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Abstract

We designed a high temperature superconducting rapid single flux quantum(RSFQ) T flip-flop(TFF) circuit using Xic and
WRspice. According to the optimized circuit parameters, we fabricated the TFF circuit with Y,Ba,Cu;07,(YBCO)
interface-controlled Josephson junctions. The whole circuit was comprised of five epitaxial layers including YBCO ground

plane. The interface-controlled Josephson junction was fabricated with natural junction barrier that was formed by

interface-treatment process. In addition, we report second design for a new flip-flop without ground palne.
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I. Introduction

Rapid-single-flux-quantum(RSFQ) circuits have
attracted much attention because of their high speed
operation and low power consumption[1]. Recently,
the record of operation speed for T flip-flop
approached 770GHz, using Nb trilayer junctions
and celectron beam lithography for a minimum
junction area patterning less than 0.1pm*[2].
However, considering the operation speed is
proportional to the I.R, value, RSFQ circuit using
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high-T. superconductor that is expected to have
larger IR, is more desirable for high speed
electronics.

Until now, the fabrication technology for uniform
high-T, superconducting junction has not been
established while reproducible fabrication process for
uniform low-T, superconducting junctions has been
developed. The inhomogeneous artificial barrier
layer along the junction area was supposed to result
in large I, spread in junctions, which was not suitable
for large integrated electronic circuit application.
However, recently developed interface-engineered
junction(IEJ) process adopted fabrication of natural
barrier by ion bombardment and vacuum annealing
instead of using artificial barrier[3]. The development
of IEJ process has improved junction uniformity
very much and NEC group has achieved I, spread
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as low as 8% of lo for 100 junctions by using
interface-treated process[4].

In this paper, we report two designs of T flip-flop
circuits with and without ground plane, respectively.
And we discuss each features of two designs.

11. Experiments

a. The first design and fabrication

Before fabrication of T flip-flop, we designed and
simulated circuit varying inductance, bias current,
and I.’s of junctions. Fig. 1 shows the equivalent
circuit of the fabricated T flip-flop. Josephson
transmission line(JTL) and T flip-flop are two main
parts in the circuit, where six Josephson junctions
were used. Input signal is injected into the T flip-flop
through JTL.

Using WRspice and Lmeter, we optimized circuit
parameters. The optimized circuit parameters are as
follows. BF1=BB1=0.5mA, BF2=BB2=0.9mA,
IL=0.95mA, IF=0.85mA, IB=-0.1mA, L6=0.96pH.
Margins of I, in junction, inductance, and bias
currents were obtained as in Tablel.

Based on these simulations, we fabricated a T
flip-flop circuit. SrTiO;(STO) single crystal was used
as substrate for fabrication of T flip-flop. First,
for ground layer 300nm thick YBCO was deposited
on STO substrate by pulsed laser deposition(PLD).
After ground layer patterning, insulating

Fig. 1. Equivalent electric circuit of T flip-flop.

Table 1. Margins of T flip-flop circuit that was designed as
the first version.

Center -margin{%) | +margin(%)

BF1 0.5mA 22 14
BF2 0.9mA 14 7
BBI 0.5mA 28 10
BB2 0.9mA 9 9
B3 ImA 34 104
B4 ImA 15 58
IL 0.95mA | 26 30
IF 0.85mA |27 22
1B -0.ImA | 200 60
L6 (0.96ph 45 129

Fig. 2. Optical micrograph of T flip-flop circuit that was
fabricated according to our first design.

Sr,AlTaO4(SAT) layer was deposited. Through the
photolithography and Ar ion milling, via holes to the
ground YBCO layer were made. Then, YBCO base
electrode and SAT insulating layer were deposited
successively with thickness of 200nm and 300nm,
respectively. Next, using photolithography and Ar
ion milling, the ramp-edge whose surface was
damaged by the Ar ion bombardment was formed.
Then, after 30min. annealing under oxygen
atmosphere, 200nm thick YBCO counter electrode
was deposited successively. Finally, Ag/Au was
deposited for electrode contact pad. The detailed
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description for fabrication of Josephosn junction is
reported elsewhere[5]-[6].

Fig. 2 shows an optical micrograph of a fabricated
T flip-flop. The junction width in T flip-flop is 2.5 um
for small one and 4.5 ¢m for large one. We measured
I-V curves of all the six Josephson junctions. Even
though we got RSJ-like I-V curves of Josephson
junctions without ground plane, all the six junctions
showed flux-flow type I-V curves. This indicates that
fabrication of ramp-edge Josephson junction with
ground plane is somewhat different from that without
ground plane.

b. The second design and layout

We designed another T flip-flop that would be
fabricated without ground plane. In this case, we
reduced I.’s of junctions in T flip-flop, assuming the
reduction of the leakage current in real junctions. Fig.
3 is simulation result of newly-designed circuit.

When an input pulse is injected into the circuit,
BB2 that was already biased is switched and
immediately BF1 is switched. When next pulse is
injected, BF2 and BBl are switched. This pair
switching is typical operation of T flip-flop. When
we monitor the output pulse at BB2(or BF2), we get
signal at every other input pulse. If we measure the
output and input pulse for some time periods, the
average dc voltage of output is half of that of input.

Through the optimization process with WRspice
and Lmeter, we obtained margin values for circuit
parameters. Table 2 shows margins of circuit

Input ‘
BB2
BF2
—
BF1 j ;
BB1 |
i
0.1 0.2 0.3ns

Fig. 3. Simulation result of our second T flip-flop circuit.

parameters for the second design. The decrease of I;’s
of junctions in T flip-flop induced the increase of
loop inductance, L6, and the improvement of margin
balance. The inductance of T flip-flop without
ground plane will be increased in comparison with
that of the T flip-flop with ground plane. However,
the optimized inductance centering at 2pH with
margin —50%~80% does not make it severe problem.
According to the results of new simulations, we
made a new layout with Xic. Fig. 4 shows our new
layout of T flip-flop without ground plane. In our
new layout, “Bottom YBCO I” plays a role of ground
plane. “Bottom YBCO I” is electrically isolated from

Table 2. Margins of T flip-flop circuit that was designed
as the second version.

Center -margin{%) | +margin(%)
BF1 0.3mA 33 40
BF2 0.54mA 15 22
BB1 0.3mA 27 40
BB2 0.54mA 19 19
B3 ImA 35 40
B4 ImA 40 35
11 0.9mA 44 33
IL 0.5mA 80 48
IF (0.62mA 16 19
IB -0.16mA | 50 75
L6 2pH 50 80
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Fig. 4. Layout of a T flip-flop without ground plane.
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“Bottom YBCO II”. For the ground of BB2 and BF2,
we made two large pads that are overlapped with
“Bottom YBCO I”. This method of making T
flip-flop without ground plane is already used by
Saitoh et al.[7]. Bias currents IF and IB are supplied
through “(A)” and “(B)”, respectively.

II1. Summary
We have designed and fabricated a T flip-flop with

ground plane. However, I-V characteristics showed
flux-flow type, although we obtained RSJ-like I-V

curves from Josephson junction without ground plane.

We guess that fabrication condition should be
modified to get good junction characteristics in T
flip-flop with ground plane. For example, a new
insulation layer such as CeO, may be adopted for
good oxygen mobility.

On the other hand, we designed a new T flip-flop
circuit that does not need a ground plane. However,
the storage loop inductance of junction without
ground plane is expected to be increased. So, in our
new design, by reducing I.’s of junction, we got
larger loop inductance ranging from 1~3.6pH.
Comparing with first designs, the margins of circuit
parameters are a little bit widened in our new design.
We implemented two isolated bottom layers in a new
T flip-flop layout. “Bottom layer I” plays a role of
ground plane, and “Bottom layer II” is for formation
of serial junctions in T flip-flop. We believe that this
new T flip-flop circuit without ground plane will
work better than our first T flip-flop.
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