Ultrafast Optoelectronic Interface for Digital
Superconducting Electronics

Introduction

Ultrafast optoelectronics is an acknowledged field of techno-
logical importance for the 21st century, and a very large
amount of research has been performed on thistopic in recent
years.! It is estimated that by the year 2006 nearly 13% of
developed-world households will be connected to Global
Internet viainteractive broadband fiber services. Thisrequires
very high capacity networks with complex switchboards and
routers. Current single-wavelength bit rates for optical fibers
are between 2 and 6 Gbit/s, with laboratory demonstrations
reaching speeds of up to 40 Gbit/s. Implementation of the
optical wave division multiplexing (WDM) technique in-
creases the fiber throughput to well above 1 Thit/s. Time
division multiplexing (TDM) isalso an obvious, and in many
aspects preferable, multiplexing choice for digital signals to
increase the fiber throughput capacity. Implementation of
TDM will requireultrahigh-speed transmittersintheel ectrical
domain. Superconducting digital electronics is expected to
become the processing medium of choice for these optical
telecommuni cation applications.

Thehighest-speed digital dataprocessing and manipulation
can be achieved using superconducting electronics circuitry
based on single-flux-quantum (SFQ) logical devices consist-
ing of a combination of resistively shunted tunnel Josephson
junctions (37s).2 Low-temperature superconducting (LTS)
SFQ digital circuits, fabricated in the standard, Nb tri-layer
process with 1.5-um feature size, have demonstrated clock
speeds from 20 to 40 GHz. Further reduction of the linewidth
tobelow 0.8 umwould allow JJcircuitsto reach speedsof well
above 100 GHz, even in complex designs.34 Theroad map for
the development of SFQ el ectronics estimates that high-tem-
perature superconducting (HTS) digital circuits should reach
1-THz-range clock rates within the next ten years,* and,
indeed, 0.7-ps SFQ pulses generated by intrinsically shunted
Y-Ba-Cu-O (YBCO) JJ's have been demonstrated recently.®

Integrating SFQ-logic-based processors into ultrafast

(e.g., above 30-GHz clock rate), high-performance applica-
tions requires, however, a new paradigm for digital input/
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output (1/0) communication between the SFQ processor and
the outside world. Only optical fiber links can assure multi-
GHz bit rates; they are also immune from crosstalk and
electromagnetic interference and feature excellent thermal
insulation. Together, a SFQ processor and an optical 1/0 will
constitutethe new ultrafast optoel ectronics, namely supercon-
ducting optoel ectronics.

Thisarticlebeginswith ageneral description of asupercon-
ducting optoel ectronicrouter followed by, in separate sections,
descriptions of progress in the development of optical-to-
electrical transducers (OET’s) and el ectrical-to-optical trans-
ducers (EOT’s), suitable as |/O circuitry for superconducting
digital electronics. Finaly, a brief summary includes a per-
sonal assessment of the current state of the art in the supercon-
ducting optoelectronic (1/0) interface.

Super conducting Optoelectronic Router

One of the application areas where superconducting elec-
tronics can significantly outperform semiconductor technolo-
giesistelecommunication hardware, namely, ultrafast routers
and crossbar-type switching structures.* The router is being
used in telecommunication systems as the network node that
directs the flow of information between different sub-net-
works. Figure 88.22 shows a schematic of an optoelectronic
router.® Information arrives as multiwavelength trains of opti-
cal pulses at the router input ports, where, using suitable
OET’s, it istrandated into the electrical domain. Next, infor-
mation packagesarerouted to the appropriate output addresses
using an ultrafast electronic processing network that provides
such packet-switch functions asrouting and drop/add, without
the need to demultiplex down to lower data rates. Finally,
signals are trandated again, but this time into the optical
domain, using EOT'’s.

Inthe superconducting router, the switching circuitry of the
electronic information processor is based on the SFQ gates
because of their very high switching speed and design simplic-
ity. Present-day SFQ crossbar designsarelimited to switching
speeds below 10 GHz and utilize copper 1/0 microwave
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transmission lines.” Theselinesareknown to betoo dispersive
and lossy at frequencies exceeding 30 GHz. They also con-
sume too much cooling power because they constitute acryo-
genic-to-room-temperature interface that accounts for up to
75% of the total load. In future-generation, 100-GHz-band-
widthrouters, only optical fiberscan providetheneeded signal
transmission bandwidth, as well as excellent thermal insula-
tion. We note that in switching-type systems, contrary to most
of the other digital data processing schemes, both the OET's
and EOT’shaveto provide abandwidth that isat |east equal to
the operating frequency of the information-processing unit.
Thus, the clock rate of the entirerouter circuit islimited by the
digital processor and not the 1/O circuitry.

In the example in Fig. 88.22, optically coded information
has the form of return-to-zero (RZ) pulses. Logical “1's’ in
subsequent clock cyclesarecoded as separate pul ses, whilethe
absence of a pulse in a given clock cycle is interpreted as
logical “0.” The RZ coding isoptimal for laser pulses and fits
naturally to the SFQ logic, which isalso coded based on either
presence or absence of a pulse in a clock cycle? Thus, no
additional matching circuitry isneeded at thel/O ends. Finally,
the OET’s and EOT’s should be optimized for a 1.55-um-
radiation range since this wavel ength is the optical communi-
cation standard for data transmission.
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Figure 88.22

Schematic of the superconducting optoel ectronicsinput and output interfaces
for an ultrafast SFQ digital information processing network. Each train of
optical pulses represents a different optical wavelength due to assumed
implementation of the WDM technique.

Super conducting Optical-to-Electrical Transducers

The first superconducting optoel ectronic circuit was dem-
onstrated by Dykaar et al.8° As shown in Fig. 88.23(a), a
photoconductive metal -semiconductor-metal (M SM) diode (a
50-um-wide gap in the coplanar line, on the left-hand side of
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the junction) was used as the OET, and the generated
photoresponse sighal was directly applied to switch a tunnel
JJ. The structure was fabricated using the Pb-alloy technol-
ogy10 on asemi-insulating GaAs substrate, which acted asthe
active medium for the MSM switch. Since the JJ was not
shunted, the circuit operated only with the unbiased junction
and when the M SM-generated excitation current pulses (typi-
cally ~8 pswide) exceeded thecritical charge (timeintegral of
the pulse) needed to switch a hysteretic JJ into the resistive
state.® The circuit was tested using the early version of the
cryogenic electro-optic (EO) sampling system,11 with the
50-Q probe transmission line fabricated on LiTaO5 and
wire-bonded directly to the superconducting coplanar line
[Fig. 88.23(a)]. The JJ switching waveform was sampled
about 300 um from the junction [see “sampling point” in
Fig.88.23(a)]. TherecordedtransientisshowninFig. 88.23(b).
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(a) Micrograph of an optoel ectroni c superconducting Pb-alloy circuit consist-
ing of a GaAs photoconductive switch and separately biased Josephson
junction (3J). The circuit is wire-bonded to atransmission line on aLaTiO3
crystal for EO sampling measurements. (b) Time-resolved switching process
of the unbiased JJ shown in (@), driven by an 8-ps-wide electrical transient.
The input amplitude was approximately five times the junction critical
current. Temperature was 2.1 K.
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It exhibitsa~3-psturn-on delay time, followed by a~5-psrise
time. The signal fall time is significantly longer, demonstra-
ting that after switching, the junction remained in the tran-
sient voltage state, asexpected from JSPI CE-program numeri-
cal simulations.®

The usefulness of the structure shown in Fig. 88.23(a) for
practical router structureswaslimited by theuseof an unshunted
JJ. The hysteretic nature of the junction current—voltage (1-V)
characteristics precluded the use of the junction dc biasasan
adjustableswitching threshold. In addition, thejunction exhib-
ited a large resistive-capacitive (RC) time constant, limiting
the transducer’s speed of response. Later, Van Zeghbroeck?
published systematic studies of |-V characteristics of various
cryogenic MSM diodes and demonstrated that Nb-Si-Nb de-
vices were compatible with Nb-based JJ circuits.

The next-generation superconducting OET system pro-
posed and implemented by Wang et al.13 was free of the
limitations suffered by its predecessors. The test structures
were fabricated at the HY PRES Foundry, using their standard
Nb process, 14 and were fully compatible with the current SFQ
digital circuit technology. ThisOET isshownin Fig. 88.24(a)
and consists of aNb-Si-Nb MSM photodiode, integrated with
a two-JJ pulse shaper. This arrangement allowed trains of
100-fs-wide optical pulses from an external laser source,
incident on the Nb-Si-Nb diode (switching beam), to betrans-
formed into electrical signals and shaped into SFQ pulses by
the two-junction Josephson pul se shaper (both JJ swereexter-
nally resistively shunted). The SFQ waveformswere recorded
right after the second JJ (sampling beam), using the EO
sampling system, and, as shown in Fig. 88.24(b), represented
sub-mV, 3.2-ps-wide voltage transients. The integral of the
experimental signal was equal to ®q, a quantum of magnetic
flux, confirming that indeed the OET output consisted of single
SFQ pulses. The measured pulse characteristics were in very
good agreement with JSPICE simulations.13 The simulations
also showed that the width and amplitude of measured SFQ
signals were limited by the parameters of the JJ's used in the
pulse shaper and not the Nb-Si-Nb photodiode.

Wide possihilities for superconducting optoelectronic cir-
cuits'® were opened asaresult of the successful demonstration
that the integrated OET system is indeed able to transform a
train of optical pul sesinto the SFQ-coded input for asupercon-
ducting digital electronic circuit at rates of up to 30 Ghit/sfor
1.5-um-feature-size JJ technology (HY PRES standard pro-
cess!4). Currie, Sobolewski, and Hsiang!® used Nb-Si-Nb
photodiodes to inject approximately 20-ps-wide electrical
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pulses into Nb-based superconducting transmission lines to
study their propagation properties. They also determined the
amount of crosstalk between two Nb microstrips, fabricated at
different metallization levels and separated by a dielectric
SiO, layer (seeFig. 88.25). Thetime-resolved crosstalk signal
wasmeasured using the EO sampler and was>20 dB below the
signal propagated inthemain transmission line(see* sampling
points’ inFig. 88.25). Theresultswereinvery good agreement
with the simple capacitive model of the signal coupling be-
tweenthetwo crossing microstrips. Bulzacchelli etal .17 imple-
mented M SM diodesfor an optoel ectronic clocking systemin
which optical pulses were delivered via fiber to a supercon-
ducting chip, on which the Nb-Si-Nb OET triggered the SFQ
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(a) Micrograph of an optoel ectronic superconducting Nb circuit consisting of
aNb-Si-Nb MSM photodiode coupled to amicrostrip line and followed by a
two-junction pulse shaper. The entire circuit was overlayed with aLaTiO3
crystal for EO sampling measurements (not shown). (b) Time-resolved single
SFQ pulse and its time integral. Temperature was 2.1 K.
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circuit at frequencies reaching 20.6 GHz. As in the work by
Wang et al., 13 all of these el ectronic structureswere fabricated
in the standard, Nb-trilayer HY PRES process. 14

The discovery of HTS materials offered the promise that
HTS digital electronics can reach terahertz clock speeds.®4
The characteristic response times of HTS are of the order of
single picoseconds!® and intrinsically shunted YBCO JJ's
exhibit acharacteristic voltage closeto 8 mV,1° predicting that
the corresponding SFQ pulse width, generated during the
junction switching event, should be well below 100 fs. To
achieve comparable, subpicosecond electrical excitations,
Osbahr et al .20 used amorphous GaAs, deposited directly ona
coplanar YBCO transmission line. The structure acted as a
MSM diode, and the authors successfully generated the short-
est 0.4-ps-wide electrical input pulses reported to date
(~2-THz digital bandwidth). The pulses were used to study
propagation properties of YBCO transmission structures. It is
interesting that GaAsdid not “ poison” theY BCO; however, an
overlay of Au on the YBCO strips was needed to sustain the
highest, THz-frequency componentsinthe propagating pul ses.
This latter result confirmed the earlier studies?! that at above
300 GHz, microwaveloss of superconducting YBCO actually
exceedsthat of normal metals, such asAuor Cu, kept at 77 K.

Independently of semiconducting M SM-type devices, both
LTS?223 and HTS'8 microbridges, operated as hot-electron
photodetectors, have been proposed asOET’s. For LTS photo-
detectors, NbN wasthematerial of choicesinceitischaracter-
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ized by a ~30-ps photoresponse time,24 the fastest among
conventional superconductors. In the case of HTS structures,
the YBCO microbridge was successfully implemented as an
optoel ectronicinterfacefor switchingagrain-boundary Y BCO
junction.> Figure 88.26(a) presents an integrated YBCO
microbridge plus aY BCO-JJ structure. The bridge was inde-
pendently biased (not shown) and, upon illumination with a
femtosecond optical pulse (excitation beam), generated ~2-ps-
wide electrical transients, which were then applied to switch
the dc-biased JJ. Time-resolved dynamics of thejunction were
studied with the help of the EO sampling system (sampling
beam). The actual test geometry, shown in Fig. 88.26(a), was
characterized by alargeinductance parallel tothe JJ, duetothe
extended, right-angle-type junction leads. Nevertheless, the
authors were able to extract the actual junction switching
process and demonstrate [see Fig. 88.26(b)] that the response
consisted of atrain of 0.65-ps-wide SFQ pul ses. Themeasured
signal was in very good agreement with JSPICE simulations
performed for a shunted JJ with the characteristic voltage of
2.1 mV. The JJ's estimated power consumption associated
with the SFQ pulse generation was ~0.1 uW, leading to a
“switching time” x “dissipation power” product equal to
0.08 aJ, the lowest reported value for any digital device.
Further JSPICE simulations? predicted that YBCO JJswith
the characteristic voltage above 3.5 mV (well within thereach
of the current HTS JJ technology®) should generate SFQ
pulses with awidth of <300 fs, which corresponds to a 3-dB
bandwidth of >1 THz, breaking yet another “barrier” in the
development of digital technologies.

Figure 88.25

Micrograph of an experimental setup for measuring crosstalk.
Thecircuit usesan MSM diode to generate a picosecond el ectri-
cal transient, which propagates along the main microstrip line
(MSL) and then crosses abovethe other. At theintersection each
lineison adifferent metallization layer. The signals on the two
MSL’s are detected at sampling points by the EO system.
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Figure 88.26

(a) Schematic of a coplanar strip transmission line containing a YBCO
microbridge and abicrystal JJ. The entire circuit isoverlayed with aLaTiO3
crystal for EO sampling measurements. (b) Time-resolved, single SFQ pulse
and the corresponding numerical JSPICE simulation. Temperaturewas20K.

Super conducting Electrical-to-Optical Transducers

Both the OET and EOT ends of the telecommunication
router must, of course, operate at the same speed. I n the case of
the superconducting crossbar, in the best scenario, the EOT
should be able to transform a sequence of “0” and “1" SFQ
pulsesdirectly into optically coded information. The design of
the SFQ-to-optical output interface is a very challenging
problem, mainly duetotheextremely low energy being carried
by SFQ pulses, and, so far, there are no satisfactory practical
solutions. Several new concepts, however, designed specifi-
cally for digital superconducting electronics, have recently
been proposed.
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The first optical output interface for JJ electronics was
proposed by Van Zeghbroeck!? in the form of an actively
modulated GaAs/AlGaAs semiconductor laser diode with a
sub-mA threshold current. The GaAs/AIGaAs laser diodes
were sel ected because of their low power dissipation and large
modul ation bandwidth. Thefirst actual implementation of the
laser-diode EOT system in aJJlatching integrated circuit was
achieved by Nakahara et al.23 The authors used the special
high-voltage Josephson circuit to increase the signal level to
about 10 mV and then amplified it using a liquid-helium
HEMT (high-electron-mobility transistor) semiconducting
amplifier. Subsequently, the output was fed into a liquid-He
InGaAsP laser. Although only low-frequency tests were per-
formed, the expected maximum speed of the output circuitry
was estimated to be approximately 1 GHz.

A laser diode operating at 4.2 K was also used by the
HY PRES team?6:2” to provide a serial output data stream via
an optical fiber from asuperconducting anal og-to-digital con-
verter (ADC) to room-temperature conventional electronics.
The output from the ADC was linearized with a parallel-to-
serial converter, amplified with an on-chip driver (Josephson
amplifier), and used to modulate a laser diode biased at the
lasing threshold. The authors also investigated in detail the
performance of variouslaser diodesfabricated for operation at
4.2 K.27 They found that, at low temperatures, the current
threshold for lasing reduces significantly, resulting in much
lower input power being needed to operate the laser. Unfortu-
nately, the dynamic resistance (dVv/dl) also increases signifi-
cantly near the lasing threshold and the power efficiency
(dP,/dl) decreases. To successfully operate a laser as a
superconducting EOT, its dynamic resistance should be as
small aspossible, so that an appreciable current modulationis
produced when a small voltage signal is applied. At the same
time, dP,,/dl should be as large as possible, to get a large
modulation of the optical power output. The analysis pre-
sented in Ref. 27 indicated that dV/dl < 10 Q and dPg/dl
> 0.5 mW/mA are required for robust operation of a laser-
based optical output interfacefor superconducting el ectronics.
More research on cryogenic laser diodes is needed to achieve
these parameters.

Recently, Sobol ewski and Park?® proposed amagneto-optic
(MO) modulator asan ultrafast EOT. The main advantage of a
passive modulation schemeisthat it requires only a sensitive
medium and optimized coupling between el ectrical and optical
signalsto obtain the desired modulation efficiency and speed
of response. For cryogenic systems, it is very important that
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fiber-coupled modul ators represent only aminor thermal load.
Whilethe MO effect has been applied to optical modul ators?
in current, conventional optoelectronic systems, ultrafast EO
modulators are used exclusively as EOT’s. Unfortunately, the
EO modulatorsare not practical for superconducting electron-
ics since they require high-voltage driving signals and, thus,
are incompatible with SFQ gates.

MO modulators based on the Faraday effect offer anumber
of advantagesfor superconducting optoel ectronics. Many MO
materials, including the most-sensitive europium monochal-
cogenides, exhibit MO properties only at temperatures below
20 K30 while the Verdet constant for diluted-magnetic semi-
conductors, or garnets, increases drastically at low tempera-
tures. In addition, some MO crystals (e.g., EuS and EuSe) are
characterized by <2-ps response times, assuring above-
150-GHz, 3-dB analog bandwidth.31 In garnets, the response
is limited by the ferromagnetic resonance frequency (e.g.,
82.3 GHz for Bi-Y1G32) with potential for reaching >1 THz.

Figure 88.27 shows the concept of a superconducting MO
modulator based on a microwave microstrip line (MSL) with
apolarization-sensitive MO active medium and fiber-optic cw
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Figure 88.27

Structure of a superconducting MO modulator proposed in Ref. 28. (a)
Modulator geometry. (b) Cross section schematically showing spatial distri-
bution of the E and H fields.
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lightdelivery [Fig. 88.27(a)]. TheM SL configuration, withthe
superconducting ground plane, allows for a long interaction
distance, and the low characteristic impedance of the line
assures that the H-field component of the electromagnetic
signal is uniform along the modulator length [Fig. 88.27(b)].
Light modulation direction occursinparallel totheH field and
perpendicular to the signal propagation. Unlike most common
EO modulators, thiseliminatestheneed to match thevel ocities
of the electromagnetic signal and light, unless a multipass
design is considered. Numerical simulations showed that for
the 100-um-wide, 5-um-high MSL, filled with the EuSe MO
material and assuming that the input current pulse is 1 mA
(10-kA/cm? critical current density for a nominal 10-pm?
Josephson tunnel junction), the H uniformity along the optical
passis>98% and the angle of Faraday rotation for green light
reaches ~0.13°. In a crossed-polarizers modulator geometry,
suchapolarization rotation angle should giveasignal-to-noise
ratio of above 10 in the 160-GHz bandwidth of Ref. 33.

Conclusion

Various concepts for ultrafast 1/O interfaces for digital
superconducting electronics suitable for telecommunication
routers have been reviewed. For the input OET, it has been
demonstrated experimentally that both the amorphous GaAs
photoconductive switch and the Y BCO hot-el ectron photode-
tector are able to transform the >100-Gbit/s optically coded
input information to the electrical domain with sufficient
signal-to-noiseratio, speed, and power loading. TheNb-Si-Nb
diodeisalso adesired solution, primarily because of the ease
of integration with the standard Nb JJ fabrication process. The
Nb MSM'’s, however, should be patterned with deeply submi-
crondimensionsto reach the single-picosecond responsetimes
needed for theultrafast router applications. Fromthebiaspoint
of view, MSM-type structures have a significant advantage
over hot-electron photodetectorssincethey arehighly resistive
inthe OFF state and do not load the circuit. On the other hand,
the responsivity of superconducting photodetectorsis signifi-
cantly higher. Most recently, NbN photodetectors have been
demonstrated to respond to single visible and infrared pho-
tons,34 making them the leading candidate for future quantum
communication and quantum cryptography systems.

Optoel ectronic output from the superconducting electron-
icsand, especially, the direct SFQ-to-optical transitionisvery
difficult since SFQ pulses carry very little energy. Thereisno
proven concept that achieves both the needed >100-Ghit/s
speed and the required sensitivity. The active laser-diode
modul ation scheme allowsfor direct modul ation of the optical
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output at the processor clock frequency; however, for SFQ
electronics, it requires substantial, broadband amplification of
SFQ pulses or high-voltage latching Josephson output drivers
todrivethelaser. In addition, the laser itself, placed inside the
dewar, isasignificant source of thermal loading. L aser modu-
lation can beaviableoption in systemswherethe output signal
hasrelatively low clock frequency (e.g., in digital decimation
filters) since the current EOT designs are limited to speeds of
approximately 1 GHz. Extensiveresearchisneeded to devel op
a semiconductor laser diode optimized for ultrafast perfor-
mance at cryogenic temperatures.

Passive modulation schemes seem to be the approach of
choice since, in the modulator case, one needsto achieve only
an “imprint” of the SFQ-coded information onto the optical
beam to carry it into room temperature and, subsequently,
process it using conventional optoelectronics. Passive modu-
lation, based on EO modulators, is the current optoel ectronic
industry standard. Among optical modulators for supercon-
ducting SFQ electronics, MO devicesarefavored by theauthor
since, at least based on the literature and ultrafast sampling
measurements conducted by Freedman,31:32 they seem to be
fast and sensitive enough, and their performance is actually
improved at cryogenic temperatures. The first comprehensive
demonstration, however, is yet to be performed.
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