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Preface

In a continuing effort to improve the quality and scope of the technical program and the
resulting proceedings, the organizers of the 1988 Symposium on Advances in
Semiconductors and Superconductors: Physics and Device Applications decided that
the manuscripts submitted for the conference proceedings should undergo a peer-
review process. A mechanism was thus set up to implement the review procedure
without creating a significant delay in publication.

Each manuscript was refereed by at least one reviewer, and the evaluations of the
reviewers were considered in the final selection process for papers to be included in the
proceedings. In order to improve quality, reviewer comments were provided to the
authors for incorporation into their final camera-ready manuscripts for the conference
proceedings.

The organizers appreciate the timely cooperation of the authors, reviewers, and program
committees of each of these conferences, which enabled the manuscript review process
to be conducted expeditiously and effectively. We believe that this review process has
considerably enhanced the quality of the papers and hope that the results presented
herein stimulate new advances in semiconductor and high-T. superconductor physics
and application.

The following is a list of the seven peer-reviewed proceedings resulting from this
symposium:

Volume 942: Ultrafast Laser Probe Phenomena in Bulk and Microstructure
Semiconductors /I, Robert R. Alfano, ed.

Volume 943:. Quantum Well and Superlattice Physics /I, Federico Capasso,
Gottfried H. Dohler, and Joel N. Schulman, eds.

Volume 944: Growth of Compound Semiconductor Structures, Anupam
Madhukar, ed.

Volume 945: Advanced Processing of Semiconductor Devices Il, Harold G. Craighead
and J. Narayan, eds.

Volume 946: Spectroscopic Characterization Techniques for Semiconductor
Technology lll, Orest J. Glembocki, Fred H. Pollak, and Fernando
Ponce, eds.

Volume 947: Interconnection of High Speed and High Frequency Devices and
Systems, Alfred P. De Fonzo, ed.

Volume 948: High-T . Superconductivity: Thin Films and Devices, R. Bruce van Dover
and Cheng-Chung Chi, eds.

Federico Capasso, AT&T Bell Laboratories

Fred H. Pollak, Brooklyn College/City University of New York
Symposium Chairs
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HIGH-T, SUPERCONDUCTIVITY: THIN FILMS AND DEVICES

Volume 948

INTRODUCTION

This conference brought experts on high-T superconducting materials together with scientists and engineers
interested in using these materials to create a viable technology for the future. The promise of such a
technology is enhanced performance in known devices and the potential for new applications; the downside is
the difficulty of working with exotic materials under exotic conditions. The nascent science of high-T
superconductivity is only 12 months old, and the emphasis of research has largely been on the materials and
their properties per se. This emphasis is reflected in the dominant concern expressed at this conference—
preparation and characterization of thin films. Device concepts have been actively pursued since early 1987,
although experiments to date have served mainly to underline the difficulty of working with the new materials.

This conference presented a broad and deep perspective on thin film preparation. A number of themes wove
through the presentations, and we summarize here some of the significant and novel concepts that were
discussed.

The growth of thin films of a new 80 K superconductor, identified as Ba,Y,CugO,.,, Was described by Beasley
{Stanford) and Mandich (AT&T Bell Labs.). In-situ growth, i.e., deposition of fully superconducting oxides,
rather than amorphous or semicrystalline precursor films, is the primary approach taken by Lathrop (Cornell)
and Braginski and Talvacchio (Westinghouse), although there seems to be movement in this direction by most
of the groups involved in thin film preparation. There is a consensus, also, that growth at lower temperatures
(<700° C)is desirable as it leads to films with better (smoother) and more reproducible morphology. Results
along these lines were emphasized by Beasley, Mankiewich (AT&T Bell Labs.), and Wu (Rutgers). Low-
temperature deposition also reduces chemical reaction with substrates, as pointed out by these authors and by
Koinuma (Tokyo Institute of Technology). It is known that the oxidation state of materials in this class of
superconductors has a strong effect on T,.. Photoemission study of superconducting thin films has provided
some details of the Cu and O valence band under various annealing conditions {Shen, Stanford). Patterningis a
crucial step in device fabrication, and two alternatives were described: wet processing (i.e., liftoff) by
Mankiewich, and laser ablation yielding linewidths as small as one micron, by Scheuermann (IBM). A variety
of deposition techniques, alternatives to the coevaporation of Ba, Y, and Cu, which gave the original successful
thin films (Laibowitz, IBM), were described, including cosputtering from BaCu and YCu targets (Scheuermann),
laser ablation (Wu, Mandich, and Kwok, SUNY/Buffalo), ion-beam sputtering (Yoshimura, Government
Industrial Research Institute, Japan), and coevaporation with BaF, (Mankiewich). Thick films are also of
potential importance for chip-to-chip interconnects and present some special problems, as discussed by
Rautioaho (Univ. of Oulu, Finland).

The development of superconducting devices, passive and active, is an obvious motivation behind much of the
activity in thin-film and thick-film high-T, materials, and the importance of devices was an unstated
assumption in most of the work discussed at the conference. Specific devices such as SQUIDs and S-N-S
microbridges were discussed by Laibowitz and Mankiewich, respectively. Optical detectors based on granular
films were the subject of the talk by Strom {Naval Research Lab.), and Braginski and Talvacchio reported a
significant advance in the detectivity of such devices, a result that encourages us to expect further
improvement with advances in understanding the behavior of high-T films.

{continued)
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Finally, a series of presentations evaluated the potential of high-T superconductivity for applications involving
both superconductors and semiconductors. In the related SPIE conference (Conf. 947) on Interconnection of
High Speed and High Frequency Devices and Systems, Soloman (IBM) pointed out that the role super-
conducting interconnects and transmission lines might play in future high-performance systems is still
controversial, but the work described by Russek (Cornell) and Mourou {Rochester) demonstrates the viability of
passive high-T. devices. In this conference, Singh (Oklahoma) suggested uses for superconductors as
elements in active semiconductor devices to enhance their performance.

The response to this conference on superconducting thin films and devices was enthusiastic and gratifying.
The chairs are grateful to the speakers and authors for delivering a first-rate program, and would like to
especially thank M. R. Beasley for the excellent and well-received tutorial he prepared on superconducting
electronics, which served as a splendid introduction to and backbone for the technical program.

R. Bruce van Dover
AT&T Bell Laboratories

Cheng-Chung Chi
IBM/Thomas J. Watson Research Center
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Abstract only

High Tc Superconducting Thin Films and Devices made from YBa,Cu,0y

Robert B. Laibowitz and Roger H. Koch
IBM Research Division, P.O. Box 218, Yorktown Heights, NY 10598

We have used both electron-beam vapor deposition and sputtering systems to deposait
superconducting thin films of the compound YBajCu,0y. In the e-beam deposition system the
three metals are individually evaporated in an oxygen partial pressure while the sputtering
system uses composite targets. After a high temperature furnace anneal in flowing oxygen
these films can have transition temperatures as high as 91 K. The films in thicknesses
ranging from 0.07 to several microns are deposited on a variety of substrates such as
alumina, Si, MgO, zirconia and SrTi03. The epitaxial films which are grown on pol}shed
SrT103 single crystals generally show the highest critical current density, around 10 aA/cm?
observed at 4 K. Device applications of these films such as SQUIDs and transmission lines
will be discussed with particular reference to the processing and patterning techniques
used 1in their fabrication. These technigues include photo-and e-beam lithography, ion
implantation and milling and laser ablation.
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Ultra high speed electronics based on proposed high T_ superconductor switching devices

B.A. Biegel, R. Singh, and F. Radpour

The University of Oklahoma,
School of Electrical Engineering and Computer Science
202 W. Boyd Street, Norman, OK 73019

ABSTRACT

The development of superconductivity near 100 K allows hybrid
superconductor/semiconductor electronic devices to be experimentally
investigated as a means of realizing improved ultra high speed very
large scale integration (VLSI) electronics. Incorporating superconduc-
tors into conventional semiconductor structures will be the most likely
approach to developing hybrid VLSI devices. The analysis of passive
hybridization (using superconductive interconnects) of semiconductor
devices concludes that this approach might produce significant benefits
in at least some cases. Active hybridization of semiconductor devices,
in which the inclusion of superconductors in a semiconductor device
significantly alters device operation, 1s treated briefly. Such devices
might be a means of achieving revolutionary rather than evolutionary
improvement of electronic systems. The hybridization schemes are il-
lustrated with a proposed ultra high speed resonant tunneling transistor
(RTT) structure and with hybrid MOSFET structures. From the pro-
cessing perspective, rapid 1sothermal processing (RIP) based on in-
coherent light sources is a promising technology for the fabrication of
hybrid devices.

1. INTRODUCTION

Electronic devices operating on the effects of superconductivity
have been envisioned for many years as a possible means of producing
the ultimate speed in solid state electronics. In fact, the best demon-
strated switching time! of of 2 5 ps for a superconducting OR gate is
more than a factor of 2 better than the 5.8 ps switching time of the
fastest semiconductor device demonstrated to date.2 However, in almost
all ulra high speed applications, the technology alternatives must be
compared on a broader scale than simply the speed of an isolated dev-
ice. As discussed by Gallagher® in 1985, the tremendous speed poten-
tial of superconducting electronics (SuE) has been outweighed by other
challenges and limitations of proposed or demonstrated superconduct-
ing devices. Thus, SuE has never been chosen over semiconductor
electronics (SeE) for any general purpose application, even where high
speed is the primary goal (e.g., 1n a supercomputer CPU).

The discovery® that certain copper oxides, notably YBa,Cu O,
have superconducting transition temperatures (T,) of nearly 160 f( has
initiated a re-evaluation of the status and prospects of SuE. Although
decreased cooling costs are hikely in higher temperature SuE systems, it
is clear that unless new devices are developed, SuE will still face the
same limitations and challenges. However, this development has
opened another approach to utilizing superconductors that could bypass
these problems - that of hybrid superconductor/semiconductor systems.
The lure of such a system is that the advantages of one technology
might be able to ease the limitations of the other. This would certainly
be a non-traditional occurrence, since advances in either technology
would benefit, rather than threaten, the other. Such systems have been
considered for some time with low temperature superconductors, for in-
stance by Gallagher.> The very low operating temperatures required for
these superconductors and the relatively high power dissipation densi-
ties of SeE, among other problems, relegate the two technologies to
operating in separate systems.

However, using a 100 K (or higher) superconductor, sufficient
heat can be feasibly removed from a liquid nitrogen cooled (77K) sys-
tem to make hybnd devices and systems realizeable. This paper ad-
dresses those issues that are relevant to the development of hybrid dev-
ices which attempt to combine the advantages of superconductor and

semiconductor technologies, yielding devices which are superior to ei-
ther separate technology. The next section discusses the general con-
siderations of hybrid systems and devices, concluding that hybrid dev-
1ces will most likely be conventional SeE devices, "hybridized” by the
inclusion of superconductors. The third section treats passive hybndi-
zation of SeE devices, in which superconductors act as (litle more
than) improved 1nterconnects between SeE devices. The fourth section
illustrates this concept 1n terms of a proposed ultra high speed resonant
tunneling transistor. The fifth section presents briefly the concept of
active hybridization, where hybridization causes a significant
modification of the operating mechanism of the SeE-type device. This
approach is illustrated in terms of the resonant tunneling transistor and
hybrid MOSFET devices. Key materials and processing issues are
presented briefly in the final section, focusing on the ability of rapid
isothermal processing (RIP) to meet the unique challenges of hybrid
device fabrication.

2. GENERAL HYBRID SYSTEM CONSIDERATIONS

In spite of the dominance of SeE, the competition between it and
SuE 1s not likely to end. This 1s true not only because of speed con-
siderations, but also due to the fact that the strengths and weaknesses
of the two technologies are often diametric opposites as displayed in
Table 1. For example, SuE devices (including the most popular SuE
devices, which are based on Josephson junctions) have low-loss inter-
connects and ultra low power operation, but have low (if any) signal
gain and lack many of the device characteristics which have proven so
useful in transistors. SeE devices, of course, do have transistor charac-
teristics and also produce a signal gain, but are increasingly plagued, in
high speed applications, by the limitations of normally conducting in-
terconnects and by relatively hugh power dissipation densities.

Table 1. Characteristics of SuE and SeE devices

Technology  Advantages Limitations
Supercon- Speed: sub-picosecond Non-transistor-like:
ducting delays attainable non-inverting
Devices: Power dissipation: low; latching: must be reset
~ 1 uW/gate poor IO isolation
Interconnects: low-loss, use threshold logic
fast, non-dispersive Power gain: low (if any)
Semicon- Transistor Qualities: Speed: present devices
conductor inverting limited to 2 1 ps delay
Devices: non-latching Power dissipation: high;

I/0 isolation
non-threshold logic

~ 1 mW/gate
Interconnects: lossy, low

Power gain: adequate speed, dispersive

The comphmentarity of SuE and SeE has traditionally meant that
advances in one technology were directly deleterious to the other.
Thus, the orders of magnitude improvement in SeE technology over the
past 40 years have done more to keep superconductors out of general
purpose high speed electronics than any other single factor. Another
central cause of the dominance of SeE 1s that those systems which re-
quire ultimate speed also virtually always require VLSI circuit densi-
ties. In compensating for undesired SuE device characteristics, both in-
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tegration density and speed must be sacrificed. Since the copper oxide
superconductors are not likely to significantly modify the hmitations of
traditional SuE devices, we have turned to consider hybnd SuE/SeE
systems. Given the dominance of SeE, we can be assured that pro-
posed hybrid devices are superior to both separate technologies (for
real applications) if they are superior to the best SeE devices

Considering the respective advantages given above for SeE and
SuE, 1t 1s not dificult to determine the types of hybrid devices that
should be researched in order to combine these advantages. Note that
the advantages of SuE are the result of the properties and mechanisms
that occur in superconductors, while those of SeE concern device
charactenstics. Thus, 1t makes sense to consider hybrid devices with a
structure and operating mechanism similar to that of a SeE device,
while incorporating superconducting matenals into those structures. In-
cidentally, this approach greatly simplifies the companson of the capa-
bilities of a SeE device and its hybrid counterpart.

Regardless of whether hybridization is an active or passive
modification of the SeE device, every hybrid device proposed will in-
herently require that superconductors be fabricated in close proximity
to semiconductors. In interfacing any two dissimilar matenals, the is-
sues of lattice mis-match, thermal expansion coefficients, interdiffusion,
surface states, and other characteristics of the interface must be con-
fronted. The fabrication and processing of either material in the pres-
ence of the other could be fatal to the integrity of the device being con-
structed. It is possible at least for some devices, however, to configure
the structure of interfaces and contacts such that these concerns are in-
herently lessened. There are actually three possible contact
configurations, as depicted in Figure 1, that can be used to interface the
superconductor and semiconductor. The first (Fig. 1a) is direct contact
between the two materials. Theoretically, this is the ideal configuration,
since it is the most likely of the three to produce the desired result of a
reduced specific contact resistance. However, processing challenges
concerning the copper oxides or poor interface characteristics may not
allow direct contact.

Superconducting Interconnect

Semiconductor Device

a) Direct contact

Superconducting Interconnect

Metal Interface

Semiconductor Device

b) Metal intermediary

Superconducting Interconnect

Dielectric_ Barrier

Semiconductor Device

¢) Dielectric barner
Figure 1. Hybrid system 1interface configurations

A second possibility (Fig. 1b) 1s to use a metal (or other conven-
tional interconnect matenal) as an intermediate "interface matching”
material. Because this configuration places the superconductor/metal
contact in series with the usual metal/semiconductor contact, the net
contact resistance will increase. Tzeng et al’ have investigated
silver/'YBa,Cu 0O, ; contacts, which demonstrated a specific contact

resistance more than an order of magmtude (4x10® Qcm? vs, 8x107
Qcm?) less than the best metal/semiconductor contacts.® Thus,
superconductor/metal/semiconductor contacts should achueve almost the
same specific contact resistance as metal/semiconductor contacts. The
use of low contact resistance materials (e.g., silicides and polysilicon)
as a "matching” layer should be investigated as well.

The thurd possible contact configuration (Fig. Ic) is to place a
Schottky barrier or tunnel barrier dielectric between the superconductor
and semiconductor. With this configuration, the interviening dielectric
protects the underlying layer, be it semiconductor or superconductor,
against the fabrication, processing, and proximity of the other material,
which should ease processing challenges. Thin film epitaxial dielectrics
that can serve as an effective substrate for the growth of both semicon-
ductors and the copper oxide materials have been investigated by Singh
et al.” A barner contact might be nearly as lossless as a direct contact
for some devices. In fact, the tunnel barrier configuration is used in
the high speed resonant tunneling transistor discussed in the section 4.

The nature of electronic system for which hybrid devices might be
a feasible alternative remains to be determined. This information will
provide further specification as to the type of devices that should be in-
vestigated. From the short discussion above, 1t is apparent that the fa-
brication of hybrid devices is not only less established than silicon pro-
cessing technology, but also more challenging Both the materials and
processing will be more expensive. For this reason, as with GaAs dev-
ices, since hybnd devices are not superior in terms of cost, they will
only be used in applications which require superior performance - high
speed electronics. Knowing the trend in electronics toward higher den-
sity and integration levels, we should also realize the importance of
device scaleability. A hybrid device must have both superior speed
and be highly integrable to be practical in future market applications.
It is with this understanding that hybridization is treated in the follow-
ing sections.

3. PASSIVE HYBRIDIZATION - INTERCONNECTS

Passive hybridization indicates that the addition of superconductors
to a conventional SeE device does not modify its operating mechan-
isms, although the system itself (e.g., speed, power consumption, or in-
tegration density) will hopefully be improved The most obvious ap-
proach to passive hybridization 1s to use superconductors as intercon-
nects between the SeE devices. As mentioned, high speed SeE are in-
creasingly facing limitations due to presently used resistive intercon-
nects (metals, silicides, and polysilicon). It is the purpose of this sec-
tion to determine the nature and amount of improvement that are
afforded by switching from normal to superconducting interconnects.

To illustrate the problems that arise for normal interconnects as
devices are scaled to ever-smaller dimensions, consider the convention-
al method of scaling called constant field (CF) scaling.® The CF scaling
method and its effects on interconnects are summarized in Table 2.
Ideally, all dimensions and the supply voltage(s) are reduced by a fac-
tor of S, with S > 1, resulting in an improved (i.e., reduced) device
propagation delay by a factor of S. However, Table 2 indicates that
CF scaling degrades the characteristics of normal interconnects.

Table 2. CF scaling: effects on local interconnects

Absolute Relative With Respect

Scaled Parameter Increase Increase to Scaled ..
All distances 1/8 1 Distances
Doping density S - -
Voltage supply 1/8 1 Voltage supply
Device current 1/8 - ——-
Device delay 1/ 1 Device delay
Interconnects:

Delay 1 S Device delay

Current density S - e

IR voltage drop S st Voltage supply

Contact resistance §? - -

Contact voltage S §? Voltage supply
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Interconnect scaling can be viewed as a competition between 1n-
tegration density, which CF scaling attempts to increase, and other in-
terconnect parameters, which CF scaling degrades. First consider inter-
connect resistance, which is given by:
R, = pL/A )
where p, L, and A are the resistivity, length, and cross-sectional area,
respecuvely, of the interconnect. Thus, 1n scahing all distances by S, R,
increases by S. With a decrease in total current by S, the interconnect
IR voltage drop remains the same, and increases by S relative to the
supply voltage. Even more serious for high speed devices 1s the effect
of R, on the interconnect propagation delay. Since interconnect and
load capacitances decrease by S with CF scaling, the intrinsic RC delay
tends to remain approximately constant. Relative to the device delay,
the interconnect delay actually tncreases by a factor of S. Worse still,
as noted by Gallagher,? scaling in real IC’s results in more degradation
than that predicted by these simple calculations.

For devices with low current capability (to charge capacitances),
or for any device that operates 1n the picosecond or sub-picosecond
range, the propagation delay of interconnects can exceed the device
propagation delay. For example, Shibatorm and Yokoyama® estimated
that an average wiring delay of 2 ps per gate would result in a 2000
gate high electron mobulity transistor (HEMT) IC in which the indivi-
dual gates could achieve a delay as small as 1 ps. Regardless of the
particular numbers, it is clear that faster devices will yield ever more
marginal improvements unless more 1deal interconnects are realized.
For existing devices and interconnect matenals, the cross-over between
device-dominated and interconnect-dominated high-density IC’s appears
to occur when devices reach intmnsic propagation delays of 1 ps or
more.

Scaling of normal interconnects, and thus VLSI density, 1s imited

b¥ other factors as well. For instance, contacts resistance increases by
§# with CF scaling, as determined by the specific contact resistance and
the contact area. The IR voltage drop of a CF scaled contact increases
by S (by S? with respect to the supply voltage). We can choose a ma-
terial (e.g., a silicide or polysilicon) with a reduced specific contact
resistance, but these incur an integration density penalty due to higher T,
resistivity p. To achieve a acceptably low R, the cross-section A must
be increased. Finally, since current densxty increases by S with CF
scaling, highly scaled interconnects face reliability concerns. Both
speed and integration density are critical parameters in leading edge
systems, but both are adversely affected by the scaling of resistive in-
terconnects that is necessary for VLSI circuit density. These JSoncerns
of interconnect scaling are discussed in more detail by Meindl.®

The copper oxide superconductors present an alternative intercon-
nect material, and their use might ease both the propagation delay and
integration density concerns of normal interconnects. The properties of
superconducting interconnects have interrelationships and trade-offs at
least as complex as those discussed above for normal interconnects.
To compare the propagation delays of superconducung and normal in-
terconnects, the results of Bakoglu and Meindl'® will be used, and their
equations adapted to the case of resistanceless interconnects. The as-
sumed circuit configuration was a MOSFET driving an interconnect
and the gate of another MOSFET as shown in Figure 2a. The
equivalent circuit for the case of a normal interconnect is shown in
Figure 2b and for a superconducting interconnect in Figure 2c. The
propagation delay was defined as the time between the instantaneous
switch to V, by the power supply and the nise to 0.9V, at the gate of
the second transistor.

According to Bakoglu and Meindl, the propagation delay for nor-
mal interconnects is closely approximated by:
T,=RC, +23RLC + RdC + R‘C ) 2)
where R, is the resistance of the (normally conductive) interconnect, C

is its capacltance R, is the output impedance (including source an
drain contact resistances) of the driver transistor, and C 1s the gate

Vaa
—1 Driver
Interconnect '
I Load

a) Interconnect delay circuit model

l o

[ o

¢) Superconductor equivalent circuit
Figure 2 Circuit models for interconnect delay calculations

capacitance of the load transistor. Thus, the propagation delay for the
superconducting interconnect case 1s.

, = 23R,(C, + C)) ®

In order to simphfy calculations, the following reduced (or normalized)
parameters are introduced-

t=T,T, (@)
r=R/R, )
c=C/C, ©)
With these defimtions, the reduced time delay can be written:

t=[1+ (/2 3)c +23)/(c + D! W)

The reduced ume delay 1s rather insensitive to c, especially when 1t is
greater than 10 or less than 0.1. The three curves in Figure 3 thus
display the entire range of both parameters (r and c¢) and the resulting
values of the reduced propagation delay from Eq. 7. The important
conclusion to be drawn from Eq 7 and Fig. 3 is that the larger the
value of r (@ R/R ), the better the improvement factor Obviously, if
the resistance of d‘me interconnect being replaced is comparable to or
greater than that of the driver transistor, significant improvement will
be observed. However, as will be determined below, reducing Ry may
not be an effective method of increasing the improvement factor.

Now it remains to determine typlcal values of r and ¢ (for VLSI
electronics). For C,, use a typical value'® of 3 pF/cm (whlch Bakoglu
and Meindl determmed would be independent of scaling using proper
scaling techmques) Estimate C as a parallel plate capacitor, which
has a capacitance of.

C, = eA ®
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Figure 3. Passive hybridization delay improvement factor

Here, € 1s the gate dielectric permittivity, A 1s the area of the gate,
and t; 15 the gate dielectric thickness. Takmg reasonable values for a
high speed VLSI MOSFET (A_ = 5 um?, t_ = 20 nm), and with Si0
as a gate dielectric (€ = 3.9¢ fhe result 1s é 17 fF. Thus, for locai
interconnects (3 um < L < 00 Hm), CB 18 approxxmately equal to the
average value of C,, so the ¢ = 1 curve will be used For non-local 1n-
terconnects (0.03 cm < L < 3 cm), the interconnect capacttance dom-
nates the gate capacitance, so the ¢ > 10 curve will be used.

Considening resistance values, note that R, can vary widely,
depending on the technology (e g., MOSFET, bipolar, etc.), so a rea-
sonable (MOSFET) value of 1 KQ will be chosen The effects of this
choice are discussed below. The interconnect resistance can vary even
more than that of the dnver transistor, depending on the cross-sectional
area of the interconnect, as given by Eq 1 (the length 15 much more
difficult to reduce). For VLSI electronics, the interconnect cross-
section should be reduced as far as possible, but there are limits to the
scaling of superconducting interconnects The most significant limita
tion for the copper oxide superconductors appears to be their crnitical
current density, above which superconductivity 1s destroyed. The
current that the superconductor is required to pass i1s dependent on the
type of devices it connects. In general, the lower R, the higher the
peak current, I, 1n the interconnect will be. Refernng to Figure 2c, it
1s clear that the largest possible I, will be:

L oax = VadRy

®

Since current density 1s current divided by cross-sectional area, the
mimmum acceptable cross-section, A, 1s calculated as the peak
current divided by the cnitical current density, J :

Amm = Ip,mnx/ Jc

Combining Equations 9 and 10 gives:

= V4 /(RJ) an

At 77 K, crmcal current densities as high as 2x10% A/cm? have
been reported.!! Knowing that repeatable results have been difficult to
attain, this value will be derated herein by a factor of ten. V4 =2 V
will be used for tlus analysis. This results 1n a rmmmum cross-
sectional area of 1 pm2. With these values, the plots 1n Figures 4a and
4b were constructed for inter-device interconnects of typical (L = 100
pum) and long (L = 1 cm) lengths, respectively. These plots again give
the propagation delay improvement of superconducting interconnects
for the configuration of Figure 2a, but here as a function of the inter-
connect cross-sectional area The results were extended to a Cross-
sectional area of 0.1 pm? (for J, = 2x10° A/cm? in Eq. 11) with a
dashed line. The delay 1mprovement was treated for three normal in-
terconnect materials, aluminum, a silicide (WSi,), and polysilicon, with
assumed resistivities of 3 pQcm, 30 pQcm, and2 500 pQcm, respective-

ly!
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Figure 4. Passive hybridization delay improvement factor

Now consider again the effect of R on the reduced time delay.
For example, if we assume an R, of 10 12 is reduced by a fac-
tor of 10, so it would appear from Figures 4a anci. 4b that the improve-
ment factor, t, would be much better (smaller) for this case. However,
r (= R/R) is also decreased by 10, so it takes an extra decade of
CTOSS- secnonal area to reach the same (r and) t values as those
achieved with R, = 1 KQ. Although the improvement factors are
equal (albeit at different areas), the higher resistance case would seem
to be of more interest for VLSI because smaller interconnect cross-
sections are possible. Do not forget, however, that t is an improvement
factor; not the actual delay. It happens that higher output resistances
directly reduce the current driving capability of the driver device, thus
requiring proportionately more time to charge line and load capaci-
tances In other words, both T, and T, increase rapidly with increases
in R,, although T, does so more swﬂ{ly Since speed is the primary
concern in ﬁndmg appropriate devices for passive hybridization, dev-
ices with low output impedance are necessary. In order to accomodate
the current driven by these devices, larger interconnect cross-sections
and/or higher critical current densities are required.

The conclusions to be drawn from Figures 4a and 4b are summar-
ized 1n Table 3. Up to the derated cntical current density, little im-
provement would be observed by replacing typical length interconnects
of any of these matenal with superconducting lines. For long (inter-
device, on-chip) interconnects, superconducting lines still show little
improvement over aluminum hnes. The delays of both W81, and po-
lysilicon sigmficantly improve at this length These latter mahenals
however, are typically used only for local interconnects, the reason for
which 1s quite apparent from Figure 4b.
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Table 3. Summary of passive hybridization improvement factor

Interconnect Interconnect Length

Material Typical (100 um) Long (1 cm)
Aluminum small small

Silicide (WS1,) small moderate - large
Polysilicon small - moderate moderate - large

There are yet two reasons why superconducting interconnects
represent an opportunity to ease the limitations 1mposed on high speed
VLSI by normal 1nterconnects The first 1s, of course, the fact that the
minimum allowed cross-sectional area was derated by a factor of 10
and, 1n fact, future improvements n the allowed cntical current density
are likely. Further, the curves in Figure 4 represent the worst case
current load on the superconductors, which may be far from reality. In
particular, there will be a small series inductance of the interconnect
the main effect of which will be to hold down the magntude of the 1n-
iual current spike, the value of which 1s given by Equation 9 and was
used to determune the critical current density lmit. Finally, in contrast
to scaling of normal interconnects, no penalty 1s incurred by scaling the
cross-section of a superconducting interconnect to 1ts critical current
density limut, Amm (given a safety margin). (This does not change Fig-
ures 4a and 4b, since C, is independent of A for properly scaled inter-
connects; i.e., not CF scaling.) Thus, an improvement 1n 1nterconnect
density could also result in the event that hugher cntical current densi-
ties are allowed.

The above discussion assumes that the driver output resistance 1s
unchanged by the adoption of a copper oxide interconnect. Of course,
the use of a copper oxide superconductor may change the specific con-
tact resistance, resulting in an accompanying change 1 R, and an op-
posite change in the reduced resistance, r. Thus, if the specific contact
resistance increases, r will decrease, and the improvement of the super-
conducting line will decrease or possibly be negative. On the other
hand, if the specific contact resistance decreases, r will increase, and
the improvement factor will be greater than the results given above.
This would lower the propagation delay and/or allow further scaling of
the contacts. Higher device packing densities would result from small-
er contacts, especially if the contacts previously accounted for a
significant amount of the total device area. Due to the lack of expen-
mental data for the copper oxide superconductors, no defimte conclu-
sions can yet be made as to the charactenstics of these
superconductor/semiconductor contacts (n any of the three
configurations discussed).

In summary, passive hybndization of SeE would be most warrant-
ed for devices which have picosecond-range switching times, which
typically use silicide or polysilicon interconnects, which have a low
output impedance to charge capacitances quickly, and 1n which indirect
contact to the interconnect 1s an acceptable or inherent charactenstic of
the device. In addition, if the specific contact resistance of copper
oxide/semiconductor contacts 1s lower than that of metal/semiconductor
contacts, this scheme would greatly benefit any device, but particularly
those in which the contact area 1s a significant fraction of the total dev-
1ce area.

4. AN IDEAL RESONANT TUNNELING TRANSISTOR

A resonant tunneling transistor (RTT) structure proposed previous-
1y,!? and shown in Figures 5a and Sb, has several of the charactenstics
desirable for passive hybndization This paper discusses only those de-
tails of the operation of this device which are relevant to passive hy-
bridization. A review of resonant tunneling (RT) and various RT dev-
ices is given by Capasso.!> Except for the use of a gate potential rather
than biasing to modulate the resonant tunneling current, the structure
and operation of this device are virtually 1denncal to that of the sim-
plest RT device, the resonant tunneling diode (RTD). Maximum oscil-
lating frequency measurements'4 and numerical simulation''6 of the
RTD yield a propagation delay or switching ume of 100-200 fs. Be-
cause of the similanty of the proposed RTT to the RTD, it should
achieve a comparable switching tme. This fact alone suggests 1its sui-
tability for passive hybndization - normal interconnect propagation de-
lay would completely dominate the device delay.

SOURCEf _ _ _ _ _ _ _ _ _ _ ATE {SU
(SY)

6]

©®

(©) 5

B)

DRAIN (SU)
SUBSTRATE (SE)

SU Superconductor SE: Semiconductor
B Barrler Layer D Dielectric

a) Hybnd RTT side view

GATE

b) RTT source/gate configuration

Figure 5. Hybnd resonant tunneling transistor (RTT)

Also, note that the superconductor/semiconductor contacts are in-
herently indirect 1n this device - a tunnel bammer separates the semicon-
ductor layer from the superconductor interconnects. This can greatly
ease processing and fabrication considerations If conduction band
offsets between the superconductor and semiconductor require unrea-
sonably large source-drain biasing, however, additional layers of sem-
1conductor would have to be inserted between the superconductor and
barrier layers. This would result in one of the other two contact
configurations (Figure 2a or 2b) being used. Note that, in order to be
able to effectively modulate the potenual of the central layer to switch
resonant tunnehng on and off, a low density of states material (n <
1x10'%/cm?) must be used here. This essenually limits the choice to
semiconductors, resulting in the possibility of undeswrably large band
offsets and biasing.

Finally, the proposed RTT would greatly benefit from passive hy-
bndization 1n the event that thus techmique reduces specific contact
resistance. Note that the RTT, because of 1ts vertical structure, has no
device area beyond the contacts. Thus, 1t would gain the maximum
possible packing density benefit 1f scaling of interconnects were desired
rather than a lower interconnect propagation delay. In summary, it 1s
the speed and packing density considerations that make the proposed
RTT a perfect choice for passive hybridization, but 1t 1s the fact that
tunnel barner contacts are an inherent feature of the device that helps
to make its passive hybridization feasible.

5. ACTIVE HYBRIDIZATION

Active hybridization indicates that the inclusion of superconduc-
tors into a SeE structure results 1n a sigmficant modification of the
operatung mechamsms of the device. Such superconducting effects as
coherence, the proximity effect, superconductive tunneling, and the
Josephson phenomena, would act to change (and hopefully improve)
device operation. Because these are quantum phenomena, actively hy-
bridized devices could well demonstrate revolutionary capabiliues as
compared to the original SeE device, The device should sull retain
most of 1ts original operating characteristics - the proven advantages of
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SeE devices should not be forgotten. Because of the multtude of pos-
sibilities for activiely hybndized SeE devices, only a cursory treatment
of the subject is conducted here.

Considenng the RTT, acuve hybndization could be accomplished
1f a superconductor could be used as the center layer The copper ox-
ide compounds investigated to date have a density of states'” of at least
1x10%'/cm®, so they are not useful for this layer. If new superconduc-
tors reported recently,'® or any discovered in the future, have the
desired carmner densities as well as cnitical temperature, they could be
used as the center layer. This would assure very low biasing poten-
tials and thus power dissipation. It also presents the possibility of ac-
tive hybndization through the use of supercurrent tunneling and
resonant tunneling. An ingenious setting of the maximum zero voltage
tunneling supercurrent and the resonant energy level(s) might dramati-
cally improve device operation.

Active hybndization has been demonstrated with the MOSFET,
using low temperature superconductors, 1n a structure sometimes called
a semuconductor-coupled Josephson junction.!® A typical structure,
which will be called the hybrid MOSFET herein, is shown mn Figure 6.
This 1s an actively hybndized device because the gate modulates
coherent (superconducting) current flow between the source and drain
electrodes. The dependence of the proximuty effect on carner density?
allows the semiconductor channel to act like a superconductor for ap-
propriate gate potentials.

(SE)

GATE (SU)

SUBSTRATE (SE) \

SU. Superconductor SE: Semiconductor
Dielectric

Figure 6. Hybrid MOSFET device

Isolated hybrid MOSFET devices have been fabricated, and propa-
gation delays of 20 ps were reported 1n 1985.2! This 1s about the same
as the best reported results at the ume for convenuonal NMOS transis-
tors.22 The indication from these results 1s that this relatively new tech-
nology is likely to show a significant speed 1mprovement over the con-
ventional device as its technology matures. We propose that thus
mechamsm be used 1n a MESFET or MODFET structure, which ap-
pear to be capable of as much as an order of magnitude shorter propa-
gation delays than a MOSFET. In particuar, the MODFET may be
able to produce a 1 ps propagation delay,” indicating that a sub-
picosecond delay might be attarnable in the hybnid version. This dev-
ice does have problems concerning voltage gain, as discussed by Gal-
lagher,3 but 1t serves to illustrate the concept of active hybndization

Note that for both the MOSFET and RTT devices, analogous hy-

brid structures can be designed for use with hole or electron supercon-
ductors as necessary.

6. FABRICATION AND PROCESSING RESULTS

Realization of any proposed hybnd device presents challenges in
both matenals and processing technologies. In particular, hithography
and selective deposition of matenals are the key processing areas that
need to be explored further. An ideal hybnd structure requires crystal-
line epitaxial layers of high temperature superconductors, semiconduc-
tors, and dielectrics in a desired sequence. Simply manufacturing the
required quality of copper oxide thin films will be challenging, but hy-
brid systems add the addional requirement that the ntegrity of all ex-

isting layers of vanous matenals be maintained during this fabrication.
Rapid 1sothermal processing (RIP) based on incoherent optical heating
sources 1s a promising technology for the fabrication of hybnd struc-
tures and devices.” Starting with silicon as a substrate, epitaxial dielec-
tnic films of II-A flourides can be deposited by RIP.” Required layers
of superconductor and semiconductor can then be deposited using RIP
assisted metalorganic chemical vapor deposition (MOCVD). The de-
tails of thus techmque are presented 1n Ref. 12.

As a gate dielectric material, Y,0; can be used 1n hybnd devices
incorporating the copper oxide superconductors. Thin films of ytrium
were evaporated on a p-type (100) silicon substrate. After evaporation,
the sample was transferred to a commercial rapid isothermal processor
(A.G. Associates heat pulse processor model 410). A two-step oxida-
tion (300°C, 150 sec. and 700°C, 140 sec.) was followed by an 800°C,
10 sec. in-situ anneal in nitrogen The high-frequency C-V curve of
the resulung 60 nm Y,0, film 1s shown in Figure 7. The dielectric
constant 1s € = 17.72, and3 the flat band charge density is approximate-
ly 3.67x10'"/cm?. The measured leakage current is shown in Figure 8
These are preliminary results, and indicate that process optimaziton
through a better understanding of oxidation mechanisms can lead to
high quality Y,0, films formed by RIP.
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Figure 8. Y,0, film leakage current

8 / SPIE Vol 948 High-T; Superconductivity Thin Films and Devices (1988)



