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The primary activities of the department are the development of new materials, and new
processes for the preparation of such materials, in the form of nanostructures and nanocomposites.
The main objective of the current projects is the synthesis of new, environmentally friendly materials
with special electrical and optical properties, with the emphasis on tunable materials that exhibit
a dependence of the electric polarization on external electric, mechanical or magnetic fields and,
furthermore, the development of new dielectrics and semiconductors that can be exploited for their
microwave and optical properties.

Development of tunable materials
We have investigated the structural and electrical characteristics of the na0.5Bi0.5tio3-srtio3 ceramic system. the
end-members of the system have already been thoroughly investigated with respect to their various characteristics;
however, their solid-solution has very seldom been the focus of research. na0.5Bi0.5tio3 is a complex perovskite with
relaxor characteristics, related to the compound’s compositional disorder. recently, it has been tested frequently head:
for applications in electronic devices, mainly as an ecological alternative to lead-containing relaxors. srtio3 is Prof. Danilo Suvorov
a well-known incipient ferroelectric and therefore enables a shift of the na0.5Bi0.5tio3 phase transitions towards
lower temperatures. in this way we were able to control the samples` polar order and the intensity of the dielectric
relaxations at room temperature. We observed that samples with intermediate compositions have the most intense
relaxation and thus exhibit a pronounced stress tunability. moreover, samples with a higher srtio3 concentration
have smaller dielectric losses and still a marked Dc-bias dependence of the dielectric constant. these samples are
therefore attractive for voltage-tunable applications, such as varactors, phase shifters, etc.
in addition, we focused on perovskite ceramics in the form of the (na1-xKx)0.5Bi0.5tio3 solid solution system (nBtKBt). nBt crystallizes in the rhombohedral r3c polar structure, whereas KBt exhibits the tetragonal p4mm polar
structure. at a concentration of 80 mol% of nBt in the nBt-KBt solid solution the samples consist of coexisting
tetragonal and rhombohedral crystal structures, which are both thermodynamically stable and form a morphotropic
phase boundary. We performed transmission electron microscopy and electron diffraction experiments of the local structure of pure KBt and found that the grains consist of typical differently oriented transformation domains
separated by <100> and <110> twin boundaries.
We found that during the synthesis of K0.5Bi0.5tio3 the volatilization of the potassium and bismuth components
occurs, followed by a thermal decomposition of the matrix phase during annealing at temperatures higher than
1000°c this leads to the formation of potassium polytitanate and bismuthrich phase K0.5Bi4.5ti4o15 with an aurivillius-type crystal structure. in contrast,
some papers report single-phase ceramic samples, sintered from powders
prepared by different methods. therefore, we started with investigations of
materials prepared by the hydrothermal and molten salt methods.
measurements of the uniaxial stress dependence of permittivity in
lead-free na0.5Bi0.5tio3-based materials showed the most favorable results
for relaxor compositions. these materials exhibit the highest change in the
permittivity. moreover, the change of permittivity was reversible above the
temperature of the permittivity maximum. thereafter, relaxor compositions
from the na0.5Bi0.5tio3– srtio3 system with an even higher dielectric constant
were investigated. measurements of the stress dependence of the permittivity
for compositions with 50 and 70 mol% of srtio3 showed a decrease in the
relative permittivity of 400 and 900, respectively, at an applied pressure of
200 mpa and a measuring frequency of 1 khz. the change of the permittivity was reversible, which gives potential applications of these materials
in pressure sensing
Figure 1: TEM images of (a) a ZnS nanocluster and (b) a ZnS

Development of microwave dielectrics
nanoparticle after subsequent recrystallisation, formed in a (PAH/
in the scope of further research on coherent intergrowths between the PAA)7.5 polyion matrix assembled at pH=3.0 with the corresponding
ordered cubic perovskite Ba3conb2o9 and polytypes of hexagonal perovskite micro-diffraction patterns(c,d)
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with cation vacancies we investigated the formation of intergrowth phases
within the Ba3conb2o9 – Ba5nb4o14 (Bcn-5l) system. We found that the
intergrown phase forms during the first stage of reaction among the cubic
Bcn and five-layered hexagonal 5l perovskite. in the second stage the co
diffuses from the cubic into the hexagonal part and in the third phase the co
orders to occupy every eighth (111)c plane. coherently intergrown phases
can thus be understood as a transient phenomenon during ordering into the
thermodynamically stable 1:8 ordered hexagonal polytypic phase.
We continued with investigations of the glass-ceramic mgo-B2o3–sio2
system and studies of the binary compound mg3B2o6, which crystallizes from the aforementioned ternary system.
nucleating agents (tio2 and Zro2) were added to the initial oxides from the mgo-B2o3–sio2 system with the intention to increase the crystallization rate and to influence the dielectric properties. in both cases the temperature of
the peak maximum increases with the amount of added nucleating agent
and, furthermore, the Qxf values also increase with the amount of nucleating
agent. We assume that the higher Qxf values are the result of a higher degree
of crystallization. the highest Qxf values above 160,00Ghz were measured
for the sample with 7% of added tio2.
During the synthesis of the single-phase mg3B2o6 ceramics sintered at
1310°c we observed exaggerated grain growth, which is attributed to the
presence of a liquid phase. this could be due to: 1) the melting of the glassy
phase, which is often present in systems containing B2o3 or 2) the presence of
a small amount of mg2B2o5, which according to the reported phase diagram
incongruently melts at the temperature close to the sintering temperature
of mg3B2o6. the Qxf values increase with the increase in the grain size and
the maximum measured values of mg3B2o6, ceramics with or without the
addition of mg2B2o5 exceed 220,000Ghz. With the use of electron back-scatter
diffraction we determined (011) twin boundaries within the exaggeratedly
grown grains.
in the scope of the applied project with epcos ohG, Deutschlandsberg,
austria, several low-permittivity ltcc materials with temperature expansion
coefficients (tces) of 4, 6-8, 10-12 ppm/K have been developed. simultaneous co-firing of materials in the ltcc modules requires their matching in
the tce. the majority of applications requires a low-permittivity substrate
with tce 6-8 ppm/K; however, higher tce materials are more appropriate
in some cases. in contrast to the commercially used glass-based substrates,
we managed to sinter the ceramics at the ltcc conditions with small additions of borates. regarding the dielectric properties, the developed materials
exceed those values of the commercially used materials.

In collaboration with Epcos OHG we developed
LTCC-technology-compatible ceramic materials
with a thermal expansion coefficient that can
be tailored in the range 4-12 ppm/K. Regarding
the dielectric properties, these materials are
superior to those available commercially.

Research of nanostructured materials and nanocomposites
research of nanomaterials has been focused on investigations of lowdimensional titanate nanostructures, the synthesis of nanopowders of the
Figure 2: Photoluminiscence (PL) spectra of ZnS nanoparticles
relaxor perovskite na0.5Bi0.5tio3 and high-surface-area nanopowders of tio2.
synthesized with n=1 and n=3 reaction cycles in (PAH/PAA)7.5
hydrothermally synthesized layered titanate-based nanotubes (din =
polyelectrolyte multilayers assembled at a pH value of 2.5 and at a pH
4–5 nm, dout = 8–10 nm, l = 100 nm – several 100 nm) were introduced in
of 3.0 and the PL spectra of undoped and Mn-doped ZnS nanoparticles
in a polyion matrix assembled at a pH value of 2.5, n=1, exposed to the further hydrothermal reactions as a template material for the preparation
various concentrations of Mn solution (a ) 0.001M, (b ) 0.0015M, (c)
of nanotubes with modified properties (i.e., photocatlytic activity) and as
0.002 and (d) 0.003M.
a precursor for the synthesis of the nanostructured perovskite catio3. the
hydrothermal intercalation of calcium into the structure of the precursor
at 100°c for 5 days led to the formation of nanotubes with the maximum amount of incorporated calcium. the
ca2+-exchanged nanotubes inherited the dimensions of the precursor and exhibited improved photocatalytic
activity as compared to the template nanotubes. the hydrothermal treatment of the precursor in the presence of
a source of calcium at 150°c yielded the formation of clusters of nanosized crystals of orthorhombic catio3. the
crystals were 100–300 nm wide and 500–800 nm long. the crystals grow in the [010] direction and have edges
curled perpendicular to the growth direction, which suggests the influence of the precursor’s morphology on the
formation of nanosized catio3 crystals.

156

Annual Report 2009

Department for Advanced Materials K-9

the hydrothermal method was employed for the preparation of nanosized na0.5Bi0.5tio3 (nBt) particles, suitable
for further thin-film fabrication. Under the hydrothermal conditions of the selected precursors several different
solid phases can form, besides nBt, 1-D sodium titanate and bismuth titanate phases of various stoichiometry.
therefore, the focus of our study was the correlation between the chemical-thermodynamic parameters applied in
the synthesis and the phase composition and morphology of the obtained
powders. furthermore, we introduced organic surface-active agents and We developed a synthesis process that enables
polymers into the hydrothermal reactions, in order to control the particle control of the size and consequently the optical
size. polymers and surfactants can be used to facilitate the dispersion of properties of semiconducting ZnS nanoparticles
inorganic particles in a given solvent; in addition, they may also control the within a polyelectrolyte matrix.
process of nucleation and inhibit the crystal growth through adsorption on
the growing facets. Best results were obtained by the employment of an sDs surfactant (sodium dodecyl sulfate)
combined with polymer pVp (polyvinyl pyrrolidone). With this surfactant/polymer-assisted synthesis we obtained
nBt particles of small size ( 50 nm) and a narrow size distribution.
With the combination of sol-gel and solvothermal synthesis we prepared anatase powders with a high crystallinity and a high specific surface area (up to 335 m2/g). We established the influence of triblock copolymere p123 as
a tio2 framework template and phosphorous as a framework stabilizer on crystallinity and the specific surface area
of un-annealed and annealed (500–1000°c) anatase powders. We can conclude that by the use of triblock copolymer
p123 and phosphorous it is possible to prepare anatase powders with a high crystallinity and a high specific surface
area (296 m2/g) that remains high even after annealing at higher temperatures (500°c, 176 m2/g). By analyzing
samples prepared with and without phosphorous we can presume that the incorporation of the phosphorous into
the tio2 framework increases the thermal stability of the anatase.
We also synthesized ca and ca-mg carbonate particles in different polyols, where carbonate particles with various morphologies and different crystal structures were formed, depending on the reaction parameters.
it seems that the aragonite particles synthesized in ethylene glycol grow
in accordance with an aggregation mechanism and they appear in a sheaflike shape. however, the calcite particles synthesized in di- and tetraethylene
glycol appear in a cube-like and a scalenoeder-like shape.
in the scope of the research on nanocomposites we synthesized inorganic-organic nanocomposite thin films of Zns and mn-doped Zns. the organic
matrix in the form of polyelectrolyte multilayers (pems) was fabricated
using the layer-by-layer (lbl) self-assembly of weak polyion of polyacryllic
acid (paa) and polyallylamine (pah) due to the electrostatic interactions
between appositively charged polyion chains. the conformational arrangement of the polyion chains induced by a variation in the assembly ph is the
key parameter that affects the structural and morphological characteristics
of Zns nanocrystallites. the morphology of the Zns nanoparticles suggests
that the as-formed Zns clusters are constructed of more primary building
particles of different orientations. in order to reduce the high surface energy Figure 3: Scalenoeder-shaped calcite particles precipitated from a CaCl2
the primary particles, which are 23 nm in diameter, tend to assemble into solution in tetraethylene glycol at 140 °C
larger clusters by a random-aggregation mechanism. Within the clusters,
primary Zns particles aggregated in a random manner underwent a subsequent recrystallisation process, resulting in single-crystalline particles. By cycling the absorption-precipitation reaction process, further growth of the
initially formed particles by the ostwald ripening mechanism resulted in an increase in the volume density of Zns
nanoparticles within the polyion matrix. With the ability to obtain control over the size, the size distribution and the
density of the surface states on the Zns nanoparticles, attributed to the surface passivation of the Zns nanoparticles
by the polyion matrix, the tunability of the optical absorption and emission properties of the inorganic/organic
nanostructured composite films can be obtained. the surface passivation of the Zns nanocrystallites within the
polyion matrix enables the enhanced radiative emission of Zns composite films in the UV range, whereas by doping
the Zns nanocrystallites show emission characteristics of the manganese ions in the visible region.

Some outstanding publications in 2009
1. Jana Bezjak, aleksander rečnik, Boštjan Jančar, philippe Boullay, ivana radosavljević evans, Danilo suvorov,
“high-temperature transmission electron microscopy and X-ray powder diffraction studies of polymorphic
phase transitions in Ba4nb2o9”, J. am. ceram. soc., Vol. 92, no. 8, pp. 1806-1812, 2009.
2. Jakob König, matjaž spreitzer, Boštjan Jančar, Danilo suvorov, Zoran samardžija, arkadije popović, “the thermal
decomposition of K(0.5)Bi(0.5)tio3 ceramics”, J. eur. ceram. soc., Vol. 29, no. 9, pp. 1695-1701, 2009.
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3. Špela Kunej, srečo D. Škapin, Danilo suvorov, “phase relations in the pyrochlore-rich part of the Bi2o3-tio2nd2o3 system”, J. am. ceram. soc., Vol. 92, no. 10, pp. 2373-2377, 2009.
4. manca logar, Boštjan Jančar, aleksander rečnik, Danilo suvorov, “controlled synthesis of pure and doped Zns
nanoparticles in weak polyion assemblies : growth characteristics and fluorescence properties”, nanotechnology (Bristol), Vol. 20, no. 27, pp. 275601-1-275601-11, 2009.
5. ni Qin, marjeta maček, anton meden, Danilo suvorov, “structural investigation of KxBa(1-x)Ga(2-x)Ge(2+x)o8 solid
solutions using the X-ray rietveld method”, J. solid state chem., Vol. 182, no. 7, pp. 1666-1672, 2009.

Awards and appointments
1. ines Bračko, Urban Došler, mojca otoničar, tina Šetinc, asja Veber, Vojka Žunič: award for efficient presentation
of research achievements, ljubljana, Jožef stefan international postgraduate school, presentation of young
researchers of advanced materials Department

Organization of conferences, congress and meetings
1. 3rd slovenia- Korea Workshop on advanced materials, ljubljana, slovenia, 11–14 may 2009.
2. materials science & technology 2009 conference and exhibition, international symposium on Dielectric
materials and electronic Devices, pittsburgh, Usa, 25– 29 october 2009 (co-organizers).

international proJects
1. Development of Wear resistant coatings based on complex metallic alloys for
functional applications
applicma
7. fp, 214407
ec; susanne fuchs, austrian research centers Gmbh - arc, functional materials,
seibersdorf, austria
Dr. srečo D. Škapin, Dr. miha Čekada, prof. Janez Dolinšek, Dr. Kristoffer Krnel
2. controlled production of high tech multifunctional products and their recycling
saphir, 6. fp
nmp2-ct-2006-026666
ec; laurence Demoor, christophe Goepfert, compagne industrielle des lasers cilas sa,
orleans, france
prof. Danilo suvorov
3. functional nanostructured ceramic materials
Bi-ar/09-11-001
prof. noemí elisabeth Walsõe de reca, cinso (centro de investigaciones en sólidos),
citefa-conicet, Buenos aires, argentine
prof. Danilo suvorov
4. high K Dielectrics for mobile phone Base stations
agreement iJs/epcos
Dr. christian hoffmann, pavol Dudesek, epcos ohG ceramic components Division,
Deutschlandsberg, austria
prof. Danilo suvorov
5. ltcc materials for high frequency applications
agreement iJs/epcos
pavol Dudesek, epcos ohG ceramic components Division, Deutschlandsberg, austria
prof. Danilo suvorov
6. relaxor-based tunable materials
t080038
Dr. christian hoffmann, Dr. andrea testino, epcos ohG ceramic components Division,
Deutschlandsberg, austria
prof. Danilo suvorov, Dr. Boštjan Jančar
7. ltcc materials for high frequency applications
t080033
pavol Dudesek, epcos ohG ceramic components Division, Deutschlandsberg, austria
prof. Danilo suvorov, Dr. marjeta maček Kržmanc
8. Biomimetic preparation of inorganic nanomaterials
Bi-hr/09-10-037
Dr. ivan sondi, ruđer Bošković institute, Zavod za raziskovanje morja in okolja, Zagreb,
croatia
Dr. srečo Davor Škapin
9. Ultra-low Dielectric constant ltcc material
Bi-cn/09-11-013
Dr. Xing hu, south china University of technology, Guangzhou, china
Dr. srečo Davor skapin
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10. synthesis of piezoelectric thin films and magnetoelectic composites by a layer-by-layer
self assembly
Bi-Kr/09-11-001
Dr. Jae-ho Jeon, Korea institute of materials science, changwon, Korea
prof. Danilo suvorov
11. Designing of functional materials on molecular and nano level
Dizajniranje funkcionalnih materiala na molekularnom i nano nivou
Bi-rs/08-09-027
prof. Dragan Uskoković, institut tehničkih nauka srpske akademije nauka i umetnosti,
Belgrade, serbia
prof. Danilo suvorov
12. electric-field tunable ferroelectric materials Based on na0,5Bi0, 5tio3
Bi-Ua/09-10-007
prof. anatolii Belous, spe “oxid” of V.i. Vernadskii institute of General & inorganic
chemistry nas of Ukraine - solid state chemistry Department, Kiev, Ukraine
prof. Danilo suvorov
13. materials World network: improved lanthanide-based filters for mobile
telekommunications
Bi-Us/08-10-005
prof. rick Ubic, Boise state University, Boise, idaho, Usa
prof. Danilo suvorov

r & D Grants anD contracts
1. self-cleaning antibacterial fotocatalitic coatings in whitewear production
prof. Danilo suvorov
2. functionalization of the surface of organic pigments for durable, efficient and colourstable paints
Dr. srečo Davor Škapin
3. physics and chemistry of porous aluminium for al panels, capable of highly efficient
energy absorbtion
prof. Danilo suvorov
4. multifunctional composites based on al-mg-ti intermetallic compounds, reinforced with
ceramic particles
Dr. srečo Davor Škapin

research proGram
1. contemporary inorganic materials and nanotechnologies
prof. Danilo suvorov

neW contract
1. co-financing l2-2185: self-cleaning antibacterial fotocatalitic coatings in whitewear
production
Gorenje household appliances, d. d.
prof. Danilo suvorov
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Visitors from aBroaD
1. prof. taras Kolodiazhnyi, national institute for materials science, tskukuba, Japan, 17
february 2009.
2. Dr. ivan sondi, ruđer Bošković institute, Zagreb, croatia, 19 february 2009
3. prof. Dragan Uskoković, institute of technical sciences of sasa, Belgrade, serbia, 22-26 april 2009.
4. Dr. christian hoffmann, epcos ohG, Deutschlandsberg, austria, 22 april 2009.
5. prof. K. Byrappa, University of mysore, mysore, india, 30 may to 3 June 2009.
6. Dr. noemi elisabeth Walsöe de recca, centro de investigaciones en solidos, citefaconicet, Buenos aires, argentina, 30 June to 22 July 2009.
7. prof. masahiro yoshimura, tokyo institute of technology, yokohama, Japan, 23-26
august 2009.
8. aleksander Babak B. sc., npp ”tomilinsky elektronny zavod“, tomilin, russia, 21 august 2009.
9. anton Konda B. sc., Keko oprema, Žužemberk, slovenia, 21 august 2009.
10. Dr. christian hoffmann, epcos ohG, Deutschlandsberg, austria, 4 september 2009.
11. Dr. pavol Dudešek, epcos ohG, Deutschlandsberg, austria, 4 september 2009.
12. Dr. hyo-tae Kim, Korea institute of ceramic engineering and technology, seoul, Korea,
22-24 october 2009.

staff

13. Dr. Kyung hoe Kim, Korea institute of ceramic engineering and technology, seoul,
Korea, 22-24 october 2009.
14. Dr. yukio sakabe, murata, Kyoto, Japan, 11-18 october 2009.
15. silva Gabriella nobre meneah, University of sao paolo, sao paolo, Brazil, 18-25 november 2009.
16. monyse nobre meneah, University of sao paolo, sao paolo, Brazil, 18-25 november 2009.
17. prof. anatolii Belous, V. i. Vernadsky institute of General and inorganic chemistry, Kiev,
Ukraine, 10-15 november 2009.
18. Dr. oleg ovchar, V. i. Vernadsky institute of General and inorganic chemistry, Kiev,
Ukraine, 10- 29 november 2009.
Visiting researchers:
1. marija Vukomanović, m.sc., institute of technical sciences of sasa, Belgrade, serbia, 4
may 2009 to 31 December 2009.
2. Dr. Jyoti prosad Guha, University of rolla, rolla, Usa, 27 may to 31 august 2009.
3. Dr. smilja marković, institute of technical sciences of sasa, Belgrade, serbia, 2
november to 18 December 2009.

Postgraduates
11. ines Bračko, B. sc.
12. Urban Došler, B. sc.
13. mojca otoničar, B. sc.
14. tina Šetinc, B. sc.
15. asja Veber, B. sc.
16. Vojka Žunič, B. sc.
17. Dr. Jana Bezjak**
Technical and administrative staff
18. maja Šimaga saje, m. sc.
19. silvo Zupančič

Researchers
1. asst. prof. Boštjan Jančar
2. Dr. marjeta maček Kržmanc
3. Prof. Danilo Suvorov, Head
4. Dr. srečo Davor Škapin
Postdoctoral associates
5. Dr. Jakob König
6. Dr. Uroš Kunaver*
7. Dr. Špela Kunej
8. Dr. manca logar
9. Dr. matjaž spreitzer
10. Dr. marko Udovič*

note:
* part-time Jsi member
** young researcher financed by industry
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