PhD study period at the Institute of Physics of the Slovak Academy of Sciences, 
Bratislava.  
  
[1] Gendiar, A.: acta phys. slovaca 51 (2001) 69. 
[2] Gendiar, A. and Nishino, T.: Phys. Rev. E 65, (2002) 046702. 
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Advanced NanoElectroMechanical Structures
VEGA project (Slovakia)

Microwave Monolithic Integrated Tran-
smitted Power Sensors and Their Indus-

trial and Metrological Applicacations
NATO project SfP No.: 974172
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Epitaxial Growth and
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The VEGA project received a grant from the Slovak Grant Agency for the period 

of 2000 - 2002. It was successfully finished at the end of 2002. The project was focused 
on a complex study of preparation methods and properties of sophisticated  III-V 
heterostructure-based NanoElectroMechanical Structures (NEMS) capable of 
performing a highly efficient and fast electro-thermal and electro-mechanical 
conversion. The structures were finally used for the design and development of a new 
generation of microsensors and microactuators. The project integrated topics related to 
new nanoelectronic devices – PM HEMT (Pseudomorphic High Electron Mobility 
Transistors) and micromechanical structures (cantilever beams, membranes, bridges) 
based mainly on GaAs semiconductor heterostructures.  

Results obtained within the VEGA project were reported on in scientific journals 
(15), presented at international conferences (14), summarised in requested chapters in 
books (2), and published in the form of a patent application (1). The basic knowledge 
and “know-how“ gained were further used in the following NATO SfP project. 

NATO project SfP No.: 974172 was the driving force of research work at our 
department in 2001 - 2002. The project was accepted in December, 1999, and it will end 
in December, 2003. Its major objectives are the development, characterization and 
application of a novel semiconductor monolithic integrated micromachined sensor 
capable of a direct sensing of transmitted electrical power given by the product of its 
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electromagnetic field vector components practically up to a millimetre (mm)-wave 
frequency range. A new generation of microwave transmitted power meters based on 
these “single element “ sensors will also be developed for application in metrology and 
industry.  Research activities during this evaluated period have followed the objectives 
and outcomes as expected in the approved project plan. They were focused mainly on 
modelling and simulation as well as on the design and development of GaAs-based 
Microwave Power Sensors.  

A new micro(nano)machining technology of mechanically fixed and thermally 
insulated cantilevers, bridges and islands was developed to be used for the design of 
GaAs heterostructure-based MEMS devices. Based on the technology, two different 
MEMS devices were designed and analyzed. The first device was a micromechanical 
thermal converter (MTC) capable of performing electro-thermal conversion with a high 
conversion efficiency. The other was a micromechanical coplanar waveguide (MCPW) 
intended for low loss microwave power transmission. The MTC consists of an 
AlGaAs/InGaAs/GaAs pseudomorphic HEMT and a thin film polySi/Pt resistor 
monolithically integrated on a fixed cantilever, bridge or an island structure. In this 
integrated approach, the HEMT is designed to serve as a microwave heater and the thin 
film resistor is used for temperature sensing. The MCPW consists of coplanar 
transmission lines placed on a 1 µm-thick supported GaAs/AlGaAs bridge or on a fixed 
InGaP bridge. Basic electro-thermo-mechanical as well as microwave properties of the 
MEMS devices were investigated. The results were supported by 2D and 3D thermo-
mechanical simulations.  Both MEMS devices are considered the main outcomes of the 
project, being the “heart“ of the monolithic integrated microwave power sensors. 

In addition, two bilateral projects were joined:  One with the Research Institute for 
Technical Physics, the Hungarian Academy of Sciences, and the other with the Institute 
of Electronic Structures and Lasers, FORTH, in Heraklion.  Both bilateral projects were 
proposed to solve basic research issues in the design of new quantum semiconductor 
devices. They also received limited additional grants for 2001 - 2002. 

A concerted effort was made to update the existing scientific equipment at the 
department. New Plasma etching equipment (MicroSys 350) with a microwave ion 
beam source was established at the department for low damage selective reactive ion 
etching  (SRIE), including surface and bulk micromachining.  Also, further facilities are 
being built for nanometer patterning of structures and devices using the SRIE in 
combination with direct-writing electron beam lithography  (EBL) or deep UV 
lithography.  

The research staff at our department participated in organizing the fourth 
International Conference on Advanced Semiconductor Devices and Microsystems – 
ASDAM 2002. It was held at Smolenice Castle, Slovakia, in October 14-16, 2002. The 
conference was devoted to the latest results of research and development in the field of 
technology, devices and microsystems.   

A lot of work at our department was carried out in collaboration with local and 
foreign institutes and universities. This included co-operation with the Electron Beam 
Lithography Department at the Institute of Informatics (Bratislava), the Department of 
Microelectronics, Slovak Technical University (Bratislava), the Institute of Electronic 
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Structures & Lasers, FORTH, Crete (Heraklion), the Department of Microelectronics, 
Czech Technical University in Prague, the Institute for Solid-State Electronics, 
Technical University of Vienna, and the Research Institute for Technical Physics, 
Hungarian Academy of Sciences (Budapest).  I would like to express gratitude to all our 
partners. 

The contributions in this booklet are short reports on our research performed 
within the projects introduced above. Most of them were partly published in numerous 
journals and conferences. 

 Finally, I want to express the most sincere thanks to all members of the 
Department of Microelectronic Structures for their contributions that have made the 
period of 2001-2002 very successful.  

 
      Tibor Lalinský 



GaAs BASED MICROMECHANICAL THERMAL CONVERTER DEVICES 
 

T. Lalinský, Š. Haščík, Ž. Mozolová, M. Krnáč, and M. Grujbár 
 

 A new micromachining technology of very thin GaAs heterostructure based 
cantilevers, bridges and islands fully compatible with GaAs HFET technology was 
developed [1]. In the micromachining technology developed a thin polyimide 
membrane with a low mechanical stress and thermal conductivity is used for mechanical 
fixation and thermal insulation of the micromechanical structures. 

 The micromachining technology 
developed permits precise control of the 
thickness and uniformity of the 
cantilever, bridge or island structures 
directly by the thickness of MBE or 
MOCVD grown buffer layers (Fig. 1). 
Moreover, it permits to define islands 
and dots areas wherever in space, 
keeping the thermal resistance value as 
high as possible. 

Based on the micromachining 
technology GaAs Micromechanical 
Thermal Converter (MTC) devices were 
fabricated. To fabricate the MTC 
devices a front-side surface processing and micromachining are combined with a back-
side bulk GaAs micromachining. 
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Fig. 1. Schematic cross-section through 
polyimide-fixed micromechanical structures. 
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 Fig. 2. Real view of fixed cantilever Fig. 3. Real view of fixed bridge based  
 based MTC device. MTC device. 
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Basically, the process flow is devided into two steps involving a front-side 
processing of HFET structures followed by a surface micromachining of cantilever and 
bridge structures, and a back-side bulk micromachining of a GaAs substrate as a last 
processing step. Fig. 2 and 3 show real front-side views of the MTC devices. They 
consist of two HFETs monolithically integrated on the cantilever and bridge 
micromechanical structures fixed by polyimide membrane. In this integrated approach 
one of the HFETs is designed to serve as a heater and the second one is used for the 
temperature sensing. There is the HFET’s Schottky gate diode proposed to sense the 
temperature of the micromechanical structures. The standard metallic leads (Ti/Au) 
patterned on the top of the cantilever and bridge  were used to connect the HFET active 
areas (Source, Drain and Gate) with the contact pads outside the micromechanical part 
of the devices. 

An electro-thermal conversion efficiency of the fabricated MTC devices was 
investigated. A 2 µm gate length GaAs HFETs were used for both the controlled 
electrical power dissipation and temperature sensing. 
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Fig. 4. Power to temperature (P-T) conversion 
characteristics. 

The temperature changes induced in the cantilever and bridge membrane structures 
by the electrical power dissipated in one of the HFETs were sensed using the Schottky 

gate diode of the adjacent HFET. 
A typical behavior of the power 
to temperature (P-T) conversion 
characteristics is shown in Fig. 4. 
It can be seen that there is an 
excellent linearity in the P-T 
conversion observed, especially 
if the devices are tested in air 
atmosphere. The slope of the P-T 
curves determines the thermal 
resistance values Rth. They were 
found to be 13.6 K/mW and 
10.4 K/mW for the cantilever and 
bridge based MTC devices, 
respectively. 

The temperature time response characteristics of the MTC devices were also 
investigated. Thermal time constant about 0.3 ms was found from the temperature time 
curve. 

High electro-thermal conversion efficiency and fast temperature time response as 
achieved in the polyimide-fixed cantilever and bridge structures could be used for 
design of new GaAs heterostructure thermally based MEMS device. MTC devices 
introduced are designed to be a heart of new generation of microwave power sensors. 
 
[1] Lalinský, T., Haščík, Š., Mozolová, Ž., Burian, E., Tomáška, M., Krnáč, M., Držík, M. 

Škriniarová, J., Kostič, I. and Matay, L.: Proceedings of the International Symposium on 
Microelectronics, Colorado, 2002, 87. 
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MICROMECHANICAL THERMAL CONVERTER DEVICE MODELLING 
 

T. Lalinský, E. Burian, and M. Krnáč 
 

As compared to Silicon, Micromechanical Thermal Converter (MTC) devices 
based on GaAs should be capable to perform an electro-thermal conversion of higher 
conversion efficiency [1]. It can be considered to be as a heart of various thermally 
based MEMS devices as are power sensors, pressure sensors or microactuators. 

The basic design rules of the MTC devices should be known especially if a novel 
micromachining technology or a new device micromechanical structures and materials 
are used. The thermal and thermo-mechanical device modelling therefore, play a 
significant role in the optimal device design and development.  

Two different model approaches were proposed to study the thermal and thermo-
mechanical properties of the GaAs based MTC devices. Besides the two-dimensional 
(2D) thermal numerical model a three-dimensional (3D) thermo-mechanical model 
based on CoventorWare simulation tools from Microcosm Technologies were used [2]. 

  

 

Heater - pHEMT 
Temperature sensor 

GaAs 
Polyimide layer 

      
-1 0 1 2 3 4 5 6 7 8 9 10 11

280

300

320

340

360

380

400

420

Rth ~ 11.5 K/mW

Fixed Bridge Based MTC Device

P-T Conversion characteristics

Rth ~ 10.975 K/mW

Rth ~ 9.753 K/mW

 Experiment
 2D Simulation
 3D SimulationS

en
so

r t
em

pe
ra

tu
re

 [K
]

Power dissipation [mW]
 

 Fig. 1. Schematic view of bridge Fig. 2. Simulated conversion characteristics 
 based MTC device. compared with experiment. 

The MTC device simulated is schematically shown in Fig. 1. It consists of two 
AlGaAs/InGaAs/GaAs HFETs monolithically integrated on 1 µm-thick GaAs bridge 
structure fixed by 1 µm-thick polyimide membrane. In this integrated approach one of 
the HFETs is designed to serve as a heater and the second one is used for the 
temperature sensing. 

The thermal resistance values (Rth) extracted from the simulated power to 
temperature (P-T) conversion characteristics shown in Fig. 2 (9.75 K/mW – 2D 
simulation and 11.5 K/mW – 3D simulation) were found to be in a very good agreement 
with the experimental value of 10.975 K/mW. A good agreement with the experimental 
bridge stress investigation was also obtained [2]. 
 
[1] Jakovenko, J., Lalinský, T., Držík, M., Burian, E., Krnáč, M., and Husak, M.: Proceedings 

of the  Micromechanics Europe Workshop-MME 02, Sinaia, Romania, 2002, 193. 
[2] Jakovenko, J., Husak, M., and Lalinsky, T.: Proceedings  of the International Symposium on 

Microelectronics, Colorado 2002, 886. 
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MICROMACHINED COPLANAR WAVEGUIDES SUPPORTED BY 
InGaP AND GaAs/AlGaAs MEMBRANE-LIKE BRIDGES 

 
M. Krnáč, T. Lalinský, Ž. Mozolová, and Š. Haščík 
 

High-speed coplanar waveguides (CPW) are essential for design of microwave 
monolithic integrated circuits (MMICs) and special microwave 
MicroElectroMechanical Systems (MEMS). To decrease the high frequency losses at 
microwave band wavelengths, the transmission lines could be fabricated on thin low 
loss dielectric or semiconductor micromachined membranes. To employ the transistor 
as a special integrated thermal sensor, its thermal isolation should be kept as high as 
possible in order to achieve the sensor sensitivity as high as possible. The solution again 
is the use of on-membrane transistor structure in order to reduce heat leakage. These 
requirements lead to active and passive devices technological compatible with MEMS 
micromachinig technology. 

The aim of this work is therefore to design and develop In0.49Ga0.51P and 
GaAs/Al0.3Ga0.7As membrane-like bridges as supporting micromechanical structures for 
CPWs. The micromechanical coplanar waveguides (MCPWs) introduced are expected 
to be fully compatible with both InGaP/InGaAs/GaAs-based and 
AlGaAs/InGaAs/GaAs-based HFETs. They should serve for low-loss microwave power 
transmission to the thermally isolated HFET, which is part of a special thermally based 
Microwave Transmitted Power Sensor (MTPS) MEMS device. 

The main concept of the MCPW is transmission lines placed on a thin 
semiconductor membrane bridge with a thickness of 1 µm. A 1 µm thick top polyimide 
layer completes the MCPW structure. The membrane bridge is formed on the 350 µm 
thick semiconductor substrate frame. The influence of metallization thickness was 
investigated in order to find the optimal thickness for the acceptable microwave loss of 
the CPW structure, keeping its thermal resistance value as high as possible. Based on 
the simulation results, the transmission line gold metallization thickness of 250 nm was 
chosen as the appropriate. Employing HSPICE built-in field solver, the 50 Ω 
transmission line design curves for different bridge length and width were calculated. 
Based on this simulated data the slot s 
between signal conductor of width wsig 
and ground conductors of wgnd 
dimensions have been found. Figure 1 
shows a front-side view of fabricated 
bridge based MCPW transmission lines 
with the length and slot of 900 µm and 
3 µm, respectively. 

 
Fig. 1. A real front-side view of the MCPW. 

The mechanical stress potentially induced in the multilayer membrane-like bridge 
structure of the MCPW has been independently evaluated by using the three different 
methods. Firstly an analytical estimation has been performed to 25 MPa. Calculated 
value of the bridge tensile stress was confirmed by using two methods. Firstly, in the 
experiment, an approach of free deformation measurement was applied on a simulated 
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structure of cantilever. After metallic coating the induced deflection of cantilever tip 
was measured by microscope as 91 µm. Stress value was determined by using of 
analytical expression for double-layer to 22.4 MPa. Secondly, we attempted to develop 
a membrane stress measurement method, using the principle of forced small frequency 
bulging by acoustic pressure. In this method, periodic harmonic changes of uniform 
pressure of 15.8 Pa (rms) under the membrane bridge are generated in a small chamber 
of pistonfon. Such pressure, acting on the membrane, excites its bulging oscillations and 
a laser Doppler vibrometer senses these optically. The induced bridge tensile stress, 
independently evaluated by using pistonfon method, is found to 21.6 MPa. 

Fabricated structures of transmission lines were characterized in the frequency 
range up to 20 GHz. Based on the measured S-parameter matrix the model of 
transmission line was identified using simplex optimization method. In Figure 2 a) and 
2 b) the measured (noisy line) and modeled (solid line) S21 transmission coefficients 
amplitude and phase of the MCPW THRU of the length 900 µm for both 
AlGaAs/InGaAs/GaAs as well as InGaP/InGaAs/GaAs heterostructure systems 
are shown. 

As seen, the MCPW employing the InGaP semiconductor support layer exhibits 2–
5.5 dB larger attenuation in the frequency band of 0.1–20 GHz. It’s caused by the higher 
electrical conductivity of the InGaP supported layer. 
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Fig. 2. Measured and modeled (solid line) transmission coefficient S21 amplitude a) 
and phase b) frequency responses of MCPW. 

 
[1] Lalinský, T., Držík, M., Tomáška, M., Krnáč, M., Haščík, Š., Mozolová, Ž., Klasovitý, M., 

and Kostič, I.: J. of Micromechanics and Microengineering 12 (2002) 465. 
[2] Tomáška, M., Lalinský, T., Krnáč, M., Klasovitý, M., Mozolová, Ž., Haščík, Š., and 

Kostič, I.: 14th International Conference on Microwaves, Radar and Wireless 
Communications MIKON 2002, Gdansk, Poland, 2002, 825. 

[3] Držík, M.: Proc. 26th IMEKO World Congress, Vienna, 2000. 
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DOPING CONCENTRATION DEPENDENCE OF APPARENT PARAMETERS 
OF SCHOTTKY DIODES WITH LOW-BARRIER DEFECTS 

 
J. Osvald 
 

 The Schottky barrier height inhomogeneities concept is frequently used to explain 
some non-idealities measured on the experimental structures. The potential curves in the 
bulk of the semiconductor near the steps created at the boundaries of various SBHs have 
the same shape for a given semiconductor doping density independent of real 
dimensions of the structures. Therefore the relative impact of the pinch-off effect on the 
apparent barrier parameters is expected to be much more pronounced for smaller 
structures because of an exponential dependence of the current on the barrier height. For 
special conditions – small area low-barrier patch, large barrier height difference 
between the patches and a certain level of doping concentration, the potential saddle-
point can develop in the bulk of the semiconductor. This further enhances the effective 
barrier height of the diode. One could expect that the doping concentration of the 
semiconductor should play an important role in this effect. 

A drift-diffusion approximation was employed for the I-V curves simulations. We 
simulated I-V curves of Si Schottky diodes with different structure dimensions and for 
the three different doping concentrations - 1015, 1016, 1017 cm-3. Strips with four 

5 nm was 
rrounded 

 SBH was 
ntrations, 
 potential 
e doping 
there was 

 the strip 

 
31 
different dimensions of low-barrier height defects – 17.5, 27.5, 52.5 and 101.6
inhomogeneous Si Schottky barrier chosen, and the low-barrier patch was su
by the high-barrier patches. The value of the high SBH was 0.7 V and the low
0.4 V. Very instructive are the potential curves for the different doping conce
various diode dimensions and the state without external bias. In Fig. 1 the
curves for the doping concentration ND=1015 cm-3 are shown. For th
concentration ND=1017 cm-3 and the largest low-barrier patch with 101.65 nm 
practically no influence of the pinch-off effect on the barrier shape. 

Fig. 1. Potential contour for the Si doping concentration ND=1x1015 cm-3 and
width 101.65 and 17.5 nm. 



For the two smallest low-barrier patch dimensions and ND=1016 cm-3 there is only 
a small difference between the I-V curves. A relatively small difference between the 
forward parts of the I-V curves is found for the doping concentration of 1015 cm-3.   

Fig. 2 shows the apparent barrier heights of the simulated structures. It is clearly 
seen that the apparent barrier height increases with the decreasing absolute dimension of 
the low-barrier patch practically for all the doping concentrations. The only exception is 
the semiconductor doping region 1015 cm-3 and the lowest structure dimension. The 
most important result which can be extracted from these plots is based on the difference 

between the apparent barrier heights of the smallest and the largest structure depending 
on the doping concentration. The values are 0.028, 0.072, and 0.053 V for ND=1015, 

1016, and 1017 cm-3, respectively. The greatest impact of the change of the diode 
dimension on a barrier height of Si Schottky diodes is for the doping concentration of 
1016 cm-3. It is seen that the difference between the pinched-off part of the barrier for the 
smallest and the largest diode dimensions is for this doping concentration the highest 
and, i.e., the sensitivity of Si Schottky diodes to the barrier height inhomogeneities is 
also the highest. The ideality factor (Fig. 3) decreases with decreasing characteristic 
dimension of the low-barrier height for two lower doping concentrations [1]. 

 
Fig. 2. Barrier height and ideality factor dependence on the low-barrier patch size. 

In conclusion it can be said that the influence of  defects on the resulting apparent 
barrier parameters in the “defect“ silicon Schottky diodes reaches maximum for the 
semiconductor doping concentration around 1016 cm-3. The changes of both the apparent 
barrier height and ideality factor for various characteristic dimension of the diode are 
maximized for this doping concentration. 
 
[1] Osvald, J.: Semicond. Sci. Technol. 16 (2001) 197. 
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SCHOTTKY DIODES WITH A δ-DOPED NEAR-SURFACE LAYER 
 

J. Osvald 
 

We studied the effect of a highly doped layer near the surface of a semiconductor 
on the effective barrier height of the Schottky diode. The drift-diffusion approximation 
was used for the description of electrical transport in the diodes. The δ-doped layers 
were inserted into GaAs at different distances from the metal-semiconductor interface in 
order to asses the influence of the position of the layer on the I-V curves. The sheet 
doping concentrations used were 5x1012 cm-2 for n-type doped and from 1x1011 to 
3x1012 cm-2 for p-type doped δ-layers depending on the background doping 

concentration. The GaAs had a 
background n-type doping 
concentration of 1x1017 or 
1x1016 cm-3. The layers were 
inserted under the metal –
semiconductor interface at a depth 
that ranged from several to several 
tens of nanometers. Schottky 
diodes were simulated with a 
barrier height of 0.7 V. 

The insertion of the δ-doped 
layer of the same conductivity type 
as that of the substrate exhibited 
only a small influence on simulated 
I-V curve shapes. On the other 
hand, the apparent barrier heights 
and ideality factors for the diodes 
with the opposite type of δ-doped 

layer conductivity were influenced significantly and they depended on the δ-doped layer 
sheet carrier concentration and also on the distance of the δ-doped layer from the 
surface (Fig. 1). The greater the δ-doped layer distance from the interface is, the higher 
is the barrier height and also the ideality factor for the doping concentration ND = 
1016 cm-3. For ND = 1017 cm-3 the ideality factor increases with increasing sheet doping 
concentration, but for higher sheet carrier concentrations and a greater δ-doped layer 
distance from the interface begins to decrease. The ideality factors are relatively high 
because of the existence of p-n junction in the structure. The maximum of the barrier 
height is shifted into the semiconductor bulk to the position of the δ-doped layer. The δ-
doped layer with the same doping concentration causes greater change in the potential 
shape if it is inserted deeper into the semiconductor. The dependence of the barrier 
height on the δ-doped layer concentration and position enables tailoring of the barrier 
height for such diodes [1]. 
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Fig. 1. Barrier height as function of the δ-doped 
layer doping and the distance from the interface. 

 
[1] Osvald, J.: J. Appl. Phys. 90 (2001) 6205. 
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POWER ELECTRONICS ON InAlN/(In)GaN: PROSPECT OF A RECORD 
PERFORMANCE 

 
J. Kuzmík 
 

High electron mobility transistors (HEMTs), made by the novel AlGaN/GaN 
semiconductor materials are expected to replace conventional III-V devices and power 
vacuum tubes in many defense and commercial applications. Nitrides exhibit 
polarization effect reflected in a high-density charge in the HEMT quantum well (QW) 
[1]. There is a tremendous effort to investigate AlGaN/GaN structures [1-3], however 
only few reports are devoted to InAlN [5,6] and to our knowledge, no report is focused 
on InAlN/(In)GaN QWs. We show that In0.17Al0.83N/(In)GaN HEMT should exhibit 
polarization-induced charge and drain current several times higher than conventional 
Al0.2Ga0.8N/GaN structure. Improved QW carrier confinement should results from 
enhanced heterointerface conduction band discontinuity. Higher breakdown voltages 
can be expected due to In0.17Al0.83N wide bandgap. Therefore HEMTs based on 
In0.17Al0.83N/(In)GaN should exhibit record power capabilities superior to AlGaN/GaN 
based structures. 

Unique properties of nitrides-based HEMTs result from polarization phenomena at 
the heterostructure QW and from nitrides robust physical parameters [1,2]. Nitrides 
crystal structure has no inversion symmetry and consequently, if strain is present in the 
barrier layer, this leads to piezoelectric effect and charge accumulation in the QW. 
Moreover, even if the strain is not present, nitrides ionicity and structure uniaxial nature 
causes spontaneous polarization charge P0. Additional QW free charge can be expected 
due to a difference in 
barrier and channel layer 
spontaneous polarizations. 

Theoretical 
characteristics in Fig. 1 
show the maximum 
transconductance over 
300 mS/mm and an open 
channel drain current 
1.1 A/mm for the 
conventional AlGaN/GaN 
HEMT. These results 
coincide well with already 
published best values for 
0.15-0.2 µm gate length 
HEMTs [1,2]. For new 
suggested structures, Fig. 1 
shows only slight increase 
in transconductances (by 
7 %) but steep increase of 
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Fig. 1. Calculated drain current and transconductance 
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accessible drain currents. For In0.17Al0.83N/GaN HEMT we predict 105 % increase in the 
drain current while In0.17Al0.83N/In0.10Ga0.90N HEMT indicates 205 % current increase 
and 3.3 A/mm drain current 
should be accessible for this 
HEMT composition.  

In Fig. 2 we demonstrate 
that QW high-density charge 
of InAlN/(In)GaN structures 
can lead to very high 
transconductance while 
keeping the VT  low and drain 
current high. For 10 nm thick 
In0.17Al0.83N barrier layer of 
the In0.17Al0.83N/In0.10Ga0.90N 
HEMT the transconductance 
over 400 mS/mm is calculated. 
Finally we point out that 
InAlN wide bandgap 
predestine this material for 
high break-down voltages. 
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Fig. 2 Calculated drain current and transconductance 
characteristics of studied HEMTs for a constant 
threshold voltage. 
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DETERMINATION OF CHANNEL TEMPERATURE IN AlGaN/GaN HEMTs 
GROWN ON SAPPHIRE AND SILICON SUBSTRATES USING DC 

CHARACTERIZATION METHOD 
 

J. Kuzmík 
 

 III-nitride-based devices are exceptionally suitable for high-frequency, -power and 
-temperature applications. However, the HEMT performance deterioration reflected by 
transconductance and power added efficiency depression could be observed at elevated 
temperature [1]. The same is valid for self-heating phenomenon when the HEMT 
channel is heated by dissipated power [2,3]. Therefore, for device optimization, it is 
important to study the self-heating effects in AlGaN/GaN HEMTs at various operation 
conditions, for various 
substrate materials (on which 
the device is grown) and for 
different device geometry. 

We studied self-heating 
effects in the AlGaN/GaN 
HEMTs grown on the sapphire 
and silicon substrates, 
respectively. A new simple 
method of the channel 
temperature determination is 
proposed and experimentally 
verified. We have confirmed 
that devices grown on silicon 
are better cooled
AlGaN/GaN HEMT
shows ~ 4 times low
resistance than the
sapphire. Finally,
HEMTs with differ f-heating effect is 
enhanced for structu
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        Andrea Perďochová  
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Mária Sekáčová     

 
 The Department deals with electronic devices focusing on basic research as well as 

on device technology, instrumentation and application. Our basic research activities are 
interdisciplinary, covering semiconductor materials science, applied physics, device 
technology, and radiation effects. Particular research activities include: 

- (i) Characterisation and diagnostics of basic physical parameters of 
semiconductor materials - mainly those of GaAs and InP, with attention to their changes 
due to interaction with particles and ionising radiation (neutrons, protons, gamma rays, 
etc.). A special emphasis is given to materials graded for application in radiation and 
particle detectors. Because their active parts are based on bulk materials, they must be 
highly homogeneous in the mezoscopic range and must exhibit a high mobility-lifetime 
product. Along with measurement techniques to evaluate conductivity, Hall mobility, 
magnetoresistance, I-V and C-V characteristics, the Department also uses DLTS, 
Admittance Transient Spectroscopy, High Resolution X-ray Diffraction and 
Topography, S-EBIC, and SM; 

- (ii) Study of physical problems related to the development of III-V radiation 
and/or particle detectors, such as the transport of charge carriers, identification and 
analysis of structural as well as deep-level (radiation) defects, electric field distribution, 
2D and 3D phenomena observed in many pixel detector systems, etc.; 

- (iii) Investigation of the technology of III-V particle detectors and recent ultrafast 
photosensitive devices (photodetectors and optoswitches based on non-stoichiometric 
III-V systems), including the preparation of contacts (Schottky, injecting, ohmic), 
treatment of Metal-Semiconductor interface, optimisation of device topology, and 
surface passivation. The detection properties of the detectors fabricated are tested using 
sources of various particles, mostly 5.48 MeV α-particles and photons from the X- and 
gamma ray regions. Ultrafast photo-devices are tested using fast laser pulses, in 
collaboration with the Slovak Laser Centre, and using ultrafast plasma-generated X-ray 
pulses. Detector performance is tested and correlated with material physical parameters, 
as well as with the structure and technology of electrodes and the detector topology; 

- (iv) In part, X-ray diffraction and devices for X-ray optics are investigated and 
developed; 
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- (v) Finally, the Department also studies special plasma technologies and related 
phenomena. The technologies are developed for sensor technologies based, e.g. on SiC. 
 The main goal of the Department (staff of 8 people) is to develop semiconductor 
devices suitable for small-scale fabrication, utilising unique III-V technology facilities 
of the institute based in the town of Piešťany, 80 km north of Bratislava.   
 The staff of the Department consisted of 4 senior and 1 junior scientists, one MSc 
worker, and two technicians. Two PhD students from the Dept. of Nuclear Physics and 
Technology, SUT, Bratislava, work at our Department under the supervision of 
specialists in the field of semiconductor radiation detectors.  

 
The Department activities include:  
Basic research projects 

 (1) Study of electro-physical and technological tasks of preparation of detectors of 
ionising radiation based on InP and GaAs, Grant of the Slovak Grant Agency for 
Science (SGAS) No. 2/1167/22, principal investigator F. Dubecký;  
 (2) Plasma technologies for microelectronics and micromechanics, Grant of the 
SGAS No. 1/7614/20, principal investigators I. Hotový (FEIT SUT) and J. Huran. 
Application research project (type of national “scientific-technical project”) 

(3) Modular imaging X-ray system utilizing radiation detectors based on GaAs 
conductor compound, principal investigator F. Dubecký, Grant of the Slovak Ministry 
of Privatization, No. 2/9015/21. 
International research project: 

(4)  Monolithic X-ray optics based on multiple successive diffraction, principal 
investigator D. Korytár. Financial support: COST (X-ray and Neutron Optics) No. P7. 

 The Department is a project subcontractor, delivering radiation detectors. It 
contributes to the development of a portable X-ray computer tomograph for wood 
control (collaboration with the Faculty of Wood Technology, Technical University, 
Zvolen, Slovakia). It also investigates InP radiation detectors for international 
collaboration with the Baltic Scientific Instruments, Ltd., Riga, Latvia, etc.  

 Activities of the department within the 6 FWP EC programme are in progress. 
 

 The technology equipment, used for fabrication of devices as small as 1 µm, is 
placed in a 100&1000 225 m2-large clean room. It consists of an LADA automatic 
contact lithography aligner, a projection lithography system with an AUR 21M DSW 
camera (0.8 µm resolution), a wet-chemical treatment line, a BALZERS UMS 500 
UHV evaporation system with two electron guns, a BALZERS BAS 450 magnetron 
and/or reactive sputtering apparatus, an annealing furnace, a SECON XPD200 dry 
plasma equipment for the deposition of dielectric layers, and a SECON XPL 200P 
reactive ion etching system.  

 The key electronic testing equipment used for our research includes: an HP 4192A 
PC-controlled low-frequency impedance analyser, a DLS 82 PC-controlled deep-level 
spectrometer, an automatic test system (AVT 110) with 50 controlled needle probes, an 
X-ray diffractometer with a monolithic fourfold monochromator and attachments for the 
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Lang and double crystal topography, an automatic I-V measurement system (D/S Lab, 
Ltd.) up to 1 kV, and a HP 54600 A two-channel digital oscilloscope. 

 Methods or equipment developed and used in our laboratories include: ATS 
(admittance transient spectroscopy) using a home-made patented optical excitation 
source, a Scanning EBIC (electron beam induced current), a low-noise readout 
electronic front-end chain based on AMPTEK hybrid operational amplifiers (electronic 
noise <1.5 keV FWHM for GaAs detector - operated at 300 K) with the shortest shaping 
time 0.13 µs. Highly reliable conductivity, Hall, and magnetoresistance measurement is 
suitable for characterisation of semi-insulating materials. 

 The stuff members have access to MOCVD (AIXTRON) based at the institute, 
etching equipment (MicroSys 350), SM, STM, photo-lithography mask design and 
fabrication using EBL (resolution 50 nm) as well as another high quality technological 
and characterisation equipment. 

 The Department organised the 5th International Autumn School on X-Ray 
Scattering from Surfaces and Thin Layers, Smolenice (September 12-15, 2001) and a 
famous XII International Semiconducting and Insulating Materials Conference, 
Smolenice (June 30-July 5, 2002). It also participated at the program preparation of the 
4th ASDAM 2002 International Conference (Advanced Semiconductor Devices and 
Microsystems), Smolenice Castle, October 2002.  

 Our research is based on a long-term fruitful collaboration with many groups in 
Slovakia (Institute of Physics and Institute of Computer Systems, Slovak Academy of 
Sciences, FEEIT SUT, Comenius University, all in Bratislava, and Military Academy, 
Liptovský Mikuláš) and research groups abroad (University of Florence, IMEM C.N.R., 
Parma, both in Italy, Institute for Surfaces and Interfaces, Jülich, Germany, University 
of Athens, NCSR Demokritos, Athens, both in Greece, Institute of Radio Engineering 
and Electronics and Institute of Physics, Czech Academy of Sciences, Prague, the 
Czech Republic, Institute of Physics, Polish Academy of Sciences, ITME, and Institute 
of Plasma Phys., Warsaw, Poland). Bilateral collaboration was recently established, 
with the Institute of Non-destructive Testing, Dresden, Germany. We also resumed co-
operation with the Research Institute for Technical Physics, Budapest, Hungary.  

 The main results of our work achieved in 2000 – 2002 were published in over 50 
papers in scientific journals and international conference proceedings. Two patents 
resulted from the international collaboration. The development of a single detector and a 
monolithic X-ray arrays based on GaAs was completed. A small-scale production of the 
devices was launched. The development of an InP radiation detector yielded a device 
currently exhibiting the best detection performance all over the world. The detectors are 
tested by a private company (Baltic Scientific Instruments, Ltd., Riga, Latvia), and by 
the expert group from European Space Agency (A. Owens, et al.), Holland. 

 I want to express gratitude and appreciation to all workers of the Department, as 
well as to colleagues from other groups and institutes, for their fruitful contribution to 
the results as well as to the increasing quality and importance of our research. I hope 
that this useful collaboration will continue in the future bringing out even better quality.  
  

       F. Dubecký 



MINORITY CARRIER EXTRACTION AT THE BULK SEMI-INSULATING 
GaAs/As-IMPLANTED AND LT MBE GaAs INTERFACE 

 
F. Dubecký, B. Zaťko, M. Sekáčová, P. Boháček, J. Huran, and V. Šmatko  
 

Alieti et al. [1] used a "new" implanted technology for ohmic electrode of semi-
insulating (SI) GaAs-based radiation detector named „non-alloyed“ ohmic contact 
having improved particle detector performance in comparison with standard „alloyed“ 
ohmic contact. I-V characteristics of diode with new technology showed lower reverse 
leakage current and increased breakdown voltage. Explanation of such observation is 
not completely clear until to day. 

 

Qualitative difference in I-V characteristics of various M-S interfaces formed by 
metal deposited directly onto SI bulk in comparison with As-implanted or LT MBE 
layer at the interface is observed (Figure 1). Forward characteristic of the Schottky 
barrier is changed to sublinear with the current saturation using As-implantation of the 
interface prior metal deposition. Reverse I-V characteristics of the structure with LT 
MBE buffer on the "ohmic" side led to decreasing of the reverse leakage current and 
increase of the breakdown voltage. Possible explanation of observed behaviour is 
related to the minority carrier extraction effect, which in general is described by 
Henisch [3]. In contradiction to the space-charge depletion in this case no internal 
electric field (at zero bias) is created when the LT MBE or As-implanted layer is present 
at the interface as is demonstrated by scanning EBIC. M-I-S depletion is also excluded 
because of few orders of magnitude higher conductivity of the interface layer than that 

In our study three types of radiation detectors fabricated from bulk semi-insulating 
(SI) GaAs are investigated: i) back-to-back Schottky barriers on bulk SI GaAs, (ii) 
Schottky barrier - SI GaAs - LT MBE (Low Temperature grown MBE), and (iii) As-
implanted - SI GaAs - LT MBE, using the same SI GaAs substrate [2].  

of the SI GaAs bulk 
material. It is concluded 
that the key condition for 
creation of the minority 
carrier extraction is related 
to formation of nonideal 
„ohmic“ electrode system 
efficiently blocking the 
minority carriers injection 
from back "ohmic" contact 
into the bulk SI GaAs base. 
This is in contradiction 
with relaxation regime in a 
semiconductor [4] where 
sublinear shape of I-V 
characteristics is connected 
with the minority carrier 
injection into the SI base.  
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Fig. 1: I-V characteristics of detector structures with the 
Schottky barrier and As-implanted interface. 
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c)b) a) 

c)b) a) 

Fig. 2. Interfaces images of the 
structures detected by High Resolution 
Double Crystal X-ray topography for 
the Schottky barrier (a), LT MBE (b) 
and As-implanted (c) interfaces.  
 
Fig. 3. SEM (a) and EBIC images of 
the detector with the Schottky barrier 
(a, c) and As-implanted interface (c) at 
a bias of 0 V (b) and –10 V (c). 

The structural quality of the created interfaces was controlled by double crystal X-
ray topography. The differences are clearly visible in Figure 2 showing As precipitates 
on the interface with LT MBE bu ted interface 
(Fig. 2b and 2c, respectively) in c Fig. 2a). The 
SEM and EBIC results of the in n Fig. 2d,e,f, 
respectively. From the EBIC taken s voltage, the 
defects present in the barrier are cl ide, no EBIC 
signal is observable from the struct bias of –10 V 
(Fig. 2f). From the last result it can present in the 
structure, high enough for charge c

Counting efficiency vs. bias v s from 241Am 
source was tested for the structures mation about 
the absorption volume of the stru
field. As follows from the results 
over 350 V. The counting efficien
With decreasing the bias voltage th
higher counting efficiency. The ob
collection on the back (“ohmic”) el
the region resulting from the minor
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ELECTRICAL PROPERTIES OF SEMI-INSULATING GaAs IRRADIATED 
WITH NEUTRONS 

 
P. Boháček, M. Morvic, J. Betko, F. Dubecký, J. Huran, and M. Sekáčová 

 
 Experimental samples used in this study were prepared from the same wafer of SI 

GaAs crystal produced by the liquid encapsulated Czochralski method. The samples No. 
1, 3, 5, 7, 9, and 11 have been irradiated with reactor neutrons at fluences of 1x1013, 
3x1013, 1x1014, 3x1014, 1x1015, and 3x1015 cm-2, respectively. The irradiation was 
carried out in a reactor of the Joined Institute of Nuclear Research, Dubna, Russia. The 
mean average energy of the neutrons was 1 MeV and the dose of thermal and fast 
neutrons was approximately equivalent. Sample No. 12 was irradiated with the fluence 
of 3x1015 cm-2 through Cd-plate to screen the sample from the influence of thermal 
neutrons leading to decreasing of total neutron fluence to 1.1x1015 cm-2.  

Before electrical measurements the samples were chemically etched using  
solution of 4H2SO4:1H2O2:1H2O for 3 minutes, rinsed in deionized water and 
subsequently treated in HCl to avoid undesired oxides, and again rinsed in deionized 
water. The described wet treatment was done at room temperature.  

Van der Pauw method was used to obtain the conductivity σ
0
, the low magnetic 

field   (B = 0.4 T)  Hall  coefficient  R
H,0

   and    physical  magnetoresistance   parameter  
∆ρ/(ρ0 B2). Electrical contacts in the corners of square shaped samples (10×10 mm) 
were prepared by rubbing Ga+In into the surface of the sample at room temperature. 
Their ohmic behavior was confirmed by the measurement of I-V characteristics. Precise 
dc measurements were carried out with the samples in the dark at 300-420 K, using a 
high impedance system. The reference sample, not exposed to neutrons, exhibited room 
temperature (300 K) resistivity of 9x107 Ω cm, and electron Hall mobility of 5400 
cm2 V-1 s-1. 

Fast neutron irradiation of GaAs creates a high concentration of lattice defects as 
primary knock-on atoms that lose their energy in displacement collision. The resulting 
effect is manifested in a decrease of the free electron concentration (n) and a 
degradation of the electron mobility (µn). Quantitatively it can be expressed by 
following relations [1]: 

 
n n0 = −exp( ),αΦ      (1) 

µ µ βn n= + −
, (0 1 Φ) ,1      (2) 

 
where n0 (µn,0) is the initial electron concentration (mobility), Φ is the neutron 
irradiation integrated fluence and α and β are parameters having a reciprocal 
dimensions to Φ.  

Fits of eqns. (1) and (2) to the experimental data are shown in Figs. 1 and 2 (solid 
lines) with fitting parameters α = 1.15x10-15 cm-2, µn,0 = 0.54 m2 V-1 s-1, and β = 3x10-

16 cm-2 (note, Hall scattering factor rn = 1 is assumed, so nH is considered to be identical 
with n and µH,n is identical with µn). At the neutron fluence of 1.1x1015 cm-2 the value of  
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Fig. 1. Apparent (open marks) and 
electron (full marks) Hall mobilities vs. 
reactor neutron fluence for samples 
irradiated directly (circles) and through 
Cd-plate (triangles) obtained from 
measurements at 300 K. The solid line 
is the theoretical fit using Eq. (2). 

Fig. 2. Ratio of the electron concentration 
in the samples investigated to that obtained 
in unirradiated from measurements at 300 
K vs. reactor neutron fluence. The values 
were obtained with direct irradiation (circ-
les) and through Cd plate (triangles). The 
solid line is theoretical fit using Eq. (1). 

 

the electron concentration obtained using the screening Cd-plate is the most deflected 
from the fitting curve (Fig. 2). Without screening the electron concentration is a little 
higher, due to creation of shallow donors (Ge, Se) via transmutation process during 
interaction of GaAs with thermal neutrons [2]. As was shown by Dlubek et al., [1], α 
can be expressed as α = 0.9215×r3 cm2, where r is radius of a displacement sphere 
created by neutron irradiation. Fitting the n/n0 curve in this way gives r = 107 nm, a 
value about 5 times larger as in the doped GaAs. In the model the r characterizes a 
radius of the „insulating“ region (without free carriers); the value found in samples 
investigated is evidently influenced by semi-insulating nature of initial material causing 
only a small band bending around the region. 
 
Authors acknowledge V. V. Golikov (JINR, Dubna, Russia) for performing the neutron 
irradiation of SI GaAs samples. This work was supported in part by the grants of Slovak 
Grant Agency for Science Nos. 2/1167/21 and 2/7195/20. 
 
[1] Dlubek, G., Dlubek, A., Krause, R., and Brümmer, O.: phys. stat. sol. 107 (1988) 111. 
[2] Alexiev, D. and Butcher, K. S. A.: Nucl. Instr. and Meth. B83 (1993) 430. 
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STUDY OF PHYSICAL PROPERTIES OF SEMI-INSULATING InP 
 

P. Boháček, D. Korytár, F. Dubecký, B. Zaťko, V. Šmatko, and M. Sekáčová 
 

Semi-insulating (SI) Fe-doped (100) InP wafers from four different suppliers 
(labelled hereafter as A, V, J, and M), were used in the study. Samples were previously 
submitted to thermal annealing, either wafer annealing (J) or ingot annealing (all other 
samples). SI InP materials were studied by conductivity and the Hall effect methods, 
double crystal X-ray topography (DCT), high resolution X-ray diffractometry (HRXD), 
light scattering tomography (LST) and scanning electron beam induced current (EBIC) 
techniques. The detection performance of detector structures were tested using a 59.5 
keV keV γ-ray source (241Am). The halfwidth (FWHM) of symmetrical (004) rocking 
curves which provides information on the overall crystal perfection was measured by a 
Philips high-resolution X-ray diffractometer equipped with a four crystal Ge mono-
chromator set at (220) CuKα1 reflection geometry with a horizontal beam divergence of 
12 arcsecs. A double-crystal X-ray topographic camera [1] with Ge collimating crystal 
set to an asymmetric (620) CuKα1 diffraction has been applied to take (533) asymmetric 
double crystal topographs from InP samples. The LST images were recorded by a 
computerised equipment based on a Nd:YAG laser emitting monomode 1.06 µm light 
and an optical microscope with infrared CCD camera perpendicularly oriented to the 
laser beam. EBIC images were taken in a scanning electron microscope using a beam 
energy of 20 keV. During the scanning the detectors were cooled by a Peltier cell at 
about -20 0C. The resistivity ρ and the apparent Hall mobility µH of the substrates were 
measured at RT using the Van der Pauw configuration. The detector structures were 
fabricated from different substrates by evaporation of an Au Schottky contact on the top 
and an ohmic (AuGeNi eutectic) on the back side of the sample. Evaluation of detection 
performance was performed at 220 K. The single detector structures had typically a 
volume of about 0.25-0.92 mm3 (Table 1). More detail results on detector performances 
are available in the published paper [2] as well as following contribution. 

Table 2 shows DCT, LST, and EBIC images taken from the different SI InP:Fe 
wafers and the corresponding detector structures. The dark contrast in the DCT images 
comes from the dislocations. Single threading dislocations are discernible in low 
dislocation density materials (J, A) but not in highly dislocated material. The charge 
collection homogeneity, tested by EBIC, is also shown in Table 2. The gray scale corre-
sponds to the CCE with a spatial resolution of less than 10 µm, considering 256x256 
points in the scanned area. The lighter place corresponds to the higher CCE. Some 
lateral inhomogeneities in the CCE are seen from the EBIC pictures. It can be apprecia- 
Table 1. The RT transport parameters and the 59.5 keV γ-ray detection performance. 

Mat. 
Label 

Growing 
technology 

ρ 
Ωm 

µH 
m2/Vs 

CCE 
% 

HWHM/p 
% 

P/V Volume 
mm3 

A LEC 3.9x105 0.305 69 8.3 1.8 0.50 
V VGF 4.1x105 0.315 77 4.7 1.9 0.25 
J LEC 4.9x105 0.441 83 5.4 9.6 0.92 
M LEC 1.5x105 0.152 77 6.3 1.6 0.32 



ted that sample V has the best uniformity and sample J has the highest CCE. From the 
pictures it is also evident that in some samples (especially samples A and V) the charge 
collection occurs also from regions out of metal electrode. Actually, the bright ring 
around the metal electrode is due to the enhanced electric field around the diode. The 
fact that the bright region is more or less extended is to be put in relation with the higher 
or lower minority carrier lifetime. Some structural inhomogeneities, probably connected 
with the dislocation cellular structure are visible in samples J and M. 
Table 2. DCT, LST, and EBIC images taken from the different SI InP:Fe materials. 
Mate-
rial 

FWHM
/ PI/DD 

DCT PD LST EBIC 

 
 

A 

 
 

18/ 
27/ 

5x104 

 
 

1.8x 
108 

 

 
 

V 

 
 

8.3/ 
NA/ 

4-8x102 

 

 
 

1.1-3 
x107 

  

 
 

J 

 
 

15/ 
29/ 

1x103-
1x104 

 
 

7.7x 
107 

 

 

 
 

M 

 
 

20/ 
19/ 

5x103-
1x105 

 

 
 

8.5x 
107 
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Detection performance study shows the highest CCE and P/V ratio for structure based 
on material J from  MWA and the best energy resolution for low dislocation material V.  
This work was done in collaboration with the IMEM CNR, Parma, Italy, and B. Surma 
and S. Strzelecka from the ITME, Warsaw, Poland. 
 
[1]  Jenichen, B., Kühler, R., and Mühling, W., J. Phys. E: Sci. Instr. 21 (1988) 1062. 
[2]   Dubecký, F., et al.: Nucl. Instr. and Meth. A 487 (2002) 27. 
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PROGRESS IN PERFORMANCE OF RADIATION DETECTORS BASED ON 
BULK SEMI-INSULATING InP 

 
F. Dubecký, B. Zaťko, M. Sekáčová, and P. Boháček 

 
InP is considered as the best compromise material for semiconductor radiation 

detector operated at room temperature (RT) due to the high value of atomic number Z of 
In (49) and sufficiently wide band-gap (1.34 eV at RT) [1, 2]. A starting study of semi-
insulating (SI) InP in detector of X- and γ-rays was stimulated by its application as a 
detector of solar neutrinos (Olschner et al. [3]). Results on detection of 60 keV and 122 
keV γ-rays at lowered operation temperature (< 250 K) were presented by Pelfer et al. 
[4]. First γ-ray spectrum observed at RT was demonstrated by Jayawell et al. [5]. 

  

The influence of the electrode technology on performances of detectors is 
demonstrated in Fig. 1a, where the I-V characteristics of the devices measured at RT 
and 243 K are presented. Corresponding pulse-height spectra of the 57Co source are 
shown in Fig. 1b. A set of detectors was fabricated from the same material (M) using 
following electrode technologies: (i) nitridization of the InP surface by vapour epitaxy 
prior to the evaporation of Au electrodes (V1); (ii) P+ active (top) electrode grown by 
MOCVD technique with Zn doping (V2, V12 base materials differ for the Fe content), 
and (iii) evaporation of standard "Schottky" barriers (Ti/Au) from both sides (V13). A 
non-alloyed N+ contact was evaporated on the backside of samples V2 and V12 using 
an AuGeNi eutectic alloy. The qualitative differences among the measured I-V charac-
teristics demonstrate that the technology of electrode system plays a key role in the de- 

Progress in detection performances of SI InP:Fe-based detectors with improved 
electrode technology [4] is presented. Physical properties of materials used for detector 
fabrication in this study are presented in [6] and briefly in previous contribution. Here, 
emphasize is given to investigation of the role of electrode technology in detectors 
performance. Current vs. bias voltage dependence and detection performance of 
detectors was tested at RT and at lowered temperatures (216 K, 243 K). Pulse-height 
spectra of 241Am and 57Co γ-ray sources detected by detectors are shown with calculated 
parameters (CCE, and energy resolution in FWHM) for the best detector (J) at 216 K. 

. 
 
 
 
 
 
 
 
 

a) 
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Fig. 1. I-V characteristics (a) and pulse height spectra of the 57Co source (b) 

registered with SI InP detectors using different electrode technologies (material M). 
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Fig. 2. Pulse height spectra of the 241Am (a), and 57Co (b) registered with the best, 
calibrated SI InP detector (material J) at temperature 216 K.  

tector performances. Role of Fe content can be deduced from the I-V 
characteristics of the V2 and V12 samples showing lower reverse currents and 
consequently better perfor-mances  for  lower Fe content (V12)  in agreement with 
previously published results.  In 

particular the simple "Schottky" 
electrode system cannot be used for the 
fabrication of SI InP-based radiation detector 
since in this case blocking behaviour and 
photopeak for-mation have not been observed 
(Fig. 1). Spectra of 241Am and 57Co γ-ray 
sources observed in our laboratory at 216 K 
are demonstrated in Fig. 2. Corresponding 
parameters are summarized in Table 1. How-
ever, the best results with our detector were 

FWHM, keV Bias, V CCE, 
% 59.5 122 

-300 70 9.2 19.3 
-400 78 7.4 13.0 
-450 80 7.2 11.8 
-500 82 7.0 10.7 

Table 1. Performance obtained with 
the best detector (J) at various bias 
voltages (216 K). 

obtained in European Space Agency laboratory using topical low-noise readout 
electronics with the cooled detector [7]. Energy resolution with 241Am radionuclide 
source for 5.9 keV photopeak was observed 2.6 keV (in FWHM) at -60 0C showing 
possible application in spectrometry. 
This work has been partially supported by the Slovak Grant Agency for Science (project 
No. 2/1167/21). Authors are grateful to M. Uchida (Japan Energy Corporation) for 
supplying SI InP material with low Fe content. 
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BEAM EXPANSION FOR HIGH RESOLUTION X-RAY IMAGING 
 

D. Korytár 
 

New hard X-ray imaging techniques developed at the 3rd generation synchrotron 
radiation sources are presently extensively studied utilizing various optics and 
experimental settings. Three of the optics — phase zone plates, parabolic compound 
refractive lenses and an X-ray waveguide — have demonstrated submicrometer 
resolution. Either film, channel plates, CCD based or direct converting semiconductor 
detectors can be used to register the images.  

Potentialities of Bragg diffraction optics based on asymmetric inclined diffractors 
have been evaluated recently in [1]. A possibility to combine two asymmetric 
diffractors with mutually perpendicular planes of diffraction and thus to obtain 2-D 
image magnification was first demonstrated by Boettinger et al [2]. Using this setup 
they later obtained resolution of 1.2 µm. The observed Fresnel diffraction effects were 
then quantitatively studied and the setup was also used to perform 3-D image 
magnification by means of computed tomography. Recent calculations of Spal give the 
resolution down to 0.3 µm for this kind of X-ray holographic microscopy [3]. 

Another system for 2-D optics, based on two independent (n,-n) couples of 
asymmetric Bragg diffractors and adjusted to have perpendicular planes of diffraction, 
was developed at Hyogo beamline at Spring 8. They obtained 2 µm resolution in 
absorption and 15 µm resolution in phase contrast [4]. Live magnified images of living 
objects have been obtained [5]. Spatially resolved diffractometry by using 
asymmetrically cut analyzer crystals (polylithic device) has been recently successfully 
performed by Köhler et al at the beamline ID 11 at ESRF [6]. A similar polylithic 
instrument devised by Stampanoni et al. [7] to attain a submicron resolution was 
constructed and is now being tested. 
Monolithic counterparts of this type of devices can be advantageous because of 
compactness, thermomechanical stability and short distances [8]. Drawbacks are more 
complex preparation and noncompatibility with planar polishing technologies. 
Analytical solution of the problem of finding a pair of surfaces which produce 
distortion-free images was given in [9]. Monolithic system based on two noncoplanar 
asymmetric inclined diffractors {440} was first applied to SR at Daresbury Laboratory 
(2-D magnification 6-times) [10].  

The aim of this work was to present the design and results of testing a new 
magnifying monolithic X-ray optical device for 10 keV synchrotron radiation.  

High resistivity floated zone (111) silicon crystal was used to cut the new 
magnifier. It was devised to obtain 25-times magnification for 10 keV beam and it is 
based on two noncoplanar asymmetric inclined {311} diffractors. Figure 1 shows a 3-D 
model of the crystal with the active surfaces and with the incident, first and second time 
diffracted (outcoming) beams for two energies of 8 keV and 10 keV (the latter giving 
higher asymmetry and magnification). In the case of X-ray magnification the X-ray 
beams are passing from right to left. The direction of the beams is reversed in the case 
of beam demagnification or compression.  



 

 
 
 
 
 
 
 
 
 
 

Fig. 1. Fig. 2. 
Figure 2 shows a Cu #300 microscopic mesh (32 µm stripes width and 64 µm 

windows width), located 38 cm in front of the magnifier crystal, and its X-ray 
magnified image at 9.6 keV (15 times magnification). Features smaller than 4 
micrometers in size can be observed. The scratches across the images are due to not 
sufficiently polished surfaces. They should be removed by longer or more efficient 
polishing. From the results obtained it is obvious that to prepare image-nondistorting 
monolithic devices for high magnifications (over 20) it will require to cut the active 
surfaces with the precision much better than 0.2°. Modern deterministic technologies of 
microgrinding of silicon will be the potential candidates for this purpose. This could be 
also a way how to verify theoretical values of the best achievable spatial resolution as 
given by Spal [3]. 

 
This work was done at the Optical beamline BM5 of ESRF Grenoble in close 
collaboration with Fraunhofer IZFP Dresden (Drs. T. Baumbach and P. Mikulik) and 
IMEM CNR Parma (Dr. C. Ferrari). 
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ROLE OF TEMPERATURE IN SPECTROMETRIC PERFORMANCE OF 
RADIATION DETECTOR BASED ON SEMI-INSULATING GaAs 

 
B. Zaťko and F. Dubecký 
 

 During last decade the interest has been increasing for the semiconductor 
radiation detectors operating at room or nearly room temperature. Great effort is 
concentrating for the development of radiation detectors based on semi–insulating (SI) 
GaAs. The main reasons include: high radiation resistance, sufficient detection 
efficiency for γ−rays, high reaction rate [1] and low cost. Good energy resolution 
depends on the active volume of detector [2]. High reaction rate is due to the high 
mobility and drift velocity of charge carriers. Wide band gap allows operation of an SI 
GaAs detector at room temperature [3]. Other important features include well developed 
technology and low production and operating costs. These characteristics are significant 
in digital radiography systems, where detection of X− and γ−rays is done by an array 
(1D, 2D) of semiconductor detectors instead of photographic film [4]. 

 The investigated detector was fabricated from LEC SI GaAs with resistivity of 
1.1x107 Ωcm and the Hall mobility of 6500 cm/Vs measured at room temperature using 
the Van der Pauw configuration. The substrate was polished to 200 µm prior processing. 
The detector had top Schottky contact from Au/Zn metallization (120 nm) with square 
shape of size 400 µm. Back contact was fabricated by vacuum evaporation of Au/Ge/Ni 
– ohmic eutectic alloy. Detector surface was passivated by sputtered silicon nitride 
(100 nm) and tempered at 110°C for 5 hours to stabilized passivation and contacts. 

Current–voltage characteristics at four different temperatures are depicted in 
Fig. 1. The shape of curves corresponds to the thermo emission electronic transport. 
Decrease of the temperature by 20 K the saturation current is reduced by about one 
order of magnitude. The value of breakdown voltage ranges from 260 V to 270 V. The 
radiation detector has been coupled to the standard spectrometric system, which consist 
of charge sensitive preamplifier based on CR 101D hybrid operational amplifier, pulse 
shaping amplifier ORTEC 572 with semi Gaussian shaping, analog–to–digital converter 

Fig. 2. The best measured pulse 
height spectra of γ–radiation source 241Am 
observed at different temperatures. 

Fig. 1. Measured current–voltage 
cha-racteristics of investigated GaAs 
detector at different temperatures.
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ORTEC 800, multichannel analyzer M2D and PC. Reverse bias for investigated 
radiation detector supplied ORTEC 459. The required temperature of detector ensured 
2 stages Peltier cooler. 

Pulse height spectra of detector were measured using γ–sources 241Am and 57Co for 
reverse bias ranging from 50 V to 230 V at different shaping times (0.5, 1, 2, 3, 6 and 
10 µs) and several temperatures (for more details see [5]). The best pulse height 
spectrum of 59.5 keV γ–photons for particular temperature shows Fig. 2. We can see 
that for optimal operation of detector the setting value of shaping time must be longer at 
lower temperature and operating voltage at first rises and than reduces. The noise of 
radiation detector is observable decreasing with reduction of the operation temperature. 
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Table 1. The best energy resolution observed 
for 59.5 and 122.1 keV photons. 

250 260 270 280 290 300 310

Temperature, K

Fig. 3. Dependence of peak 
efficiency of 59.5 keV photopeak vs. 
temperature and reverse bias voltage of 

        We calculated the peak 
efficiency, the charge collection efficiency 
(CCE), energy resolution in FWHM (full 
width at half maximum of photo-peak) and 
HWHM (half width at half maximum) to 

evaluate spectrometric performance of investigated detector. Fig. 3 shows peak 
efficiency of 59.5 keV photopeak vs. temperature and reverse bias voltage of SI GaAs 
radiation detector. The best peak efficiency of 59.5 keV photopeak at 273 K has been 
observed. The CCE with decreasing temperature of detector rapidly reduces. The best 
value of the CCE (98.2 %) was observed at a bias of 230 V and temperature 303 K, but 
the best relative energy resolution at lower temperature was attained. Table 1 shows the 
best observed values of the relative energy resolution in FWHM and HWHM and used 
reverse bias voltage, temperature (T) and shaping time (ST) for 59.5 keV and 122.1 keV 
γ–photons. 
 
This work was done in collaboration with Faculty of Electrical Engineering and 
Information Technology, Slovak University of Technology, Bratislava being partially 
supported by the Slovak Grant Agency for Science (project No. 2/1167/21). 

 
[1] Schlessinger, T. E., James, R. B.: Semiconductors for Room Temperature Nuclear Detector 

Applications, Semiconductors and Semimetals, vol. 43, Academic Press, San Diego 1995. 
[2] Dubecký, F., et al.: In Proc. of the ASDAM 2000, eds. Osvald, J., Haščík, Š., Kuzmík, J., 

and Breza, J., Smolenice 2000, p. 475. 
[3] McGregor, D. S. and Hermo, H.: Nucl. Instr. and Meth. A 395 (1997) 101. 
[4] Revolution in Medical Imaging, Business week, Science and Technology (1997) 134. 
[5] Zaťko, B., Dubecký, F., and Nečas, V.: In Proc. of the SIMC XII, Smolenice 2002, in print. 
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HYDROGENATED AMORPHOUS N-DOPED SILICON CARBIDE FILMS 
DEPOSITED BY PECVD: STRUCTURAL AND ELECTRICAL PROPERTIES 

 
J. Huran 
 

Much attention has been given to SiC, currently the most mature of the wide 
bandgap (2.0 eV < Eg < 7.0 eV) semiconductors, as a material well-suited for high 
temperature operation. High-temperature circuit operation from 3500C to 5000C is 
desired for use in aerospace applications (turbine engines and more electric aircraft 
initiative), nuclear power instrumentation, satellites, space exploration, and geothermal 
wells [1, 2]. 

In our work the attention is focused to the characterization of structural and 
electrical properties of a-Si1-xCx:H films prepared by the plasma enhanced chemical 
vapour deposition (PECVD) of silan SiH4  and methane CH4 as a function of the flow 
rate. Samples with different amounts of N were achieved by a small addition of 
ammonia NH3 into the gas mixture of silane SiH4 and methane CH4. The properties 
were investigated by RBS, ERD, IR and AFM measurement techniques. The current-
voltage (I-V) characteristics of diodes made of doped and annealed SiC films grown on 
silicon substrates were studied. 

PECVD silicon carbide films were deposited in a high frequency parallel-plate 
plasma reactor, in which the frequency , the RF power and the substrate temperature 
were maintained at  13.56 MHz, 0.06 Wcm-2, and  350 oC respectively. The diameter of 
electrodes was 12 cm, and they were 6 cm apart. The RF power was fed to the upper 
electrode, while the lower electrode, which held the substrates, was grounded. A gas 
mixture of SiH4, CH4 and NH3 was directly introduced into the reaction chamber, and 
the flow rates of these gases were 10 sccm, 20-40 sccm and 2-5sccm respectively. For 
annealing experiments we used electron beams with a kinetic energy 160 keV a pulse 
duration 300 ns, and a beam current approximately 150 A/cm2. 

The channel numbers in RBS spectra at which the steps occur correspond to those 
of carbon and silicon. Other steps represent oxygen and nitrogen. After modeling, we 
can show from calculated results that the concentrations of nitrogen and oxygen are 10 
and 6 at.% respectively. ERD calculated results are very interesting because the 
concentration of hydrogen in the layers remain nearly unaffected after irradiation by 
pulse electron beam. 

The RBS results showed that the concentrations of  Si, C and N in the films are 
practically the same. The concentration of hydrogen was determined by the ERD 
method and the value is approximately 20 at. %. The films contain a small amount of 
oxygen. IR results showed the presence of Si-C, Si-H, C-H and Si-O bonds. The AFM 
micrographs (Figure 1.) of the SiC films prepared by PECVD reveal that the film 
surface is rather smooth and compact.The mean roughness R and the root mean square 
RMS of the samples, as deduced  from the AFM analysis, are similar. 



 
 
                        Sample A11                                                      Sample A13 

 
Fig. 1. AFM micrograph showing the surface (450 x 450 nm2) of samples A11 and A13. 

 
The electrical conductivity was evaluated by means of I-V measurements of diodes 

prepared from nitrogen-doped SiC films and the influence of different silicon and 
carbon concentration was investigated. It was found that with increased silicon 
concetration and following activation of nitrogen the resistivity of the amorphous SiC 
films was reduced. 
 
This work was done in collaboration with the Joint Institute for Nuclear Research, 
Dubna, Russia. 
 
[1] Cusack, D. E., Glashen, W. M., and Steglich, H. R.: Trans. of 2nd Int. High Temperature 

Electronics Conf. (HiTEC), Session III (1994) 17. 
[2] Anderson, D. A. and Spear, W. E.: Philos. Mag. 35 (1976) 1. 
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 The Department of Optoelectronics concentrates mainly on the epitaxial growth, 

characterisation and application of III-V semiconductor quantum structures based on 
InP/InGaAs and GaAs/InGaP material systems. Along with research into planar growth, 
we increasingly studied non-planar epitaxy. This requires interdisciplinary approaches 
that include crystallography, chemistry, and the physics of epitaxial growth. To carry 
out epitaxial growth, we used an Aixtron AIX 200 R&D MOCVD apparatus. The 
department prepared semiconductor heterostructures for its own research projects as 
well as for other departments of the Institute.  

 As of November 1999 to December 2002 the department worked on a NATO 
Science for Peace project: Development of advanced Vector Hall Probes for magnetic 
microscopy. Its objective was to develop a novel semiconductor heterostructure-based 
Hall sensor capable of resolving the complete vector of a local magnetic field. The 
sensor has a considerable advantage over currently used probes that can only measure a 
single field component.  The vector Hall sensors were realised by the formation of Hall 
probes based on an epitaxial structure deposited by overgrowth on tilted faces of 
pyramidal-shaped mesas. Three of such 'tilted' Hall probes on a single pyramid can be 
used to measure data sufficient for the reconstruction of a magnetic field vector.  

  At the beginning of the project, wet-chemical etching of InP was used to pattern 
substrates to reveal objects with (110) and (1-10)-related facets that exhibit two-fold 
symmetry in (100). Later we found that a GaAs/AlAs heterostructure could be used to 
prepare high-mesa objects that were more conducive to a successful completion of the 
project. Using this material system, we developed a new method for controlled biaxial 
etching (a combination of the lateral underetching of AlAs mask and deep etching of 
GaAs substrate. This method allowed us to prepare high mesa patterns with controlled 
slope of sidewalls.  This very innovative and investigative work was followed by the 
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development of a GaAs-based vector Hall probe. The probe was incorporated into a 
vector Hall microscope. Both the probe and the microscope represent a very 
sophisticated state-of-the-art measurement and characterisation system.  The Slovak 
Grant Agency for Science supported basic research activities at the department in last 
two years. In 2002 we finished work on a VEGA 2/7195/20 research project 
“Technology and characterisation of semiconductor heterostructures grown on 
patterned substrates".  Within the project we successfully developed a precise 
technology for the preparation of InGaAs/InP and InGaP/GaAs quantum wells with 
very sharp interfaces. These structures were used in the development of a new 
generation of quantum Hall resistors and Hall probe arrays. The devices were applied in 
the diagnostics of high temperature superconductors. 

 Part of our basic material research was centred on the epitaxy of InGaP. We 
studied the influence of ordering on optical and electrical properties of InGaP ternary 
layers. Based on results obtained from X-ray diffraction, low temperature 
photoluminescence, and atomic force microscopy experiments, we demonstrated that 
the lattice mismatch can support the evolution and extension of the ordering effect in the 
InxGa1-xP layers. Considerable progress was made in the study of intermixing during the 
epitaxial growth of InGaP/GaAs interface. We found that the insertion of a very thin 
GaP interlayer with a nominal thickness of 0.33 nm substantially improved the quality 
of InGaP/GaAs structures, and it was possible to form structures with a two-
dimensional electron gas. 

 In 2002 we began work on new projects. One of them falls under the 5th 
Framework programme entitled "New gallium phosphide grown by vertical gradient 
freeze method for light emitting diodes" (IST-2001-32793, started as of March 1, 2002.)  
Our role in this project comprises two main tasks: (i) to provide assistance in the 
development of epi-ready gallium phosphide substrates produced by Phostec, (ii) to use 
MOVPE technology for the development of a high-brightness LED structure based on 
GaP substrates. Participation in this project is very interesting and exciting. 

 In general, it was of great importance that as of 2001 a new Slovak grant agency - 
Science and technology assistance agency (APVT) started to support research and 
development projects in Slovakia. In its first call, two our project proposals were 
accepted for financial support. One of them, entitled "Submicron vector Hall probe 
microscope", is directed at the further refinement of the vector Hall probe on a 
pyramidal structure. The aim is to produce submicron-sized Hall probes placed on the 
sensor structure. The other project, "Synthesis and characterisation of polycrystalline 
InP", is included in a special scheme that supports small and medium enterprises. Our 
main task is to provide our industrial partners with scientific background and special 
characterisation measurements. 

 The funding of the aforementioned projects allowed us to extend our 
characterisation and measurement techniques. Also, we installed a new aluminium 
source in our MOVPE equipment, which allowed us to grow not only standard AlGaAs 
ternary materials but also AlGaInP quaternary ones on GaAs and GaP substrates. We 
also installed a new ion-etching machine for the preparation of large area samples for 
TEM. This is very useful tool to study interfaces between epitaxial layers as well as the 
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formation of low dimensional structures and multi quantum wells on planar and 
patterned substrates.  

 The Department of Optoelectronics has enjoyed a broad international co-operation. 
Most of our research activities are part of broader international efforts. In recent two 
years we co-operated with the following institutions: University of Bath, Bath (UK), the 
Institute for Thin Films and Ion Technology Research Centre Jülich (Germany), the 
Optoelectronics Laboratory, Helsinki University of Technology Helsinki, (Finland), the 
Institute of Materials Research CSIC, Barcelona (Spain), University of Parma and 
MASPEC Parma (Italy), the Institute of Physics ASCR Prague, the Institute of 
Radiotechnique and Electronics in Prague (the Czech Republic), and the MFKI in 
Budapest. 

 Research work at the Department of Optoelectronics is based on a close 
collaboration of all staff members, and final results of our activities depend on the 
contributions of each member. Therefore I would like to express my gratitude to all 
members of our department for their contribution to our success. 

 
      Jozef Novák 



ANISOTROPIC SURFACE STRUCTURE IN ORDERED STRAINED InGaP 
 

S. Hasenöhrl and J. Novák 
 

 In our next contribution [1] we introduce, that ordered InGaP epitaxial layers 
exhibit anisotropic behaviour of material features. This contribution is focused on the 
investigation of surface morphology that is also affected by ordering and lattice 
mismatch of the layer.  

A set of InxGa1-xP layers under investigation was the same as described in the 
previous report in Table 1. 

The surface was characterised by optical microscopy and atomic force microscopy 
(AFM - Thermomicroscopes Explorer). Synchrotron x-ray topographs were made at the 
Hamburger Synchrotronstrahlungslabor am Deutschen Elektronen-Synchrotron 
HASYLAB-DESY in the back-reflection geometry. This part was made in cooperation 
with prof. T.O. Tuomi and L. Knuuttila from Optoelectronics Laboratory, Helsinki 
University of Technology.  

Layers exhibited a surface structure with three basic features.  
The first one is a fine island structure with the size of surface features in the range 

of 10 nm, which is very similar for all layers regardless of their misfit. The detailed 
characteristic of its features is given in Ref. 2. Two types of the surface structure were 
reported for ordered InGaP: a honeycomb-like structure, e.g. in [3], and wedding-cake-
like in [4]. Our structure looks like the second one. 

This fine structure is superposed to surface undulations with lateral dimensions in 
the micrometer scale (Fig.1). The surface structure of the strained layers (tensile and 
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Fig. 1. Detailed study of surface features using AFM 
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compressed) follows the dislocation line pattern revealed by synchrotron topography 
(Fig.2). The change of the dominant misfit dislocation direction from [011] to [0-11] is 
observed for the layer still under tension with ∆a/a = -3.28×10-3. The best surface 
morphology and no misfit dislocations are observed for the slightly compressed layer 
with ∆a/a = +9.42×10-4. With increased compression in the layers, we observed at first 
the creation of large (probably metal) precipitates and then the formation of a misfit 
dislocation net [2].  

The third feature observed on the surface of ordered layers is the presence of 
hillocks. Their density, shape and orientation depend on lattice mismatch [2]. 

   

The surface structure of ordered InGaP OMVPE epitaxial layers with intentionally 
imposed mismatch strain was investigated and correlated with the dislocation structure. 
The shape of surface features depends strongly on lattice mismatch. The layer exactly 
lattice-matched to substrate at the growth temperature exhibited the best surface 
morphology and a dislocation free structure. The surface of strained samples was 
undulated. 
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Fig. 2. Synchrotron topographs of InGaP layers under study.  

The part of this work was done in cooperation with the Optoelectronics 
Laboratory, Helsinki University of Technology (co-authors T.O. Tuomi and 
L. Knuuttila).  
 
[1] Hasenöhrl, S., Novák, J., Betko, J., Morvic, M., and Fedor, J., this issue: Anisotropy in 

transport properties of ordered strained InGaP. 
[2] Hasenöhrl, S., Kúdela, R., Novák, J., Tuomi, T.O., and Knuuttila, L.: Mat. Sci. Eng. B88 

(2002) 134. 
[3] Pietzonka, I., Saß, T., and Gottschalch, V.: Appl. Surf. Sci. 165 (2000) 60. 
[4] Lee, S.H. and Stringfellow, G.B.: J. Appl. Phys. 83 (1998) 3620.  
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ANISOTROPY IN TRANSPORT PROPERTIES OF ORDERED STRAINED 
InGaP 

 
S. Hasenöhrl, J. Novák, J. Betko, M. Morvic, and J. Fedor 
 

 Epitaxially grown InGaP exhibits tendency to a CuPt-B type of ordering. Layers 
with various degree of order differ in physical properties. Ordering leads to anisotropic 
behaviour of material features. In our first report on transport anisotropy in InxGa1-xP [1] 
we revealed, that the resistivity anisotropy is a feature observable in samples with the 
highest degree of order grown at 640 oC. 

A set of InxGa1-xP layers prepared by low-pressure organometallic chemical 
vapour phase epitaxy (OMVPE) at a total pressure of 20 mbar and a growth temperature 
of 640 oC is summarized in Table 1. The influence of epitaxial strain on electrical 
parameters in ordered layers was studied. The strain was induced by changing the layer 
composition xIn from 0.388 to 0.552.  

 

Sample No. 1 2 3 4 5 6 
pTMIn/ pTMGa 1.043 1.116 1.195 1.233 1.343 1.450 

(∆a/a)⊥ -7.19×10-3 -3.28×10-3 ±4×10-4 +9.42×10-4 +1.58×10-3 +4.87×10-3 
xIn 0.388 0.441 0.486 0.498 0.507 0.552 

Table 1. Set of InxGa1-xP layers under investigation. Samples were prepared at identical 
growth conditions except of the pTMIn to pTMGa ratio.

The electrical properties were evaluated using the van der Pauw (vdP) method on 
5×5 mm2 square samples. The temperature dependent measurements (5-300 K) were 
performed in continuous flow cryostat with samples in the dark. A current of 50 µA was 
applied to the samples. The magnetic field 0.36 T was used. 
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Fig. 1. Dependence of Hall concentration (a) and Hall mobility (b) as a function   of 

the layer mismatch. 

 
60 



lattice mismatch ∆a/a=9.4×10-4 (∆a/a = (aLAYER-aSUBSTRATE)/aSUBSTRATE) at the room 
temperature but at the growth temperature it was probably exactly lattice matched to the 
substrate [3]. This was the only one sample without observable structural defects 
induced by the lattice mismatch [3]. The Hall data of this layer could be corresponded 
very well by theoretical calculations [4]. The sample 3 with unmeasurable misfit at 
room temperature and the sample 5 with ∆a/a = 1.58×10-3 show significantly higher 
Hall mobilities at 75 K, namely 15 770 cm2V-1s-1 and 13 360 cm2V-1s-1, respectively. It 
is surprising, because in contrast to the sample 4, samples 3 and 5 had structural defects 
what would lead to the mobility decrease. We are explaining this by the significant 
distortion of the Hall parameters measured in the vdP configuration for all samples, 
excepted the sample 4, because of their inhomogeneous transport properties. 
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Fig. 2. Dependence of the sample 
resistance R1/ R2 ratio on the layer mismatch. 

Hall measurements on the set of 
samples revealed an anisotropy of the 
resistances R1 and R2 calculated as the 
ratio of the voltage drops to the current 
in van der Pauw configuration. Fig. 2 
plots the dependence of the resistance 
ratio R1/R2 on layer mismatch. R1 is 
the resistance in the [0-11] direction 
and R2 in the [011] direction. For the 
interpretation of Figs. 1 and 2 it is 
helpful to compare results from 
electrical characterisation with 
structural investigations made on the 
same set of samples in Ref. [2].  
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ON THE ROLE OF  RANDOM  PART  IN INGAP ALLOY 
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J. Novák and S. Hasenöhrl 
 

MOVPE grown epitaxial layers order spontaneously in CuPt(B)-like structures 
consisting of alternating Ga- and In-rich planes along the (-111) and (1-11) directions. 
On exactly oriented GaAs substrates the both variants are equally distributed in platelike 
domains. The domains are mostly oblong with their longer dimension in parallel with 
the [110] direction. Complete ordering is usually not achieved. The amount of measured  
reduction in band gap energy is generally taken as a measure of the degree of ordering 
in the layer. The largest ordering induced band gap reduction reported to date is about 
120 meV (maximal proposed theoretical value for fully ordered InGaP  is about of 400 
meV). The degree of order at the crystal lattice can be written as Ga0.5+05ηIn0.5-05ηP/Ga0.5-

0.5ηIn0.5+05ηP, where η is the ordering parameter (0< η <1). Consequently, the InGaP 
epitaxial layer consists of ordered domains and antiphase boundaries created from 
disordered "random" material. 

Recent studies have shown that ordering in ordered domains has a marked 
influence on the reduction of band gap energy as well as on the splitting of the valence 
band, which results in the anisotropy of optical and electrical properties of the ternary. 
Strain produced by lattice mismatch between an InGaP layer and GaAs substrate can 
also lead to the valence band splitting and to an increase (if compressive) or decrease (if 
tensile) of the band-gap energy. Our former results have shown that the band gap energy 
of InGaP follows closely the compositional dependence proposed by Wei and Zunger 
[1]. The Eg value measured in tensile 
strained epitaxial layers is significantly 
lower compared with the one that 
follows from the generally used 
parabolic interpolation between the Eg of 
InP and GaP.  

It is quite surprisingly,  that role of 
the random part of  epitaxial layer and  
their influence on optical and electrical 
properties of alloy was not so carefully 
studied as in case of ordered domains. 
Probably it follows from fact that  
photoluminescence spectra of partially 
ordered InGaP  epitaxial laye
ruled by ordered material an
from random part is to obser
other hand, spectral ellipsom
to show not only optical an
partially ordered samples b
reveal signal from random pa etail the typical 
polarisation behaviour of InG  comparison of 
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the experimental (symbols) and fitted (lines) data obtained with sample MO341 for 
perpendicular and parallel polarisation. Close to the band gap, three transitions appear in 
each polarisation. The lowest energy transition is quite sharp and polarisation 
dependent. The other two 
transitions are broader and 
polarisation independent. To 
understand these spectra, we 
must recall that these samples 
consist of a mixture of 
domains of ordered phase  
(with ordering parameter η) 
and of a random alloy. Then, 
we must ascribe the two 
lowest energy values, E0 (A) 
and E0 (B), to the crystal-field 
splitted fundamental gap of 
the ordered phase. In this 
example, the fitted transition 
energies are 1.831 eV and 
1.848 eV. The additional 
transition caused by the 
random part of the InGaP alloy E0 (random) lies in this example at 1.87 eV. A 
difference between band gap of ordered and random part varies  with composition of  
ternary and is shown in Fig.2.  
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Fig. 2.  Dependence of band gap of ordered and random 
InxGa1-xP alloy (dashed lines), Hall constant RH (up 
triangles) and resistance ratio R1/R2 (down triangles) on InP 
mole fraction. 

 It was previously suggested that the higher band gap associated with the 
boundaries between domains could act as a barrier and spatially separate the carriers [2]. 
Fig. 2 shows dependence of both band gap values on the InP mole fraction for set of 
InGaP samples grown at 640 oC and 20 mbar reactor pressure. While the band gap of 
ordered part of samples follows closely the compositional dependence proposed in 
theory, the random part shows a different dependence with maximum  close to 
composition lattice matched to GaAs substrate at the growth temperature. This figure 
also includes plots of  measured electrical parameters: (i) Hall constant and (ii) ratio of 
resistances R1 (measured in the [0-11] direction) and R| (measured in the [011] 
direction). As it follows from this figure, the both electrical parameters behave similar 
as the band gap of random part of the epitaxial layer. This influence of various band 
gaps on electrical properties may be realised either due to type II junction band offset 
between ordered and random part or due to creation of quantum wells in ordered  
domains close to interfaces between ordered and random alloy. In both cases the 
random matrix acts as barrier and supplies carriers. 
Ellipsometric measurements were performed  at ICMAB in Barcelona and fruitful 
collaboration with M.I. Alonso and M. Garriga is gratefully acknowledged. 
  
[1] Novák J., Hasenöhrl, S., Alonso, M.I., and Garriga, M.: Appl. Phys. Lett. 79 (2001) 2758. 
[2] Fouquet J.E., Minsky, M.S., and Rosner, S.J.: Appl. Phys. Lett. 63 (1993) 3212. 
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BULK FRONT-SIDE MICROMACHINING OF (100) InP SUBSTRATES 
 

P. Eliáš 
 

 Micromachining is aimed at forming 
various three-dimensional (3D) convex-
cornered and concave-cornered objects and 
structures by wet etching through inert masks. 
The resultant shape of an object is ideally 
dependent both on mask geometry and on the 
interaction of the crystal with the etching agent. 
However, in reality, it is also dependent on the 
technology of mask material deposition as well 
as on the type of mask material itself. In 
general, one of the prerequisites to predict the 
final shape of a micromachined object is to 
know how the spherical etching rate vectors are 
varied with crystallographic orientation, i.e. the 
polar diagram. 

 
Fig.1. InGaAs mask 
patterns used for the 
micromachining of InP 

 This study was focused on the bulk 
front-side micromachining of (100) InP 
substrates using wet etching in xHCl: 
yH3PO4 solutions through InGaAs mask 
material. On the one hand, it generally dealt 
with studying the polar diagram of wet-
etched (100) InP [1]. On the other hand, it 
was specifically aimed at the formation of 
various 3D objects in (100) InP by wet 
etching through basic concave and convex 
mask patterns, such as square, lozenge, 
circle, and corner-compensated lozenge 
patterns (Fig.1). 

The particular goal was to study the 
formation of a 3D pyramidal-shaped object 
that was used as the basis for the technology 
of a monolithically integrated vector magnetic field sensor. A promising candidate was 
an object confined by the family of {110}- and {101}-related crystallographic facets. 
Fig. 2 shows that such an object can be formed only through a mask with corner-
compensated topology. 

 
Fig.2. 3D pyramidal object with 
corner compensated topology 
formed in (100) InP.

 
This research was sponsored by NATO's Scientific Affairs Division in the framework of 
the Science for Peace Programme. 
 
[1] Eliáš, P., Kostič, I., and Hasenöhrl, S.: Proc. 14th Indium Phosphide and Related Materials 

Conference - IPRM 2002, IEEE Catalog 02CH37307, Stockholm 2002, p. 229. 
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A HALL BAR DEVICE ON OMVPE-OVERGROWN (110) FACETS 
OF MESA-PATTERNED (100) InP SUBSTRATES 

 
P. Eliáš, S. Hasenöhrl, J. Fedor, and V. Cambel 
 

 To realize the concept 
of a monolithically integrated vector 
magnetic field sensor based on a three-
dimensional OMVPE-overgrown bulk-
micromachined object, one needs to 
control the micromachining process [1] 
as well as the epitaxial process [2,3], 
including the doping of layers grown at 
selected facets of the object. As 
concluded previously, an object 
confined by a family of {110} and 
{101} crystallographic quasi facets was 
the target candidate for the technology 
of the sensor.  

Fig. 1 shows the layout of a non-
planar InP-based Hall bar device  
which allows for the electrical and 
galvanomagnetic characterization of layers grown at either {110}-related or {101}-
related set of crystallographic quasi facets [4]. 

 
Fig. 1. Layout of the non-planar six-
terminal Hall bar device. The Hall bar 
was formed in the n-doped InP layer at 
either (110)- or (1 0)-related quasi 
facets. The contacts to the Hall bar and 
the pads were formed at the top and at 
the bottom of the ridge. 

1

 The device technology began with deep wet-etch patterning of standard (100) 
semi-insulating InP substrates in 3HCl: 1H3PO4 through a mask pattern oriented 0.4° off 
[001] towards [0 1]. This revealed mesa ridges confined at sides by extremely smooth 
(110)- and (1 0)-related quasi facets. The patterned InP wafers were subsequently 
overgrown with an n-doped InP layer in an AIX200 horizontal low-pressure IR-heated 
OMVPE reactor at a total reactor pressure of 20hPa, a total linear gas velocity of 2.3 
m.s-1, and a substrate temperature of 600 °C. The growth precursors were In(CH3)3 - 
trimethylindium (TMIn), phosphine - PH3, and silane (SiH4) as the doping agent. The 
partial pressures of PH3 and TMIn were 1.128 mbar and 2.59x10-3 mbar, respectively. 
The corresponding V/III ratio was 436. The InP layer was grown to a (1 1 0) nominal 
thickness of 500 nm. SiH4 was kept at a partial pressure of 1.11x10-4 mbar, which 
resulted in a concentration of free electrons of 1.3x1018cm-3 in a reference InP layer 
grown on a planar standard (100) InP wafer. 

1
1

 
The device processing yielded a non-planar six-terminal Hall bar device with the 

bar defined in the n-doped InP layer at (110)- and (1 1 0)-related quasi facets. It included  
a) Planarisation of the overgrown patterned InP substrate with ma - N 490 negative-tone 
photoresist; b) Transfer of Hall bar topology onto {110} facets; c) Ti mask deposition 
for Hall bar topology transfer; d) Lift-off of the Ti mask layer; e) Hall bar definition in 
the n-doped InP layer by wet etching through the Ti mask; f) Transfer of ohmic contact 
topology through a planarised AZ4562 positive-tone photoresist layer; g) Deposition of 
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ohmic metals through windows in AZ 4562; and h) Lift-off and alloying of the 
Au+12%Sn layer. 

A set of devices were measured in perpendicular magnetic field from 4.2 K to 300 
K to determine the conductivity σ, Hall coefficient RH, Hall sheet concentration nH,S, 
and supply-current-related sensitivity SI. The Hall mobility µH was calculated using 
µ =H . Fig. 2 shows the temperature dependences of µH for four devices. The 

mobility decreased both at low and high temperatures, due to ionised impurity scattering 
and thermal lattice vibrations, respectively, confirming the bulk behaviour of the (110) 
n-doped InP layer. The mobility was about 2800 cm2V-1s-1 at 300 K, and it reached the 
maximum of approximately 4300 cm2V-1s-1 at 150 K 

σHR

The supply-current-related sensitivity SI of (110) n-doped Hall bars to magnetic 
field was determined at 298 K. Fig. 3 shows a representative Hall-voltage vs. magnetic 
field dependence with the supply current as a parameter.  The sensitivity SI of the 
device, obtained from the dependences in Fig.3, was 130 V/AT. It was constant for all 
supply currents. The non-linearity of UH calculated for the 100 µA dependence was 
lower than 0.2 % over the interval of + 0.4 T used. The Hall sheet concentration nH,S of 
this sample was 4.73x1012 cm-2 at 298 K and 3.37x1012 cm-2 at 77 K. 

 
Fig. 3. Dependence of the Hall-voltage  
of a (110) n-doped Hall bar vs. magnetic 
field with the supply current as a parameter 
at 298 K. 

 
Fig. 2. Temperature dependences of 
the Hall mobility in the n-doped InP 
layer at {110} facets for a set of non-
planar Hall bar devices. 

 
This research was sponsored by NATO's Scientific Affairs Division in the framework of 
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[2] Eliáš, P., Hasenöhrl, S., Cambel, V., and Kostič, I.: Thin Solid Films 380 (2000) 105. 
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 FORMATION OF GAAS PYRAMIDAL STRUCTURES 
 

V. Cambel, D. Gregušová, and J.  Šoltýs    
 
We have studied the possibility of the formation of  ~ 10 um-high symmetric 

GaAs pyramidal structures suitable for further epitaxial overgrowth, and have found a 
novel wet-chemical etching method that uses H3PO4, H2O2, H2O based solution and an 
AlAs interlayer included into GaAs. The AlAs layer controls the lateral etching rate and 
influences the cross-sectional profile of GaAs mesa. We have found that the mesa 
slope can be precisely tuned by the solution composition, AlAs thickness and etching 
depth. The mesa-sidewalls are smooth enough for following epitaxial overgrowth and 
for the preparation of GaAs based non-planar quantum heterostructures. 

We received new results in experimental preparation of controlled GaAs high-
mesas, and in computer simulation of such process.  

The experiments consisted of a (100) GaAs semiinsulating substrate, a GaAs buffer 
layer, a 0.1 or 0.2-µm-thick AlAs interlayer and a 2-µm-thick GaAs cap layer, prepared 
by MOCVD growth. The role of the GaAs cap layer is to hold the Ti mask above the 
structure etched. As an etching mask 100 nm titanium layer was employed. Here, 
squares as masking patterns of the orientation ([001], [010]) were used. 

The H3PO4, H2O2 and H2O based solution of the composition H3PO4 : H2O2 : H2O = 
1 : n : 8, n = 0.5,1, 1.5, 2, 2.5, 3 was used in the experiments to analyse the role of the 
etchant composition on the shape of GaAs objects. All etchings were done at fixed 
temperature 26°C. After etching the GaAs cap and the AlAs interlayer were removed in 
a HF solution.  

The principle of the mesa shaping using the AlAs interlayer is explained in Fig. 1. 
In the figure the time-development of the mesa cross-sectional profile is depicted. By 
short etching diffusion profile is created in the structure. The situation is dramatically 
changed when the etchant approaches the AlAs layer. High lateral etching rate of the 
AlAs layer influences also the etching of GaAs and causes the lateral undercutting of 
the GaAs cap and Ti mask. If longer etching is applied, the underetched GaAs cap with 
Ti mask prohibits ideal etchant exchange, the lateral etching rate decreases and thus the 
slope α of the mesa slightly increases with time. So the final slope of the mesa (bold 

bottom line in Fig.1.) depends on the 
etchant composition, AlAs thickness, 
and etching time. The combination of 
these parameters enables the precise 
tuning of the final mesa slope in the 
interval 25 – 60 deg, The mesa 
sidewalls slope is higher for thinner 
AlAs interlayer and increases with the 
H2O2 content in the solution. This fact 

AlAs 

GaAs

α 

Ti  

Fig.1. Principle of GaAs etching 
using AlAs interlayer. 
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is documented in Fig.2, in which 
is the mesa slope for important 
orientations vs. H2O2 content 
depicted, parameter is AlAs-layer 
thickness. 

For better understanding  the 
etching process we have 
developed computer simulator for 
GaAs structures with embedded 
AlAs interlayer. It is based on 
cellular automata principle. The 
model uses 2-dimensional 
representation of the structure and 
includes simple neighbourhood 
relations. From our experiments 
two parameters are implemented 
into the algorithm: very small 
lateral etching rate of GaAs and 
the ratio of GaAs-vertical and 
AlAs-lateral etching rate. We 
have found that all main features 
of the structures etched in H3PO4, 
H2O2, H2O based solution can be 
achieved with the simulator – 
mask underetching, mesa-tilt-
dependence vs. H2O2 
concentration and AlAs-layer 
thickness as well as the shape of 
the mesa cross-sectional view. 
Computer simulations of the 
dependence of the mesa tilt on 
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AlAs thickness is presented in 
Fig. 3. In general, mesa-sidewall 
angle with the basis is lower for 
thicker AlAs layer, and strongly 
depends on the ratio of the lateral 

etching rate of AlAs and vertical etching rate of GaAs. Similar dependence was found 
in our experiments.  

AlAs width [ nm ]

Fig. 3. Mesa slope versus AlAs thickness. 
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MOVPE GROWTH OF GAAS LAYERS ON PATTERNED GAAS 
SUBSTRATES 

 
R. Kúdela, D. Gregušová, V. Cambel, and J. Šoltýs  
 

We have studied epitaxial growth on pre-patterned GaAs substrates  with the aim 
to obtain novel structures and to realize new semiconductor devices. For patterning, we 
used GaAs/AlAs heterostructure that consisted of a (100) GaAs semiinsulating 
substrate, a GaAs buffer layer, a 0.1 or 0.2 µm AlAs layer and a 2-µm-thick GaAs cap 
layer, prepared by MOCVD growth.We employed Ti mask and squares or circles of the 
side dimensions from 10 to 120 µm  as a masking pattern.  

The orientation of the sides of the squares was [001] and [011]. The H3PO4, 
H2O2 and H2O based solution [1] of compositions 1H3PO4: 1H2O2:8H2O and 
1H3PO4:2.5H2O2:8H2O were used for the etching . After etching the top GaAs layer 
together with Ti mask was removed. Using this method we prepared mesas of sidewall 
slopes 35O, 40O, 45O, and 55O for further growth experiments. The overgrowth of 
patterned substrates with ~ 0.6-µm-thick GaAs layer was realized in an AIX200 
horizontal low-pressure reactor with growth rates 0.6 and 1.2 µm/h (growth rate on the 
(001)-GaAs plane) at 580 OC, 640 OC, and 720 OC. The influence of the growth 
conditions on the mesa-sidewall morphology was studied for mentioned mesa slopes. 

 

Fig. 1.  Morphology of various patterns overgrown with GaAs at 640 OC. Growth 
            Rate was  1.2 µm/h (top row), or 0.6 µm/h (bottom row). 
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The morphology and faceting of the grown structures were afterwards examined by the 
optical microscopy (OM) and atomic force microscopy (AFM). On the basis of our 
experiments, we found that the morphology of the mesa-sidewall overgrowth did not 
depend on the lateral dimension of the mesa. Fig.1 represents inverted dark-field 
pictures of the mesas imaged by OM. Depicted are only most interesting results—mesas 
prepared by 0.6 and 1.2 µm/h at 640 OC.  The morphology of the mesa sidewalls is 

mostly influenced by the growth rate and best results are achieved at 0.6 µm/h at 640 

OC.  

 

Fig. 2.  AFM  scans of the small-angle mesas (a), the 40O-mesas (b), and 
facets at the top of the 45O-and 55O-mesa sidewalls (c,d). 

In Fig. 2, the AFM study of the overgrown mesa prepared with the growth rate 0.6 
and 1.2 µm/h at 640 OC is presented. 

The small-angle mesas (Fig. 2a) are continuously covered with GaAs, at the top 
and at the bottom of the mesa diffusion profile dominates. The overgrowth of the 40O-
mesas is different (Fig. 2b.). Diffusion-like profile is created at the bottom, but facets 
{110} appear close to the top of the mesa sidewall. This facet is evident in Fig. 2c and 
d, at the top of the 45O-and 55O-mesa sidewalls. The 55O-mesa (Fig. 2d) reveals in the 
lower part the as-etched angle (55O) with the transition into diffusion profile at the mesa 
bottom.   The surface roughness of the created {110} facets  was below 1 nm root mean 
square (RMS),  parts that were not faceting reveled surface roughness ~ 5 nm RMS.  

In conclusion, we have studied the MOCVD overgrowth of high GaAs-mesas with 
various sidewall slopes. AFM study has shown that the sidewalls quality of the 
overgrowth pyramidal mesas can be optimized and mesa overgrowth has strong 
tendency for faceting into {110} crystallographic planes.  
 
[1] Kičin, S., Cambel, V., Kuliffayová, M., Gregušová, D., Kováčová, E., Novák, J., Kostič, I., 

and Foerster, A.: J. Appl. Phys. 91 (2002) 878.  
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FABRICATION OF A VECTOR HALL SENSOR 
 

D. Gregušová, V. Cambel, J. Fedor, R. Kúdela, J. Šoltýs, and T. Lalinský 
 
We have developed a unique GaAs-based vector Hall sensor with spatial 

resolution ~5 x 5 µm2. The sensor is placed on the tilted facets of a micromachined 
pyramidal structure and the top of the pyramid serves as a tunnelling contact for control 
of the sensor – sample separation. The tilt of the facets with respect to the base of the 
pyramid is 20°.  

The vector Hall sensor is realized by patterning Hall probes on the tilted faces of 
pyramidal-shaped mesa structures following overgrowth using metallorganic chemical 
vapour deposition (MOCVD) of the active layer, sensor definition and Ohmic contact 
preparation. Data from three of these 'tilted' Hall probes are used to reconstruct the full 
magnetic field vector.    

Our GaAs vector Hall sensor technology consists of several non-standard 
fabrication steps applied sequentially on GaAs substrates; the formation of smooth high-
mesa structures and mesa overgrowth with the active layer, followed by non-planar 
photolithography operations. The technology of vector Hall sensor fabrication can be 
summarized as follows: 

1. GaAs pyramid patterning: The formation of suitable high GaAs mesas was of 
critical importance and had to give us enough scope for subsequent complicated non-
planar processing. 

   For this purpose we have developed a new method for the formation of ~ 10 µm-
high symmetric GaAs pyramidal structures suitable for further epitaxial overgrowth [1]. 
Ti-masked GaAs samples with embedded AlAs layers were etched with 
1H3PO4:nH2O2:8H2O solutions (0.5<n<2.5). The AlAs layer controls the lateral etching 
rate and influences the cross-sectional profile of GaAs mesa. We have found that the 
mesa slope can be precisely tuned over the range 20°- 60° by the H2O2 content in the 
solution as well as the AlAs layer thickness.   Vector Hall sensor technology actually 
involves patterning a double pyramid in a GaAs/AlAs/GaAs structure. Photolithography 
was used to define a 600- µm square Ti mask (large pyramid) with side orientation 
[001], [010]. A 1H3PO4 : 0.5H2O2 : 8H2O-based solution at 26o C was used for the 
formation of large 12-µm high pyramids. A 5µm high small pyramid (72 µm square 
mask) was then prepared on top of the large pyramid using the same etching conditions.  
The GaAs cap and Ti mask were then removed in a 1HF:1H2O solution using ultrasonic 
cleaning. The final slope of the small pyramid was measured to be close to 20o by AFM. 

2. The overgrowth of the pyramids: The MOCVD epitaxial overgrowth of GaAs 
mesas was realized in the AIX200 horizontal low-pressure IR-heated reactor. The 
precursors used were Ga(CH3)3 trimethylgallium and AsH3-arsine. We have studied the 
quality of overgrown pyramids for different sidewall slopes [2]. The small-angle mesas  
are continuously covered with GaAs and at the top and bottom of the mesa a diffusion 
profile dominates. The best surface quality was achieved for a growth rate of 0.6 µm/h 
at 640°C and a V/III ratio of 383. The realized doping concentration of the 600nm thick 
overgrown layer was 3 x 1017 cm-3, the 300 K electron mobility was ~ 3000 cm2 V-1 s-1.  



(
 

(((

Fig. 1. Vector Hall sensor: double pyramid (a), central part (b), detail of one probe (c). 

3. Sensor definition on the sidewalls of the two-level pyramid-shaped mesa 
objects was realized using optical lithography with 4562 AZ positive-tone resist. After 
hard-baking of the resist for 5 minutes at 120oC, the sensor structure with 5 µm linear 
dimensions was defined in 2% bromine in methanol. 

4. The Ohmic contact metallization was prepared by lift-off following the 
evaporation of the Au-Ge-Ni metallization at a pressure of 2.10-5 Pa. Before contact 
deposition the samples were treated in an oxygen plasma for 25 seconds and etched in a 
1NH4OH : 10H2O solution. The metallization was finally annealed at 490o C for 3 
minutes in a forming gas atmosphere.  

Applying this relatively simple process results in a functional vector Hall sensor. 
The double pyramidal structure is used to recess the contact wires. The completed 

structure (a) the 
sensor is shown in Fig. 1 including a zoomed-out view of the whole 

smaller central pyramid (b) and a detail of one of the probes (c). The common contact 
(top of the mesa) is used in measurements as a tunneling contact to control the sensor-
sample separation.  

The critical figures-of-merit for the vector Hall sensor are the sensitivity, linearity 
and resolution, defined by the properties of three individual probes in an external 
magnetic field.  The sensitivities of the individual probes are S1 = 3.17 mV/T, S2 = 4.94 
mV/T, S3 = 3.73 mV/T and typical linearity error for all three probes is less then 1% for 
the magnetic field interval + 0.15 T for a bias current of 100 µA at 300 K. Field 
resolution of the sensor is 50 µT. 

   
[1] Kičin, S., Cambel, V., Kuliffayová, M., Gregušová, D., Kováčová, E., Novák, J., Kostič, I., 

and Förster, A.: J. Appl. Phys. 91 (2002) 878. 
[2] Gregušová, D., Cambel, V., Kúdela, R., Šoltýs, J., Kostič, I., Attolini, G., and Pelosi, C.: J. 

of Crystal Growth 248 (2003) 404. 
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PLANAR HALL EFFECT IN EPITAXIAL HALL SENSORS 
 

M. Morvic and J. Betko 
 

 The planar Hall effect [1-3] is an important topic in Hall sensors used for 
measurements of the vector of  magnetic field as it acts as a disturbing effect and 
distorts the measurement results. In this paper, we present planar Hall effect 
measurements in epitaxial InSb Hall sensor, 7 µm thick, prepared by liquid phase 
epitaxy (ρ = 2.4×10-3 Ω cm). 

 Assuming a Hall plate in x-y plane with a supply current I in the x direction under 
a magnetic field B of an arbitrary direction, the voltage UH,m measured on Hall contacts 
in the y direction can be written as follows 

 
 UH,m = U0 + (RHIB/d) cosθ + (RH,plIB2/2 d) sin2ψ sin2θ,   (1) 
 
where U0 is the voltage due to contacts asymmetry, RH is the Hall constant, and d 

is the sensor thickness; RH,pl is the planar Hall constant (RH,pl = ∆ρ/B2), θ is the angle 
between B and the z-axis and ψ is the angle between Bxy and the current. The second 
term in the Eq.(1) represents the common Hall voltage and the third term is the planar 
Hall voltage. The sum of U0 and the the planar Hall voltage (UH,pl) can be extracted 
from Eq. 1 using measurements at both polarities of the magnetic field, as follows 

 
U0 +UH,pl = (UH,m(B+) + (UH,m(B-))/2     (2) 
 
 The planar Hall voltage was determined from the UH,m measured with surface 

plane parallel with a constant magnetic field (θ = 90o) and rotated around the z-axis 
perpendicular to the surface. 
The sum of U0 and the planar 
Hall voltage is shown in Fig.1 
as a function of rotation angle 
(ψ) for B = 0.3, 0.4, and 0.8 T. 
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Fig. 1. Sum of the planar Hall voltage and the 
assymetry voltage vs angle between B and I in 
planar case with B as a parameter. 

 Fitting the Eq. (2) to the 
experimental data we 
obtained U0 = 0.06 mV and 
the amplitude UH,pl = 0.19 
mV, 0.28 mV, and 0.73 mV at 
B = 0.3 T, 0.4 T, and 0.8 T, 
respectively. Extrapolating 
the dependence of 1/B2 vs. 
1/UHpl to B = 0 we obtained a 
parameter UH,pl/B2 = 2.3×10-3 
V/T2, so, the corresponding 
planar Hall constant is 
RH,pl = 1.6×10-6 m5/W s2. 
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 The magnetoresistance of the 
sensor was measured in the classical 
transversal mode (θ = 0) as well as a 
function of θ at a magnetic field 
perpendicular to the current flow. From 
the plot of ∆ρ/ρ0 vs. θ shown in Fig. 2 
the classical transversal (θ=0) 
magnetoresistance parameter 
(∆ρ/ρ0B2)tansv = 0.69 was obtained. The 
planar Hall constant corresponding to 
this value can be calculated from the 
following relation 
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(RH,pl)calc = ρ0 (∆ρ/ρ0B2)tansv (3) 
 
which yields a value of 1.7×10-5 

m5/W s2. This value is by an order of 
magnitude larger than that obtained 
from measurement. Actually, the magnetoresistance value obtained in planar position (θ 
= 90o) is needed to be taken into account for calculation of the planar Hall constant. In 
Fig.2 it can be seen that this value is by one order of magnitude lower than that at θ = 0 
and is in accordance with the planar Hall constant obtained from the planar effect 
measurement. 
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Fig. 2. Magnetoresistance vs. the angle 
between B and the Hall plate normal at 
B⊥I (B = 0.8 T). 

 It can be concluded that in epitaxial layers the planar magnetoresistance effect is 
depressed due to the small layer thickness and, consequently, the planar Hall constant is 
remarkably lower than the value corresponded to the classical transversal 
magnetoresistance present in the bulk sensors. So, the epitaxial Hall sensors are more 
suitable for the measurement of the vector of magnetic field than the bulk ones. 
 
We would like to thank J. Talapa for the sample preparation. 

 
[1] Schott, Ch., Besse, P.A., and Popovic, R.S.: Sensors and Actuators 85 (2000) 111. 
[2] Polák, M. and Hlásnik, I.: Solid-State Electronics 13 (1970) 219. 
[3] Měřínský, K.: Utilization of the Hall effect in semiconductors for the  measurement of the 

magnetic field vector components (in Slovak), Thesis, Institute of Electrical Engineering of 
the Slovak Academy of Sciences, Bratislava 1962. 
 
 
 
 
 
 
 
 
 



 VECTOR SCANNING HALL PROBE MICROSCOPE 
 

J. Fedor, V. Cambel, and D. Gregušová 
 
 We have developed a vector Hall sensor for scanning the magnetic field vector 

of the linear dimension in one order smaller (~ 5 µm) then the existing smallest 
magnetic field sensor. It is realised by patterning of 3 Hall probes on the tilted faces of 
GaAs-based pyramidal-shaped mesa structures followed by their MOCVD overgrowth, 
sensor definition and Ohmic contact preparation.  Data from these 'tilted' Hall probes is 
used to reconstruct the full magnetic field vector. The top of the pyramid serves as a 
tunnelling contact for the control of the distance sensor – sample (see the previous 
section).   

We have realized a vector 
scanning Hall probe microscope (Fig.1.) 
based on the vector Hall sensor for 
mapping the magnetic field in close 
proximity of the magnetic and 
superconducting samples. It consists of 
x, y high-precision steppers, the z 
movement uses piezocrystal, precision 
< 10 nm, range 25 µm, combined with 
mechanical moving system (screw). 
During measurement the top of the 
pyramid serves as a tunnelling contact 
and helps to control the distance sensor 
– sample.  Both, sample and sensor are 
placed in helium cryostat with 
temperature control in the interval 10 – 
300 K.  External magnetic field is 
controlled electronically in the interval 
+  200 mT. Scanning speed is  ~ 1 
h/frame that consists of 256 x 256 
pixels, which is similar to SQUID 
magnetometers. Whole system is PC 
compatible. It differs from other 
existing systems in the scanning range 
at lowered temperatures. Contrary to 
other similar systems it scans an area 5 
x 5 mm2 at temperatures 10 K with a 
linear precision 2.5 µm. This feature of 
our system we consider as very 

interesting for example in the technology of high-temperature superconductor tapes, 
important for the future systems of energy transport.  

Fig. 1.  Overall view on the Vector 
scanning Hall Probe Microscope. In the 
upper part are steppers and the coil for 
magnetic-field control, in the middle is 
the cryostat, on the left the moving part 
and on the right is the adjusting optical 
microscope.
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 We have tested the vector Hall sensor in a magnetic microscope at 11, 92, 104, 
and 300 K. Here the tests at room temperature are described only.  

 

HP3 

HP1 

HP2 

z 

y 

x

Fig. 2. The layout of the vector 
Hall     sensor. 

 

Fig. 3. Magnetic field over two 
sharp magnetized needles. Left –
field perpendicular to each of 
three Hall probes, right –
calculated components of the 
magnetic field vector.     

 Two stepper motors control the sensor motion in the x,y directions with 
precision 2.5 µm / step. Two of the probes are placed 60 µm apart (24 steps) in the y 

S3), probe HS2 is displaced 30 µm in y and 30 µm (12 steps) in the x 
. 2.). Fig. 6 shows vector Hall sensor scans of the remanent magnetic 
direction (HS1, H
direction (see Fig

field of two sharp ferromagnetic needles at a distance of  ~ 30 µm. Data from three 
probes are first collected (Fig. 3 left, B1, B2, B3- is the perpendicular component of the 
magnetic field at each of the probes). Using simple transformations the Cartesian 
components Bx, By, Bz (Fig. 3, right) are then computed from B1, B2, B3.  

 
 

[1] Gregušová, D., Cambel, V., Fedor, J., Kúdela, R., Šoltýs, J., Lalinský, T., Kostič, I., and 
Bending, S. J.: Appl. Phys. Lett., sent for publication. 
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RADIATIVE-RECOMBINATION TRANSITIONS IN SULPHUR-DOPED GaSb 
 
M. Kučera and J. Novák 
 

A successful growth of GaSb:S by epitaxial [1, 2] as well as by Czochralski [3] 
methods was reported. Doping with sulphur could provide n-type GaSb material for 
device applications. In GaSb:S, deep levels with DX-like properties and a persistent 
photoconductivity phenomenon were studied [3]. Characterisation of GaSb:S by the 

photoluminescence (PL) method was done in Refs. [1, 2]. To make correct conclusions 
from such measurements, there is a need to know mechanisms of recombination 
processes in detail. 

We studied a set of samples prepared by the liquid phase electro-epitaxy (LPEE) 
method [2]. In Fig. 1, PL spectra of sample 
KNF-5 at various pump intensities are shown. 
At high pump intensities, we can observe 
spectra characteristic for all GaSb:S samples 
[2]. They consist of three bands, designated S, 
AU and AI. Band S with a maximum around 732 
meV is the most distinctive PL feature of the 
sulphur-doped GaSb [1, 2]. It is reasonable to 
assign it to some sulphur- related centre. 
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Fig. 1. PL spectra of sample KNF-5 
at various pumping intensities. 
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Fig. 2. Scheme of basic radiative 
transitions in GaSb:S.

Peak AU has a maximum in the energy 
range 767-776 meV for individual samples. It is 
relatively close to the energy, corresponding to 
radiative transitions on GaSb native acceptor 
(NA) centres (typically 777-778 meV). These 
transitions modified by some way represent 
most probably a physical background of band 
AU. Samples used for the study [2] exhibited 
lowering of the hole concentration and one 
sample was even of n-type. It implicates a 
strong compensation present in samples. Such 
compensation causes a perturbation of energy 
bands due to a high concentration of ionised 
impurities, with the effect of an apparent band-
gap narrowing. This state can be probed by 
comparing PL spectra at various pumping 
intensities. We see a strong continuous shift of 
PL band S (about 25 meV with the relative 
increase of the pumping intensity in the range 
of 200) to higher energies. It is a sign that the 
band originates in spatially indirect transitions. 

At the energy of band AI maximum (700-
710 meV) a transition through the ionised NA 
in GaSb has been referred most frequently in 
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the literature. The concentration of the ionised 
NA is enhanced due to the compensation. 

A basic proposal of the scheme of PL 
transitions for GaSb:S is shown in Fig. 2. 
Sulphur doping causes a compensation of NA’s 
and consequently, fluctuating energy bands are 
formed in which spatially indirect optical 
transitions take place. Supposing that sulphur 
forms donor centres, band S can have two 
possible origins. It could be a donor-valence 
band transition (S1) with the donor level approx. 
80 meV under the bottom of the 
band. Activation energy very close t
was published in [1]. Another po
represented by a donor-acceptor tran
involving NA. In this case the donor-
should be around 45 meV, a value v
that obtained from temperature-depe
measurements in [3]. We cannot ex
the possibility of a conductive ban
transition with a sulphur-related cen idence of 
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To obtain more information abo  measured 
a temperature-dependent PL [4]. The Fig. 3. Up 
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The Department of Thin Oxide Films was separated from the Department of 

Superconductor Physics in June 2002. A lot of activities described below were still 
realised at the Department of Superconductor Physics.  

The main research activities of the Department of Thin Oxide Films are growth 
and characterization of thin oxide films and heterostructures. To prepare the films, the 
group uses liquid source delivery (liquid injection) and standard "thermal evaporation" 
metal organic chemical vapour deposition (MOCVD) techniques. Various types of 
oxide film have so far been prepared. Work has recently been focused on the 
development of conducting oxide films for the integration of high-permitivity dielectric 
oxide films with silicon CMOS technology. 

The Department is involved in the following projects: 
− “Thin films and microelectronics structures on the base of oxides“, which is a 

research project supported by the Slovak grant Agency VEGA as of 1.1. 2002. The 
Department is working on it together with the Department of Cryoelectronics. 

− “Metal oxide multilayers obtained by cost-effective new CVD technologies for 
magnetoelectronic microsystems and nanotechnologies“, MULTIMETOX, (G5RT-
CT-2000-05001), which is a thematic network project of the 5th Framework 
Programme as of 1.3. 2000, 

− “Integration of very high-k dielectrics with silicon CMOS technology“, INVEST, 
(IST-2001-39094), which is a research and technology project of the 5th Framework 
Programme as of 1.7. 2002, 

− COST Action 528 “Chemical Solution Deposition of Thin Films“, project “Growth 
of barriers, electrodes and functional oxide layers for integration in 
microelectronics“. 
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In the last two years the Department achieved the most important results in the 
area of preparation and characterization of RuO2 thin films. We showed that it was 
possible to grow highly conductive RuO2 films by chemical vapour deposition. We 
prepared RuO2 epitaxial films on various single crystal substrates at elevated 
temperatures (T = 500 °C). Epitaxial RuO2 films grown on single crystal r-plane cut 
Al2O3 substrate exhibited very low residual resistivity at low temperatures. Residual 
resistivity ratio of these films was as high as 60; this value is in the range reported for 
bulk RuO2 single crystals. Furthermore, we demonstrated a highly conformal growth of 
RuO2 films that was achieved at low deposition temperatures and low pressures. The 
RuO2 films grown at low deposition temperatures are promising candidates for 
conductive electrodes in CMOS and RAM applications.  

We continued studying the preparation of magnetic oxides films – manganites. 
These materials exhibit colossal magnetoresistivity. The study was extended to epitaxial 
growth on less-matched single crystal substrate - r-plane cut Al2O3. Furthermore, the 
first results were achieved on the analysis of electrical properties of thin film structures 
based on LaSrMnO3/SrTiO3 bi-layers.  

Growth of oxide layers was carried out in MOCVD reactors constructed at our 
Department.  We used three horizontal MOCVD reactors. They are designed for 
deposition on small sized substrates (10 * 10 mm2). The reactors use a TriJetTM liquid 
precursor delivery technology of AIXTRON AG. 

Structural characterization of films prepared was carried out by means of X-ray 
diffraction and transmission electron microscopy. Their electrical properties were 
studied in a temperature range from liquid helium up to room temperature in magnetic 
fields 0 - 0.5 Tesla. 

Based on contacts within international projects, the Department of Thin Oxide 
Films co-operated with institutes, laboratories, and companies from nearly all countries 
of Europe. For example, preparing thin oxide films by MOCVD, it intensively 
collaborated for a long time with the Laboratoire des Materiaux et du Genie Physique, 
Institut National Polytechnique de Grenoble, and with the Institut de Ciencia de 
Materials de Barcelona.  We had also intensive contacts with AIXTRON Company AG. 
The collaboration was focused on the development of an MOCVD process for thin 
oxide film growth.  

In June 21 – 22, 2001 we organised a workshop for about 30 participants entitled 
“Patterning of Thin Oxide Films” within the framework of the MULTIMETOX project. 
The participants, mostly young people under 30, were PhD students and post-docs from 
ten European countries. They also visited facilities at the Institute of Electrical 
Engineering. 

 
 

 
      Karol Frőhlich 

 
 
 



SUBSTRATE DEPENDENT GROWTH OF HIGHLY CONDUCTIVE  
RuO2 FILMS 

 
K. Fröhlich, D. Machajdík, V. Cambel, and R. Lupták 
 

Thin RuO2 films with metallic conductivity are attractive for several 
microelectronic applications. Possible applications include precision resistors in hybrid 
circuits, diffusions barriers, and recently, utilization as capacitor electrodes for CMOS 
and RAM technology. For the RAM application epitaxially grown capacitor stack is 
supposed to improve fatigue behavior and reduce leakage currents. This leads us to 
study epitaxial growth of RuO2 films. 

We have prepared RuO2 films by metal organic chemical vapor deposition 
(MOCVD) on r-plane cut Al2O3, MgO, LaAlO3 and SrTiO3 single crystal substrates [1]. 
The films were grown at the deposition temperature Td = 500 °C. X-ray diffraction 
patterns of the RuO2 films are shown in Fig. 1. The films exhibit strong preferred 
orientation, depending on the substrate. The preferred orientation of the RuO2 films out-
of-plane and in-plane was examined by rocking curves and ϕ-scans. Table 2. 
summarizes orientation relationships and structural characteristics of the RuO2 films on 
various substrates. The best preferred out-of-plane orientation was achieved for the 
RuO2 films on Al2O3 substrate, with a full width at half maximum (FWHM) of the 
rocking curve FWHM = 0.6°. 

The ϕ-scan of the 200 reflection obtained from the RuO2 film deposited on the r-
plane cut Al2O3 exhibits one peak that coincides with the peak of 018 reflection of the 
substrate. Small value of the FWHM (0.9°) indicates excellent in-plane alignment of the 
RuO2 film on the Al2O3 
substrate.  
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Fig. 1. X-ray diffraction pattern of the RuO2 films grown 
on Al2O3, MgO, LaAlO3 and SrTiO3 substrates. Bottom 
graph shows X-ray diffraction pattern of the RuO2 powder.  
 

The ϕ-scan of the 
200 reflection of the 
RuO2 film on the MgO 
substrate contains four 
peaks with  90° between 
them. It points out that 
the film is composed of 
two equivalent domains 
rotated by 90° each 
other. The FWHM of 
the peak of is about 
2.1°, indicating lower 
in-plane alignment of 
the RuO2 films on the 
MgO in comparison 
with the films on the 
Al2O3 substrate. 
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Film/ 
substrate 

Preferred out-of-plane 

orientation 

FWHM  

[°] 

Preferred in-plane 

orientation 

FWHM  

[°] 

RuO2/Al2O3 RuO2 (101) || Al2O3 2)1(01  0.6 RuO2 01]1[  || Al2O3 [0  0.9 

RuO2/MgO RuO2 (110) || MgO (100) 1.76 RuO2 [001] || MgO[011] 2.1 

RuO2/LaAlO3 RuO2 (200) || LaAlO3 (100) 0.86 RuO2 [011] || LaAlO3[011] 5.4 

RuO2/SrTiO3 RuO2 (200) || SrTiO3 (100) 0.68 RuO2 [011] || SrTiO3[011] 6.2 

 
Table 2. Orientation relationships and structural characteristics of the RuO2 films on 
various substrates. 

11]1

The ϕ-scans of the 110 reflection of the RuO2 films grown on LaAlO3 and SrTiO3 
substrates contain four pairs of peaks located symmetrically around the position of the 

alent variants of 
ice. 
e 35 - 40 µΩcm. 

g. 2. The residual 
e films is 4, 6.3, 
, respectively.  
ing in the oxygen 
 high value rrr = 
(110) LaAlO3 and SrTiO3 peaks. Consequently, there are four equiv
aligning of the [011] RuO2 axes with the [011] axes of the substrate latt

Resistivity of the RuO2 films at room temperature was in the rang
Temperature resistivity dependence for all films is displayed on the Fi
resistivity ratio (the resistivity ratio between 300 and 4.2 K, rrr) of th
13, and 28 for films on the substrates SrTiO3, LaAlO3, MgO, and Al2O3

Residual resistivity of epitaxial RuO2 films decreases after anneal
atmosphere. RuO2 films grown on the r-plane cut Al2O3 exhibited very
60 after annealing at 850 °C 
[2]. This value is in the range 
reported for bulk RuO2 single 
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/MgOr/r

30
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crystals. 
Residual resistivity in our 

MOCVD grown RuO2 films 
was found to be directly 
correlated with the in-plane 
orientation. We can conclude 
therefore, that reduced grain 
boundary scattering is 
responsible for the low 
resistivity and increased 
residual resistivity ratio in our 
epitaxially grown MOCVD 
RuO2 films. 
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    Fig. 2. Resistivity as a function of temperature for  
     RuO2 films grown on Al2O3, MgO, LaAlO3 and  
      SrTiO3 substrates. 
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RBS AND AFM STUDY OF EPITAXIAL RUO2 FILMS DEPOSITED ON 
DIFFERENT SINGLE CRYSTAL SUBSTRATES 

 
D. Machajdík, K. Fröhlich, and V. Cambel 
 

Recent growth of interest in ruthenium dioxide films arises from their interesting 
properties, which could make the material very useful in new microelectronic thin film 
technologies.  

We studied ruthenium dioxide films, deposited by an MOCVD method [1] on 
single crystals of )0211( Al2O3, (100) SrTiO3, (100) MgO, (100) LaAlO3, (100) 
Si/SiO2 and (100) Si/YSZ. A study [2] was performed using RBS, ERD and AFM 
methods with the aim to characterize the elemental composition, microstructural quality, 
and homogeneity of the films. The element depth distribution and thickness of the 
ruthenium oxide films were obtained by using a simulation procedure with the help of  
DVBS code [3]. 
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Fig. 1. a) RBS experimental and 
simulated (open circles) spectra for 
RuO2 film on  Si/SiO2 substrate;  
b)  AFM surface image of the film. 

 Fig. 2. a) RBS experimental and simulated 
en circles) spectra for RuO2 film on MgO 

   substrate; 
  b) AFM surface image of the film. 
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 Simulation procedures of RBS spectra, based on trial and error variations of film 
thickness and elemental composition, converged to a very good fit between 
experimental and theoretical spectra for all films. Analysis showed that films were 
several hundred nanometres thick and the elemental composition was homogeneous 
inside the films. The Ru:O atomic ratio was 1:2. Values of interface thickness were 
obtained on the basis of interface diffusion modelling. However we believe that the 
spectra are influenced not only by diffusion but also by surface and interface roughness. 

The influence of diffusion and roughness of a film on the shape of its spectrum is 
exemplified in Fig. 1  and in Fig. 2. Good results in the modeling of this part of RBS 
spectrum, which carries information from the interface region (Fig. 1a), was achieved 
by assuming very intensive interdiffusion. Such an assumption would justify the 
formation a large interface region. The thickness of the interface region reached 370 
nm. On the contrary, film on Fig. 2 deposited on MgO substrate had an interface region 
140 nm thick. It is about 2.6 times thinner than previous film. In the first approach this 
difference can be interpreted as a consequence of the difference between diffusion 
properties in both substrates. However, due to the fact that RBS itself is not able 
distinguish between interface diffusion and roughness, it is necessary assume, that 
interface thickness intervals extracted from  the diffusion modelling are virtual, and they 
should not be interpreted only as a measure of interdiffusion. We believe that they are 
composed of contributions from three parameters as follows: true diffusion of elements, 
substrate roughness, and surface roughness. This view is supported by AFM surface 
images of both films investigated. They are shown in Figs. 1b. and 2b.  One can observe 
a large quantitative difference between the roughnesses of both surfaces. However, to be 
able to quantify all three contributions, it is necessary to perform a detailed analysis 
based on both surface and interface roughness. 

In conclusion, all experiments have shown that a correct quantitative interpretation 
of the interface diffusion by using RBS, assumes the complementary knowledge of 
surface roughness that may influence both characteristics of the film.  
 
This work was performed in cooperation with LNF JINR Dubna, Russia, and was 
supported in part by the European Commission (project GRT-CT-2000-05001 
MULTIMETOX), by AIXTRON AG Company and by the Slovak Scientific Grant 
Agency (grant VEGA 2/2068/22). 
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LOW-TEMPERATURE GROWTH OF RuO2 FILMS FOR CONDUCTIVE 
ELECTRODE APPLICATIONS 

 
K. Fröhlich, V. Cambel, and D. Machajdík 
 

 Recently we have succeeded in growth of highly conductive RuO2 films by metal 
organic chemical vapour deposition (MOCVD) technique. The RuO2 films grown at the 
deposition temperature Td = 500 °C exhibit low room temperature resistivity, ρrt. For 
application of RuO2 films in CMOS and RAM devices it is desirable to prepare the 
films at low deposition temperatures. Therefore we focused on properties of RuO2 films 
grown on Si and Si/SiO2 substrates at low temperature, Td = 250 °C [1].  

In CVD technique, conformal growth is achieved when surface kinetics controls 
the overall process, i.e. generally at low deposition temperatures and low working 
pressures. Fig. 1 illustrates 
morphology evolution from 
gas-phase diffusion to 
surface kinetics controlled 
regime for the RuO2 films 
grown on patterned Si/SiO2 
substrates. The films grown 
in the gas- phase diffusion 
controlled process (high 
deposition temperature, Td 
= 400 °C, high working 
pressure, pd = 1330 Pa) 
exhibit large grains and 
poor step cov
best conformal 
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the films ranged from 50 to 240 nm and depended on the deposition duration. The films 
exhibit room temperature resistivity, ρrt, in the range from 100 to 240 µΩcm, depending 
on the film thickness.  

Surface morphology of the RuO2 films was studied by atomic force microscopy, 
AFM. The mean grain size of the film with thickness 50 nm was 30 nm. Grain size of 
the films increases with the film thickness. The thickest film (240 nm) has mean grain 
size 95 nm. Fig. 2 displays variation of the room temperature resistivity with the inverse 
grain size diameter. 
Monotonic increase of 
the resistivity with the 
inverse grain size 
diameter indicates 
dominant contribution 
of grain boundaries to 
scattering of the 
charge carriers. We 
conclude therefore, 
that the impurity 
content (e.g. carbon 
contamination, always 
possible in MOCVD 
grown oxide films) is 
not limiting factor for 
resistivity even in the 
case of the RuO2 films 
grown by MOCVD at 
Td = 250 °C.  
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Fig. 2. Room temperature resistivity ρrt as a function of the 
inverse mean grain size 1/d. 

The study shows that RuO2 films grown at low deposition temperature by 
MOCVD technique exhibit excellent conformal growth and low room temperature 
resistivity. These films are promising candidates for conductive electrode in CMOS and 
RAM applications. 

 
The authors acknowledge technical assistance of Tomáš Tegelhoff, Michal Šulka and 
Alenka Seifertová. This work was supported by the European Commission (project 
GRT-CT-2000-05001 MULTIMETOX), by the AIXTRON AG Company and by the 
Slovak Scientific Grant Agency VEGA (grant 2/2068/22). 
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GROWTH OF MAGNETORESISTANT La1-xMnO3 FILMS ON R-PLANE CUT 
SAPPHIRE 

 
K. Fröhlich, M. Pripko, I. Vávra, K. Dénešová, and D. Machajdík 
 
 Magnetoresistance in manganites is more important in single crystal and epitaxial 
films. The most frequently used substrates for thin epitaxial films of manganites are 
SrTiO3 and LaAlO3. The lattice mismatch of LaMnO3 to SrTiO3 and LaAlO3 substrates 
is 0.6 and 2.4 1%, respectively. 

We have also noticed the epitaxial growth of La1-xMnO3 films on the r-plane cut 
Al2O3. A lattice mismatch of the r-plane cut Al2O3 along a two quasi-orthogonal 
directions  and 10[  to LaMnO3, rotated by 45 ° in the (1  plane, is 7 and 
15%. Therefore, epitaxial growth of manganite thin films on sapphire is less favourable. 
In this paper we present the La1-xMnO3 films grown on the r-plane sapphire that exhibit 
various degree of epitaxy due to the varying of La content in the film [1]. The films 
were prepared by metal-organic chemical vapour deposition (MOCVD) [2].  

02)1]1021[ ]11

 Diffraction pattern for set of La1-xMnO3 films on r-plane oriented sapphire is 
shown in Fig. 1a. The films with x ~ 0.9 has clear polycrystalline character with the 
most intensive reflection 011 of LaMnO3. The 001 and 002 reflections progressively 
emerge and become most intensive with increasing of La content. Cation composition 
of the film with the most intensive 00l reflections corresponds to LaMnO3. 

Magnetotransport properties of La1-xMnO3 films on r-plane oriented sapphire (Fig. 
1b.) are closely related to their structure. Resistivity versus temperature of the 
La0.9MnO3 films exhibits wide maximum at temperature close to 200 K. This is a typical 
shape of metal-insulator transition in fine grained materials [3]. The value of the 
resistivity varies between 2 and 9 Ωcm. Difference between resistivity in zero and 0.5 T 
magnetic field persists over all temperature region below the maximum. For films with 
increasing degree of texture, polycrystalline character of the resistivity behaviour 
progressively diminishes. Resistivity of the films decreases and difference between their 
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Fig. 1. a) X-ray diffraction patterns of La1-xMnO3 films on r-plane sapphire exhibiting 
different degree of texture, b) Resistivity in zero and 0.5 T magnetic field and 
magnetoresistance (inset) as a function of temperature for La1-xMnO3 films with 
different degree of epitaxy. 
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value in zero and 0.5 T magnetic field becomes smaller at lower temperatures. The R-T 
dependence for LaMnO3 presents resistivity behaviour typical for epitaxial films; 
relatively sharp metal-insulator transition with enhanced magnetoresistance in the 
region of the transition. However, resistivity of the film varies between 0.003 and 0.3 
Ωcm, and is higher in comparison with epitaxial La1-xMnO3 films grown on well lattice 
matched substrates. 
 More detailed analysis of the texture of a La1-xMnO3 film exhibiting 
magnetotransport characteristics typical for epitaxial film show that the film is 
composed from [002], [011] and very small amount of [111] preferentially oriented 
groups of grains. Full width of the [002] and [011] rocking curve FWHM = 1.57 °and 
FWHM = 2.17 ° indicates inferior preferred orientation of the [002] and [011] oriented 
grains. 111 φ-scan of the [002] oriented grains revealed their in-plane orientation. In 
contrast to the 002 grains, the [011] oriented grains have random in-plane orientation.. 
 Microstructure of partly epitaxial LaMnO3 film analysed by transmission electron 
microscopy is presented in Fig. 2. The film consists of epitaxialy grown [001] oriented 
grains with dimension of about 100 nm, dispersed in a matrix. In addition to epitaxialy 
grown crystallites also polycrystalline LaMnO3 component (concentric rings) and spots 
originated from minor amount of Mn3O4 can be seen on the electron diffraction pattern. 
These grains correspond to the polycrystalline matrix in the transmission electron 
microscopy image. 
 We have observed that the La1-xMnO3 films with composition close to LaMnO3 
stoichiometry exhibited higher degree of epitaxy. We suggest that improved 
stoichiometry of La1-xMnO3 films (x→0) can stabilized epitaxy of manganite phase on 
non lattice matched Al2O3 substrate. 
 

 The authors acknowledge technical assistance of Tomáš Tegelhoff, Michal Šulka 
and Alenka Seifertová. This work was supported in part by the European Commission 
(project GRT-CT-2000-05001 MULTIMETOX) and by the Slovak Scientific Grant 
Agency (grant VEGA 2/6057/99). 

 

  

 b)  a) 

Fig.2. a) transmission electron microscopy and b) corresponding electron diffraction of 
the LaMnO3 film grown on Al2O3.
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CHARACTERIZATION OF THE TUNNEL JUNCTIONS BASED ON 
La0.7Sr0.3MnO3 BILAYERS 

 
M. Pripko, A. Halabica, K. Frőhlich, and A. Plecenik  
 

Half-metallic manganites represent very useful material for MTJ because of the 
high value of the spin polarization observed in their ferromagnetic state and high Curie 
temperature (TC). Reported value of P ~ 80 % for optimally doped La0.7Sr0.3MnO3 
(LSMO) is higher then in the typical ferromagnetic metals like iron (44%), cobalt (34%) 
and nickel (11%) [3]. To investigate the quality of manganite/SrTiO3 interface in situ 
grown by metal-organic chemical vapor deposition we prepared the LSMO/STO/Au 
tunnel junctions.  

The LSMO/STO bilayers were prepared by low-pressure liquid-source metal 
organic chemical vapor deposition on STO substrate [1]. Two independent sources of 
precursors were used for deposition both in situ grown LSMO and STO layer. The 
LSMO/STO/Au tunnel junctions were built up starting from the LSMO/STO bi-layer 
using optical lithography followed by ion-beam etching. The insulating CeO2 layer was 
sputtered at room temperature as a insulating layer between upper and bottom 
electrodes.  The gold layer was deposited by vacuum evaporation as an upper electrode.  

Current versus voltage (I-V) characteristics of the tunnel junctions were measured 
by a standard DC four-probe technique using a current source. The differential 
conductances dI/dV vs. V were obtained by numerical derivation from the I-V 
characteristics. 

The differential conductance 
G(V) = dI/dV vs. V obtained from 
derived I-V characteristics exhibit quasi-
quadratic dependence characteristic for 
the tunnel junctions due to the energy 
dependent tunneling probability of 
quasiparticles (Fig.1.). The width d = 3 
nm and heights ϕ1 = 0.32 eV and ϕ2 = 
0.33 eV of the tunnel barrier were 
calculated using the parameters of (dI/dV) 
characteristic [2]. The barrier thickness 
obtained from tunneling measurements is 
only slightly higher then the value 
estimated in deposition process.  

To characterize interface of MOCVD 
grown LSMO/STO bilayer we have 
performed Auger electron spectroscopy. 
The depth profile of the bilayer is 
displayed on Fig. 2. Curves of La and Mn 
rise very slowly in region of interface 
between LSMO and STO layer 
determined from sharp decrease of Sr. Our results indicate existence of interdiffusion at 
the LSMO/STO interface prepared at high deposition temperature, mainly the diffusion 
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Fig. 1. I-V characteristic and the 
differential conductance G/G(0) (inset) 
of the La0.7Sr0.3MnO3/SrTiO3/Au tunnel 
junction at 4.2 K.  
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of La and Mn to STO. Because the SrTiO3 properties are very sensitive on the doping 
elements increasing the density of the carriers, one can expect the discrepancy between 
the width of the barrier determined from tunneling characteristics and from deposition 
process due to change of the SrTiO3 dielectric properties near the interface. In this case 
we calculated effective width of the barrier instead of the real one. The interdiffusion 
processes influence also the properties of the LSMO near the interface. It is known that 
physical properties of manganites are very Mn3+/Mn4+ ratio sensitive and this ratio can 
be in manganites varied in wide range by changing of cation stoichiometry (vacancy, 
divalent ion doping) as well as by changing of oxygen content in the structure. 
Interdiffusion between the electrode and the barrier attacks the the stoichiometry of 
manganite layer near the interface and give rise for creation of additional layer with 
significantly different properties (TC) than the bulk electrode material [3]. Because the 
sharpness of the LSMO/insulator and the properties of the LSMO near the interface 
determine the quality of the 
magnetic tunnel junctions, the 
interdiffusion can significantly 
change the transport properties 
of such tunnel junctions. Due 
to the change of the 
stoichiometry and Mn3+/Mn4+ 
ratio the spin polarisation in 
the LSMO can be much 
smaller than the theoretical 
prediction. The changes of the 
LSMO properties were also 
observed near the barrier in 
La0.8MnO3/Al2O3/Nb tunnel 
junctions. The additional 
barrier was appeared by oxygen 
out-diffusion from La0.8MnO3 
(LMO) electrode and the 
properties of the junctions were 
controlled by illumination of the oxygen deficient LMO interface [4].  
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Fig. 2. Auger electron spectroscopy – depth 
profile of La0.7Sr0.3MnO3/SrTiO3 bilayer 
prepared by MOCVD at deposition 
temperature of 800 ºC. 
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          Ondrej Vávra 
 

Our research is based on the detailed study of thin film microstructure, which is 
predominantly performed using transmission electron microscopy.  

We partly focused our efforts on thin film superlattices, namely on 
superconductor/ferromagnet type of multilayers prepared by sequential magnetron 
sputtering. The amorphous FexSi1-x alloy with various values of x was used as the 
ferromagnetic material. Using a ferromagnetic resonance method, we carried out 
magnetic measurements on a [Nb(6 nm)/Fe50Si50(~ nm)]*50  multilayer. It showed that 
the Fe50Si50 alloy is ferromagnetic down to a thickness of 0.7 nm. Based on this, we 
prepared a series of Josephson junctions of S/F/S type (with the F-layer thickness of a 
few nm), and measured their electrical characteristics in microwave and dc magnetic 
fields. The occurrence of ac and dc Josephson effects in the junctions was confirmed. 
The evidence of a high-efficiency Andreev reflection was proven by the measurement 
of I-V characteristics, which indicated the high quality of superconductor/ferromagnet 
interfaces. Novel types of dependence of the critical current on magnitude of the 
magnetic field were observed, in accord with model computer simulations. We based 
this research on experiences with our previous investigation of superconducting 
superlattices, as the Department has been studying them since 1990. 

We also dealt with a very attractive application that follows from a unique 
microstructure of epitaxial La1-xMnO3 films deposited on LaAlO3 or sapphire substrates. 
If the technological conditions are properly tailored, nano-sized voids segregate at the 
manganite/substrate interface. The voids occupy about 80% of the interface. We 
suppose that their presence causes a decrease in the thermal conductivity. This effect 
combined with a steep temperature dependence of the resistance, which occurs in 
manganites due to the paramagnetic/ferromagnetic transition, predestine La1-xMnO3 
films for bolometric applications. 
         Considerable progress was made in the technology of 3D nano-structured 
materials, based on our experience in the preparation of multilayers. We prepared nano-
structured thin films in the form of periodic multilayers with non-continuous metallic 
layers. The second component of a multilayer is usually an insulator. By a careful 
choice of deposition parameters, we achieved the growth of metallic layers in the form 
of non-continuous films that consisted of metallic nanoparticles. Different growth 
conditions were used to prepare the continuous insulating layers that had a tendency to 
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planarise the surface. Very low interdiffusion occurred between the metallic 
nanocrystallites and the matrix, because we used low deposition temperatures.  

The main advantage of our method is the possibility to prepare various 
combinations of materials with well-defined physical properties. We prepared Ni 
nanocrystals embedded in AlN and CNx matrices, Fe in AlN , and Bi in Al2O3. 

We also launched the preparation of nanogranular multilayered superconducting 
films of NbTi/Cu, Nb/Cu, and Nb/AlN.  

A new type of contacts was developed for the electrical and magnetotransport 
characterisation of the 3D nano-structured films. It was motivated by a finding that the 
number of nanoparticles between the electrodes should be as low as possible. Therefore, 
a combination of standard optical lithography and electromigration in a gold post-
deposited metallization layer was used to fabricate electrodes on top of a nanogranular 
film with a gap of less than 100 nm. Using such contacts enabled us to observe 
Coulomb staircase in the Fe/SiO2 system. 

In 2002 we finished work on project” Superconducting and Magnetic 
Nanostructures” supported by the Slovak Grant Agency VEGA. We were also involved 
in a new project entitled “Nanocrystalline thin films”. The Department was also active 
in COST Action 523 “Nanostructured materials”.  

In last two years we co-operated with research groups at the Katolieke Universiteit 
Leuven, the MFA/KFKI Budapest, the Technical University Ostrava, the Institute of 
Physics AS CR Prague, and the University in Padova. 

As our research into nano-materials is based on a close and intensive collaboration 
of all staff members, I would like to express my gratitude for their contributions. 

 
Ivo Vávra  



NEW TYPE OF JOSEPHSON JUNCTION OF Nb/Fe0.5Si0.5/Nb STRUCTURE 
 

O. Vávra, Š. Gaži, J. Dérer, E. Kováčová, and I. Vávra 
 

A Josephson junctions with Nb/Fe0.5Si0.5/Nb with nanoscaled  interfaces is 
presented. The real structure of the tunnel junction is described as a junction with 
interfaces with mono- eventually bi- atomic layer of Fe on the interfaces Nb/Fe0.5Si0.5. 

The Nb/Fe0.5Si0.5/Nb structures were fabricated by a sputtering technique. Three 
deposition runs are used for the junction preparation. In the first run the bottom 
superconducting electrode (150 nm), FeSi barrier (typically ~ 2 nm), and a fraction of 
the top Nb electrode (40 nm) are deposited onto an oxidized Si wafer. These stacked 
layers prepared in the first vacuum run were patterned by Ar ion beam etching to obtain 
a tunnel junction of the size of 20 x 20 µm2. The insulating layer between the bottom 
and the upper electrodes outside of the junction area was prepared in the second 
deposition run by rf sputtering of SiO2. The last deposition was the sputtering of the 
remaining part of the upper Nb electrode (approx. 150 nm). Due to interdifusion Si to 
the Nb electrodes, this preparation technique 
may leads to the real structure of the 
junction: Nb/Fe’/Fe0.5Si0.5/Fe’’/Nb. Fe’ a 
Fe’’ are monatomic eventually biatomic 
layers. 
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We focused our interest to Andreev 
reflection observation. S/F interfaces are 
characterized by the transparency factor T. 
To obtain the high value of transparency 
factor a low roughness of S/F interface and 
uniform concentration of ferromagnetic 
material along the interface is needed [1]. 

Figure 1 shows a normalized 
differential characteristics G(V)/Gn where 
Gn means a normal conductan
consider a maximum of the zero
(narrow one corresponds to IC on
see that obtained maximum 
multiple of normal conductance G
known that for the transparency nductor/metal 
shows double enhancement of dif l state 1. In the 
Nb/Fe’/Fe0.5Si0.5/Fe’’/Nb junction ’/Nb therefore 
for  effect mentioned abo pplied voltage 

 approximately quadreV . So we have 
prepared junctions with very low l as with high 
transparency factor. 

differential 
showing an 
ncement of 

nce 

 
[1] Zereyan, M., Belzig, W. and Na at/0010089. 
ce. If we 
 bias peak 

set) we can 
is a 3.73 
n. It is well 
 factor T  one interface superco

ferential conductance against the norma
1→

 there are two interfaces Nb/Fe’ and Fe’
ve is doubled. One can see that for a
uple enhancement of Gn is observed
 roughness of S/F interface and as wel

 
Fig.1.: Normalized 
conductance vs. bias 
approx. quadruple enha
the differential conducta

zarov, Y.V., http://arxiv.org/archive/cond-m



MANGANITE PEROVSKITE THIN FILMS FOR BOLOMETRIC 
APPLICATIONS 

 
P. Lobotka, M. Lexmann, S. Gaži, I. Vávra, K. Sedláčková, M. Pripko, K. Fröhlich 
 

Lanthanum-deficient manganite perovskite thin films were prepared by an 
MOCVD technique. Although manganites are well known predominantly by their 
magnetoresistivity, we have studied their bolometric properties. The main reason was 
that in LaxMnO3 films deposited on LaAlO3 substrates at 750 and 800 C, the TEM 
micrographs revealed voids segregated at the interface between the film and LAO 
substrate [Fig. 1]. The voids are of parallelepiped shape with dimensions of about 
40x40x20 nm3. The nanovoids occupy almost 80%. of the interface area. This feature 
together with relatively high peak TCR ~11% K-1 makes these films attractive for 
bolometric applications as the heat sink from the film to the substrate is, due to the 
voids, substantially lowered. A temperature dependence of the optical response to 
visible light is depicted in Fig. 2. The curve follows the shape of R(T) derivative, which 

proves the bolometric behaviour of the film. The maximal sensitivity was obtained at 
about 220 K, which is a temperature reachable using Peltier coolers. 

 
 
Fig. 1. Cross-sectional TEM micrograph of the epitaxial film LaxMnO3 about 300 
nm thick deposited on the single-crystalline LaAlO3 substrate. The voids are 
localised predominantly at the interface, and occupy about 80% of the interface 
area, decreasing thus substantially the heat sink from the bolometric film to the 
substrate. 

The decreased heat transfer implies the temperature raise, caused by radiation to be 
detected, is higher and achievable in a shorter time comparing to films lacking this 
“honeycomb” interface. This is in synergy with low thermal conductivity of the LAO 
substrate. It is worth noting that the nano-void formation was not limited just to LAO 
substrate, it was also observed in films deposited epitaxially on sapphire or SrTiO3 
substrates. This fact supports our assumption that both high substrate temperature and 
deficiency of lanthanum play the significant role in this peculiarity.  
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In this study we did not apply the film post-annealing in oxygen that should, 
according to our experience [1], shift entire R(T) to higher temperature by several tens 
of degrees, which would reduce the requirements for cooling. It might be then possible 
to operate the bolometer close to room temperature.  

It seems that perovskites in general are intensively studied with respect to 
bolometric applications because of their high and wideband absorption of 

electromagnetic radiation. It concerns semiconducting YBCO, magnetoresistive 
LaMnO3 or ferroelectric BaTiO3. The most attractive range lies in THz frequencies. 

Fig. 2. Temperature dependence of the 
electrical resistance and optical 
response of the manganite film. The 
optical response was measured at the 
bias current of 0.5 mA. Bright white 
LED light source was supplied with 
pulsed current (20 mA) at a frequency 
of 126 Hz. The sample was placed in 
vacuum. 

 
Fig. 3. Time dependence of the optical 
response reaching 2.5 mV at the frequency 
of 50 mHz and the bias current of 0.5 mA. 

 
This work was presented at Eurosensors XVI conference in Prague [2]. 
 
[1] M. Pripko, K. Fröhlich, D. Machajdík, and M. Maryško, Proc Int Conf. TFDOM, Vilnius 

Sept. 2000, p.118. 
[2] P. Lobotka, M. Lexmann, S. Gazi, I. Vavra, K. Sedlackova, M. Pripko, and K. Frohlich, 

Proc. Int Conf. Eurosensors XVI, p. 65, CTU Prague 2002. 
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ELECTRICAL TRANSPORT IN COMPOSITE NANOGRANULAR THIN 
FILMS 

 
P. Lobotka, I. Vávra, V. Šmatko, J. Dérer, E. Kováčová, and K. Sedláčková  
 

 Nanogranular composite films consisting of metallic nanoparticles (Fe, Bi, Ni) of 
the size in the range 3-9 nm embedded in an amorphous insulating matrix (e.g., AlN, 
Al2O3, SiO2, CNx) were prepared by sequential sputtering or evaporation, and ion 
implantation. The primary goal is to study electro- and magnetotrasport in these systems 
in which the main transport mechanism is a tunneling. A typical intergranular distance 
determined from TEM micrographs is about 2-3 nm. 

In all the systems we have studied so far, the temperature dependence of resistance 
followed the relation lnR~1/T1/2 [1]. The square-root dependence is considered typical 
for nanogranular systems being not strictly monodispersive (in other case the R(T) 
would obey Arrhenius plot). The dispersion in our systems is 5-12% depending on the 
deposition technology used. 

In all our samples Coulomb blockade of tunneling was observed. In case of Fe-
SiO2 system measured at 4.2 K, even the signs of Coulomb staircase were clearly visible 
in I-V curves. We were able to observe this effect, known from single-electron systems, 
due to special electrodes fabricated by using a standard optical lithography, ion beam 
etching and electromigration. In this way, the number of metallic particles included in 
the conduction path between gold electrodes was very small. The feasible width of the 
gap is less than 100 nm (Fig. 1). 

In Fig. 2 temperature dependence of a differential conductivity G versus bias 
voltage V in Ni-CNx nanocomposite system is plotted. The evolution of Coulomb 
blockade of tunneling is clearly visible 
(plateaus in the G(V) curves). The 
temperature dependence of the threshold 
voltage (marked by arrow in Fig. 2) is 
shown in Fig. 3. In principle, the random 
nanocomposite system metal/insulator 
behaves, in some sense, like 
sophisticated devices consisting of 1D or 
2D array of tiny tunnel junctions used 
for Coulomb blockade thermometry [2]. 

Bi-Al2O3 system is attractive due to 
interplay between quantum confinement 
that should occur for heavy electrons in 
bismuth nanocrystallites and the overlap 
of wave packets in the neighboring 
nanocrystallites due to light electrons 
(m*=0.006m0) present in bismuth. 
Preliminary results revealed a strong 
Coulomb blockade below ~120 K [3]. 

 

 
 
 
 
 
 
 
 
 
Fig.1. The gap fabricated by 
electromigration in the post-deposited 
patterned gold layer. The tunneling 
current flows in vertical direction through 
nanogranular film localised in the dark 
horizontal ~100 nm wide gap. White 
spots on top of the gold surface are 
hillocks arising due to electromigration.  
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Fe-AlN system was prepared in order to avoid ageing we encountered in systems 
containing oxide matrix (like Fe-TaOx [4]). At present its structural studies are 
performed.  
 

 
Fig. 3. Temperature dependence of the 
threshold voltages (the knees in G(V) 
curves shown above). 

Fig. 2. Evolution of Coulomb blockade 
of tunneling with decreasing temperature 
as measured in Ni-CNx nanocomposite 
system. (T= 113-76-57-42-24-15-4 K) 

 

The collaboration with Dr J Sobota (ISI ASCR Brno) and Dr F Fendrych (IP ASCR 
Prague) within the COST 523 action entitled Nanostructured materials, and SEM 
picture provided by Dr I Kostic (II SAS Bratislava) is greatly acknowledged.  

 
 
 
 
Fig. 4. High-resolution TEM 
micro-graph of the bismuth nano-
crystallite about 6 nm across, 
embedded in amorphous alumina. 
Interestingly, when the sample was 
slightly heated by electron beam in 
the microscope, the crystallite form 
and its crystallographic orientation 
was changing very rapidly. This 
action was videotaped at the 
collaborating institute MFA/KFKI 
Budapest (Dr Radnoczi) and will 
be a matter of further studies. 
Maybe some role in this effect 
plays the same property of bismuth 
as that of water – shrinkage at solid 
-liquid transition (3.4% for bulk 
bismuth). 

 
[1] P. Lobotka, I. Vavra, F. Fendrych, L. Kraus, J. Magn. Magn. Mater., 240 (2002) 491. 
[2] J. P. Pekola, K. P. Hirvi, J. P. Kauppinen, M. A. Paalanen, Phys. Rev. Lett. 73 (1994) 2903. 
[3] P. Lobotka, I. Vávra, K. Sedláčková, V. Šmatko, J. Dérer, E. Kováčová, I. Kostič, COST 

523 Mid-term Workshop, Sevilla 2002. 
[4] P. Lobotka, I. Vávra, M. Lexmann, F. Fendrych, L. Kraus, COST 523 Workshop, Limerick 

2001. 
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SINGLE-ELECTRON EFFECT IN Fe-SiO2 NANOCOMPOSITE 
 

P. Lobotka, C J Fernandez*, I. Vávra, J. Dérer, V. Šmatko, and E. Kováčová 
 

 Here we report on magnetoresistive nanocomposite material prepared by ion 
implantation of iron (at the dose of 15 1016 Fe+ /cm2 and energy of 180 keV) into pure 
silica glass. Cross-sectional TEM micrograph revealed that the bcc iron nanoparticles 
are buried about 70 nm beneath the silica surface. Therefore, it was necessary first to get 
rid of this insulating sublayer by careful ion etching in order to make a good electrical 
contact between the Fe-SiO2 nanocomposite, about 100 nm thick, and the post-
deposited planar gold electrodes (the electrode preparation is described in the previous 
contribution). The iron nanocrystallites are superparamagnetic above 40 K. 

The results of transport measurements are presented in Fig. 1 and 2. As can be 
seen below the threshold voltage VT ~ 220 mV there is practically no current flowing 
due to Coulomb blockade of tunneling. This VT value implies the capacitance of the 
iron nanoparticle to be about 7.10-19 F. Calculating the particle size one obtains a value 
~5 nm, which corresponds quite well to the mean size determined statistically from 
TEM micrograph (~4 nm). The current step height is about 1 pA, which implies that 
roughly 107 electrons per second move one-by-one through the nanogranular system 
when voltage just above the VT is applied. Although the steps visible in the I-V curves 
are smeared out a bit, we believe they are related to well-known effect called Coulomb 
staircase. A substantial enhancement of tunneling magnetoresistivity measured at VT 
was reported in [1]. 

 

 
curve reveals 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

Fig. 1 I-V curve showing signs 
Coulomb staircase. 

*Fe-SiO2 sample was provided ova) in the 
framework of collaboration withi
 
[1] S. Mitani, K. Takanashi, K. Ya ., B84 

(2001) 120. 
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 The research activities of our Department have been entirely concentrated on the 
study and development of materials and systems for high-current applications of 
superconductors since 2001, when a group that worked on oxide thin films, previously 
within our department separated and formed the Department of Oxide Films. Our 
department has facilities for complete composite wire/tape fabrication technology. 
Several conventional (rotary swaging, drawing, groove and flat rolling) and 
unconventional deforming techniques, e.g. active two-axial rolling or eccentric rolling, 
are used to manufacture Bi-2223 and MgB2 composite wires/tapes of various size and 
dimension. Circular and flat cables consisting of twisted or not twisted strands (from 3 
to 12) can be made at lengths of a few hundred meters. Composite elements, final wires 
and coils are thermally treated at temperatures up to 1600 °C in vacuum, air, or inert gas 
atmosphere. Structural studies are performed by optical microscopy with a CCD camera 
for composite cross-section analysis and microhardness (HV) measurements of 
individual composite elements. Tension and torsion systems are used for the mechanical 
testing of composite wires and tapes. 

 DC transport properties of tapes are tested in magnetic fields produced either by 
several superconducting magnets (solenoids or split coils), which can generate DC 
magnetic fields up to 10 T at 4.2 K, and or by resistive (Cu) electromagnets up to 1.4 T 
at 77 K. Current-voltage characteristics of Bi-2223/Ag and MgB2 composite 
superconductors at variable temperatures, DC magnetic fields, and various field 
orientations are measured to obtain the Ic(B,T,α) characteristics. Also, the effect of 
mechanical stress (tension and bending) is measured at 4.2 K and 77 K.  

 The behaviour in AC conditions is studied using several methods. We developed 
an AC susceptometer, which allows for experiments in a frequency interval from 10 Hz 
to 100 kHz at temperatures from 77 K to 150 K (A LN cryostat is used).  Amplitudes of 
the AC magnetic field up to 100 mT are available and a DC magnetic field up to 0.5 T 
can be superimposed. The sample tested is placed in a cylindrically shaped opening that 



 
100 

measures 7 mm in diameter and 10 mm in length. Another system, operating at 77 K 
with AC fields with amplitudes up to 45 mT in a range of frequencies 5-500 Hz, is used 
for measurements on tapes with a maximal length of 15 cm. Several techniques have 
been developed to cancel the purely inductive signal to obtain  only signal that carries 
the information about flux dynamics to enter a lock-in amplifier. Similar approach is 
used also in transport AC loss measurement on tapes, for which cold core transformers 
were developed to allow for supplying tested samples (tape or cable) with AC currents 
with r.m.s. values up to 2000 A at frequencies between 20 Hz and 200 Hz. A system for 
the mapping of magnetic fields was developed in collaboration with the Department of 
Superconductor Electrodynamics, allowing for the dynamic acquisition of profiles at 
magnetic fields from DC to 500 Hz. 

 The department has worked on three national research projects. “Magnetic flux 
movement and loss generation in superconductors“ (responsible S. Takács), and 
„Mechanically reinforced composite Bi-2223 superconductors with optimised filament 
architecture“ (responsible P. Kováč) - are supported by the scientific grant agency 
VEGA, and „Electromagnetic properties of multifilamentary composite tapes“ 
(responsible F. Gömöry) by the National agency for scientific and technological 
development (APVT). Significant is our involvement in RTD projects of the 5th 
Framework Programme of the European Commission. We collaborate with research 
groups from various European countries. In particular, with groups from Denmark, 
Germany, the Netherlands and the United Kingdom, we work on a project entitled 
„Optimising Powder-In-Tube Tapes In MRI Systems as Ice-breaker for HTS Socio-
Economic Benefits“ (responsible P. Kováč), and from Denmark, Italy, and the 
Netherlands  on a project called „Quality monitoring of Superconductors for the 
production of Efficient, Compact and reliable Energy Transmission Systems“ 
(responsible F. Gömöry). Bilateral collaboration projects with groups in Austria, the 
Czech Republic, Italy and Poland are financed by agencies abroad.  

 We fully applied our technological expertise  in the development of wires from 
oxide superconductors  to the newly discovered MgB2 compound, which has  a critical 
temperature of nearly 40 K.  Our group was among the first to prepare  this material in 
the form of wires with 4 filaments in a metallic matrix. They exhibited properties that 
would enable us to make a winding capable of generating a magnetic field  
of 3.5 T at 4.2 K. 

 When considering the use of superconducting wires in electrical power 
transmission, the understanding of its electromagnetic behaviour is of great importance. 
We are currently working on the improvement of existing models, with particular focus 
on understanding the effect of the shape of a conductor and its filamentary architecture. 
We developed a theoretical model that takes into account the two-dimensional nature of 
magnetic flux penetration into a long tape placed in a perpendicular field. Results of 
numerical models have been successfully approximated by analytical expressions that 
hold for real tapes in the whole range of aspect ratios. We have started to study the 
magnetic interaction between filaments in a multifilamentary structure, exploring 
theoretically and experimentally the simplest case of two filaments. To improve the 
tools for comparison between theoretical predictions and experiments, a powerful field 
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mapping system working in AC conditions was developed in collaboration with the 
Department of Superconductor Electrodynamics. The system uses Hall probes as 
sensors. It enables us to see the dynamics of magnetic flux penetration into 
superconducting composite structures. Another important problem, related to power 
applications, is the behaviour of tapes when the AC transport exceeds the critical 
current. We found that the voltage, and hence the power dissipation, can be predicted 
with an equivalent circuit model composed of the serial connection of a non-linear 
resistance and a complex non-linear inductance. In DC regime, which is valid e.g. for 
electromagnets generating steady field, the issue of power dissipation due to a smooth 
current-voltage curve was also addressed. Numerical calculations, which took into 
account both the local value and the orientation of the magnetic field inside the winding, 
revealed that for a winding operating with certain reserve, the dissipation decreased 
under the application of a small back-up DC field. 

 For large current applications of superconductors, it is necessary to combine 
individual wires into cables. In such structures, new phenomena emerge due to the 
mutual interaction between individual strands (wires, tapes). In our research activities, 
we try to improve the classical models for these coupling currents incorporating the 
modifications that are met in real experiments and applications. By analysing the effect 
of proposed high-conductivity layer at cable edges, we demonstrated that it would be 
better to place such a material in the cable centre, where it will improve the stability at a 
negligible cost of loss increase. We also predicted that the coupling currents induced in 
a finite flat cable length by external field could exhibit an amplitude twice as high as 
that the one predicted by a classical model of an infinitely long cable. To verify the 
theoretical predictions, it is necessary to carry out experiments with models of devices 
that are considered for applications. A refinement of existing experimental methods is 
sometimes necessary to meet the requirements of experiment, validity and precision. 
We developed an original method that allows for a contactless detection of the AC loss 
signal of a superconducting object fed by a common transformer. Thus one can avoid 
the problem of placing the voltage taps in circumstances if the best solution is still not 
known. The effect of non-uniformities in superconducting tape properties on the 
performance of a power transmission cable was also studied both theoretically and 
experimentally. 

 The Department of Superconductor Physics is broadly integrated into international 
research efforts. Our results are regularly presented in world leading scientific journals 
and at international conferences dedicated to applications of superconductivity. We 
welcome visitors from abroad. During 2001 and 2002, four young researchers from 
Italy, Spain and Finland worked at our department altogether for 14 months, performing 
research activities as a part of their PhD studies. New projects SCENET-2 and ASTRA 
financed by the European Community will also provide a similar option for our 
students. This will help create an atmosphere even more motivating for young 
researchers, which is a prerequisite for future success. 
  
      Fedor Gömöry 



FILAMENT ASPECT RATIO OF BI-2223/AG AND TRANSPORT CURRENTS 
AT 77 K 

 
P. Kováč, T. Melišek, and I. Hušek 
 

 Monocore BSCCO/Ag tapes of various aspect ratio (b/a) have been made by two-
axial rolling. After final treatment (sinter or roll-sinter), the critical currents in self and 
external magnetic field as well as at various field orientation have been measured. The 
self-field critical current density versus the aspect ratio dependence indicates that the 
higher b/a results in the higher Jc(0). 

 Figure 1 shows normalised transport current Ic(BIIab) for discussed tapes and 
starting round wire from which they have been made. The sharpest drop of Ic with B is 
observed for round wire exhibiting no preferential alignment of 2223 grains. It is due a 
fact, that 2223 plate-like grains are around circumference of the round core which has 
lead to the poorest inter-grain contacts. For square wire of b/a=1 some improvement in 
Ic(BIIab) can be observed, but there is still large portion of weak-links leading to nearly 
80% decrease of Ic at 0.1 T. Further tape flattening (increasing b/a ratio) leads to 
apparent improvement of Ic(BIIab) characteristics showing the lowest Ic drop for the 
tape with highest b/a [1].  

It was shown that core structure is influenced by the tape’s aspect ratio b/a. 
Relation between the ceramic 
core structure and the 
transport current is very 
complex [2]. The higher is the 
aspect ratio b/a, the higher is 
self-field transport current  Ic 
and better is the Jc(B) 
characteristics. It is a result of 
improved pinning and 
reduced weak-links with an 
increase of aspect ratio. 
Aspect ratio increases also Ic 
anisotropy. Effect for small 
b/a ratios is high due to 
preferential effect of core 
geometry, while for b/a > 3 
the Ic anisotropy becomes less 
sensitive due to negligible 
effect of geometry and not the 
same improvement of pinning 
in ab and c directions.  
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Fig. 1. Normalised critical currents for Bi-2223/Ag 
tapes with different aspect ratios. 

 
[1] Kováč, P., Hušek, I., Melišek, T., Pachla, W., and Diduszko, R.:  Physica C 349 (2001) 179. 
[2] Pachla, W., Kováč, P., Hušek, I., Diduszko, R., and Presz, A.: IOP Inst. Phys. Conf. Ser. No 

167 (2000) 623. 
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REACTIVITY AND OXYGEN DIFFUSION PROPERTY OF RESISTIVE 
BARRIERS FOR BI-2223/AG TAPES 

 
P. Kováč and I. Hušek 
 

Reactivity of several oxide materials (OM) with BSCCO powder and oxygen 
diffusion through OM layer has been tested at temperature ≈ 840oC in air. The OM 
(e.g.: BaZrO3, SrCO3, MgO and ZrO2) showing the low or no reactivity with BSCCO 
have been mixed (10wt%) with precursor powder and used for single-core tapes. Bi-
2223/Ag/OM/Ag single-core tapes with oxide barriers made of BaZrO3, SrCO3, ZrO2 
and Al2O3 have been also prepared by a standard PIT technique [1].  

Fig. 1 illustrates the effect of OM additions on the pinning forces for the tapes with 
the lowest Jc degradation by 
OM. While the normalized 
pinning curve for SrCO3 
addition is nearly identical 
with pure BSCCO at parallel 
field (B//ab) and exhibits only 
lowered pinning at B > 0.7T, 
it shifts the position of Fp-max 
apparently to lower field by ≈ 
0.05T for the perpendicular 
field (B//c) orientation. In the 
case of BaZrO3, the shift of 
the maximal pinning force to 
lower field occurred at B//ab 
and this tape shows the same 
position of Fp-max for B//c 
(0.05T) as for SrCO3, but 
lowered pinning.  

It was found that used 
OM influences the transport 
current property of single-
core tapes. This is because some oxides react with BSCCO during the sintering heat 
treatment and simultaneously affect the 2212 2223 phase transformation and grains 
connectivity. ZrO2 addition has lead the to total depression of 2212 2223 phase 
transformation. SrCO3 powder has shown the best chemical compatibility with BSCCO, 
thus the least deterioration of the 2223 phase quality.  From the point of both barrier’s 
negative effects (reactivity and oxygen diffusion), the BaZrO3 powder is the best 
candidate from all tested here for application as the resistive material surrounding the 
Bi-2223 filaments in Ag sheathed tapes aimed for low AC losses [2].   
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Fig. 1. Normalised pinning force of pure BSCCO 
compound and effect of SrCO3 and BaZrO3 
additions. 

 
[1] Kováč, P., Hušek, I., Pachla, W., Diantoro, M., Bonfait, G., Frőhlich, K., Kopera, L., 

Diduszko, R., and Presz, A.: Supercond. Sci. Technol. 14 (2001) 966.  
[2] Kováč, P., and Hušek, I.: Physica C 383 (2002) 55. 
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DIFFERENCES IN APPLIED AXIAL STRAIN AND IC DEGRADATION  
OF  BI(2223)/AG TAPES 

 
P. Kováč and P. Bukva 
 

 An experimental study of the axial strain on Ic-degradation of multifilamentary 
Bi(2223)/Ag tapes by different methods has been performed. The tapes were stressed by 
three kinds of tensioning set up (expanded turn - ET, short straight sample - SS and U-
shape spring - US) and the transport current versus strain Ic(ε) was measured [1]. 

Comparison of Ic(ε) curves showed that applied tensioning system may influence 
the measured sensitivity of Bi-2223 filaments against the tension strain apparently. All 
presented measurements show the same slope of Ic decrease for ε < εirr (Fig. 1), but they 
are differing apparently in the values of εirr and in the shape of Ic(ε) curves at ε > εirr. 
The lowest strain limit for critical current degradation (εirr) has been observed for 
expanded turn and highest one for U-shape spring system. The observed differences in 
Ic(ε) curves are discussed and analyzed.  

The origin of these differences can be explained by a not the same stress patterns 
in these three methods. In the case of SS measurement [2], the decrease of σt by δε is 
negligible because of very small change in the length of steel spring, which is 
tensioning the sample. No effect of friction and no pressure stress acting on the Bi-
2223/Ag tape at SS 
measurement. Consequently, 
very sharp Ic-decrease for ε 
>εirr is measured indicating 
the strong Bi-2223 filaments 
damage and Ic falls to the 
level of a few % of its 
original value at ε > 0.25%. 
Because the Bi-2223/Ag tape 
is soldered to a massive brass 
spring for US measurement 
and, the metal:Bi-2223 ratio 
is increased. The higher pre-
compression of Bi-2223 leads 
to the highest values of εirr 
are measured for US set-up. 
Similarly as in the case of 
ET, after each plastic 
elongation by δε, the tension 
stress σt is decreased.  
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Fig. 1. Critical current degradation measured for Bi-
2223/Ag tapes with different tensioning systems. 

 
[1] Kováč, P. and Bukva, P.: Superconductor Sci and Technology 14 (2001) L8. 
[2] Bukva, P., Kováč, P., and Hušek, I.: Electrical Engineering and Information Technology 

(1999) Bratislava, pp. 54-57. 
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TRANSPORT CURRENTS OF TWO-AXIALLY ROLLED AND POST 
ANNEALED MGB2/FE WIRES AT 4.2K  

 
P. Kováč, I. Hušek, and T. Melišek 
 

Single- and four-core MgB2 wires have been made by powder-in-tube (PIT) 
method using commercial MgB2 powder (Alfa Aesar) and two-axial rolling deformation 
in Fe sheath. The deformed wires were subjected to annealing at temperatures from 
950oC up to 1100oC for 30 minutes in argon. The interface layer thickness of 10-
25.4µm caused by inter-diffusion and reaction between MgB2 core and Fe sheath has 
been observed in all annealed wires. Transport currents of as-deformed [1] and post 
annealed wires [2] were measured at temperature 4.2 K and external magnetic field B  = 
0 - 5.5 T.  The presence of ferromagnetic sheath in MgB2 composite wire influence the 
Ic(B) characteristics leading to Ic hysteresis and Ic anisotropy.   

The critical currents increased more than 50 times in the external field B = 4 T, see 
Fig. 1.  Because of problem to measure transport currents over 500A, some steps to 
extrapolate Ic value for low field or zero field have been done. The dashed line in Fig. 1 
represents ‘parallel’ curve to as deformed wire Ic(B) dependence multiplied by absolute 
value of critical current 
increase at B = 4 T (55 x). 
This kind of extrapolation 
would give current Ic(0) = 
2425 A and corresponding 
critical current density 7 x 
105A/cm2.  The dotted line, 
which is following the 
measured data (from 1.8-4.0 
T) gives the extrapolated zero 
field current around 4500 A 
and corresponding Jc(0) = 1.3 
x 106A/cm2.  The effect of Fe 
sheath magnetization on Ic is 
not the same for as-deformed 
and heat treated wire. Ic 
hysteresis measured for 
increased and decreased 
external field is more 
pronounced for not annealed wire. The comparison of overall current densities versus 
the external magnetic field of NbTi, Nb3Sn and Bi-2223 superconductors with four-core 
MgB2 wire showed that  magnetic fields ≈ 3.5 T can be generated by four-core MgB2 
composite wire now. 
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Fig. 1. Critical current densities of four-filament as-
deformed and heat treated MgB2/Fe wire. 

 
[1] Kováč, P., Hušek, I., Pachla, W., Melišek, T., Diduszko, R., Frőhlich, K., Morawski, A., 

Presz, A., and Machajdik, D.: Supercond. Sci. Technol. 15  (2002) 1127. 
[2] Kováč, P., Hušek, I., and Melišek, T.: Supercond. Sci. Technol. 15 (2002) 1340.  
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CURRENT DICTRIBUTION AND AC SUSCEPTIBILITY OF A 
SUPERCONDUCTING STRIP OF ELLIPTICAL SECTION 

 
F. Gömöry 
 

 The case of a hard type II superconducting strip with elliptic cross-section, defined 
by the major axis a0 as well as the minor axis b0, placed in a transverse magnetic field 
was studied. There is no analytical solution for magnetic field distribution in this 
geometry, leaving only numerical finite-element calculations as a tool to predict the 
electromagnetic behavior of such tape. Analyzing the results of these calculations, we 
found an analytical approximation for the penetration fronts of magnetic flux that with 
sufficient precision fits the output of exact numerical methods [1].  

This approximation is based on supposition that the flux front is again elliptic. 
However, the proportion between the axes changes with the depth of penetration, 
leading thus to the change of shape with respect to the starting one. This is because 
while the major axis shrinks as εa0, the minor axis reduces as εb0

1/n see Fig. 1. The value 
of n is found from the 
condition of correct 
asymptotic behavior at 
low field penetration. 

We also suppose, 
that in external 
magnetic field the 
penetration stops just 
when the magnetic 
field generated by the 
screening currents in 
the center of ellipse 
cancels the increment 
of the applied field. 

These two 
assumptions allows to 
calculate the magnetic moment for any instant of the AC cycle. In this way, hysteresis 
loops can be plotted, and the complex magnetic susceptibility parts calculated. 

a0a0ε

b0

B

+jc

-jc

b0ε1/n

 
Fig. 1. Elliptical shape of the magnetic flux front 

Experimental verification of our model was carried out by measurements of 
complex magnetic susceptibility on a monocore tape from high-temperature 

 
Fig. 2. Optical micrograph of composite tape with elliptical cross-section of the 
superconducting core (dark) embedded in silver matrix (white).  
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superconductor 
Bi2Sr2Ca2Cu3O10 in 
silver matrix (Fig.2), 
placed in magnetic field 
parallel to its short axis, 
and harmonically 
varying in time. 

0.

Essential result of 
our model is illustrated 
in Fig.3, where the 
imaginary part of AC 
susceptibility is plotted 
versus the AC field 
amplitude, Ba. The data 
on both the axes were 
normalized with respect 
to the maximum, to 
allow comparison of 
data taken at different 
temperatures and 
superimposed magnetic 
fields with two 
theoretical models. Besides our elliptical model, that of infinitely thin strip [2] is 
presented as well. As one can see, our model nicely agrees with the data measured with 
superimposed magnetic field. The discrepancy in zero back-up field was explained by 
the dependence of the critical current density on local magnetic field [3], that leads to 
the distortion of flux fronts towards the shape predicted by the strip model. The main 
achievement in our model is that it for the first time counts for the magnetic flux 
penetration in two directions of the cross-section. The agreement with experimental data 
indicates, that this is obviously the case for real tape with aspect ratio of the order of 10. 
Then, our model model can be reliably used to extract e.g. the values of critical current 
density from contactless magnetic measurements on tapes with cross-section that can be 
replaced by an ellipse [4].  
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Fig. 3. Comparison between experimental data on AC 
susceptibility and theoretical models.  

 
This work was performed in collaboration with Pirelli Cables and Systems, Milan, Italy, 
and Universidad Autonoma de Barcelona, Catalunya, Spain.  
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MAGNETIC INTERACTION BETWEEN TWO SUPERCONDUCTING 
FILAMENTS 

 
E. Seiler 
 

 The AC loss of multifilamentary tape exposed to perpendicular magnetic field is 
influenced by the architecture of filamentary zone. Besides the filament shape and 
orientation, it is the magnetic interaction between filaments that could play an important 
role. We studied this problem on a model consisting of two pieces cut from a monocore 
BSCCO-2223 tape [1]. 

In the experiments, wide faces of the pieces were arranged parallel to each other 
but perpendicular to applied homogeneous AC magnetic field, forming a two-tape stack. 
In this setup we measured the dependence of AC susceptibility on the amplitude of the 
applied AC magnetic field, using a system of two coils connected in opposite, the pick-
up coil containing sample and the compensating coil. Distance between the pieces in the 
stack was varied by inserting epoxy fiberglass (EFG) spacings. Superconducting core of 
used monofilamentary tape was found to be of roughly rectangular cross-section, with 
the width of 1.824 mm and the thickness of 0.114 mm. The length of the pieces was 7.5 
mm. All the measurements were carried out at constant temperature 80 K and frequency 
of applied AC magnetic field 21 Hz. 

To characterize the magnetic interaction between the pieces of the 
superconducting tape, two quantities were extracted from the AC susceptibility. It was 
the real part of external AC susceptibility in fully diamagnetic (Meissner) state,χ0, and 
the amplitude of the applied AC magnetic field at the maximum of the imaginary part of 
AC susceptibility, Ba,max. Both quantities were measured for six different distances of 
the pieces in the stack. 

According to the theoretical models of thin superconducting disk and strip in 
perpendicular magnetic field, the product χ0 Ba,max is independent on the thickness of the 
disk or strip. Treating the two-tape stack as an ‘effective strip’, its thickness could serve 
as a characteristic of the magnetic interaction of the two tapes in the stack. In general, 
one expects such a thickness to change with increasing amplitude of applied AC field, 
because the flux distribution changes with AC field penetration. 

From the experimental data, we found that the product χ0 Ba,max remains unchanged 
when varying the distance between two pieces of the superconducting tape. Quantity χ0 
characterizes the superconductig cores in a reversible state, at low AC field amplitudes, 
and quantity Ba,max characterizes them in a state of maximal magnetization losses, at 
high AC field amplitudes. The independence of the product χ0 Ba,max on the distance 
between the pieces in experimental data then says, that the magnetic coupling between 
tapes, characterized by the thickness of an equivalent strip, stays the same in whole 
range of amplitudes of AC field, in spite of significant changes in flux distribution. 
 
[1] Seiler, E., Gömöry, F., Tebano, R., and Strycek, F.: Physica C 372-376 (2002) 1797. 
 
 
 



MEASUREMENT OF AC PROFILES OF MAGNETIC FIELD USING HALL 
PROBE TECHNIQUE WITH HELP OF PCI CARDS AND TRIGGERING 

 
L. Frolek and E. Demenčík  
 

The studying of properties of high Tc superconductors in AC magnetic field 
is very important nowadays as it is supposed that the majority of applications will 
be performed in AC regime. Particularly, the question how the current is distributed in 
the conductor could be better answered by measuring of magnetic profiles or even 3D 
field maps [1]. In particular, coupling currents in multifilamentary tapes influencing 
AC losses can be investigated by this technique. 

 The method introduced here represents a convenient way to measure components 
of magnetic fields generated by induced currents circulating in HTSc sample located 
in AC magnetic field. As the magnetic field is dynamic, it is not that easy task as in the 
case of static field generated by “frozen” currents in superconductor. Magnetic field 
profile is then the 2D diagram of a certain component of magnetic flux density B 
(corresponding to a certain level of external AC field) along certain direction 
as a function of spatial coordinate. 

Our contribution comprises the method described further. This method utilizes fast 
PCI DAQ cards. These cards are synchronized by hardware RTSI bus what enables 
to acquire data simultaneously with the possibility of conditional data retrieval. 
Condition used for data acquisition is a triggering condition defined by a level 
of measured signal and slope (rising 
or falling, respectively). The data are 
retrieved once the trigger condition occurs. 
The channel utilized for triggering is the one 
measuring external AC magnetic field. The 
magnetic profile measurement is performed 
in the following way. Two channels of PCI 
DAQ boards are used. The first one is fed by 
the signal proportional to spatial coordinate 
(from the position sensor) and the latter one 
is brought the signal corresponding to B-
component (from the Hall probe sensor). 
As the Hall probe moves gradually over the 
tape in one direction from one side towards 
another the data obeying trigger condition 
are being sampled. That means one (or even more) data points are taken within a period. 
The profile shown in Fig.1 was measured using one point per period, trigger level Be =  
0 mT and rising slope. The sample we used is the HTSc tape produced by Australian 
Superconductors (with critical current Ic = 38 A) and measurement was performed at 
the temperature T = 77 K, amplitude of external magnetic field Be = 30 mT, frequency 
fBe = 21 Hz and the distance of Hall probe from the tape’s surface z = 0.5 ± 0.05 mm.  
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Fig. 1.  The profile measured with 
           help of triggering at Be = 0 mT 
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Another way to obtain required profiles is to measure the z-component 
of magnetic flux density Bz as a function of external magnetic field Be. One period 
of such dependence creates a closed loop. For the desired magnetic profile acquisition 
it is necessary to measure as many loops 
as number of the points in the spatial coordinate 
grid, i.e. one loop corresponds to one point 
in profile at a certain position across the tape. 
Once the set of loops across the tape is measured 
it is possible to create a profile taking 
the corresponding data from the loops for each 
position and for a certain value of external 
magnetic field. It is obvious that we can get 
magnetic profile for any value of measured 
external field from such measurement. 
Corresponding profile of perpendicular 
component of magnetic field Be built-up from 
measured loops for the case when external 
AC magnetic field crosses zero (Be = 0mT) 
is in Fig.2. In our experiments, we used experimental setup described in [2] and we 
performed measurement with AC magnet inside nonmetallic cryostat. Voltage signal 
proportional to the perpendicular component of magnetic field Bz is sampled by fast 
PCI DAQ cards. Software is used to compensation of voltage induced in the Hall probe 
circuits (determined by leads geometry and Hall probe connections) that are interfering 
measurements. Software noise filtering is performed, as well.  
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Fig. 2.  Profile created from loops 
            Bz = f (Be) at Be = 0 mT 

It is apparent from comparison of Fig.1 and Fig.2 that there is different number 
of measured points in profiles. The profile shown in Fig.1 contains 10000 points, which 
(measurement and evaluation from the loops) takes time approximately 1 day to process 
in our conditions. The profile shown in Fig.2 contains 50 points, which takes time 
approximately 1 hour. It is plain to see that major differences comprise the data point 
density (i.e. spatial resolution) and precision (determination of value of magnetic field). 
The realization of the measurement with the same amount of points using the loops-
technique would be practically impossible, because it would be enormously time 
consuming. 

The multifilamentary HTSc tapes having rather complicated structure definitely 
require extremely high spatial resolution possible for what the trigger method seems 
to be suitable. 
 
[1] Polák, M., Majoroš, M.,Kvitkovič, J.,Kottman,P.,Kováč,P., and Melišek,T: Cryogenics 34 

(1994) S805. 
[2] Polák, M., Windte, V., Schauer, W., Reiner, J., Gurevich , A. and Wuhl, H.: Physica C 174 

(1991) 14. 
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EQUIVALENT CIRCUIT FOR SUPERCONDUCTOR IN AC OVERLOAD 
 

F. Gömöry and J. Šouc 
 

 The wire from high-temperature superconductor in silver matrix can commonly 
carry currents that exceed several times the critical current value, Ic. This has important 
implication when projecting the use of such wire, or a cable made from it, in electrical 
power applications. Theoretical models that allow to replace the wire by a set of 
equivalent circuit elements would be helpful to study various regimes and behavior of a 
chain of which such a wire is one part.  

 When generalizing the data from extensive experimental investigation of AC 
transport behaviour of tapes from high-temperature superconductor Bi2Sr2Ca2Cu3O10 in 
silver or silver-alloy matrix, we found that they can be represented by a series 
combination of two non-linear elements [1] shown in Fig. 1. Being the first step, this 
approach neglects the existence of higher harmonics on the voltage that would appear 
also in the case of purely sinusoidal current, because of the nonlinear nature of 
superconductors. Regarding the fundamental harmonic of voltage, it is composed of two 
parts [2]: one is the resistive voltage that would appear in DC as well, and is significant 
when the critical current has been exceeded. Besides this resistive signal, that invoked 
by penetration of magnetic flux in tape is essential, in particular at low current 
amplitudes. In our model, this “magnetic” signal is described with the help of a complex 
inductance. The real part of inductance, responsible for the voltage shifted by a quarter 
of period with respect to the current, reflects the energy accumulation within the 
magnetic flux penetrated inside the tape, and gives rise to the inductive voltage Uind. 
The dissipation due to flux penetration is reflected by the imaginary part of the 
inductance, generating the loss voltage Uloss.  

To distinguish in experiments the “magnetic” signal from the total one, we use a 
single turn coil closely attached to the tape, with one leg placed exactly on the 
symmetry plane [3]. This loop signal differs from the total voltage, sensed by a pair of 

Req
L1’-jL1”

Eloop

Etaps

Iac

Fig. 1. Equivalent circuit for the superconducting tape in wide range of AC currents. 
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voltage taps, by the resistive voltage Ures that can be indirectly determined by such 
comparison. 
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Fig. 2. Comparison between measured signals (expressed through the values of 
reactive and loss  power) and theoretical predictions derived with the help of the 
equivalent circuit model. Tape from Bi2Sr2Ca2Cu3O10 in silver matrix was immersed 
in liquid nitrogen at atmospheric pressure, AC current frequency 36 Hz. 

The formulas for complex inductance parts are easily derived using the principles 
of the critical state model. The model for equivalent resistance Req was derived 
separately, assuming simple parallel combination of a superconducting and normal 
paths [4]. 

 How our equivalent circuit model can predict the behavior of a superconducting 
tape from Bi2Sr2Ca2Cu3O10 in silver matrix, one can see in Fig. 2. Instead of voltage, the 
power is plotted on the vertical axis, calculated simply as the product of r.m.s. value of 
current and the respective voltage. The range of AC currents reached the amplitude 
values more than 2 times exceeding the critical current. We conclude that the equivalent 
circuit model gives reasonable prediction for the impedance of a superconducting tape 
in the self-field conditions. 
 
This work was performed in the framework of the RTD project “Q-Secrets”, financed 
by European Commission under contract G3RD-CT2000-0239.  
 
[1] Gömöry, F. and Šouc, J.: Physica C 372-376 (2002) 1028. 
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MATHEMATICAL MODEL OF V(I)-CHARACTERISTICS OF BI(2223)/AG 
MAGNETS UNDER EXTERNAL MAGNETIC FIELD 

 
J. Pitel and P. Kováč 
 

 Anisotropy in the Ic(B) characteristic of Bi-based tapes results in a rather different 
and more complicated approach to analysis and design of HTS magnets, if compared 
with the systems made of superconducting wires such as NbTi and Nb3Sn are. When 
performing an analysis of critical currents and electric fields of individual turns of HTS 
winding, both the magnetic field magnitude and field orientation have to be taken into 
account. The anisotropy, in fact, results in a considerable decrease of the critical 
currents of individual turns of the magnet, and hence to its operating current as well. On 
the other hand, the preliminary study [1] has shown that the combination of an external 
magnetic field with that generated by the 
magnet itself can result in increase of the 
critical currents of individual turns, and 
consequently to some increase of the 
maximum operating current. This effect could 
be of particular interest for coils used as insert 
coils at high magnetic fields. Therefore, the 
mathematical model and the computer code 
were developed to enable us to predict the 
voltage current (V(I)) characteristics of Bi-
based cylindrical coils and magnets which are 
exposed to external magnetic field parallel 
with the axis of rotation symmetry. 

Fig. 1. Ic(B) characteristics of a 
multifilamentary Bi(2223)/Ag tape, 
and n-values at 20 K, as obtained 
for different orientations α of 
applied magnetic field and the tape. 

The model comes out from the well 
known power law between the electric field 
and the operating current of the HTS tape E = 
Ec(I/Ic)n . Both parameters, the critical current 
Ic and exponent n of the tape are determined 
experimentally (see Fig.1), and are depending 
on the vector of applied magnetic field. To 
evaluate the critical current Icij and nij values 
of individual turns of the magnet at some 
operating current Iop, these data have to be 
combined with the resulting magnetic field 
distribution in the winding. Consequently, the 
electric field and the voltage of each turn in 
the winding can be calculated. The voltage on 
the terminals of respective pancake coils and 
the complete magnet are then obtained by 
appropriate integration. This model is valid 
for an operating current up to around 150 % 
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of the critical current Icmin , where Icmin corresponds to the case when the electric field Ec 
(obviously 1 µV/cm),  appears on one of the turns. All details can be found in [2]. 

The model magnet with following parameters was used for calculations: inner 
winding radius a1 = 127.5 mm, outer winding radius a2 = 159 mm, magnet length 2b = 
69 mm. Magnet consists of 22 pancake coils. The number of turns in one pancake is 48.  

The electric field and voltage of each turn, and the voltage on the magnet terminals 
were calculated at 20 K under different conditions of operating current Iop and the 
external field Bzext which is parallel with the magnet axis. The results are presented in 
the form of a 3D plot in Fig. 2. This figure indicates that a rather unexpected behavior 
of the Bi-based magnets can be expected if they are exposed to Bzext. The voltage on the 
magnet terminals decreases if Bzext < 1.5 T. Further increase in Bzext results in increase 
of the voltage up to the saturated value 
which is reached at around 5 T. If the 
magnet operates in under-critical 
current (Iop < Icmin) then the voltage on 
magnet terminals at any Bzext > 0 is 
always lower than that corresponding 
to the case of Bz = 0. The Icmin can be 
determined for any value of Bz. This 
paradox can be explained as a direct 
consequence of the fact that if an 
external magnetic field parallel with 
the magnet axis is applied, the angle α 
between the resulting magnetic field 
and the broad tape face of the turn 
decreases, and becomes almost zero at 
higher values of Bzext. The critical 
current and n-value of the turns can 
increase even at high magnetic field, 
since only the parts of the Ic(B) 
characteristic which correspond to low angles α, are applied. Thus, the critical current 
of the turn can be considered as a compromise between the magnetic loading and the 
field orientation. The undesired effect of anisotropy is compensated. The above results 
indicate that the overall power dissipation in the winding differs, depending on the 
value of operating current and external magnetic field.  

    
 
Fig. 2. Voltage-current characteristics V(I) 
of the model magnet at different values of 
external magnetic field Bzext. 

An interesting and simultaneously important conclusion results from this study, 
and in particular that the Bi-based magnets should be more stabile in even high external 
magnetic field Bzext than in case that the external field in not applied, of course under 
condition that they are still operated at under-critical current.   
 
This work was done in a co-operation with the Institute of Electromagnetics, Tampere 
University of Technology, Tampere, Finland (co-authors A. Korpela and J. Lehtonen). 
 
[1] Pitel, J. and Kováč P.: Supercond. Sci. Technol. 10 (1997) 7. 
[2] Pitel, J., Korpela A., Lehtonen J., and Kovac, P.: Supercond. Sci. Technol. 15 (2002) 1499.  
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CURRENT AND MAGNETIC FIELD DISTRIBUTION IN FINITE 
SUPERCONDUCTING CABLES 

 
S. Takács 
 

 In inhomogeneous applied fields, the currents induced in some field region extend 
on very long lengths, as the induced currents are closed not only through the closest 
connections of the crossing points of the individual filaments. Analogous effects occur 
for finite cables, even in spatially homogeneous applied fields [1,2]. 

 The additional losses in cables at the ends of magnets seem to cause no big 
problem, if the ramp rates are not too high. More serious consequences have the 
additional currents in strands for the stability due to the decrease of the critical current 
in some strands [3]. The current distribution in the strands is always differing from the 
distribution in infinite samples. Even the character of the current distribution is changed 
[3]: close to the ends, the currents flow on the one (e. g. lower) side in one direction and 
reversing on the other (e. g. upper) side. This is completely different from the known 
cosine-like distribution in both layers of the cable [2,3]. If the field transition region is 
large, the resulting amplitude of the strand current can be even so high that it may 
reduce the transport critical current density of the cable, and thus its stability [3]. The 
reason for all these effects is inevitably caused by the boundary conditions: the zero 
value on the cable ends means a very strong restriction on the current, imposing a 
periodical or nearly periodical current distribution on large distance from the cable ends. 

The periodicity due to the induced currents in the strands is directly transposed to 
the spatial dependence of the induced magnetic field and the magnetic moment of the 
sample [4]. It is even not suppressed for fields at distances above the cable smaller than 
the cable width. The periodicity of the strand currents and of the induced magnetic field 
with the cabling pitch l0 is established for all cable lengths, not only for the integer 
multiples of l0. This is in accordance with the numerical calculations [5]. We take our 
results also as a proof that the periodicities obtained in the computer calculations [5] are 
not artificially introduced by the periodicity of the structure or the boundary conditions. 

Therefore, one should be generally very careful at designing the magnets for 
changing magnetic fields and consider all consequences connected with the induced 
currents in the strands; their maximum amplitude is locally at least twice of those in the 
infinite cables. It was suggested that an analogous periodicity of the magnetic field and 
induction could be present in BSCCO tapes or other structures with non-twisted 
filaments when the currents are forced to flow in the direction of the applied field. To 
avoid any possibility for the misinterpretation of the results from magnetic field or 
magnetic moment measurements on finite samples, one should perform some 
measurements of these quantities also at different positions along the axial direction. 
 
[1] Takács, S.: Cryogenics 22 (1982) 661. 
[2] Takács, S.: Supercond. Sci. Technol. 10 (1997) 733. 
[3] Takács, S.: Supercond. Sci. Technol. 11 (1998) 1209. 
[4] Takács, S.: Supercond. Sci. Technol. 15 (2002) 1377. 
[5] Akhmetov, A. A.: Cryogenics 41 (2001) 649. 



COUPLING LOSSES IN FLAT SUPERCONDUCTING CABLES WITH 
CONSIDERABLE EDGE CURRENT BETWEEN THE STRANDS 

 
S. Takács 
 

 The advanced superconductors for many applications (accelerators, fusion 
magnets, SMES, etc.) should carry large currents. Therefore, the conductors are 
produced in multistage process with individual parts being twisted, cabled or braided in 
order to reduce the coupling losses through normal conducting regions [1]. For practical 
reasons, the cables are usually flat (so-called Rutherford-type cables). Some additional 
conducting edge layer may occur at the cable edges naturally due to the preparation 
conditions, or can be included artificially. Sometimes, the creation of such a layer is 
unavoidable. This increases the coupling losses, but on the other hand also the amount 
of current that can be transferred from one strand to another. The latter effect results in 
increasing the stability of the cable against electromagnetic perturbations, as the current 
exceeding the critical current in one strand can be transferred easier to the neighbouring 
or other strands. It is well known that the contribution of the edge effects to the total 
losses can be sometimes considerable, although not so drastic as for the time constants 
and current distribution in spatially inhomogeneous applied fields [2,3]. Such effects 
can be present both in classical low temperature and in high temperature 
superconductors, like in BSCCO tapes. 

At first, we summarized all known contributions to the coupling losses in flat 
cables, both between the adjacent and opposite strands of the cable. For the very good 
conducting edge layer, the induced voltage is of the opposite sign, when compared with 
a homogeneous flat cable without the edge layer [4]. In spite of this, the losses between 
crossing strands are not very changed, irrespective of the conductance of the edge layer 
(the maximum factor compared to the case without the edge layer is 1.5 only). 
However, we realized that another important contribution to the losses with edge sheath 
comes from the loop created by the area between the same strand on both sides of the 
cable and the edge sheath [4]. For a very good conducting layer, these currents flow 
resistively in the edge sheath only, but not between the crossing strands. This 
contribution was neglected in the previous calculations and considerations of coupling 
losses (for a review, see [1] and the references therein). 

We assumed harmonic applied magnetic field B = h exp(iωt), acting perpendicular 
to the wide side of the cable. All calculations were carried out in the low frequency 
limit, i. e. essentially ω → 0. The corresponding additional contribution to the coupling 
losses per length is given by 
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where b is the cable width, ρe - the resistivity of the edge layer, d its width and c its 
thickness, µ0 - the permeability of the vacuum. The length g is the characteristic length 
for the resistive currents between adjacent strands on the edges. Its value depends on the 
actual state of the additional edge layer and equals approximately the strand radius r for 
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the loosely connected strands and 2D for the soldered strands, where D is the distance 
between the strands. 

 Then, we calculated the coupling losses and the current transfer factor for two 
structures [5] compared with the simple one-layer twisted Rutherford type cable: 
additional normal conducting layer on the cable edges (A) and inclusion of a central 
layer with higher resistivity (B). We then examined the possibility of designing cable 
structures with increased stability against electromagnetic perturbations. Whereas in 
case (A) both the coupling losses and the amount of the transferred current increase, it is 
just the opposite in case (B). 

Defining the stability factor Z = ξ/ζ , as the ratio ξ of the coupling losses in the 
modified (with normal conducting edge sheath or additional insulating central layer) 
and in the original cable structure and ζ (the ratio of the corresponding current transfer 
factors), the new design would be then more stable for Z < 1. On the other side, the 
stability should decrease for Z > 1.  

We obtained in both cases approximately [5] ξ/ζ = 15/2N , where N is the total 
number of strands on the cable. Hence, a higher stability of the new structures can be 
achieved only for N > 15/2. However, the increased total losses due to the additional 
edge sheath in case (A) should not be detrimental for the cable at given cooling 
conditions. Nevertheless, cutting the edge layer in lengths not exceeding the twist or 
cabling pitch l0 can lead to much higher stability also in this case. Namely, the 
additional contribution mentioned above does not appear then in the total losses. We 
obtain for such cables with segmented edge sheath 

 
ξ/ζ ≈ (3b/4d)(ρe/ρ1) (A), 
ξ/ζ ≈ (ρ1/ρ2) (B), 

 
where ρ1 is the resistivity of the matrix between the strands in the original design and ρ2 
the resistivity of the additionally included central layer. In both cases (A) and (B), the 
parameters of the structure can easily be made to meet the condition ξ/ζ << 1, ensuring 
a good stability of the whole cable design. The crucial question for cables with such 
segmented additional normal conducting edge layers is then whether the increased 
coupling loss density close to the edges (which is approximately four times the 
maximum loss density in the corresponding structure without edge sheath) is still 
tolerable from the cooling point of view. 

It was suggested, that the placing of the additional conducting layer along the 
cable centre would lead to cables with much higher stability than placing it close to the 
cable edges. In this case, the additional term to the coupling losses given by equation (1) 
is also vanishing. 

 
[1] Takács, S.: Supercond. Sci. Technol. 10 (1997) 733. 
[2] Ries, G. and Takács, S.: IEEE Trans. Magn. MAG-17 (1981) 2271. 
[3] Takács, S.: Supercond. Sci. Technol. 15 (2002) 1377. 
[4] Takács, S.: Supercond. Sci. Technol. 14 (2001) 496. 
[5] Takács, S.: Physica C 372-376 (2002) 1806. 
 



AC LOSS MEASUREMENT IN THE SUPERCONDUCTING SECONDARY 
CIRCUIT OF AN IRON-CORE TRANSFORMER 

 
J. Šouc and F. Gömöry 
 

 Electrical method of AC loss measurement is based on the registration of the 
fundamental voltage component in phase with the current. This is not a trivial task also 
in the simplest case of a single tape, where a lot of experimental and theoretical work 
was spent to find the correct position of the wires that lead the signal from the voltage 
taps. In the case of more complex objects like e.g. superconducting conductors for 
power transmission cables this problem is still not resolved satisfactorily [1]. In our 
work we suggest a new approach to AC loss measurement of superconducting tapes or 
even more complex systems, when they carry AC current supplied by the secondary 
winding of an iron core transformer [2, 3]. Our approach to the loss determination is 
based on the fact, that the voltage on the entire secondary circuit can be easily registered 
with the help of a contact-less loop embracing the transformer core. In practice, it will 
contain also the signal from a resistive part of the secondary circuit (joint, normal metal 
wire). We show how this voltage can be subtracted to obtain the pure superconductor 
loss signal. 
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 Applying the Kirchhoff’s law to the secondary circuit of the transformer for 
induced voltage we obtain Ui = (Rsum + jXsec) I2 where the summary resistance Rsum 
represents resistive part and Xsec inductive part of the secondary circuit. For real part of 

this signal in general form signed as Uaux  we have Uaux = Re(Ui)= Rsum I2  = . 

This formula holds for any 
combination of resistive and 
superconducting parts of the 
secondary circuit. The loss voltage 
on a resistive element (resistive 
joint, normal metal wire) will be 
simply U

loss

n,loss = Rn I2, = UR while 
the loss voltage on a 
superconducting element USC is 
determined from its AC loss. The 
signal Uaux is obtained with the help 
of an auxiliary loop embracing the 
transformer core with the same 
number of turns that the secondary 
has. Then Uaux = USC + UR and from 
it USC = Uaux – UR . This subtraction 
can be performed by electronic 
subtraction of analogue signals and 
then only the difference USC is 
measured.  
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Fig. 1. Measurement setup. 
 
1 toroidal core, 2 primary Cu winding, 3 secondary Cu 
winding, 4 superconducting coil, 5 Rogowski coil, 6 auxiliary 
loop, 7 Cu leads, 8 signal from Rogowski coil (compensation 
and IAC measurement), 9 connection of signals Uaux and UR to 
acquire USC = Uaux – UR, 10 amplifier, 11 connection of signal 
Uaux – UR and signal for compensation to acquire 
compensated signal USC = Uaux – UR, 12 lock-in. 



 The method described in the previous part was used to test the AC properties of a 
multifilamentary tape. The DC self field value of its critical current (1 µV/cm, 77 K) 
was 33 A. A 7 turns single-layer superconducting coil with diameter 10 cm was 
constructed to perform the AC loss measurement of this tape. This coil was connected 
to the Cu secondary winding consisting of two turns. All the experiments were 
performed in LN2 and at AC current frequency of 72 Hz. The electronic scheme of the 
measurement setup is shown in the Fig. 1. 

 In Fig. 2 the loss dependence on the secondary current I2, is shown. The results are 
presented by the loss per cycle values, obtained as the product of the secondary current 
and the loss voltage under study, divided by frequency.  
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Fig. 2. Loss per cycle of the coil and short sample. 

 Triangles in this graph represent the loss of the entire secondary winding, i.e. the 
tape and the Cu wire, measured by the auxiliary loop (signal Uaux). By subtracting the 
resistive Cu wire voltage (signal UR, circles) from Uaux, the loss voltage of the 
superconducting part is obtained. In this way the loss on the whole length of 
superconducting tape is determined. These data obtained by electronic subtraction are 
plotted in the graph as squares. A line represents loss measured in traditional way on a 
4.7 cm straight tape portion forming a part of the secondary circuit. To compare the 
results obtained in different cases, the losses of the short sample are recalculated to a 
length of the coil tape. As can be seen an excellent agreement between suggested 
method and standard one was achieved. 
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[2] Šouc, J., Gömöry, F., Melišek, T. and Tebano R.: Physica C 372-376 (2002) 1016. 
[3] Šouc, J. and Gömöry, F.: Supercond. Sci. Technol. 15 (2002) 927. 
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INFLUENCE OF NON-UNIFORMITIES ON DC PROPERTIES OF A 
SUPERCONDUCTING CABLE FOR POWER TRANSMISSION 

 
F. Gömöry, L. Frolek, and J. Šouc 
 

DC critical current, Ic, is one of the main parameters of  a superconducting wire or 
cable. Besides characterizing its transport capacity it is used to predict the level of 
losses produced by alternating current. In common understanding, Ic is the value of 
current at which the electrical field overcomes certain conventional value, e.g. 1 µV/cm. 
Its experimental determination is straightforward in the case of a single wire or tape. On 
the other hand, in a cable there are many tapes placed in parallel and it is not clear 
where to detect the voltage. In reality, not all the tapes are identical and  different 
electrical fields can cause different results of Ic determination when using various 
voltage taps. We constructed a simple short model of transmission cable to investigate 
this problem – Fig. 1. It is a single-layer model cable consisting of 16  Bi-2223/Ag tapes 
with critical current of ~30 A. An epoxy-fiberglass mandrel was provided with trenches 
to house the tapes and avoid any uncontrolled movement or electrical contact between 
them. Tapes of 105 cm length are straight, in difference to helicoidal geometry used for 
flexible cables. On one end of the cable, a head with copper terminations making 
contacts to individual tapes and containing brass shunts was designed to allow two 
regimes of operation: in preliminary tests the arrangement shown in Fig.1 was utilized 
that allows any combination of tapes to be energized. However, in a real cable 
operation, current distribution into individual tapes occurs from a single termination, 
without possibility to control its uniformity. Therefore a thick copper plate distributing 
the current to the copper terminations of individual tapes has replaced the set of 
conductors shown in 
Fig. 1 in the 
measurements reported 
in the following. 

The electrical 
circuit model of such 
object is a parallel 
combination of N 
branches – where N is 
the number of tapes in 
the cable - containing 
one superconducting 
tape each. Every tape is 
characterized by its 
critical current, I0, and 
the slope of current-
voltage curve at low 
current, n. Beside the 
superconducting tape, 

 
Fig. 1. Termination of the cable model. 
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each branch contains normal resistances represented by the summary value, R. When 
imposing a drop of electrical potential on such system, the branch currents can be found 
by resolving a set of non-linear equations. Typical result of our investigations is 
presented in Fig. 2, where the experimental results for a certain configuration of tape 
parameters are compared with theoretical predictions resulting from the solution of 
nonlinear circuit equations [1]. One can clearly see that the bulk of irregularity in 
measured signals is controlled by R. The tape T9 with highest R in series does not carry 
enough current, and voltage drop on it is lower than on other tapes. Subsequently, we 
reached more regular distribution of resistances by adjusting the screw connections in 
the cable.  It is interesting to note that then the critical currents of all the tapes slightly 
increased, probably due to more regular distribution of perpendicular component of 
magnetic field. This study pointed towards the non-uniformity of contact resistances as 
the key factor influencing the validity of critical current value obtained on short (i.e. 
several meters) long models of power transmission cables. In the same time, we 
developed a procedure for theoretical prediction of this effect. This procedure can be 
utilized to discriminate unreliable experimental data from the valid ones. 
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  T1 : R = 0.174 mΩ , I0 = 32.4 , n = 23.5
  T2 : R = 0.156 mΩ , I0 = 30.3 , n = 22.0
  T3 : R = 0.170 mΩ , I0 = 31.5 , n = 22.2
  T4 : R = 0.161 mΩ , I0 = 30.8 , n = 23.0
  T5 : R = 0.174 mΩ , I0 = 31.8 , n = 23.0
  T6 : R = 0.176 mΩ , I0 = 32.0 , n = 23.8
  T7 : R = 0.164 mΩ , I0 = 31.3 , n = 22.8
  T8 : R = 0.168 mΩ , I0 = 30.0 , n = 21.8
  T9 : R = 0.567 mΩ , I0 = 30.5 , n = 22.2
T10 : R = 0.159 mΩ , I0 = 30.1 , n = 21.5
T11 : R = 0.167 mΩ , I0 = 31.0 , n = 23.0
T12 : R = 0.180 mΩ , I0 = 32.2 , n = 23.5
T13 : R = 0.164 mΩ , I0 = 33.3 , n = 24.5
T14 : R = 0.157 mΩ , I0 = 31.5 , n = 22.5
T15 : R = 0.159 mΩ , I0 = 32.0 , n = 23.0
T16 : R = 0.164 mΩ , I0 = 31.5 , n = 23.0

 
Fig. 2. Electrical signals measured on individual tapes when DC current was fed to 
the cable model. Parameters of 16 parallel branches are given in inset. Experimental 
data found for 5 branches are compared with theoretical prediction calculated by 
resolving the nonlinear circuit equations.  
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This work was performed in the framework of the collaboration contract with Pirelli 
Cables and Systems, Milan, Italy. 
  
[1] Gömöry, F., Frolek, L., Šouc, J., Spreafico, S. and Coletta, G.: Applied Superconductivity 

Conference, Houston, Texas, USA; to be published in IEEE Transactions of Applied 
Superconductivity. 
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Our research was focused on four groups of problems: 
-Study of electromagnetic properties of superconducting tapes   

(Bi,Pb)2Sr2Ca2Cu3Ox (BSCCO) with emphasis on the use of contactless methods. 
-Study of electromagnetic properties of YBCO coated conductors and the 

development of an YBCO based conductor for AC use. 
-Development and testing of superconducting model transformers using BSCCO 

and YBCO tapes.  
-Experimental work associated with the application of conventional 

superconductors (measurement systems for  current distribution measurements in bus-
bars of  torroidal field coil TFMC, measurements of magnetization in LHC cables, 
joining of Nb3Sn).  
 

Thanks to small active area Hall probes developed at our department we extended 
and improved the contactless methods for the characterization of superconducting 
samples. We studied the relation between the magnetic field in the vicinity of a sample 
and its magnetization. The Hall probe technique was also used for the detection and 
localization of weak sections in individual filaments extracted from multifilamentary 
BSCCO tapes. We also studied effects of filament bridging on magnetic properties of 
the BSCCO samples.  
 

A great effort was devoted to the understanding of AC loss mechanisms in 
BSCCO tapes and in samples of the second generation of HTC tapes: YBCO/Ni coated 
conductors. We developed and analyzed experimental methods for loss determination. 
Besides the classical method - analogue integration of the pick-up coils voltage - we 
built up and tested a measurement set-up based on the Fourier analysis of the pick-up 
coil voltage. The Hall probe technique is based on the measurement of sample magnetic 
field, and its main advantage is the absence of signal drift. 
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YBCO coated conductors are prepared as a continuous YBCO layer on Ni or NiW 
substrates. They have very large AC losses if exposed to an external magnetic field 
oriented perpendicular to the tape plane. To reduce hysteresis losses, the YBCO layer 
must be divided into narrow filaments with a small interfilamentary gap. We prepared 
the YBCO filamentary samples and studied their electromagnetic behaviour in 
collaboration with the University of Wuppertal, Cryoelectra Wuppertal, and with the 
Department of Cryoelectronics at our Institute. The mapping of sample magnetic field 
due to AC external magnetic field with frequencies up to ~500 Hz represents a powerful 
tool for sample diagnostic. It should be applied in experiments with YBCO coated 
conductors for AC use. 
 

In collaboration with Skoda vyzkum s.r.o. and the University of Wuppertal we 
developed and tested two models of a 14kVA transformer with a superconducting 
winding made of a Bi-2223/Ag tape. Both models demonstrated advantages over 
conventional transformers as the result of the application a superconducting winding, 
which in particular led to considerably lower losses, resistance against overloading 
damage, and to an increasing efficiency with increasing load.  
 

We collaborated on the problem of the current distribution in bus-bars of TFMC 
(torroidal field coil) installed at Forschungszentrum Karlsruhe. Four special measuring 
heads with Hall probes were developed, calibrated and installed in Karlsruhe. 
Magnetization measurements of NbTi strands and cables for the LHC programme at 
CERN represent another activity of our department, which was focused on applications 
of conventional supercondutors. 
 
Our research activities in 2001-2002 were supported by following Institutions: 

The Slovak Grant Agency VEGA (project No. 2/7197/21: Windings from High 
Temperature Superconductors for AC Use and Their Electromagnetic Properties), 
NATO Science for Peace Programme (project SfP-974124: High Temperature 
Superconducting Model Transformers Using BSCCO and YBCO Tapes), 
EFDA/Euratom (FU 05 – CT – 2000 –000981, AC Losses Measurements and Strain 
Joining Methods), The European Office of Airspace Research and Development, 
EOARD, AC Loss Minimization in High Temperature Superconductors, Slovakia, 
Austrian Bundesministerium fuer Bildung, Wissenschaft un Kultur, Project GZ 
45.481/2-VIII/B/8a/2000, High Temperature Bi-2223/Ag Composite Superconductors 
for Coil Windings. 
 

International co-operation and also informal scientific contacts with foreign 
institutions contributed considerably to the results of our department. We collaborated 
with the following Institutions: University of Wuppertal, Germany and Cryoelectra 
GmbH, Wuppertal, Germany (superconducting model transformers, YBCO coated 
conductors), Institut fuer Experimentalphysik, Technische Universität Wien, Austria 
(characterization of HTC tapes), Applied Superconductivity Center, University of 
Wisconsin, Madison, USA (electromagnetic properties of YBCO and BSCCO), CERN 
(magnetization of NbTi strands and cables), Forschungszedntrum Karlsruhe, Institut für 
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Experimetalphysik, Germany (AC losses in HTC tapes), Tampere University of 
Technology, Laboratory of Electromagnetics, Finland (magnetic fields around HTC 
samples),  Skoda Plzeň s.r.o., the Czech Republic, (development of superconducting 
transformers), EFDA, Garching, Germany, ENEA Frascati and Seconda Università di 
Napoli, Italy (current distribution measurements in large cables). 

 
      Milan Polák 
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AC LOSSES  IN THE  TRANSFORMER WINDING 
 

 L. Janšák 
 

In  recent years many papers devoted to HTS transformers were published, see, for 
example [1]. The most important advantages of HTS are an improved efficiency, weight 
reduction, which is very interesting  for  mobile systems, reduced environmental hazard 
and an improved  behavior at overloading. AC loss of a  transformer windings  depends 
on the frequency, coil type and shape, the superconducting  tape properties, level of the 
current loading β = Ip /IC (where IP   is the peak operating current and IC  is the critical 
current of HTS conductor ) and the magnetic field distribution in the coil.  
In a transformer the conductor carries an AC current and it is simultaneously exposed to 
an  AC magnetic field with a different orientation with respect to the tape. 

The total AC loss in an HTS tape can be expressed as the sum of two   components  –  
transport  loss  due  to  the  transport current  in   an   external   alternating  magnetic  
field  and magnetization loss due to the external magnetic field, which is affected by 
a transport current. Both components can be  measured and compared with the real 
winding loss.    
The software  ANSYS based on the Finite Element Method was used for calculation the  
magnetic field in the transformer winding. Magnetic field calculations of our 
transformer are presented in paper [2]. 
The experimental results obtained on the short samples of the tape are compared with 
a calculated loss of different coils. The main goal  of this contribution is to  estimate 
contributions of  self-field losses and external field losses to the total losses in the  
winding of a  single-phase  14 kVA transformer model. The rated voltage of the primary 
and secondary winding   is 400/200Vrms, current rating is 35/70 A.. The magnetic core  
of  silicon iron  operates  at room temperature. 
The transformer windings are made from multifilamentary, not twisted, BSCCO/Ag     
tape with an overall cross section of 4.1 mm x 0.3 mm, IC = 92 A, supplied by American 
Superconductor. The primary winding is a helical coil with 96   turns in 4 layers, total 
tape length is 61.5 m, the secondary coil consist of 12   double- pancake  coils, each 
containing  4 turns   of two parallel  tapes, the total tape length of the secondary coils is 
73.65 m. Total tape length in transformer windings is 135.1 m.   

The AC losses of the  transformer at  50 Hz were measured using NORMA Power 
analyzer D 4000 at different temperatures obtained by pumping of N2  gas. The potential 
taps were attached to each winding  including all pancake coils. For numerical 
calculation of loses in the transformer coils we used experimental data for a similar 
tape. The measured transformer  loss of the primary and secondary windings at short 
circuit are shown in Fig. 1, normalized on primary current. Measured secondary 
pancake coil tape loss at 52 A are shown in Fig. 2. 
    We also studied how lowering of the bath temperature affects AC losses of the 
windings. The temperature dependence of the total loss of the secondary winding at 
currents up to 60 A is presented in Fig. 3. The ratio of a self field loss at 66 K to that at 
77 K in short sample at operating current, is 0.4. 
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 TIME CONSTANTS AND AC LOSSES OF Bi-2223 TAPES 
 

L. Krempaský 
                                                                                 

Time constant and ac-loss measurements were performed with Bi-2223 tapes in 
parallel and perpendicular field orientation at 77 K and at 4.2 K. Specially prepared Bi-
2223 multifilamentary tapes with a low superconductor filling factor and without 
superconducting interconnections between filaments were used. The experiments were 
performed at low field amplitudes below the penetration field of filaments in order to 
limit the influence of hysteresis losses and to minimize the saturation effect. The results 
of these measurements including a model used for their theoretical interpretation can be 
found in [1].             

The half sinusoidal field pulse was used for the time constant measurements. 
These measurements revealed clearly the presence of two time constants in the sample. 
First one is associated with the coupling currents circulating in the filamentary zone, 
while the second one with the eddy currents flowing essentially in the matrix. The 
effective dimension of the filamentary zone and that of the matrix, as well as the 
effective permeability of the sample can be deduced also from the response of the 
sample exposed to a single field pulse. All these five quantities are then used for 
calculation of the frequency dependence of the ac-losses. Calculated  losses are in a 
fairly good agreement with those obtained experimentally.   

 
    All the theoretical and experimental results mentioned above were attained in 
cooperation with C. Schmidt from Forschungszentrum Karlsruhe, Institute für 
Technische Physik. 
   
[1] Schmidt, C. and Krempasky, L.: Cryogenics 42 (2002) 557. 

 
 
 



14 kVA SUPERCONDUCTING MODEL TRANSFORMERS 
 

F. Chovanec and M. Polák 
 

 Two 14 kVA single-phase superconducting model transformer with winding from 
high temperature superconductor operating at liquid nitrogen temperature and iron core 
at room temperature were developed as a part of project SfP-974124 supported by 
NATO Science for Peace Program [1,2,]. Lower weight, smaller dimensions and no 
hazardous oil are the main advantages of  superconducting transformers. The goal of the 
project was to develop two models, first one (BT-1) to develop the technologies needed 
to built the transformer and to demonstrate the applicability of the tape for AC use, in 
the second one (BT-2) we had to apply skills and experience obtained during the 
development and testing of BT-1.  We also 
aimed to study operational characteristics of 
superconducting winding, AC losses, 
efficiency, evaporation rate, technique of 
liquid nitrogen filling and behavior of the 
models in overloaded regime.  

Primary and secondary windings    of    
the    transformer BT-1 (Fig. 1) were wound 
with multifilamentary BSCCO-2223/Ag 
tape manufactured by American 
Superconductors. Its critical current was ~90 
A. The helical-type primary winding for 
400V/35A consists of 4 layers and has 96 
turns. The secondary winding for 200V/70A 
consists of 12 double pancake coils, each 
containing 4 turns of 2 parallel tapes.  

The second model, BT-2, was modified. The primary was the same, but the 
secondary  winding was a solenoidal one. The tape used had higher critical current, 
~115 A at 77 K in self field. The comparison of helical and pancake winding was 
discussed in [5]. Two additional ferromagnetic rings were designed to reduce radial 
component of the stray magnetic field and power losses [3,4]. The rings reduce the 
radial field component by about 50% and the critical current of the primary coil 
increased from 53 A to 65 A.  

The windings were inserted in a non-metallic cryostat made from fiberglass epoxy 
resin material and cooled by liquid nitrogen at 77 K. The space between internal and 
external wall is evacuated, filled by superinsulation to ensure minimal heat flow through 
the walls. Magnetic core was placed into warm hole in the cryostat center. 

Following tests were done: short circuit test, open end and load test. AC losses 
were measured electrically by analyser NORMA and independently by means of 
evaporation rate. Total heat losses of the cryostat were 51 W. Electrical losses in the 
windings of model BT-1 (short circuit test) were 7.2 W, no-load losses (in Fe core) were 
197 W. The load and overvoltage tests were done at BEZ Bratislava factory. The 
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transformer efficiency at 100% load (14 kVA) was 98.54%, that at 125% load was 
98.8%. The transformer withstood induced overvoltage 800 V at 200 Hz for 30 seconds.  

Measured losses of model BT-2 were slightly higher than those of BT-1. The 
reason for this increase was discussed in [6]. However, the parameters of the secondary 
winding was considerably improved, in particular the  secondary winding allowed larger 
load. 
This work was done in cooperation with University of Wuppertal (prof. H. Piel and 
prof. B. Moenter) and Skoda Vyskum Plzen (Ing. F.Zizek and Ing. Z. Jelinek). 
 
[1] Jelinek, Z., Timoransky Z., Zizek, F., Polak, M., Chovanec, F., Mozola, P., Jansak, L., 

Kvitkovic, J., and Usak, P.: Proc. ASC 2002 Conference, Houston 2002 . 
[2] Chovanec, F., Jahn, P., Jansak, L., Jelinek, Z., Kvitkovic, J., Mozola, P., Piel, H., Polak, M., 

Timoransky, Z., Usak, P., and Zizek, F.: Proc. 7th IIR International Conf. Cryogenics 2002, 
Icaris Ltd., Praha 2002, p.46 .  

[3] Zizek, F., Jelinek, Z., Timoransky, Z., Piel, H., Chovanec, F., Mozola, P., and Polak, M.: 
IEEE Trans. on Appl. Supercond., 12 (2002) 904 . 

[4] Polak, M., Usak, P., Jansak, L., Kvitkovic, J., Timoransky, Z., and Zizek, F.: IEEE Trans. 
on Appl. Supercond. 12 (2002) 1632.  

[5] Polak, M., Usak, P., Pitel, J., Jansak, L., Timoransky, Z., Zizek, F., and Piel, H.: IEEE 
Trans. on Appl. Supercond. 11 (2001) 1478. 

[6] Jansak, L., Zizek, F., Jelinek, Z., Timoransky, H., Pile, H., and Polak, M.: IEEE Trans. on 
Appl. Supercond., in press. 



THE MEASUREMENT OF CURRENT DISTRIBUTION IN 
SUPERCONDUCTING TAPE. COMPARISON OF DESTRUCTIVE AND NON-

DESTRUCTIVE METHODS. 
 

P. Ušák 
 

 The question whether the current in superconducting tapes flows homogeneously 
or is distributed in some way across the width, between its edges, can be answered in 
several ways. If we are interested in the critical current distribution only, the destructive 
method can be applied. The tape can be cut longitudinally into several sub-tapes and the 
critical current can be measured in each sub-tape.  The disadvantage of method is rough 
mechanical interaction with the tape, which can modify its transport properties and 
inability to repeat measurements on the same piece of initial sample after changing 
some of the external parameters. Current distribution in general, without limitation to 
the critical one, can be achieved by measuring the self magnetic field of the tape and 
solving the inverse problem for corresponding current distribution. An improved, 
unique procedure of calculation is described in [1]. The results for special case of 
current  equal to the 
critical current, i.e. the 
critical current 
distribution across the 
tape width, are compared 
with the results of the 
destructive method 
applied on the same tape 
(Fig.1). Any current 
distribution, at any phase 
of the tape transport 
current during AC cycle, 
can be determined by the 
non-destructive method.  

The idea of linear 
current density is very 
useful for comparison of 
these different methods 
(destructive and non-
destructive). We receive 
mean linear current 
density (across the width of the tape) by dividing the tape current I by its width w. In the 
destrucitve method we divide the measured critical current of each sub-tape, 
longitudinally (z-direction) cut from the initially itact tape used in the non-destrucitve 
measurements, by its width. The geometrical width of fragment (sub-tape) ∆x does not 
correspond to a smaller really superconducting part of width ∆x’  which only 
determines its critical current value. As a consequence, the systematic shift to smaller 

 

Fig. 1. Comparison of current distribution across the 
tape width determined by destructive and non-
destrucitve methods. 
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values of linerar current density is observed (in destructively achieved distribution) with 
respect to the mean current density of the maternal tape (Ic/w),(see Fig.1). 

The principle of the non-destrucitve method is based on the relation between the 
field of electric currents in the volume of superconducting tape and corresponding self 
magnetic field in the space around and out of the tape boundaries. Relatively easy 
mapping of the magnetic field generated by unknown currents in the tape gives input 
data for calculation of the inverse problem, i.e. the quantification of the current 
distribution in the tape. After apropriate discretization we receive a system of linear 
algebraic equations expressed in the matrix form as  

 
 |A|P=C  
 
where P≡ (i1,…,in), C (B≡

2
E

y(x1,y0),… By(xn,y0)) and |A| is the matrix n×n of the 
system with elements Ajk. The P and C play the role of vectors in mathematical space of 
dimension n and the matrix |A| is a linear operator translating the vector P of an 
unknown linear current density distribution to the vector C of the measured self 
magnetic field values. Direct solution of this system is frequently disabled by the 
problems with measurement errors. Wrong |A| and C are result. True reality is 
expressed by following system where both coefficients of the matrix |A’| and the vector 
C’ are free of errors: |A’|P=C’. Simple direct solution of initial system may give a very 
large dissipation of coefficients ik as a consequence of the mentioned feature of the 
equation of this type. We used Tichonov method of regularization to overcome the 
obstacle [2],[3]. According to the method we are to find the so-called pseudosolution of 
the system by minimazing the functional: 
 ML[P,C,|A|] = || |A|P-C|| +L||P|| ,  where the first expression on the right side is the 
Euclidean norm of residuum vector and the second one is the Euclidean norm of the 
vectro P normalized by the factor L. The pameter L>0 is a real number, so called 
regularization factor, and P is a solution of the system [|A|

2
E

*.|A|+L|E|]P=|A|*C, where 
|A|* is the matrix conjugated to |A|, |E| is the unit matrix. Tichonov has shown that if the 
errors in the determination of elements of |A| , i.e. in the coordinates xj, xk’ and y0 in our 
case, tend to zero in limit, the solution P from minimization procedure is identical with 
the right solution and, furthermore, at the finite level of error in the input data presents 
reasonable good approximation to a normal solution. Sometimes, however, the process 
of minimization does not work and the calculation procedure diverges. The calculated P 
approaches the right solution in n-dimensional space and afterwards tends to a wrong 
path. We found that, fortunately, the point of the best approach is equivalent to reaching 
the minimum of fraction of the Euclidean norm of residuum vector and the Euclidean 
norm of the P vector: :  (|| |A|P-C|| )/(||P|| ).  The minimization process is interrupted 
at the moment when this additional condition is met. In this way the divergence is cut 
out. 

2
E

2
E

 
[1] Usak,P., Physica C 384 (2003) 93. 
[2] Voevodin, V. V., (in Russian), Problemy Matemat. Fiz. i Vyc. Mat., Nauka, (1977) 91. 
[3] Tichonov, A. N., (in Russian), DAN SSSR, 6 (1965) 163. 

 
132 



INSTABILITIES ABOVE CRITICAL CURRENT REGION IN Bi-2223/Ag 
SUPERCONDUCTING COILS COOLED BY LIQUID NITROGEN 

 
F. Chovanec and P. Ušák 
 

A sudden drop of the coil voltage and hysteresis of I-V curve were observed in 
measurement of one-layer Bi-2223/Ag coils cooled by liquid nitrogen at currents well 
above critical current region. Their temporal behavior indicates, that the improvement 
of the cooling and corresponding decrease of temperature after the jump takes place. To 
study this phenomenon we measured I-V curves of two Bi-2223/Ag coils made from 
tapes with various degree of critical current homogeneity and analogical curves of two 
non-superconducting coils made from thin Cu tapes having various widths. In Cu coils 
we really observed a sudden drop ot the temperature, measured in parallel with Cu 
resistance drop, after reaching heat flux of about 0.4 W.cm-2 during current ramping up. 
In spite of non-superconducting character of the tape, the hysteresis, i.e. diference 
between increasing branch and decreasing branch of I-V curves was observed too! 
Approximately the same value of heat flux, at current corresponding to the jump, was 
found also in superconducting coil on segment with least value of local critical current. 
We conclude that observed voltage drop of the Bi-2223/Ag does not bear upon 
superconducting nature of 
the coil and, as that for Cu 
coil, can be explained by 
dynamics of heat transfer 
to liquid nitrogen and its 
history [1]. 

 In our experiments 
we used two one-layer 
coils made from rolled 
PIT Bi-2223/Ag tape with 
19 untwisted filaments in 
Ag matrix and two one-
layer coils made from thin 
Cu tape with various 
thickness.  

The Bi-2223/Ag tape 
cross section was 0.29 mm 
x 3.6 mm and the filling 
factor was 25%. Formers 
for  superconducting coils were made from glass fiber-epoxy and had helical grooves 
with interturn spacing of 1mm. The coils have various diameters – 3 and 5 cm and the 
same number of turns – 10. Each turn has its twin of voltage taps. The Cu coils were 
wound on glass fiber-epoxy tubes with diameter 28 mm. The Cu tapes had width 2 and 
4 mm, respectively. Measurements of I-V curves were done in a cryostat containing 5 l 
of liquid nitrogen. The central axis of measured coil was oriented perpendicularly to the 

 
Fig. 1. I-V characteristics of BSCCO coil measured 
across various potential taps. The distribution of 
critical current along the tape is given in insert. 
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liquid nitrogen level. The tape broad face was in vertical position in grooves. The heat 
transfer from tape surface was realized in direction perpendicular to gravitation force. 
The temperature of the tape surface was monitored by three small germanium 
thermometers located on the central turn and two edge turns. The coils were energized 
up to 100 A and down to zero with the ramp rate 0.3s/sec, I-V curves were measured by 
X-Y recorder. The result for one superconducting coil is given in Fig.1. Insert in Fig.1 
shows the distribution of critical current along the tape, measured on individual turns.  

     The voltage jump occurred in portion covering the 3 central turns with overall 
length 25.5 cm (potential taps 4,7). The mean heat flux at the jump was 0,425 W/cm2 . 
The jump was accompanied by remarkable hysteresis and a temperature change. 
Immediately before the jump the temperature of the tape surface was of about 1.5 K 
above the bath temperature. After the jump the difference between tape surface and bath 
temperature decreased to the value of 0.5 K. Similar results were obtained with coils 
made from Cu tapes. The results obtained for coil made from Cu tape having width 2 
mm is presented in Fig. 2. Here 
the relative change of Cu 
resistance, and corresponding 
temperature difference ∆T 
between tape surface and 
liquid nitrogen bath, is plotted 
versus current. Similar as in 
Bi-2223/Ag coils a voltage 
jump was observed at heat flux 
of about 0.4 W/cm2 . The 
temperature difference ∆T 
before voltage jump was of 
about 1.5K and after the jump 
it decreased to 0.25 K. 
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We conclude that the 

effect can be explained by a 
discontinuity of heat transfer 
coefficient in liquid nitrogen in transition between convective heat transfer and nucleate 
boiling. It proves no relation to superconducting properties of BSCCO-2223/Ag tapes 
used in superconducting coils. It can give rise to instabilities and self-oscillations when 
the winding operates well above the critical current region. 

 
Fig. 2. The relative change of Cu resistance and 
corresponding temperature difference between Cu 
surface and nitrogen bath during current ramping 
up id expressed as a function of current in Cu coil. 

 
 
[1] Chovanec, F. and Usak,P.: Cryogenics 42 (2002) 543. 
 
 

 
 
 



EVALUATION OF AC LOSSES IN HIGH-TC SUPERCONDUCTORS 
USING FOURIER ANALYSIS 

 
E. Ušák 
 

Nowadays the application range of high-temperature superconductors is 
permanently growing up. Particularly various devices using these new materials, such as 
transformers operating at industrial or even higher frequencies are under development. 
Consequently, accurate and reproducible measurements of various properties of such 
materials are required resulting in the effort to develop convenient experimental 
systems. In this paper the experimental apparatus for the measurement of magnetisation 
curves and evaluation of power losses is described. Introductory experiments on Bi-
2223/Ag and YBCO based samples have been performed too. 

The experiments have been carried out on the experimental equipment shown in 
Fig. 1. As a source of magnetic field with defined field strength waveform a long copper 
wire solenoid coil driven by the power current source along with signal generator was 
used. The sample (thin strip) is positioned in such a way that the exciting magnetic field 
vector is perpendicular to the strip plane. To increase the maximum applicable current at 
higher frequencies (limited by the loading impedance increasing with frequency and 
maximum output voltage of the current source) a capacitor should be connected in 
series with the sensing resistor and solenoid inductance. Thus the series resonance 
circuit is created allowing the voltage drop across the inductor and/or capacitor to be 
higher than the maximum output voltage provided by the current source.  

The voltage used for determining the magnetic moment was measured using 
differential pick-up coils. The sample was inserted in the vicinity of one coil meanwhile 
the second coil was used for the compensation of the air flux. The pick-up coil system 
was placed into the solenoid and 
immersed into liquid nitrogen. A 
simple resistive balancing circuit is 
used for minimising (zeroing) output 
signal without sample. Thus, the 
differential output voltage is only 
proportional to the time derivative of 
total sample magnetic moment (or 
magnetisation). Both the voltage drop 
across the sensing resistor 
(proportional to the magnetising field 
strength) and the induced voltage are 
sampled by the digital storage 
oscilloscope. The output signal of 
pick-up coils is integrated either by an 
electronic integrator or numerically to 
obtain magnetic moment (or 
magnetisation) waveform. 

INTEGRATOR 
(optional) 

VOLTAGE 
CONTROLLED 

CURRENT SOURCE

SENSING 
RESISTOR

~ M(t) 

DIGITISING 
OSCILLOSCOPE 

PC DIFFERENTIAL 
AMPLIFIER 

~ H(t) 

Coil with sample

Compensation coil 

Polystyrene vessel Solenoid 

Balancing circuit 

Liquid nitrogen 

CAPACITOR 
(optional, needed 

at higher frequencies) 

 
Fig.1. The block diagram of 
experimental equipment. 

FUNCTION 
GENERATOR 
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The power losses were evaluated from 
the obtained magnetisation curves by two 
ways - conventionally by calculating 
magnetisation loop area using a simple 
algorithm (found in [1, 2]) for the 
calculation of the area of a polygon given by 
the set of measured loop data points; the 
second method used the discrete Fourier 
transform (DFT) for the calculation of the 
amplitude and phase spectra of the 
magnetising field strength and magnetic 
moment waveforms respectively, see i.e. [3]. 
The advantage of using DFT is that except 
for the power losses also the reactive and 
complex or apparent power can be evaluated 
that can sometimes be interesting from 
theoretical point of view (similarly to the 
complex susceptibility and/or permeability 
in some relevant cases). Moreover it allows 
calculation of the total harmonic distortion 
of driving magnetic field directly from the 
definition formula thus allowing to reveal 
the influence of higher harmonic 
components to the experimental results. An 
example of the measured magnetisation 
curves is shown in Fig. 2. YBCO-based 
sample has been used for the experiment. In Fig. 3 the measured power losses per unit 
of strip length with respect to the magnetising flux density amplitude are shown. 

Exciting flux density [mT]
-30 -20 -10 0 10 20 30

M
ag

ne
tic

 m
om

en
t [

Am
2 ]

-1,5e-4

-1,0e-4

-5,0e-5

0,0

5,0e-5

1,0e-4

1,5e-4
YBCO sample on Ni substrate
4x42 mm, f=50 Hz

 
Fig.2. The example of 
magnetisation curves. 
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Fig.3. Power losses versus 
magnetising flux density. 

The aim of this work was the testing of equipment devoted to the measurement of 
magnetisation curves of thin strip samples made of HTc superconductors within the 
frequency range up to ~800 Hz required by the intended applications of the materials 
under investigation. The first measurements on the equipment showed promising results 
and functionality. On the other hand, it was found out that the used simple balancing 
circuit is not convenient due to its insufficient input impedance causing additional 
errors, therefore a more sophisticated balancing circuit based on using non-inverting 
operational amplifiers with high input impedance is under testing. 
 
This work was done at the Institute of Electrical Engineering of the Slovak Academy of 
Sciences in Bratislava, Slovak Republic (co-authors Ľubomil Janšák, Dorothea Wehler, 
Burckhardt Mönter and Milan Polák). 
 
[1] O'Rourke, J: Computational Geometry in C', Chapter 1, Cambridge Press, (1995). 
[2] http://www.brunel.ac.uk/~castjjg/java/polygon/polygon.html. 
[3] Ušák, E.and Jančárik, V.: Journal of Electrical Engineering 50 (1999) 66. 

 

 
136 



REMANENT MAGNETISATION IN MULTIFILAMENTARY BI-2223 TAPES 
WITH FILAMENT BRIDGING 

 
J. Kvitkovič 
 

One of the methods used for the separation of hysteresis and coupling losses in 
multifilamentary Bi-2223 tapes is based on the assumptions that hysteresis losses per 
unit length are independent on sample length while coupling losses per unit length 
increase proportional to the square of the sample length. 

 We measured remanent magnetic field of several multifilamentary Bi-2223 tape 
samples with different length using Hall probe scanning technique. For most of tapes 
the remanent magnetic field, which is proportional to magnetisation, depended on the 
sample length. Only for a small number of tapes the sample length did not affect the 
remanent magnetisation. The observed behavior is attributed to the existence of filament 
bridging. Superconducting bridges create superconducting loops in changing external 
fields. These loops may cause a substantial increase of AC losses. A simple model 
describing the observed behavior of the samples was presented in [1]. 

We studied the influence of the sample length on magnetic field due to remanent 
magnetisation currents in the vicinity of 2 different tapes: Tape 1 had strong filament 
bridging (Fig. 1.a) while in Tape 2 the filament bridging was negligible (Fig. 1.b) 
thanks to the small filling factor. The filament bridging in samples from Tape 1 was 
detected by measurements of I-V curves with current flowing perpendicular to the tape 
axis. Samples were 30 mm long at the beginning of measurements. Transverse profiles 
[2] of magnetic field components Bx, By and Bz in the vicinity of the samples produced 
by magnetisation currents were measured using a vector Hall sensor consisting of 3 Hall 
sensors. The scans of magnetic field profiles were taken at a distance of 350 µm from 
the sample surface. To induce magnetisation currents the external perpendicular 
magnetic field was ramped from zero to 0.4 T and back to zero. After 30 minutes 
waiting time for relaxation stabilisation, the remanent magnetic field was measured. 
After each measurement the sample was heated to the room temperature very  slowly  
(< 1K/min) in order to prevent bubbling. In the next step the tape was made shorter, 
equal pieces were cut from both sides of the tape. The tape with reduced length was 
measured by the same way as the original one. This procedure was repeated and the 
sample was stepwise shortened to 20, 15, 10, 6 and 3 mm. All measurements were 
performed at 77 K in liquid nitrogen bath. 

 
                 a)                                                                               b) 
         Fig. 1. Cross-sections of measured tapes: a) Tape 1, b) Tape 2 

 
137 



Fig. 4.  

-4E-5

-2E-5

0E+0

2E-5

4E-5

6E-5

8E-5

1E-4

-4 -3 -2 -1 0 1 2
x [mm]

B
y 

[ T
 ]

3 4

Fig. 3.  

-6.0E-4
-4.0E-4
-2.0E-4
0.0E+0
2.0E-4
4.0E-4
6.0E-4
8.0E-4
1.0E-3
1.2E-3
1.4E-3
1.6E-3

-4 -3 -2 -1 0 1 2
x [mm]

B
y 

[ T
 ]

3 4

l=30 mm

l=20 mm

l=15 mm

l=10 mm

l=  6 mm

I=  3 mm

l=30 mm
l=20 mm
l=15 mm
l=10 mm
l=  6 mm
l=  3 mm

 
Fig. 2. Magnetic field profiles of By versus x         Fig. 3. Magnetic  field  profiles  of By 
at z = 0 for samples  prepared  from Tape 1,          versus x at z = 0 for samples prepared 
parameter is the sample length.                               from Tape 2, param. is sample length. 

 

Magnetic field of perpendicular component By = f(x) for samples with different 
length from Tape 1 are shown in Fig. 2. The measurements were made in position z = 0 
and the x interval was (-4,4) mm. The width of profiles at zero field level (By = 0) 
increases with decreasing sample length. That means that for short samples the current 
flows at the sample edges. The amplitude of the profiles By (at x = 0) visibly decreased 
(with slope 4 × 10-5  T/mm) with decreasing sample length. For sample length l < 5 mm 
By changes slowly, which indicates that the filaments become decoupled. Measured 
By(x) profiles of samples from Tape 2 (Fig. 3.) practically did not change with the 
decreasing sample length. This behavior is expected for samples without filament 
bridging. To get information on the current paths in our samples, we also measured 
magnetic field components Bx and Bz (not presented here). By reducing the sample 
length from 30 mm to 3 mm (Tape 1) the amplitude Bx was reduced to 42 % of its initial 
value and the maxima were shifted by 0.5 mm to the edges of the sample, where the 
main current flow was present. This confirms the results in Fig. 2., indicating that in 
shorter samples the longitudinal current tends to flow at the sample edges. For sample 
length interval from 30 mm  to 6 mm the amplitude Bx drops  with  the  slope of 2 × 10-5 
T/mm. Magnetic field profiles of Bx component for all sample lengths (Tape 2) were 
practically identical, small differences were caused by measurement errors. 

For samples made from Tape 1 (with filament bridging) the magnetic field 
components Bx(max) and By(max) produced by magnetisation currents depended 
strongly on the sample length while for samples prepared from Tape 2 (without filament 
bridging), they were independent on sample length. 

The method for separation of hysteresis and coupling losses based on different 
sample length can be used for the tapes without filament bridging only [1]. 
 
This work was supported by the Grant Agency of the Slovak Academy of Sciences 
VEGA  No. 2/7197/20, NATO project SfP 974124 and OST Programme of BMBWK, 
Austria, GZ45.481/2-VIII/B/2a/2000. 
 
[1] Kvitkovic, J., Polak, M.: Physica C 372-376 (2002) 1012. 
[2] Kvitkovic, J., Majoros, M., Glowacki , B.,A., Apperley, M.: Physica C 370 (2002) 187. 
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 The main research activities of the Cryoelectronics Department in 2001-2002 were 

focused on the preparation and study of superconductor thin films and weak links based 
mainly on oxide superconductors. Besides 90K high TC superconductors (HTS), we 
prepared thin films with TC above 100K as well as some dielectric thin films to serve as 
appropriate buffer layers for the epitaxial growth of HTS thin films and medium TC 
superconductors (MgB2). In addition, the Department was engaged in a study of the 
surface properties of superconductor thin films as well as their interface properties in 
contact with normal metal or insulating material. The activities were devoted to the 
patterning of the films. We concentrated on the preparation of weak links and on the 
study of grain boundary type (step-edge, ramp-type) as well as sandwich type junctions. 
At the same time the edge type weak links on the MgB2 superconductor films were also 
prepared and investigated. 

 The research in this period was supported by two Slovak Grant Agencies for 
Science and Technology (VEGA 2/6057/99 “Thin oxide films for cryoelectronics and 
magnetosensorics”, VEGA 2/7199/20 “Josepson effects in High -TC superconducting 
weak links”, and APVT-51-0227 “Investigation of high temperature superconducting 
thin film detectors for superconducting quantum interference devices (SQUID)”).  The 
Department also co-ordinates an international INTAS project entitled “Metal-oxide thin 
film heterostructures on tilted-axes substrates”, collaborates with the Twente University 
as the twinning institute of the Centre of Excellence (project ASTRA-Applied 
Superconductivity Training, Research and Advance centre), and participates in the 
International project THIOX (Thin films for novel oxide devices), supported by the 
European Science Foundation. The Department collaborates through a bilateral 
agreement with the Institute of Physics PAS, Warsaw, on “HTS trilayer structures 
prepared by laser ablation”, with Laboratoire de Cristallographie CNRS, Grenoble 
”Superconducting films of Hg-1223”, the Institute of Physics AS CR, Prague  on 
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“Infrared properties of Nb and NbN superconducting thin films”. Friendly contacts with 
the University of Rochester (USA), Comenius University in Bratislava, and the 
Institutes of Slovak Academy of Sciences (Institute of Informatics, Institute of Physics, 
Institute of Measuring Sciences and Institute of Experimental Physics) are very 
appreciated.  

 Recently discovered (2001) medium critical temperature superconductor MgB2 
seems to be very promising for superconductor electronics. This was the reason why the 
Department devoted a lot of effort to the preparation of thin MgB2 superconducting 
films by different vacuum deposition methods. We prepared these films by two different 
methods. The TEM analysis confirmed that they exhibited a nanostructural character. 
We showed that MgB2 films could be prepared on "technological" substrates like silicon 
and sapphire. We were able to prepare MgB2 superconducting layers even on a m plastic 
foil. Physical properties of the films were also studied using tunnelling spectroscopy. It 
showed the existence of two energy gaps in MgB2. Also, we successfully prepared first 
MgB2 -oxide -Nb structures that exhibited a weak-link behaviour.  

 Another important task the Department worked on was a study aimed at increasing 
the critical temperature of superconducting films above 100K. The structures based on 
such films would work reliably at the temperature of liquid nitrogen - sufficiently below 
the critical temperature of the films. The application of Re-Ba-Ca-Cu-O precursor films 
together with optimised parameters of mercuration process led to improved structural 
and electrical properties of Hg-based films, which was confirmed by X-ray, transport 
and microwave measurements. We developed successful patterning techniques of these 
films on the top of CeO2 buffered R-sapphire substrate, which is a promising step for 
high-frequency and microwave applications. 

The preparation of oxide dielectric films has been an important part of our 
research activities for a long time. The films are applied as buffer layers, and tunnelling 
barrier and isolation layers in the definition of active areas of cryoelectronic structures. 
The first two tasks are linked to the epitaxial growth and minimization of morphological 
imperfections so that they can be used in cryoelectronic structures. XRD, TEM, SEM 
and AFM are used to study the quality of the films. We have started to test new oxide 
films and films combinations, e.g. SAT (strontium-aluminium-tantal-oxide), CeO2 on 
the top of MgO single crystal substrate (to eliminate the effect of imperfect MgO 
surface for epitaxial growth of HTS-films) convenient for cryoelectronics, etc.  

In addition, in multilayer sandwich structures (SIS or SNS tunnel junctions, where 
S-superconductor, I-insulator, N-normal metal) the interface between the films must be 
extremely sharp (comparable with the coherence length of applied HTS) without any 
degradation of superconducting properties near the interface. Considering this, our 
recent results have shown that the interface of a thin TlBCCO film in contact with a 
noble metal (Au) is more stable when compared with YBCO/Au interface. The main 
task at present is the search for a convenient and more sophisticated technology to 
prepare high quality tunnel barriers and SIS-type trilayer structures based on HTS. This 
problem should be solved out to able to manufacture high quality SIS junctions 
applicable in active (Josephson) cryoelectronic devices. 

 As a temporary substitute for SIS junctions, grain boundary junctions of step-edge 
and ramp-type have been investigated from the physical (s-, d-wave superconductivity, 
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field effects, charge transport through boundary, sources of noise, etc.) and application 
(SQUIDs, detectors, etc.) points of view. The research is concentrated on YBCO weak 
links as well as on Tl- and Hg- based films, which are also considered for use in such 
weak links.  

 
     Štefan Chromik 



MgB2 SUPERCONDUCTING FILMS PREPARED BY SEQUENTIAL E-BEAM 
EVAPORATION 

  
Š. Chromik, V. Štrbík, M. Španková, Š. Gaži, Š. Beňačka, I.Vávra, and A. Rosová 
 

 Thin superconducting MgB2 films were successfully grown on randomly oriented 
sapphire, glassy carbon and silicon substrates by sequential e-beam evaporation of 
boron and magnesium followed by an in-situ annealing at 630 or 700 °C [1,2,3]. The 
best zero resistance TC0 values were 27 K for MgB2/Si film annealed at 630 °C and, 
28 K for MgB2/Al2O3. Recently, we have prepared two-layer B-Mg films on the top of 
NbN buffered Si(100) substrate. Typical R-T dependence of a final annealed film with 
TC0 value 35 K is shown in Fig.1. TEM analysis confirmed nanogranular character of 

the film. SAD pattern of the NbN/MgB2 
interface shows diffuse concentric rings 
belonging to MgB2 and faint incomplete 
rings belonging to NbN (Fig.2). The 
microstructure (dark field image) 
exhibits polycrystalline MgB2 grains 
with a typical size of 10 nm spread in 
amorphous matrix (Fig.3). In spite of 
sequential deposition of B and Mg we 
found out a homogeneous distribution of 
MgB2 grains through the whole 
thickness of the film (∼100 nm). 
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EDGE JUNCTIONS ON SUPERCONDUCTING MgB2 THIN FILMS  
 

Š. Gaži and Š. Chromik 
 

Recently discovered MgB2 superconductor with onset critical temperature 
TON = 39 K (the largest TON among the metallic and bimetallic superconductors such as 
Nb, NbN or Nb3Sn) might be very convenient for many electronic applications. It 
allows one to work at temperature 20-30K using standard cryocoolers. 

Large differences in electrochemical and thermodynamical properties of the basic 
materials Mg and B make difficulties in the preparation of smooth and microscopically 
homogeneous films. The nanocrystalline structure with MgO contaminants may cause 
residual resistance on the grain boundaries. Attempt was given to create weak link on 
the layers made by sequential deposition of B and Mg films on sapphire followed by 
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annealing [1]. Because of the formation of relative thick nonstoichiometric layer on the 
MgB2 surface we tried to prepare Josephson junctions on the edge of MgB2 film. It was 
realized by substrate breaking up with MgB2/CeO2 bilayer and preparation of 
MgB2/Al2O3/Nb junction (after Ar ion etching) by standard sputtering of Al and Nb.  
Figure shows I-V characteristics of such junction without (a) and with (b) microwave 
irradiation (10 GHz, 4.2 K). The shape of Shapiro steps demonstrates the presence of 
serial residual resistance in the junction which cannot be removed by other techniques 
of the creation of the MgB2 step (by Ar ion beam etching). This is well-known problem 
of the MgB2 and is solved by fabrication of junctions without interfaces [2]. 

Voltage (µV)

 
[1] Chromik, Š., Beňačka, Š., Gaži, Š., Štrbík, V., Őszi, Zs., and Kostič, I.: Vacuum 69 (2003) 

351. 
[2] Kang, D.-J., Peng, N.H., Webb, R., Jeynes, C., Yun, J.H., Moon, S.H., Oh, B., Burnell, G., 
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SUPERCONDUCTING MgB2 MICROSTRIPS 
 

Zs. Őszi, V. Štrbík, Š. Chromik, and  Š. Beňačka 
 

 Recently discovered MgB2 superconductor is considered as middle TC (critical 
temperature close to 40 K) superconductor with low current (but high critical current 
density) microelectronics as well as large scale power applications. 

 Superconducting 75-300 nm thick MgB2 films have been prepared on various 
substrates (R-sapphire, randomly oriented sapphire, carbon glassy, Si (111), Si (100), 
Si(100) with YSZ and NbN buffer layer [1,2,3] ) using sequential e-beam evaporation 
of boron and magnesium. The deposition was divided into 2-6 steps alternating boron 
and magnesium films. In the simplest form was prepared superconducting MgB2 thin 
film from one boron (15 nm) and one magnesium (60 nm) layer. After deposition, an in-
situ annealing was performed at 620 oC at various pressure of Ar. The zero resistance 
critical temperature TC0 ranges from 25 K for Si (100) to 34 K for Si (100) with YSZ or 
NbN buffer layer.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                       Fig. 1                                                                     Fig. 2                   

 
  

 The MgB  thin films were patterned into strips of width w = 15 – 60 µm (Fig.1) 
2

and the best critical current density was estimated jC ≈ 2 x 106 A/cm2 at temperature 
T =  4.2 K. The temperature dependence of critical current density is shown in Fig.2 
with aproximation of jC(T) = jC0(1-T/TC0)n dependence, where jC0 is current density at 
T = 0 K, and n ≈ 1.5 indicates a dielectric barrier between grains (maybe MgO). 
 
This work was performed in collaboration with I. Kostič of the II SAS, Bratislava. 
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MgB2 THIN FILMS PREPARED BY CODEPOSITION ON SAPPHIRE, 
SILICON AND PLASTIC FOIL SUBSTRATES  

 
L. Satrapinsky, A. Plecenik, Š. Gaži, and Š. Beňačka 
 

 Thin films of superconducting magnesium diboride were prepared by several co-
deposition procedures on sapphire, silicon and plastic foil substrates in vacuum, argon 
or magnesium vapour atmosphere. The first procedure was ex-situ annealing of boron 
thin films, deposited on sapphire substrates, in magnesium vapour at temperature 800°C 
during 90 minutes. The films were polycrystalline with crystal dimensions about 1µm, 
onset critical temperature Tcon close to 39 K, and width of the phase transition ∆T ≤ 1 K. 
Another procedure of MgB2 thin films preparation was co-deposition of Mg and B on Si 
(or Si covered by Nb) substrates, followed 
by annealing in Ar atmosphere. This 
procedure, with ex-situ or in-situ annealing 
at temperature 600-650 °C, results in smooth 
nanocrystalline thin films. Superconducting 
properties of the nanocrystalline MgB2 films 
co-deposited on silicon substrate reached 
Tcon= 33 K, zero resistance critical 
temperature Tco= 31 K, and critical current 
density jc(4.2 K) ≅ 6.5×106 A/cm2. However, 
all the parameters were extremely sensitive 
to annealing time and temperature (Fig.1) [1]. 
Vacuum co-deposition of Mg-B precursor 
films with thickness of about 
special ex-situ rapid annealing r preparation 
of superconducting MgB2 thin films on flexible polyamide Kapton-E foils. During 
annealing process the Mg-B films were heated to approximately 600°C but at the same 
time the backside of the foil was attached to a water-cooled radiator to avoid 
overheating of the plastic substrate. The resulting MgB2 films were amorphous with the 
onset of superconducting transition at Tcon≅ 33 K and the transition width of 
approximately 3 K. The critical current density jc(4.2K) > 7 × 105 A/cm2, and its 
temperature dependence indicates a granular film composition with a network of 
intergranular weak links. The films could be deposited on foils up to 400 cm2 and, after 
processing, cut into necessary shap , without any 
observed degradation of their super

Fig.1. R-T dependences of the MgB2 thin 
films prepared on Al2O3 substrate by 
annealing of Mg-B precursor film in Ar 
atmosphere at various temperatures. 
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STUDY OF SUPERCONDUCTING MgB2 THIN FILMS BY TUNNELING 
SPECTROSCOPY 

 
A. Plecenik and L. Satrapinsky 
 

 The MgB2 thin films prepared by ex-situ co-deposition method for the preparation 
of MgB2 / normal metal point contact junctions were used. The MgB2 thin films were 
characterized by onset critical temperature Tcon ≤ 33 K and superconducting transition 
∆Tc ≥ 2 K. The value of critical current density at temperature 4.2 K and zero magnetic 
field was 6.5x106 A/cm2 [1]. The differential conductance vs. voltage characteristics 
(dI/dV vs. V) measured on MgB2/Au point contact junctions exhibit a clear contribution 
of Andreev reflection. Our experimental data give evidence on a two-gap structure 
(inset in Fig. 2) in MgB2 [2]. These results fully correlate with theoretical prediction for 
two-band model in clean limit. Total current can be described as a sum of currents from 
two bands, i.e. Itot = aI1 + (1-a)I2, where a is weight factor. The best numerical 
simulation (open circuits – inset in Fig. 1) of the modified BTK model was obtained for 
the following fitting parameters: ∆1 = 7 meV, 
Z1 = 1, Γ1 = 0.1, ∆2 = 2 meV, Z2 = 0.05 and Γ2 
= 0.2 meV at 4.2 K. But in most cases only 
the one gap structure was measured [3]. One 
gap structure and decreasing differential 
conductance at zero bias typical for NS 
junction with barrier strength Z = U0/ħvF > 0 
are visible on the differential characteristics 
measured at 4.2 K (bold curve 1 in Fig. 1). 
However, the peaks and lowered zero bias 
conductance disappear at temperature about 
20 K (bold curve 2 in Fig. 1) and the clear 
Andreev contribution is visible above this 
temperature only. The disappearance of 
conductance dip is not possible to explain by temperature smearing or by temperature 
dependence of Г parameters. A more probable model is based on the existence of two 
conducting channels with Z1 = 0 (point contact regime), for the band with smaller 
energy gap, and Z2 > 0 (tunneling regime), for the band with large energy gap. In dirty 
limit the larger gap should disappear at about 20 K. Thus this model could explain the 
behaviour of temperature dependence of differential conductance.  

Fig. 1. Differential conductance dI/dV-V 
measured on MgB2/Au point-contact 
junction at temperatures  from 4.2 K   up 
to 35 K. 

 
This work was performed in collaboration with Dept. of Solid State Physics FMFI, 
Comenius Univ., Bratislava (P. Kúš) and Univ. of Rochester (R. Sobolewski, Y. Xu). 
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SOME PROPERTIES OF (Hg,Re)Ba2CaCu2O6+δ FILMS ON CeO2/SAPPHIRE 
SUBSTRATE  

 
Š. Chromik, V. Štrbík, Š. Gaži, and M. Polák 
 

 Recently, we have prepared (Hg,Re)Ba2CaCu2O6+δ films using Re0.25Ba2Ca2Cu3Ox 
precursor films [1,2,3]. In spite of high critical temperature of the films, X-ray electron 
microanalyses (EDX) confirmed the presence of nonsuperconducting grains without Hg 
content, containing only Re-compound [3]. This was reason to decrease Re content to 
0.15 in the precursor film. Fig.1,2 shows the influence of Re content on R-T 
dependences of the prepared films at the same mercuration process with a maximum 
temperature 775ºC optimal for CeO2 buffered R-sapphire substrate. R-T dependences 
for different thicknesses confirm better transition to superconducting state without 
pronounced tails in case of lower content of Re. However, this influence was not 
observed in case of higher mercuration temperature probably due to better reactivity of 
the elements. Φ-scan of Hg-1212 film on the CeO2 buffer layer shows a clear evidence 
for epitaxial relation between Hg-1212 and CeO2 films with a tilt angle of 45° between 
[100] directions of both layers (Fig.3a,b). The magnetic properties of prepared Hg-based 
superconducting films were examined at 77K in zero field cooling mode, where external 
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Observed hysteresis loop (first 
magnetization- Fig.4) determined the Hc1 
value. Hysteresis loops obtained for 
different frequencies of external field 
were used to derive electric field versus 
current density dependence (Fig.5). 
Critical current density 2.5×104 A/cm2 at 
77 K was determined by static 
measurement of the distribution of 
magnetic field as a consequence of 

g of external field to zero. Fig.6 shows a normalized 
erature dependence of Hg-1212 film prepared on the 
r to one obtained on single crystal LaAlO3 substrate. 
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PHASE COMPOSITION OF HgBaCaCuO THIN FILMS 
 

V. Štrbík and Š. Chromik 
 

 We have prepared Hg-based high temperature superconducting films from two 
types of precursor films - from fluorides [1] and from Re-doped Ba-Ca-Cu-O precursor 
[2]. In both cases the nominal precursor composition corresponds to stoichiometric ratio 
Ba:Ca:Cu = 2:2:3 to obtain resulting superconducting phase HgBa2Ca2Cu3O8+δ (Hg-
1223) after synthesis (mercuration) which displays the highest critical temperature 
TC ≈ 135 – 138 K. The prepared films were investigated mainly by X-ray diffraction in 
Bragg-Brentano geometry, and by both energy dispersive and wave dispersive X-ray 
electron microanalyses [1].  
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 Unfortunately, up to now we have not obtained the phase pure Hg-1223 films, only 
films with partial content of Hg-1223. As we have reported [3,4] the maximum content 

of Hg-1223 in the 
superconducting films was 
about 75% when the Hg-
1212 phase was 
predominant. We suppose 
that the used preparation 
conditions (temperature, 
reaction time and mercury 
partial pressure) evidently 
favoured the formation of 
the Hg-1212 phase.       

On the other side we 
frequently observed the X-
ray diffraction pattern 
showing not only peaks 

belonging to Hg-1212 and Hg-1223 phases but also peaks belonging to an intergrowth 
phase. The intergrowth phase “Hg-2435” (= Hg-1212 + Hg-1223) corresponds to 
bilayer consisting of one monolayer of Hg-1212 and one monolayer of Hg-1223 phase. 
Such growth effect was observed for both types of precursor films and both types of 
substrates (LaAlO3 [1] and CeO2 / sapphire, see Figure).   
 
This work has been performed in cooperation with G. Plesch from FNS, Comenius 
University, Bratislava, and P. Odier and D. De Barros from the Laboratoire de 
Cristallographie, CNRS, Grenoble, France. 
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PATTERNING OF THE (HgRe)BaCaCuO THIN FILMS 
 

V. Štrbík and Š. Chromik 
 

 Superconducting (Hg,Re)BaCaCuO thin films were prepared by a procedure 
described in [1,2]. As a precursor 200 nm thick films with a nominal composition 
Re:Ba:Ca:Cu = 0.25:2:2:3 were deposited by rf magnetron sputtering from a single 
target of the same stoichiometry. As a source of the mercury, a pellet consisted of 
unreacted (Hg,Re)-1223 was used. The films were deposited on LaAlO3 (001) single 
crystal substrate. 

Two different types of patterning were used. First, patterning of synthesized 
superconducting film, second, patterning of precursor film with consequent mercuration 
of shaped precursor. The dc superconducting parameters such as critical temperature TC 
and critical current density jC were determined on strips prepared by both patterning 
techniques. The standard photolithographic processes and ion milling etching with 
400 eV argon ions were used. The strips of the width w ≥ 20 µm were superconducting 
at temperatures above 100 K for both types of patterning. The critical current density 
was estimated to ≈ 105 A/cm2 and 8×106 A/cm2, respectively, at temperature T = 4 K 
and self-field condition. A long low resistance tail in R(T) dependence (Fig.1) indicates 
some degradation in the patterning process and therefore some optimization of this 
process is necessary.  
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This work was performed in collaboration with P. Odier and D. De Barros of the 
Laboratoire de Cristallographie-CNRS, Grenoble, France and I. Kostič of the II SAS. 
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DIELECTRIC CeO2 AND Sr2AlTaO6 (SAT) FILMS GROWN ON SINGLE 
CRYSTAL MgO SUBSTRATE 

  
M. Španková, Š. Chromik, and V. Cambel 
 

 From the structural and dielectric points of view MgO has intermediate properties 
between perovskites and sapphire, being the most promising substrate for microwave 
applications. However, the disadvantage is a large lattice misfit (9%) between MgO and 
YBa2Cu3Ox (YBCO). The role of the buffer layers is to provide a better lattice match 
and to prevent the interdiffusion between the superconducting YBCO film and MgO 
substrate and to protect the surface of the substrate against atmospheric moisture.  
 
           Fig. 1               Fig. 2 
 
 

20 25 30 35 40 45 50
0

2

4

6

S
A

T 
(4

00
)

M gO  

S
A

T 
(2

00
)

in
te

ns
ity

 [a
.u

.]

2  θ  [deg]
2 0 2 5 3 0 3 5 4 0 4 5 5 0

0

6

1 2

1 8

2 4

3 0

M g O

C
eO

2 (
00

2)

2  θ  [d e g ]

 
 .]

 .u

 y 
[a

 ns
it

 te

 in

 
 
 
 
          
        Fig. 3          Fig. 4 
     
 6
 

14 16
0

3

in
te

ns
ity

 [a
.u

.]

FWHM

θ  [d

 
 
 
 
 
 
 
 
 
 

The properties of sputtere
X-ray diffraction patterns exhi
perpendicular direction of the
maximum (FWHM) values of 
and 1.5° for the 200 SAT di
(AFM) revealed several holes
optimization in the preparation 
 
18

 = 0.81o

eg]

d CeO2 and SAT buffer layers are shown in Fig.1,2,3,4. 
bited only c-axis orientation of the buffer layers in the 
 film surface (Fig.1 and 2) The full width at half-

the rocking curves were 0.8° for the 002 CeO2 (Fig.3) 
ffraction lines, respectively. Atomic force microscopy 
 in flat area of the CeO2 surface (Fig.4). Additional 
process is still necessary.  
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IMPROVEMENT OF THE SUPERCONDUCTING PROPERTIES OF YBCO 
THIN FILMS UPON ANNEALING OF CeO2 /Al2O3 SUBSTRATE 

 
M. Španková, Š. Gaži, Š. Chromik, V. Štrbík, Š. Beňačka, I. Vávra, and D. 
Machajdík 
 

 To investigate the influence of CeO2 buffer layer on the subsequent YBa2Cu3Ox 
(YBCO) growth we investigated superconducting properties of YBCO films deposited 
on two types of substrates: as-grown and annealed CeO  buffered sapphire [1,2,3]. 
2
Transmission Electron Microscopy analysis revealed that the YBCO films grown on 
both types of the CeO2 layers were composed of epitaxial c-axis oriented and 
polycrystalline parts [2]. In the case of the YBCO/as-deposited CeO2 the polycrystalline 
parts of the YBCO are a-axis oriented and grow in two preferred orientations 
(perpendicular to each other) in the film plane. On the other hand, polycrystalline 
YBCO grains on the annealed CeO2 layers grow with random azimuth in the film plane. 

R(T) dependencies for the YBCO film grown on the as-deposited and on the 
annealed  CeO2 curves appear similar. Microwave study revealed more pronounced 

distinctions in the transition range of 
both types of YBCO films. The films, 
if grown on the as-deposited CeO2 
layer, typically exhibit more gradual 
transition to the superconducting 
state. The microwave absorption as a 
function of decreasing temperature is 
much wider and two steps were 
detected as a function of decreasing 
temperature: the first one at 
superconducting onset temperature 
(∼90 K) and the second one at lower 
temperature (∼80 K) (bold line in the 

Figure). TEM analyses show the presence of large misorientations between grains 
creating an array of weak links with a dispersion of their critical currents. On the other 
hand, the YBCO films deposited on the annealed CeO2 layer showed simple and 
relatively sharp transition to the superconducting state of about 4 K width (thin line in 
the Figure). The properties of these YBCO films are stable with respect to a thermal 
cycling and long-term ageing. Our study shows clear correlation of the crystalline 
quality of the annealed CeO2 buffer layer, deposited on R-plane sapphire substrates with 
improved microwave losses in the superconducting YBCO films [2,3]. 
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STEP AND RAMP TYPE JUNCTIONS FORMED BY ION BEAM ETCHING 
 

Zs. Őszi, Š.  Beňačka, Š. Gaži, and V. Cambel 
 
The properties of grain boundary Josephson junctions prepared on high 

temperature supercoductor (HTS) thin films strongly depend on the shape of the step in 
case of step-edge or ramp-type junctions. Step-edge junctions we have prepared by ion 
beam etching of a step, with angle about 60o, in a single crystal substrate, followed by a 
deposition of HTS thin film. The ramp-type junctions, with angle about 15o (Fig.1b), we 
have prepared by patterning of bilayer consisting of the superconductor base electrode 
covered by a thin insulating layer. To complete the junction structure a top 
superconductor electrode is epitaxially grown on the ramp surface. The formation and 
quality of the interface and ramp profile are critical steps in the fabrication of ramp-type 
junctions. In both types of Josephson junctions standard optical lithography was used. 
During the ion beam etching the sample was cooled down to minus 20oC to preserve 
oxygen concentration in the base superconducting film. 

 

b)
 

 
Fig. 1.  a) Experimental realization of the two angles ion beam etching, b) AFM image of ramp etched 
in the CeO2/YBa2Cu3OX  multilayer at angles α = 50°, β = 5° 
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To receive flat and improved quality of the steps or ramps two angles of ion beam 

orientation were used (Fig.1a). The first one is the tilt angle β of the ion beam direction 
with respect to the rotation axis of the sample. Relative to the substrate the ion beam 
changes its orientation towards the surface in a cone with opening angle 2β. The second 
angle α allows us to change the tilt of the cone with respect to the sample surface. 
Further improvement of the junction interface quality is in progress. 
 
This work was performed in collaboration with I. Kostič of the II SAS, Bratislava. 
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YBaCuO (123)  AND  BiSrCaCuO (2212) THIN FILM NANOSTRIPS 
PATTERNED BY ARGON ION BEAM 

 
Zs. Őszi, Š. Beňačka, Š. Chromik, and V. Štrbík 
 

Preparation of high quality submicron superconducting interconnections 
(nanostrips), Josephson junctions, SQUIDs, and other superconductor devices based on 
thin films of high temperature superconductors (HTS) is the actual problem of 
cryoelectronics. The nanosize structures can increase the ultimate properties of 
superconductor devices – sensitivity, range of operation at high frequencies, magnetic 
fields, critical current density, etc. On the other hand, enhanced operating temperatures 
(above ~ 30 K) introduce a higher level of thermal fluctuations, which requires the 
critical current of realized superconducting devices correspondingly higher. In addition, 
the incidental presence of grains or blocks with a misorientation angle more than ~10o 
strongly depresses critical current density, and therefore such misorientations must be 
eliminated from the HTS thin films. Irradiation of superconductor films during 
patterning by ion beam etching (IBE) produces defects in the films degrading 
superconducting properties of patterned edges. In some cases they even turn amorphous. 
This effect depresses the potential barrier for entering vortices and it strongly influences 
transport properties of nanostrips as well as properties of active Josephson devices. 

We investigated the damage depth ∆W of nanostrip edges from transport 
properties of superconducting YBa2Cu3Ox (YBCO) and Bi2Sr2CaCu2Ox (BSCCO) thin 
film, with geometrical width Wg>250 nm, prepared by dc magnetron sputtering and 
patterned by argon ion beam. 
The analyses of nanostrips 
transport properties [1] show 
that at used patterning 
conditions (ion energy ~500eV, 
current density ~0.2mA/cm2 
and cooling to –10oC) ∆W≅ 
80nm what makes effective 
superconducting width Wef of 
nanostrips considerably smaller 
than the geometrical one. In 
spite of this damage the critical 
current density of nanostrips is 
sufficient for cryoelectronic 
applications  (Fig.) and at 30K 
is higher than 10 MA/cm2. 
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MULTIPLE ANDREEV REFLECTIONS ON Nb/Fe0.5Si0.5/Nb TUNNELING 
STRUCTURE  

 
Š. Gaži, O. Vávra, J. Dérer, E. Kováčová, and I. Vávra 
 

Josephson coupling through magnetically active junction is studied theoretically 
last years [1]. For this purpose we have prepared Nb/Fe0.5Si0.5/Nb junctions by in situ   
DC sputtering technique [2] with Fe0.5Si0.5 layer of thickness of 1-2 nm. AC and DC 
Josephson effects in these tunnel junctions we observed. Junctions show bridge-type I-
V characteristics at the transition from superconducting to the voltage state. At the 
voltage V < Vm (Fig.) normalized differential conductance G(V)/Gn (Gn means normal  
conductance) gives a value of about 4, doubling the current due to Andreev reflections 
at two S/F (superconductor/ferromagnet) interfaces [O. Vávra in this biennial] if the 
thickness of the the Fe0.5Si0.5 barrier is about 1 nm. 

If the thickness of the Fe0.5Si0.5 barrier is close to 2nm the I-V characteristic (Fig.) 
becomes of tunneling type and nonequilibrium effects appear (significant suppression of 
the gap voltage and back-bending of 
the I-V curves) [3]. Normalized 
differential conductance G(V)/Gn (at 
3.8mV) in this case reaches the value 
of about 8 and also Vm decreases in 
comparison to the junctions with 
thinner tunnel barrier. 

If we consider the real junction of 
SFIFS type (Nb/Fe’/FeSi/Fe’/Nb, Fe’ 
is the monoatomic or biatomic layer) 
the electrons, after tunneling through 
the FeSi barrier, reaching the S/F 
boundary are reflected as holes 
doubling the tunneling current. The 
probability of multiple Andreev 
reflections increases with in easing of the barrier thickness.  

In the case of Fe an i
changes its sign at the length
fold enhancement of differe
effects manifest high value
multiple Andreev reflection
 
[1] Fogelström, M.: Phys. Re
[2] Vávra, O., Gaži, Š., Bydž

Vávra, I.: J. of Magnetism
[3] Gaži, Š., Štrbík, V., and B

Edinburgh 1995, p. 1319
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