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Abstract

NbN SIS junction for mixer application has been investigated theoretically in the frequency

band 200-2500 GHz considering the junction as a distributed element. We studied the

performance of a distributed NbN SIS mixer regarding its particular RF and IF losses. For

NbN material we suggested resonant distributed SIS mixer that introduces the self-tuned SIS

mixer element. The resonant type distributed SIS mixer is a good choice for NbN mixers since

this self-compensated SIS junction tuned to the desirable frequency band is much less sensitive

to the embedding circuit impedance. Hence the mixer performance is less sensitive to

fabrication accuracy of the tuning circuit and NbN film quality.

Introduction 

Increasing surface loss in Nb material in Nb-A10x-Nb SIS mixers above the gap frequency

(-700 GHz) [1] stimulates the use of NbN SIS junction for THz frequencies. The results of

development of NbN thin film technology show that it is possible to fabricate a high quality

NbN film with the critical temperature about 16 K and normal state conductivity as high as

an---1.67x106 filxm-1 [2]. Different types of SIS junctions based on NbN material were

fabricated, i.e., NbN-MgO-NbN and NbN-A1N-NbN tunnel junctions [3-5] with the

performance suitable for an application as submm SIS mixers.

The NbN SIS mixer was successfully demonstrated at frequencies about 100 GHz [6].

However at SubMM wavelengths the results of the NbN mixer are less impressive [7].

Reference [8] gives the discussion of problems associated with using NbN SIS junctions and

tuning circuits at 630 GHz. The penetration depth (large for NbN material) and associated

kinetic inductance makes the tuning circuit design difficult to realise and puts critical constraints

on alignment during fabrication of NbN circuits with NbN-MgO-NbN SIS junctions [8].

The NbN films in some cases can demonstrate semiconductor behaviour of conductivity a n , as

a function of temperature (decreasing a n for lower temperatures) [9]. In [10] it was

experimentally demonstrated that NbN rnicrostrip tuning circuits have more RF loss compare to

Nb-based circuits. However in this work we assumed that NbN film is a superconducting

metal well described by the Mattis-Bardeen theory.

The main objective of our work is to develop a new approach to an integrated tuning for the

intrinsic capacitance of NbN SIS junction to use in SIS mixers at frequencies 700-1200 GHz.

We used modelling to describe material and RF properties of NbN film and employed the
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Mattis-Bardeen theory of skin-anomalous effect to predict the performance of the tuning circuit
at these frequencies.

NbN films: material and RF properties

The main material parameters that we need to describe a superconductor at high frequencies as
an element of RF circuitry are the following: the London penetration depth (X.), the gap energy
(A) at T=0 K, the critical temperature of superconducting transition (Tc) and normal state
conductivity (an). Moreover these parameters are related as described in [11, 12]. To defme
the material it is enough to know X. and Tc, while estimated z and a n can be compared to the
measured value with corresponding iteration for the accurate material description. We have
chosen the values of these parameters based on data presented in references [2, 3, 7, 8]. The
NbN film parameters are listed in Table 1.

It is important that indirect measurement of the penetration depth involving RF resonance can
give overestimated values, especially for NbN material due to the large penetration depth
compared to the film thickness. In Figure 1 we show the dependence of the effective
penetration depth, XRF, calculated from the RF surface impedance of NbN film (calculated using
the Mattis-Bardeen theory) as a function of frequency and the NbN film thickness. The
effective penetration depth makes direct impact into the performance of RF lines used to tune
out a SIS junction capacitance. The important conclusion from the Figure 1 data is that we must
use very thick NbN films for the SIS mixer tuning circuitry (=1 gm, 2-3 times k) to reduce
circuit dependence on the NbN film thickness. Alternatively one can employ relatively thin
NbN films with the increased effective penetration depth and with correspondingly higher
kinetic inductance of such a film. The latter makes the NbN circuit sensitive to the film
thickness and increases the slow-wave factor fmally providing critical constrains for the circuit
dimension accuracy. In practice the circuit with =1 gm thick film can be very difficult to
fabricate (problems with lift-off process, the layer steps, etc.). In the modelling we used NbN
film thickness 400/500 nm (Table 1).

NbN SIS Junction 

The large London penetration depth and the thin NbN films with the thickness = A- RF cause the
high kinetic inductance and lead to a very high slow-wave factor value in NbN based strip lines.
At frequencies above 700 GHz, where NbN SIS mixer applications are the most interesting, the
tuning circuit dimensions become very small because of high frequency and the high slow-wave
factor of NbN circuitry. In this condition a small element as for instance gm-size SIS junction
has to be considered as distributed element [13, 1].

We based the calculations on the model of NbN-MgO-NbN SIS junction. The junction
capacitance as a function of the critical current density was estimated using data from [3].
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Figure 2 shows the current-voltage characteristic (PVC) for such a junction. Table 2 lists data

for the model of the SIS junction, i.e., the junction quality parameter, leakage-to-normal state

resistance ratio (Rj/Rn), the gap voltage V g, the gap voltage "width" aV g and specific junction

capacitance C.

Topology of the SIS tunnel junction looks like a plane capacitor. The two superconducting

electrodes are separated by the thin (about 1 nrn thick) tunnel barrier insulator and the counter

electrode is usually more narrow than the base electrode to prevent parasitic capacitance. This

topology is the same as for the microstrip line (Figure 3) where the tunnel barrier is interpreted

as the insulator [14]. However in contrast to an ordinary microstrip line the insulator is

relatively transparent to RF current causing RF loss and the transmission line is non-linear

because of the non-linear SIS junction current—voltage characteristic. On this basis we can

introduce the electrically long NbN SIS junction as a Superconductor—Insulator-

Superconductor Tunnel Strip Line (SIS TSL).

The impedance per unit of length of NbN SIS TSL, Z, includes the surface impedance of the

superconducting strip Zss and the ground plane electrode Zs g (Figure 4), which introduce

additional frequency dependent inductance and surface loss [1]. However to find the specific

series inductance L and capacitance C of a unit of line one needs to know the thickness of the

tunnel insulator s. This is a problem because of the high uncertainty and difficulty of direct

measurement of s. We solved this problem empirically by using data for the specific NbN SIS

junction capacitance Cc [3]. Then for a NbN-1V1g0-1\TbN junction Cc can be approximated as:

0.36
(1),

log e (Rn A)

where Cc is the specific capacitance [pFigrn 2], Rn is the junction normal state resistance, [a],

and A is the junction area n1111 21. The specific capacitance can also be expressed as a function

of the bather thickness s:

C= eoer I S (2),

where eo is the vacuum perrnitivity and er is the relative dielectric constant of the tunnel barrier

material. We used the relative dielectric constant for MgO er=9.6. The bather thickness s can

be estimated for a junction using (1, 2) and data about the junction normal state resistance

(measured IVC) and its area.

For the SIS TSL quasiparticle loss, i.e., the loss due to the RF current through the tunnel

barrier, is described [15] by:

00

R:
er

 = 171-1,3 IL 1,1
2 (a) + .1„_ 1 (a)- J n+i (a)] [I (U + (n +1)hco I e)

n=-.0

Idc + (n — 1)hco I Or'

(3).
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Here RR
in
F
ier is the impedance for the signal frequency cos at a bias voltage trZat and LO power

given by the LO power normalised parameter a. Here ot=ellifih ono, Vif is the LO amplitude

across the junction at the angular frequency col° , e is the electron chage and his the Plank's

reduced constatnt. J( a) is the Bessel function of the order n, /dc(U) is the DC current-

voltage characteristic per unit area of SIS TSL, (40
,4 corresponds to the optimum LO power

level per unit area of SIS TSL. UL c
ir is chosen to be at the middle of the first quasiparticle step

below the gap voltage. In (3) we assumed the SIS TSL mixer operates with matched RF input.

For any particular junction geometry (the junction area) one can find the SIS TSL specific
inductance and capacitance using data from IVC DC measurements (4, Rn) and employing

expressions (1), (2) and (3) and following the procedure described in [1].

As we mentioned above at high frequency (>700 GHz) the wavelength is small. The NbN
material properties increase the slow-wave factor so finally a geometrically small size element
becomes electrically large, i.e., comparable with the wavelength. In these circumstances we
suggest to use a distributed SIS mixer with employing of an internal resonance in the
electrically long junction [16] as a self-compensated element.

Resonant Distributed SIS Mixer

The effect of the distribution in the NbN SIS junction is clearly observed at Figure 5. To
resonate out the intrinsic junction capacitance the length of the junction, L i, has to be Lj=nxA/4,

where A is the wavelength of the signal in the junction SIS TSL. The junction width must be

small (�A/6) to prevent transverse mode propagation.

A distributed SIS mixer element has intrinsic loss at RF and IF that originates inherently
from the distributed conversion. The SIS mixer performance is a function of LO power [15].
In the case of the mixer feeding through one side (in-line, Figure 6a) the RF power decreases
along the SIS TSL mixer, which means that the part of the junction at some distance away from
the RF power feeding point is out of optimum operation. For the distributed resonant type SIS
mixer this problem can be solved by keeping the resonant length at minimum, for example,

L=A/4 or L3=A/2. The first choice gives the shortest possible junction however the distributed

mixer input impedance is very low and can be difficult to match with a wave guide or
quasioptical system. The half-wave length mixer has a high input real impedance at the expense
of higher loss due to LO power out-of-optimum operation. Alternatively the resonant
A/2 distributed mixer can be fed from both sides by anti-phased signal (as in the double-slot
antenna SIS mixer [13]). The two waves injected from both sides of the distributed SIS
junction mixer (Figure 6b) will cancel each other at the middle point of the junction, while LO
power distribution will be close to that of the A/4 resonant mixer. At IF both sides of the
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distributed mixer will work synchronously when LO and signal are shifted by it at every point

along the distributed SIS mixer.

A distributed mixer can cause IF phase-loss particularly when the mixer length is comparable

with IF wavelength in the junction. This loss originates from the phase difference between LO

and signal acquired while LO and signal waves are propagating along the junction. For instance

the length of about 20 gm for an NbN distributed mixer corresponds to approximately Alp/4

(for the IF frequency 4 GHz). It means that different segments of the distributed mixer will

produce IF signals with the phase continuously changing in the range 0-90
0

 with a maximum

loss of 3 dB. Simple calculation (omitted here) shows that the upper intermediate frequency in

a distributed mixer is limited by in-phase IF operation, the condition of low IF phase-loss is

Li< <A/F-

At frequencies above =1.1 .Fg increasing surface loss (Figure 5) suppress resonance. Hence a

distributed 515 TSL mixer is inherently limited for operation below the gap frequency by the

increasing surface losses in the superconducting electrodes above the gap frequency

(Figure 7). To get rid of the surface loss influence at above NbN gap frequency the SIS

junction dimensions have to be smaller than the wavelength, i.e., to be at sub-micron scale.

Usually a tuning circuit for SIS mixer resonates out the junction capacitance and matches the

impedance of the wave-guide I quasioptical system to the junction. In the case of the resonant

distributed SIS mixer the junction is the self-compensated element (at certain frequency band)

and has a reasonable value of real impedance around resonance frequency. The junction can be

connected to the LO/ signal source directly or through a matching circuitry to couple to wave-

guide mount or antenna impedance. Figure 8 presents schematically the tuning circuit with one

step microstiip transformer and NbN resonant distributed SIS mixer in insert and shows the

circuit coupling efficiency with the load corresponding to the free space impedance (377 S2).

Table 3 lists circuit dimensions and the NbN SIS junction parameters.

To check the stability of the proposed tuning circuit for the NbN film quality, i.e., changes of

the London penetration depth and the accuracy of circuit dimension during fabrication, we made

calculations of the circuit coupling efficiency assuming the deviation in the mentioned above

parameters. The results of the circuit modeling are presented in Figures 9a, 9b, 9c, 9d.

As the alternative to the resonant type distributed SIS mixer, in [17] the distributed Nb-A10x-Nb

mixer of another absorbing type was suggested and experimentally measured with good results

near 460 GHz. In the mixer, according to [17], the RF traveling wave is exponentially

absorbed and the reflected power is small. This mixer introduces the electrically long SIS

junction with the length of 40 pm that is about 2.5A at 460 GHz (the center of the mixer band).

To make the input impedance of such a mixer reasonably high to match it with the embedding
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circuit, the SIS junction width was narrow 0.15 tim yielding a 13 the transmission line

impedance. In such a mixer it appears to be important to consider RF conversion loss due to

that different parts of the mixer definitely operate at different LO power levels. The long

junction (40 p.m) also limits the upper IF frequency (IF phase loss). This tuning circuit requires

E-beam lithography for the junction fabrication at the relatively low frequency where other

tuning circuits provide competitive performance [13] and employing only photolithography

process.

Discussion 
The suggested resonant distributed NbN-MgO-NbN mixer has promising features. Below the

NbN gap frequency the self-compensated SIS junction in combination with the NbN microstrip

transformer/feeder line can produce very stable tuning of the SIS junction intrinsic capacitance

in the frequency band of about 200 GHz at the center frequency 1 THz with a coupling

efficiency above 0.4.

The resonant type distributed SIS mixer of a quarter or half wavelength long minimises the

intrinsic loss of a distributed SIS mixer namely RF conversion loss due to non-equal

distribution of LO power and loss due to the phase difference between LO and signal along a

distributed junction. The relatively small junction area of a self-compensated SIS mixer keeps

the overall junction capacitance low which eliminates IF coupling loss. Our analysis shows that

above the gap frequency a distributed SIS mixer will have very high conversion loss due to

increasing surface loss in superconducting electrodes.

We suggest the two coupling schemes of the resonant distributed SIS mixer which can be

employed for wave-guide and quasioptical mixers. The feeding from both sides by anti-phase

signal is suitable for the double-slot or double-dipole antenna quasioptical mixers while the one

side feed scheme fits a waveguide or the spiral antenna configuration. According to the

modelling the variations of either NbN film quality or the tuning circuit dimensions produce

minor change in the tuning band and the coupling efficiency.
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Tables 
Table 1. NbN film material parameters used in the modelling

London penetration
depth X., {nm]

Gap energy tVe, [mV]
(at T=0 K)

Critical temperature
T„ [K]

,

Normal state
conductivity,
an, [0-1xm-i]

280 4.46 16 9.55x105 ,
NbN film thickness, [nm]

Base electrode: 400 I Top electrode: 500

Table 2. IVC parameters for NbN-MgO-NbN SIS junction used in the modelling.

Leakage-to-normal
state resistance ratio

(Rian)

Gap voltage V,„ [mY]
at 4.2 K

Gape voltage
"width", av„, [mV]

Specific junction
capacitance C,

[pF/gm2],
for J-

c=20 kA/cm2

10
,

4.45 0.445 0.12

Table 3. The tuning circuit dimensions and SIS junction parameters.

Microstrip transformer dimensions, [pm]

Strip width Transformer

length

Ground electrode

thickness

Strip electrode

thickness

Insulator

thickness (SiO)

1,0 21,0 0.4 0.5 0.5

Distributed SIS junction parameters and dimensions

Junction length,

[4m]

Junction width,

[gm]

Junction RnA,
[nlim2]

Ground electrode

thickness, [pm]

Counter

electrode

thickness, Rim]

1.5 0.5 15 0.4 0.5
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Figure . The effective penetration depth of NbN film (estimated from the surface

impedance) is plotted vs. frequency. The NbN film surface impedance was

calculated based on the Mattis-Bardeen theory. We used the NbN material

parameters listed in Table 1. The effective penetration depth, k f, demonstrates

strong dependence on the frequency above 500 GHz and hence a NbN microstrip

line is dispersive above this frequency. The NbN film thickness must be of the

order 2-3 X. to decrease the slow-wave factor (A). To have the RF properties of

the NbN film less dependent on the film thickness and to pick the processing

restrictions on the fun thickness (possibility of lift-off, layer steps) we used 400

and 500 nrn NbN thick film for the bottom and the top electrodes in the modelling

of the tuning circuit.
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0 2 4 6 10
Voltage, [mV]

Figure 2. The model current voltage characteristic (IVC) for NbN-MgO-NbN SIS junction.

The NC was used in the modelling to calculate the SIS junction RF impedance

according to the Tucker-Feldman theory. The junction IVC parameters are listed

in Table 2. The model IVC was scaled at the current according to the choice of the

critical current density. The gap voltage changes according to the BCS theory at

the different temperatures.
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NbN superconducting
counterelectrode (strip)

d s W

d

g

Injecting
signal+LO
EM waves

di,
Mg()

NbN superconducting
tunnel barrier ground electrode

Figure 3. Schematic drawing of a NbN-MgO-NbN SIS junction that illustrates topological

similarity of a SIS junction and a microstrip line. In the modelling we described

the SIS junction as a segment of rnicrostrip transmission line. We assumed that at

the high frequencies (above 500 GHz) the wavelength is short and the slow-wave

factor in the NbN strip line circuitry is high. In these conditions the NbN junction

of a few pm size (5.. 5 gm) already demonstrates resonant behaviour in

200-1140 GHz frequency band (see also Figure 5).

-- ---------------

Figure 4 Circuit diagram for the unit of length of a superconductor-insulator-

superconductor tunnel microstrip line. L, C are specific geometrical inductance

and capacitance per the unit length; Zss, Z  the surface impedance of microstrip

and ground electrodes respectively, calculated according to the Mattis-Bardeen

theory; G=1/RRF
rnixer is the quasiparticle quantum non-linear conductance per unit

of SIS junction line.
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Figure 5. The imaginary and real parts of the input impedance of NbN-MgO-NbN SIS

junction. The junction parameters used in the modelling: the junction size

0.5x5.0 i.tm 2, the junction normal state resistance Rn=8 [a], other parameters are

listed in Tables 1, 2 . At the plot we present results of the modelling for the

lumped model (Rd I I C) and the distributed model. In the latter case the junction is

considered as a segment of the transmission line with the open end. The effect of

distributed behaviour can be observed at several resonance frequencies. The

series resonance, the junction length L1=(2n+1)A/4, is indicated by the open head

arrow. While for the parallel resonance having higher the real part of the

impedance, the junction length is Li=2nA/4. Those frequencies are marked by

filled head arrow. Above the gap frequency, resonance is completely suppressed

by increasing surface loss in the superconducting electrodes (see also Figure 7).
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Resonant distributed SIS mixer
One Side Feeding Circuit Topology

Top View

Signal cos(cot)

CounteriNbN layer

, unction u s ra e
-maw

Feeding/transforming
NbN microstrip line

Resonant distributed SIS mixer
Both Side Anti-phase Feeding Circuit Topology

Top View

LO cos(cot) Ground NbN layer

Substrate ,junction

Feeding/transforming
1\TbN microstrip lines

Signal cos(o)t)

LO
cos(cot+n) 6b

Figure 6a b. Schematic drawing of the tuning circuit employing self-compensated SIS

junction. The drawing presents only RF feed scheme. DC bias is not shown for

clarity. Figure 6a, LO and signal are injected via the microstip feed line that

couples the power to the distributed SIS junction from one side while another side

of the junction is open. Figure 6b, LO and signal are injected via both sides (with

1800 phase shift) of the distributed resonant mixer and cancel each other at the

middle point of the symmetrical circuit. In the modeling we neglected

discontinities of the feeding microstrip line—to—the SIS line connection.
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108

Surface loss dominates
above the gap frequenc

Quasiparticle loss
Surface & quasiparticle losses

los ,

500

Figure 7. Attenuation in the NbN-Mg0-1•TbN SIS junction transmission line for the signal

frequency. The modelling was made for the LO power normalised value

the ambient temperature 8 K, the SIS junction normal state resistance — junction

area product, RnA.15 [f�x4m2]. Increasing the surface loss above the gap

frequency causes suppression of the resonance in the distributed SIS junction (see

also Figure 5). Above the gap frequency a distributed SIS mixer has very high

conversion loss due to the signal dissipation in the electrodes.
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1

0,8

0,6

0,4

0,2

600 800 1000 1200 1400

Frequency, [Gliz]

Figure 8. The plot shows the coupling efficiency of the tuning circuit drawn in the insert,

i.e., the resonant distributed NbN-Mg0-1•IbN SIS mixer with one side feed

through the 2i4 microstrip transformer. The circuit dimensions and the SIS

junction parameters are presented in Table 3.

Figure 9. At the Figure 9 we show the results of our testing of the tuning circuit stability.

We changed the parameters of NbN material and the tuning circuity geometry

and the SIS junction parameters typically with the increment ±10% of the values

presented in the Table 3. Figure 9a shows the result of the change in the

transformer microstrip width. At Figure 9b we present the effect of the change in

the microstrip transformer length. Figure 9c presents the result of the change in

the distributed SIS junction length (the most critical parameter affecting on the

tuning frequency). The plot Figure 9d shows the effect of the change in NbN

material penetration depth. Data presented on Figure 9a, 9b, 9c,9d demonstrates

that the suggested circuit is reasonably stable concerning accuracy of fabrication

and stability of NbN material quality.

0 
400
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