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DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.
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Center for Advanced Materials

CAM

T he Center for Advanced Materials does fundamental research in materials science and
A helps to train the students and postdoctoral fellows who will become the next
generation of materials scientists. In this way it continues the tradition of its internationally
recognized parent organizations, the Lawrence Berkeley Laboratory and the University of
California at Berkeley.

The mission of the Center represents a departure from that tradition in that it explicitly
involves the support of the international competitive standing of US industry. Current
research programs look forward— beyond the immediate goals set for corporate research
laboratories— to the fundamental science that will serve as the basis of industrial research
a decadeinto the future. Thus, projects at the Center are focused in fields ranging from the
next generation semiconductors to the first generation biochips, from light metal alloys for
spacecraft to heavy metal oxides for catalysis, from ceramics that fatigue to oxides that
superconduct, to polymers that rival steel in their mechanical properties.

CAM management meets regularly with its industrial advisory boards, workshop
attendees, and industrial fellows, to identify the basic science questions whose answers are
required for the next decade of technological advance. Its programs involve multidiscipli-
nary teams of staff scientists, University of California at Berkeley faculty, students, and
postdoctoral fellows. Those teams are provided with the technical support and advanced
instrumentation at LBL that built many of the world’s great accelerators, designed and
fabricated the mirror support and control systems for the Keck 10-meter telescope, and
operate among the most advanced atomic resolution and high voltage electron micro-
scopes in the world. This combination of university, laboratory and industry efforts
contributes significantly to the success achieved by the Center’s research programs.

The cover of this annual reportlists the five areas of focus of the Center. The text describes
the results of our research in these areas over the past year. The last section describes the
modes of interaction with industry that exist at the Center. We are funded primarily by the
government and feel it is appropriate to communicate the results of our research to
industrial scientists without charge, (except for the recovery of actual costs of our work-
shops.) Thenew yearis already onethird past and next year’sreportis already taking form.
Prominent highlights include the first achievement of thin layer crossovers for devices
using the new high-T_.superconductors and the successful fabrication of a self-assembling
biochip for bio-electronic sensors.
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s of Defects and Impurities in 11I-V Semiconductors
1 Growth

Electronic Materials

he CAM Electronic Materials Program concentrates on scientific problems impeding

the development of large scale digital integrated circuits and optoelectronic devices
based on gallium arsenide and related III-V semiconductors. Research is focused in four
main areas.

BASIC STUDIES OF DEFECTS AND IMPURITIES IN III-V SEMICONDUCTORS—
the study of the structural and electronic properties of defects and impurities and the
mechanisms of their incorporation. Many of the properties of compound semiconductors
are determined by intrinsic imperfections of the crystal lattice introduced during crystal
growth and processing. These must be understood and controlled. Recent results in this
area include: '

¢ First measurements of magnetic properties of deep DX donors in Al Ga, As
semiconductors. These strongly indicate that the deep donors bind only one
electron rather than two.

* Demonstration that native defects play an important role in electron scattering
in semiconductor structures. Calculations of the native defect scattering pro-
vide for the first unified explanation of an abrupt mobility reduction in heavily,
uniformly doped GaAs and in two-dimensional inverted modulation doped
GaAs/ AlGaAs heterostructures.

BULK CRYSTAL GROWTH —the development of advanced techniques for the growth
and characterization of gallium arsenide crystals. Studies rely on the close coupling of
crystal growth and the characterization of those crystalsin order to gain an understanding
of the relationships between growth conditions and the structural and electronic proper-
ties of the crystals.

Results achieved during the past year include:
The vertical gradient freeze growth of GaAs crystals using total liquid encap-
sulation with B,O,. The process eliminated detrimental effects of PBN crucible
wetting by liquid GaAs.



THIN FILMS AND INTERFACES—the study of dislocations, interfaces and point
defect structures in thin films and solid state devices, their origin, processing dependence,
and effect on properties. The approach emphasizes high resolution electron microscopy
combined with microanalytical techniques. Recent results include:

Significant reduction of defect densities in MBE-grown GaAs on Si by incorpo-
ration of Al; rapid thermal annealing; substrate patterning; use of strained
layer superlattice buffers; periodically varying the Ga flux during growth.
Determination of new phase formation and thermal stability for the Pt/InP
metal contact for a range of temperatures.

Development of a convenient technique for identification of inversion bounda-
ries that arise from growth of a polar film on a nonpolar substrate and of
techniques for elimination of such defects for GaAs on Si.

ELECTRICAL INTERCONNECTS/INTERFACES —the study of the microstructural,
chemical and mechanical features of interfacial adhesion pertinent to the fabrication and
reliability of microelectronicinterconnects and packages. These efforts study fundamentals
of interfacial decohesion and also seek microstructures that yield more durable interfacial
bonds under both sustained and cyclic loading patterns. Related work with thin films
addresses microstructures, stress states, degradation and electromigration. Notable
results this year include:

Identification of surprising nature of the plastic deformation field resulting
from crack extension at a ceramic-metal interface as reflected by compressive
stresses in the crack wake.

Elucidation of complex delamination mechanism for vapor deposited tanta-
lum thin films caused by tensile and compressive stress components induced
by displacive transformation of initial bct phase to the beec phase. Variants of
a simpler mechanism are shown to describe splitting and delamination driven
by tensile growth stresses for many other film/substrate combinations.

New theoretical criteria for damage formation due to interfacial rupture
induced by stresses generated while sintering multicomponent materials.

Above: View of GaAs crystal lattice in (110) direction. (CBB 791-812)



BASIC STUDIES OF DEFECTS AND IMPURITIES

IN III-V SEMICONDUCTORS
CARRIER SCATTERING BY NATIVE DEFECTS IN UNIFORMLY AND
MODULATION-DOPED SEMICONDUCTOR STRUCTURES

W. WALUKIEWICZ

Many device applications of semiconductors require preparation of
very low resistivity, high mobility materials. Charge carrier mobilities in
semiconductors are limited by intrinsic, or phonon scattering, and extrin-
sicscattering processes such as ionized impurity and native defect scatter-
ing. In most semiconductors the phonon and impurity scattering mecha-
nisms are now well-understood and their contribution to the total scatter-
ing can be evaluated. The scattering by native defects, on the other hand,
is difficult to calculate since in general, neither the microscopic nature of
the defects nor their concentrations are known in semiconductors.

We have demonstrated that our previously proposed amphoteric
native defect model provides the basis to identify the microscopic nature
and calculate abundances of the defects incorporated in semiconductors.
We have shown that the Fermi level induced enhancement of defect
incorporation explains the mobility reductionin heavily, uniformly doped
n-type GaAs, as well as in modulation doped GaAs/AlGaAs
heterostructures.

Uniformly doped GaAs

According to the amphoteric defect model, the upward shift of the
Fermi level in heavily doped GaAs n-type induces an increase in the
formation of gallium vacancies. These acceptor-like native defects not
only compensate intentionally introduced donors but also act as very
efficient carrier scattering centers leading to a reduction of the electron
mobility. We have used a variational procedure to calculate the electron
mobility in n-type GaAs in the presence of ionized gallium vacancies. For
electron concentrations exceeding ~ 5x10'® cm?, the electron mobility is
abruptly reduced due to the scattering by native defects (Figure 1). The

T

O
- s
é 10° = = 10° E
8 F 41 3
= - — 2

- 1 8

L 4 Figure 1

L B Electron mobility and conductivity in heavily doped n-GaAs.

| The solid lines represent the calculations in which effects of

] native defects were included. The broken curves correspond to
2 % 102 L L1 1 l2x10® thestandard case in which the concentration of charged scatter-
2 x 108 10"° 5 X 10" ing centers is equal to the carrier concentration. The points
8 q P
Electron concentration (cm™) represent typical experimental data. (XBL 885-1895)
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reduction of the mobility results in a non-monotonic dependence of the
conductivity on the electron concentration. The calculations show that a
maximum conductivity of ¢ ~ 2.5x10? Q'em™ is achieved for a carrier
concentration of ~ 10” em?. This is an important finding since it points out
thatin order to increase conductivity of n-type GaAs one has to reduce the
incorporation of native defects by invoking non-equilibrium incorpora-
tion of donor impurities or by inducing agglomeration of the impurities
and native defects into neutral complexes which are inefficient as electron
scattering centers.

Modulation Doped Heterostructures

In modulation doped heterostructures the donor impurities located in
the barrier-forming layer are spatially separated from the 2-dimensional
carrier gas in the quantum well. This configuration has been shown to
reduce the impurity scattering and lead to ultra-high carrier mobilities.
Thus, in n-GaAs/AlGaAs modulation doped heterostructures (MDH)
mobilities in excess of 107 cm?/V's were reported. This is orders of
magnitude higher than the mobility observed for the equivalent carrier
densities in uniformly doped GaAs. Such high mobilities could be ob-
tained only in so-called normal modulation doped heterostructures (N-
MDH), in which undoped quantum well forming GaAs is grown prior to
the heavily doped AlGaAs barrier. In inverted-MDHs in which the
growth sequence is reversed, i.e., the heavily doped AlGaAs barrier is
grown first, followed by growth of the GaAs well, much lower mobilities
are observed. Since I-MDHs are better suited for some device applica-
tions, a significant effort was directed towards understanding of the
physical mechanism responsible for the mobility reduction in these struc-
tures. We have shown that the difference between N-MDH and I-MDH
lies in much different conditions for native defect incorporation during
preparation of these structures. In -MDH the quantum well is grown in
the presence of electrons transferred from the heavily doped AlGaAs.
According to the amphoteric defect model such conditions enhance the
formation of native defects in the quantum well. We have calculated the
Fermi energy induced enhancement of the native defect formation in a
typical lMDH. Itis found that although the concentration of the defects
is very low, below 10" cm, the fact that the defects are located in the
quantum well in the vicinity of 2-D electron gas leads to a substantial
reduction of the electron mobility. Calculations of temperature dependent
electron mobilities of 2-D electron gas in N- and I-MDH can be seen
(Figure 2). In I-'MDH low temperature mobility is about one order of

Figure 2

Temperature dependent 2-D electron gas mobilities in Al ,Ga,,As/GaAs MDHs with
the spacer width d = 150A. The broken and solid lines represent electron mobilities in
normal- and inverted-MDHs, respectively. Contributions to the total mobilities
resulting from different scattering mechanisms are also shown. (XBL 899-3381)
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1.5 MeV He ion channeling Figure 3

MGehxTe (100) The angular scans of the TeL (o), GaK, (x), and AsK, (4)
x—rays and the RBS signal (full line) excited by 1.5 MeV *He*
through a <100> axis for the AlGaAs:Te sample. Note that the
Te scan follows the lattice Ga and As scans almost exactly,
indicating good substitutionality of the Te atoms in the AlGaAs.
(XBL 897-2727)

1.2

Normalized Yield

o Te L x—ray
x Ga K x-ray
a As K x-ray

0.0
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-1.00 0.00
Tilt Angle

magnitude lower than the mobility in an equivalent N-MDH. On the basis
of the present model of defect formation we have proposed a strategy to
reduce the native defect concentration in I-MDH. This can be achieved by
reducing the doping level in the AlGaAs barrier, and by controlling the
2-D electron gas density by the gate voltage applied to the structure.

The model presented is quite general and can be applied to any semi-
conductor system. We have shown that there is no enhancement of defect
generation in p-type GaAs. Therefore, we predict the mobilities of 2-D
hole gas in p-type I and N-MDHs.

LATTICE LOCATION OF DOPANT ATOMS IN III-V
COMPOUND SEMICONDUCTORS
L.Y. CHaN, E.E. HALLER, ].M. JakLevic, K. KHACHATURYAN, H.P. LEE,
W. WaLukiewicz, E.R. WEBeR, K.M. Yu
Unlike elemental semiconductors, compound semiconductors in gen-
eral exhibit lower dopant activation efficiency. In the case of III-V semi-
conductors, e.g., GaAs and InP, there exist upper limits to the free electron
or hole concentrations. Several theoretical models have been proposed to
explain this free carrier saturation phenomenon in compound semicon-
ductors. However, experiments directly addressing the local environ-
ments of the dopant atoms in highly doped III-V semiconductors are
scarce. It is therefore of particular interest to investigate the substitution-
ality of dopant atoms in III-V semiconductors which are highly doped
with dopant concentrations exceeding the free carrier saturation level.
Our experiments were carried out on highly doped III-V compound semi-
conductors using ion channeling methods. N-type (Sn,Te), and p-type
(Zn), as well as isoelectronic (In) dopants in GaAs, InP, and AlGaAs
substrates were studied.
Highly doped GaAs:Zn and InP:Zn samples were obtained by closed
ampoule diffusion with a Zn solid source. Combined Particle Induced
X-ray Emission (PIXE) and ion channeling experiments on GaAs:Zn
(~10%'em) show a high level of substitutionality (=90%) of the Zn atoms
in the GaAslattice. However, for InP:Zn (~10"cm) only about 50% of the
Zn atoms are found to be substitutional. From the channeling results, the
nonsubstitutional Zn atoms are believed to form clusters or precipitates.
Detailed electron microscopy studies on these Zn precipitatesare planned.
The lattice location of Sn atoms in MBE grown GaAs and Al Ga, As

ELECTRONIC MATERIALS PROGRAM



(x = 41%) layer (= 3.5 um thick) were also studied by ion channeling. The
concentration of Sn in the layers was measured by PIXE to be = 6x10'®
atoms cm®. Results show that the Sn atoms are all substitutional in both
the GaAs and AlGaAs layers with the displacement from the Ga or Al site
smaller than 0.1A. An accumulation of Sn atoms near the surface of the
layers is detected. This surface Sn accumulation effect is consistent with
previous reports on MBE grown GaAs:Sn layers. Te doped Al Ga, As
(x = 42%) with N, = 3x10"%*cm™® grown by metal organic vapor phase
deposition technique was also studied. The Te atoms are found to be 95%
substitutional in the layer with no detectable displacement from the As
lattice site (Figure 3).

The results of the Te and Sn doped AlGaAs layers have important
implications for theoretical models proposed for the formation of DX
centers in AlGaAs. Our channeling results with the AlGaAs:Te system do
not contradict the recent theoretical calculations on a group VI dopant, S
in AlGaAs, which showed that one of the nearest neighbor Ga (or Al)
atoms of the S dopant moves by 1.13 A into the interstitial position. The
atoms remain substitutional in the As sites. The AlGaAs:Sn results,
however, do not agree with any theoretical model that predicts a large
lattice relaxation involving the movement of the dopant atoms into the
interstitial positions.

BISTABLE DONORS (“DX-CENTERS”) IN
COMPOUND SEMICONDUCTORS

K. KHACHATURYAN, E.R. WEBER, D.O. AwsHALOM*, ].R. ROSEN*

Many donors in compound semiconductors show bistability, con-
nected with a lattice relaxed, deep ground state. The so-called “DX-
Centers” in AlGaAs are the most well-known examples for this class of
defect. The bistability has detrimental effects on device performance, such
as high noise figures and slow transients.

Recent pseudopotential calculations have suggested that the formation
and metastable properties of the DX center can be explained by redistri-
bution of electrons according to the reaction 2D°= D* + D, where rather
than all donors being neutral (D, half of the donors have two electrons
and become negatively charged (D) in a lattice relaxed state, whereas the
other half have none and are positively charged (D*) (negative U model)
(Figure4). According to thismodel, the DX centers should be diamagnetic.

o T T T 13 4 T = ¢ T 5 6.5
8 412
,\‘ 3t 6.0
3 .—H\'——L. ® . 5
s} v Tt~ ..lu E
0 @
- \\ < 2} 5.5
o = &
- 2t e 410 =]
= R

-

[ (a) Ala1Ga.goAs:Si

0 1 1 =Y

0.4

0.5

(b) Al 4.3Ga57As:Te

1 ¢

5.0

4.5

0.2 0.3 0.7 0.2 0.3 0.4 0.5 0.6 0.7
Figure 4 T T
Diamagnetic susceptibilty of the epilayers vs inverse temperature before (squares) and after (circles) illumination in a field of
3.7 G. Illumination was made with 500 WW at E = 1.6 eV. The data offset is arbitrary but the same for the plots before and after
illumination. (a) Al ;,Ga, ., As: (3x107Si). (b) Al, ,,Ga, ,As:(3.6x10"Te). Before illumination, the paramagnetism of the
bistable donors is visible; after illumination, the much weaker paramagnetism of free electrons producing persistent photocon-

ductivity is measured. (XBL 901-121)

* IBM Research Center, Yorktown Heights.
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quadruplet peak height (rel. units)

This negative U model is in disagreement with magnetic susceptibility
measurements on DX centers in AlGaAs and GaAsP. In these measure-
ments, the concentration of paramagnetic defects was determined from
the temperature dependent part of the magnetic susceptibility. Using a
wide variety of samples with different doping and composition, the
concentrations of paramagnetic impurities were found to be equal to the
concentrations of DX centers obtained from electrical measurements. The
DX center paramagnetism disappeared after 1.6 eV illumination. Even
though DX centers are paramagnetic donors, no electron paramagnetic
resonance signal can be detected from the ground state of DX centers in
bulk GaAsP:S, grown by chloride vapor phase transport. However, a very
large EPR signal from thelightinduced metastable X-like hydrogenic state
of Sin GaAsP can be seen. The mechanism of lattice relaxation was further
investigated by PIXE-channeling measurements on Sn:AlGaAs. No re-
laxation of Sn atoms from the substitutional site could be detected. This
observation is also in disagreement with the negative U model of the DX
center.

ARSENIC ANTISITE DEFECTS IN GaAs
M. Homkis, E.R. WEBER

Arsenic antisite defects (As atoms on Ga sites) in GaAs produce the so-
called EL2 midgap donor level, which dominates the electrical properties
of semi-insulating GaAs. The EL2 defect shows a characteristic metasta-
bility: illumination atlow temperatures can bring this defect into a metas-
table state, bleaching all optical absorption due to EL2 and removing the
EL2 energy levels from the band gap. The origin of this metastability isnot
yet unambiguously established; a model developed independently by
two groups of theoreticians suggests the atomic motion of the As atom
from a Ga substitutional site into an interstitial position.

Figure 5

The quadruplet peak height as a function of temperature is shown for the
neutron-irradiated sample (filled circle), the optically nonquenchable
quadruplet in the plastically deformed sample (diamond), the optically
quenchable quadruplet in the plastically deformed sample (open circle)

temperature (K)

and the quadruplet in the ITC + 800 sample (square). The quadruplet
peak height at 8.0K in all four curves has been set equal to unity in order
to display their qualitative features. (XBL 901-116)
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Our previous work on the characteristic quadruplet Electron Paramag-
netic Resonance (EPR) signals of positively charged antisite defects in as-
grown GaAscrystals showed unambiguously that these signals arise from
the positive charge state of EL2. EPR measurements from plastically
deformed or neutron irradiated GaAs showed a strong enhancement of
this quadruplet signal. However, the newly formed antisite defects did
not show the metastability characteristics of EL2.

Measurements of the temperature dependence of the EPR signalsin as-
grown, plastically deformed and neutron irradiated GaAs allowed us for
the first time to distinguish the EPR quadruplet spectra of arsenic antisite
defects producing metastable EL2 levels from those which do not show
metastability. Metastable antisite defects show saturation at low tempera-
tures because of long spin-lattice relaxation times indicative for undis-
turbed defects, whereas antisite defects which are not metastable exhibit
less saturation at low temperatures and thus shorter spin-lattice relaxa-
tion times (Figure 5). This result allows us to conclude that lattice distor-
tions such as dislocation strain fields can suppress the metastability of
antisite defects. Our findings are an important contribution towards the
microscopic understanding of the EL2 defect in GaAs.

DONOR EXCITED-STATE SPECTROSCOPY OF ULTRA-PURE GaAs
J. Woik, E.E. HALLER, S.E. BAUSER*

The electronic states of defects in semiconductors can conveniently be
studied using far-infrared Fourier transform spectroscopy. One of the
inherent difficulties in such studies is that there are several effects which
broaden the spectral lines produced by transitions between the ground
state and excited states. One important cause of broadening is impurity
wave-function overlap. This is particularly important in GaAs, where the
spatial extent of the donor ground state is ;=100 A. In order to reduce
overlap broadening, spectroscopy is often performed in a magnetic field.
This squeezes the donor wave function and therefore reduces overlap, but
the magnetic field represents a strong perturbation. If nr,><<1, where n is
the concentration of impurities, then impurity wavefunction overlap isno
longer important. There are two further types of line broadening, how-
ever, that play important roles even in pure samples. Both result from the
electric fields due to ionized impurites. These electric fields limit the
lifetimeof a carrierinabound excited state, whichresultsin linebroadening.
The fields also shift the energies of the transitions (Stark shift) and this
results in Stark broadening. The effect of Stark broadening is usually not
observed in GaAs, because it is less important than lifetime broadening
exceptinextremely puresamples. These last two effects can be diminished
by shining “band edge light” on the sample. Light with photon energies
justabove thebandgap createslarge numbers of electrons and holes which
can neutralize ionized impurites. To study Stark broadening of shallow
donor states wehaveused ultra-puren-type GaAsepilayers with mobilities
over 200,000 cm?/Vs at 77 K and electron concentrations ranging from 2-
4x10"?cm® grown by liquid phase epitaxy at the Max-Planck-Institute in
Stuttgart. These samples are pure enough that no magnetic field is
necessary to reduce wavefunction overlap. Stark broadening is expected
tobe the dominant type of line broadening. We have observed the excited
state structure of the shallow donorsat high resolution with photothermal
ionization spectroscopy using a far-infrared Fourier transform
spectrometer. Samples have been studied both with and without band

* Max-Planck-Institute for Solid State Research, Stuttgart, FRG.
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PTIS Response (arb. units)

(a)

(b)

Figure 6

Two different magnifications of the PTIS response of an ultra-pure

© GaAs epilayer under illumination by band edge light. The features
(d) | (a)and (b) are the 1s-2p peaks of silicon and sulfur donors,

respectively. The double peak of feature (c) is the Stark split 1s-3p

peak, and feature (d) is the 1s-4p peak. (XBL 901-122)
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Wavenumber (cm~ ')

edge illumination (BEI). Under BEI, the 1s-2p transitions of S and Si are
resolved and havea FWHM as low as 0.025 meV. The extreme narrowness
of these lines has stimulated interest in using this material as
photoconductors for astronomical observation. Both with and without
BEI, the 1s-3p peaks of the two kinds of donors are too broad to be
separated. However, the single 1s-3p peak is split (Figure 6). This splitting
is in agreement with the theory which predicts that for n odd, the 1s-np
transitions would be split by the Stark effect, and that this splitting should
increase as n?/2. Shining band edge light on the sample reduces the
concentrationof ionized impuritiesand therefore should also decrease the
splitting. This effect is clearly observed in our study.

BULK CRYSTAL GROWTH RESEARCH

SEMI-INSULATING GaAs SINGLE CRYSTALS
E. Bourrer, M. GaLiaNO, R. M, J. GUITRON

10

The vertical gradient freeze method for the growth of single crystals of
GaAs offers great promise for crystals of improved electrical homogene-
ity and low dislocation density. Significant research is required before a
reliable method can be developed by industry. Defects that still impair the
success of this approach are most often generated by nucleation on the
crucible wall and/or by very small inhomogeneities in the thermal field.
Basic research for identification of the causes for non-reproducibility and
means to prevent them has been the recent focus of our program. The
electrical properties of the crystals have been further investigated to
achieve a complete understanding of the compensation mechanism in
these crystals. These studies were conducted for crystals 2" in diameter
grown in Pyrolytic Boron Nitride (PBN) crucibles.

PBN crucibles are widely used for the growth of GaAs by the Czochral-
ski technique because they are essentially non-reactive with the GaAs
melt, and structurally stable up to high temperatures. In the vertical
gradient freeze technique, the crystal grows in contact with the crucible
wall. Therefore, in addition to being nonreactive, the crucible must not be
wetted by the GaAs melt. Clean PBN is partially wetted by GaAs and
reproducible growth cannot be achieved. Total liquid encapsulation with
B,0, has been found to be an efficient way to prevent random nucleation

ELECTRONIC MATERIALS PROGRAM
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Figure 7 Figure 8

GaAs single crystal 2" in diameter, grown in a Pyrolytic GaAs single crystal 2" in diameter, grown in a Pyrolytic
Boron Nitride crucible fully encapsulated in wet B,O, (about  Boron Nitride crucible fully encapsulated in dry B,O, (about
1200 ppm H,O). Imprints of water vapor bubbles are seen on 400 ppm H,0). The surface of the crystal is smooth and

the surface of the crystal. (BBC 892-899) shiny. (CBB 893-2639)

on the PBN crucible wall. A thin layer of liquid B,O, coats the crucible wall
and separates the melt and growing crystal from it. Complete wettability
between B,0O, and PBN is critical. Two processes have been successfully
developed to uniformly coat the crucibles with B,O,. The residual water
content of the B,O, determines its wetting behavior and the surface
morphology of the GaAs crystal. High water content increases wetting;
however, at high temperatures, water vapors condense into bubbles
whichare trapped between the crucibleand the GaAs melt. Traces of these
bubbles appear on the surface of the crystals (Figure 7). They do not
induce nucleation even though the resulting holes canbe up to 3mm deep.
When dry B,O, is used, the gas bubbles do not form (Figure 8). The smooth
surface is advantageous for reducing grinding waste during further
processing.

The effects of liquid encapsulation on the electrical properties of the
crystals are being investigated. B,0O, can getter silicon, and carbon impu-
rities present in the GaAs melt. The gettering ability also depends on the
water content of the B,0, encapsulant. Crystals are being grown using
partial encapsulation (coated crucible wall only), total encapsulation
(coated wall and B,O, layer on top of the melt), and wet and dry encapsu-
lant. Preliminary results indicate that carbon is efficiently gettered by wet
B,O,. Due to a shift in the balance of donors and acceptors, undoped
crystals with very low residual carbon concentration (less than 10"cm™)
show a relatively low resistivity in the 5x10° to 5x10° Q cm range. This
pointis being investigated further. Semi-insulating crystals of aresistivity
up to 3x10°Q cm and a mobility of about 5500 cm?/V's have been obtained
using dry B,O, as the encapsulant.

n-TYPE Te-DOPED CRYSTALS

E. Bourrer, R. My, J. GurtroN, A.G. ELLioT*
The vertical gradient freeze technique developed for undoped crystals
has been adapted for growth of Te-doped GaAs single crystals. These
crystals are used for optoelectronic devices such as high efficiency LED’s.

* CAM Industrial Fellow, Hewlett-Packard Optoelectronics Division
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Low dislocation density and uniformity of dopant concentration must be
achieved to assume a high yield for device manufacturing. Two-inch-
diameter single crystals have been obtained with dislocation densities
about 10 times lower than those in crystals grown by the more traditional
Czochralski technique. The crystals are doped at 10" Te cm?. A new
experimental setup is being implemented to grow three-inch-diameter
crystals, which is the size needed for competitive manufacturing of the
devices. Defect formation in three-inch-diameter crystals will be studied
in relation to the new growth conditions.

THIN FILMS AND INTERFACES:
METAL CONTACTS TO II-V SEMICONDUCTORS

PHASE FORMATION IN THE Pt/InP THIN FILM SYSTEM
D. A. OLsoN, K. M. Yu, J. WasHBURN, T. SANDs*

The stability and reproducibility of metal contacts to compound semi-
conductor devices are critical for proper device operation. These charac-
teristics generally depend on the formation of interfacial phases and their
morphology. Binary phase diagrams (e.g., Ptin and PtP) do not fully
describe the nature of possible reaction products in these systems. Phase
formation for thin Pt films on chemically cleaned InP substrates has been
studied as a function of temperature. This information will be useful in
predicting the suitability of this metal for use as a contact material.

InP substrates with 40nm metal films of Pt were encapsulated in SiO,,
and isochronally annealed up to 600°C in flowing forming gas. The com-
position and morphology of the phases that formed were studied using
Rutherford backscattering, x-ray diffraction, transmission electron mi-
croscopy, and energy-dispersive spectroscopy.

Results show that the Pt/InP system begins interacting at 300 °C. The Pt
layer has been completely consumed by 400°C, with a uniform reacted
layer indicated by RBS. At high temperatures (between 500°C and 600°C),
the reaction products are Ptln, and PtP,. The two phases are layered, with
PtP, at the InP/reacted layer interface. The phosphide phase also shows
a preferred orientation relationship with the substrate.

Figure 9

Cross-section TEM micrograph showing an
inversion boundary. The boundary is faceted
on {110} even though its average orientation
is near that of the microtwin, {111}, to its
right. (XBB 894-9410)

” = e .
* Bell Communications Research Si
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CHARACTERIZATION OF GaAs EPITAXIAL LAYERS

GaAs/Si Heterostructures
Z. LILIENTALWEBER, J. WASHBURN

Recent developments in the field of GaAs/Si heteroepitaxy have been
spurred by the possibility of combining high-speed GaAs material with
well-established Si technology, thus gaining better thermal conductivity,
higher fracture toughness, smaller weight and larger diameter wafers
offering the possibility for integration of optoelectronicand digital devices.
Unfortunately, many problems are encountered in growth of GaAs on Si,
such as growth of polar crystal on nonpolar substrate, lattice mismatch of
4.1%, and a considerable difference in thermal expansion coefficient be-
tween epilayer and substrate. As a consequence of these problems, the
quality of GaAs epilayers on Si substrates is very poor. The dominant
defects in the GaAs epilayer are misfit dislocations formed at the interface
with Si, stacking faults, microtwins and threading dislocations which
propagate through the epilayer, and inversion boundaries (IBs).

Inversion Boundaries
Z. LILENTAL-WEBER, ]J. WAsHBURN, H. KROEMER*

Presence of inversion boundaries was confirmed by transmission elec-
tron microscopy (TEM) using the convergent beam electron diffraction
method (Figure 9). Electrical and optical properties of the boundaries were
investigated using cathodoluminescence, electron beam induced current
and scanning deep level transient spectroscopy (in cooperation with
Hewlett-Packard). It was found that IBs reduce near-bandgap lumines-
cence and minority carrier lifetime. In contrast to the recombination at
threading dislocations in GaAs films, the nonradiative recombination
process atIBsisnot due to deep traps butrather to a continuum of bandgap
states. Drastic changes in IB densities were observed upon changing the
growth parameters. After postgrowth annealing IB-free layers even as
nominal (100) substrates were found.

Reduction of Defect Density
Z. LILIENTAL-WEBER , J. WASHBURN, S. WaNG*, H. KrRoEMER*, P. UMENO*, H. LEC*

Several methods have been found forreduction of overall defect density.
The defect density was determined by TEM. It was found that the cleaning
of the Si substrate before GaAs growth played a crucial rolein the formation
of new defects at the interface (Figure 10). The work showed that high

Figure 10

High-resolution image of the GaAs on Si interface taken in {110} projection.
Note that interface contamination is the source of polycrystallinity and other
defects. (XBB 870-3155)

* Department of Electrical and Computer Engineering, University of California, Santa Barbara

THIN FILMS AND INTERFACES

13



14

Figure 11

For growth of GaP on Si it has been
shown that addition of small amounts
of Al promotes perfect layer-by-layer
growth resulting in very few defects
compared to the more typical island
growth mode. (XBB 894-3163)

temperature substrate annealing steps currently used should be avoided.
Such high annealing temperatures result in roughening of the Si surface
and areincompatible with patterned epitaxy. A promising approachis the
use of Ga reduction (proposed by H. Kroemer) or growth of ternary Al-
containing buffer layers (in cooperation with P. Umeno). It was shown
that addition of small amounts of Al results in perfect two-dimensional
growth (Figure 11). This may be due to the high affinity of Al for oxygen,
allowing growth of Al-containing compounds on both clean and contami-
nated surface areas.

Another promising method is migration-enhanced epitaxy in which
the Ga and As flux is alternated, or modulation-enhanced epitaxy with
continuous As flux but intermittent Ga flux. It was demonstrated that this
kind of growth enhances two-dimensional growth and results in very
narrow PL lines (in cooperation with H. Lec from S. Wang’s group). Post-
annealing of GaAs on Si was also shown to improve the quality of the
GaAs layer.

Noticeable improvements in the quality of GaAs/Si epilayers grown
by MBE were observed after rapid thermal annealing (RTA) at 800°C for
10 seconds by the capless close proximity method in a commercial heat-
pulse furnace. The density of stacking faults after this treatment was very
low, possibly because of the rapid cooling rate compared to furnace
annealing. RTA was found to be beneficial for the removal of stacking
faults, but it inhibits stress relief; this was evidenced by cracking of GaAs
epilayers. The heterointerface was also observed to be more undulated
after RTA, compared to the as-deposited samples. Independent electrical
measurements of devices after RTA showed noticeable improvement for
forward and reverse bias characteristics. Leakage currents were reduced
by more than two orders of magnitude after this treatment.

Patterned or island growth was also shown to be effective for reduction
of defect densities. Growth of a mismatched heteroepilayer with a net-
work of misfit dislocations confined to the interface and no threading dis-
locations in the epilayer requires glide of the threading “arms” of misfit
dislocations across the whole wafer without being blocked by other
threading dislocations. It is much easier to achieve this goal if the growth
areas are confined to small parts of the substrate, e.g., by patterning lines
or mesas on the substrate.

Growth of GaAsonSi through openingsinanoxide or nitridemask was
studied. Above the SiN mask the GaAs was polycrystalline, but in the
open areas where the nitride was removed, monocrystalline GaAs was
found with much lower dislocation density than in typical two-step
growth. The stacking fault density was also much lower in the entire
pattern, inceasing only at the border with the nitride. This decrease in
defect density was probably connected with stress released at the periph-

ELECTRONIC MATERIALS PROGRAM



ery of patterns in the polycrystalline areas. Post-growth annealing at
850°C in arsenic overpressure resulted in significant grain growth in the
polycrystalline GaAs overgrown on the amorphous oxide or nitride, and
elimination of the defects at the transition region between polycrystalline
and single crystal growth. An increase of Hall mobility of 30% was
achieved in these annealed samples.

Another promising method for obtaining device-quality epitaxial GaAs
which was investigated is the use of strained-layer superlattices (SLSLs),
which increase dislocation annihilation by causing them to bend into the
strained interface.This investigation found thatby application of SLSLs of
InGaAs/GaAs with 10nm-thick periods grown on Si(211), blocking of
dislocation propagation occurred almost entirely at the uppermost inter-
face between the strained layers and the final thick GaAs layer. It was
concluded that reduction of dislocation density was only weakly depend-
ent on the number of periods of the strained-layer superlattice. InGaAs/
GaAs superlattices proved to be more efficientin dislocation bending than
InGaAs/InGaP SLSLs. Because it was recognized that only the upper
interface of the SLSL was efficient in dislocation bending, packages
consisting of 5 periods of SLSL (InGaAs/GaAs) were tried. Indeed, each
set of SLSLs was found to cause dislocation bending, but in some areas
these dislocations were also formed at the lower interface between the
buffer layer and the SLSL. On the average, the dislocation density in this
sample was in the ~2x107/cm? range, which is very low taking into
account that all misfit dislocations in the GaAs grown on Si(211) are 60°
dislocations with Burgers vectors inclined to the interface.

Further defect reduction strategies, such as thermal cycling during
growth, post-growth annealing, and the use of strained-layer superlat-
tices, need to be optimized. Combined use of some of these methods
together with the possibilities of pattern epitaxy appear to make high-
quality growth of lattice mismatched heterostructures such as GaAs/Si
achievable. Only such optimized low-defect material will allow practical
use of the numerous devices possible with this technology, including
minority carrier devices, the feasibility of which have already been
demonstrated in GaAs/Si heteroepitaxy.

Ultra-High-Speed Metal-Semiconductor-Metal Photodetectors

Z. LILENTAL-WEBER, ]. WASHBURN, J. MAREELLA*
In some applications a high defect density can be an advantage. The
possibility of using GaAs grown on Si to fabricate ultra-high-speed metal-
semiconductor-metal (MSM) photodetectors was investigated. Optimum
performance of such detectors requires a combination of high sensitivity
with short minority carrier lifetime. In earlier work, neutron-damaged
GaAs hasbeen used in MSM devices but sensitivity was sacrificed for the
increased speed. Our approach was to use molecular beam epitaxy (MBE)
to grow GaAson Si substrates. The planar thin film geometry allows good
carrier mobility parallel to the GaAs/Si interface, while the expected high
density of crystal defects at this interface could reduce the carrier lifetime.
Two kinds of samples were compared: GaAs grown on a 15 A Si epilayer
grownon GaAs, and GaAs grown at low temperatures (300 °C) on conven-
tional Si substrates. It was shown that the GaAs epitaxial layer grown on
a thin Si layer had reverse polarity to the substrate (antiphase relation),
which is consistent with preferential bonding of As to Si. The density of

* Lawrence Livermore National Laboratory.
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defects formed in the GaAs grownonaconventional (001) Si substrate was
higher compared to the GaAs/Si/GaAs(001) structure and was found to
correlate with increased device speed.

GaAs Grown on InP
Z. LILEENTAL-WEBER, ]. WASHBURN

Characterization of 3 pm-thick GaAs films grown on (100) InP sub-
strates by MBE employing different buffer layer structures during the
initial deposition was performed. Three buffer layer structures were
under study: 1) GaAs layer grown at low temperature; 2) GaAs layer
grown at low temperature plus two sets of In, ,,Ga,,,As/GaAs strained
layer superlattices and 3) a transitional compositionally graded In Ga,_ As
layer between the InP substrate and the GaAs film. After the buffer layer
deposition, the growth was continued by conventional MBE to a total
thickness of 3 um for all samples. From the 77K photoluminescence (PL)
measurement, it was found that the sample with SLSL layers had the
highest PL intensity and the narrowest PL line width. Cross-sectional
TEM studies showed that the SLSL was effective in reducing the propaga-
tion of threading dislocations and explains the observed superior optical
quality from the PL measurement. The effect of InGaAs/GaAs SLSL in
bending threading dislocations was thusapplicable to GaAs/InP heteroepi-
taxy as in the case of other heteroepitaxial systems such as GaAs/Si,
although the average lattice constant of SLSL is not matched with either
the films or the substrates.

MBE GaAs Grown at Low Temperatures on GaAs Substrate
Z. LILIENTAL-WEBER, E. R. WEBER, ]. WASHBURN

GaAs layers grown by MBE at very low substrate temperatures have
gained considerable interest as buffer layers for GaAs metal-semiconduc-
tor field effect transistors (MESFETSs) due to high resistivity and excellent
device isolation. However, the structure and the electronic properties of
such layers have not yet been investigated in detail. We have studied
unannealed low temperature (LT) MBE layers grownat 200°C using TEM,
analytical TEM, x-ray diffraction, the Hall effect, and electron paramag-
netic resonance (EPR) techniques.

For TEM studies, cross-sectional samples in the (110) orientation were
prepared from unannealed LT GaAs MBE layers grownona Si LEC GaAs
substrate at 200°C. Bright and dark field micrographs were taken in the
two-beam condition for the (200) reflection, which is the most sensitive to
changes in the structure factor. As reported previously, contrast is found
at the interface between GaAs substrate and epilayer. This contrast
suggests either different stoichiometry of the LT layer as compared with
the substrate or stress built into the layer during the low-temperature
growth. Analytical electron microscopy showed ~1% to 1.5% excess
arsenic for unannealed LT GaAs MBE layers in comparison with the
substrate. Moreover, analytical TEM studies revealed nonuniformity of
the distribution of excess arsenic within the same layer, varying between
1% and 1.5%. This is a two order of magnitude higher deviation from
stoichiometry towards arsenic-rich composition than ever observed for
other GaAs crystals.
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CHARACTERIZATION OF STRAINED InGaAs SINGLE

QUANTUM-WELL STRUCTURES
K.-M. Yu, K.T. Caan*

Pseudomorphic strained single quantum well (SSQW) structures of
In Ga, As onboth GaAs and InP substrates have demonstrated excellent
performance in modulation-doped field effect transistors and optoelec-
tronic devices. Since device characteristics are strongly affected by the
SSQW properties, such as strain and well thickness, it is important to be
able to measure those parameters in order to understand their correlation
with device performance.

In Ga, As SSQW structures on GaAs substrates were investigated
using ion beam methods. The SSQWs were fabricated at the Microwave
Technology Division of the Hewlett-Packard Corporation by molecular
beam epitaxy. The composition and well size were measured with com-
bined Rutherford backscattering spectrometry (RBS) and particleinduced
x-ray emission (PIXE). The crystalline quality of the SSQW was also inves-
tigated using ion channeling methods (Figure 12).

For an InGaAs layer below the critical thickness, the lattice constant
perpendicular to the layer will be increased due to the Poisson effect. This
distortion in the lattice parameter of the film can be detected when the
substrateisaligned with theionbeamata tilted axis. We haveinvestigated
thislattice strain in InGaAs SSQW structures by ion channeling combined
with PIXE and RBS across the <112> axis. The In content in the SSQW'’s
was also evaluated from the lattice strain measured according to Vegard’s
law. The In fractions measured this way agree very well with those
obtained by RBS and PIXE.

The structural properties of the InGaAs SSQWs grown by MBE with
various growth parameters were studied by the ion beam methods.
Results indicate that there is little variation of In mole fraction and SSQW
thickness by varying the substrate temperature T, in the range of 375 to
510°C during film growth. Ion channeling also revealed that the crystal
quality of the SSQW degrades as T, increases. This degradation in crystal
quality is accompanied by a decrease in electron mobility measured by
Hall effect. The electrical and structural degradation of the SSQW due to
high T, (~510°C) can be prevented by increasing the As,/Ga beam equiva-
lent pressure ratio during MBE growth. More detailed studies on the
relationship between MBE growth parameters and the electrical as well as
structural properties of SSQW structures on GaAs are underway.

1,00 Angular ScanG{:%r4;nGaAs SsSQw Figure 12
s The angular scan profiles of the GaAs substrate, the GaAs capping

0.80 s ® 1.8 MeV He* layer, and the In Ga, As layer obtained by a 1.8 MeV *He* beam
o g g s 4 (47 1 L130) across the {112} axis along a (110) plane. Note that the profiles for
& 4 inGeAs Hilm 8 the GaAs substrate and the capping layer follow exactly, indicating
110200 s 5 that the capping layer is grown without observable strain on the
“é 5 & 8o 05090 e a8 . In Gal-x As layer. The dip in the In Ga, As profile deviates from
3 a0 e AL S that in the substrate profile by Dg=0.84, which arises from the
R AR s * Yogal strain in the In Ga, As layer. (XBL 896-2740)
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* CAM Industrial Fellow, Hewlett-Packard Corporation, Microwave Technology Division.
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Figure 13
High voltage TEM observation can cause dramatic changes in an image during observation. Extreme care must be taken to be
sure that high resolution details have not been altered either in the microscope or during thin foil preparation. This specimen
is a gold foil showing successive pictures of the same area. (XBB 893-2487)

INTERCONNECTS
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INTERFACIAL FRACTURE ENERGIES

R. CaNNON, A. Fox

The events associated with fractures along interfaces between copper
thin films and glass substrates were investigated by X-ray diffraction and
transmission electron microscopy (TEM). In as-bonded films, the Bragg
diffraction lines were shifted and broadened (relative to strain-free Cu)
due to residual in-plane tensile strains arising from differences in thermal
contraction after bonding; TEM studies showed that these stresses had
been relieved somewhat by dislocation densities in the Cu as high as
10"%m? for Cu/SiO,. The passage of an interfacial crack led to a marked
reduction in line shift and a slight reduction in the broadening. Thus,
dislocations generated by the fracture “plasticially relaxed” the stresses in
the as-bonded Cu by superposing a compressive component onto the pre-
existing in-plane tensile strains. This dislocation generation was con-

Figure 14
Diagrams showing effects of dislocations emitted from an interfacial crack tip
concommitant with crack growth that would yield (a) tensile and (b)

compressive in-plane stresses in the crack wake. X-ray diffraction studies of
the Cu adjacent to a fractured Cu/glass interface favor a model like the latter.
(XBL 902-452)

ELECTRONIC MATERIALS PROGRAM



STRESS INTENSITY, K (MPa-m'2)
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firmed using TEM. The results indicated that greater numbers of disloca-
tions were generated in the Cu by fracture along interfaces of higher
toughness (i.e.,bond strength). These stresses are oppositein sign to those
expected fromaductile crackina metal and provideabasis for developing
models for the bond rupture and deformation near an advancing interfa-
cial crack (Figure 14).

Fracture energies of such interfaces and others designed to have
enhanced fracture energy by virtue of near-interfacial microstructures
thatinduce crack-tip shielding are being studied in conjunction with R.O.
Ritchie of the CAM Structural Materials Program. The fracture resis-
tances, under tensile and mixed mode loading, and under staticand cyclic
loading, pertain to studies of thin film adherence and reveal methods to
increase the integrity in such interface dependent applications (Figure 15).

FRACTURE AND DELAMINATION OF THIN FILMS
R.M. FISHER, ]J.-Z. DuaN, A. Fox

Studies of vapor-deposited chromium films on glass, silicon or poly-
mer substrates, with and without prior deposition of a thin copper layer,
have been extended to tantalum. Differences in microstructures, stress
states and the events leading to film cracking and spalling have emerged.
A very fine dendritic structure forms during Ta deposition, rather than the
aligned columnar structure of Cr films. This trend with homologous
deposition temperature, which for Ta on a room temperature substrate is
even lower than for Cr (0.084 vs 0.127), coincides with trends seen
elsewhere and here for Cr films. In Cr, the columnar grains are finer, more
branched and less textured crystallographically when deposited on Si
than on glass, apparently owing to less film heating with the more
conductive Si. More importantly, vapor-deposited Ta forms initially as a
betphase and then transforms to the denser bee phaseata critical thickness
of roughly 100 nm that depends somewhat upon substrate features.

Study of various film/substrate combinations has yielded a coherent
understanding of splitting and delamination for films with internal ten-
sionand of the several crack morphology regimes, dictated by the relative
interfacial, film and substrate fracture resistances that these exemplify.
Extant fracture mechanics models plus film stresses and stress gradients
deduced by x-ray diffraction are used to compute driving forces for the
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Figure 16

Scanning electron micrographs
showing: a) splits and partial
delamination for an 180 nm Ta
film e-beam deposited onto glass
and b) the glass which reveals the
degree of substrate fracture.
Chromium films delaminate from
glass similarly. (XBB 902-1122,
XBB 902-1120)
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various cracks; these are compared with interfacial fracture energies from
macroscopic tests for interfaces that fracture and with bulk fracture
energies where appropriate. For Cr deposition, tensile “growth” stresses
become high enough as the thickness increases to crack the filminto small
“islands.” If the Cr exceeds a critical thickness, spontaneous delamination
occurs as cracks spread from the splits. The delamination can be at an
interface that is less tough than the substrate, e.g., Cr with a Cu prelayer
on glass, or fully within the substrate several film thicknesses below the
interface, as occurs for Cr/Si. A common, intermediate situation, e.g., Cr
or Ta on glass, in which the delaminating crack first spreads along the
interface and then penetrates into the substrate (Figure 16), results if the
environmentally induced subcritical crack velocity curvesfor the interface
and substrate cross, as found from macroscopic testson Cu/glassinterfaces
of suitable purity. Several issues, such as the extent that splitting cracks
penetrate into the substrate deeper than the delamination cracks, and the
role of shear loading on interfacial fracture energies, are subjects of
ongoing analysis.

More complex stresses occur in Ta films due to anisotropic strains
associated with the martensitic transformation that can yield failure

Figure 17

Optical micrograph showing fracture and delamination of a bilayer film
of 106 nm Ta film deposited onto a 53 nm precoating of Cu on glass. The
lower interfacial adhesion of Cu permits film decohesion at an earlier
stage of Ta deposition. The mixture of tensile splits in the film and
buckles indicating compression indicate large anisotropic transformation
strains. (XBB 902-1121)
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modes representative of both tensile and compressive stress components
when a Cu sublayer is present and adhesion is reduced (Figure 17). For
more adherent films, as on bare glass, the transformation is surpressed
and significant cracking does notoccur until the filmis thicker and stresses
are dominantly tensile, leading to failure modes described above.

INTERFACIAL WETTING AND RUPTURE DURING SINTERING
‘ ' _ R. CanNoN, C. CARTER

Mechanisms causing damage, by interfacial rupture, during fabrica-
tion by sintering of heterogeneous materials, such as multicomponent
electronic packages, are being analyzed theoretically. To establish con-
cepts, a linear row of sintering particles has been used that permits highly
precise treatments based on previously computed, equilibrium grain
shapes, Under constraint, mechanical forces develop which can induce
rupture by a process analogous to differential densification in a three
dimensional compact (Figure 18a). The morphological stability analyses
address both thermodynamics and kinetics and, thereby, apply to a wide
range of constraining conditions. Results delineate loads under which the
rod would either extend or shrink. The new feature is that regimes were
identified wherein strain would tend to be homgeneous or susceptible to
localization leading to grain boundary fracture (Figure 18b). Moreover,
much greater loads can apparently be borne without damage, for certain
small displacements, than are predicted from solely thermodynamic
treatments. '

Equilibrium shapes werealso calculated foraxisymmetric fluid bridges
between two solids having arbitrary radii of curvature and contact angles.
Results are being used to assess the stability of powder compacts contain-
ing liquids, as occur during liquid phase sintering and drying of powder
compacts. They also pertain to tribology issues involving the interaction
of a protrusion (even an STM tip) with a substrate in the presence of a
lubricant or condensate fluid.

Differential Densification

a
: b
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' heterogeneously
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E shrinking :
2 L d heterogeneouslyg
F,
v.R . Figure 18
s 01 L : Mechanical stability diagram for a multigrain chain (a), also shown
shrinking homogeneously ' (b), plotted in terms of mechanical load and elongation. Regimes
! wherein the rod would elongate in response to the load or shrink
: o axially in response to capillary forces are divided into stable and
OF-__] - o ‘f - _16_5, E unstable subregimes. In the latter, any heterogeneities would be
; exacerbated inducing necking and grain boundary rupture. The
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MECHANICAL PROPERTIES OF CERAMIC/METAL INTERFACES
R.M. CannoN, R.H. Dauskaror*, R.O. RircHIE*

Fatigue-Crack

Propagation along Ceramic/Metal Interfaces

Fatigue-crack propagation behavior was examined in both glass/
copper and alumina/aluminum alloy interfaces with the objective of
determining how cyclic loading degrades the toughness of the interface.
Results for the glass/copper system where cracking proceeds directly
along the interface, show cyclic crack-growth rates to be many orders of
magnitude faster than those measured under monotonic loading (stress-
corrosion cracking), with fatigue thresholds (below which crack growth is
dormant) between 2 and 10 times lower than the interfacial fracture
toughness. Similar results were obtained oninterfaces containing patterns
of microcrack-like voids. In contrast, cyclic crack growth for the AL,O,/ Al-
Mg system occurred in the metal layer close to the interface, although
under monotonic loads the crack reverted to the ceramic material, again
close to the interface. When compared with fatigue-crack growth results
for either bulk aluminum alloys or alumina, interfacial crack-growth
rates, characterized in terms of the range of strain-energy release (DG)
computed using the appropriate interfacial crack-tip fields, were found to
be significantly in excess of those of the bulk ceramic but comparable with
behavior in the bulk metallic alloy (Figure 19). Current research is aimed
at examining the mechanisms underlying such behavior, including the
role of constraint in the metal and the micromechanics of interfacial crack
advance under cyclic and monotonic loads.
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Figure 19

Comparison of cyclic fatigue-crack growth rates, dafdN, asa
function of AG, for bulk alumina ceramic, bulk aluminum
alloys, and alumina/aluminum-alloy interface. Interfacial
crack growth tests were performed on compact tension
samples in a room-air environment. (XBL 899-3147)
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of Heteroepitazial GaAs on Sil Films Grown by Modulated Molecular Beam Epitazy, Electronic Materi-
als Conference, Boston, MA, June 1989.

Liliental-Weber, Z. and R. Marielle, Jr., Characterization of the GaAs/Si/ GeAs Heterointerfaces, Mat. Res. Soc.
Symp., San Diego, CA, April 1989.
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Polytechnic, Wolverhampton, UK.)
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Fisher, R.M., J.Z. Duan, C.J. Hetherington, and N. Fowler, “Image Processing to Delineate Defect Structures in
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Inc., Berkeley, CA.)
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Cannon, R.M., Fracture Resistance of Ceramic-Melal Interfaces, Presented at IBM Research Center, Yorktown
Heights, NY, May 1989; Seminar, Central Research and Development, DuPont, Wilmington, DE,
August 1989; and Solid State Sciences Seminar, Sandia National Laboratories, Albuquerque, NM,
December 1989.

Cannon, R.M., Decohesion of Ceramic-Metal Interfaces, Workshop on Microstructure of Materials Applied in
Electronic Packaging Technology, Bad Honnef, Germany, April 1989.

Cannon, R.M., Fracture Energy of Ceramic-Metal Interfaces, Packaging Group, IBM, East Fishkill, NY, April
1989.

Cannon, R.M., Stress and Damage Generation During Sintering, Mech. Eng. Dept. Colloquia, University of
Rochester, NY, April 1989.

Cannon, R.M., Stress Development and Damage Resistance During Sintering, Powder Met. Lab., Max-Planck-
Institute, Stuttgart, Germany, April 1989.

Fisher, R.M., Structures, Stresses, Fracture and Decohesion of Thin Cr Films, Presented at University of Wash-
ington, Seattle, WA, Lecture Series, Materials Science and Engineering Department, April 1989; and
IBM Packaging Group, East Fishkill, NY, April 1989.

Contributed Talks

Cannon, RM., Fracture Resistance of Ceramic/Metal Interfaces, Acta/Scripta Met. Conf. on Bonding, Strue-
ture and Mechanical Properties of Metal/Ceramic Interfaces, Santa Barbara, CA, January 1989.

Cannon, R.M,, G.S. Blackman, M.R. Hilton, M. Salmeron, and G.A. Somorjai, IIn Situ UHV Testing of Frac-
ture Toughness and Chemistry of Ceramic/Metal Interfaces, Annual Mtg. Am. Ceram. Soc., Indianap-
olis, IN, April 1989.

Cannon, R.M. and W.C. Carter, Microstructural Instabilities for ¢ Row of Sintering Particles, Annual Mtg. Am.
Ceram. Soc., Indianapolis, IN, April 1989.

Cannon, R.M. and R.M. Fisher, Effects of Loading Mode on Mechanical Delamination of Thin Films from Sub-
strates, MRS Spring Meeting, San Diego, CA, April 1989.

Carter, W.C. and R.M. Cannon, The Mechanics of Particle-Fluid-Particle Interactions for Liquid Phase Sinter-
ing and Drying, Annual Mtg. Am. Ceram. Soc., Indianapolis, IN, April 1989,

Carter, W.C. and R.M. Cannon, The Evolution of Sintering Microstructures, TMS/ASM Fall Meeting, Indi-
anapolis, IN, October 1989.

Crooks, R. and R.M. Fisher, Characterization of Thermal Barrier Coatings on Titanium Aluminides, TMS
Northeast Regional Meeting, Hoboken, NJ, May 1989. (R. Crooks, CAM Industrial Fellow,
Rockwell Science Center, Thousand Oaks, CA.)

BIBLIOGRAPHY

29



Dalgleish, B.J.,, V. Jayaram, and R.M. Cannon, Strength, Toughness and Microstructure of Noble Metal/Alz,Os
Joints, Annual Mtg. Am. Ceram. Soc., Indianapolis, IN, April 1989. (B.J. Dalgleish and V. Jayaram,
University of California, Santa Barbara.)

Dalgleish, B.J., V. Jayaram, and R.M. Cannon, Microstructure and Strength of Noble Metal/AlBOs Bonds,
Acta/Scripta Metal. Conf. on Bonding, Structure and Mechanical Properties of Metal/Ceramic Inter-
faces, Santa Barbara, CA, January 1989.

Duan, J.Z., Microstructure of Chromium Films Grown on Glass end Silicon Substrates, 47th Annual Meeting of
Elect. Micro. Soc. Am., San Antonio, TX, August 1989.

Fisher, R.M., S. Ahmad, and C.G. Shirley, Interfacial Failure Modes During Tests of Wire Bond Strength, MRS
Spring Meeting, San Diego, CA, April 1989. - (S. Ahmad and C.G. Shirley, Intel Corporation,
Chandler, AZ)

Fisher, R.M. and J.Z. Duan, Influence of Substrate on Cacking of Vapour-Deposited Thin Films Due to Residual
Stresses, MRS Spring Meeting, San Diego, CA, April 1989. (To be published in the Proceedings.)

Fisher, R.M., J.Z. Duan, C.J. Hetherington, and N. Fowler, Image Processing to Delineate Defect Structures in
HREM Images of Vapor-Deposited Thin Films, 47th Mtg. Elect. Micro. Soc. Am., San Antonio, TX,
August 1989. (N. Fowler, Tracor Northern/R.J. Lee Group, Inc., Berkeley, CA.)

Fox, A.G., M.A. Tabbernor, and R.M. Fisher, Bonding Charge Densities of Al and Cu Determiﬁed by Electron
Diffraction, 47th Annual Mtg. Elect. Micro. Soc. Am., San Antonio, TX, August 1989. (M.A. Tab-
bernor, The Polytechnic, Wolverhampton, UK.)

*Joint study with R.O. Ritchie of the CAM Structural Materials Program.

30

ELECTRONIC MATERIALS PROGRAM



High-T . Superconductivity

34..... Basic Science
43 ..... Thin Films and
47 ..... Electron Micros
49..... Ceramic Process

31



High-T . Superconductivity

he CAM High-Temperature Superconductivity Program is
directed to the development of a fundamental understanding
of the new high-critical-temperature (high-T ) superconductors,
by both experimental and theoretical investigations, and to the
development of the knowledge necessary for the utilization of
these materials in applications in electronics and electrical power

- systems.

The current research areas are:

BASIC SCIENCE, which includes theory, measure-

‘ment of physical properties, and materials synthesis.

THIN FILMS AND THIN-FILM DEVICES
ELECTRON MICROSCOPY
CERAMIC PROCESSING

Notable accomplishments during the past year include:

Calculations for high-pressure metallic hydrogen
indicating that it should be superconducting with
T.=230 K.

Thermodynamic modeling of oxygen ordering.
Tunneling spectroscopy on 80 K Bi-Sr-Ca-Cu-O single
crystals which gave an a-b plane gap of 6.2 kT, con-
firming earlier photoemission spectroscopy results,
and showing a much smaller 3.3 kT, gap in the c-axis
direction.

Interpretation of the linear term in the low-tempera-
ture specific heat in YBa,Cu,O, in terms of localized
magnetic moments which form pair-breaking centers.
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* Development of YBa,Cu,0,-5rTiO,-YBa,Cu,O, cross-
overs, development of planar spiral coils for SQUID
input circuits, and development of a new electrical
pulse technique for production of Josephson weak
links.

* Design analysis of a high-T_.bolometer and invention
of an antenna-coupled high-T_. microbolometer.

* Development of a new high-T_. film deposition tech-
nique for forming a film with a single long (millisec-
ond) laser pulse.

¢ Atomic Resolution Microscope studies of Y-Ba-Cu-O
films showing the presence of a new 224 (Y,Ba,Cu,0 )
structure. A

The majority of the research is conducted by the staff of the
Materials and Chemical Sciences Division of the Laboratory, but
the effort involves very significant participation by investiga-
tors in the Applied Science Division (Berdahl, Rubin, Russo), the
Physics Division (D. Morris), and the Accelerator and Fusion
Research Division (Brown). Funding sources are likewise di-
verse: Division of Materials Science in the Office of Energy
Research of the US Department of Energy (DOE); Office of
Energy Storage and Distribution, Conservation and Renewable
Energy at DOE; Electric Power Research Institute; Office of
Naval Research; Defense Advanced Research Projects Agency;
California Competitive Technology Program; and private
sources. o

Above: Tunneling data from an indium tip into the a-b plane of a Bi,Sr,CaCu,0, crystal.
(XBL 903-997)
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THEORY

The theoretical work includes fundamental microscopic calculations
and phenomenological calculations of superconducting properties, as
well as computations of oxygen ordering in YBa,Cu,0,. Close collabora-
tions with experimentalists are maintained, particularly with regard to
oxygen isotope effect research.

Prior work by Kresin, in collaboration with H. Morawitz (IBM, Al-
maden), on the phonon-plasmon mechanism for electron pairing, was
extended. According to this approach, high T, in the oxides is due to the
coexistence of strong electron-phonon coupling and the plasmon mecha-
nism connected with the formation of the unusual low-lying plasmon
branches of these layered systems. The importance of the phonon-
plasmon mechanismis connected with uniquely small values of the Fermi
energy and the Fermi velocity. For the lattice dynamics phonon anhar-
monicity and the effect of hybridization of acoustic and optical branches
havebeen considered. Inaddition, the existence of double-well potentials
for certain modes was also considered. Both effectslead to strong electron-
phonon coupling. Within this model, the non-monotonic dependence of
T, on the carrier concentration is interpreted as a phase-space effect on the
attraction between electrons mediated by optical phonons.

First principles calculations, utilizing the standard Eliashberg exten-
sion of the BCS theory, resulted in the prediction that metallic hydrogen
should exhibit high-temperature superconductivity (Cohen). While the
possibility of a metallic structure for hydrogen at high pressures has been
investigated for decades, including the possibility of a superconducting
transition, only recently has it become possible to perform a first prin-
ciples calculation of the electron-phonon coupling constant in a hexago-
nal high-pressure phase. The band structures for both electrons and
phonons are computed as inputs to the computation of the electron-
phonon coupling. This first-principles approach has successfully pre-
dicted superconductivity in compressed silicon. The superconducting
transition temperature is estimated to be 230 K, with an uncertainty of
85 K. Thusif metallic hydrogen were to be formed in the laboratory in the
proposed hexagonal phase, at pressures of about 400 GPa, it should be
superconducting at the highest temperature yet known.

Many authors believe that an electronic mechanism is required to
explain the high transition temperatures in certain oxides. In order to
constrain the various high-T, theories, the effects of these electronic
pairing mechanisms upon both the transition temperature and theisotope
effect was considered (Cohen). The calculations utilize the Eliashberg
theory for an isotropic Fermi liquid. For the highest transition tempera-
ture compounds (e.g., Y-Ba-Cu-O), the small isotope effect and high T, can
be accounted for only by an unrealistically small value of the electron-
phonon coupling parameter. Therefore, an electronic pairing mechanism

- with characteristic energy above 100 meV can be excluded for a wide class

of models.

The phenomenological theory of deformable superconductors was
investigated by Falicov. The solution of the Ginzburg-Landau equations
for a system that can sustain both superconductivity and a structural
transition was obtained. It was found that the interaction between super-
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conductivity and deformation can lead to weak first-order supercon-
ducting transitionsand to fascinating spatially dependent phenomena: (1)
an unexpected magnetostriction at the surface caused by the diamagnetic
response of the superconductor and its attendant change in the structural
properties; (2) metastable surface superconductivity produced by unre-
leased stresses at the surface. It was found that while the deformation
relaxes over short distances, the superconductivity may extend much
deeper into the bulk of the deformable superconductor.

The major normal and superconducting parameters of the high-T,
oxides were evaluated by an analysis based on Fermiology, that is, by a
momentum-space analysis which accounts for the topology and shape of
the Fermi surface. This phenomenological work is a collaboration of V.
Kresin with S. Wolf of the Naval Research Laboratory. The compound
La, ,Sr,,Cuo, is particularly amenable to this analysis because it has a
relatively simple structure and the available experimental data are par-
ticularly reliable. Based on the approximation of the Fermi surface as a
cylinder, it has been shown that the effective mass of the charge carriers
isdirectly proportional to the Sommerfeld constant (electronic heat capac-
ity divided by the absolute temperature). This constant can be estimated
from experimental data, and the effective mass of the charge carriers is
thereby determined to be about 5 times the mass of a free electron. A
related argument gives the value 0.1 eV for the Fermi energy, based on
Hall effect data. More complex analysis, based on the temperature de-
pendence of the heat capacity, the upper critical field, and other data,
indicates that the dimensionless electron-phonon coupling constant is
about 1.9 for La, ;Sr,,CuQ,. This value shows that the pairing interaction
due to phonon exchange is strong, but insulfficient to account for critical
temperatures as high as the observed 40 K. The needed additional inter-
action is ascribed to the exchange of acoustic plasmons.

The variability in oxygen concentration in YBa,Cu,O, leads to various
phases which are distinguished by ordering of the mobile oxygen atoms
(in the crystallographic plane between the two Ba planes in the unit cell).
De Fontaine’s group proposed a thermodynamic model of this phenome-
nonin 1987 and has since elaborated and extended it to forma consistent,
. unified, theoretical picture. The tetragonal phase labeled T in Figure 1 is
characterized by a random distribution of oxygen atoms, whereas the

zin YBa,Cu,0,

6.0 6.2 6.4 6.6 6.8
1500 T T T =T
1000 -
T »
TIK
Figure 1 500~ o ]
Oxygen ordering phase diagram of YBa,Cu,O, calculated from the cluster
variation method. All transitions are second order except where indicated by
the shaded region. The lower oxygen content scale denotes oxygen concentra- oil
tion (fractional coverage) c; the upper scale denotes oxygen stoichiometric &i
index z = 2c+6. Filled circles are experimental values from Oak Ridge %9 o R T e

National Laboratory. (XBL 8910-6326)
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various orthorhombic phases contain parallel “chains” of oxygen atoms,
which are themselves ordered in 1-dimensional arrays depending on
oxygen concentration. The 90K phase is “Ortho1” (OI) and hasalternating
full and vacant rows of oxygen atoms, at z = 7 and zero temperature. The
60 K phase often observed near z = 6.5 is identified as the doubled-cell
“Ortho II” (OII), in which alternate rows of oxygen atoms of the OI phase
are omitted. Input parameters for the theory, such as the attractive second
neighbor interaction of the oxygen atoms, are obtained from first prin-
ciples calculations. The theory utilizes the cluster variation method to
perform the statistical mechanical calculations. Still more complex phases,
also comprised of ordered rows of oxygen atoms, are expected due to the
long-range coulomb repulsion between rows of oxygen atoms. Recent
experimental results from electron diffraction and micrography studies
confirm the existence of these phases, which are most readily observed
between z = 6.55 and 6.85.

MEASUREMENT OF PHYSICAL PROPERTIES

36 T T

Extensive measurements of physical properties of superconductors
are performed. These include superconducting energy gap measurements
by tunneling, photoemission, and far-infrared spectroscopies. Transport
measurements include resistivity as a function of crystallographic direc-
tion, pressure, frequency, etc, as well as Hall effect and thermoelectric
power. Electrodynamic properties of crystalline and granular materials
are examined at rf and microwave frequencies. Still further physical
properties measurements include specific heat, Raman scattering, and
nuclear magnetic resonance.

Tunneling spectroscopy has been used by Zettl and Briceno to charac-
terize the superconducting energy gap in Bi,5r,CaCu,O,. Both the ani-
sotropy and the temperature dependence has been investigated. Single
crystals were carefully annealed in oxygen and used to form both break
junctions and point contact junctions. The current-voltage characteristics
suggest zero-temperature energy gap values of 6.2 kT, for tunneling in
the a-b plane and 3.3 k;T_ for tunneling in the c-axis direction. (k; is
Boltzmann'’s constant and T, is the critical temperature.) Figure 2 shows
data for tunneling from an indium tip into the a-b plane of the crystal; the
minima indicated by arrows identify half the energy gapas 22.5 meV. The
inset of this figure shows the observed and theoretical dependences of the
gapontemperature, which are in agreement. These new measurements of
the gap for electron motion in the a-b plane are also in good agreement
with measurements, discussed in last year's annual report, by high-
resolution photo-emission spectroscopy.

Raman scattering investigations have been carried out (D.E. Morris) in
collaboration with H.]. Rosen, M.C. Krantz, and R.M. Macfarlane of IBM
Almaden Research Center. The scattering from single crystals of
T1,Ca,Ba,Cu,0,,and YBa,Cu,O, exhibit the characteristic phonon spectra
of these compounds. The thallium-compound data were also used to
investigate the broad background continuum interpreted as electronic
scattering. This continuum decreases substantially below T for frequency
shifts of smaller than 400 cm™, which indicates the formation of a super-
conducting gap. The gap does not show the expected abrupt onset but a
linearly rising electronic scattering background similar to observations in
YBa,Cu,0,, possibly indicating a distribution of gaps or the presence of
electronic excitations within the gap.
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c Tunneling data from an indium tip into the a-b plane of a
— — Bi,Sr,CaCu,O, crystal. The differential resistance is plotted
versus bias voltage; the minima indicated by arrows are located
BiSrCaCuO at one half of the gap energy. The inset show the temperature
4 |- dependence of the gap, which is in good agreement with the
T=4.2K curve based on the theory of Bardeen, Cooper, and Schrieffer.
(XBL 903-997)
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Specific heat data were obtained (D.E. Morris) in collaboration with J.S.
Urbach, D.B. Mitzi, and A. Kapitulnik at Stanford University, on crystals
of Bi,CaSr,Cu,0O, and T1,Ca,Ba,Cu,O, . Measurements covering the range
of 2 to 15 K showed no measurable linear term in the specific heat as a
function of temperature. Deviations from the Debye T? law were attrib-
uted to spin-glass behavior of a small concentration of isolated impurity
copper moments. g

The well-known, and controversial, linear term in the specific heat of
the compound YBa,Cu,O, has been the subject of a continuing investiga-
tion by the Phillips group. The data from a number of samples is inter-
preted as showing the existence of localized magnetic moments on the
crystal lattice that suppress the transition to the superconducting state.
Both the extent of the transition, as measured by the jump in specific heat
at T, and the magnitude of the low-temperature “linear” term are corre-
lated with the concentration of these moments in the way expected for
pair-breaking centers. That is, the linear term increases and the specific
heat jump decreases with increasing moment concentration. The effect of
the pair-breaking centers, together with that previously recognized as
arising fromimpurity phases,accounts completely for the observed linear
component of the specific heat. Pair-breaking by localized magnetic
moments implies singlet-spin pairing in the superconductor state, and
also that the large volumes of non-superconducting material produced by
low concentrations of magnetic moments pose a problem that will have to
be overcome in processing for practical applications.

The lattice and electronic specific heat of YBa,Cu,O, was investigated
in the temperature range 78 to 284 K (Phillips). In the high temperature
region, the data fall on a smooth curve with no evidence of the anomalous
behavior which has been reported near 215 K. Near T, the data are
consistent with the specific heat of a BCS superconductor that has a.
contribution from 3-dimensional Gaussian fluctuations; that is, there is a
discontinuity at T_and also contributions proportional to the reciprocal
square root of T -T. The temperature region near T, was further explored
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in a study in which Cr and Zn were substituted in place of Cu. Figure 3
shows how the specific heat “jump” near T declines as Crisadded and the
superconducting fraction of the material declines. Specific heat measure-
ments on the same samples at lower temperatures, in both zero and 7 tesla
magnetic fields, gave evidence for localized magnetic moments, due to the -
chromium, which are responsible for the elimination of the superconduc-
tivity.

The specific heat of the high-T_superconductor (Bi, . Pb,,,Ca,Sr,Cu,0,,
wasmeasured in magnetic fields of 0 and 7 tesla in the temperature ranges
0.4 to 20 K and 65 to 125 K, in a collaboration of Phillips with H.M.
Ledbetter of the National Institute of Standards and Technology, and K.
Togano of the National Research Institute for Metals (Tsukuba, Ibaraki,
Japan). The coefficient of the low-temperature linear term in the specific
heatis unmeasurably small. On initial cooling, an anomaly was observed
atT_ but there were dramatic temperature hysteresis effects present. Hys-
teretic anomalies were also observed in the magnetic susceptibility and,
earlier, in elastic constant measurements.

Transport measurements on the high-T, superconductors, and their
theoretical interpretation, may provide important clues to the origin of
their remarkable superconducting properties (Zettl, Yu, Cohen). Meas-
urements on crystals of Bi,5r,CaCu,O, show a metal-insulator transition
induced by variable oxygen concentration “Universal” empirical equa-
tions are determined for the electrical resistivity, Hall effect, and thermo-
electric power. The same expressions hold for different oxygen concentra-
tions, and possibly for all high-T, superconductors. Figure 4 shows the
nature of the relationship for the resistance (divided by T%) for several
samples. Despite varying oxygen concentration, sample orientation, and
even sample composition, the data for each sample falls on a straight line.
As another example, the thermoelectric power tends to assume the form

1.38
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Figure 3

Specific heat data (divided by absolute temperature) for Cr-doped

samples in zero magnetic field, showing the suppression of super-
conductivity by the chromium. The smooth curve is a fit to data at
higher temperatures. (XBL 903-995)
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S= A + BT, where the constants A and B vary, e.g. with oxygen concentra-
tion, but are independent of T. The fundamental reason the transport
properties tend to assume simple empirical forms is not known, but the
model of “quantum percolation” due to ].C. Phillips may be useful in this
regard. v

High pressure electrical conductivity measurements in Cu,0 and CuO
were performed (Yu, Zettl, Cohen). The properties of these compounds,
in their various phases, may shed light on the nature of conduction in the
high-T_ cuprates. The high pressure phase of Cu,O (above 130 kbar) has a
resistive thermal activation energyof a few meV and localizationbehavior
below 7 K. In CuO, no phase transitions were observed at temperatures
and pressures up to 700 kbar and 3000 K, but its thermal activation energy
decreases linearly with pressure and extrapolates to zero atabout 1 Mbar.

The granular nature of ceramic samples of the high-temperature super-
conductors leads to complex non-linear electrodynamic behavior, which
are under investigation by the Jeffries group. The experimental method
consists of observing and processing the voltage induced into a copper
“receiver” coil wound around a cylindrical ceramic YBCO sample, subject
to applied dc and ac fields. Up to 41 harmonics of the fundamental ac
excitation have been observed. The theoretical model under study for
interpreting these data is an extension and revision of the critical-state
model of Bean, Anderson, and Kim (“BAK"), originally proposed as an ad
hoc and phenomenological explanation of the magnetic properties of type
II low-temperature superconductors. According to this model, the local
critical current density J_ is a function of the local magnetic field H,,
namely that]_is proportional to (H, +H)?, where His a parameter. (The
original BAK theory has the exponent -1 rather than the value -2 found
necessary here from fits to the data.) Extensive data for the harmonic
power for all harmonics up to the tenth are found to be in good agreement

BASIC SCIENCE

Plots of sample resistance for various high-T_oxides. FP (freshly
prepared), LO (low oxygen), and HO (high oxygen) label data for the
a-b plane of several samples of the variable oxygen concentration Bi
2212 compound. The other data are c-axis resistances for the com-
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Figure 5

Experimental data at 77 K on harmonic generation power at harmonic n and frequency f, P(nf) (10 dB/div.), in a cylindrical
ceramic rod of YBCO. Parts (a) and (b) show experimental and theoretical values, respectively, for the ac magnetic field ampli-
tude H,=13.5 Oe; parts (c) and (d) show the same information for H;=4.5 Oe. H,_ is the applied dc field. (XBL-902-346)

with the model, as shown in Figure 5. Further, more detailed measure-
ments, of the phase and amplitude of the fundamental (“zeroth har-
monic”) response show that for applied dc fields below 20 Oe, the
intergranular critical current controls the response, whereas at fields
above 100 Oe the intragranular region becomes dominant.

The microwave susceptibility of natural SQUID structures in single
crystals of YBa,Cu,O, , has been investigated by Portis and Weber, in a
collaboration with Z.Z. Wang and N.P. Ong of Princeton University. The
microwave absorption exhibits periodic peaks as the applied magnetic
field is varied. Both the absorption and dispersion signals are interpreted
with an rf SQUID model that associates the absorption signal with
hysteresis (due to change in trapped flux), and associates the dispersive
signal with constant flux. Hysteresis leads naturally to the observed
constancy of the absorption amplitude with increasing rf power. Also
readily explained by the SQUID model is the nature of the dispersion.

Magnetic-field-modulated microwave absorption was used to investi-
gate Pb-modified Bi-Ca-Sr-Cu-O, in a collaboration with S.M. Green and
H.L. Luo of the University of California at San Diego (Portis, Weber,
Thomas). The absorption was observed with a Bruker 200D Electron Spin
Resonance spectrometer. At high levels of the modulation field ampli-
tude, the output of the spectrometer is expected to be proportional to the
first derivative of the absorption. Figure 6 shows the temperature depend-
ence of the normalized signal strength. High-resolution transmission
electron microscopy (HRTEM) has established that the samples are mostly
composed of the 115 K polytypoid structure with the 80 K polytypoid
found at grain boundaries and at planar defects within grains. The
addition of Pb eliminates the lower temperature transition. The observed
microwave absorption is consistent with the HRTEM observations and
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supports the general view that microwave absorption arises primarily
from grain boundaries and planar defects.

The microwave surface impedance of granular superconductors has
been investigated in collaboration with D.W. Cooke of Las Alamos
National Laboratory and H. Piel at Wuppertal, Germany (Portis). The
intergranular medium is modeled by an inductor representing tunneling
supercurrents and a resistor representing the effects of microshorts be-
tween grains, as proposed by Halbritter. Theresultingmicrowavesurface
resistanceis expected to be proportional to the square of the frequency and
to the square of the critical current density at the surface. An estimate of
the critical current density of a bulk ceramic specimen, based on micro-
wave impedance measurements, gives 1,800 A cm?, in good agreement
with low-field magnetization measurements.

The oxygen-17 nuclear magnetic resonance spectrum of La, . Sr,  .CuO,
has been studied at temperatures ranging from 12 K to 295 K (Reimer).
Three resonances observed are assigned to planar oxygen sites, axial
oxygen sites, and a satellite peak of the La-139 resonance. Temperature-
dependent studies of the resonance frequency associated with the axial
site show that this resonance moves to higher frequency just above the
critical temperature and then rapidly shifts to lower frequency upon
formation of the superconducting state. It is suggested that the spin
susceptibility of this oxygen site is affected by the onset of superconduc-
tivity. Spin-lattice relaxation of thisresonance appears to be dominated by
quadrupolar mechanisms at temperatures above T ; the relaxation rate is
nearly constant below T..

Synthesis
The synthesis research includes the search for new superconducting
materials as well as the growth of single crystals.
The oxygen content of Bi,CaSr,Cu,0O,  has been found to affect T_(D.
Morris). In contrast with the shift seen in YBa,Cu,O, , T shifts downward
for increased oxygen content. The highest T, = 78.5 K is obtained by
treating at 600 C in 102-bars oxygen. T, shifts down to 65.4 K after
treatment at 137 bars. The transitions remain sharp, with no evidence of
significant structural change by x-ray powder diffraction. The 110 K Bi-
compound phase showed a much smaller shift (about 4 K) after treatment
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in O, at 134 bars.

The stability of the 124, 123, and 247 Y-Ba-Cu-O superconductors was
investigated ina collaboration with ].E. Post of the Smithsonian Institution
(D. Morris). (The notation 124, for example, refers to the compound
YBa,Cu,0,.) The 124 phase is synthesized by solid state reaction at 930 C
in oxygen pressure, P(O,), above 30 bar, while the 247 phase is favored in
the narrow range of P(O,) between 10 and 30 bar. The 123 phase forms at
P(O,) below 10 bar. Similar results are found for the analogous com-
pounds with rare earths substituted for Y. The pressureranges for stability
of 123/247/124 are nearly independent of starting stoichiometry, but
increase with temperature, such that the oxygen content of 123 at the
phase boundary is nearly constant. This suggests that superconducting
123 (with oxygen > 6.6) may be thermodynamically unstable to decompo-
sition into 124 (plus non-superconducting compounds) at all tempera-
tures, with synthesis of 124 at low temperatures and oxygen pressure
limited only by kinetics. Since very high oxygen pressures are not re-
quired, synthesis of the 124 and 247 phases is relatively easy, which may
have considerable practical importance.

The 247 compound consists of alternating layers of 123 and 124. Thus
it is surprising that 247 has a lower T, (45-55 K) than either of the parent
compounds. The basal plane areas of 247 are larger and orthorhombic
distortions smaller than the corresponding 123and 124, suggesting weaker
bonding in the CuQ, layers. Though the 247 compounds were processed
in pressurized oxygen, they may contain less than the 15 oxygens of 124
+123. This lower oxygen concentration would reduce the hole concentra-
tion and could explain the low T..

Two new superconductors in the Ca-Y-Ba-Cu-O system have been
synthesized by solid state reaction at 930 C at elevated P(O,) (D.E. Morris):
tetragonal Ca, Y, ,,Ba,Cu,0, (123) prepared at P(O)) = 16 bar (T =87 K for
x=0.2), and Ca,Y ,Ba,CuO (124) prepared at 50-200 bar (T =89 for
x=0.1). Calcium substitution shifts the phase stability boundary between
123, 247, and 124 phases to higher P(O,), and Ca stabilizes the tetragonal
structure of 123 at elevated P(O,) without substantial decrease in T,. The
results confirm that high T_in 123 does not require orthorhombic distor-
tion; the low-T_observed in unsubstituted tetragonal 123 is due to oxygen
deficiency. Ca-substituted 123 may prove technologically useful because
of improved stability as a result of elimination of the tetragonal-orthor-
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hombic transitionand associated twinning. The Ca-substituted 124 phases,
asshowninFig. 7, exhibit an increased T at x=0.1 of 89 K, which s larger
than the unsubstituted (x=0) phase with T, of 80. However, at larger Ca
concentrations, and larger oxygen pressures, T, gradually decreases,
possibly indicating hole concentration increased beyond the optimum
value.

THIN FILMS AND THIN-FILM DEVICES

P. BErRDAHL, 1. BROWN, J. CLARKE, E. HALLER, D. OLANDER, P. RicHARDS, M. RUBIN, R. Russo

The thin-film research includes film synthesis, film characterization,
and the investigation of thin-film devices such as bolometers and SQUIDs
(Superconducting QUantum Interference Devices), for applications in
electronics. Also underway is the development of thin films for tape
conductors, for applications to electric power systems. President Reagan
designated Lawrence Berkeley Laboratory as a Superconductivity Re-
search Center for Thin-Film Applications in 1987.

Virtually all electronic circuits require insulating crossovers, without
which devices and interconnections that can be fabricated are severely
limited. Clarke’s group has developed YBCO-5rTiO,-YBCO crossovers
(YBCO = YBa,Cu,0O,), which should be suitable for a variety of applica-
tions in superconducting microelectronics at 77 K. These tri-layer struc-
tures are grown in situ by excimer laser deposition onto a heated (100)
MgO substrate. The geometrical configuration of each layer is defined by
a metal mask; the vacuum chamber is opened between depositions to
allow the targets and masks to be changed. The upper and lower YBCO
films in the best trilayer structure had transition widths of 1 and 3 K (10-
90%), respectively and transition temperatures (zero resistance) of 87 K.
The resistance between the YBCO films at 77 K was 10® ohm for an
overlapping area of 0.2 mm?, corresponding to a SrTiO, resistivity of 4 x
10° ohm-cm.

A critical technique for a successful high-T electronics technology is
fabrication of the Josephson junction. A new technique has been devised
(Clarke) for growing junctions in microbridge structures. First, a microbr-
idge is patterned in a thin YBCO film grown by laser ablation. Such
bridges, immersed in liquid nitrogen, exhibit critical currents ranging
from 1 to 50 mA, but as expected, fail to induce constant voltage steps on
the current-voltage characteristic, signifying the absence of a Josephson
effect. To form a Josephson junction, current pulses are applied to the
microbridge one by one. The amplitude of the current spike is increased
until the critical currentis reduced to about one-half of its initial value. The
pulsing and thermal cycling are repeated until the critical current is
reduced to tens or hundreds of microamperes. It is then possible to
observe microwave-induced steps, implying that Josephson-like behav-
ior has been induced. This method is a straightforward and convenient
way of making small junctions with a fair degree of reproducibility that
promises to be important for both fundamental studies of high-T_ Jo-
sephson junctions and for devices such as SQUIDs.

Very low magnetic flux noise has been observed in laser-deposited in
situ films of YBaZCu3Oy, ina collaboration of Clarke’s group with A. Inam
and X.D. Wuof Rutgersand L. Nazar and T. Venkatesan of Bellcore. Many
applications of SQUIDs demand high sensitivity at low frequencies f
(below 1 Hz) and thus require films with low intrinsic “1/f” magnetic flux
noise. Although the level of 1/f noise in Tl,Ba,Ca,Cu,0, SQUIDs is
significantly lower than that in earlier YBCO SQUIDs, it remains higher
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Figure 8

Density of zero-temperature Lfctivation energies' D( lflo) . 20 (a) YBICO (1 ) l
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than that in low-T_devices. In post-annealed films of YBCO, the magni-
tude of the 1/f noise was shown last year to decrease dramatically as the
quality of the filmsisimproved. Thisyear we report measurements of flux
noise in a film of YBCO grown in situ by pulsed laser deposition (but not
patterned into a SQUID). The 1/f noise level was 2 orders of magnitude
lower thanin our best post-annealed film. This noiseislow enough to have
significant implications for SQUID magnetometers. Expressed as a noise
energy fora SQUID with aninductance of 100 pH, it has the value (at 1 Hz,
77 K) of 1.7 x 10® ] Hz?. Compared with the noise energies of commer-
cially available devices operated at 4.2 K, this value is only a factor of six
greater than dc SQUIDs and a factor of two less than rf SQUIDs. Of course,
low flux noise is not in itself sufficient for low noise in a SQUID; one has
to make sufficiently low-noise junctions as well. Finally, these results
imply that flux transformers made from high-quality films should not
induce significant levels of low-frequency noise into the SQUID.

The distribution of flux pinning energies in YBCO and Bi,5r,CaCu,O,
hasbeen determined from flux noise measurements, in collaboration with
D. Mitzi, P.A. Rosenthal, C.B. Eom, T.H. Geballe, A. Kapitulnik,and M.R.
Beasley of Stanford (Clarke). Flux noise offers a novel probe of flux
pinning energies which complements studies of resistive transitions in a
magnetic field. In particular the region of low and zero magnetic field is
readily investigated. The spectral density of the flux noise was found to
scale approximately as the inverse of the frequency; it also increases with
increasing temperature. The temperature and frequency dependence of
the noise is used to determine the pinning energies of individual flux
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Bolometer

Bow-Tie Antenna
Substrate

Figure 9

Architecture of a bow-tie antenna-coupled mi-
crobolometer on the back side of a hemispherical
lens. Radiation is coupled to the antenna more
efficiently through the lens and substrate. Spiral
and log-periodic antennas will also be useful for
such bolometers. Because of its small area, the
response of the microbolometer extends to
frequencies above 10° Hz. (XBL-897-5127)

T~ Incident Radiation

vortices in thermal equilibrium. The distribution of pinning energies
peaks below 0.1 eV in YBCO and near 0.2 eV in Bi,Sr,CaCu,0O,, as shown
inFigure 8. The noise power is proportional to the ambient magnetic field,
indicating that the vortex motions are uncorrelated.

Infrared absorptivity measurements on thin films of YBa,Cu,O, are
underway in the Richards group, ina collaboration with Bellcore/Rutgers
(S. Etemad, T. Venkatesan, L. Nazar, B. Dutta, X.D. Wu, A. Inam) and
Stanford (S.R. Spielman, T.H. Geballe). These measurements are useful as
a measure of film quality and may eventually clarify the intrinsic infrared
optical properties. The absorptivity measurements cover the range 5 to
700 cm! and are made at 2 K. C-axis oriented films are grown epitaxially
on 5rTiO,, LaAlQO,, and MgO substrates by off-axis sputtering and a laser
deposition technique. In the measurement the film acts as the absorbing
element in a composite bolometric detector and is used with a Fourier
transforminfrared spectrometer. In contrast to the interpretation of many
reflectivity measurements, the absorptivity is found to be non-vanishing
down to the lowest frequencies. The absorptivity is approximately linear
with frequency in the 30 to 300 cm™ range, and its magnitude is less than
0.01 for all frequencies less than about 200 cm™.

A new type of bolometer (“microbolometer”) has been invented by Q.
Hu (Richards group); a design analysis of this bolometer indicates high
performance at frequencies up to 10 kHz. This new development builds
on prior work on the feasibility of high-T_bolometers, which indicated
that high-T_ thin-film bolometers would provide at least an order of
magnitude improvement over the sensitivity of commercial pryoelectric
detectors which are widely used for laboratory spectroscopy. Figure 9
shows that the new microbolometer design uses a thin film, perhaps 1 by
5 micrometersin size, coupled to a metal-film antenna which intercepts
the far-infrared or millimeter-wave radiation. This type of detector canbe
mechanically stronger, more easily fabricated, and much faster than
conventional bolometric infrared detectors. The design analysis shows
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that a noise equivalent power of 2.5 x 10?2 W Hz'/2 is achievable for
modulation frequencies up to 10 kHz.

Both conventional high-T, bolometers and high-T, microbolometers
are being fabricated by optical lithography and tested for response and
noise. Very high quality films from Conductus, Inc. on substrates of ALO,
and Y-stabilized zirconia (YSZ) are used for these devices. Excess voltage
noise due to thermally activated flux motion is seen in films deposited
directly on AL,O,, but not in films ona SrTiO, buffer layer on ALO, or YSZ.

Sputtered high-T_films and buffer layers for tape conductors are under
investigation by Rubin. Using high-pressure d.c. magnetron sputtering
his group can deposit YBCO films on a variety of single-crystal substrates
with c-axis orientation and near-optimal critical temperatures. Having
achieved this prerequisite, they are now concentrating solely on develop-
ment of tape conductors. A complete tape structure might consist of a
metal tape substrate, superconducting film, and current shunt film, sepa-
rated by appropriate buffer layers. One promising substrate is Hastalloy,
astrong Ni alloy, well matched to YBCOin thermal expansion coefficient.
Buffer layers of SrTiO, and Ag have been used to permit formation of
superconducting YBCO films on Hastalloy. Increasing the buffer layer
thickness reduces the Ni sighal seen with Auger spectroscopy at the YBCO
surface, but degrades the c-axis orientation. Diffusion at interfacesisakey
problem in these multilayer structures. Efforts to further characterize the
Ag-YBCO interface with high-resolution electron microscopy are under-
way in collaboration with R. Gronsky. Also, efforts to lower growth
temperatures utilizing low-energy ion bombardment are proving prom-
ising.

High energy ion-implantation of YBCO films wasinvestigated (Brown,
Rubin), using the metal vapor vacuumarcionsource invented at LBL. This
special miniature broad spectrum ion source produces a uniform depth
distribution in the implanted film. By implanting a Cu-deficient, insulat-
ing, YBCO film with a Cu beam, followed by an oxygen anneal, a
superconducting film was produced. This technique could be used to
write superconducting patterns in insulating films.

Pulsed laser deposition is also being employed to develop thin super-
conducting films for tape conductor applications (Russo). Using excimer-
laser ablation, excellent as-deposited YBCO superconducting thin films
have been fabricated on various substrates. Ablation of various metal
buffer layers was studied, followed by deposition of YBCO films. For
example YBCO was deposited on stainless steel using a Ag buffer layer.
The T_ for zero resistance was 84 K, and the critical current was 1,000 A
cm?at 67 K. However these films had low critical currents in a magnetic
field; they are nearly unoriented as shown from x-ray diffractionand from
electrical measurements as a function of magnetic field orientation. Thus,
thin films for tape conductors are promising, and the 10° A cm? critical
currents readily achievable with ablated films on single crystal substrates
show the margin available for improvement.

Anew long-laser-pulse technique was developed for depositing super-
conducting thin films (Olander, Russo). The conventional short pulse
technique utilizes pulses only a few nanoseconds in length. In this work,
however pulses on the order of a millisecond were obtained from a Nd-
glass laser with 50 J/pulse. The deposition rate was approximately 100
nm/pulse, and the film stoichiometry was close to that of the target.
Scanning electron microscopy revealed spherical inclusions in the film;
scanning tunneling microscopy in air revealed a terrace-ledge structure
on the uniform portion of the film. A film produced by four pulses on a
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Figure 10 T T T T
Voltage drop as a function of the direction of an applied magnetic 13 % @ T=7500K |
field, for a granular, nearly unoriented film deposited on SrTiO,. l=05mA
The points show the measured data. The upper curve is a cosine B=04T |

function; the lower curves are guides for the eye. (XBL 8910-6328)
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SrTiO, substrate held at 540 C and post-annealed in O,exhibited an onset
transition at 85 K and zero resistance at 82 K. This new approach can
provide fast deposition rates and broad-area film coverage. _
Electrical characterization measurements on films have been per-
formed as a function of the angle 6 of an applied magnetic field (Berdahl),
as shown in Fig. 10. Here the field is always perpendicular to the current
flow; 6is zero when the field is perpendicular to the film. Measurements
of this type dlarify the nature of resistive losses in the presence of a
magnetic field. They also give evidence for orientation of the crystallites
of which the film is composed. This film is only slightly oriented; high-
quality epitaxial films show a much sharper variation of voltage drop with-
magnetic field direction when the field is almost parallel to the film (6 near
90 degrees). At the lower temperature of 59 K, a.strong hysteresis is
observed. The hysteresis is due to the presence of circulating supercur-
rents induced by the magnetic field, which interact with the transport
current used to make the measurement. This figure illustrates the com-
plexity of energy losses which can occur in conductor applications.

ELECTRON MICROSCOPY

] ~J. Evans, R. GRONskY, G. THOMAS, J. WASHBURN

The electron microscopy research features atomic resolution imaging
of cations, which enables defects, grain boundary structure, and compo-
sition to be analyzed and related to synthesis conditions and to physical
properties. The state-of-the-art facilities of the National Center for Elec-
tron Microscopy, including the Atomic Resolution Microscope, are exten-
sively used in this research. :

The defect structure of in-situ pulsed-laser-deposited thin films of the
Y-Ba-Cu-O superconductor has been observed directly by atomic resolu-
tion electron microscopy (Thomas), in a collaboration with Bellcore (R.
Ramesh, D.M.Hwang, L. Nazar, T.S. Ravi, A.Inam, X.D. Wu, B. Dutta, T.
Venkatesan)and Stanford (A.F. Marshall, T.H. Geballe). Ina thin film with
nominal composition YBa,Cu,O,(123), stacking defects corresponding to
the cationic stoichiometry of “248,” “247,” and “224” have been observed.
Other defects observed include edge dislocations and anti-phase bounda-
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ries. These defects, which are related to the non-equilibrium processing
conditions, may well be responsible for the higher critical currents ob-
served in these films compared to single crystals.

The transformation interface between the 124 phase and the 123 phase

" in the Y-Ba-Cu-O system has been resolved, indicating that there are both

low-angle boundary configurations and planar faults with mobile partial
dislocations (Gronsky). These defects bring about the transformation
between these structurally significant phases. Due to the recent success of
S.Jin et al. (Bell Labs) in producing a higher critical current phase 123, by
starting with a 124 precursor, this transformation interface assumes
special importance. Computer modeling of the transformation sequence
has been initiated, and the study has now been extended to thin films,
where there is a natural 124 precursor to the 123 phase due to the
deposition process.

In situ observations of the orthorhombic-tetragonal phase transforma-
tionin YBa,Cu,O,, (Evans), have been performed in collaboration with S.
Johnson of SRl International. Heat treatments at temperatures between 25
and 500 C at oxygen pressures of 10 torr have been carried out in an
environmental cell of a high voltage transmission electron microscope.
Phase identification is performed by examination of electron diffraction
patterns. It was found that the original orthorhombic OI form transforms
into the OII phase (still orthorhombic, but with a doubling of the a-axis,
and withx=0.5) atabout 250 C. As the temperatureisincreased further the
tetragonal phase forms; this phase is evident at 350 C. As the tetragonal
phase is slowly cooled to room temperature, the orthorhombic phase OI
reappears. Cycling the temperature repeatedly has indicated the regen-
erability of the OI phase.

Silver metal contacts to YBCO films are under investigation (Gronsky).
They exhibit semicoherent structural interfaces, sharply faceted along
close-packing planes, with “threading dislocations” nucleating at the
MgOsubstrate interface, passing through the YBCO film, and penetrating
the Ag overlayers. Optimum deposition conditions have been identified,
and the necessity of a serious cleansing of the YBCO surface (via ion
milling) before Ag deposition has been unambiguously proven.

Structural imaging of polytypoids of high-T_ superconductors contin-
ued this year, in collaboration with E. Wang and J.M. Tarascon of Bellcore
(Thomas). The newly discovered system Pb,Sr,(Ca,Y)Cu,O, has been
examined by high-resolution electron microscopy (HREM), electron dif-
fraction, and x-ray microanalysis. High-resolution imaging has shown the
presence of Pb,Sr,Cu,O, at the grain boundaries. By analogy to the Bi-Ca-
Sr-Cu-O system, it is suggested that this polytypoid could have a lower
transition temperature compared to the matrix. This finding may explain
the steps in the resistivity plot. Figure 11(a) shows a HREM image of the
matrix phase in the [100] zone-axis orientation. The cationic stacking
sequence in this image consists of two layers of PbO between which is
located a Cu atom in the +1 state (as identified by XPS studies). Between
the PbO bi-layers, the stacking sequence consists of Sr-Cu-(Ca,Y)-Cu-Sr
repeat units. Figure 11(b) shows the stacking sequence adjacent to a grain
boundary. In this case the last unit cell at the grain boundary corresponds
to Pb,5r,Cu,0,, which by analogy to the Bi-Ca-5r-Cu-O system, may bea
superconductor with a low T, or even a semiconductor. This situation
correlates well with the resistivity plot, which exhibits an onset at 60 K,
while zero resistance is obtained only at 20 K.

An electron microscopy study has been carried out to characterize the
microstructure of a sintered Gd-Ba-Cu-O superconductor alloy. This
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Figure 11(a) :
[100] zone axis HREM image of the superconducting phase with the composition Pb,Sr,(Ca,Y)Cu,0,. (b) [110] zone axis
image of the superconducting phase, showing the formation of one unit cell of Pb,Sr,Cu,0, adjacent to the grain boundary.
(XBB 902-1228, XBB 902-1229) '

work is a collaboration of Thomas with the University of Houston (R.L.
Meng, P.H. Hor, and C.W. Chu). The GdBa,Cu,O, phase in an oxygen-
annealed sample is orthorhombic, while in a vacuum-annealed sample it
is tetragonal. The details of the fine structure in the [001] zone-axis
convergent-beam patterns can be used to distinguish between the orthor-
hombic form and the tetragonal form. In addition to this matrix phase, an
amorphous phase is frequently observed at the triple gain junctions. Gd-
rich inclusions have also been observed inside the matrix phase.

CERAMIC PROCESSING

ALUMINUM CLADDING OF HIGH-T. SUPERCONDUCTOR

BY THERMOCOMPRESSION BONDING

o T.J. RicHARDSON, L.C. DE JONGHE
Thermocompression bonding of aluminum to YBa,Cu,O,  (YBCO) has
been demonstrated. The superconductor is protected by a thin barrier
layer of silver. The specific resistivity of the Al/Ag/YBCO interface was
measured at 77 K as a function of current density and is below 3.2x10°
Qcm? for electrode current densities of at least 400 Acm2. This technique
provides a convenient means of cladding bulk superconducting ceramics

with a strong, inexpensive, and highly conductive metal.
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INDUSTRY INTERACTIONS

Contracts

* A grant from the California Competitive Technology Program sup-
ports much of the effort to develop commercial high-T_SQUID mag-
netometers. This work includes collaborations with Stanford and

Conductus, Inc.

Industrial Collaborations

e  H.Morawitz of IBM Almaden is collaborating with V. Kresin on the
phonon-plasmon mechanism of high temperature superconductiv-

ity

¢ HlJ.Rosen, M.C. Krantz, and R.M. Macfarlane of IBM Almaden are

collaborating with D.E. Morris on Raman scattering.

¢ The group of T. Venkatesan at Bellcore has provided high-quality
thin-film samples for collaborative investigations with J. Clarke (flux
noise), P. Richards (far-infrared spectroscopy), and G. Thomas (elec-
tron microscopy of defects). R. Ramesh of Bellcore also contributed
to the electron microscopy research.

INDUSTRY INTERACTIONS
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Conductus, Inc. is collaborating with]. Clarke (SQUIDs) and with P.
Richards (high-T, bolometers). As a part of these collaboratlons,
Conductus provides high-quality YBCO films.

US, Inc., a manufacturer of sputtering equipment, is collaborating
with M. Rubin on film deposition research.

The Rocketdyne Division of Rockwell International is collaborating
with R. Russo on pulsed laser deposition of high-T, thin films.

S. Johnson of SRI International is collaborating with J. Evans on
electron microscopy studies of the tetragonal-orthorhombic phase
transition in YBa,Cu,0O,

Technology Transfer

Industrial Fellow

The YBCO/SrTiO,/YBCO crossover technology is being patented
and transferred to Conductus, Inc.

The high-T_superconducting microbolometer is being patented and
transferred to Conductus, Inc.

The long-laser-pulse method of producing superconducting thin
films is being patented.

A day of introductory reviews was presented at the Conference on
the Science and Technology of Thin-Film Superconductors (Colo-
rado Springs).

LBL was active in the organization of the International Conference
on Materials and Mechanisms of Superconductivity-HTSC (Stan-
ford). This Conference drew 1200 participants who presented 1000
papers, most of which are now published in Physica C.

Mark Colclough of Conductus, Inc. works at LBL with J. Clarke’s
group on SQUID R&D.

Scott Sachtien of Conductus, Inc. worked at LBL with P. Richard’s
group on bolometer research.
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