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ABSTRACT 

This document is a final technical report of the research program entitled "Low Loss 

Substrates for Microwave Applications and Sol-Gel Processing of Superconductors." 

This program was funded through the Advanced Research Projects Agency and The 

Office of Naval Research under grant No.: N00014-94-1 -0641. The grant was for the 

period April 1, 1994, to September 25, 1996. 

Systematic studies on low K oxide substrate materials suitable for epitaxial deposition 

of high Tc superconducting (HTSC) yttrium barium cuprate (YBCO) films and their 

microwave applications have been extended to oxide materials with magnetoplumbite 

structure, such as LaMgAln019, NdGaMgAI10O19, CaGa6AI6019, and CaGa12Oi9. The 

unique capabilities of a laser heated pedestal growth (LHPG) system have been 

utilized for test-growth of candidate materials in single crystal fiber form to determine 

structure, thermal, and dielectric properties and to make positive identification of twin 

free systems. Dielectric properties, thermal expansion coefficients, melting 

temperatures and growth feasibility were tested. 

Through successful collaboration among MRL/Penn State and other DARPA/ONR 

supported projects thorough tests on the compatibility of the SAT films as buffer layer 

in MgO/YBCO system have been performed. Excellent epitaxial YBCO films with Jc of 

106 A/cm2 were reproducibly obtained. 

Mechanisms relating the bonding nature and the order-disorder in complex perovskite 

niobates and tantalates that governing the characteristics of their dielectric properties 

were studied through collaboration with the microprobe Raman spectroscopy groups. 

Work on the Shannon ion polarizability model for predicting dielectric permittivity in 

solids is being continued. Newly compiled normalized ion polarizabilities which take 

into consideration apparent bonding strengths improve the predictive capability 

considerably. 



Solution sol-gel routes to form the phase pure powder of SAT and BMT were carried 

out. The atomic scale homogeneity, low temperature processing, higher sinterability 

and high reproducibility, were shown to be the major advantages of the method. We 

have demonstrated in this program that it is possible to grow oriented films of several 

materials on suitable substrates by this method at very modest temperature and 

therefore prepared ourselves for a new program that couples PSU to the cryogenic 

group, Science and Technology Center, Northrop Grumman. 

in 
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1. INTRODUCTION 

This document is a final technical report of a research program entitled "Low Loss 

Substrates for Microwave Applications and Sol-Gel Processing of Superconductors." 

This program was funded through the Advanced Research Projects Agency and The 

Office of Naval Research under grant No.: N00014-94-1-0641. The grant was for the 

period April 1, 1994 through September 25,1996. 

The program of studies at the Pennsylvania State University Materials Research 

Laboratory focused upon generating new substrate materials for the deposition of 

superconducting yttrium barium cuprate (YBCO) during the initial contract period 

(9/1/90-3/31/94) has yielded already several exciting new hosts in complex oxide 

perovskites family (e.g., BMT, SAT, and SAN, etc. see Appendices 1 and 2). New 

requirements which emerged during the initial contract period were concerned with the 

potential application of YBCO superconductor to the development of ultra high density 

interconnect systems for a new generation of high speed high density multichip 

modules. This application dictates new requirements for the substrate design. An 

essential feature is the geometry of the X and Y layers of HTSC lines that must have 

geometry in cross section of order 2 x 1 y- meters thus necessitating a current carrying 

capability for the HTSC of ~106 A/cm2. For this current capability clearly the YBCO 

must be highly grain oriented very near to single crystal, so that the whole multilayer 

structure is in the form of very highly oriented overgrowths on a single crystal 

substrate. Impedance characteristics for the interconnect structure dictate that the 

dielectrics used must be of low permittivity (ideally <10) if the geometry is to be 

preserved. Highly oriented thin films (2 fj.m or above) will be needed for the separation 

of strip line and ground plane structures. Dielectric loss requirements are a little less 

stringent than those required for the microwave applications; however, tan5 < 0.001 is 

highly desirable at the 77K working temperature. 

This current program has been focused on the combination of two aspects: (1) an 

extension to the initial program as to explore and utilize the suitable candidate 



materials in HTC film processing and applications; and (2) to address impedance 

characteristics for the interconnect structure that requires highly oriented thin films, low 

permittivity and suitable dielectric loss level. Renewed emphasis on the application of 

YBCO in microwave structures returns the program closer to the original objectives. 

2. SCIENTIFIC RESEARCH GOALS 

This program was to continue exploring a wide range of materials, mostly of oxide 

compounds and solid solutions where the atomic/ionic arrangement in the lattice can 

be directly related to that of the preferred 'c' face of the YBCO superconductor. The 

phenomenological correlation of Shannon will be used to predict new low permittivity 

compositions. Correlation with measured dielectric properties will be used to improve 

and extend Shannon's tables of polarizabilities and to further explore optimum 

expressions for the oxygen polarizability. 

High density ceramics were to be fabricated to explore thermal expansion behavior 

and to test chemical compatibility with YBCO. 

Bulk single crystal and monocrystal fibers of the most promising compositions were to 

be grown to determine thermal, chemical and dielectric properties and make positive 

identification of twin free systems. The laser heated pedestal growth apparatus in MRL 

was to be used in the growth of crystals of new substrate materials. 

Sol-Gel method was to be used to study the fabrication of the oxide films and to permit 

the close control of the chemistry and microordemess that are essential to compare 

dielectric loss performance in film and in bulk crystal. Effort was to be pushed to grow 

thicker films preserving orientation, so that the constraint upon permittivity may be 

partially relieved. 

3. MATERIALS PROCESSING AND CHARACTERIZATION 

3.1  MATERIALS PROCESSING 

3.1.1  Solid State Ceramic Synthesis 



Ceramic samples were prepared by solid state reaction, using conventional 

techniques. Calcining and sintering conditions were optimized through the study. 

Differential thermal analysis (DTA) was used to determine the minimum calcining 

temperature to achieve the desired phases and to select sintering temperatures. X-ray 

diffraction was used extensively to characterize the crystallographic phases and to 

adjust the processing conditions. 

3.1.2 Single Crystal Growth by LHPG Technique 

The LHPG technique has several unique features that were of special importance for 

this program. These advantages include containerless crystal growth and therefore the 

capability of growing refractory materials (that have low dielectric losses in general); 

capability of growing both incongruently and congruently melting compositions; and 

rapid growth rates. Fiber geometry also provides one dimensional dielectric material 

that may by itself meet microwave antenna requirements for some special device 

applications.1 

The laser heated pedestal growth (LHPG) method has been shown to be a powerful 

method for rapidly growing small diameter single crystals, particularly oxides of high 

melting temperature, for both property studies and fiber devices.2-3 The LHPG 

equipment used in this investigation consisted of a power source (water cooled, 

tunable flowing gas CO2 55W laser), an optical layout, and a growth section. The 

molten zone temperature during a stable growth was monitored using an optical 

pyrometer with a linear dimension resolution of 0.1 mm. 

3.1.3 Solution Sol-Gel Powder and Thick Film Processing 

The solution-sol-gel (SSG) method, which was pioneered at Penn State more than 40 

years ago,4 consists three parts: (i) mixing various components in solution, often with 

the use of metal organic precursors; (ii) forming a sol and causing it to gel as the key 

step in the process to retain chemical homogeneity during desiccation; and (iii) shaping 

during or after gelation into essentially final shape before firing. The atomic scale 

homogeneity and low temperature processing, besides simplicity and low cost are the 

major advantages of the SSG method. 



Compared to the extensive work on a wide variety of deposition methods employed for 

oxide superconductors, only a small effort has so far gone into the SSG method for 

superconducting films.5-6-7<8 The preliminary results obtained so far are encouraging 

and further effort is justified. 

We have demonstrated in this program that it is possible to grow oriented films of 

several materials on suitable substrates by this method at very modest temperature. 

High sinterability and high reproducibility are important for these low K substrate 

materials. Wet chemical methods are effective for attaining these characteristics. 

By using modified solution sol-gel process SAT, SAN, and BMT thin films and high 

density ceramics were made and the properties are shown to be very good as suitable 

material for substrates application. 

3.2 MATERIALS CHARACTERIZATION 

3.2.1 Crystal Structures and Chemical Composition 

Crystallographic structures of new candidate materials were studied extensively by x- 

ray diffraction. 

Crystal quality and twinning were studied using polarized optical microscope and Laue 

back reflection photography. Scanning electron microscopy was also used for 

microstructure studies. 

Chemical compositions of ceramic and crystal materials were analyzed quantitatively 

using electron probe micro-analysis (EPMA, CAMECA, SX-50) with spatial resolution of 

2fim on the surface area and 0.2\im in depth. Relative analytic accuracy was ±2%. 

3.2.2 Dielectric Properties: at Microwave and Radio Frequency 

Radio frequency dielectric constants and the tangent loss were measured using a 

General Radio 1621 Capacitance Measurement System. Dielectric properties at 

microwave frequency were measured using resonance techniques equipped with an 

HP8510A network analyzer. Post resonance technique (the Hakki and Coleman 

technique) was used to measure the dielectric constants of the ceramic samples. 



Cavity perturbation technique was used for the measurements on samples of thin rod 

(e.g., single crystal fiber samples) or bar-shaped. The Q factors (of microwave 

frequency) at liquid nitrogen temperature were measured by a transmission resonance 

technique. 

3.2.3 Thermal Properties 

Thermal property compatibility of the substrates with HTSC films is critical for epitaxial 

film growth, in terms of determining the deposition and annealing temperatures, 

possibility of producing thick films, and reducing the degradation process in films and 

devices under working conditions. 

Thermal expansion coefficients of new substrate materials were measured and 

compared to the thermal properties of the YBCO superconductor. The measurements 

were carried out from room temperature up to about 800°C by using a vertical push-rod 

dilatometer equipped with a high sensitivity linear variable differential transformer 

(LVDT). The heating and the cooling rates for thermal expansion measurements were 

regulated at 1 or 1.5°C/min using a microprocessor based temperature controller. 

3.2.4 Growth Behavior and Melting Temperatures 

The melting point was determined rather simply using a strip furnace, with two 

operators using two separate optical pyrometers and averaging several readings per 

sample. 

The heating element consisted of a V-shaped ribbon of iridium metal clamped between 

two water-cooled brass electrical contacts. The current through the strip as controlled 

by two variable AC transformers connected in a vernier arrangement for better 

temperature control. The notch of the V acts as a black body cavity. 

The samples, after determined to be a single phase by x-ray diffraction, were placed in 

the notch of the strip in form of small amount of granular powder. The onset of a 

melting process can be directly observed using optical pyrometer 



Growth behavior and the molten zone temperature of a crystal sample during a stable 

growth by LHPG method were monitored simultaneously using a CCD camera and 

using an optical pyrometer. 

4. CONTINUING SEARCH FOR CANDIDATE MATERIALS: 

COMPOSITIONS OF MAGNETOPLUMBITE STRUCTURE 

Significant extension on the material studies has been in the area of the growth of the 

magnetoplumbite family of crystals using the laser heated pedestal growth. 

Compounds of magnetoplumbite structure with compositions such as LaMgAlnOi9l 

NdGaMgAli0Oi9, CaGaeAleOig, and CaGa12019, are studied in this work to identify 

whether they possess suitable properties to be used as substrates for epitaxial 

deposition of high Tc superconducting (HTS) yttrium barium cuprate (YBCO) thin films 

for microwave applications. The study is directed toward (1) to test the feasibility of 

single crystal fiber growth by utilizing the Laser Heated Pedestal Growth (LHPG) 

technique, and (2) to evaluate the various characteristics of the materials including 

their crystallographic structures, thermal expansion coefficients, and dielectric 

properties (dielectric constant and loss tangent) to judge the potential of these 

materials as substrates for HTS thin films. 

Ceramic synthesis and single crystal fiber growth by LHPG 

Magnetoplumbite aluminates LaMgAlnOi9 (LMA) and NdGaMgAI10Oi9 (NGMA) have 

been successfully synthesized using conventional oxide mixing process at conditions 

of 1650°C/6hrs and 1610°C/6hrs respectively. Single crystal fibers of LMA and NGMA 

have been successfully grown, using LHPG method. The growth temperatures 1922°C 

and 1820°C have been used for LMA and NGMA respectively and the typical growth 

rate used was about 8mm/hr. Gallium substitution of magnetoplumbite aluminate 

CaGasAleOig (CGA) has been used and ceramics were synthesized successfully using 

conventional oxide mixing process at condition of 1550°C/6hrs. The growth of single 

crystal fiber of CGA in the temperature range of 1750°C~1800°C by LHPG method was 

possible.   However, the growth of CGA longer single crystal fibers was hampered by 



Ga203 vaporization and bubble formation. Special care has to be taken for the growth 

of longer single crystal fibers. The synthesis of CaGa12Oi9 (CG) at temperature 

1430°C apparently has not been successful. The X-ray powder diffraction pattern 

shows that large amount of unreacted Ga203 in monoclinic form was left in the fired 

ceramic. The mechanical strength of the fired ceramic was poor. The growth of CG 

single crystal fiber using the fired ceramic was unsuccessful. Perhaps better ceramics 

preparation may result the stoichiometric single crystal fibers of CG. 

4.1 LATTICE MATCH BETWEEN THE SUBSTRATES OF THE MAGNETOPLUMBITE ALUMINATE 

STRUCTURE AND YBCO THIN FILMS 

Crystal structures of LMA, NGMA, CGA are all of hexagonal symmetry with space 

group of PQz/mmc.   When the surface orientation of LMA, NGMA and CGA is (1100) 

the substrates will yield a good lattice match with YBCO.  In this orientation the lattice 

mismatch between the (1100) substrate of LMA, NGMA, CGA and the (001) YBCO thin 

film is only about 2%~3%. 

4.2 THERMAL COMPATIBILITY BETWEEN THE SUBSTRATES OF THE MAGNETOPLUMBITE 

ALUMINATE STRUCTURE AND YBCO THIN FILMS 

In general, LMA, NGMA and CGA have good thermal expansion match with YBCO thin 

films. 

4.3 DIELECTRIC PROPERTY 

All three materials, LMA, NGMA and CGA have moderate dielectric constant in the 

range 11.4, 15.2 and 17 at room temperature, respectively. For LMA and NGMA, 

dielectric constant as function of temperature shows that the dielectric constant 

changes not much as the temperature was decreased from 180°C to -170C0. It is also 

found that dielectric constants of LMA, NGMA and CGA are frequency independent 

over a broad temperature region (-170C0 to 180C°). The dielectric losses of the three 

materials are all on the order of 10"3 at radio frequencies. Based on the earlier results 

on LMA the losses of these materials at microwave frequency and liquid nitrogen 

temperature are expected in the range of 10"4. 



4.4 SUMMARY 

The magnetoplumbite aluminates as a member of the alumina-rich family are good 

candidates as substrate materials for HTS thin films. The magnetoplumbite structure is 

a very flexible structure, able to accommodate large spectrum of cation substitutions, 

which, in turn, give rise to the potential of structure and property manipulation of the 

materials to meet the intricate requirements of substrates for HTS thin films. The 

prospective of magnetoplumbite aluminates as HTS thin film substrates is quite 

encouraging and these may be useful in exploiting some cross coupling effects kind of 

devices. 

Abstract of this work is attached as Appendix 3. 

5.  DIELECTRIC FILMS AND INTERFACES 

In preparation for a new program which couples MRL to the Westinghouse Science 

and Technology Center cryogenic group (now part of the Northrop Grumman 

Consortium) we have been exploring low temperature sol-gel routes to the deposition 

of highly oriented strontium aluminum tantalate (SAT) and to gain experience on 

increasing the film thickness with controlled crystallographic orientation and surface 

morphology. 

5.1  THIN DIELECTRIC FILMS OF SAT BY PLD 

Our experimental results on the SAT composition along with the earlier report on the 

congruent melting nature of the SAT and SAN compounds, have stimulated research 

works in the thin film area in other institutions and through collaborations with this 

project. SAT thin films (2000-3000A) have been deposited on MgO (001) substrates 

using pulsed laser deposition (PLD). X-ray diffraction analysis shows that the SAT 

grows with the c-axis highly oriented normal to the substrate plane and very good in- 

plane epitaxy. The subsequently deposited YBCO films using PLD on SAT buffered 

MgO substrates exhibit excellent epitaxial growth with a narrow rocking curve width 

and a small f scan peak width. The critical temperature Tco of 90-92 K was achieved 

reproducibly and the critical current density over 2.7x106 A/cm2 at 77K was measured. 



This work not only demonstrates that high quality YBCO films can be grown on an MgO 

substrate with an SAT buffer layer, but also shows that SAT may be a promising buffer 

layer materials for making multilayer structures. 

The compatibility of SAT as buffer layer on MgO with TI2Ba2CaCu208 superconducting 

family was also studied and premising results were obtained. X-ray diffraction data of 

the Tl2Ba2CaCu208 films on SAT/MgO showed that the films were epitaxially oriented 

with the c-axis normal to the substrate surface and the TI2Ba2CaCu208 [100] aligned 

with SAT [100] and MgO [100]. The Tc of the superconducting films ranged from 95 to 

103 K and the transport Jc at 77 K in zero field was at least 3x105 A/cm2. This study 

shows that SAT is a suitable buffer layer material for the growth of superconducting 

TI2Ba2CaCu208 films due to their good lattice match and chemical compatibility. 

Further details of these collaborative work can be found in Appendices 4 and 5. 

5.2 SOL-GEL SYNTHESIS OF SAT AND BMT 

Phase pure BMT powder was synthesized by the sol-gel technique and thin films at a 

significantly low temperature (~600°C), in contrast to the solid state reactions which 

usually requires high temperature calcining (~1400°C) with very long heating 

schedules. High quality, crack-free BMT films were prepared on Pt-coated Si 

substrates. High relative density (98.4%) BMT ceramics were formed at 1500°C in 24 

hours without the addition of sintering aid. SEM analysis also showed that the films of 

0.3^m in thickness were essentially crack-free. 

Phase-pure SAT powder was prepared by sol-gel route including Sr metal, Al(tri- 

secbutoxide) and Ta(OC2H5)5 as the starting organic precursors. Sol-gel processing 

of SAT can lead to highly phase pure homogeneous powders , and these powders can 

offer significant advantages over conventionally processed powders. The SAT phase 

pure powder was formed at 1400°C from a transparent zero-gel (the formation 

temperature has been substantially reduced to 450°C by using Sr granular as precursor 

materials). 

The sol-gel processing studies on BMT and SAT are presented in Appendix 6 and 7. 



6. SYSTEMATIC SEARCH FOR CANDIDATE SUBSTRATES 

6.1 DIELECTRIC MECHANISMS OF COMPLEX OXIDE PEROVSKITES BY RAMAN 

SPECTROSCOPY 

Complex oxide perovskites SAT and SAN have been studied by microprobe Raman 

scattering in a temperature interval from 30 to 300K.  Ceramic and single crystal forms 

of SAN and SAT were studied in particular to compare the difference between the 0- 

Nb-0 and O-Ta-0 bonding and in relation to the order-disorder for the structure.  The 

Eg and Aig modes in SAT were found at higher frequencies, 577.7 cm"1 and 871.9 cm"1, 

comparing to that of SAN, 540.28 cm"1 and 856.3 cm"1.  It is a good indication that the 

short range interaction constant of O-Ta-0 is greater than that of 0-Nb-O. This finding 

is in agreement with the experimental result that SAT having smaller dielectric constant 

and dielectric loss compared to that of SAN.  The paper address this research is listed 

as Appendix 8. 

Similar studies by the microprobe Raman spectroscopy were also carried out for sol- 

gel synthesized SAT and BMT powders and the details are presented in Appendix 7 

and 9. 

6.2 ION POLARIZABILITY ADDITMTY MODEL: DIELECTRIC CONSTANTS PREDICTION 

Recently, Shannon9 has derived a set of 61 ion dielectric polarizabilities from a least 

square refinement procedure using the ion additivity rule and calculated dielectric 

constants for about a hundred compounds in conjunction with the Clausius-Mosotti 

equation. Excellent agreement between the polarizability values calculated and those 

experimentally measured was shown for many ternary systems including borates, 

aluminates, gallates, silicates, germanates, phosphates, and vanadates. 

It is of great interest for us to apply the ion polarizability additivity rule to the family of 

substrate or potential substrate materials. We have gathered fair amount of dielectric 

and structural data that were previously unavailable. It is specially interesting to 

examine if Shannon's model and the ion polarizability data can be used to predict the 

dielectric constant of new materials and to identify the "abnormal" behavior in a 

material if present.   Comparison of calculated and experimental dielectric constants 

10 



using the ion polarizability additivity rule can be found in Appendix 2. We found that 

good agreements are usually seen in cases of substances containing cations having 

high valence and small sizes, while large discrepancies are common in ternary 

systems that involve large cations in high coordination sites. Poor agreements are also 

apparent in materials containing cP ions (Nb, Ta) such as Ba(Mg-|/3Ta2/3)03, 

Sr(Alrj.5Tao.5)03, and Sr(Alo.5Nbrj.5)03 and cations of rare-earth family such as 

LaAlC>3 and LaGaC>3. 

Following the work of O'Keeffe10 and Brown and Altermatt11 on the apparent bond 

valences and their relations to bond lengths, we have reformulated the ion 

polarizability additivity rule by normalizing each ion polarizability to its electrostatic 

valence status. In order to narrow down the differences between the calculated and 

measured values, we considered several new factors in Shannon's approach. One of 

the new approach defines the normalized ion polarizability which is applicable for 

estimation of the dielectric constants with higher precision once the refined crystal 

structure is known. The work has been undertaken to improve the fit to experimental 

values by taking account of the apparent bonding valence and its correlation to 

bonding distance in providing a normalized ionic polarizability in a given structural 

configuration. The method is applicable to oxides, fluorides and oxyfluorides and has 

improved the accuracy of dielectric constant prediction particularly for compounds 

containing d° elements, alkali earth elements and rare-earth elements. 

7. SUMMARY 

Under continuous support of DARPA/ONR and through successful combination of our 

effort and collaboration with other element of the DARPA project, we have been able to 

meet the challenge of devising new alternative compositions and twin free perovskites 

with low congruent melting temperatures, matching thermal expansion from the YBCO 

processing temperatures down to the liquid nitrogen working temperature and excellent 

chemical compatibility. New substrates developed and the technology base built in the 

program have stimulated collaborations among Penn State and other elements in 

DARPA superconductor programs. To summarize: 

11 



Systematic studies on low K oxide substrate materials suitable for epitaxial deposition 

of high Tc superconducting (HTSC) yttrium barium cuprate (YBCO) films and their 

microwave applications have been carried out. Several promising new hosts such as 

Sr(AI1/2Ta1/2)03, Sr(AI1/2Nb1/2)03, and Ba(Mg1/3Ta2/3)03 in complex oxide 

perovskite family have been developed. The crystals of these compositions and their 

associated solid solutions provide new options for ultra low loss, low permittivity 

substrates with close structural and thermal properties matching to the YBCO. Studies 

were extended to the twin free perovskites (e.g., modified complex perovskites) with 

low congruent melting temperatures and alternative compositions with lower dielectric 

constants (e.g., in spinel, magnetoplumbite, and fluorite structures). 

The unique capabilities of a laser heated pedestal growth (LHPG) system have been 

utilized for test-growth of candidate materials in single crystal fiber form to determine 

structure, thermal, and dielectric properties and to make positive identification of twin 

free systems. 

Dielectric properties, thermal expansion coefficients, melting temperatures and growth 

feasibility were tested for a wide range of substrate materials and solid solutions. This 

knowledge base is important for the projected work and for the fundamental materials 

research. 

Systematic study on the surface crystallographic compatibility and epitaxial relations 

with the YBCO provided further guidelines for substrates selection and film deposition 

design. 

Development on the predictive capability of the dielectric constant of ionic solids, by 

improving ion polarizability additivity model (Shannon's approach), may provide a base 

for the selection of new compositions for further study. 

Material studies has been extended in the area of the growth of the magnetoplumbite 

family of crystals using the laser heated pedestal growth. 

12 



Successful collaboration between MRL/Penn State and other ONR supported projects 

have yielded thorough test on the realization of the SAT films in YBCO bilayer and 

trilayer structures and as buffer layer in MgOWBCO system. 

Mechanisms relate to distinguish the niobates and the tantalates in their dielectric 

properties were studied, through collaboration, by microprobe Raman spectroscopy. 

Work on the Shannon ion polarizability model for predicting dielectric permittivity in 

solids is being continued. Newly compiled normalized ion polarizabilities which take 

into consideration apparent bonding strengths improve the predictive capability 

considerably. 

We intend to keep active interaction and close collaboration with other elements of 

DARPA/ONR programs and continue to maintain strong standing as a knowledge base 

in substrate materials science and technology. 
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Strontium aluminum tantalum oxide and strontium aluminum 
niobium oxide as potential substrates for HTSC thin films 
Ruyan Guo, A. S. Bhalla, Jyh Sheen. F. W. Ainger. S. Erdei, E. C. Subbarao. and L. E. Cross 
Materials Research Laboratory. The Pennsylvania State University, University Park 
Pennsylvania 16802-4800 

(Received 20 July 1993; accepted 4 October 1994) 

Single crystal fibers of A(Bli/2B2i/2)03 perovskites type with compositions 
Sr(Al,/2Ta!/2)03 (SAT) and SrfAl^Nb^O, (SAN) were grown successfully 
for the first time, using a laser-heated pedestal growth (LHPG) technique. Their 
crystallographic structures were found to be simple cubic perovskite with lattice 
parameters a = 3.8952 Ä (SAT) and a = 3.8995 A (SAN) that are close lattice matches 
to the YBCO superconductors. No structural phase transitions or twins have been found, 
and the average coefficients of the thermal expansion match well with the YBCO 
superconductor materials. We report that SAT is one of the most promising substrates 
to date for the epitaxial growth of HTSC thin films suitable for microwave device 
applications as it has low dielectric constants (K — 11-12, at 100 Hz-10 GHz and 
300 K) and low dielectric loss (~4 X 10-5 at 10 kHz and 80 K), together with lattice 
parameter matching, thermal expansion matching, and chemical compatibility with the 
high Tc superconductors (YBCO). 

I. INTRODUCTION 

The rise of electronic  technology  utilizing  high 
temperature oxide superconducting materials requires 
at the very least the mastering of processing of the 
epitaxial thin films of high Tc superconducting^(HTSC) 
materials on suitable substrates and the understanding 
of their properties. Superconductor device applications 
demand that the substrate materials for HTSC  meet 
several   requirements:   lattice   matching   (or   atomic 
structure matching)1  to the HTSC materials for ideal 
epitaxial   films,   thermal   compatibility   in   terms   of 
thermal expansion matching over the temperature range 
of film processing and annealing (>900 K) down to the 
operating temperature (90 K), low dielectric constants 
for integrated circuit designs (<25 or ideally less than 
10), very low dielectric loss (=£10-4) at microwave 
frequencies (~10 GHz) and at low temperatures (90 K) 
for microwave  device  applications,  chemical   inertia 
and compatibility with the HTSC thin film deposition, 
and mechanically strong and scratch resistant.  As  a 
single crystal substrate is most desirable (as large as 
4 in. in diameter), it is also vital that the crystal should 
be available at a reasonable cost.  All  the currently 
available substrates present some compromises. SrTi03 

crystals of high quality and large sizes, though they are 
readily available and yield the best quality epitaxial thin 
films (primarily due to their close interatomic structure 
matching to the HTSC), have high dielectric constant 
(>300)  arising  from  the  phase   transition   near  the 
working temperature (-110 K). A1203 sapphire single 
crystal substrates, which have low dielectric constant K 

and low loss at microwave frequencies, require a buffer 
layer to avoid chemical interactions with the YBCO. 
One of the substrates, probably the one most currently 
used, LaA103. though good in lattice matching and 
of reasonable dielectric properties, is heavily twinned 
and goes through a ferroelastic phase transition at 
—435 °C.2 Table I lists some of the most commonly 
used substrates for comparison purposes. 

The objective of our investigation was to screen 
various complex  oxide materials to identify suitable 
HTSC substrate materials and to test the feasibility of 
single crystal growth by utilizing a laser-heated pedestal 
crystal growth (LHPG) technique. The LHPG technique 
has several unique features that are of special importance 
for this task. These advantages include containerless 
crystal growth and. therefore, the capability of growing 
refractory materials (that have low dielectric losses in 
general), capability of growing both incongruently and 
congruently  melting compositions, and rapid growth 
rates.  Fiber geometry  also provides one-dimensional 
dielectric material that may by itself meet microwave an- 
tenna requirements for some special device applications.5 

The compounds S^Al^Ta^K^ (SAT) and Sr(Al,/2- 
Nbi/2)03 (SAN) were first prepared and tested to leam 
their crystallographic phases and their melting behavior 
by the group at AT&T Bell Labs.6 Ceramic samples 
were identified to have double cell cubic perovskite 
structure with a = 7.795 A and melting temperatures 
of 1900 °C and  1790 °C for SAT and SAN, respec- 
tively. On the basis of our understanding of the crys- 
tal chemistry-dielectric property relationships of various 
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TABLE I. Most commonly used high Tc superconductor substrates. 

Symmetry, lattice Dielectric constant Thermal expansion 
Substrates constants I A) K (at RT) . a (X 10_6/°C) Comments 

YBa;Cu,07_A Ortho. 

a =   3.836 
b =   3.883 
c = 11.68 

(Ref. 3) 

aa = 14 

ab =   9 
ac = 19 

(Ref. 4) 

< 

SrTi03 

LaAlCh 

Cubic 
a =   3.905 

Rhomb. 
a =   3.789 
a = 90.12° 

> 300 

23 

10.6 

8.2(||[110]) 
6.4(||[001]) 

Good epitaxial YBCO film: 
high dielectric constant 

Structural phase transition at 
~ 435 °C; heavy twinning 

A1203 

MgO 

Rhomb. 
a,b =   4.7586 

c = 12.9897 
r = 120° 

Cubic 
a =   4.2114 

Ka =   9.34 
KC = 11.54 

9.65 

6 

10.4 

Poor lattice matching; 
poor thermal expansion matching; 
chemical interactions with 
YBCO (buffer layer often 
required) 

Reasonable cost: easy to cleave: 
large lattice mismatching 

YSZ 

(Zro.72Yo.2801.862) 
Cubic 

a = 5.16(2) 
26 4.5 Chemical interactions with YBCO; 

BaZr03 forms at the 
interface (buffer layer often 
required) 

oxide perovskites, and the reports by the Bell Labs group 
that showed both the SAN and SAT melt congruently 
and produce a single phase of the perovskite structure 
after melting, we selected SAT and SAN as primary 
candidates in the A(Bl1/2B2,/2)03 complex oxide per- 
ovskite family for crystal growth and investigated their 
properties in relation to substrate applications. 

This paper reports two single crystals. Sr(Al1P- 
Ta,/2)03 (SAT) and Sr(Al1/2Nb1/2)03 (SAN), both of 
A(Bl|/2B2i/2)03 complex oxide perovskite formula, 
grown by the laser-heated pedestal growth technique. 
Their preparation, chemical analysis, crystal structures, 
and dielectric and thermal expansion properties are 
reported. They have twin-free simple cubic perovskite 
structures and attractive dielectric properties. They 
have the potential to be used as microwave substrates 
for YBCO superconducting thin films. 

II. EXPERIMENTAL PROCEDURE 

A. Ceramic preform preparation 

Ceramic samples were prepared by solid state reac- 
tion, using conventional techniques. Several batches with 
various calcining and sintering conditions were prepared 
and the procedure was somewhat optimized through the 
study. Differential thermal analysis (DTA) was used to 
determine the minimum calcining temperature to achieve 
the desired phases and to select sintering temperatures. 
X-ray diffraction was used extensively to characterize 

the crystallographic phases and to adjust the processing 
conditions. Some of the processing parameters used are 
summarized in Table II. 

B. Laser heated pedestal growth: The instrument 

The laser-heated pedestal growth (LHPG) method 
has been shown to be a powerful method for rapidly 
growing small diameter single crystals, particularly 
oxides of high melting temperature, for both prop- 
erty studies and fiber devices.7-8 The LHPG equipment 
used in this investigation consisted of a power source 
(water-cooled, tunable flowing gas C02 55 W laser), 
an optical layout, and a growth section. The molten 
zone temperature during a stable growth was monitored 
using an optical pyrometer with a linear dimension 
resolution of 0.1 mm. A schematic diagram of the LHPG 
station is shown in Fig. 1. Additional details can be 
found elsewhere.9 

C. Dielectric measurements 

Radio frequency dielectric constants and the loss 
tangent were measured using a General Radio 1621 
Capacitance Measurement System. Three-terminal mea- 
surements were carried out using a shielded sample 
holder. The accuracy of the measurement was in the 
range of ±(10-50) ppm for capacitance measurement 
and ±(0.1 + 1 step in the least significant decade) for 
conductance measurement. The stray capacitance, lead. 
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TABLE II. Ceramic processing conditions for Sr(Al,/:Nbi/2)0? and Sr(Ali/2Taw)03. 

Composition Starting chemicals (purity) 

SitAl,/2Nb,/2)03 

SitAl1/2Tai/2)03 

SrC03 

AI2O3 
Nb205 

S1CO3 
A1203 

Ta205 

(4N) 
(3N5) 
(4N) 

(4N) 
(3N5) 
(4N) 

Calcination condition Sinterins condition 

1570 °C for 3 h 

1600 °C for 3 h 

Density (g/cm3 

1600 °C for 3 h 

1620 °C for4h 

5.051 
(91.7% theoretical) 

6.537 
(96.6% theoretical) 

Carbon 
Dioxide 
Laser 

Discharge 
Current 
Control 

Growth 
Chamber Optical Pyronwttf 

Beam Steerer 

He-Ne Laser 

Power     / 
Meter 

sensor 1^ 

Duma    W 

Beam Selecter 

-%""" 

FIG. 1. Schematic   diagram  of the   laser-heated   pedestal   growth 
station. 

and contact resistance were corrected during measure- 
ment by taking an open circuit measurement. The edge 
corrections of the measurement results were made using 
an empirical equation derived from the measurements on 
a family of fused silica samples: 

Ce = (o.02798 • ln(y) - 0.05922) ■ P      (1) 

where Ce is the edge capacitance, and P and t are the 
perimeter and the thickness of the sample in centimeters. 

Dielectric properties at microwave frequency were 
measured using resonance techniques equipped with an 
HP8510A network analyzer. The post-resonance tech- 
nique (the Hakki and Coleman technique10) was used 
to measure the dielectric constants of the ceramic sam- 
ples. Cavity perturbation technique11 was used for the 
measurements on samples of thin rods (e.g., single 
crystal fiber samples) or bar-shaped. The Q factors Tin 

microwave frequency) at liquid nitrogen temperature 
were measured by a transmission resonance technique. 

III. RESULTS AND DISCUSSION 

A. Crystallographic phases in ceramics 

1. Sr(AI1/2Ta1/2)03 

The presence of an intermediate phase. SrTa206, 
was noticed in ceramic powders for calcining temper- 
atures between 1250 °C and -1550 °C. and the phase 
disappeared after calcination at 1550 °C. Another inter- 
mediate phase, SrAl204, could also form and remain in 
the ceramic powder until the melting point (-I960 °C)12 

when excess Al was present. This intermediate phase 
could be harmful for single crystal growth, and therefore 
repeated grinding followed by calcining was performed. 
A MgO crucible (instead of A1203 crucible) was used to 
avoid excess Al diffusion into the compound during the 
calcination process. The x-ray diffraction pattern for the 
SAT ceramics sintered at 1655 °C for 5 h is shown in 
Fig. 2(a). The crystallographic phase of the SAT powder 
is a double cell cubic perovskite as reported by Brandle 
and Fratello,6 with a lattice parameter a — 1.1161 A. 
The sharp (111), (311). (331). and (333) diffraction peaks 
indicate that the SAT has a strong tendency to form a 
B-site ordered (Al:Ta = 1 : 1) perovskite structure. 

2. Sr(AI1/2Nb1/2)03 

As in the case of SAT, the presence of an inter- 
mediate phase. SrNb206, was found in the powder at 
a calcining temperature T - 1150 °C. This intermediate 
phase reacted with the remaining SrO and A1203 to form 
pure SAN phase at a higher temperature (-1570 °C). 
The SAN phase was found to be an ordered perovskite 
cubic phase with a lattice parameter a = 7.7824 A. The 
x-ray diffraction pattern for the SAN ceramics sintered 
at 1570 °C for 24 h is shown in Fig. 2(b). 

B. Single crystal fiber growth and 
crystallographic phases 

Single crystals of SAN and SAT were grown 
successfully using the LHPG technique. Both the feeding 
rods (—0.45 mm2 in cross section) and the pulling seeds 
f—0.12 mm2 in cross section) were ceramics prepared 
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FIG. 2. X-ray diffraction patterns of (a) an SAT ceramic sintered at 
1655 °C for 5 h and (b) SAN ceramic sintered at 1570 °C for 24 h. 

as described in Sec. II. A. SAN and SAT single crystal 
fibers of ~500 ^m in diameter and up to 3 cm in length 
(not limited) were grown using a pulling to feeding 
ratio of 1.5-2. All growths were performed in air. The 
stable molten zone temperatures during the crystal fiber 
growth were obtained using an optical pyrometer and 
were typically 1862 °C and 2030 °C for SAN and SAT, 
respectively, with an estimated accuracy of ±30 °C. 

As-grown SAT and SAN crystals were both chemi- 
cally reduced. The SAN fiber was dark gray due to 
the reduction of Nb5+ to Nb4+. No clear facet was 
observed for SAN fibers 500 ^m in diameter. As-grown 
SAT fiber showed a bluish color. Facets on SAT fibers 
~500 /im in diameter can be seen. Figure 3 shows a 
Laue photograph of a single crystal SAT fiber with the 
x-ray beam approximately parallel to [110], normal to 
the cleavage plane, and hitting the crystal in the direction 
perpendicular to the growth direction. The crystal fiber 
growth direction was found to be along [III], 54° 44' 
from the [001]. 

X-ray diffraction patterns, as shown in Fig. 4, re- 
vealed that the SAN and SAT crystal fibers grown by 
LHPG do not show B-site long range ordering (with 
only weak diffractions of the superlattice peaks), and as a 
result, have simple cubic symmetry. The crystallographic 
data for SAN and SAT single crystal fibers as determined 
by x-ray diffraction are a = 3.8995 Ä, volume = 
59.295 A3, Z = 1, and p = 5.4758 g/cm3 (for SAN), 
and a  =  3.8952 Ä, volume = 59.109 Ä3, Z  =   1, 

FIG. 3. Laue photograph of a single crystal SAT fiber with the x-ray 
beam hitting the crystal in a direction perpendicular to the growth 
direction at the cleavage plane. 

and p = 6.7306 g/cm3 (for SAT). Their cubic lattices 
closely match the high Tc superconductor YBCO that 
has an orthorhombic svmmetrv with lattice parameter 
b = 3.883 Ä.3 

The high temperature (disordered) phases existed to 
room temperature as the B-site orderings were inhibited 
during the fiber growth process because of the quenching 
effect produced by the high growth rates and steep axial 
temperature gradients employed in the LHPG growth. 
The high temperature disordered phases have not been 
reported previously in either SAN or SAT. The SAN 
fibers became colorless after annealing at 1630 °C for 
10 h in air (no annealing effect was observed at 1000 °C 
for 24 h in flowing 02). SAT became transparent after 
annealing in flowing 02 at 1000 °C for 24 h. However, 
annealing treatments at these conditions did not cause 
significant.or conclusive changes in the disorderedness 
of the structure as examined by x-ray diffraction. This 
observation suggested that their high temperature ideal 
cubic perovskite phases are stable. 

C. Chemical composition analysis 

Ceramic and single crystal SAN and SAT samples 
were analyzed quantitatively for their chemical com- 
positions by using electron probe microscopic analysis 
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FIG. 4. X-ray (powder) diffraction patterns of single crvstal: (a) SAT 
and (b) SAN. 

(CAMECA, SX-50 with spatial resolution of 2  ^m 
on surface area and 0.2 /xm in depth). Relative ana- 
lytic accuracy is ±2%. Chemical analysis showed that 
the single crystals SAN and SAT grow congruently 
within  the stoichiometric  composition.  The  assigned 
composition of an as-grown SAT single crystal fiber 
was SrL022 ± o.ooi (Al0.496 = o.ooiTao.493 * 0.001 )03 and was 
uniform across the entire surface. As mentioned in the 
ceramic processing section, excess Al in the compound 
may cause formation of an intermediate phase SrAl204. 
Electron probe microscopic analysis detected SrAl204 

grains in the SAT ceramic sample. It is evident from the 
microscope study that the SrAl204 phase (a hexagonal 
stuffed tridymite structure with a = 5.10 Ä, c = 8.49 A, 
mp ~  1960 °C)13 is formed before the densification 
temperature is reached as the SrAl204 grains are fully 
enclosed by SAT grains. Crystal fibers of SAT, however, 
are not affected by the intermediate phase as the growth 
zone temperature is higher than the melting temperature 
of the intermediate phase. Improvement in crystal quality 
is  expected after the powder preparation  process  is 
modified to avoid the SrAl204 phase. 

The composition of an as-grown SAN single 
crystal fiber was found to be Sr0.^ =0.oo6(Al0463 * 0.005- 
Nbo.550 - o.oo4)03,  in  comparison  to  the  composition. 

Sr0.94o(Alo.477Nbo.538)03, found in the SAN ceramic 
sample. The reason for the off stoichiometry on the 
cation ratio for both the ceramic and single crystal 
samples is not yet clear; however, the congruent melting 
and growth behaviors were confirmed through the 
similarity between the ceramic sample and the "crystal 
sample. Avoiding the formation of the intermediate 
SrAl:04 phase in ceramics may be more important for 
improving the stoichiometry and quality of SAN single 
crystals than for SAT, because SAN crystals were grown 
at relatively lower temperatures. 

0. Dielectric properties 

Dielectric properties of the SAN and SAT samples 
were examined as functions of temperature and fre- 
quency. Table III summarizes the dielectric properties 
of high density SAN and SAT ceramic samples. Their 
dielectric constants as functions of temperature in the 
low frequency range and as functions of frequency at 
room temperature are shown in Fig. 5 and Fig. 6. 

A dielectric constant as low as 11-12 for the SAT 
sample is of special significance for substrate applica- 
tions as, we believe, it is one of the lowest dielectric 
constants reported for the complex oxide perovskite 
family. It is the oxygen ionic polarizability that sets 
the baseline limitation to the dielectric polarizability in 
the oxide perovskite family. SAT, therefore, seems to 
be a special example in complex oxide perovskite com- 
pounds of cubic structure for further studies on polariza- 
tion mechanisms. 

More study on the effect of B-site ordering on vari- 
ous properties including dielectric properties is required. 
On the basis of our experimental results on another oxide 
perovskite. Ba(Mg1/3Ta2/3)03,

14 the dielectric constant 
increases with the increase in the bulk density (does 
not strongly depend on the B-site ordering), while di- 
electric loss factor decreases with the enhancement in 
B-site ordering. 

E. Thermal expansion behavior 

Thermal expansion coefficients of SAN and SAT 
were measured and compared to the thermal proper- 
ties of the YBCO superconductor. The measurement 
was carried out from room temperature up to about 
800 °C by using a vertical push-rod dilatometer equipped 
with a high sensitivity linear variable differential trans- 
former (LVDT). The heating and the cooling rates for 
thermal expansion measurements were regulated at 1 
or 1.5 "C/min using a microprocessor-based tempera- 
ture controller. 

Good thermal expansion match was found in both 
SAT and SAN samples [the thermal expansion co- 
efficients, a = 9.7 X 10"6/°C (SAT) and a = 
8.8 X 10-6/°C (SAN)] compared to that of the YBCO 
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TABLE III. Dielectric properties of SrfAli^Nbi/iJCh and SrtAlieTai^jO;. 

Room temperature Low temperature. 77 K 

10 kHz                                 Microwave (GHz) 10 kHz Microwave 

Composition K tan 5 (X 1(T4)                  K                   tan <5 (X 1CT4) K tan S (X 10"4) K       tan 5 (X 10-4) 

SAT (97% density) 
SAN (92% density) 

11.8 
18.6 

16.8               10.7 (11.0 GHz)      3.64 (7.64 GHz) 
31.8               18.3 (9.61 GHz)       9.26 (6.08 GHz) 

11.8 
18.7 

0.42 
2.20 

• • •      2.09 (7.64 GHz) 
• • •      5.56 (6.08 GHz) 

single crystals (aa = 14, ab = 9, and ac = 19 X 
10-6/°C).4No structural phase transition was found in 
the measured temperature region. Figure 7 shows the 
average linear thermal strains of SAN, SAT, and YBCO 
ceramic samples as a function of temperature. Thermal 
property compatibility of the substrates with HTSC 
films is critical for epitaxial film growth, in terms of 
determining the deposition and annealing temperatures, 
possibility of producing thick films, and reducing the 
degradation process in films and devices under working 
conditions. 
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FIG. 5. Dielectric constants of SAN and SAT ceramics at 10 kHz as 
functions of temperature. 

F. Microhardness 

Vickers hardness on the single crystals SAN and 
SAT grown by the LHPG technique was measured by 
using a Leitz Miniload Hardness Tester. The side of 
a single crystal fiber perpendicular to the fiber growth 
direction was ground and optically polished. The in- 
dentation diameter resulting from the diamond indenter 
was measured using a micrometer scale etched into the 
microscope eyepiece. Five indentations were measured 
for each different load (200 to 500 g), and the resulting 
values were averaged. 

The Vickers hardness was calculated by a formula: 
HMO9 N/m2) = 18.1854 P/d\ where P is the mea- 
suring force in grams and d is the mean value of the 
indentation diagonal in /*m. Preliminary results of the 
microhardness measurements are given in Table IV. 
Comparative studies on the hardness were also per- 
formed under identical conditions on the single crystal 
AI2O3 and quartz, for those are well characterized for 
their high value of hardnesses. The literature values of 
their hardness are also given. 

It is not surprising that both SAT and SAN have high 
values of hardness. High bonding strength in the ionic 
compounds and the small size of cations on both A- and 
B-sites may be responsible for these high values. 

G. General comments 

Comparing SAN and SAT. it is interesting to notice 
the similarities and dissimilarities in the Nb- and Ta- 
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FIG. 6. Dielectric constants of SAN and SAT ceramics as functions 
of frequency at room temperature. 
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FIG. 7. Thermal strain measured by using a vertical push rod linear 
voitage differential transformer dilatometer. 
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TABLE IV. Vickers hardness data for SrfAli/iNbi/^Oj and Sr(AI|/:- 
Ta^Oj single crystals (on planes perpendicular to the growth 
direction). 

Material 
Hv (GPa) (averaged 
for P = 0.2-0.5 N) 

SAT crystal fiber (i. growth direction; 
SAN crystal fiber (X growth direction) 
Sapphire crystal fiber (±c)20 

Quartz (\\c)20 

15.1 ± 3.3 
9.1 ± 1.2 

18.1 ± 2.1 
9.3 ± 1.2 

compounds. In  spite of all  the similarities of SAN 
and SAT (e.g., identical structure type, similar lattice 
parameters, similar thermal expansion properties), there 
are a number of distinct differences between  them. 
SAT has a higher melting temperature, higher hardness, 
lower dielectric constant,  lower dielectric  loss  over 
broad ranges of temperature and frequency, and less 
reduction  problem  during growth.  These  differences 
between SAT and SAN are not unique to these two 
materials,   but   are   common   to   all   Nb-compounds 
and their analogous Ta-compounds.  It is insufficient 
to  explain the  reason  for those  differences  by,  for 
instance, simply considering the bonding strength (as 
they have the same valence and coordination numbers), 
or on the basis of available ionic polarizability data15 

(aK  = 4.73 A3 and a,Nbi*  = 3.97 Ä3 that would 
predict a lesser polarizability for SAN than SAT). It 
seems to us that the electronic structure differences may 
have caused the Ta-O bonding to be less ionic in nature 
and somehow enhanced the bonding strength. Detailed 
understandings and modeling are beyond the scope of 
this paper. 

Considering all the suitable substrate requirements. 
SAT seems more desirable primarily due to its low 
dielectric constant. The drawbacks are the difficulty in 
crystal growth as SAT has higher melting temperature. 
The (110) cleavage plane in the SAT crystals does not 
seem to present a problem as cleavage is primarily 
determined by crystal structure and is only secondarily 
related to chemical composition. 

Chemical compatibility of SAN and SAT substrates 
with YBCO was tested by spin coating YBCO films 
on SAN and SAT ceramic disks using the sol-gel 
technique.16 No chemical interactions were observed, 
and the YBCO film formed was of good crystal quality 
with Tc - 90 K. Therefore, it is concluded that the 
chemical compatibility of SAN and SAT with YBCO 
is good. 

We believe that further modification of the SAN 
and SAT compositions to fine tune their properties, 
particularly reducing their melting temperatures, will 
lead to easier fabrication of the crystals and better control 
of the reduction problem of the Nb5" and Ta5"". Work 

following this direction will be the content of separate 
publications. 

Using SAT polycrystalline materials as targets in 
a pulsed laser deposition process, Findikoglu et al.l7AS 

have  reported high quality epitaxial  (c-axis  orienta- 
tion) growth of thin films of SAT and multilavers of 
YBCO/SAT on  (001) LaA103  and MgO substrates. 
Dielectric constants of the SAT films (-100-390 nm 
thick), however, were found to be -23-30. notably 
higher than the value (K - 12) found in bulk ceramic 
materials. The deviations from perfect cation stoichi- 
ometry in the films may be one of the causes for the 
discrepancy in the value of the dielectric constants as the 
Al/Ta ratio in SAT films was found to be -0.8 rather 
than the stoichiometric ratio of unity.17-18 No dielectric 
loss data were reported for the SAT films; therefore, 
direct comparison between the dielectric constants of 
the film and the bulk SAT samples is not possible. The 
dielectric properties (K - 12, tan 8 =s 10~3 at room 
temperature and 1 KHz) of SAT ceramic samples are 
reproducible. Consistent results have also been given 
by independent dielectric property measurements on the 
same SAT ceramic samples.19 

IV. SUMMARY 

We have investigated single crystals of Sr(Al,/2- 
Nb1/2)03 and Sr(AlI/2Ta!/2)03 as substrate materials for 
epitaxial thin film fabrication of the high Tc super- 
conductors. Single crystal fibers of SAN and SAT were 
grown using a laser-heated pedestal growth technique. 
Crystal structures, dielectric properties, thermal expan- 
sion properties, and hardness test results are reported. 
Both SAN and SAT are of ideal cubic perovskite struc- 
ture with a lattice parameter in close match to YBCO 
and can be explored further for device applications. SAT 
currently represents one of the best potential HTSC sub- 
strate materials for microwave applications. The unique 
feature of this material is that it combines desired dielec- 
tric properties (dielectric K - 12, loss factor tan 8 < 
10~4) at microwave frequencies with a twin-free lattice 
and good thermal expansion matching along with chemi- 
cal compatibility. 
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DESIGN OF DIELECTRIC SUBSTRATES FOR HTS FILMS 

Amar Bhalla and Ruyan Guo 

Materials Research Laboratory, The Pennsylvania State University 

University Park PA 16802 USA 

ABSTRACT 

Investigations on the design and engineering of candidate substrate materials suitable 

for HTS thin film deposition and applications have yielded several exciting new hosts such 

as Ba(Mg1/3Ta2/3)03, S^Al^Ta^Os, and Sr\Ali^Nbi/2)03. Dielectric properties, thermal 

expansion coefficients, melting temperatures and growth feasibility were tested for a wide 

range of substrate materials and solid solutions. These complex perovskhe crystals and 

their associated solid solutions provide new options for ultra low loss, low permittivity 

substrates with close structural and thermal matching to the YBCO. Several new 

materials have been tested for HTS film depositions. A laser heated pedestal growth 

system (LHPG) has been used as an essential tool in producing single crystals for testing. 

Development on the predictive capability' of the dielectric constant of ionic solids, by 

improving Shannon's approach, will also be discussed in this paper. 

INTRODUCTION 

The selection of useful substrate materials for the deposition of high Tc 

superconductors is of prime importance and is subjected to a number of constraints. In 

several microwave applications of the ;ceramic dielectric substrates,' important 

considerations have been given to the (a) materials' thermal properties such as thermal 

expansion and thermal conductivity, and (b) the electrical characteristics such as low 

dielectric loss, dielectric constants and dielectric coefficient with temperature, The main ' 

heart of the selection criteria are intended for the speed (in MCM devices) and the 

reduction of thermal effects on the signals.    In case of the resonators the values of the 



constants are adjusted with the size of the required device. If we look for HTS uses in 

such applications, the additional requirements from the substrates are demanded. For 

example additional crystallographic matching parameters are required to deposit high 

quality oriented (preferably epitaxial) and hence high Jc high temperature superconducting 

films on the single crystal substrates. These parameters are summarized in Table I. 

Table L Dielectric Property Requirements for HTS Substrates 

Applications 

Requirements 

Multi-Chip-Modules (MCM) 

Dielectric 
Constant 

Dielectric Loss 

Type of Substrates 

Digital receivers, ER. detectors, High 
performance computers 

High speed, v x 1/(K) " 
Satisfy characteristic impedance 

High packing density (thinner film);. 
Low crosstalk (thinner film) 

K~20 or less is acceptable; however, for film 
thickness d~lum, K<10 is required. 

_, -3 

tanö<10   to maintain the dielectric loss much 
lower than the conductor less. 

Singie crystal films (2um) in multi-layer 
integrated structure with HTSC aims. 

Millimeter Wave Devices 

Oscillators; Frequency 
Discriminators; Phase shifters; 
Delay lines; etc. 

Narrow bandpass filters (high 
Q); Low temperature coefficient 
of capacitance; Compact 
designs (moderate K values). 

K 20-25 desirable 

Ultra low loss, tan5<10^ 
(Q>10,000). 

Single crystal substrates 3" or 4" 
in diameter. 

Numerous candidate materials have been suggested for such purposes to achieve 

useful HTS based devices. The most widely used candidate has been the crystals of 

LaA103. The serious problem of ferroelastic Uvinning in this material affects the quality of 

HTS film and the device performance. 

An additional factor, i.e., thermal expansion should also be considered rather seriously 

in selection of the single crystal substrate materials for HTS. In this case, the films are 

deposited and oxidized at = 50QX and the devices operate at liquid nitrogen temperatures. 

Therefore, for the less aging effects and high performance of the device point of view, 

thermal expansion matching over the temperature range from the deposition temperature 

to the operating liquid nitrogen are highly recommended. 

Recently, several new materials have been suggested and are being tested.   Our goal 

has been to design and develop new highly suitable substrates which are better than that of 



LaA103 and thus the consideration for the development was based on the approach 

illustrated in Figure  1.     After a  systematic   structure-property relationship  several 

promising new hosts such as Sr(Al1/2Tai/,)03, Sr(Al,,NbI/2)03, and Ba(Mgiy3TaM)Q, in 

complex oxide perovskite family have been developed and summarized in this paper. 

In order to broaden the family of materials from which the candidates with broad range of 

dielectric properties  can  be   selected   for  various   microwave  applications,   an&ion 

polarizability additwity rule (based on R.D. Shannon's model) was applied to predict the 

dielectric constant of large number of suitable HTS substrates and the values are 

compared in some cases with the measured values (of dielectric constants). 

CURRENTLY MOST WIDELY USED SUBSTRATE MATERIAL - LaAlQ 

CHARACTERISTICS 

K-22-25, Q~10,000        M.P. ~ 2100°C. 
at Liq.N2 & 10 GHz     Crystal growth: 2" 

(tanS-10"4) dia. crystal available 

Heaw twinning- 
phase transition 

~500°C (rhomb.) 
012 edge3.792Ä 

CONSIDERING IT AS A MATERIAL 

^TO BE IMPROVED UPON   :COMMENTS & APPROACH: 

Processability of 
HTSCthinfilm;a,a 
O.K. but not perfect; 

no buffer layer 
needed 

No twinning, if 
there is a Tc - it 
should be below 

liq- N2. (?) 

a. a match in 
temperature range 

500 K - liq. N2 

Lower K Lower M.P. (congruent), if 
and tanS at possible the feasibility of crystal 
liq. N2 & growth from Pt-crucible or 

fireq. > 10 other suitable/practical growth 
GHz technique, sizes 4" desirable 

Figure 1. The approach to replace or modify one of the most widely used substrate 
material - LaAlCb. 

EXPERIMENTAL APPROACH AND RESULTS 

CRY^JAL^OTCOMPLEX OXTDE PEROV^TTTf COMPOUNDS 

Ceramic samples were prepared by solid state reaction, using conventional techniques. 

X-ray diffraction technique was used extensively to characterize the crystallographic 

phases and to adjust the processing conditions.    The laser heated molten zone growth 



method has been shown to be a powerful method for rapidly growing small diameter single 

crystals, particnlarly oxides of high melting temperature, for both property studies and 

fiber devices, w The I.HMZ equipment used in this investigation consisted of a power 

source (water cooled, tunable flowing gas CO; SSW laser), an optical layout and a 

growth section. The molten zone temperature during a stable growth was monitored 
using an optical pyrometer. 

Radio fiequency dielectric constants ami the loss tangent were measured using a 

General Radio   1621  Capacitance Measurement   System     Dielectric properties a. 

microwave fiequency were measured usmg resonance techniques equipped with an 

HP8510A network analyzer.     Pos, resonance tecteique (the ^ wi ^^ 

techmque) was used to measure tie dielectric constants of «he ceramic sanies   Cavity 

perturbation techmque was used for the measurements on samples of thin rod (e .   shaglc 

crystal fiber samples) or bar-shaped.   Tie Q flactors (of microwave fiequency) at liquid 

nitrogen temperature were measured by a transmission resonance technique. 

BaCUgmTa^OjCBIVIT) 

Ceramics of complex perovskite oxides A(BlMB2a)03 type have been explored 

previously as the candidate materials with excellent microwave die,ectric properties' 

Ba(MgMTa2;3)0, (BMT), in particular, was reported to have a dieiectric constant x-25 

and dielectric <H*800 (one of the highest m the oxide family) at 10.5 GHz. in sanaples 

™h 1 mol% Ä additive as a sintering aid.' BMT contpound is one of the most 

reftactory oxides hnrown flans the growth of single crystals is difficult. A sinde crystal of 

BMT was grown fiom a BaF, flux It yielded a significantly higher dielectric constant 

(-200), presumably attributable to the flux contamination. 

BMT single crystal fibers were grown successfully using our LHMZ technique It 

grows congrnently from the m=l, in the temperature range of 2900-3100°C A high 

remperamre phase of simple cubic perovskite was obtained at room temperature in 

comparison to the hexagonal ordered perovskite structure usually obtained in ceramics 

(sec Fag. 2). rhetoric properties of both the ceramic and the single crvstal BMT were 

studted. BMT ceramic samples have ultra low dielectric loss (<lxl0-= a, 90K and 10kHz) 



and good thermal compatibility (a - 9.MW0) vvith ^ y^ ^„„^ 

-gle crystal BMT has a cubic aartice parameter a=4.0877Ä. Tue dielectric constant 

-teases and saturates as tbe bulk density approaches the theoretica! density. Dietectiac 

oss reduces with the enhancement of the ordering of the B-sit, Single crystals of high 

erraperature disordered cubic fonn preserve a moderate die.ectric constant (2,0 a, 

10GHz) and iow die.earic loss tanS (2.7SXKH at room temperature and 10kHz and <!„-= 

at 90K) that make dais material unique for microwave device applications 

Tie BMT lattice parameter of a=4.0S77A, represeaats a lattice mismatch of 5 3% t„ 

the b-™ ofYBCO (C.3.S83Ä); tlris seems less idea, as a substiate for YBCO However 

«here has been no clear cut-off for lattice parameter matches for >teiar (or high* 

onented) film deposition ofYBCO    "Epitaxial" VRm *v   «I ,   .,     . epitaxial  YBCO thm films on MgO sinde ciystals 
Oith mismatch of 8.5%) have been reported"  A n\rr  •    ■ ,, " 

*n reported.   A BMT smgle crystal has a twin-free cubic 
perovskite structure that is advantageous ^ „ „,*«•   . sS0US 3S a ^«rate compared to some of the heavily 
u^ed .b^e, „^ LaA1Q3 md NdA]03     ^ ^ y 

::;;   *^free'°fmoderats**«* —- —.and 
good thermal expansion matchina and is th-r-fore identify ,   i, 

*» apphcation of BMT as a substrate, heside its fiber crystal, applications for 

—ve antenna, may he restricted by the fact that shag, ctystals are dil, ,0 JT 

Sfc* melting gto.th techniques ■ could presumably be used to grow BMT crvl of 

adequate srzes.   ane high meltmg temperarure „f BMT wfil not be a crucial issue, whl 

*e materaal „ used as an insulating rayer between the YBCO films ha a multachip-module 

t^pe of mtegrated structure, because vapor phase deposition techniques (. .    _ 

-attorn and metal-organic chemical vapor deposition, rather man hqJd ph   ~JZ 
methods will be utilized. ^ 

Sr(AIlnTaK)03 (SAT) and Sr(AlMNbM)03 (SAN) 

prep^r,0:! " ^'^ ^ ^ ^«r (SAN) were firs, 
prepared and tested to learn their crystallography phases and meltina behavior by «he 
group at the A.T & T Bril T nh. »   r- savior oy tue 

Bell Labs.    Ceratmc satrapies were identified to have double cell 



cubic perovskite structure with a=7.795Ä and melting temperatures of 1900°C and 1790° 

C for SAT and SAN, respectively. On the basis of our understandings of tie crystal 

chemistry-dielectric property relation of various oxide perovskites, and the reports by the 

Bell Labs group that showed both the SAN and SAT melt congruently and produce a 

single phase of the perovskite structure after melting, we selected the SAT and SAN as 

primary candidates in the A(B11/2B2^)03 complex oxide perovskite farnuy for crystal 

growth and to investigate their properties in relation to substrate applications. 
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Fig. 2. Typical x-ray difiaction pattern of BafMg^Ta^Os: (a) ceramic powder calcined 
at IDOO °C for 3 h showing weak ordering; (b) ceramic sintered at 1655 °C for 5 h 
showing strong B-site ordering; and (c) single crystal (powder) arown by LHMZ 
showing an ideal simple cubic perovskite structure with a=4.0877 A. BMT 
ceramic XRD patterns are indexed as a hexasonal perovskite structure with 
a=5.7731(6) A and c=7.0941(2) A. 



Sr(Al1/2Ta1/2)03 (SAT) and Sr(Ali/tNb,~)03  (SAN) are grown using the LHMZ 

growth technique.    Their crystallographic   structures are found to be simple cubic 

perovskite with lattice parameters a=3.8952A (SAT) and a=3.8995Ä (SAN) that are of 

close lattice matching to the YBCO superconductors.   No structural phase transitions or 

twins have been found and the average coefficients of the thermal expansion are in good 

matching with the YBCO superconductor materials.   SAT currently represents one of the 

best potential HTSC substrate materials for microwave applications.  The unique feature 

of this material is that it has desired dielectric properties (dielectric K~12, loss factor 

tan5<10-*) at the microwave frequencies with twin-free lattice and good thermal expansion 

matching along with chemical compatibility- with the YBCO superconductors. Dielectric 

constants in RF region as measured on the dense ceramic samples of SAT and SAN at 

23 °C are shown in Fig.3. 

Our experimental results on the SAT composition   (first reported at the Office of 

Navel Research Workshop on Substrates for HTSC, Williamsburg, VA 1992) along with 

the earlier report on the congruent melting nature of the SAT and SAN compounds, have 

stimulated research works in the thin film area.  MOCVD-derrved SAT films grown at 850 

=C on LaA103 were found to have exclusively (001) growth with in-plane orientation.10 

Using SAT polycrystalline materials as targets  in  a pulsed laser deposition process, 

Findikoglu et al}^ have reported high quality epitaxial (c-axis orientation) growth of thin 

films of SAT and multilayers of YBCO/SAT on (001) LaA103 and MgO substrates. 

Dielectric constants of the SAT films (~100-390nm thick), however, were reported to be 

-23-30, notably higher than the value (K~12) found in bulk ceramic materials.    The 

deviations from perfect cation stoichiometry in films may be one of the causes for the 

discrepancy in value of the dielectric constants as the Al/Ta ratio in SAT films was found 

to be -0.8 rather than the stoichiometric ratio of unity.^.B  NO dielectric loss data has 

been reported for the SAT films therefore  direct comparison between the dielectric 

constants of the film and that of the bulk SAT sample is not intended. 

SOLID SOLUTION OF TERNARY ANT) COMPLEX PEROVSKTTF OTTDFS 
Further modification of the SAN and SAT compositions has been carried out to fine 

tune    their   properties,   particularly    reducing    their    melting   temperatures    (SAT: 



1900-(1908±25)9, and SAN:1790~(1739^10>^ for easier fabrication of the crystals and 

better control of the reduction problem of the Nb-*~ and Ta5+. This modification was also 

an attempt to overcome the twinning problem and to stabilize the cubic phase at room 
temperature in LaAlQ crystals. 

0 20 40 SO 80 
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Fig. 3. Dielectric constants of SAT and SAN" 
temperature. 

ics as functions of frequency at room 

LaA103  has  a rhombohedrally  distorted   perovskite  (A3+B*"03 type)  structure. 

Although the La* ion generally prefers the 12-coorcimation-site, it has a tendency for 

9-coordination.   Tne distortion in the LaO:- polyhedron is brought about by a slight 

displacement of the oxygen atoms away from the ideal positions of the cubic perovskite 

form that is more clearly shown in other [rear-earth]*A103 family members when the 

A-sfte cation radii become even smaller, e.g., in the case of PrA103.u.l!. Fig. 4 presents a 

classification of [Ap-[Bp+03 type compounds according to the constituent ionic radii (8- 

coordination cation radii were used for A-sits cations) focusing on the perovskite region. 

In fact, no ideal cubic perovskite structure but the rhombohedral [LaA103] and the 

orthorhombic  [GdFe03] structure have been  reported in ternary compounds of the 

[A.p-rBpo3 type.16  For aluminate compounds, rhombohedral symmetry is found when 



A-site is occupied by the largest A* cation. La*", and other [A]*[Aipo3 compounds 

have even lower symmetry 

Our approach following this direction was to introduce "balanced" cation substitution 

simultaneously in the A- and B-sites to increase the average cation size at the A-site, 

hence to stabilize the 12-coordination of that position and consequently the cubic 

perovskite structure. The solid solution of ternary LaA103 and complex oxides of 

Sr(Al1/2Ta1/2)03 or Sr(Al1/2Nb1/2)03 was chosen for investigation. 

By forming crystalline solutions with compounds of low melting temperatures, it was 

expected that the crystalline solution would result in lower melting temperature and 

consequently avoid the reduction problem and permit growth in platinum crucibles. 

NdGa03 was found to have a melting temperature of ~1484±24°C, and it was therefore 

selected as an end member of the crystalline solution series with SAT and/or SAN for the 

present studies.  NdGa03 has the [GdFe03] structure with orthorhombic symmetry.  No 

nvinning problems are reported in this material.   YBCO thin films deposited on NdGa03 

were of better quality compared to those deposited on LaA103 substrates. However, the 

high dielectric loss in the NdGa03 is a limiting factor for the YBCO film applications in 

microwave devices. 

Single    crystal    fibers    of    modified     strontium    aluminum    tantalum    oxide 

(l-x)Sr(Al1/2Ta1/2)03:xLaA103     (SAT:LA)      and (l-x)Sr(AlI/2Ta!,2)03:xNdGa03 

(SAT:NG),        and        modified strontium aluminum        niobium        oxide 

(l-x)Sr(Al1/:NbI/2)03:xNdGa03 (SAN:NG) and (l-x)Sr(AlI/:^irJ03:xLaA103 

(SAN:LA) were grown using a laser heated molten zone growth technique." 

0.7SAT:0.3LA grows congruently and remains twin free simple cubic perovskite structure 

fas the SAT) when.cooled down to room temperature. 0.7SAT:0.3LA crystals have 

moderate dielectric constant («=21.7) and low dielectric loss (tan5=7.5xl0-<) at 10 kHz 

and 90K The reduction problem of Ta^ is eliminated (which is common in the case of 

SAT growth). 0.7SAT:0.3NG and 0.7SAN:0.3NG have lower melting temperatures and 

crystal growth is easier. NdGa03 addition to the SAT and SAN enhances the potential of 

SAT and SAN as large area substrates for HTSC growth.    However, the dielectric 



constants increased from K~12  to  K~-16   (0.7SAT:0.3NG) and from K~18 to K~23 

(0.7SAN:0.3NG) as a result of NdGaOj incorporation. 
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Fig. 4. Structure field map for [A?-[Bp-03 type compounds (ref. 15). 

Our results further confirmed the report of Mateika et a/319 that the ideal cubic phase 

can be formed in (La.Sr)(ALTa)03 compounds. It is interesting to notice that sirnikr 

substitutions using [CaTa] instead of [Sr.Ta] did not produce a compound with cubic 

structure. Tie average A-site cation radii of the [Ca,Ta] substitution is smaller than that 

of LaAlOs (ionic radii of Ca*+, L^, and Sr=- are 1.14, 1.185, and 1.27Ä, respectively),20 

therefore, no stabilization effect on 12-coordination A-site is expected. 

The cubic symmetry for the compound of SAT-NG and SAN-NG may be due to the 

fact that Ga*- is almost of the same cation size as Ta-^/Nb*. SHght reduction in the A-site 

cation size is accompanied by the slight increase of the B-site cation size and thus the 

cubic structure of SAN or SAT stays intact. 

The ideal cubic perovskite structure can be stabilized in the case of ternary LaA103 by 

forming a crystalline solution composition with cubic SrCAl^Ta^Cb and 

Sr(Al1/2Nb1/:)03.   Tue mechanism of this type of stabilization is through introducing the 
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compensated cation substitution in the form of [2La3+]+[AP+] -> [2A2+]+[B^] with the 

A--  cation having a radius larger than  that  of La3+ and therefore stabilizing the 

12-coordinated A-site.  Crystalline solutions of SAT-LA maintained or improved most of 

the dielectric and thermal properties of LaA103 and gained the advantage of forming a 

twin-free simple cubic structure and improved lattice compatibility.  NdGa03 is shown to 

be an effective end member to decrease the melting temperature of SAN and SAT without 

disturbing their simple cubic (tvvin-free) crystal structure. Dielectric constants of SAN and 

SAT with addition of the NdGa03 were increased; however, the dielectric loss factor still 

remained less than 5xl(H  The results suggesting that SAT-LA and SAN-LA are better 

candidates as substrate materials than LaA103 because the latter is intrinsically twinned. 

He growth of SAT-NG and SAN-NG are  comparatively convenient as they have 

relatively low melting temperatures together with the relatively lower dielectric constants 

and the ideal lattice constants and thermal compatibility with the YBCO superconducting 
materials. 

Other substrate candidates such as La(Mg:/3Ta1/3)03* La(MgI/2TiI/2)03- 

(Ca,Sr)(Ga,Nb)03* and a family of materials of the magnetoplumbite structures24 have 

also been fabricated and their dielectric properties studied. These crystals and their 

associated solid solutions provide several new options for ultra low loss, low permittivity, 

twin free oxides with low congruent melting temperature, matching thermal expansion and 

excellent chemical compatibility. 

^™OIQNOFTIffiDmLE.CTRIC CONSTANT, nv invrr MVnmL? 

An ion polarizability additivity rule (R.D. Shannon)25 was applied to calculate the 

dielectric constants of a large family of substrate materials (for HTS films) and to compare 

with the measured dielectric constant values. 

The macroscopic dielectric constant and the molecular polarizability are connected 

through the Clausius-Mosotti relation: 

an=-3-V JÜL 
U        A.TT    m  1J— 1 

(1) 

where aD is the dielectric polarizability and Vm is the molar volume in A3.  Much of the 

effort in this field has been, rather than trying to resolve the local field of each complex 
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substance, to utilize the increasing pool of dielectric polarizabilities of substances with 

various compositions and structures. Dielectric polarizabilities and hence the dielectric 

constants of new materials/compounds whose dielectric constants have not been measured 

axe potentially predictable by linear addition of the molecular polarizabilities of simpler 

substances (molecular polarizability additivity rule)=W or ion polarizabilities of 

individual ions (ion polarizability additivky rule).29,« Review and comments about the 

application of polarizability additivity rules can be found in Shannon's paper." 

Tie calculation results using Shannon's ion polarizability data" (Table m, second 

column) and the ion polarizability additivity rule are shown in Table Ü. Comparison of the 

calculated and experimental molar polarizability and dielectric constants are tabulated. All 

the materials chosen for this study could be effective substrates for HTSC thin films. 

Some materials which appeared in Shannon's database or calculation are also included for 

the sake of completeness. Most of the structural data, symmetry parameters and the molar 

volume (Vm), are reasonably well established and the refined single crvstal structure 

information used may be found in The Inorganic Crystal Structure Database (ICSD) 30 

Crystal structures and the molar volumes of new substrate materials are determined on 

available single crvstal samples (grown by a laser heated pedestal growth technique) by 

x-ray diffraction. Ceramic samples of new substrate materials are also used, only for those 

vveH sintered samples having high density and cubic or pseudocubic svmmetries    The 

experimental value of the dielectric  constants were taken from Shannon's database 

wherever available, othenvise were our measurement result, Dielectric constants of new 

substrate materials are measured using a high precision capacitance measurement system 

(Gen Rad 1621) in frequency range KP-KP Hz at room temperature and resonance 

technique or cavity perturbation techniques at the microwave frequencies (GHz).  Details 

regarding the synthesis, preparation, and properties of new substrate materials may be 

found in the referred publications. 
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DATABASE (129 Oxides and 25 Fluorides^ 

Clausius-Mosotti Eauation-   &n = -}-V Js^~ 
°    AK 

mtt+2 
(-) 

Break Molecular Polarizabilities into Ion Polarizabilities e g 

(-) 
Least Squares Refinement 

Empirical Ion Dielectric Polarizabilities a,. (61 ions)   ~        I 

Assumption: Total xMolar Dielectric Polarizability of a Compound 
ae^-Simple Linear Combination of Individual Ion Dielectric Polarizabilities a 

"cal^T-Wi 

To Estimate Mean Dielectric Constants of "Well-Behaved" 
Compounds (Also To Distinguish Unusual Dielectric Behavior). 

^=(1—7—2)    (~ -1) 
cal 

Figure 5. Schernetic approach of the ion polarizability additivirv rule applied by 

Several observations on the results listed in Table H are worth mentioning for further 

discussions.  First, it is strikingly apparent that small discrepancies in molar polarizability 

can many times cause large discrepancies in dielectric constant prediction that indicates the 

Vm value in dielectric constant prediction  plays  a  significant role.    Second   good 

agreements are usually seen in case of substances containing cations havrn2 high vaLe 

and small sizes, while large discrepancies are common in ternary systems that involve W 

canons in high coordination sites.     Third,  poor agreements are found in materials 

contaming   Nb   or   Ta   ions   such   as   BafMg^Ta^,   Sr(Al0.5Ta0.5)O3,   and 

SrfAlo 5Nb0.5)O3 and cations of rare-earth family such as LaAlOj. 



Table H. Comparison of Calculated and Experimental Dielectric Constants Using Ion 
Polanzablllty Additivity Rule.l 

Substance 

A1.0, 
CaF, 
MgÖ 
Ba,YSbOfi 

Sr(Ga5Ta5)0-, 
MgF, 
(Srn ,Cao 0(Gao ,Nbn ,)G, 
SiO, (quartz syn) 

BaZrQ, 
NdGaO-, (NG) 
CaYA104 

1/3SAN-1/3SAT-1/3NG 
Nd^Sr^Al^Ta^O, 
LaCMgAl„)0lg 
GdAIO^ 
LiBar, 

0.7Sr(Al ,Mb ,)O,-0.3NdGaO, 
0.7Sr(Al ,Nb 00,-OJLaAIO, 
SrLaAJOa 

SnAl,Mb,;)0,(SAN) 
XMgF-, 
KZnr-, 

0.7Sr(Al 5Ta 0O,-0.3LaAIO, 
Lar>Ig2nTain)0^ 
N'drMgGaAIin)0„ 
0.7Sr(Al ,Ta 0O,-0.3LaAIO, 
PrAlO, 
SmAlQ, 
BaSnO-, 
LaGaO-, 

'^ sSr0 2)(MginTa,rt)01 

CaGa,7Oig 

BafMginTa7n)0-, 
Lar\fg,Ti,)0, 
NdAlO, 
CaGafiAlrtOig 

0.7Sr(Al ,Ta 0Or0.3NdGaO, 
LaAlO-, 
YAIO, 
SrfAJ^Ta^O^csAT) 

Space Gr. 
or Sym. 

R3ch 
Fm3m 
Fm3m 
Cubic 
Cubic 
P42/mnm 
Cubic 
P6222 
Pm3m 
P23 
Pbn21 
Tetra 
Cubic 

Hex 

Cubic 
Cubic 
Cubic 
Tetra 
Cubic 
Pm3m 
Pm3m 
Cubic 
Hex 
Hex 
Cubic 
R3-mr 
Pbnm 
P23 
[GdFeOJ 
Cubic 
Cubic 
Hex- 
Hex 
Cubic 
R3ch 
Hex 
Cubic 
R3mr 
P63/mmc 
Cubic 

■42.45 
40.75 
1S.6S 
139.53 
61.5S 
32.40 
5S.64 
39.37 
34.35 
73.10 
57.68 
79.35 
63.30 
56.76 
296.36 
51.37 
63.40 
63.30 
63.23 
38.99 
59.09 
63.00 
66.70 
53.08 
/ 4.33 
296.50 
57.39 

52.30 
69.40 
59.10 
67.48 
67.34 
301.48 
63.59 
60.10 
52.30 
302.00 
57.90 
5-1.40 
61.69 
59.09 

■exp ■cal 

9.34,9.34,11.54    10.05 
6.81 
9.65 
25.0 
26.9' 
5.50 
32.0 
4.42, 4.41, 4.6 
29 
43.0 
20-25 

6.77 
9.86 
23.71 
31.54 
5.31 
25.41 
4.26 
21.43 
27.59 
31.66 

21.44,21.44,16.12 15.54 
17.13 
39.20 
10.S1 
29.17 
14.98 
16.06 
17.02 
2S.30 

22.8 
24.04 
13.50 
19.50 
11.71 
23.50 
25.90 
16.70,16.70,20.02 
17.30 
5.98 
8.85 
21.9 
24.1 
14.9 
21.9 
25.0 
19.0 
13.0 
25.0 
25.9 
25.3 
9.70 
24.6 
26.5 
17.50 
18.2 
16.3 
23.8 

6.97 
:o 

<■> 

14.56 
10.60 
47.94 
64. SI 
3S.53 
36.06 
SI.33 

91.67 
123.65 
15.12 
13S.91 
355.40 
46.S9 
10.72 

42.22 

406. S6 

Acc% 

16.83,16.83,15.94   3 79 
H.78 37.36 

0.06 
0.23 
-0.61 
0.63 

-1.60 
1.73 
2.32 
3.10 
3.60 
3.72 
-3.80 
3.80 
4.08 
-4.79 
5.03 

-5.03 
-5.40 
5.49 
5.63 
-6.19 
-6.19 
-6.66 
6.85 

-7.08 
7.30 
7.37 

-7.44 
-7.45 
-8.03 
-8.37 
-8.45 
-8.46 
-9.66 
-9.83 

-10.31 
-10.83 
-10.93 
11.43 

-11.49 
-10.96 
14.13 

-18.09 

14 



Origin of Large Discrepancy in Predicted Dielectric Constants Values 

Obviously any inaccuracy in dielectric constant measurements or structure parameter 

determinations are the up front cause for the discrepancies. Ail the data used in our 

calculation are believed to be the most reliable data available. 

Besides experimental errors, large deviations from additivity rule using Shannon's ion 

polarizability data can sometimes be traced to, as pointed out by Shannon, unusual 

properties of the compounds such as ionic or electronic conductivity, the presence of 

dipolar impurities, or piezo- or ferroelectricity. However, above mentioned irregularities 

are presumably non existent in the substrate materials in current study. 

After taking into consideration the oxygen polarizability dependence of the volume, 

Vox, the calculation in Table H was repeated using the refined ion polarizabihties given by 

Shannon« (Table ffl, first column). The improvement is insignificant and discrepancy is 

largely non corrected. 

A critical question needed to be answered after exainining the ion polarizability 

calculation is whether the assumption is valid that cation (and fluorine) polarizability is 

independent of the compound in which it is found. 

There seems to be enough indication that suggests the answer to the this question is 

no.  Evidence was presented by Safford and Siiverman31 that a change of coordination of 

an ion alters the molar refraction contribution of the ion or more correctly of the group 

immediately surrounding the ion.  Fajans and co-workers32 showed that the coordination 

number of Zn2- is related to the molar volume (of ZQ2+) and demonstrated a relationship 

between molar refraction and molar volume (of the cation).   These authors showed that 

the Al3+ in fourfold coordination in glass or in certain crystals has a molar refraction 

contribution of 12.3 (calculated for A1203), whereas in sixfold coordination it is 10.5. 

Kreidl33 first indicated that MgO may assume both "basic" and "acidic" properties in glass. 

Difference in molar refractions were found for Mg2~ in sixfold coordination such as in 

periclase MgO where R=4.538, and in fourfold coordination such as in spinel MgAl204 

where R=5.18.34  For ions preferably found only in the same coordination, the dielectric 

polarizability of the ion remains relatively constant and the additivity rule applies welL 

Molar volumes of the compounds in these cases are all one need to calculate total 
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polarizabilities of the compounds. Examples of this type would be the silicates and 

borates. For substances that contain cations which are found in different coordination, the 

difference in the dielectric polarizability is averaged when enough (unbiased) substances 

are used in the least square fitting process and therefore good or fair additivity application 

can be obtained. Examples of this type may be identified as aluminates, and gallates. 

However, for cations like Cu2+ Ba2+, RE3+ Sb3+ As3+, Nb5+, Ta5+, the ion 

polarizability data are scarce and single crystal data are not available, the uncertainties are 

larger because the ratio of the number of observed molar polarizabilities to refined ion 

polarizabilities is rather low and the observed total polarizabilities have larger errors (as 

also noted by Shannon). 

Modification Proposed on Current Additivity Approach 

Following the above discussion, if the dielectric polarizability of a cation is dependent 

on individual compound, can a set of generally constant ion polarizability data be found 

and valid for use by the additivity rule for a broad range of compounds with various 

coordination combinations or crystallographic senses?  Following the work of O'Keeffe35 

and Brown and Altermatt36 on the apparent bond valences and their relations to bond 

lengths, we suggest reformulating of the ion polarizability additivity rule bv normalizing 

each ion polarizability to its electrostatic valence status.   In order to narrow down the 

differences between the calculated and measured values, we condisered several new 

factors in Shannon's approach.    One of the new approach defines the normalized ion 

polarizability which is applicable for estimation of the dielectric constants with higher 

precision once the refined crystal structure is known.   The derivation of the modified ion 

polarizability data and the preliminary examination on ionic materials of broad range is 

content of a seperare publication. 

SUMMARY 

Oxide crystals with the perovskite structure are major candidates for YBCO film 

epitaxial deposition particularly if large size cubic, twin free crystals become available. 

SAT has already shown promise in high quality epitaxial YBCO film growth.    With 
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improved growth capability, the SAT and particularly its modified solid solutions may be 

more useful than the intrinsically twinned LaA103. Solid solutions between the known 

complex perovskite oxide and ternary end members, especially gaUates, will provide large 

number of options to tailor the material for specific device applications. The property 

parameters of the newly proposed substrate materials of oxide perovskite family are 

summarized in Table HI LaAlQ and NdGa03 are also listed for comparison. 

Table m. Properties of Some Newly Proposed Oride Perovskite Substrate Materials 

Compo- 
sition 

symmetry Lattice K tanS 
Constant (Ä)      10kHz          101^ 
          90K             90K 

a 
(xlO'V'C) 

 (@z!9.9EL. 

Melting Point 
(°C)* 

EMT (crystal) Cubic 4.0877 25.9 <10'5 
9.0 (>2800) 

SAT Cubic 3.8952 11.S 4.2x10"3 
9.7 1908±25 

SAN Cubic 3.8995 IS.7 2.2X10"4 
8.5 1739±10 

SAT-LA Cubic 3.8727 "! 1    T T.fxlO"5 
7.7 1830±22 

SAN-LA Cubic 3.8634 -, -   _ 
2.3x10-* 9.5 1705+20 

SAT-NG Cubic 3.8866 16.0 4.3X10-4 
8.8 1767±31 

SAN-NG Cubic 3.8790 23.0 5.2xl0-4 
10.8 1582±20 

LaAlOj Rhomb. a=3.789 *>3 7.5x10-5 

(crystal) a=90 12° 8.2//[l 10] 2040±9 
6.4//[001] 

NdGa03 Ortho. a=5.426 -,-, 
3.2X10"4 

(crystal) b=5.502 (77K.I0G 
1484=24 

c=7.706 Hz) 

^£iidrri rather sünFiy usmg a ^&mace' ^ *» ^™ separate optical pyrometers and averaging several readings per sample. using two 
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ABSTRACT 

Compounds of magnetoplumbite structure with compositions such as LaMgAl„0 

NdGaMgAII0OI9, CaGa6Al60I9, and CaGa12019 are studied in this work to identify 

whether they are suitable for epitaxial deposition of high Tc superconducting (HTS) yttrium 

barium cuprate (YBCO) thin films for microwave applications. The study is directed 

toward (1) to test the feasibility of single crystal fiber growth by utilizing the Laser Heated 

Pedestal Growth (LHPG) technique, and (2) to evaluate the various characteristics of the 

materials including their crystallographic structures, thermal expansion coefficients, and 

dielectric properties (dielectric constant and loss tangent) to judge the potential of these 

materials as substrates for HTS thin films. 

The ceramic pulling and feeding rods for the growth of single crystal fibers are prepared by 

solid state reaction, using conventional mixed oxide technique. Test-growth of candidate 

materials in single crystal fiber form by utilizing the LHPG technique has been undertaken. 

Successful growth conditions have been carefully investigated. 

Crystallographic structures and lattice parameters of these materials in single crystal fiber 

form have been determined by X-ray powder diffraction patterns. Thermal expansion 

coefficients have been measured as well. Measured structural and thermal property are 

compared to that of the YBCO superconductor and therefore provide the information on 

extent of matching of the lattice and thermal expansion with YBCO. Dielectric property 

(dielectric constant and loss tangent) is another important selecting criterion of substrate 

materials for depositing YBCO thin films. Dielectric property measurement shows that 

they have moderate dielectric constant and fairly low dielectric loss tangent (~10"3). 
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Sr2(AlTa)06 thin films (2000-3000 Ä) have been deposited on MO mm ]mh«„ • , J 

laser deposition (PLD). X-ray-diffraction analysis it^Z^jXi^T^^ 
highly oriented normal to the substrate plane and very coodta-Jlaneev^^r.     ' "? 

High-rc superconducting YBa2Cu307_;c (YBCO) films 
have been successfully grown on a number of substrates 
such as Srn03f LaA103, MgO, YSZ, and LaGa03. In many 
high-frequency electronic applications, such as supercon- 
ducting multichip modules, one requires substrates and di- 
electric layer materials with a low dielectric constant and a 
low loss tangent. In recent years, great efforts have been 
made in searching for substrates and dielectric intermediate 
layer materials which can meet these requirements for spe- 
cinc electronic applications as well as the requirements for 
growth of superconducting films.1"5 Several materials such 
as Srn03,-

4 MgO,2-3 YSZ,1 and Ce02,
3-5 have been used as 

buffer layers for fabricating YBa2Cu307_x films on some 
substrates of application interest. The dielectric constant of 
SrTI03, however, is too high to be useful in some high- 
frequency devices, whereas MgO and YSZ have a relatively 
large lattice mismatch with superconducting materials. An- 
other cubic perovskite material Sr2(AlTa)06 (SAT) has re- 
cently become of interest as a buffer layer and dielectric 
mterlayer for thin films of oxide superconductors6-7 because 
it has a good lattice match with the high-Tc superconductors. 
Ordered SAT arises from the alternate ordered distribution of 
Al and Ta atoms on the octahedral site of the primitive per- 
ovskite unit cell, resulting in a doubling of the lattice con- 
stant. In disordered SAT, Al and Ta atoms randomly occupy 
the octahedral site. Both ordered and disordered structures 
are closely lattice matched to the a-b plane of YBCO An- 
other advantage of SAT is that it has a lower dielectric con- 
stant than that of SrTi03, YSZ, and Ce02. Table I shows the 
dielectric properties of SAT ceramic samples measured at 
both room and liquid nitrogen temperatures. Moreover, the 
thermal expansion coefficient of SAT is 9.7X10-6 °C in the 
temperature range from room temperature to 600 °C which 
is highly compatible with that of YBCO, and there'are no 
structural phase transitions and twinning behavior observed. 

lh«mpadd^S:oDePrment °f Materials Science- Fuda" University. Shanghai. People's Republic of China. 

These properties indicate that SAT is suitable as a buffer 
layer material for high-7; thin films in device applications. 

In this communication, we report our experimental re- 

^^cf!iIlCating SAT buffer Iayers on Mg° sub™s and 
YBCO/SAT/MgO multilayers. We chose MgO as a substrate 
material m this work because it has a relatively low dielectric 
constant (*-10) and is inexpensive compared to other sub- 
spates such as SrTi03 and LaA103. The main disadvantage 
or using MgO for making superconducting films is the lar^e 
lattice mismatch between it and YBCO. As a result, the criti- 
cal temperature of YBCO grown directly onto MgO is usu- 
ally limited to 88 K.4 The motivation of this study is to use 
SAT as a buffer layer to overcome the drawback of MgO 
Furthermore, MgO has been successfully used as a first 
buffer layer on a few substrates such as MgF2 and Si2-8 This 
suggests, therefore, that if SAT can be successfully deposited 
onto MgO, it can be used as a second buffer layer for grow- 
ing YBCO films. S 

SAT and YBCO films were deposited using the pulsed 
laser deposition technique. A 193 nm laser beam generated 
by an excimer laser was focused to provide an energy density 
of -1.3 J/cm . The laser repetition rate was 6 Hz. An oxygen 
pressure was maintained in the vacuum chamber at 200-250 
mTorr during deposition of both the SAT and YBCO films 
The quality of the SAT and YBCO films was examined by 
x-ray diffraction, and four-probe Tc and Jc measurements. 

The SAT target used was a ceramic pellet of the ordered 
phase with a lattice constant aQ =7.777 Ä prepared using 

TABLE I.   Dielectric properties of ceramic SAT with 97% theoretical 
density. 

Room temperature Low temperature (77 K) 

10 kHz Microwave 10 kHz Microwave 
e 

tan S 
(XI0-) 

11.8 

16.8 

10.7 
(11.0 GHz) 

3.64 
(7.64 GHz) 

11.8 

0.42 2.09 
(7.64 GHz) 

2133 J. Appl. Phys. 78 (3), 1 August 1995 
0021 -8979/95/78(3)72138/3/S6.00 

© 1995 American Institute of Physics 
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FIG. 1. 0-28 x-ray-diffraction pattern for (a) the SAT film on a (001) MgO 
substrate and (b) the YBCO film on SAT/MgO. 

the conventional solid-state reaction technique.9 SAT films of 
2000-3000 A thickness were deposited on (001) MgO sub- 
strates at several different substrate temperatures. Upon 
completion of deposition, the sample was cooled to room 
temperature in ~30 min. All films deposited in the tempera- 
ture range 710-810 °C exhibited c-axis oriented growth as 
shown in Fig. 1(a). X-ray rocking curve widths on the (004) 
peak versus deposition temperature are listed in Table E. In 
the temperature range 755-810 °C, rocking curves have a 
full width at half maximum (FWHM) of less than 1.0°. The 
film grown at 780 °C had the narrowest rocking curve, with 
a FWHM of 0.75°, exhibiting excellent epitaxial growth. 

The in-plane epitaxy of the SAT films was examined by 
x-ray $ scan. Figure 2 shows a cf> scan of the SAT {202} 
peaks. The four peaks every 90° indicate an excellent epitax- 
ial alignment of the films. There is no in-plane misorienta- 
tion. The (202) peak widths (FWHM) in <f> are between 1.7° 
and 2.4° for all the films deposited in temperature range 
755-810 °C. Our resolution of the 4> scan is 0.8° as mea- 
sured on the MgO substrate (202) peak. Comparison of the 

TABLE II. Rocking curve widths (FWHM) of SAT (004) peaks for samples 
grown at different temperatures. 

Temperature 
(°C) 

725 755 780 810 

Rocking curve 
FWHM (deg) 

1.20 0.94 0.75 0.86 

J. Appl. Phys., Vol. 78, No. 3, 1 August 1995 

o 
U 

360 

FIG. 2. X-ray <f> scan of {202} peaks of an SAT film on a MgO substrate. 

SAT {202} 4> scan and the MgO substrate {202} <ß scan 
points out the in-plane expitaxial relationship- 
MgO[100](001)||SAT[100](001). 

YBCO films (2000-3000 Ä thick) were subsequently 
grown on SAT/MgO with an SAT layer deposited at an op- 
timum temperature of 780 °C. The substrate temperature for 
growing YBCO is 750 °C. After deposition, the films were 
cooled to 500 °C in 30 min in 500 Torr oxygen, and then 
kept at 450-500 °C for an hour. 

Figure 1(b) displays an x-ray 6-26 scan pattern for a 
YBCO/SAT/MgO multilayer. One observes only YBCO 
(00/) peaks and SAT (002), (004), and MgO (002) peaks, 
revealing a high degree of c-axis orientation of the YBCO 
film. The rocking curve measurements of the YBCO (005) 
peak showed a FWHM «0.17°. The minimum FWHM of 
0.07° was observed for a couple of samples, which is just the 
resolution of our x-ray w scan measured on Si (333) peak. 
X-ray 6 scans were performed on YBCO {102} peaks 
to examine the in-plane epitaxial alignment. Figure 3 
shows a 6 scan of the YBCO {102} peaks "for a 
typical sample. Peak widths in d> are 1.5° FWHM. The d-26 
scan and (f> scan analysis revealed the following 
"cube on cube" epitaxial relationship: YBCO[100](001) 
||SAT[100](001)||MgO[100](001). 
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FIG. 3. X-ray 4> scan of YBCO {102} peaks for a YBCO film grown on 
SAT/MgO. 
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Epitaxial Tl2Ba2CaCu208 superconducting films have been successfully grown on the dielectric 
Sr2(AlTa)06 (SAT) buffer layers. X-ray diffraction data showed that the films were highly c-axis 
oriented with a rocking curve full width half maximum as narrow as 0.3°. The films also had an 
excellent in-plane epitaxy with Tl2Ba2CaCu2Og[100] aligned with SAT[100] and MgO[100] of the 
substrate. The zero resistance temperature Tc of the superconducting films ranged from 95 to 103 K 
and the transport critical current density Jc in zero field was 3X105 A/cm2 at 77 K. © 1995 
American Institute of Physics. 

In the study of high-temperature superconducting films, 
buffer layers have been extensively used1"6 because being 
interposed between the substrate and the film of interest, 
these layers can alleviate a variety of problems such as 
chemical incompatibility, thermal or lattice mismatch.7 As a 
new dielectric compound, Sr2(AlTa)06 (SAT) was synthe- 
sized to be one of the potential substrate materials for the 
growth of high Tc superconducting films.8 Because of its 
relatively low dielectric constant9,10 and good thermal expan- 
sion coefficient and lattice match with YBCO,8"11 SAT was 
successfully used as a buffer laver material for the growth of 
YBCO thin films 10.11 Recent studies have shown that bv 
depositing an epitaxial SAT buffer layer on MgO, the lattice 
mismatch problem between a MgO substrate and a YBCO 
superconducting film was reduced, leading to an improve- 
ment of superconducting properties.10 

"n:Ba;.CaCu2Os superconducting films, while exhibiting 
higher Tc and lower surface resistance than YBCO,12 are 
much more difficult to prepare with good qualities due to the 
high volatility and chemical reactivity of thallium and the 
high reaction temperature. Although best films with transport 
Jc of 1.06-5.3X106 A/cm2 were obtained by carefully opti- 
mizing the thallination procedure and using suitable sub- 
strates such as LaA103'

3"15 or SrTi03,
16 the high cost and 

high dielectric constants of such substrates can limit further 
applications of Tl2Ba2CaCu208 films in microelectronics. 
Some other substrates of low cost and low dielectric con- 
stants such as sapphire, silica, and MgO suffer from the 
chemical incompatibility or large lattice mismatch with 
Tl2Ba;CaCu2Os and consequently yield poor film quality and 
low Jc. To resolve these problems, a suitable buffer layer 
compatible both with the Tl2Ba:CaCu2Os film and with the 
substrate should be used. By choosing Ce02 as buffer layers, 

Holstein et al. were able to avoid the chemical reaction of 
the Tl2Ba2CaCu2Os films with the sapphire substrates and 
produced epitaxial Tl2Ba2CaCu2Os films with Tc of 97-98 K 
and transport Jc of 2.8X105 A/cm: at 75 K.3 

The crystallographic phase of ordered SAT has a double 
cell cubic perovskite structure with a lattice constant 
a0 = 7.777 Ä10 or a0/2=3.888 Ä. while a0 = 3.895 Ä in the 
disordered cubic perovskite.9 These lattice constants are 
close to those of Tl-based superconductors (a0=3.85-3.86 
A). In fact. SAT has better lattice match to the TIBaCaCuO 
superconductors than many other substrates such as MgO 
(a0=4.213 Ä), YSZ (a0/v3=3.639 Ä), LaA103 (a0 = 3.792 
A), and even SrTi03 (a0=3.905 Ä). Moreover, SAT is simi- 
lar to SrTi03 in structure and was tested to be chemically 
stable at high temperature.8'9 Therefore, it should also be a 
good candidate to act as a buffer layer in the fabrication of 
Tl-based superconducting films. In this communication, we 
report   for   the   first   time   the   preparation   of   epitaxial 

"Permanent address: Ion Beam Laboratory. Shanghai Institute of Metal- FIG. 1. SEM photograph of a Tl;Ba:CaCu:Os superconducting film on SAT/ 
lurgy. Chinese Academy of Sciences. Shanghai 200050, China. MsO. 

6846 J. Appl. Phys. 78 (11), 1 December 1995 0021-8979/95/73(11J/6346/3/S6.00 1S95 American Institute of Physics 
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FIG. 2. X-ray diffraction 0-28 scan of a TljBa^aCu^Og superconducting 
film on SAT/MgO. The inset is the rocking curve of the Tl2Ba;CaCu:0g 
(00.12) peak. 

Tl2Ba2CaCu208 superconducting thin films on SAT buffer 
layers. Laser ablation technique was used for both the 
growth of epitaxial SAT(IOO) buffer layers on MgO(lOO) 
substrates and the subsequent deposition of precursor 
Ba2CaCu20J films. The resulting Tl2Ba2CaCu208 supercon- 
ducting films were obtained via an off-line Tl-diffusion pro- 
cedure. These films were highly epitaxial with a Tc of 95- 
103 K and a transport Jc of 3X105 A/cm2 at 77 K in zero 
field. 

The laser used for the deposition of both the SAT buffer 
layers and the precursor Ba2CaCu20^ films was a ArF exci- 
mer laser with an oscillating wavelength at 193 run. It oper- 
ated at a repetition rate of 6 Hz with an output energy density 
of about 1.5 J/cm2. An oxygen pressure of 200 mTorr was 
maintained during the growth of both the SAT and the pre- 
cursor films. The SAT buffer layer with a thickness of 2000- 
2500 A was deposited on a polished MgO(lOO) substrate at a 
temperature of 780 °C. At this temperature, the SAT buffer 
layer was epitaxially grown on the substrate with excellent 
c-axis orientation and in-plane alignment.10 The precursor 
Ba2CaCu20^ film was then deposited on the SAT buffer layer 
at about 350 °C followed by a short time off-line annealing 
in air at 820 CC. The film was then treated in a thallination 
process. Raw pellets with a composition of Tl2Ba2CaCu2Ox 

were used as the Tl source. The superconducting 
Tl2Ba2CaCu2Og films were then formed by annealing the 
precursor films with the Tl source at 800 °C in air for a 
period of 8 h.17 For comparison, precursor films were also 
directly deposited on MgO(100) substrates and were treated 
with the same procedures. In both cases, the Tl2Ba2CaCu208 

films generally had a thickness of 0.9-1 /xm. 
The surface morphology of the Tl2Ba2CaCu2Os super- 
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FIG. 3. X-ray diffraction 4> scans of the TKBa^CaC^Oj (105) reflection and 
the underlying SAT (404) and MgO (202) reflections for the film showing 
XRD data in Fig. 2. 

conducting films were observed using an atomic force micro- 
scope (AFM) and a scanning electron microscope (SEM). 
The images showed no significant difference between the 
films on SAT/MgO and those on MgO. Although the micro- 
structure of the films varied with the thallination conditions, 
the best films had layered structure with micron size platelets 
(Fig. 1). Most of the platelets were parallel to the surface of 
the substrate and only a few showed small angles. The mean 
roughness of the Tl2Ba2CaCu208 films on SAT/MgO was 
around 400 Ä. 

X-ray diffraction 6-26 scan of a typical Tl2Ba2CaCu208 

film on SAT/MgO (Fig. 2) revealed only (00/) peaks of 
Tl2Ba2CaCu208, SAT, and MgO, indicating that the film had 
a pure 2212 phase and was c-axis oriented. As a further 
investigation of the film orientation, we measured the rock- 
ing curve of the (00, 12) peak (inset in Fig. 2). The curve had 
a full width half maximum (FWHM) as narrow as 0.3°, in- 
dicating an excellent c-axis alignment. Figure 3 shows a 
group of x-ray diffraction <f> scans for the film as well as the 
underlying SAT buffer layer and the MgO substrate. The 
reflection of Tl2Ba2CaCu208 (105) yielded peaks at 90° in- 
tervals and the FWHM of the peak in cp is 3.5°, giving an 
evidence of good in-plane epitaxy. The overlaps of the 
Tl2Ba2CaCu2Ö8 (105), SAT (404), and MgO (202) peaks fur- 
ther indicated that the Tl2Ba2CaCu2O8[100] was epitaxial 
with respect to the SAT [100] which was in turn epitaxial to 
MgO [100], thus forming a cube-on-cube epitaxial 
relationship.4. 

The critical temperature Tc and the transport critical cur- 
rent density Jc of the Tl2Ba2CaCu208 films were measured 
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FIG. 5. /- V curve for measuring the transport Jc of the Tl2Ba,CaCu-,Os film 
on SAT/MgO. 

by the four-probe method. The Tc ranged from 95 to 103 K. 
Figure 4 is the resistivity versus temperature curve of the 
film. The zero resistance temperature was 98 K. Before the 
Jc measurements, the films were patterned into microbridges 
of 70-80 /xm wide and about 200 /im long by photolithog- 
raphy and wet etching. A Dektak surface profilometer was 
used to measure the width and length as well as the thickness 
of each microbridge. The measurements were carried out in 
liquid nitrogen at 77 K and zero field. A voltage criterion of 
1 jxV/cm was used to determine the Jc value. Figure 5 shows 
the I-V curve for the same Tl2Ba;CaCu2Os film on SAT/ 
MgO. The Jc calculated from the curve was 3X103 A/cm2. 
As comparison, while the Tl2Ba2CaCu2Os films directly de- 
posited on MgO showed a similar room-temperature resistiv- 
ity and also had Tc around 100 K. the corresponding trans- 
port Jc were only 2-3X104 A/cm2, about 10 times lower. 

We have also briefly examined some SAT/MgO and 
MgO substrates after removing the Tl2Ba2CaCu2Os films. 
Under a microscope, the MgO substrate covered by the SAT 
buffer layer was still shiny and smooth, showing no sign of 
chemical reaction between SAT and the Tl2Ba2CaCu208 film. 
On the bare MgO substrate some shallow tiny pits were ob- 
served, indicating that chemical reaction had occurred at the 
interface during the film formation. As a matter of fact, de- 
spite its good dielectric characteristics, MgO is susceptible to 
quite a few chemical reactions. It is even not very stable in 
an ambient environment. The moisture in air can easily cor- 
rode the substrate surface and affect the quality of film de- 
posited on it. Thus, the SAT buffer layer on MgO substrate 
has not only resolved the lattice mismatch but also avoided 
the unwanted chemical interaction between the supercon- 
ducting Tl2Ba2CaCu2Os film and the MgO substrate. 

In summary, epitaxial Tl2Ba2CaCu208 superconducting 
films have been grown on the Sr2(AlTa)06 (SAT) dielectric 
buffer layers. X-ray diffraction data of the Tl2Ba,CaCu208 

films on SAT/MgO showed that the films were epitaxially 
oriented with the c axis normal to the substrate surface and 
the Tl2Ba2CaCu2O8[100] aligned with SAT[100] and 
MgO[100]. The Tc of the superconducting films ranged from 
95 to 103 K and the transport Jc at 77 K in zero field was at 
least 3x 10D A/cm2. This study shows that SAT is a suitable 
buffer  layer material  for the growth of superconducting 

Tl2Ba2CaCu203 films due to their good lattice match and 
chemical compatibility. We are now extending the use of 
SAT buffer layer to the preparation of other Tl-based super- 
conducting phases with higher Tc such as Tl2Ba2Ca2Cu3O10 

and TlBa2Ca2Cu309 films. The applications of SAT buffer 
layer on other low cost and/or low dielectric constant sub- 
strates for the fabrication of Tl-based superconducting thin 
films are also under investigation. 

This work was supported in part by the University of 
Arkansas HiDEC program. 

'X. D. Wu, R. E. Muenchausen, N. S. Nogar. A. Pique, R. Edwards. B. 
Wilkens, T. S. Ravi, D. M. Hwang, and C. Y. Chen, Appl. Phys. Lett. 58. 
304 (1991). 

2K. Char. N. Newman, S. M. Garrison, R. W. Barton, R. C. Taber, S. S. 
Laderman. and R. D. Jacowitz, Appl. Phys. Lett. 57, 409 (1990). 

3W. L. Holstein, L. A. Parisi. D. W. Face, X. D. Wu, S. R. Foltyn, and R. 
E. Muenchausen. Appl. Phys. Lett. 61. 982 (1992). 

"K. S. Harshavardhan. A. Pique, S. M. Green, K. Patel, J. R. Zhang, E. 
Belohoubek, R. Edwards, T. Venkatesan, E. J. Denlinger, V. Pendrick, D. 
Kaiokitis, A. Fathy, X. D. Wu, M. Rajeswari, and A. Smith, Appl. Phvs. 
Lett. 64. 1570 (1994). 

- R. P. Reade, P. Berdahl, R. E. Russo, and S. M. Garrison, Appl. Phys. Lett. 
61. 2231 (1992). 

6R. P. Reade, P. Berdahl, R. E. Russo. and L. W. Schaper, Appl. Phys. Lett. 
66. 2001 (1994). 

7J. M. Phillips, MRS Bulletin XX(4), 35 (1995). 
8C. D. Brandle and V. J. Fratello. J. Mater. Res. 5, 2160 (1990). 
9R. Guo. A. S. Bhalla, J. Sheen. F. W. Ainger, S. Erdei, E. C. Subbarao, and 

L. E. Cross, J. Mater. Res. 10, 18 (1995). 
10 K. Y. Chen, S. Afonso, R. C. Wang, Y. Q. Tang, G. Salamo, F. T. Chan, R. 

Guo, and A. Bhalla, J. Appl. Phys. 78, 2138 (1995). 
"A. T. Findikoglu, C. Doughty, S. Bhattacharya, Q. Li. X. X. Xi, T Ven- 

katesan, R. E. Fahey, A. J. Strauss, and J. M. Phillips, Appl. Phys. Lett. 61, 
1718 (1992). 

12 W. L. Holstein, L. A. Parisi, C. Wilker. and R. B. Flippen, Appl. Phys. 
Lett. 60. 2014 (1992). 

13R. B. Hammond. G. V. Negrete, L. C. Bourne, D. D. Strother, A. H. 
Cardona. and M. M. Eddy, Appl. Phys. Lett. 57, 825 (1990). 

IJW. L. Hostein, C. Wilker, D. B. Laubacher, D. W. Face, P. Pang, M. S. 
Warrington, C. F. Carter, and L. A. Parisi, J. Appl. Phys. 74, 1426 (1993). 

15 S. L. Yan, L. Fang, Q. X. Song, J. Yan. Y. P. Zhu, J. H. Chen, and S. B. 
Zhang, Appl. Phys. Lett. 63, 1845 (1993). 

16A. H. Cardona, H. Suzuki, T. Yamashita, K. H. Young, and L. C. Boume, 
Appl. Phys. Lett. 62, 411 (1993). 

17 Y. Q. Tang, Z. Z. Sheng, W. A. Lou, I. N. Chan, Z. Y. Chen, Y. F. Li, and 
D. O. Pederson, Physica C 214. 190 (1993). 

18 W. Y. Lee, S. M. Garrison. M. Kawasaki, E. L. Venturini, B. T. Ahn, R. 
Boyers. J. Salem, R. Savoy, and J. Vazquez. Appl. Phys. Lett. 60, 772 
(1992;. 

6S4S J. Appl. Phys.. Vol. 78. No. 11. 1 December 1995 Tang et at. 



APPENDIX 

Appendix 6. 

"Sol-Gel Synthesis of BaCMg^Ta^Oa: Phase Pure Powder and Thin Films" 

Mat. Res. Bull., 31(7), 817-825 (1996) 

D. Ravichandran 

R. Meyer, Jr. 

R. Guo 

A.S. Bhalla 

LE. Cross 

and R. Roy 



Materials Research Bulletin, Vol. 31, No. 7, pp. 817-825,1996 
_ Copyright O 1996 Elsevier Science Ltd 
Fergamon printed in the USA. All rights reserved 

0025-5408/96 SI5.00+ .00 

PII S0025-5408(96)00073-6 

SOL-GEL SYNTHESIS OF Ba(Mg1/3Taw)03: 
PHASE PURE POWDER AND THIN FILMS, 

D. Ravichandran*, R. Meyer Jr., R. Roy, R. Guo, A.S. Bhalla and L.E. Cross 
Materials Research Laboratory, The Pennsylvania State University 

University Park, PA 16802, USA 

(Refereed) 
(Received March 4, 1996; Accepted March 13, 1996) 

ABSTRACT 
Phase pure Ba(MgwTaM)0: (BMT) powders were prepared using Ba metal, 
Mg(OC:H5)2, and Ta(OC:H5)5 as metal-organic precursors. Thin films of 
BMT were spin coated onto Pt-coated Si (100) substrates using the prepared, 
solution and then fired at various temperatures. The X-ray diffraction 
patterns show that the films crystallize to a single disordered perovskite 
phase on Si (100) at ~600°C. Scanning electron microscopy reveals that the 
films 0.3 urn in thickness and approximately 0.1 urn in grain size were 
essentially crack-free. 

KEYWORDS: A. thin-films, A. electronic materials, B. sol-gel chemistry, C. 
thermogravimetric analysis (TGA), C. X-ray diffraction 

INTRODUCTION 

The requirements for dielectric materials used in microwave applications usually include 
(i) a high unloaded Q, (ii) a moderate dielectric constant, and (iii) small temperature 
coefficient of the resonant frequency. Additionally, good sinterablity and high 
reproducibility are desirable processing features for these dielectric materials. 
Ba(MgwTa2/3)03 (1-4), Ba(Zn,nTa^)03 (5), (Zr,Sn)Ti03 (6), Ba(Mn1/3TaM)03 (7), 
and other complex oxides have been reported as promising microwave materials. However, 

* To whom correspondence should be addressed. 
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very high processing temperatures and poor sinterability are known obstacles for 
production, particularly for BMT. BMT has a melting point of ~3000°C (4) and is difficult 
to make in the form of high density ceramics and large area crystals. Additives such as Sn 
or Mn have been used in the synthesis of BMT to reduce the sintering temperatures or 
prolonged sintering time at high tempratures. Many materials for microwave applications 
have cations such as Mg, Sn, and Mn that easily form compounds with tantalum during the 
conventional solid state reactions and possibly resulting in undesirable phases. Sol-gel 
processing has been used for preparing phase pure bulk ceramics and thin films. Sol-gel 
techniques ensure homogeneous mixing of cations and low crystallization temperatures. 

In this paper, we report the synthesis for the first time of phase pure BMT powders, 
ceramics, and thin films by the sol-gel process, using Ba metal, Mg(OC2H5)2, and Ta 
(OC2H5)5 as metal-organic precursors. The densification of ceramics as a function of 
sintering temperature without the use of any sintering aids commonly used in solid-state 
reaction routes is also reported. 

EXPERIMENTAL 

A schematic reaction sequence for the formation of BMT gels and thin films is shown in 
Figure 1. Initially, Ta(OC:H5)5 (Aldrich Chemicals, 99.99% purity) in stoichiometric 
amount was dissolved in 20 mi of 2-methoxyethanol in a three-neck flask and refluxed at 
125°C for 6 hours in an argon atmosphere. 

Ta(OC2Hs)s + 5 CH3-0-CH2-CH2-OH - Ta (OCH,CH,OCH3)5+ 5 C2H5OH 
(yellow clear solution) 

The required amount of Mg(OC2H5)5 ( Aldrich Chemicals, 99.99% purity) was dissolved 
in 15 ml of 2-methoxyethanol along with 3-5 ml of CH3COOH needed to dissolve the 

Ba mcLil Mg-ethoxidc Ta-clluixitlc 

in 2-MOE 
at 125°C. 

reflux 
6hr 

in 2-MOE rcl 
at l2.'i0C, 61 
in Ar 

lux 
r 

in 2-MOE rcD 
atl2.VC. 6h 
in Ar 

ux 
r 

Mg-Ta precursor sol 

12 hr in Ar Reflux at 125 °C, 

Ba-Mg-Ta complex si)l 

0.3 Mspin coated 

BMT-Films 

Hydrolysis with 
2-MOE/H20 

BMT-Gel 

FIG. 1 
Schematic reaction seauence for the formation of BMT xero-gel 
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Mg(OC2H5), completely. The mixture was refluxed for 6 hours in an inert atmosphere (e.g., 
Argon/N2 gas). 

Mg(OC2H<)2+2CH3-0-CH2-CH:-OH - Mg (OCH2CH2OCH3)2 + 2 C2H5OH 
(colorless clear solution) 

A double alkoxide (6) can be formed by mixing Mg(OCH2CH2OCH3)2 and Ta(OCH2 

CH2OCH3)5 under inert gas atmosphere. Finally, Ba(OCH2CH2OCH3)2 was formed fol- 
lowing the reaction 

Ba + 2 CH3-0-CH2-CH2-OH - Ba(OCH,CH:OCH3)2 + H2 

(golden yellow solution) 

The Ba-methoxyethoxide was cooled to room temperature and then added to the double 
alkoxide solution. The clear homogeneous solution obtained was further refluxed at 125°C 
for 12 hours in argon atmosphere. This process forms the barium-magnesium-tantalum 
precursor solution. In order to form the BMT gel, a part of the solution was hydrolyzed by 
adding a theoretical amount of deionized water diluted with 2-methoxyethanol in the 
volume ratio 1:5. The clear solution was put in a 60°C oven for 3-4 hours to form the gel. 
The transparent BMT xero-gel thus formed after drying was crushed with a mortar and 
pestle. 

The powder was analyzed using a Perkin-Elmer PC-series thermogravimetric (TGA) 
analyzer to determine the drying and organic burnout behavior of the gel. Differential 
thermal analysis (DTA) was done in a Perkin-Elmer PC-7 series differential thermal 
analyzer interfaced with a computer for determination of crystallization temperature. Phase 
identification was carried out using a Sciniag powder X-ray diffraction (model DMC-15) 
with Ni-filtered Cu K„, radiation. 

BMT thin films were made by spin coating onto Si substrates, using the sol-gel prepared 
solution. The BMT solution concentration was diluted to 0.3 M and hydrolyzed with water 
(1:2 ratio with deionized water). In order to prepare crack-free films, 4% (by volume) 
formamide was added to the solution. Prior to the spin coating, the Pt-coated Si substrates 
were thoroughly washed with isopropanol. Thin films were spun at 3000 rpm for 20 
seconds using an Integrated Technologies P-6000 spincoater. 

The deposited films were pyrolyzed on a hot plate at 400-450°C to remove the volatile 
organics and then held in a furnace set at 600°C for 3 hours. The films were characterized 
bytfiin-film Scintag X-ray diffractometer (model DMICR08) with a pair of divergence 
solvo silts ahead of the scintillation detector. A scanning electron microscope (SEM) 
(model ISI-DS 130, Akashi Beam Tech, Japan) was used to study the microstructures and 
also to measure film thickness. In order to measure dielectric constant and loss, a pellet of 
BMT powder was pressed, sintered, and gold sputtered on both sides. The density of the 
pellet as a function of sintering temperature was determined using the Archimedes method. 

RESULTS AND DISCUSSION 

The TGA results for the gel dried at 70°C from 30°C to 850°C with a heating rate of 
10°C/min in an air atmosphere are shown in Figure 2. The TGA thermograms show a 
maximum weight loss at 240°C, indicating the decomposition of volatile organics from the 
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FIG. 2 
TGA trace of BMT gel dried at 70'C in an air atmosphere. 

gel. To determine the calcination, sintering, and crystallization temperatures of the gel, 
DTA analysis was done from 100°C to 1000°C with a heating rate of 10°C/min in an air 
atmosphere. The DTA thermograms show a sharp exotherm with an onset temperature of 
278°C and a broad endotherm with an onset temperature of 570°C, as shown in Figure 3. 
The sharp exotherm at278°C shows the organic burnout to form the inorganic BMT phase, 
and the broad endotherm at 570°C is due to the compound formation, which corroborates 
the X-ray analysis. The gel dried at 60 °C was crushed and analyzed by powder X-ray 
diffraction. It was found to be amorphous with no well-defined diffraction lines. DTA 
thermograms show a sharp crystallization temperature at 278°C. A powder X-ray 
diffraction of the amorphous powder heated at 300° C for 6 hours is shown in Figure 4. 
Most of the diffracted lines could be indexed for the BMT. In addition, a few impurity lines 
were detected at the low angles. TGA analysis of the BMT powder heated at 300°C for 6 
hours (Fig. 5) shows an additional weight loss from organics of 1.64% at 500°C. Reheating 
the gel powder at a 650 °C for 7 hours gave rise to X-ray diffraction patterns in which all 
the diffraction lines could be indexed in terms of a disordered perovskite structure of BMT. 
The lattice parameters were calculated using the least-square fitting program with a pseudo 
cubic perovskite structure a = 4.0905 A. 

The values obtained are in accordance with the data reported earlier (4,8) for BMT 
synthesized by solid-state reaction. The structure of BMT (4) is similar to that of 
Ba(SrOTTaM)03, based on the P3m 1 space group. Tne perovskite structure has close-packed 



Vol. 31, No. 7 BARIUM MAGNESIUM TANTALATE 821 

390      450      510 

Temperature °(C) — 

FIG. 3 
DTA trace of BMT powders calcined at 300°C for 6 hours in an air atmosphere. 

layers of barium and oxygen ions perpendicular to <111>, with Mg and Ta cations 
occupying the octahedral sites between the layers. 

In the case of solid-state reaction, the phase pure BMT phase is obtained at high temper- 
atures ~1600°C (4) or at ~1300°C when precipitated via oxine (2). In contrast, the sol-gel 
synthesis route produced phase pure BMT powders at 600°C, as shown in Figure 4. The 
density of sintered pellets as a function of sintering temperature (1300, 1400, and 1500°C) 
was measured by the Archimedes method. The pellets sintered at 1500°C had high relative 
densitvof98.4%k£/m3. 

Sintering 
Temperature (°C) 

Duration 
fhours) 

Measured 
Relative Density 

1300 
1400 
1500 

24 
24 
24 

97.3 
97.9 
98.4 

X-ray diffraction patterns for the spin-coated thin films on the Pt-coated silicon 
substrates are shown in Figure 6. The BMT films were transparent with a smooth mirror- 
like surface after pyrolysis at 600°C for 3 hours. The thickness of the films was measured 
using SEM. Typical films 0.3 urn in thickness were formed free from cracks. 
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FIG. 4 
Powder X-ray diffraction patterns of the BMT powders heated at various temperatures. 

CONCLUSIONS 

We have synthesized phase pure BMT powder by the sol-gel technique and thin films at 
a very low temperature (-600 "C ) instead of by the solid-state reactions usually done at 
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FIG. 5 
TGA trace of BMT powders heated at 300°C for 6 hours in an air atmosphere. 

high temperature (~1400°C) with very long heating schedules. High quality, crack-free 
BMT films were prepared on Pt-coated Si substrates for the first time. The relative density 
of pellets made with sol-gel BMT powder increased with increasing sintering temperature. 
High relative density (98.4%) kg/m3 BMT ceramics were formed at 1500°C in 24 hours 
without the addition of any sintering aid. SEM analysis showed that the films of 0.3 um in 
thickness were essentially crack-free. 
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A study of sol-gel derived Sr2(AITa)06 by Raman spectroscopy 

D. RAVICHANDRAN, R. ROY, B. JIN, A. S. BHALLA 
Materials Research Laboratory, The Pennsylvania State University, University Park, PA 16802, USA 

Among the dielectric materials of current interest the 
cubic ternary system Sr2(AITa)06 (SAT) is particu- 
larly attractive since it exhibits an excellent lattice 
and thermal expansion match with Y-123, Y-124, Bi- 
2212. Bi-2223 and Tl-1223 superconductors. Its low 
dielectric constant and low tand favours its use in 
microwave device applications. Thin films of high Tc 

oxides deposited on SAT ceramics are chemically 
non-reactive at the interface between the films and 
the ceramic material. SAT ceramic samples were 
identified to have double cell cubic perovskite 
structure with lattice parameter a = 0.77805 nm and 
melting temperature 1900 °C [1]. Thin films of SAT 
and multilayers of SAT/YBCO (YBa2Cu:.0-) were 
grown on (001) LaAIO.i and (001) MgO substrates 
by pulsed laser deposition [2]. SAT was first prepared 
by Brandle and Fratello [3] in a study of potential 
substrate materials for the growth of high tempera- 
ture superconductor films. 

The growth of bulk single crystals has not yet 
been reported. In our recent work we grew single 
crystal fibres by a laser beam pedestal growth 
technique [4]. In comparison to other binary 
perovskite dielectrics the crystal structure of SAT 
is cubic. As a result.- fibres having potential 
deleterious multiple growth orientations [I. 5, 6] 
are unlikely. 

Phase-pure Sr:(AlTa)06 (SAT) was prepared by 
the sol-gel route including Sr metal, A! (tri-sec- 
butoxidej and TafOCiHj), as the starting organic 
precursors. Sol-gel processing of SAT can lead to 
highly phase-pure homogeneous powders, and these 
powders can offer significant advantages over 
conventionally processed powders. The SAT phase 
was formed at 1400 °C from a transparent xero-gel. 
Scanning electron microscope (SEM) analysis 
showed the particle size to be sub-micrometre 
—0.1 urn. Raman analysis of SAT exhibited a sharp 
band at 791 cm-1 due to well-defined molecular 
vibration. 

Complex alkoxides were prepared by reacting Sr 
metal. Al (tri-sec-butoxide) and Ta:(OC2H;-1:- organ- 
ic precursors. First, B-site was formed by refluxing 
Alt tri-sec-butoxide) and TafOCNH.Oi organic pre- 
cursors with 2-methoxyethanol (MOE; C;.HvOi) at 
125 CC for 6 h. Finally, the Sr metal was refluxed 
with C:.HSC>2 and later reacted with the double 
alkoxide mixture of Al-Ta precursor complex sol at 
125 =C for 12 h. The solution was cooled to room 
temperature and the pH was found to be —4.0. Later 
the solution was hydrolysed with H;0 and C;,HsO in 
the ratio 1:4. 

The solution was nlnced in n 60 =C oven ->>r 4-5 h 

the formation of xero-gels is shown in Fig. 1. 
Transparent xero-gel formed after 4-5 h was ana- 
lysed by fhermogravimetric analysis (TGA) and 
differential thermal analysis (DTA) to determine 
the drying and crystallization temperatures of the 
gel. 

The gel powder was crushed and fired in air at 
various temperatures to study the crystallization 
behaviour. The microstructure was obtained by 
SEM (model ISI-DS 130, Akashi Beam Technology, 
Japan). Raman spectroscopy was also done to study 
the modes of vibration in SAT ceramics. Argon ion 
laser radiation (514.5 nm) passes through the micro- 
scope and is reflected downwards by the beam 
splitter to the sample mounted on a x-y stage. 
Focusing was controlled by adjusting the focal 
length of the objective, and monitored by a CCD 
camera. The reflected beam was passed through the 
beam splitter and double monochromator to the 
photo detector [7]. 

Fig. 2 shows the powder X-ray diffraction (XRD) 
pattern of SAT heated at 1400 °C for 7 h. All 
diffracted peaks could be indexed in terms of the 
cubic perovskite structure without any impurity 
phase. The lattice parameter was estimated using a 
least square fit program to be a = 0.77904 nm. which 
is in good aggrement with reported values [1]. A 
SEM micrograph (Fig. 3) of the SAT powder formed 
at 1400 °C for 7h shows that the particles are 
reasonably well crystallized with sub-micrometre 
panicle size (<0.1«m). Fig. 4 shows the micro- 
probe Raman spectrum of SAT ceramics sintered at 
1440 °C. The Raman spectrum indicates well-defined 
molecular vibration. As shown in the spectrum, both 
the internal and the external vibrations have sharp 
peaks,  indicating that each vibration is well char- 

Sr metal Al (tri-sec-butoxide) Ta (ethoxide) 

Reflux in 2 
125 =C. 6r 
Ar 

-MOE 
l in 

Reflux in; 
125 ~C 6 

2-MOE 
h in Ar 

Reflux in 
2-MOE 12 
6 h in Ar 

5°C 

Al sol 

Reflux 12. 
in Ar 

5 =C. 6 h 

Al-Ta complex sol 

Reflux 12S 
in Ar 

5eC. 12 h 

Al-Ta-Sr complex sol 

Hydrolysis 
ratio 1:5 

2MOE: H20. 

SAT gel 
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Figure 2 Powder XRD pattern of SAT powders at 1400 °C for 7 h. 

#S£* 

S 
Figure S SEM micrograph of SAT powders formed at 1400 °C for 7 h. 

acterized except for a few bands around 100 cm-1 

and 200 cm"1. Well-defined prominent bands appear 
at 60. 123 and 839 cm-'. 

The sharp band at 60 cm-1 appears to be a single 
crystal peak, indicating well-formed internal vibra- 
tion. Detailed specification of mode assignment is in 
progress. Several coupled peaks are found around 
290. 442. and 839 cm-1. Low temperature Raman 
measurements will make a confirmation of these 
peaks, and show if they originate from high 
temperature vibration causing coupling modes or 
from the diffusivity of the structural disordering 
during material fabrication. The results will be 
presented elsewhere. Among the sharp bands, rel- 
atively broad bands are found at 252, 356 and 
839c:rr!. These peaks have a well-defined Lorent- 
zian  shape,  indicating that thev contain  onlv one 

.a 
5 

0      100   200   300   400   500   600   700   800   900 1000 

Raman shift (cm-1) 

Figure 4 Micro-probe Raman spectrum of SAT sintered at 1400 °C for 
7h. 

possible vibration. However, because of structural 
stress due to cation vacancies, it has wide full width 
at half maximum (FWHM). Like the X-ray pattern. 
FWHM of Raman bands also indicates the degree of 
disorder or stress due to cation vacancies or non- 
stoichiometry in the compound. 
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TEMPERATURE DEPENDENT RAMAN SPECTROSCOPIC 
STUDIES ON MICROWAVE DIELECTRICS Sr(Al1/2Ta1/2)03 AND 
Sr(AI1/2Nb1/2)03 
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Department of Physics, University of Puerto Rico, Rio Piedras, PR 00931-3343; 
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16802 

Complex oxide perovskites, namely strontium aluminum tantalum oxide 
(SAT) and strontium aluminum niobium oxide (SAN) were recently investigated to 
be potential substrate materials for HTSC films in microwave applications. Single 
crystals (disordered phase) were prepared by laser heated pedestal growth 
technique (LHPG) and ordered ceramics samples were prepared by conventional 
sintering technique. We report Raman vibrational spectrum studies on them for the 
first time. Order-disorder effects of (Al,Ta) and (Al, Nb) sites were studied by 
comparing Raman spectra of single-crystal samples with ceramic samples. 
Influences of B sites (Ta and Nb) on 0-0 modes are discussed in relation to their 
dielectric properties. 

I. Introduction 

High temperature oxide superconducting (HTSC) materials have drawn much 
interest from scientists in various fields. The suitable substrate material for HTSC thin film 
devices is also an important subject to many researchers. Strontium aluminum tantalum 

_ oxide (SAT) ^and strontium aluminum niobium oxide (SAN) have been identified as 
potential microwave dielectric substrate materials for thin film of HTSC devices1'1. It is 
believed that both SAT and SAN belong to the mixed perovskite family. It is also known 
that they do not belong to the class of ferroelectric materials. One of the critical 
requirements of HTSC substrate is that the material should have a low dielectric constant 
and loss at microwave frequencies (~ 10 GHz). In perovskite materials, the B-site order- 
disorder behavior is believed to have influence on the dielectric properties and especially 
on the dielectric loss. It is possible that some low frequency modes may have 
characteristics which may be useful to understand the dielectric loss mechanism in these 
materials and in general in other microwave dielectric materials of mixed oxide family. 

SAT and SAN samples in ceramic form are known to have a 1:1 ordered cubic 
structure with a doubled perovskite unit cell[I). On the other hand, their LHPG grown 
crystals are best described as disordered, but twin-free, simple cubic perovskite structures. 
The ordered ceramic samples have Fm3m space group symmetry and typical ordering 
takes place along crystallographic [111] direction. Factor groups of each site are Sr(Td), 
B'(Oh), B"(0|,), and 0(C4v). The normal vibrational modes are given by 

ri0Ui = Aig+ Eo + Tig + 5TIU T 2T2g + F2u . 
The Raman active modes are, 

rRam,, = A,8(0-0) + E,(0-0) + 2T2s(Sr-0), 

Ferroelectric Letters,   21   (3/4)   79-85   (1996). 



where the atoms that participate in the motion of particular symmetry are shown in the 
parenthesis. 

The crystal structure and some normal modes of vibrations are shown in Figs. 1 
and 2 respectively. From the mode classification, it is evident that the atoms at B sites are 
not involved in any Raman active normal vibrational motions. 

®=Sr        0,®=B"orB"        »=0 

Fig. 1 The unit cell of SAN and SAT with Fm3m symmetry. 

O = 0.\i"en © =B'orB" 

Fig. 2 The Raman active normal vibrational modes of a free oxygen octahedron 
around the B ion in the center (only motion of oxygen atoms is show here). 

II. Experiment 

For the Raman experiments, both ceramic and single crystal samples of SAN and 
SAT were used. The ordered ceramic samples of SAN and SAT were prepared by using 



the conventional sintering process. The disordered single crystals of SAN and SAT were 
prepared in fiber shape through the LHPG technique111. LHPG has been used as a 
powerful method for rapidly growing small diameter single crystals, particularly oxides 
of high melting temperature, for both property studies and fiber devices. The LHPG 
equipment used in the preparation of the samples consisted of a power source (water- 
cooled, tunable flowing gas C02 55 W laser), an optical layout, and a growth section.1'1 

Differential thermal analysis (DTA) was used to determine the ininimum 
calcination temperature to achieve the desired phases and to select sintering 
temperature1'1. To characterize the crystallographic phases and to adjust the processing 
conditions of the ceramic samples, X-ray diffraction technique was used. Radio frequency 
dielectric constants and the loss tangent were measured. 

Here we report Raman experiments including the room temperature measurements 
on ceramics and single crystals SAN and SAT samples and the low temperature 
measurements on ceramic samples. The experiments at room temperature were carried 
out by using a Micro Raman Triple Spectrometer (ISA Model T64000), and the 
experiments below room temperature were done on a Double-grating Micro Raman 
Spectrometer (ISA Model S3000). Both spectrometers were equipped with liquid 
nitrogen cooled CCD detectors. A modified Cryogenic Tech. closed-cycle refrigerator, 
Model 20 with a LakeShore DRC-84C temperature controller was used to cool down the 
system. The spot of the focused laser through the microscope was around 1 p.m. 

111. Results and Discussion 

The polarized Raman spectra were recorded for all orientations, but no significant 
influence of the polarization tensor component was observed. A possible explanation for 
this phenomenon could be that the ordered regions in the samples of either ceramic or 
single crystal fiber are much less than 1 pm in size. In other words, all of the samples are 
apparently disordered on a 1 pm scale. 

For both ceramics and single crystals, the four expected Raman modes were 
observed at room temperature, shown in Fig. 3. No Raman peaks were found beyond 
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Fig. 3 Room temperature Raman spectra of SAN and SAT in ceramic and fiber forms. 



1000 cm'1. In order to determine the peak positions and half-widths of vibrational modes, 
the damped harmonic oscillator model with spectral distribution function (for Stokes 
scattering)[3], i.e. 

Si£0)= XS£MZ 1  

(ü)2-ü)20y + T"co 2   l-e -ticaluT 

was used, where co0 and T correspond to the mode frequency and half-width, respectively. 
Xo is the susceptibility constant (in arbitrary units), k is Boltzmann's constant and T is 
absolute temperature. The frequencies of the Raman modes are listed in Table 1 in which 
Raman results from structurally similar materials, PST and BYT(4]'[51'[6] are also listed. 
From the view of lattice dynamics, the two T2g modes (Sr-0 bonds) are independent of 
other bonds in the cell. Fig. 4 shows that the relation between the vibrational frequencies 
and reduced mass of these modes in different materials follows adequately an isolated 
anharmonic oscillator described as, 

©0 = CÜanh T CÖev' 

C0e= 27C(K/U)1/2 
(2) 
(3) 

where Cüanh is the anharmonic and C0e is the harmonic term, v' is the vibrational quantum 
number, K is the force constant, and u. is the reduced mass. 

Table 1. Raman mode freauencies in crrf 
SAN SAT PST1 BYT2 

Aig 856.3 871.9 830 838 

E_2 540.3 577.7 240 765 

T2g 150.0 150.0 61 105 

T2g 464.7 466.8 370 388 

'PST 
:BYT 

Pb(Sc,:,,Ta;,5)03 

Ba(Yö.5Ta,.j)03 

500 

400 

300 

200 

100 

---©---   T\*(vl) 

Pt>20 
©■■" 

Sr-20 
Ba-20 
Pb-20 

7.331 150 
7.560 105 
7.703 61 

3a-20 
..©---  
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370 

Sr-20 

0.36    0.361    0.362    0.363   0.364   0.365   0.366   0.367     0.368    0.369   0.37 

Reciprocal of Square Root of Reduced Mass 

Fig. 4   Linear relationship between frequencies of T:g modes 
and reduced masses of A-0 bonds. 



The Eg and Aig modes are entirely due to the motion of oxygen ions. However, the 
presence of B ions at the center of the oxygen octahedron influences their frequencies (see 
Fig. 2), and that could be the reason for the two peaks in SAN, namely Eg at 540.28 cm"1 

and Alg at 856.3 cm'1 shifting to 577.7 cm"1 and 871.9 cm"1 in SAT when the Nb at B" 
cation was replaced by Ta. This is an indication of the short range interaction constant of 
O-Ta-0 being greater than that of O-Nb-O. This explanation is in agreement with SAT 
having smaller dielectric constant and loss than those of SAN113' 

Comparing the spectra of ceramics and single crystal fibers, the disorder behavior 
of the samples in the latter form is obvious, (Table 2). All of the peaks of the disordered 
samples (in single crystal form) are shifted to the lower frequencies and exhibit 
broadening. One may assume that for disordered samples the Raman selection rule is 
broken and the phonon momentum in the lattice is not conserved any more, so that the 
contribution to the phonon spectrum comes from the entire Brillouin zone thus broadening 
and shifting the peaks. 

Table 2, Frequencies and halfwidths (in cm"1) of Raman modes 

SAN SAT _... 

Frequency Width Frequency Width 

Mode Ceramic Fiber Ceramic Fiber Ceramic Fiber Ceramic Fiber 

Ala 856.3 851.4 34.01 41.04 871.9 864.5 28.79 34.25 

Eg 540.3 532.6 26.82 37.19 577.7 573.9 19.40 27.71 

T2s(l) 150.0 148.3 5.948 6.116 150.0 148.4 5.597 7.176 

T2«(2) 464.7 462.2 7.175 9.232 466.8 464.8 6.704 9.305 

Ceramic = Ordered samDle; Fiber (Singie crystal) = Disordered sample 

Table 3 gives the result of low temperature Raman spectra of SAN and SAT in 
ceramic form. It can be seen that all modes are shifted towards lower frequencies and 
become broader when temperature increases, which are expected for the normal 
anharmonic oscillators. An interesting exception is observed for the T2g(l) mode. When 

Table 3. Low temperature Raman frequencies and halfwidths for SAN and SAT ceramics 
SAN SAT 

Mode 31K 100K 200K 290K 31K 100K 200K 290K 

Alg Freq. 859.2 S58.6 857.2 855.3 875.0 874.5 873.1 871.1 

Width 27.69 27.87 30.63 34.64 20.69 21.30 24.48 28.90 

Eg Freq. 547.6 546.9 544.1 539.8 584.9 583.9 581.0 576.8 

Width 14.45 16.06 20.00 27.23 10.88 11.76 14.97 19.11 

T2g(l) Freq. 149.0 149.3 149.9 150.0 149.3 149.4 150.0 150.2 

Width 4.222 4.413 4.546 4.534 3.370 3.565 3.943 3.968 

T2g(2) Freq. 464.S 464.8 464.8 464.3 466.9 466.9 466.9 466.4 

Width 5.026 5.306 5.968 6.970 4.270 4.694 5.136 6.174 



temperature increases, T2g(l) mode shifts to higher frequencies, (see Fig. 5 and Fig. 6). 
This mode possesses soft mode characteristics, its behavior is consistent with what is 
expected for materials in a paraelectric phase above any phase transition. However, no 
phase transition is evident from Raman scattering studies in SAN and SAT ceramics down 
to 3 IK which is in agreement with other workers II]'[21. 

SAT 

T = 290K 

T = 200K^    A 

T=100K 

vlT=31K 

100   250    400   550   700    850   1000      100    250    400    550    700   850   1000 
Frequency in cm"1 

Fig. 5    Low temperature Raman spectra of SAN and SAT ceramics. 
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IV. Conclusions 
Temperature dependent Raman studies were made on SAN and SAT in both 

ceramic and single crystal forms. From the Raman spectra, it is evident that both of them 
belong to Fm3m group symmetry. Effect of order-disorder in the samples was observed in 



Raman studies. Our results suggest that ceramic samples are ordered, and single crystals 
are relatively disordered. From our studies, it was also concluded that both SAN and SAT 
single crystals possess disordered regions probably of much less than 1 u.m in size. 

Low temperature Raman studies on SAN and SAT ceramics did not reveal any 
phase transition down to 3 IK, which is in agreement with the experiments on temperature 
dependent dielectric constant reported by Guo et al[1]. 
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Abstract 

Barium magnesium tantalate ( BMT) perovskite was prepared from organic precursors including Ba metal. Mg(OC2H5)5 and 
Tai OC:Hj)5. Crystallization and phase formation were studied for the sol-gel derived BMT powders. Microstructure of BMT 
shows panicle sizes less than 0.1 /xm. Raman spectroscopy was done to study the modes of vibration in the BMT ceramics. 

1. Introduction 

Complex perovskites with general formuia 
Ai B,/3B':/3)03, where A = Ba ion. B=Mg, Zn and 
3' = Ta. Nb have been reported earlierto possess excel- 
lent microwave properties [1-5]. These perovskite 
compounds have poor sinterability. In order to obtain 
dense ceramics with good microwave properties, sin- 
tering additives like MnO:. La:03 or rapid sintering 
methods were used. 

These perovskite compounds have an ordered hex- 
agonal structure and ordering of the B sites affects the 
Q value of these compounds. In the case of BMT ceram- 
ics, the influence of density and ordering on the dielec- 
tric Q values has not been studied because variations 
in density and ordering can occur together in these 
ceramics. BMT is considered to be one of the most 
refractory oxides, as a result single crystal growth is 
quite difficult [5]. It was found that BMT single crystal 
grown using BaF: flux resulted in higher dielectric con- 
stant: this was attributed to flux contamination. 

In the recent times, the metal alkoxide method has 
been used to synthesize perovskite ceramics such as 
BaTiOi, SrTiOj and other electro ceramics. The main 

" Corresponding author. 

advantage is that this alkoxide route can yield phase 
formation at very low temperatures in comparison to 
conventional preparation methods. 

In this Letter, we present the synthesis of BMT pow- 
der via organic precursors including Ba metal. 
Mg! ethoxide) and Ta( ethoxide). Scanning electron 
microscopic analysis was done to study the microstruc- 
ture of BMT powders. Raman spectroscopy was done 
to study the different modes oi vibration in the BMT 
ühase. 

2. Experimental 

Initially Mg(ethoxide) was weighed and reacted 
stoichiometrically with 5-10 ml of CH3COOH. To dis- 
solve Mg(ethoxide) completely 10-15 ml of 2-me- 
thoxyethanol (CH3OCH:CH:6rI) was added and 
re fluxed at 125°C for 6 h under inert gas atmosphere 
('Ax gas). In a similar manner Ta(ethoxide) was 
refluxed with 20-25 ml of 2-methoxyethanol at 125°C 
for 6 h in argon atmosphere. This solution was cooled 
to room temperature and mixed with 
Mg( OCH2CH2OCH3). solution. 

The mixture of Mg-Ta solution was refluxed at 
125"'C for 12 h in argon atmosphere. Finally, the Ba 

0!67-577x/95/S09.50 £ 1995 Elsevier Science B.V. All rights reserved 
S.SD/ 0 1 67-577x( 95) 00 ITS-o 
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Fig. 3. SEM micrograph of BMT powder calcined at 650°C-7 h. 

metal was dissolved with few drops of CH,COOH and 
15-20 ml of 2-methoxyethanol at 125°C for 6 h. 

The double alkoxide mixture of Ms-Ta complex sol 
was reacted with Ba(OCH,CH,OCH,), solution for 
3 2 r, with continuous stirring under inert gas atmos- 
pnere. Later, the solution was cooled to room temper- 
ature    and    hydrolyzed   to   form   the   gel    with 
2-methoxyethanol and H:0 in the ratio 1 : 4. A clear 
yellow solution was formed and the pH of the solution 
was found to be = 4. This solution was placed in a 60CC 
oven for 5-6 h to form the gel. The transparent xero- 
gel formed was fired in an air atmosphere at different 
temperatures to crystallize the BMT phase. TGA and 
DTA analyses were done for the gel to determine the 
weight loss of the gel due to organic burnout and the 
crystallization temperatures. 

Room-temperature micro-probe Raman spectros- 
copy was done to study in-plane modes of vibration in 
SMi ceramics. Argon-ion laser radiation (5145 A) 
passed the microscope and got reflected downward bv 
tr.e seam splitter to the sample mounted on an A'-}' 
stage . Fig. 1). Focusing was controlled by adjustine 
tne K>cal length of the objective, and monitored by a 
CCD camera. The reflected beam was passed throush 
the beam splitter and double monochromator to the 
pnotc detector. The spectrum was scanned from 30 to 
1000 cm   ; with a resolution of 0.5 cm "''. 

3. Results and discussion 

Fig. 2 shows powder X-ray diffraction patterns of 
tne BMT phase formed at 650°C-7 h. All the diffracted 
peaks could be indexed in terms of the cubic perovskite 
structure without any impurity phase. The structure of 
BMT [5] is similar to that of BafSr1/3Ta2/3)03 based 
on the P3ml space group. The perovskite structure has 
closed packed layers of Ba and oxygen perpendicular 
to the f 111) plane with Mg and Ta cations occupying 
the octahedral sites between the layers. 

Literature reports show that BMT ceramics prepared 
by the conventional powder process were obtained at 
very high temperature and longer heating schedules 
( = 1600°C) [4] and ( = 1300°C) precipitated via 
oxine [6]. In contrast, the sol-gel process which is a 
low temperature route can produce phase pure BMT at 
650-C as shown in Fig. 2. The SEM microstructure of 
the BMT powder is shown in Fig. 3. A particle size of 
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F:g. 4. Micro-probe Raman specirum of BMT powder sintered at 
iOCOcC-6h. 

0.1 |xm was observed with reasonably well crystallized 
panicles. 

Fig. 4 shows the micro-probe room-temperature 
Raman spectrum of BMT ceramics sintered at 1000°C 
for 6 h. Overall spectrum shows a little unstable state, 
especially in the internal vibration region. Prominent 
vibration frequencies measured are 72, 581 and 791 
cm-1. The mode at 581 cm~; has a very wide full 
width at half maximum (fwhm i. This indicates it may 
contain several coupled modes or may be because of 
infuse characteristics of complex perovskite materials. 
This fact will be confirmed by measuring the low tem- 
perature Raman data. 

In case it is caused by me coupling of several inde- 
pendent modes of vibration, it should be observed as 
distinct peaks at low temperature measurement. 
Another possibility is that if this material still contains 
organic components which are used as the precursor 
starting materials, the effect o: these organic compo- 
nents could contribute to this broad band. Very feeble 
broad bands are observed below 400 cm"1. This fre- 

quency region is usually attributed to the internal vibra- 
tion of B03 octahedron in AB03 perovskites. The 
instability of these peaks may be caused by: B03 octa- 
hedron might not have well formed or due to the vacant 
B-site or oxygen deficiency in the compound. 

4. Conclusions 

Phase pure BMT was formed at very low temperature 
by the sol-gel route for the first time. SEM micrographs 
show that particles are reasonably well crystallized with 
a particle size of = 0.1 u.m. Feeble broad bands at low 
frequencies below 400 cm-1 indicate the internal 
modes of vibration of the B03 octahedron in AB03 

type perovskite. 
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