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ABSTRACT 

Given that the speed of integrated circuits (ICs) is projected to continue to increase at its present rate, the 
packaging of ICs may become a formidable task not too distant into the future. In fact, as circuit integration and IC 
switching speeds continue to increase, chip-to-chip interconnection becomes the limiting factor in realizing the 
system performance benefits of wing faster ICs. Multichip modules (MCMs) offer a high performance alternative to 
conventional printed wiring boards (PWBs), and one of the more promising applications for high temperature 
superconductors (HTSCs) is as signal interconnects between bare ICs in MCMs. We report on the successful 
development and fabrication of a superconducting MCM packaging technology using a novel yttrium-barium- 
copper-oxide (YBCOfittrium-stabilized zirconia (YSZ)/silicon dioxide (SiOz)/yttrium-stabilized zirconia 
(YSZ)/yttrium-barium-copper-oxide (YBCO) multilayer substrate using either a chemical-mechanical planarization 
technique or a conventional lifi-off process on a single-crystal YSZ substrate. To reduce the complexity of the 
processing required, the two-layer Interconnected Mesh Power System (IMPS) MCM topology was used. For 
demonstration purposes, a 100 MHz ring oscillator multichip module wing gallium arsenide technology was 
successfully fabricated. 
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Introduction 

One of the fundamental challenges to reducing the 
linewidth of interconnects in both integrated circuits 
(ICs) and multichip modules (MCMs) is the resulting 
increase in parasitic resistance. The increased 
parasitic resistance increases the propagation delay of 
signals traveling along the interconnect. High- 
temperature superconductors offer an attractive 
solution to this parasitic resistance problem since 
they exhibit a negligible resistance when operated in 
their superconducting state. Consequently, the 
propagation delay of signals is reduced significantly. 
Furthermore, high interconnect bandwidths (up to 
100 GHz) are possible without sacrificing packaging 
density. Other advantages of superconducting 
interconnects are that faster device switching and 
lower voltage operation for CMOS and GaAs are 
possible when operating at the liquid nitrogen 
temperature of 77K. The liquid nitrogen operating 
environment also reduces heat dissipation problems 
and increases MCM reliability. In this paper, we 
report on two approaches to the successful fabrication 

of a superconducting MCM using a novel yttrium- 
barium-copper-oxide (YBCO)/yttrium-stabilized 
zirconia (YSZ)/silicon dioxide (Si02)/yttrium- 
stabilized zirconia (YSZ)/yttrium-barium-copper- 
oxide (YBCO) multilayer substrate. A chemical- 
mechanical planarization technique, as well as a 
conventional lift-off process, were used to fabricate 
superconducting MCMs on a single-crystal YSZ 
substrate. 

Device Design and Fabrication 

Typically, conventional MCM-D 
technologies require at least a four-layer 
metallization system to provide power, ground, and 
signal distribution for the ICs they contain [I]. 
However, it is very difficult to fabricate more than 
two layers of superconducting interconnects on a 
substrate due to the necessity for maintaining critical 
structural alignment of the superconducting thin film 
in a multilayer structure. The surface onto which the 
superconductor is deposited must be planar since any 
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ABSTRACT - YBCONSWSi@NSWYBCO multi-layer 
structures have been successfully grown on single crystal YSZ 
substrates. The YBCO superconducting layers (300 nm thick) 
were deposited using pulsed laser deposition (PLD). The YSZ 
layers (300 nm thick) which are biaxially aligned were deposited 
using PLD and the ion beam assisted deposition (IBAD). A 
thick silicon dioxide layer (2-4 microns) was sandwiched 
between the YSZ layers to meet the low dielectric constant 
requirement for multi-chip module applications. However, if the 
bottom superconducting layer was patterned into 
interconnecting lines as required in device applications, the 
surface of the YSWSi02NSZ on top of the patterned bottom 
superconducting layer had a roughness of about 500 nm. As a 
result, the top YBCO was no longer superconducting. ~ h u s ,  
planarization of the patterned bottom superconducting layer 
becomes a key issue. We have developed a "fill-in and lift-OW' 
process to flll the gap between the patterned bottom 
superconducting lines with YSZ. As a result, we were able to 
reduce the surface roughness of the bottom YBCO layer to 
about 10 nm so the top layer was superconducting with a critical 
temperature of 87 K. 

2pm) whose dielectric constant is less than four was chosen 
to isolate the two superconducting interconnects, and two 
biaxially aligned Yttrium Stabilized Zirconia (YSZ) layers 
were deposited on top and underneath the SiO, as buffer 
layen to prevent diffusion of the amorphous SiO, into the 
YBCO layers. However, when the bottom YBCO layer is 
patterned into interconnecting lines, the surface of the 
YSZISi0,NSZ is no longer flat. The rough~iess of the 
surface is usually greater than the thickness of the bottom 
YBCO layer due to over etching in the patterning process. 
Since the top YBCO layer is found not to be superconducting 
when fabricated on a rough surface, the planarization of such 
a rough surface becomes a key issue. In this paper we report 
on a "fill-in and lift-off" planarization procedure and the 
effect of planarization of the bottom superconducting YBCO 
layer on the performance of  the top YBCO layzr 
superconducting layer in the multi-layer structure. 

11. EXPERIMENTAL DETAILS AND RESULTS 

One potential application of high temperature 
superconducting (HTS) films is for signal interconnects 
between integrated circuit chips on a multi-chip module 
(MCM) substrate. A typical HTS MCM needs at least four 
layers: power plane, ground plane, and two or more signal 
planes [ I ] .  Using a new approach, called the Interconnected 
Mesh Power System (IMPS) [ 2 ] ,  a superconducting MCM 
can be realized with only two superconducting layers. This 
reduction makes the IMPS approach to fabricating a 
superconducting MCM very attractive since it significantly 
reduces material and technological demands as well as cost. 
Even with only two superconducting layers required, 
however, several problems have prevented the realization of 
a practical MCM. For example, using Yttrium-Barium- 
Copper-Oxide (YBCO) as the superconducting material, S. 
Afonso et al. have successfully fabricated YBCONSZI 
Si0,NSZNBCO multi- layer structures [3]. In order to 
keep the distributed capacitance low, a thick SiO, layer (I - 

A. Patterned Multilayer Structure 

We fabricated a YBCONSZISi0,NSZNBCONSZ 
(substrate) multi-layer structure via a procedure described in 
[3]. Both the top and bottom YBCO layers were patterned 
into meander lines which were 19 cm long. The line widths 
of the bottom and top YBCO interconnect lines were 20pm 
and 301111, respectively, as shown in Fig. 1. The resistance 
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Abstract 

We derive normally ordered unitary operators for generalizing multimode squeezed femion states. The operators are 
considered as images corresponding to a pseudo-classical Grassmann numbers' SO(2n) orthogonal transformation in the 
n-mode fennionic coherent state representation. The derivation can be facilitated by the newly developed technique of 
integration within an ordered product of operators for the fennionic system. @ 1998 Elsevier Science B.V. 

I. Introduction 

Recently, squeezed photon states have attracted much attention of physicists due to their potential use in 
optical communication and interferometer measurements [ 1 1. Contrary to the general expectation that Fermi- 
Dirac statistics limit fermion clustering behaviour to that of antibunching, the characteristic features of fermionic 
squeezing were predicted [2,3] and squeezed fermion states have been introduced [ 4 ] .  Formally, a general 
n-mode fermion squeezing is presented by a unitary transformation of the field operators, 

where s stands for the squeezing parameters (repeated indices in a term imply summation), and the L and K 
satisfy 

' E-mail: fhym@dmse,mse.ustc.edu.cn. 
Mailing addrrss. 
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Abstract 

We report for the first time the successful fabrication of Tl,Ba2CaCu20y superconducting thin films on polycrystalline 
A120, substrates using yttria-stabilized-zirconia (YSZ) buffer layers. Ion beam-assisted laser deposition was used to obtain 
the textured YSZ buffer layers. The Tl,Ba,CaCu20y thin films were shiny, highly c-axis oriented with respect to the film 
surface and strongly in plane textured. The zero resistance temperature of these films was as high as 108 K with a critical 
current density of - 10' ~ / c m '  at 77 K. 0 1997 Elsevier Science B.V. 

PACS: 74.76.B~; 74.72.Fq 
Keywords: l12Ba2CaCu20, thin film; Ion beam-assisted deposition 

1. Introduction lem is by growing epitaxially, micron-thin layers of 

Since the discovery of high temperature supercon- 
ductors (HTS), many possible applications of HTS 
thin films have been conceived and demonstrated. 
Space communications, radar and microwave filters 
for both the current cellular and tomorrow's PCS 
communications systems would each benefit from 
the use of HTS thin films. One of the biggest 
impediments to the application of HTS is that HTS 
carry only a limited amount of current without resis- 
tance. This problem arises from their two-dimen- 
sional layered structure. According to earlier studies 
[ I  ,2], if the layers do not line up properly, the critical 
current density will decrease dramatically in the 
misaligned region. One way to overcome this prob- 

the material on well organized substrates. The pro- 
cess has the effect of lining up the superconducting 
layers more accurately. For example, HTS thin films 
grown on single crystal LaAIO, 13-51 or SrTiO, [6] 
substrates have a good lattice match between the 
HTS and the substrates and have a correspondingly 
critical current density of about - lo6 ~ / c m ' .  In 
fact, the current density is large enough for most 
HTS thin film applications. While this effort is im- 
pressive, it is far from useful. The single crystal 
substrates are both expensive and extremely difficult 
to make with the large surface area required. One 
challenge to HTS thin film growth research is to find 
new substrates that can be produced in adequate size 
at lower cost. Recent studies [7- 121 have shown that 
a highly bi-axially aligned YSZ layer can be grown 

' Corresponding author. Tel.: + 1 501 5754313; fax + 1501 On non-cr~stalline substrates, and that 
5754580. the YSZ-layer can then act as a template for HTS 
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Fabrication and characterization of vias for contacting YBa,CuJO,-, multilayers 
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In order to connect multiple layers of high temperature superconductor (HTS) interconnects, low contact 
resistance vias must be used to maintain high signal propagation speeds and to minimize signal losses. In this work, 
40 pm via contacts through YBa$u,O,., lSrTiO,lSiOJYSZIYB~Cu,O,, multilayers utilizing dry etching techniques 
and sputter deposited Au for contacting through the vias have been successfully fabricated and characterized. The 
vias connect two laser ablated YBa&u,O,., (YBCO) signal lines through thick (4-5 pm) SiO, insulating layers. This 
approach to making multilayer superconductor vias provides a low resistance contact between the YBCO layers 
while maintaining space efficiency and fabrication compatibility with the superconductor. 

1. INTRODUCTION 

Since the discovery of high temperature 
superconductivity (HTS), researchers have utilized 
their low resistance behavior in many applications. 
One such application is that of multichip modules 
(MCMs.) Unlike that of VLSI technologies where 
smaller feature sizes in successive generations allow 
interconnect lengths and power dissipation to be 
reduced, MCMs will not have that same luxury. As 
the complexity of ICs advances, pinout count per IC 
increases, and operating frequencies increase, MCM 
normal metal interconnections will have to grow in 

challenge for attaining multiple layers of high density, 
high performance HTS interconnects appears to be in 
fabricating compact, low resistance vias. 

The work presented here focuses on this problem 
and describes a method of fabricating noble metal vias 
for use in an HTS MCM prototype. 

2. EXPERIMENTAL DETAILS AND RESULTS 

A cross-section of our multilayer YBCO structure 
utilizing Au vias is shown in Figure 1.  

P m h m  P h a M h l  IorVI. Ho* Etch Ion Ylll Throw Top Lmmr Y12 
P h o t u r b t  

or aluminum interconnection dimensions are about 2 
to 5 pm in thickness and between 15 and 30 pm wide 
with corresponding via sizes. By cooling the metal to 
77 K (liquid nitrogen temperature), the resistivity of 
copper decreases by a factor of about 7 which allows 
a corresponding decrease in the interconnect's cross- 
sectional area. In order to increase the wiring density 
beyond that of cryo-cooled MCMs and improve the 
chip-to-chip bottleneck at high frequencies, 
alternatives to conventional metal interconnects must 
be considered [I] .  

HTS interconnections, with negligible resistivity at 
operating frequencies of several tens of GHz and 
lower, have great potential to reduce an interconnect's 
cross-sectional area with typical thicknesses of less 
than 1 pm and widths of less than 2 pm for MCM 
applications with similar spacings. The main 
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Figure 1. HTS via process. 
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Biaxially aligned superconducting YBa~Cu307-~ thin films have been fabricated on ceramic 
alumina substrates. Yttria-stabilized zirconia buffer layers were first deposited on alumina using 
ion-beam assisted pulsed laser deposition. CeOz and YBCO films were subsequently deposited on 
the YSZ layer using pulsed laser deposition (PLD). All three layers were (001) oriented and 
biaxially textured. The YBCO films have Tc values of 89 K and Jc of lxlW Alcrnz a t  77 K. 

1. INTRODUCTION 

The successful deposition of biaxially 
aligned YBazC~307.~ (Yl3CO) films on poly- 
crystalline metal alloy substrates (1-21 has 
prompted an interest in polycrystalline or 
amorphous dielectric substrates such as 
glass [3] and alumina. Polycrystalline 
ceramic alumina (AlzOs) has a dielectric 
constant and loss tangent lower than that of 
most single-crystal substrates suitable for 
YBCO film growth. This dielectric property 
is desirable for high frequency applications. 
The use of ceramic alumina also brings the 
advantages of isotropic dielectric properties, 
as well as lower cost. In this paper, we report 
the preparation of YBCO films on 
polycrystalline alumina substrates with 
biaxially aligned CeOz/YSZ buffer layers. 

2. EXPERIMENTS 

Biaxially aligned (001) YSZ films were 
first deposited on one side polished alumina 
substrates (Superstrate"996, Coors) using 
ion-beam assisted pulsed laser deposition. 
Deposition conditions have been given 
elsewhere [3]. In brief, about 5000-A-thick 
YSZ films were deposited at room 
temperature in 3x104 Torr oxygen partial 
pressure. An argon ion beam bombarded the 
substrate a t  an incident angle of 55" from the 

substrate normal, while a 193 nm excimer 
laser ablated a YSZ target. 

It was observed that a thin CeOz layer 
(<lo00 A) can eliminate 4 =0° and 4 - *go 
grains for the c-axis oriented YJ3CO films on 
YSZ substrates, and can thus improve the in- 
plane alignment of YJ3CO on YSZ 141. In this 
study, we deposited a relatively thick CeOz 
layer (1000 - 4000 A) as the second buffer 
layer. Finally, YBCO films (3000 - 4000 A) 
were deposited on CeOn/YSZ/alumina. Both 
CeOz and D C O  were deposited at an Oz 
pressure of 200 mTorr and substrate 
temperature of 750°C using PLD. 

3. RESULTS 

The YBCO films were highly c-axis 
oriented as shown in Fig. 1. XRD 4 scans of 
YSZ (1 1 l), CeOz (1 11) and YBCO (103) peaks 
are shown in Fig. 2. The texture relationship 
is YBCO[llO:J I) CeOz[lOO:l ()YSZI100]. It can be 
seen that the full width at half-maximum 
0 of CeOn peaks is smaller than the 
FWHM of YSZ peaks, and the FWHM of the 
YBCO 4 scan is smaller than that of the 
CeOz 4 scan. It  has been pointed out by 
Iijima et al. [:I] that during IBAD the in- 
plane alignment of the YSZ surface is 
gradually improved with the increasing 
thickness of YSZ layers. Therefore, films 
grown on the top of YSZ layers are expected 

092 1 -4534/97/$17.00 0 Elsevier Science B.V. All rights reserved 
PI1 SO921 -4534(97)00435-8 
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Fabrication techniques and electrical properties of YBa~Cus07.~ multilayers with 
rf sputtered amorphous SiOn interlayers 
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bW. D. Brown, and bL. W. Schaper. 
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We have successfully fabricated YB~CU~O~.~NSZIS~O~/YSZTYB~CUSO~-I multilayer 
structures on single crystal LaAlOs (loo), substrates. The YB~~CU~O~-~(YBCO)  layers were 
deposited using pulsed laser ablation (PLD), the biaxlally a b e d  YSZ ( 250 nm thick) layers 
were deposited using ion beam assisted PLD (IBAD-PLD), and an amorphous SiOz (1-2m) layer 
fabricated via rf sputtering was sandwiched between the YSZ layers. Fabrication techniques and 
characterization results are reported for patterned layers in this work. 

1. INTRODUCTION 

For high temperature superconductor 
multichip module(HTS-MCM) applications 
the basic building block is the HTSAnsulator 
(thickness >lpm)/HTS structure. A HTS- 
MCM can be defined as a miniaturized 
version of a multilayered printed wiring 
board with superconducting interconnects. 
Previously such a HTS-MCM prototype 
using a YBCOlSr?'iOs(500nm)/YBCO has 
been successfully fabricated by Bums et a1 
(11. Recently the use of ion beam assisted 
deposition to deposit biaxially aligned YSZ 
buffer layers on polycrystalline or 
amorphous substrates allowed for good 
quality YBCO Glms on these substrates [2-51. 
Reade et a1 [6] were able to demonstrate 
using the ion beam assisted pulsed 
deposition @AD-PLD) technique that it was 
possible to fabricate the YBCONSZ- 
lamorphousYSZ(5~)NSZTYBCO multilayers 
on oriented YSZ substrates with the top 
YBCO Tc - 87 K They also fabricated the 
same structure using amorphous SiOz, but 
cracks in the top YBCO layer did not permit 
electrical measurements of the top layer. 
The main advantage of SiOe is its low 
dielectric constant (- 3.89), which makes it 
an ideal insulator material for MCMs. 

In this paper we briefly describe the 
method to fabricate and the results obtained 

from the characterization of the YBCONSZ- 
/SiOz/YSZTYBCO multilayers. 

2. EXPERIMENTS 

The first YBCO layer (300nm thick) was 
fabricated by pulsed laser deposition using 
standard conditions. After patterning, part 
of the pads were masked to allow for 
transport measurements later. Next a 250 
nm thick YSZ layer was deposited via lBAD 
PLD using conditions described in [5]. After 
this a 1-2 pm thick SiOz layer was deposited 
by reactively sputtering a Si target in 
oxygen ambient (the details of this process 
are described in [4]). Following the SiOz 
deposition another 250 nm thick biaxially 
aligned YSZ bufferlcapping layer was 
deposited via IBAD PLD. Finally the mmks 
were taken off and the top YBCO was 
deposited using the same conditions as the 
fwst YBCO except that the deposition 
temperature was kept - 20-30" lower. For 
the first set of multilayers the top YBCO 
layer was patterned into bridges over the 
underlying bridge patterns but shifted a 
little to the side so that the top bridge goes 
aver step edges. The patterning was carried 
out by using photolithography and ion 
milling. For the second set of multilayers 
the top YBCO layer was patterned into 

09214534/97/$17.00 0 Elsevier Science B.V. All rights resewed. 
Pn sosz 1-4~34(97)00497-8 



Magnetic field and temperature dependence of critical current densities in 
multilayer YBa2C~307-S films 
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In order to build high-temperature superconductor (HTS) multichip modules (MCMs), it is 
necessary to grow several epitaxial layers of YBCO that are separated by thick dielectric layers 
without seriously affecting the quality of the YBCO layers. In this work, we have successfully 
fabricated YBCONSZISi021YSZNBC0 structures on single-crystal LaA103 substrates using a 
combination of pulsed laser deposition for the YBCO layers and ion-beam-assisted rf sputtering to 
obtain biaxially aligned YSZ intermediate layers. The bottom YBCO layer had a Tc-89 K, 
Jc-7.2X lo5 Ncm2 at 77 K, whereas the top YBCO layer had a Tc-86 K, Jc -6X lo5 ~ l c m ~  at 
77 K. The magnetic field and temperature dependence of Jc for the YBCO films in the multilayer 
have been obtained. The results for each of the YBCO layers within the 
YBCONSZISi021YSZIYBC0 structure are quite similar to those for a good quality single-layer 
Y BCO film. O 1996 American Institute of Physics. [SO02 1 -8979(96)03308-91 

I. INTRODUCTION 

In electronic applications of high-temperature supercon- 
ductor (HTS) thin films, the critical current density (J,) is an 
important characteristic. One of the potential applications of 
high-temperature superconducting films is as electronic inter- 
connects on a multichip module (MCM).' Since there are a 
minimum of two HTS thin films, separated by thick dielec- 
tric layers required, in HTS multichip modules (MCMs), it is 
necessary to know if the quality of the HTS layers is still 
maintained after the entire fabrication process is completed. 
In addition to the critical temperature (T,) and critical cur- 
rent density at zero field, the dependence of J, on an exter- 
nally applied magnetic field and the temperature for the en- 
tire multilayer structure is crucial information for electronic 
applications. The YBCONSZISi021YSZIYBC0 multilayer 
structure has been fabricated by Reade e t  a1.2 They reported 
cracking in the top YBCO layer, which limited their investi- 
gation of the properties of the multilayered structure. 

In this article, we report a study of the temperature and 
magnetic field dependence of J, for both YBCO layers in a 
YBCO/YSZ/Si02/YSZ/YBC0 multilayer structure3 per- 
formed by the magnetization method. Our results show that 
the temperature and magnetic field dependence of J, of the 
YBCO layers of these samples are similar to those of high 
quality single-layer YBCO thin films. 

II. EXPERIMENT 

sputtering. Details of the technique will be described 
e~sewhere.~ In short, a 200-nm-thick YBa2C~307-B (bottom 
YBCO, layer 1) film was deposited on a single-crystal 
LaA103 substrate (100 orientation and area 1X 1 cm2) by 
pulsed laser ablation at a substrate temperature of -750 "C. 
Ion-beam-assisted rf sputtering was used to deposit biaxially 
aligned 200-nm-thick yttria-stabilized zirconia (YSZ) as a 
capping layer (layer 2). Next a 1-pm-thick, amorphous Si02 
layer (layer 3) was deposited on layer 2 at room temperature 
by rf sputtering. The capping layer (YSZ) is used to prevent 
difision of the third Si02 layer into the top YBCO layer. A 
fourth layer (biaxially aligned YSZ) was then deposited on 
the Si02 layer to a thickness of 200 nm using the same 
method as for layer 2. This layer is very important. It not 
only functions as protection against the dif is ion of the third 
Si02 layer into the YBCO layer, it also allows good epitaxial 
YBCO growth if it has a well-aligned structure. Finally, the 
top YBCO layer (layer 5) was deposited by laser ablation 
under the same conditions as was used for layer 1. 

The orientation of the YSZ and YBCO layers was char- 
acterized by x-ray diffraction. The magnetization M ( H )  loop 
was measured using a Quantum Design Magnetometer in 
fields up to 4 T, applied parallel to the c-axis direction and at 
a fixed temperature. This was repeated for different tempera- 
tures ranging from 5 to 77 K. The values of Jc were calcu- 
lated using Bean's model. The electrical resistance was mea- 
sured using the standard four-lead technique. 

The YBCO/YSZlSi02/YSZ/YBC0 multilayer samples Ill. RESULTS AND DISCUSSION 
investigated here were prepared by using a combination of 

X-ray diffraction data showed that all samples investi- pulsed laser deposition and ion-beam-assisted magnetron 
gated here were single-phase highly c-axis oriented with 
very good in-plane epitaxy (Fig. 1). There were no cracks 

"Permanent address: Department of Materials Science, Fudan University, in the top YBCO layer, The resistmce R ( T )  and 
Shanghai, People's Republic of China. 

"permanent address: Ion Beam Laboratory, Shanghai Institute of Metal- magnetization M(T) of the samples were carefully measured 
lurgy. Chinese Academy of Sciences. Shanghai, People's Republic of each YBCO layer. Figure the resistance 
China. as a function of temperature for the top YBCO layer. The 
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H ~ B ~ , C U O , + ~  (Hg1201) samples with 0.03S&0.4 have been obtained. The magnetization of the 
powdered Hg1201 samples was determined using a Quantum Design SQUID magnetometer. It was 
observed that while the magnetization of Hg1201 increased with S i n  the underdoped region, the 
magnetization decreased with Sin the overdoped region. These results suggest an increase of n,lm * 
with oxidation in the underdoped region and a decrease in the overdoped region, similar to that 
reported in underdoped HTSs and overdoped TI2201 and T11201. O 1996 American Institute of 
Physics. [SO02 1 -8979(96)03 108-61 

I. INTRODUCTION 11. EXPERIMENT 

Soon after the discovery of high-temperature supercon- 
ductivity (HTS), it was realized that the existence of CuO, 
layers in HTSs is very crucial and the charge carriers in the 
CuO, layers control the physical properties in both the su- 
perconducting state and the normal state. T, is one of the 
properties that the charge carriers in the CuO, layers have a 
marked effect upon. On the one hand, it was found that there 
are three different regimes in the relationship of T, to the 
number of charge carriers n in the CuOz layers (where n is 
determined from valence balance or thermoelectric).'-3 The 
underdoped region is where the superconducting phase ap- 
pears near the insulating magnetic phase. T, increases with 
increased n in this region. The optimal doping region is 
where T, approaches the highest values within the given 
series. Next, comes the overdoped region. In this region, Tc 
decreases with further increases in n. On the other hand, 
based on muon spin-rotation (pSR) meas~rements>-~ it was 
found that T, vs n,lm * forms a double-valued relation in 
TI2201 (where n, is the superconducting condensate density, 
m* is the effective mass). This means that as n increases, 
n,lm* increases in the underdoped region, and decreases in 
the overdoped region. Until now, most studies have concen- 
trated on the underdoped and optimal region, probably be- 
cause underdoped and optimally doped samples are fairly 
easy to synthesize for most HTS systems. On the contrary, 
the overdoped region has been observed in only a few sys- 
tems. The H ~ B ~ , C U O ~ + ~  compound (Hg1201) has been 
shown to be scientifically significant,' because it has the 
highest T, among all HTS materials that have one CuO, 
plane, and has the widest doping range that can be achieved 
by changing oxygen content alone.' Thus it is a good candi- 
date for studies on charge carrier and doping related proper- 
ties in the overdoped region. 

In this article, we report a study of T, vs n,lm* done by 
measuring the magnetization volume fluctuation of Hg1201 
when oxygen content is varied from 0.03 to 0.4, covering the 
entire range from T, = 0 K (underdoping region) to Tc = 20 K 
(overdoping region). We observed that the magnetization of 
Hg1201 increases with S in the underdoped region and de- 
creases with S in the overdoped region. The results suggest 
that a double-valued relation of T, to n,lm* also exists in 
the Hg 120 1 compound. 

All samples were synthesized by a two-step method, i.e., 
by first forming a precursor of (Ba, Cu) oxides, then reacting 
HgO with the precursor inside an evacuated quartz tube. Pre- 
cursor with an initial composition of Ba2CuOy was prepared 
by a solid-state reaction. High-purity ,powders of BaO 
(99.95%) were thoroughly mixed in appropriate proportions. 
The mixed powders were calcined in an alumina crucible at 
930 "C for 24 h under a mixed gas of Ar:0=4:1. Three in- 
termediate regrindings were carried out during this period. 
The composite Hg source used was a prereacted Hgl:2:0:1 
pellet made by compacting the thoroughly mixed HgO 
(99.998%) and pulverized precursor powder. A reactant pel- 
let was sealed in an evacuated quartz tube of fixed volume, 
together with an extra Ba2CuOy precursor pellet. Details 
were given in Ref. 9. A stainless-steel tube was used to con- 
tain the quartz tube as a safety precaution. The whole assem- 
bly was then heated to 800-830 "C for 8 h before slow cool- 
ing to room temperature. Samples with different oxygen 
content were obtained by heating as-synthesized samples at 
different temperatures and oxygen partial pressures for ap- 
propriate periods of time.g To reach the underdoped region, 
the sample was heated in a vacuum of - 2 ~ 1 0 - ~  Torr at a 
temperature between 200 and 450 "C for 20-100 h. For the 
overdoped samples, the as-synthesized compound was 
heated in a 1-500 bar 0 atmosphere between 240 and 
400 "C for 10-300 h. Phase characterization was performed 
by x-ray powder diffraction on a Rigaku DMAXIBIII dif- 
fractometer. The magnetization was measured using a Quan- 
tum Design SQUID magnetometer. The oxygen content S of 
the samples were measured by thermogravimetric analysiss 
and calibrated using neutron powder difTraction.1° 

Ill. RESULTS AND DISCUSSION 

Figure 1 shows the x-ray diffraction pattern of one of our 
as-synthesized samples, which indicated that the Hg1201 
sample was nearly single phase. Figure 2 shows the normal 
state susceptibility as a function of the temperature. The data 
fits the Curie law, x=,y,+CIT, very well with 
Xo= 1 . 0 4 ~  emdg and C =  2.45X emdg. The mag- 
netization in various magnetic fields H has also been mea- 
sured. As shown in the inset of Fig. 2, the magnetization 
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Epitaxial T12Ba,CaCu208 superconducting films have been successfully grown on the dielectric 
Sr2(Al'Ih)06 (SAT) buffer layers. X-ray diffraction data showed that the films were highly c-axis 
oriented with a rockiag curve full width half maximum as n m w  as 0.3'. The films also had an 
excellent in-plane epitaxy with T12Ba2CaCu208[100] aligned with SAT[100] and Mg0[100] of the 
substrate. The zero resistance temperature T, of the supe.rconducting films ranged from 95 to 103 K 
and the transport critical current density Jc in zero field was 3x10' Mcm2 at 77 K. 6 1995 
American institute of Physics. 

In the study of high-temperature superconducting films, 
buffer layers have been extensively 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? As a 
new dielectric compound, Sr2(A1Ta)06 (SAT) was synthe- 
sized to be one of the potential substrate materials for the 
growth of high T, superconducting films.8 Because of its 
relatively low dielectric con~tant~ . '~  and good thermal expan- 
sion coefficient and ,lattice match with YBCO,~-" SAT was 
succpsfully used as a biuffer layer material for the growth of 
YBCO thin films.'0w11 Recent studies have shown that by 
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 

T12Ba&aCu208 superconducting films, while exhibiting 
higher T, and lower surface resistance than YBCO,'~ are 
much more difficult to prepare with good qualities due to the 

Holstein et aL were able to avoid the chemical reaction of 
the Tl2Ba2CaCu2o8 films with the sapphire substrates and 
produced epitaxial T12Ba2CaCu,08 films with T c  of 97-98 K 
and transport J ,  of 2.8~10' ,41cm2 at 75 K . ~  

The crystallographic phase of ordered SAT has a double 
cell cubic perovskite structure with a lattice constant 
ao=7.777 AIO or ao/2=3.888 A, while ao=3.895 A in the 
disordered cubic perovskite.9 These lattice constants are 
close to those of Tl-based superconductors (ao=3.85-3.86 
A). In fact, SAT has better lattice match to the TlBaCaCuO 
superconductors than many other substrates such as MgO 
(a0=4.213 A), YSZ (ao/v2=3.639 A), LaA103 (a0=3.792 
A), and even SrTi03 (ao=3.905 A). Moreover, SAT is simi- 
lar to Sff103 in structure and was tested to be chemically 
stable at high temperature.8~~ Therefore, it should ,also be a 
good candidate to act as a buffer layer in the' fabrication of 
T1-based superconducting films. In this communication, we 
report for the first time the preparation of epitaxial 

high volatility and c h k c a l  reactivity of thallium and the 
high reaction temperature. Although best films with transport 
J ,  of 1.06-5.3~10~ ~lcrn'  were obtained by carefully opti- 
mizing the thallination procedure and using suitable sub- 
strates such as ~ a ~ 1 0 ~ ~ ~ - ~ ~  or ~ f f 1 0 ~ , ' ~  the high cost and 
high dielectric constants of such substrates can limit further 
applications of T12Ba2CaCu208 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 
T12Ba2CaCu208 and consequently yield poor film quality and 
low J , .  To resolve these problems, a suitable buffer layer 
compatible both with the T12BazCaCu208 film and with the 
substrate should be used. By choosing Ce02 as buffer layers, 

'hrrnanent address: Ion Beam Laboratory. Shanghai Institute of Metal- FIG. 1. SEM photograph of aTlzBa.$aCu208 superconducting film on SKI'/ 
lurgy, Chinese Academy of Sciences. Shanghai 200050. China. MgO. 
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Sr,(AlTa)O, thin films (2000-3000 A) have been deposited on MgO (001) substrates using pulsed 
laser deposition (PLD). X-ray-diffraction analysis shows that the Sr2(~Ta)O6 grows with the c axis 
highly oriented normal to the substrate plane and very good in-plane epitaxy. The subsequently 
deposited YBa3Cu,07-, films using PLD on Sr2(AlTa)06 buffered MgO substrates exhibit excellent 
epitaxial growth with a narrow rocking curve width and a small 4 scan peak width. The critical 
temperature Tco of 90-92 K has been achieved reproducibly and the critical current density is over 
2 . 7 ~  lo6 Ncm2 at 77 K. O 1995 American Institute of Physics. 

High-Tc superconducting YBa2Cu30,-, (YBCO) films 
have been successfully grown on a number of substrates, 
such as SrTi03, LaAl0, , 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- 
cific electronic applications as well as the requirements for 
growth of superconducting Several materials such 
as SrTi03 ,24 ~ ~ 0 : ~  YSZ,' and have been used as 
buffer layers for fabricating YBa2Cu307-, films on some 
substrates of application interest. The dielectric constant of 
SrTiO,, 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 
interlayer for thin films of oxide s ~ ~ e r c o n d u c t o r s ~ ~ ~  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 SfliO,. YSZ, and CeOz. 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 9.7X 10-"C in the 
temperature range from room temperature to 600 "C, which 
is bighly compatible with that of YBCO, and there are no 
structural phase transitions and twinning behavior observed. 

"'~ermanent address: Department of Materials Science, Fudan University. 
Shanghai, People's Republic of China. 

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

In this communication, we report our experimental re- 
sults on fabricating SAT buffer layers on MgO substrates and 
YBCOISATlMgO multilayers. We chose MgO as a substrate 
material in this work because it has a relatively low dielectric 
constant (€=lo) and is inexpensive compared to other sub- 
strates such as SrTiO, and LaA103. The main disadvantage 
of using MgO for making superconducting films is the large 
lattice mismatch between it and YBCO. As a result, the criti- 
cal temperature of YBCO grown directIy onto MgO is usu- 
ally limited to 88 K . ~  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 ~ i . ~ . ~  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. 

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 ~ l c m ~ .  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 T, and J ,  measurements. 

The SAT target used was a ceramic pellet of the ordered 
phase with a lattice constant ao=7.777 A 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 11.8 10.7 11.8 ... 
(11.0 GHz) 

tan 6 16.8 3.64 0.42 209 
( x I o - ~ )  (7.64 GHz) (7.64 GHz) 
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