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Abstract —We have performed microwave two-port S-parame-
ter measurements and modeling on superconducting flux flow
transistors. These transistors, based on the magnetic control of
flux flow in an array of high temperature superconducting weak
links, can exhibit significant available power gain at microwave
frequencies (over 20 dB at 7-10 GHz in some devices). The
input impedance is largely inductive while the output impedance
is both resistive and inductive. The characteristics are such that
these devices are useful in numerous applications including
matched amplifiers, phase shifters and active impedance con-
vertors. ‘

INTRODUCTION

HE SUPERCONDUCTING flux flow transistor

(SFFT) is a relatively recently developed active four
terminal superconducting device (e.g., [1]-[5]). The objec-
tive in its development was to produce a very fast device
fabricated from high temperature superconducting (HTS)
materials that required only a single superconducting
film. The device exhibits high speed operation (10-30 ps
transit times with 3 uwm minimum feature size), large gain
and impedance levels that are suitable for many applica-
tions. The present work concentrates on small signal
S-parameter measurements of these devices at 77 K (made
of YBa,Cu;0, and of T1,Ca,Ba,Cu;0,,), noisec mea-
surements, and a discussion of two SFFT applications
(amplifier and phase shifter) that can be better modeled
- employing these data.

DEvice Basics

The typical SFFT consists of a parallel array of weak
superconducting links connecting two unweakened super-
conducting electrodes and a superconducting control line
near the links to provide a local magnetic field. An
example of this structure is shown in Fig. 1; ground is that
of a coplanar waveguide structure (not shown) surround-
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Fig. 1. Layout of the superconducting flux flow transistor. Port 1 is the

control line and port 2 is the device body.

ing the device for efficient coupling. The links are typi-
cally 2-3 pm wide by 10 um long, separated by 6 um and
50-90 nm thick (while the electrodes are at least 200 nm
thick). The localized thickness reduction is important to
allow flux flow in a well-defined path. This maximizes flux
speed and keeps the voltage levels reasonable (1-100 mV
in normal operation). The number of links does not
strongly affect performance but larger numbers of links
help by lowering output resistance and slightly increasing
device gain at the ecxpense of frequency response [5].
When the device is biased below the critical current of
the link region, typically 0.5-5.0 mA, no flux is admitted
into the link system (perfect Meissner state). Above the
critical current, flux is admitted in discrete quanta known
as vortices [6]. These vortices can move due to the
‘Lorentz’ force generated by the bias current. Other forces
affecting the vortex motion are pinning (probably not
present to any significant extent in the Tl materials at
77 K but can possibly be a problem in YBaCuO), effective
viscosity of the superconductor, external magnetic fields
from the control line or parasitic sources, and surface
barriers that hamper the motion of flux into and out of
the links. Many of these forces are functions of the
superconductor quality and thus emphasize the impor-
tance of good film growth. The balance of all of these
forces determines the flux motion and hence the terminal
voltage via Faraday’s law. In terms of active device perfor-
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mance, the key principle is the use of the external mag-
netic field from the control line (the input) to modulate
the flux density and flux motion in the link system [7], [8]
and consequently the resulting output characteristics.

Devices have been made from films of TICaBaCuO and
YBaCuO on LaAlO; substrates. The TICaBaCuO sam-
ples were made by sequential e-beam evaporation of the
elements followed by sintering in air (typically 16 min at
850 C) under a partial pressure of TI-O and annealing in
oxygen (typically 10 min at 750 C) as described in detail
elsewhere [9]. The films show complete c-axis orientation
normal to the substrate and are primarily g-axis oriented
in the plane as well. Grain sizes are typically larger than
100 pm, film thicknesses were nominally 300 nm, the
films are smooth on a scale <50 nm and the phase is
predominantly 2223. The Tl samples used in these experi-
ments had 7.’s of about 103 K and critical current densi-
ties at 77 K (0 field) of about 350 kA /cm?. In making the
YBaCuO films, Y and Cu metals are cvaporated from
separate electron gun sources and BaF, is resistively
evaporated [10]. Composition ratios of Y:Ba:Cu of 1:2:3
within 1% were confirmed [11]. The YBaCuO films are
nominally 200 nm thick and are epitaxially oriented with
the c-axis normal to the substrate. The samples are an-
nealed ex situ in a carefully optimized multi-stage process
[12] to produce T.’s of about 90 K and critical current
densities at 77 K (0 field) of about 1 MA/cm? While
pinning may be significant in some in situ grown YBaCuO
films, those films used in these experiments had much
lower pinning and hence are more likely to make good
SFFT’s (high flux speed and hence low transit time) [12].

The devices and associated circuitry are formed with
standard optical lithography and etched with a 2% Br in
isopropanol solution. The etch rate varies between HTS
materials and between different stoichiometries (a sample
off-stoichiometry by 5% may etch at half the speed of its
on-stoichiometry counterpart). The links are thinned with
respect to the body in a separate photolithographical step
that leaves a window open over the active region. The
links are exposed to a 0.5% Br in isopropanol solution
iteratively until the I-V curves (at 77 K) reach the desired
form (usually a given transresistance range). Contacts
(annealed Ag), interlevel dielectrics and normal metal
overlays are deposited and patterned by standard micro-
electronic techniques.

I-V curves for two of the devices (one made of
TICaBaCuO and one of YBaCuQ) are shown in Fig. 2.
The current through the link system (or body) is denoted
by I,4 while the control current is labeled I, the
voltage across the body terminals will be labeled through-
out as V. The two most important circuit parameters to
be obtained from these curves are the transresistance
(r,,=AV/AI) and output resistance (r,=AV /AT 4).
For the microwave measurements, the devices will be
biased I;4, =8 mA and [, = 0.2 mA where typical values
are r, =17-19 Q and r, =3-4 Q. An equivalent circuit
based on device physics is shown in Fig. 3 [5]. Since
moving flux generates a voltage and the control variable is
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Fig. 2. IV curves of two SFFT’s. (a) TICaBaCuO device. (b) YBaCuO
device. Iy, 18 the current through the device body (link region) and I, is
the control current. The voltage V' is measured across the link system.
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Fig. 3. Equivalent circuit of the SFFT. Values of the components are
discussed in the text. The transresistance component is the active
element. Other interesting features include the nonlinearity of the
output inductor and the low amount of cross-talk (M is typically 10 pH).

a current, a transresistance is the active element for the
equivalent circuit. The moving vortices have normal cores
and hence represent an ohmic resistance (r,). The input
and output impedances are both inductive because of the
geometry of the structures and, for the output inductance,
because of the excess kinetic inductance of the thin super-
conducting film in the link region [13]. Since the output
inductance (kinetic portion) and output resistance are
affected by the number of vortices in the links, these two
parameters will be functions of bias. Since I 4 and
Igy,qc affect the ability to nucleate more vortices with an
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Fig. 4. Measured S-parameters (a) and computed maximum trans-
ducer gain (MTG) (b) for a T1 SFFT probed with Cascade signal-ground
probes. Note the low |S;,| and large available gain. The roughness of
MTG is due to contacting problems. For all MTG plots, maximum
available gain is used when the device is stable and maximum stable gain
is used otherwise.

external field and affect vortex transport properties, r,, is
also a function of bias. The small input resistance (= 0.1
) arises from contact resistance and surface resistance
of the control line.

S-PARAMETER MEASUREMENTS

The first measurements were made with Cascade Mi-
crotech signal-ground probes using SOLT (short, open,
load, thru) calibration [14]., This probing scheme pre-
sented problems because of planarity requirements and
the irregularity of the LaAlO; substrates used. As a
result, contacting was difficult., Data were obtained for
one Tl device at 77 K with some effort and these results
are summarized in Fig. 4. The maximum transducer gain
(MTG) [15] shown in Fig. 4 is defined as maximum stable
gain when the device would be potentially unstable. The
roughness of the MTG is due largely to unstable contacts
(particularly in the liquid nitrogen environment). There
are, however, some interesting features of these data. S,,
is reasonably large in magnitude and |S,| > |S,], indicat-
ing active behavior. The measurement of these two pa-
rameters was relatively repeatable (to within =~ 1 dB) and
at least semi-quantitatively correct since an unbiased de-
vice showed [S,,| =1S,,/= —40 dB across the band. The
MTG, while having some uncertainty, does indicate the
possibility of large gain with adequate matching.
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Custom probes using Cascade Microtech mounts and
spring-loaded pogo launchers in a ground-signal-ground
configuration were designed to circumvent contacting
problems. These probes, though still not perfected, did
allow for highly repeatable measurements below 10 GHz.
Dual-band TRL (thru, short, delay) calibration [14] at
77 K was employed. The 77 K S-parameters for the two
devices (whose IV curves are in Fig. 2) are shown in Fig.
5. The bias point (I,4, =8 mA, I, =0.2 mA) was chosen
because r,, was nearing its plateau value and r, was still
relatively small. §,;, behaves as with the device of Fig. 4
but |S,| is larger. This is largely due to poor isolation
with the present probe design. To verify the isolation
problem, both probes were placed on a shorting block
about the same distance apart from each other as during
the transistor measurement and the S-parameters were
measured. The measured |S,,| and |S,,| are shown in Fig.
6 and indicate the poor isolation which is undoubtedly
masking the true transistor S;,. The actual device S, is
probably like that shown in Fig. 4. MTG calculations are
shown in Fig. 7 (using the actual measured device data).
Even with the S, error, the MTG exceeds 14 dB. We
expect that 20-25 dB is closer to the actual MTG over
this band. The stability factor K is included in these plots
indicating where the gain definitions change and suggest-
ing that the SFFT can be used as an oscillator as has been
demonstrated [16].

Model parameters can be determined by fitting the
equivalent circuit to the data of Fig. 5. After removing
launch parasitics (obtained by looking at a device elec-
trode configuration with no SFFT in place), the equiva-
lent circuit of Fig. 3 was fit to the data for the YBaCuO
device of Fig. 5(b). The control line was found to be
adequately modeled by a 0.3 nH input inductance and an
input resistance of 0.2 € at all bias points. With a bias of
Iygy =8 mA and I, =0.2 mA, the other model parameters
for the YBaCuO device were r,, =182 Q, r, = 3.7  and
L, = 0.17 nH. The fitting process was repeated for the
TiCaBaCuO device for a variety of bias conditions and
the results are shown in Table 1. As is apparent, the
output resistance, transresistance, and output inductance
are all reasonably strong functions of bias. The transresis-
tance reaches a relatively broad plateau while the output
resistance and inductance are somewhat more volatile.
The dependence of the output inductance on control
current is suitable for phase shifting. The effect of chang-
ing control current is qualitatively similar to that of chang-
ing the body current since in both cases local fields are
being modified. The quantitative changes are different
because of the control field anisotropy and screening
currents generated.

The effect on parameter values of the material family
used is difficult to ascertain because of varying film qual-
ity. The penetration depths of the YBCO and Tl films
were comparable. Hence for links of the same thickness,
the inductance profiles should be similar [13]. This was
indeed observed. The quality of the superconductor near
the interface with the substrate will strongly affect trans-
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Fig. 6. Measured |S,;] and [S},| of the two probes (spring-loaded)
placed on a shorting block separated by the spacing used in the Fig. 5
experiments. This shows that the true [Sy,} of the devices is probably no
higher than that shown in Fig. 4.

Fig. 7. Computed maximum transducer gain and stability factor K of
the devices measured for Fig. 5. (a) TICaBaCuO device and (b) YBaCuO
device. Even with the error in $;,, the MAG exceeds 13 dB. :

TICaBaCuO Device #2

Tog,(mA) * [(mA) 7,(Q) r(Q) Lo (nH) L nH) R (Q

)

6.0 0.2
8.0 0.2
10.0 0.2
6.0 2.5
8.0 25
10.0 2.5

10.2 3.9 0.65

17.8 4.0 0.49

18.0 4.5 0.32
6.8 9.3 0.30
8.8 9.7 0.18
92 101 0.1

Note the variability of the output inductance and resistance and
the plateau that r,, quickly reaches.
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Fig. 8. Minimum noise figure of the YBaCuO device of Fig. 5(b). The
results are consistent with a system dominated by flux noise.

resistance and output resistance since the links are very
thin. The YBaCuO films have been shown to have very
good interfaces, hence it is not surprising that the output
resistances are a bit lower for equal link thicknesses as
seen by comparing the above YBaCuO model parameters
to those for TICaBaCuO shown in Table 1. Little differ-
ence 1S seen in transresistance since each device was
tuned (links thinned iteratively) to produce roughly the
same transresistance. Although not generally true be-
cause of differences in pinning and critical fields, in this
case the link thicknesses were roughly equal as well.

Within a given material family and using the same
device design, the model parameters seem to be represen-
tative. Two YBaCuO devices have been fully character-
ized and their parameters are within 15%. Five
TICaBaCuO devices have been fully characterized and
their parameters fit are within 20% of each other.

NoISE PERFORMANCE

Noise parameters of SFFTs have been measured using
Cascade Microtech noise test set from 2-10 GHz. The
spring-loaded pogo launchers were again used for prob-
ing. The computed minimum noise figure is shown in Fig.
8 for the bias state (I,=0.2 mA, I, =8.0 mA). The
value of NF;  averages about 3 dB across the band with
excursions between 2.5 and about 4.2 dB. Flux noise, a
process analogous to shot noise, seems to be the domi-
nant noise source. Calculations of flux noise based on a
doubly stochastic Poisson process (the events being the
entry of vortices into a link and how closely they bundled
with other vortices) produced noise figures in the 26 dB
range depending on assumptions about the vortex genera-
tion process [17]. The noise figures are fairly large since
the quantum in this case, a vortex, is physically much
larger than an electron (the quantum in conventional
electronics). Noise circles are shown in Fig. 9 for the
YBaCuO device at 5.0 GHz. The optimal match is near
the conjugate of the input impedance as is expected for a
nearly unilateral device. The noise figure is not very
sensitive to source impedance at any of the frequencies
tested for this device. Work continues on reducing the
noise levels by improving material quality (to increase the
coherence of the flux motion) and by changing the design
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YBaCuO device Noise Circles, 5.0GHz

Fig. 9. Noise circles for the YBaCuO device of Fig. 5b at 5.0 GHz.
The noise figure in dB 1s indicated on the circles. The optimum source
impedance is close to the conjugate match as would be expected for a
nearly unilateral device.

Scale: 1.00/Div YBaCuO amplifier [S21| (dB)

{ g
1000 -

- S SO S b

010 GHz/ Div 4.50 GHz

350 GHz

Fig. 10. Performance of a matched amplifier constructed with the
device of Fig. 5(b). Maximum gain of 13 dB was achieved with a
bandwidth of almost 1 GHz.

of the link system (to improve the flux entry and exit
processes).

APPLICATIONS

As indicated by the MTG calculations shown in Figs. 4
and 7, a matched amplifier should exhibit very high gain
[4]. The most recent results are shown in Fig. 10 using the
device of Fig. 5(b). A maximum gain of about 13 dB was
achieved with an input return loss of =9 dB at midband
(on the order of what can be achioved with a single
MESFET). The matching attempt was not to achieve
MTG, but rather to maximize gain while maintaining a
1 GHz bandwidth at a center frequency of 4 GHz. The
matching in this case was done with normal transmission
line sections for convenience, but superconducting match-
ing networks which have insertion loss advantages have
been used previously [4]. Since the impedance mismatch
is rather severe, relatively high currents will be flowing on
the device side of the matching net and any normal
conductor losses will become significant.

Another application of interest is a quasi-distributed
phase shifter that utilizes the variable output inductance
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of the SFFT discussed earlier and demonstrated in Table
I. The structure is shown in Fig. 11 [18] and is analogous
to the synthetic transmission line structure used for varac-
tor-based phase shifters in that the variable reactance of a
component in a semi-lumped transmission line is used to
controllably alter the phase velocity of the line. In this
case, the control current is changed causing L, and
hence the phase velocity of the line to change. The actual
test structure is 1 cm long, consists of 12 devices (with a
control line separation of 6 pm) separated by 0.5 mm and
has a maximum differential electrical length (maintaining
phase shift linearity) of 37 at 5 GHz. The capacitances
(typically 0.5-0.6 pF) are formed from very short, low
impedance sections of the transmission line as shown.
Reasonable bandwidth is possible since the quasi-distrib-
uted structure maintains impedance levels over an ex-
tended frequency range. The phase shift as a function of
control current (at 5.0 GHz) is shown in Fig. 12(a) for a
YBaCuO circuit. About 27 of phase shift is available
with 2.5 mA of control current. Insertion loss is a major
concern and a plot of |S,,| as a function of control current
at 5.0 GHz is shown in Fig. 12(b). With 27 of phase shift,
the insertion loss is about 2.1 dB which is certainly
competitive with many discrete shifters. The key to suc-
cessful SFFT phase shifters is the ability to make the links
very thin ( < 40 nm) so that the kinetic inductance contri-
butions are high. This requires epitaxial films with ex-
tremely thin interface layers (which cannot be neglected
in HTS because of the large lattice mismatches and
unusual chemistry involved). As shown in Fig. 12(b) there
will be incidental amplitude modulation of the signal. It is
expected this can be significantly decreased as film epi-
taxy improves (allowing greater use of kinetic inductance).
The control line present in the electromagnetic structure
will limit high frequency performance. The dependence of
L,y on I4, can also be used for phase shifting (eliminat-
ing the need for a control line) at the expense of in-
creased incidental amplitude modulation and nonlinear
behavior.

A BRrIEr CoMPARISON TO OTHER DEVICES

At the present level of performance, the SFFT does not
" offer obvious advantages over HEMT’s and HBTs in
terms of noise, gain or power. Bandwidth appears to be a
significant advantage in that we have used a device with
3 um feature size at 40 GHz successfully; theoretically
with 0.5 pum feature size operation at over 150 GHz is
possible (based on the limiting event being the transit
time constant). Also for high bandwidth applications, the
distributed amplifier structure is more of a natural for the
SFFT than for its conventional counterparts in that it is
nearly unilateral. Based on rudimentary calculations, the
noise performance will not significantly degrade from the
2-3 dB range to over 100 GHz, if that holds true another
potential advantage emerges. Aside from some of the
useful nonlinearities mentioned above, this high speed
device has impedance levels that are very attractive for a
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SYNTHETIC TRANSMISSION LINE PHASE SHIFTER USING SFFTs

SFFT gnd. plane
\ cap. sections
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Fig. 11. OQuasi-distributed phase shifter using the SFFT. The variable
output inductance of the SFFT is used to change the phase velocity of
the line.
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Fig. 12. Phase shift (a) and insertion loss (b) at 5.0 GHz of the
YBaCuO phase shifter of Fig. 9 as a function of control current.

small but increasing number of applications that need
active impedance conversion not easily done with conven-
tional electronics. These include transitions from Joseph-
son circuitry or far-IR detectors (which prefer to drive
low impedance loads) to high impedance processing elec-
tronics.

CONCLUSION

We have presented S-parameter measurements of a
superconducting flux flow transistor. They indicate that a
large amount of power gain is available, but significant
matching must be employed. An example has been given
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showing an amplifier with over 13 dB gain and a band-
width of roughly 1 GHz at a center frequency of 4 GHz.
Multistage and distributed structures are currently being
investigated. The performance of a synthetic transmission
line phase shifter using SFFTs has also been shown (27
of continuous phase shift available with insertion loss
< 2.1 dB). As shown elsewhere, other applications includ-
ing active impedance convertors [3] and mixers [5] have
been successfully demonstrated as well.
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