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Modeling the behavior of HTS terahertz RSQUIDs

Colin M Pegrum, John C Macfarlane and Jia Du

Abstract—In previous work we looked in detail at simulations Il. MODELING THE RSQUID
of our HTS Resistive DC SQUIDs (RSQUIDs) using a lumped- - - . - —
component model and neglecting step-edge junction capacitance. . The s_mulgqon model has identical shunte_d Josephso_n junc
These can now be made with junctions that have a high product ONS with critical currentsc and shunt resistors?;, as in
of critical current and normal resistance (I.Rj) and so the Fig. 1. Equal DC bias current$,/2 are fed to each half of
Josephson frequency can be above 1THz. This calls for athe RSQUID. The currenk, is fed through the series resistor

more refined model of the device, which we will present here. 1 and7, can be varied independently without interaction.
The RSQUID series resistor is represented as a distributed

combination of resistance and inductance, rather than simply a N\

resistor in series with its self inductance. We now include junction =

capacitance, as the Stewart-McCumber parameter can be close

to unity. We treat the RSQUID loop as a co-planar stripline, "WV

rather than as an inductor. We report a range of simulations L/2§ Ry %L/g
@

I

with these enhancements to the model and comment briefly on
the results in relation to potential applications of RSQUIDs as ¢

active microwave devices. I, /2 L,/2
Index Terms—Superconducting microwave devices, SQUIDs, C éR R é Cy
J J

J
Josephson oscillators, Josephson mixers, heterodyning. —|—I
C

I. INTRODUCTION AND MOTIVATION

resistive SQUID or RSQUID is a conventional SQUI
with a small resistorR; added in series with its loop.

Early RSQUIDs were RF-biased and were used for noiseThe series resistoRs has some self inductance and ways
thermometry €g. [1]) and thermal measurements [2], [3].of dealing with this are set out in Sectid'. Unlike our
Niobium thin-film versions of DC RSQUIDs [4]-[10] found previous analysis [16], [17], the model now includes junction
similar uses. One such RSQUID [4] was used as a currengpacitance’;y and the effects of this will be considered in
controlled oscillator in the frequency range of a few kH&ectionV. The RSQUID loop is shown in FidlL as a lumped
to several hundred MHz. Here an external currénts fed inductancel split into two equal parts, but in Sectiovil
throughR; to cause the average voltages across the two junee will treat it instead as a co-planar stripline (CPS). We
tions to differ by I;R,. The different Josephson frequencieshall conclude each of these sections with comments on new
mix together to produce a heterodyne frequerfiigygiven by features introduced by these enhancements to the model.
fu = (IsRs)/®g, wheredy is the flux quantum. For simulation we use JSIM [18], with the addition of noise

Macfarlaneet al. [11] and Haoet al. [12] reported the first sources [19] to allow the effects of a finite temperatiliréo
HTS current-controlled RSQUID oscillator, operating fronbe studied (though in this paper all simulations aré at 0).
20 to 60K at frequencies from 1 to 50 MHz and they havéhe JSIM output is low-pass filtered and time-averaged to
recently reported GHz HTS DC RSQUID oscillators [13]-obtain the mean voltag®,..(¢) for a given value ofl;, to
[15]. We are now interested in exploring the potential of thesterive thel-V curves. Statistical checks ensure the standard
RSQUIDs as mixers, using the internally-generated heterodyeheviation for V.. (t) is acceptably small. The technique has
frequency as a tunable local oscillator. Since these process arédn proven with a wide range of junction and SQUID models
generate GHz signals, and have Josephson frequencies inttheonfirm its accuracy [20].
THz range, a microwave model of our RSQUID is needed.
This is considered in this paper.

lj:ig. 1. RSQUID model with added junction capacitar€g. The currents
1y, and I are supplied by external DC sourcdgs = 9.5 mS2.

IIl. DEVICE FABRICATION AND LAYOUT

The RSQUIDs are made from YBaCuO on MgO substrates
Manuscript received 3 August 2010. Colin Pegrum is with FieldSolutionsyith step-edge junctions, see FR).Full fabrication details are
Glasgow G12 9SD and with the Department of Physics, University ¢f [13]’ [14] and more recent step—edgejunction improvements
Strathclyde, Glasgow G4 ONG, UK (e-mail: colin@fsolv.co.uk). . . . .
John Macfarlane is with the Department of Physics, University dqire in [21]' The resistoR; is made by deposmng a Iayer of
Strathclyde, Glasgow G4 ONG, UK and with CSIRO Materials SciAu over the G:m wide gap between the two YBaCuO tracks

ence and Engineering, Bradfield Road, Lindfield 2070, Australia. (e-mafhat gre Sle wide. For the device modeled in this paper the
j.c.macfarlane@strath.ac.uk). K 6 | Th . . is | d
Jia Du is with CSIRO Materials Science and Engineering, Bradfield RoaH,aC S are th ong. e series resistor Is long compare

Lindfield 2070, Australia.(e-mail: jia.du@CSIRO.au). with its width, to get a small value aRy. It is 6 um x 60 ym
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Fig. 2. RSQUID layout: (a) the complete device, (b) the effecfiorm of the series resistor, (c) detail of the CPS part of the structure and (d) photo of the
CPS section. All dimensions are jym. The labels CPS 1, 2 and 3 relate to the CPS analysis in Se¢tion

and its measured DC resistancedi$ mS2, consistent with the Z(f) of this network as a function of frequency. This
separately-measured sheet resistance of the Au film at 77 Khas a resistive compone (f) in series with an inductive
~ 0.1 per square. This confirms that the contact to the Au @mponent(f), so thatZ(f) = Rs(f)+ 275 fLs(f). Rs(f)
predominantly at the inner edges of the YBaCuO tracks, at taed Ly(f) are plotted in Fig4.

dashed lines in FigR(a), with negligible contact resistance. So

=
o

the structure forRy is as in Fig.2(b)—two YBaCuO tracks ol L h ‘ B
with a gap filled by Au; the Au overlying the YBaCuO can £ oL B
be disregarded. e L
IV. THE SERIES RESISTORR, 2 N

It is essential to consider the self inductance of the YBaCuO 1027 , HH | IIH | 11” | 11” | 11” ; H” 1 1111&
tracks that form part ofRs, since in principle this will add E o
to the total inductance of the RSQUID loop. We have shown £ |
previously [16], [17] that RSQUID dynamics are quite strongly £ 50r 05 mo 7
dependent on the total loop inductance. We have also foundS [ / '
that the heterodyne amplitude decreases significantly as loop ol ol il il vl v vl v

inductance increases [22], so stray inductance withimeeds 100k 1M  10M 100M 1G 100G 100G 1T
to be addressed and should ideally be minimised. Frequency f (Hz)

The impedance of the structure ff is not simply a series Fig. 4. The equivalent resistande;(f) and inductanceLs(f) for the series
combination of resistance and inductance. This is becaljggstor structure.

at high frequencies the current densityj(z) in the Au A different analysis by Fasthenry [25] and a model made
(Fig. 2(b)) varies with positionz, since parts furthest away yp from both superconducting and resistive films gave similar

from the junctions are more isolated by the inductance of thesults forZ(f) and also confirmed our tacit assumption that
YBaCuO lines connected to the Al,(x) is also frequency- the inductance of the Au is negligible.

dependen_t. Th_|_s calls for a more complex quel. .. Fig. 4 identifies some significant issues. First, even at
Some simplified options that can be used in JSIM circuits 0. the effective inductance is much less than 29 3 pH
are shown in Fig3: rather than being a pure resistance (a) or___ "’ P,
. . S . . imply because not all the current flows through all parts of
a smple series combination of a resistor and an inductor (b[

. _ is inductance. Next, althou has its DC value up to
we expect it to be represented better as a distributed networ : g.RS . '€ up
. . . ~'100 MHz, at higher frequencieB;(f) increases, since then
of resistance and inductance, as in (c).

only a small part of the Au carries the current—much of the Au
filling in Ry is isolated at high frequencies by the inductance of
(@ (b) the YBaCuO tracks. Lastly, above 10 GHz, L (f) — 0. So

for currents in the RSQUID at typical Josephson frequencies,

_ Ls~0.
(C)im m To explore these issues we used JSIM to genefaté
— — curves for the circuit in Figl, but with R, modeled in turn

as either Fig.3(a), (b) or (c). These are shown in Fi§.
From these and Figd we conclude the differences between

To analyze this we first determined the inductance per utlie simple R-only model and the more compldx R network
length of the broad YBaCuO tracks in Fig(b) either side are small, and fortunately for most purposes the inductive part
of the Au, following Chang [23] for superconducting co-of the series resistor structure can and should be set to zero.
planar lines. This gives 0.488 pkth, or a total inductance of The L + R model wrongly adds significant inductance and
29.3pH. Then, using thé-R ladder network in Fig3(c) with is substantially different and unrealistic at all voltages, so it
ten elements, we used QUCS [24] to determine the impedarsteouldnot be used.

Fig. 3. Options for the equivalent circuit for the series resis
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700— T T y 800 . .
@ ‘ ‘ ‘ ‘ amplitude of the Josephson AC voltages, seen as a peak in the
680 P heterodyne amplitude, as shown in Frgb). It is not present
r ~" . .
< e < for C; = 0 and its voltage position scales asl/+/Cj.
£ 660 {4 E700- 540 ‘ : P —
£ £ (a) s [b
> Rote =] P [} -
O ~" [—lumped L + R O . |— lumped L + R 530 S
640 P --- L-Rnetwork | | / |--_L-Rnetwork < - =
/ - Ronly 2520 e[
6200100 200 300 400 %% 1 . gl
Voltage (pV) Voltage (mV) ‘55 0 8 HT
9] i [0}
Fig. 5. I-V plots for different models for the series resistor structure. (a) 500 2
At lower voltages there is a small difference between th& network and J 2 3
R-only models. (b) Abovex 500 1V the L-R network andR-only models e Coolad ol 10
are indistinguishable, so in (b) the-only data has been omitted for clarity. 400 600 800 ~ 1000 400 500 600 700
Voltage (MV) Current (UA)
V. JUNCTION CAPACITANCE Fig. 7. The resonance in Fig.introduces a chaotic region in tHeV curve

) ) centered on 716V (arrowed). fy, for this plot is 1.15 GHz
Our experimental RSQUIDs [13], [14] havepunh-wide

step-edge junctions and from [26}); ~ 18fF. I. is The equations for an RSQUID with’; # 0 are third order
temperature-dependent and for some cooled samples riseartd so can have chaotic solutions under some conditions [29].
250 uA; with Ry = 80 the Stewart-McCumber parameterThis is a complex system with a very rich dynamical behavior
Bc = 27TICR§CJ/cI>O = (.87, S0 we expect junction capaci-and a six-dimensional parameter spaCe, (L, R, Rs, I1, and
tance to play a significant role in devices dynamics. Simildk). Exploring it fully is beyond the scope of this paper, but
junctions used as detectors for THz imaging [27] have highBig. 8 shows representative features of partsief” curves
values ofI. and clearly show hysteresis below 20K and alstor a range of values offy,. Fig. 8(a) shows the transition
show sub-harmonic steps in thdil’ curves when irradiated as I, increases, from regular steps into a chaotic state, and
at 0.6 THz, which may be attributable to junction capacitancéere is clear evidence of subharmonic steps at highen
Mitchell and Foley [28] estimated0 < C; < 40fF from the Figs.8(b)-(d). The frequencies cover those of interest for mixer
onset of hysteresis. So in what follows we §&t= 18 fF. applications, and as they may be used at low temperatures, the
As SectionVI shows, the total capacitance of the lines ifoise rise due to chaos may be important. A more complete
the CPS model is 2.3fF, which is much less thap. So analysis atl" # 0 for these RSQUIDs configured as mixers
this line capacitance can be ignored at low voltage, whepéth external signal injection will be reported elsewhere.
no transmission line resonances are excited. There is ther = — ‘ ‘
damped resonance between the junction capacitafigésin 500 L @ i
series and the RSQUID loop inductante The CPS model
(SectionVI) shows that, = 21.2 pH. The resulting resonance
is centered on 346 GHz or 71#&/, as shown in Fig6 for a
simplified RSQUID model.
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Fig. 6. Resonance of the junction capacitaid¢e and loop inductancel.. © o
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Our previous JSIM modeling of an RSQUID withy = 0 510 L C 501 ! L
[16], [17] showed itsI-V curve has self-induced steps due to 650 VoIt:Zg(;)g(uV) 750 820 chltages(?l?/ ) 880
fu, and atfy, =~ 50 GHz sub-harmonic steps and other features
appeared, but there was no evidence of chaos. For the pre&é&n. (a) Onset of chaos df, = 2.3GHz above 49gA, which largely

. . . . obliterates the steps. (b) At 4.6 GHz some part$ &f-integer steps are visible
work, with Cy 70, there is a regionin thé-V' curve that has within the chaotic region of thd-V curve. (c) At 16.1GHzl/2 and 1/4

chaotic behavior. It extends symmetrically each side of tR&ps can be seen. (d) A region at 18.4 GHz showif®y 1/3 and1/4 steps.
V0|tage Corresponding to the dampé@b’]/Q resonance, as The horizontal bars show the vpltagg¢o. All plots‘are forCy = 18fF,
Fig. 7(a) shows forf, = 1.15 GHz. The width of this region ' = 8¢ andfs =9.5mQ. fi, is changed by varyinds.

is largely independent off,. It is associated with a peak in the
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X

Fig. 9. L-C ladder model of co-planar striplines 1, 2 and 3. The inductance and capacitance values shown are for each element in the ladder, and each
CPS has 10 elements. Resistors (not shown) have been added across each capacitor to include the effects of dielectric loss in the MgO, as given in [30]. The
voltage source represents the AC Josephson voltage of one junction. Resonances are detecteX.at point

VI. A CO-PLANAR TRANSMISSION LINE MODEL

o
(3]
=
o
=
(3]
N
o

o

L Josephson voltage (mV) _

The highI. Ry product for our RSQUIDs means that they
can be biased at 3mV or more, where the Josephson frequenc:
is > 1THz. At such frequencies the part of the RSQUID
loop not covered by Au in Figs2(a) and (c) should be
treated as a co-planar stripline (CPS), rather than as a simple
lumped inductance. Similar issues have been considered for % ' 5 ' 10
DC SQUIDs on SrTi@, where such resonances are at very Frequency (THz)

much lower frequencies, due to the high dielectric constant g 11. The AC amplitude at point in Fig. 9, showing some of the lower
SrTiO; [31]-[33]. A/4 resonances. The broddC; /2 resonance below 1THz is still present.

e represent the CPS n three parts, as shown in Fg. . The L-C networks for the CPS were then incorporated into
cz_)rrespondmg to the sections marked CPS 1, 2 and 3 d"3SIM model. The series resistor was modeled as a pure
Fig. 2(c). We expect quarter-wavelengti/{t) resonances resistance 0.5 m). We find the Josephson frequency, or
to be excited in the sections either side of the junctionghe of its hafmonk.:s excites this resonance at 2 664’TH2
R; is effectively a short-circuit at these resonant frequenciﬁg_ 12 shows how the; fundamental, and also the se.cond and
(> 1THz): its impedance is purely resistive (Fig) and third harmonics excite this resonance and introduce features

although it is higher than its DC value, it is still much Ies?n the I-V curve. Other fundamental resonances at higher
than any of the CPS line impedances. frequencies can a'llso be found

Voltage (arb. units)
- N W Aoa

o

CPS 1 J CPS 2 CPS 3
1.50 — " T " 0.90 T
a b
Rs @) ® 5 = faa
7pm J 8um 10pm L1450 i <
E™ £
Fig. 10. Simplified CPS model for the RSQUID. The spacing between trZ f1= "I =
tracks iss, their width isw and the line length i¢; dimensions are in Table ¢ 2
Ji and %, are the junctions. 3 1.40r 4 3 0.80- ]
We derived the inductanck, and capacitanc€, per unit 3f1=1Fx/a

length from standard elliptic integral expressions [34] an - P 56 58 Y 30
expressions for kinetic inductance [31]-[33], [35]. The MgC ' Voltage (mV) ’ “Voltage (mv) '
dielectric constant, = 10 at ~ 1 THz [30]. Tablel has the _ o

Fig. 12. Excitation of the lowest CP%/4 resonance (a) at the Josephson

daa, including the characteristic impedange for each part. ;cqiency and (b) by its second and third harmonics.

PARAMETERS FOR THECPSTQELQEUIID\/IODEL SHOWN INFIG. 10. The CPS model shows that/4 resonances are unlikely
to seriously affect our RSQUIDs at frequencies of current
s S ¢ Zo Lo Lot Co Cot interest. However, future designs, WhiF:h may have additional
(pm) (pm) (um) () (PHpm) (pH) (Fum) (F) CPS structures, may need to consider adverse effects of
roo4 27 132 109 766 0062 044 such resonances. But we note that the fundamental resonance

2 4 2 8 132 1.09 875 0.062 0.50

3 6 50 10 60 048 478 0132 132 markedly changes the slope of tlieV curve and we will

study this as a way to potentially enhance the sensitivity of
g9 RSQUID as a tuned mixer or detector.

JSIM does not have a balanced 4-port CPS model—|
transmission-line model is unbalanced with all of one side ACKNOWLEDGMENT
at ground potential. So for this structure we followed standard
practice and modeled each CPS ad.afi' ladder network, We
first set up a QUCS circuit, as in Fi@, for AC simulation
up to 10THz. Fig. 11 shows the CPS have various/4
resonances. The lowest is At/, = 2.664 THz.

We thank Dr Richard Taylor and Dr Steven Cooper of
Mesaplexx Pty, Ltd., Brisbane, Australia, for their expert
inputs and Mesaplexx for financial contribution at an earlier
stage of this project.
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