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Design, simulation, and experimental investigations of a direct current to a single flux quantum 
converter loaded with a Josephson transmission line and driven by an external 70 GHz microwave 
oscillator are reported. The test circuit includes nine YBaCuQ Josephson junctions aligned on the 
grain boundary of a O”-32” asymmetric Y-ZrOz bicrystal substrate. The performance of such 
converters is important for the development of the fast Josephson samplers required for testing of 
high-T, rapid single flux quantum circuits in high-speed digital superconducting electronics. 

I. INTRODUCTION 

Signticant progress has been made in the development 
of rapid single flux quantum (RSFQ) circuits based on 
low-T, superconductors.‘-’ Recently the research has been 
extended to high-T, superconducting materials.g’10 The real- 
ization of stable clocking is one of the basic obstacles in 
RSFQ circuits. The straightforward candidate, the on-chip 
integrated free-running high-T, junction Josephson oscilla- 
tor, cannot provide a sufficiently narrow linewidth of the 
emitted radiation due to its rather large dynamic resistance. 
An alternative approach is to use an external narrow-band 
oscillator such as, e.g., the flux tIow oscillator,‘r 
l-dimensional12 or 2-dimensionall arrays of mutually 
locked Josephson junctions, or even a semiconductor based 
cryogenic clock oscillator. The electromagnetic coupling of 
any of these generators to the RSFQ circuit imposes practical 
as well as basic constraints on the clocking of RSFQ devices. 
A possible solution to the clocking problem may be to 
sharpen the input pulses down to, say, 10 ps with the aid of a 
shock wave propagating on a transmission line based on 
high-T, Josephson junctions.Y 

It is of general physical interest to test the applicability 
of the classical low-T, direct current (dc) to the single flux 
quantum (dc/SFQ) converter concept1-3 in circuits made of 
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high-T, materials. The major differences are that the high-T, 
superconductors potentially allow for a much higher opera- 
tional frequency, and that the circuit design is subjected to 
severe limitations due to the rather premature level of the 
multilayer technology with the existing high-T, supercon- 
ducting materials. 

Finally, using the Josephson junction based samplerI a 
fast dc/SFQ converter will be an important experimental tool 
for determination of the ultimate performance of RSFQ digi- 
tal devices.15 

II. EXPERIMENTAL SYSTEM AND FABRICATION 
TECHNIQUE 

The layout of the experimental chip is shown in Fig. 1. It 
consists of nine YBaCuO Josephson junctions: the dc/SFQ 
converter (Jr, Jz in Fig. 2) and the RSFQ transmission line 
{J3-5s). The nine junctions that are aligned along the grain 
boundary16 in a O”-32” asymmetric Y-ZrOz bicrystal sub- 
strate are dc current biased in parallel. 

The laser deposited YBCO base electrode (0.24 pm) is 
patterned by photolithography and argon ion milling. The 
width of the smallest Josephson junction is 5 ,um and the 
minimum length of the junctions across the grain boundary is 
10 pm. The dc/SFQ converter and the RSFQ transmission 
line are (apart from the inductance L r j covered by a super- 
conducting Pb/Au/Cr ground plane (0.32 pm) placed on an 
insulating, amorphous SfI’i03 layer (0.5 ,um). These layers 
are patterned by lift-off processes. 
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FlG. 1. (a) The circuit shows the dc/SFQ converter and the Josephson trans- 
mission line in the center. To the left is the slot antenna matching the 70 
GHz waveguide rf signal to the converter; top and bottom are the contact 
pads used for four-point dc measurements. The enlarged central part (b) 
shows the nine parallel dc-biased YE3aCuO Josephson junctions (Jr--J, from 
left to right) straddling the grain boundary. A Pb/Au/Cr superconducting 
groundplane, isolated from the YBCO layer by an SrTiO, layer, is impk- 
mented to reduce the inductances. 

The rf signal is transmitted from a room-temperature mi- 
crowave setup via a standard rectangular waveguide (WR12: 
60-90 GHz) that is matched to the dc/SFQ converter by 
means of the on-chip integrated coplanar fin-line antenna 
also shown in Fig. 1. The chip is inserted into two 0.6-mm- 
wide slots that are cut symmetrically in the middle of the 
broad walls of the waveguide so that the plane of the antenna 
is parallel to the direction of the E field. The slots extend 8 
mm back from the open end of the waveguide and the posi- 
tion of the chip and hence the antenna can be adjusted in 

1 I bias 

FIG. 2. Equivalent circuit of dc/SFQ converter (Jr-Js) and RSFQ transmis- 
sion line (Js-5s). The rf signal is coupled inductively through Lr to the 
dc/SFQ converter (loops LrJrLaLsJ2). Note that (Jr-J,) are dc biased in 
parallel while rf is biased in series. The resistances Rrzs=20 G, R,=13.3 
fi, R s,ers = 10 G  were used (only) in the simulation to provide a uniform 
biasing. All other parameters were chosen close to their experimental values 
at 4.2 K and were: critical currents I%3,4=52 p.A, I,>,=79 pA, 16,7,8,9= 105 
&; inductances Lr=.21 pH, La=16 pH, Ls,s,r=5.2 pH, La,,=57 pH, 
L8=6.0 pH, L,=3.6 pH, L 11.13.1s,17=2.3 PH. &0=3.1 PH, h,,4,,,=2.3 
PH. 
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order to optimize the coupling. The frequency of the applied 
millimeter wave signal can be tuned in the range 66-74 
GHz. The spectral linewidth is less than 100 kHz and the 
power level can be varied with a precision rotary-vane at- 
tenuator. 

The sample is mounted on a temperature controlled ther- 
moblock installed inside a cryoprobe which in turn is im- 
mersed in a standard liquid helium glass cryostat enclosed in 
two cylindrical Permalloy cans and a copper shield. The tem- 
perature can be regulated in the range ~-CT< 100 K. All 
leads connecting to the sample are filtered twisted pairs and 
the whole setup is carefully electrically shielded. Battery 
powered supplies were used for all dc bias currents. The 
measurements were made in a HF shielded room. 

III. EQUIVALENT CIRCUIT AND SIMULATIONS 

Figure 2 shows the equivalent circuit used in the numeri- 
cal simulations. The parameters of the elements involved 
were chosen close to their experimental values at T=4 K, 
except for the resistances RI-R8 which were included to 
provide a uniform bias current distribution. 

Similar to the classical dc/SFQ converter’ the high-T, 
element consists of two Josephson junctions Jr and J2 and 
three inductances L 1 -3. The Josephson junctions are dc bi- 
ased in parallel and rf connected in series. This asymmetric 
two-junction interferometer has two stable superconducting 
states. Biased below the critical current of the smaller junc- 
tion J,, an increasing rf current, Iti, through the inductance 
L i induces a magnetic field in the loop holes L 1J1L2L3JF 
Thus the superconducting interferometer produces a clock- 
wise shielding current, which in junction JZ is directed with 
and in junction J1 against the dc bias current. When the rf 
current reaches a threshold level junction J2 switches to the 
normal state. A fluxon is released to the Josephson transmis- 
sion line JaV9, and an antifluxon with a counter-clockwise 
circulating current is produced in the loops L i J1L2L3J2, re- 
ducing the current in JZ below its critical value. When the rf 
current decreases the thereby induced counter-clockwise 
shielding current switches junction Jr, that releases the asso- 
ciated antifluxon off the loop and resets the interferometer. 

The practical layout of the high-T, circuit is significantly 
different from the low-T, dc/SFQ converter layout. Contrary 
to the Nb-based circuits the odd-numbered inductances 
(L3-17) in series with the junctions in the interferometers 
cannot be neglected and, moreover, since they have approxi- 
mately the same values as the even-numbered inductances 
(Lav16) along the transmission line, the high-T, dc/SFQ 
converter exhibits a much more complicated dynamic behav- 
ior. 

For the numerical simulations we have used a special 
program (written in “c” language) which can be compiled 
either for IBM compatible computers or (using the ANSI 
standard) for UNIX operated systems. The simple RSJ model 
without capacitance is employed because the experimental 
IV curves did not show any hysteresis. 

Figure 3(a) shows the simulated IV curve of the parallel 
biased dc/SFQ converter and RSFQ transmission line with 
and without applied r-f power at a frequency of 70 GHz. 
Steps corresponding to the fundamental Josephson relation 
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FIG. 3. IV curve of the dc/SFQ converter with applied rf power (thick line) 
and without applied rf power (thin line). (a) Simulation with an rf current 
amplitude of 0.75 mk (b) Experimental N curve with 1 m W  rf power 
applied at the top of the sampleholder. T = 3.7 K. 

and their higher harmonics appear. The threshold level of the 
dc/SFQ converter depends on the applied bias current, Ib . At 
least two operating regimes are available with the rf current 
Id=0.75 mA chosen for the simulation in Fig. S(aj. If the 
converter is dc current biased on the hrst step (say, at the 
voltage V=145 PV with 1,==0.46 mA), only one fluxon per 
rf cycle is sent by the dc/SFQ converter to the transmission 
line. At a higher bias current (e.q., around Zb=0.63 mA) the 
threshold level becomes smaller and two fluxons per rf pe- 
riod are launched onto the transmission line. This gives rise 
to the second step on the IV curve at V=290 pV. 

The operational margins of the dc/SFQ converter as de- 
rived from the size (in bias current) of the steps as function 
of the applied rf power give an estimate for the stability of 
the device. Figure 4(a) shows the step size and position ver- 
sus rf current amplitude found by simulation. For the differ- 
ent operational regimes (i.e., one, two, or three fluxons per rf 
cycle) it is then possible to find the optimum bias conditions 
in terms of Z6 and Zrf. The critical current ICO = 0.65 mA sets 
an upper bias current limit for the operation with no applied 
rf signal. 

The temporal operation of the converter is illustrated in 
Figs. 5(a)-5(c) and Figs. 5(d) and 5(e) for two different re- 
gimes with the parameters 1,.r=0.75 mA , lb-O.46 mA, and 

n 74 ::“llOri~t~~n~,,,,,,,.... 41 

0.5 ‘1.0 1.5 2.0 
Square root of RF power (mW’“) 

FIG. 4. Simulated (a) and experimental (b) dependence of the critical current 
and step positions (margins) for the first, the second, and the third step vs rf 
signal. The two bias points marked + 1 and f2 (for the rf current amplitude 
1,=0.75 mA) are used in the simulated results depicted in Figs. S(a)-S(c) 
and Figs. 5(d) and 5(f), respectively. The horizontal line marks the critical 
current Ica = 0.65 mA which without applied radiation is the upper limit for 
proper operation. 

Ib=0.63 mA, respectively, as indicated by the points “+l” 
and “f2” in Fig. 4(a). 

Figure 5(a) shows the applied rf current for several 
cycles. The quantum mechanical phase in Fig. 5 is the dif- 
ference between the superconducting phases at the electrodes 
of the Josephson junctions. Since all junctions are grounded 
at the same point, we can choose the phase at this electrode 
equal to zero. Then the quantum mechanical phase corre- 
sponds to the phase at the counterelectrode; for simplicity we 
shall use the term “phase.” The phase is the time integral of 
the voltage across the junction according to the Josephson 
voltage-frequency relation. For the analysis of RSFQ 
circuits”’ it is practical to use the phase instead of the volt- 

b) quantum mechanical 
phase&ad) _ 

1.0 
0.0 

20 40 60 SC 20 40 60 SC 
Time (psec) 

FIG. 5. Simulation of the dc/SFQ converter for two different regimes. The 
amplitude of the rf current was 0.75 mA (a) and (d). The quantum mechani- 
cal phases (b) and (e) of junctions Ja (top curve) to Ja (bottom curve) are 
vertically shifted by 2~ for presentation. The voltage across Js (c) and (f) is 
the derivative of the phase curve for 5s. Cases (a)-(c) correspond to a bias 
current 1,=0.46 mA and (d)-(f) to 16=0.63 mA, that were chosen to get 
symmetrical margins. 

5998 J. Appl. Phys., Vol. 76, No. 10, 15 November 1994 Kaplunenko et al. 

Downloaded 05 Aug 2009 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp



age because often it is difficult to determine whether the 
voltage pulse across the junction actually switches the junc- 
tion. On the phase diagram this can unambiguously be de- 
cided by the observation of a 27r leap. 

Figure 5(b) shows the phase at the junctions J2-J9 from 
top to bottom. As mentioned earlier the circuit in Fig. 2 
displays a more complicated dynamic behavior than the Nb- 
based circuit. During one rf cycle the phases at the junctions 
JZ and J3 exhibit a change of multiples of 2~, while the net 
change per cycle is 27r. This is due to the rather large induc- 
tances L1-3 used to match the antenna to the converter. 
However the circuit J1+ performs proper dc to SFQ conver- 
sion as seen from the phases at J4-J9. Figure 5(c) shows the 
voltage at junction Jg. The pulses correspond to one single 
flux quantum passing the junction per rf cycle. 

Figures 5(d)-5(e) show the corresponding diagrams for 
the higher bias current lb= 0.63 mA. An interesting phenom- 
enon appears in this two-fluxon regime. Even though the 
dc/SFQ converter switches several times within the first half- 
cycle [see top curve in Fig. 5(e)], the time interval between 
the two fiuxons released to the transmission line approaches 
a value equal to half of the rf cycle during the propagation to 
junctionJg, as seen from the voltage pulses in Fig. 5(f). Thus 
it appears feasible to utilize this regime for the clocking of 
digital circuits at twice the operational frequency by using 
long transmission lines. 

I I I I I I I J 

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 
Voltage (mV) 

FIG. 6. Experimental dc IV curve for the dc/SFQ converter at T = 66 K 
without (thin line) and with applied (thick line) rf power. 

RSFQ circuit. No significant change in the IV curve was 
observed around the superconducting transition temperature 
of the lead ground plane. 

IV. EXPERIMENTAL RESULTS 

We have measured the IV characteristic of the Josephson 
transmission line as function of applied rf power and tem- 
perature T. At T=3.7 K with an estimated rf power at the 
antenna of about 0.25 pW a small current step appears at a 
voltage corresponding to a fundamental Josephson oscilla- 
tion at 70 GHz for a bias current larger than the critical 
current of the unpumped junction, Ice = 0.65 mA. In this case 
we observe the phase locking of the Josephson oscillations in 
the transmission line to the external radiation. The small 
value of the applied power corroborates the good coupling of 
the external generator to the Josephson circuit. 

For an applied power as large as 4 mW we observe steps 
up to a voltage range corresponding to 1.5 THz with bias 
currents as large as 3 mA at T=4 K. After the bias current 
reaches this high value the shape of the IV curve changes, 
and the step height alters in a nonreproducible manner. The 
large bias current seems to induce magnetic fields into the 
superconducting electrodes. 

V. CONCLUSIONS 

Figure 3(b) shows the IV curve with and without applied 
microwave power. When the rf current exceeds the threshold 
of the dc/SFQ converter, one observes a large step in the IV 
curve at a voltage V=145 ,uV corresponding to 70 GHz 
using the Josephson frequency relation. The critical current 
of the pumped junction is suppressed significantly below the 
critical current IcO. The size of the step is about 40% of IcO at 
a power level of about 0.2 mW. This gives a margin for the 
bias current of more than + 20%. An increased power pro- 
duces higher harmonic constant-voltage steps corresponding 
to the launching of two or even three SFQ pulses per rf 
cycle. The results are summarized in Fig. 4(a) which also 
gives the operational regime of the dc/SFQ converter as a 
digital device. 

We have designed, simulated, and experimentally tested 
a high-T, superconductor based dc to a single flux quantum 
converter that is loaded by a Josephson transmission line and 
coupled via a slot antenna to a millimeter wave (a70 GHz) 
external generator. The agreement between experiment and 
numerical simulation confirms the digital operation of the 
device. Testing of the dc/SFQ converter for RSFQ circuits at 
70 GHz is in progress using a Josephson junction based 
sampler,14 which directly can measure the stability of the 
repetition rate of the SFQ pulses at the output of the dc/SFQ 
converter. 
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With a power level chosen to optimize the size of the 
first step at low temperature the device operates to T=66 K. 
A typical IV curve obtained at this temperature is shown in 
Fig. 6. At higher temperatures the critical current becomes 
too small to provide the necessary relation between the cur- 
rents and the inductances for maintaining the operation of the 
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