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ABSTRACT

We have performed microwave two-port S-parameter measurements and modelling on 

Superconducting Flux Flow Transistors (SFFTs). These transistors, based on the magnetic 

control of flux flow in an array of High Temperature Superconducting (HTS) 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 resistive 

and inductive. The characteristics are such that these devices are potentially useful in numerous 

applications including matched amplifiers.
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INTRODUCTION

The SFFT is an active four terminal superconducting device that has been studied for 

several years (e.g.,[l]-[7]). The device exhibits very high speed operation (10-30 ps transit times 

with 3 pm minimum feature size), large gain and impedance levels that are useful for many 

applications. The present work concentrates on small signal S-parameter measurements of these 

devices and a discussion of a SFFT application, matched amplifiers, that can be better analyzed 

with these new data.

DEVICE BASICS

The SFFT consists of a parallel array of weak superconducting links (separating two 

unweakened superconducting electrodes) and a control line to provide a local magnetic field. An 

example of this structure is shown in Fig. 1. The links are typically 2-3 pm wide by 10 pm long 

and 50-90 nm thick (while the electrodes are at least 200 nm thick). 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 expense of frequency response [7]. When the device is biased 

below the critical current, 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[8]. These vortices can flow since the bias current generates a Lorentz-type force on the 

vortices. The vortices are also subject to forces from external magnetic fields (from the control 

line), viscous damping, pinning forces (which are undesirable in that the average vortex speed is 

reduced) and surface barriers at the edges of the links which hamper flux entry and exit. The 

balance of these forces determines the flux motion and hence the terminal voltage. In terms of 

active device performance, the key principle is the use of an external magnetic field (via the control



line) to modulate the flux density in the link system [9],[10], the resulting flux motion^and hence 

the terminal voltage.

The device are made from films of TICaBaCuO and YBaCuO on LaAlOs substrates. The 

TICaBaCuO films were made by sequential e-beam evaporation followed by sintering in air under a 

partial pressure of Tl-O and annealing in oxygen. The process is described in detail elsewhere 

[11]. The T1 samples used in these experiments had Tc's of about 103K and critical current 

densities at 77K (0 field) of about 350 kA/cm2 (1 |j.V/cm DC criterion). In making the YBaCuO 

films, Y and Cu metals are evaporated from separate electron gun sources and BaF2 is resistively 

evaporated [12]. During co-deposition of these three materials, the chamber is backfilled with dry

02. The films are annealed ex-situ in a carefully optimized multi-stage process [13]. The YBCO 

films used in these experiments had Tc's of about 90K and critical current densities at 77K (0 field) 

of about 1 MA/cm2.

I-V curves for two of the devices (one made of TICaBaCuO and one of YBaCuO)|^$ted are 

shown in Fig. 2. The current through the link system (or body) is denoted by Ibdy while the 

control current is labeled Ic. The two most important circuit parameters to be drawn from these 

curves are the transresistance (AV/AIc=rm) and output resistance (AV/AIixjy^o)- F°r the 

microwave measurements, the devices will be biased at about 8 mA on the 'body' and 0.2 mA on 

the control line where typical values are rm~17-19 O and r0 = 3-4 Q.. An equivalent circuit based 

on device physics is shown in Fig. 3 [7]. Since moving flux generates a voltage and the impetus is 

a control current, a transresistance is the active element for the equivalent circuit. The moving 

vortices have normal cores and hence represent an ohmic resistance (r0). 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 superconducting film in the link 

region! 14]. The values of these and other parasitics are discussed after the measurements section.



S-PARAMETHR MEASUREMENTS

The first measurements were made with Cascade signal-ground probes using SOTL (short, 

open, thru, load) calibration [15]. This probing scheme presented problems because of planarity 

requirements and the irregularity of the LaAlOs substrates used. As a result, contacting was 

difficult. Data was obtained for one T1 device at 77K with some effort and these results are 

summarized in Fig. 4. The roughness of the maximum transducer gain (MTG) [16] is due largely 

to unstable contacts (particularly in the liquid nitrogen environment). There are, however, some 

interesting features of this data. S21 is reasonably large in magnitude and IS2il»ISi2l indicating 

active behavior. The measurement of these two parameters was relatively repeatable (to within =1 

dB) and at least semi-quantitatively correct since an unbiased device showed IS12HS21I = -40 dB 

across the band. The MTG, while having some uncertainty, does indicate the possibility of large 

gain with adequate matching.

Custom probes using Cascade 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 [15] at 77K was employed. The 77K S-parameters for 

the two devices (whose IV curves are in Fig. 2) are shown in Fig. 5. The bias point (Ibdy=8 mA, 

Ic=0.2 mA) was chosen because rm was nearing its plateau value and r0 was still relatively small. 

As would be expected from the equivalent circuits, the input and output impedances are low and 

inductive. S21 behaves as with the device of Fig. 4 but IS12I is larger. This is largely due to poor 

isolation with our 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 IS12I and IS21I are shown in 

Fig. 6 and indicate the poor isolation which is undoubtedly masking the true transistor S12. The 

actual device S12 is probably like that shown in Fig. 4. This error in S12 will skew the MTG 

calculations. One sample (using the actual measured device data) is shown in Fig. 7 which, even



with the S12 error, the MTG exceeds 14 dB. We expect 20-25 dB is closer to the actual MTG over 

this band.

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 electrode configuration with no 

SFFT in place), the equivalent circuit of Fig. 3 was fit to the data for the YBCO device (Fig. 5b). 

The control line was found to be adequately modeled by a 0.3 nH input inductance and an input 

resistance of 0.2 O. The other model parameters include rm= 18.2 £2, r0=3.7 £2, and L0ut= 0.17 

nH. This fitting process was repeated for the T1 device at different bias levels 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 transresistance 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.

AN APPLICATION

Because of the relatively large transresistance and low impedances, a matched amplifier 

could show very high gains[6]. The most recent results are shown in Fig. 8 using the device of 

Fig. 5b. A maximum gain of about 13 dB was achieved with a return loss of 9 dB at midband.

The matching attempt was not to achieve MTG but to get as much gain as possible with about 1 

GHz of bandwidth and a center frequency of about 4 GHz. The matching in this case was done 

with normal transmission line sections for convenience but superconducting matching networks 

have been used previously [6] and have insertion loss advantages. Since the impedance mismatch
t

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.

CONCLUSIONS



We have presented S-parameter measurements of a superconducting flux flow transistor. 

They indicate that are large amount of power gain is available but significant matching must be 

employed An example was given showing an amplifier with over 13 dB gain a bandwidth of 

roughly 1 GHz at a center frequency of 4 GHz. Multistage and distributed structures are currently 

being investigated. Other applications including synthetic transmission line phase shifters (using 

the SFFTs variable output inductance), active impedance convertors [4] and mixers [7] have been 

successfully tried as well.
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FIGURE CAPTIONS

Figure 1. Layout of the superconducting flux flow transistor. Port 1 is the control line and port 2 

is the device body.

Figure 2. IV curves of two SFFTs (a) a TICaBaCuO device, (b) a YBaCuO device. Ibdy is the 

current through the device body (link region) and Ic is the control current. The voltage V is 

measured across the link system.

Figure 3. An 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 non­

linearity of the output inductor and the low amount of cross-talk (M is typically 10 pH or so).

vv\ / .......
Figure 4. Measured S-parameters (a) and computed Maximum transducer gain (b) for a T1 SFFT

probed with Cascade signal-ground probes. Note the low cross-talk 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.

Figure 5. Measured S-parameters of a TICaBaCuO device (a) and a YBaCuO device (b) 

probed using the spring-loaded structure described in the text. In both cases, the bias conditions 

were Ibdy=8.0 mA and Ic= 0.2 mA. The data shows inductive input and output impedances (low 

in magnitude) and a higher IS21I due largely to the probes. On the Smith charts, the outer curve is 

Sn while the inner curve is 822-



Figure 6. Measured IS21I and IS12I of the two probes (spring-loaded) placed on a shorting block 

separated by the spacing used in the Fig. 5 experiments. This shows the true IS12I of the devices is 

probably no higher than that of Fig. 4 results.

Figure 7. Computed Maximum Transducer Gain of the devices measured for Fig. 5. (a) 

TICaBaCuO device and (b) YBaCuO device. Even with the error in S12, the MAG exceeds 13 dB.

Figure 8. Performance of a matched amplifier constructed with the device of Fig. 5B. Maximum 

gain of 13 dB was achieved with a bandwidth of almost 1 GHz.
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T1 sample equivalent circuit parameters

Ibdv (mA) L fmAl rm (£2) T„(Cl) Lrn)t(nH) Lin(nH) Rinfftl

6.0 0.2 10.2 3.9 0.65 0.3 0.1

8.0 0.2 17.8 4.0 0.49 0.3 0.1

10.0 0.2 18.0 4.5 0.32 0.3 0.1

6.0 2.5 6.8 9.3 0.30 0.3 0.1

8.0 2.5 8.8 9.7 0.18 0.3 0.1

10.0 2.5 9.2 10.1 0.1 0.3 0.1

TABLE 1.. Equivalent circuit parameter values for the device of Fig. 5a at various bias levels. 

Note the variability of the output inductance and resistance and the plateau that rm quickly reaches.


