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Direct observation of subpicosecond single-flux-quantum generation
in pulse-driven Y–Ba–Cu–O Josephson junctions
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We report our time-resolved measurements of switching dynamics of grain-boundary, 5-mm-wide
Y–Ba–Cu–O ~YBCO! Josephson junctions, excited by 2-ps-wide electrical pulses optically
generated by a voltage-biased, 5-mm-wide, 10-mm-long YBCO microbridge. The time-resolved
transients were recorded at 20 K using a subpicosecond cryogenic electro-optic sampling system.
The intrinsic junction response was separated from the circuit-related feedthrough, and we observed
both experimentally and in numerical simulations a 0.8-ps-wide, single-flux-quantum~SFQ! pulse,
generated by the switching of the junction with theI cRn product equal to;2 mV. At the same time,
the measured turn-on delay time was almost three times shorter than that obtained from simulations,
questioning applicability of the resistively shunted tunnel junction model to nonhysteretic,
high-temperature superconducting weak links. Our test structure’s power consumption associated
with the single SFQ pulse generation was;0.1 mW, leading to a~switching time!3~dissipated
power! product equal to 0.08 aJ. ©2000 American Institute of Physics.@S0003-6951~00!01004-4#
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The single-flux-quantum~SFQ! voltage pulses are th
basic ‘‘carriers’’ of information in the Josephson junctio
superconducting digital electronics.1 When transiently ex-
cited above its critical currentI C , the nonhysteretic Joseph
son junction generates a SFQ pulse of an amplitude appr
mately equal to 2I cRn and a pulse width;F0/2I cRn, where
Rn is the junction normal-state resistance andF0 is the flux
quantum equal to 2.07 mV ps. The first direct experimen
detection of SFQ voltage pulse was reported by our labo
tory in 1995.2 A Nb–Si–Nb metal–superconductor–met
photodiode was excited with a train of 100 fs optical puls
and generated;10-ps-wide electrical transients, which we
next launched into the Josephson transmission line~JTL!
consisting of two resistively shunted Nb junctions, a
shaped into 3.2-ps-wide, 0.67-mV-high, single~area 2.160.2
mV ps! SFQ pulses, recorded with a cryogenic electro-op
~EO! sampling system.3 The experimental results were com
pared with numerical simulations based on theJSPICE

program,4 finding a very good agreement.
The SFQ circuits based on shunted Nb tunnel juncti

currently operate at frequencies above 30 GHz and, wi
the next five years, are expected to reach clock speeds a
100 GHz, reaching ;1 aJ of the ~switching time!
3~dissipated power! product.5 The 100-GHz clock speed fo
Nb-based SFQ circuits is very impressive; however, e
better performance, reaching above 1 THz digital speed
predicted for SFQ digital circuits, based on high-temperat
superconducting~HTS! Josephson junctions.5 Simple digital
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circuits containing over ten junctions have be
demonstrated.6 The YBa2Cu3O72x ~YBCO! weak links are
intrinsically nonhysteretic and exhibit very large character
tic voltages (I cRn products!. Recently, Verhoevenet al.7

demonstrated that at low temperaturesI cRncould reach up to
8 mV for ramp-type junctions with Ga-doped PrBa2Cu3O72x

barriers. Such large characteristic voltage values corresp
to well above 1 THz analog operation and to SFQ pul
with widths of;100 fs. Thus, SFQ circuits based on YBC
weak links open exciting prospects for THz digital electro
ics. Many questions, however, must be answered first, ra
ing from the basic physics limitations of the THz-frequen
operation of Josephson junctions made ofd-wave supercon-
ductors, to the practical aspects of propagating fs-wide S
pulses in JTL structures and clocking THz circuits.

In this letter, we present the EO measurements
JSPICEsimulations of subpicosecond switching dynamics
YBCO grain-boundary junctions. The weak links were tri
gered by ;2-ps-wide electrical pulses, generated by t
YBCO microbridge excited by 100-fs-wide optical pulses8

From the applications point of view, our test structure can
regarded as HTS optoelectronic digital circuit, operationa
sub-THz frequencies and transforming a pulsed optical in
into a SFQ pulse.

Our samples, consisting of 8-mm-long coplanar-st
~CPS! transmission lines, containing 10mm35 mm micro-
bridges and 5-mm-wide bicrystal Josephson weak links, we
fabricated on~100! MgO bicrystal substrates, using the lase
ablation technique and ion-beam etching. The long CPS
chosen to assure that the end-of-structure reflections w
outside a 50-ps-long EO measurement time window. A
tailed description of the fabrication process is presented
Ref. 9. The test structure schematics and the correspon
equivalent circuit are shown in Fig. 1. The junction’s le
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inductance, due to its ‘‘Z’’ geometry across the bicrysta
boundary @see Fig. 1~a!#, as calculated by the FastHen
software,10 wasL lead'5 pH at each side of the junction. Th
CPS capacitance calculation yieldedCCPS510 fF, while the
line characteristic impedance wasZ0'80 V. The weak-link
parameters,I C50.7 mA andRn'3 V, were obtained from
direct-current~dc! measurements at the experiment tempe
tureT520 K. We note that our test structure is not the JT
but rather a high-impedance CPS line with the junction
serted between the signal and ground lines, as the lum
element with high-inductance lead electrodes@Fig. 1~b!#.

Our optical system for the femtosecond pulse excitat
and EO sampling detection of HTS samples is describe
detail in Ref. 3. A mode-locked Ti:sapphire laser, operat
at a repetition rate of 76 MHz, was used to generate 10
pulses at a wavelength of 790 nm. As shown in Fig. 1~a!, the
laser beam was split into two paths: a frequency-doub
excitation beam was used to trigger a picosecond-pulse
toresponse from the voltage-biased YBCO bridge, while
790 nm, sampling beam providedin situ monitoring of the
electric field transient in the LiTaO3 crystal, generated by th
junction response. The sampling beam was placed less
100mm away from the junction and reflected to the analy
by a high-reflectivity dielectric coating at the bottom
LiTaO3. By varying the relative delay~computer-controlled
step resolution 7 fs! between the excitation beam and t
sampling beam, the time evolution of the junction switchi
dynamics was resolved. The cryogenic EO sampler is c
acterized by,200 fs time resolution and,150 mV signal
sensitivity.3

FIG. 1. ~a! Coplanar-strip transmission line containing a YBCO microbrid
and a bicrystal Josephson weak link. The input electrical transient is ge
ated by photoexcitation of the microbridge, while the junction respo
signal is measured electro-optically, using the optical sampling beam
the LiTaO3 crystal.~b! Equivalent circuit of the experimental setup and t
EO-measured, 2.1-ps-wide electrical excitation pulse.
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During the experiments, the junction and the micr
bridge were separately biased using current and volt
sources, respectively. The excitation beam generated a
ps-wide electrical pulse@see Fig. 1~b!# with an estimated
current amplitudei in'0.3 mA (;0.4 I c). This pulse was
then launched into the CPS line and applied to the juncti
The resulting junction-switching transients obtained for t
bias currentI dc50 and I dc50.7I c are presented in Fig. 2
Analyzing our experimental results qualitatively, we realiz
that the unbiased-junction transient~dashed line in Fig. 2!
was just the inductive response ofL leads proportional to
di in /dt and represents the circuit feedthrough, while t
0.7-I c waveform~thin solid line in Fig. 2! was a superposi-
tion of the junction-generated SFQ pulse and t
feedthrough. We note that the initial parts of both wa
forms almost overlap, and later differences are due to
junction-switching process. Thus, to obtain the junction
sponse alone, we normalized our signals and numeric
subtracted the feedthrough from the 0.7-I c signal, obtaining
the SFQ response presented in Fig. 2 as the thick solid
After the initial, well-resolved, 0.8-ps-wide SFQ pulse, t
thick-solid-line trace contains additional time-delayed pea
which, as we will show later, are associated with r
excitation of the junction by the reflection of the initial ex
citation pulse. We also note that the onset of the SFQ
sponse is delayed with the respect to the onset of
feedthrough signal, and this delay corresponds to the turn
delay timetD

exp50.6 ps. Finally, we have confirmed our ex
perimental procedure by biasing our junction atI dc

520.7I c ~opposite polarity with respect to the excitatio
pulse!. As expected, the20.7-I c trace overlapped with the
feedthrough and the SFQ pulse was not observed in
case.9

To quantitatively understand our results, we repeated
experiments on theJSPICE simulator,4 using the equivalent
circuit shown in Fig. 1~b!. When we used a single, 2.1-ps
wide current pulse as an input excitation, we could reprod
only the initial subpicosecond SFQ pulse. Thus, we c
cluded that the post-SFQ peaks are due to the fact that pa
the input pulse was reflected from the junction, hit t
junction/bridge common dc bias strip@between the bridge
and the junction~not shown in Fig. 1!#, and was back-

r-
e
nd

FIG. 2. Experimentally measured waveforms for zero-biased~dashed line!
and 0.7-I c-biased~thin solid line! junction, excited by 0.4-I c-high and 2.1-
ps-wide electrical pulse. The thick solid line corresponds to the Josep
junction switching response and was obtained by subtracting the zero-b
curve from the 0.7-I c signal.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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reflected to the junction, causing secondary switching
served in the difference trace in Fig. 2. To address this
parent experimental situation, we introduced into o
simulations the second, 3-ps-delayed input pulse. The re
are shown in Fig. 3. Again, the thin solid and dashed lin
represent the pulse responses obtained forI dc50 and 0.7I c

biases, respectively, and the thick solid waveform cor
sponds to numerical subtraction of the two above sign
We note that as in the experiments, the junction respo
consists of the main SFQ pulse, associated with the in
pulse switching, followed by a double oscillation due to se
ondary pulsing of the junction. The initial SFQ oscillation
visibly stretched due to the 10 pH lead inductance and
amplitude is less than the expected value of;4 mV. Turn-on
delay time extracted from simulationtD

sim51.75 ps, which is
almost three times longer than the experimental value.

A detailed comparison of our experimental results w
the simulations is presented in Fig. 4. We note that once
ignored thetD difference and directly overlaid the exper
mental and simulated response waveforms, we have a s
factory agreement, with the main SFQ pulse reproduced
tremely well by simulations. Reflection-related, second
switching is also well reproduced, if we take into account o
limited knowledge of the actual shape of the reflected pu
and the experimental noise level. In the above context,
believe that the discrepancy betweentD

exp andtD
sim is due to

the fact that the shunted-tunnel-junction model, used
JSPICEsimulations, while adequate to describe the dynam
of SFQ generation in a YBCO junction, is too simple
account for the internally shunted~intrinsically nonhyster-
etic! HTS weak link.

Finally, knowing the SFQ pulse’s amplitude and wid
and the impedance of the CPS line, we estimated that
junction’s ~switching time!3~dissipated power! product
equals 0.08 aJ, which is at least three orders of magni

FIG. 3. JSPICE simulations performed under the same excitation and b
conditions as in Fig. 2, using the equivalent circuit presented in Fig. 1~b!.
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lower than the value reported for any other digital devic
We are convinced that the switching dynamics of our H
junction is limited by theI cRn product and the very large
parasitic inductance of the electrodes. TheJSPICEsimulations
predict that HTS junctions characterized byI cRn>3.5 mV
and matched to the JTL should generate SFQ pulses wi
width of <300 fs, which corresponds to the digital 3 d
bandwidth of>1 THz. We hope to demonstrate the TH
speed of Josephson SFQ gates in the next generation o
HTS optoelectronic digital circuits.
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