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Abstract

An important area of radio astronomy instrumentation is the development of sensitive
receivers at millimetre- and submillimetre-wavelengths. Over the last decade, there has been
steady progress in advancing the technology from using receivers based on mechanically
machined waveguides and horn antennas to transmission lines and antennas fabricated using
integrated circuit techniques. The motivation has been to simplify the fabrication of the
receivers through the use of photolithography and etching. It is hoped that this will
eventually lead to the development of focal plane arrays, which have many clements placed
side-by-side forming a radio camera.

The first part of this thesis addresses one of the problems with the intcgrated circuit
technology, namely the fixed nature of the circuits, by examining onc type of clectrically-
adjustable tuning. In those experiments, the bias voltage was modulated across the active
device so as to change its tuning. Unfortunately the tuning effect was scverely limited by the
electrical nonlinearity of the device. Another part of this thesis builds upon the integrated
nature of modern receivers by adding what, up until now, has been an external component:
the Josephson effect suppression electromagnet. This technique will allow the receiving
elements to be much simpler and smaller than would otherwise be the case. Finally, the last
part of this thesis examines another method of constructing antennas and transmission lines
using integrated circuit techniques. This work shows the feasibility of intcgrating a
waveguide fabricated with integrated circuit technology with a diagonal horn anterina. This

technique will provide another option for receiver designers.
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Chapter 1:

Introduction

1.0 Introduction

The last frontiers for radio engineering are the millimetre- and submillimetre-wave
bands, located between microwaves and infrared waves in the clectromagnetic spectrum. It is
an interesting regime, since it is where classical physics and quantum physics meet and it is
where there is the choice between wire-like transmission lines and optical guiding structures.,
However, this region of the spectrum is not without its difficulties. Except for Schottky
diodes, semiconductor devices do not work well at such high frequencies, making it difficult
to generate signals of significant strength in the submillimetre-band. The most sensitive
detectors, which this thesis is partly about, require cooling to liquid helium temperatures.
Yet another difficulty is the fact that the dimensions and tolerances needed to build systems
are often between what can easily be done with metal machining and what can be made with
integrated circuit fabrication techniques. This thesis describes several attempts (o overcome
difficulties in building systems at these wavelengths.

1.1  Applications

One of the main forces driving the development of millimetre and submillimetre
instrumentation is radio astronomy. Astronomers observe the sky at as many wavelengths as
possible because different phenomena are visible at different wavelengths. The range from
100 to 1000 GHz is important because it is where star formation is best studied. What
astronomers observe is the emission lines of the infalling gas as the gravitational potential
energy is dissipated [1]. This study cannot be done at shorter wavelengths because the gas is
opaque. At longer wavelengths the radiation does not contain the spectral lines from which
information about the gas temperature, velocity, and pressurc can be obtained. These
observations look at not only our own galaxy but others as well.

A major problem encountered by astronomers at these wavelengths is attenuation due
to oxygen and water vapour in the atmosphere. This has forced astronomers 10 site their
instruments in dry deserts or at high elevations, such as the summit of Mauna Kea on the
island of Hawaii. However, even at these elevations, the atmosphere is still significantly
absorbing and the amount of absorption is dependent on the weather and hence quite variablc.
For this reason there is a strong need to maximize the efficiency of the telescope when the
weather is good. One way to do this for spatial mapping observations is to make zn array of
side-by-side receiver elements. This would form a radio camera and reduce the time required
for a single mapping observation.

1.2  Receiver technology
A brief overview of millimetre-wave receiver technology will be given here. The
emphasis will be on heterodyne detectors (i.., frequency conversion by mixing) rather than



direct detectors, such as by bolometers. Receivers based on superconducting tunnel diodes
(superconductor-insulator-superconductor or SIS junctions) will be stressed over those using
Schottky barricr diodes because of the greater sensitivity and the lower local oscillator (LO)
power requirements of the superconducting technology. The coverage here will be cursory,
with just enough information to allow the reader to follow the rest of the thesis. Several
references provide a more complete survey of the field [2, 3, 4]

Heterodyne receivers at millimetre- and submillimetre-wavelengths are constructed in
a similar manner to the block diagram in Figure 1.1. For systems using superconducting
devices the mixer is cooled to 4K with liquid helium. In systems like this, the entire chain
from antenna to intermediate frequency (IF) amplifier is cooled while the bias supply and LO
are at room temperature. This system works by optically combining the signal with the LO.
The diagram suggests a partially transmitting/partially reflecting beam splitter, and this is
indeed what is used in many systems. The signal and LO are coupled into the same antenna
which is connected to the mixer. The difference signal is passed through the isolator and the
bias tee to the IF amplifier. An isolator is often needed to prevent oscillations in the IF
amplifier when the mixer has a negative output impedance. The bias tee is required since the
hias and the output of the mixer share the same line. A low-noise, high gain IF amplifier is
essential because the mixer usually has a conversion loss of between 0 and 8 dB, the effect of
which is to increase the noise contribution of the IF amplifier to the overall noise. The signal
is then analyzed with a spectrometer that integrates the signal and displays the received

power as a function of frequency.

Beam
Splitter Antenna Isolator
Signal ’,' ‘\‘ Bias To
L E Tee Spectrometer
; Mixer
;LO

—Z
%
Bias Supply
Antenna f'l7

Local Oscillator

Figure 1.1: A block diagram of a radio astronomy receiver for millimetre and
submillimetre wavelengths.



1.2.1 Waveguide-based mixers

The first millimeter-band mixers were constructed using waveguide circuits [5, 6].
One reason for this was that it was a natural progression from the waveguide circuits used at
centimetre-wavelengths. So when SIS tunnel junctions were first used as mixers, they were
used in modified Schottky mixer blocks [7]. After the first laboratory results of heterodyne
mixing, the SIS devices were soon put into use on radio telescopes [8].

It is now useful to look at a waveguide mixer design in more detail to appreciate the
level of complexity. Figure 1.2 shows a successful mixer design. Although this particular
mixer was built to operate near 230 GHz, the design has since been scaled to other
frequencies including 345, 490, and 690 GHz with good results.

WAVEGUIOE — € PLANE
TRANSFORMER SECTION— - T SECTION IF OUTPUT
N\ .

2.2 mm SEMI RIGID CABLE WITH
/ CENTER CONDUGTOR REMOVED
/
7O SECOND MICROMETER DRIVE
\

Figure 1.2: A cross-section through a waveguide mixer block showing the
complex construction. (From Figure 4 in [9].)

The input to the mixer block is the feed horn. Corrugated horns {10] are often used
because they have a symmetric Gaussian-shaped far-field radiation pattern with low
sidelobes. The Gaussian response is desirable because it is well matched to the quasi-optical
beams found in telescopes. The main disadvantage with this design is that it is very difficult
to build, particularly at millimetre- and submillimetre-wavelengths. This is because the inner
surface of the horn is covered with circumferential grooves A/4 deep with a width of less than
AM4. Although at centimetre-wavelengths it is possible to fabricate the horn in pieces or to fit
machine tools inside it, those techniques will not work for shorter wavelengths. Instead, a
sacrificial mandrel is machined on a lathe to the complement of the inner shape of the hom.
The mandrel is then electrochemically plated (“electroformed”) with copper. Once the



required wall thickness is achieved, the aluminum mandrel is etched away, leaving a
corrugated feed horn. Clearly these horns are very expensive, not only because of the
intricate machining, but also because the tooling is destroyed each time one is made.

The remainder of the mixer block is much simpler. It consists of a waveguide (which
may be reduced height) with a channel for mounting the small wafer carrying the SIS device,
and an orthogonal section of waveguide A/2 in front of the SIS wafer. This second section of
waveguide is used to form an E plane tuner. A backshort tuner occupies the waveguide
following the SIS wafer. The two tuners allow a wide range of SIS device impedances to be
matched to the waveguide impedance. At 345 GHz and higher frequencies, an additional
complexity of the mixer is the addition of magnetic flux concentrators so that a
superconducting electromagnet can be used to suppress the DC Josephson effect.

Mixers of this type are very expensive, costing about 325,000 each. Clearly this
technology is very unattractive for array receivers since a modest array of 4x4 elements
would cost $400,000 for the mixer blocks alone, excluding the cryogenics, the LO, the IF,
and the spectrometers. The waveguide design is also unattractive because tuners,
electromagnets, and RF connectors occupy space on the sides of the mixer, making close-
packing difficult. For these reasons, much effort has been spent to find alternative structures
that take advantage of transmission lines and antennas formed using variations of integrated

circuit teciiniques.

1.2.2 Integrated mixer designs
One solution to the problems with waveguide circuits is to adapt microwave printed

circuit elements to higher frequencies by using the technology of integrated circuit (&)
fabrication. The advantages of IC technology, including batch processing, high
reproducibility, and small size, are then transferred to millimetre- and submillimetre-wave
technology. Some microwave components, such as microstrip transmission lines and co-
planar waveguide, are easily adapted. Others, such as antennas, do not transfer as well. For
example, microstrip patch antennas are not well suited for millimetre-wavelengths because
they have a narrow frequency bandwidth and have a wide radiation pattern. Therefore, an
area of much interest has been the development of lithographically-formed antennas for
shorter wavelengths. The fundamental problem with integrated circuit antennas is the
excitation of surface modes into the supporting dielectric [11]. Two solutions exist for this
problem: make the dielectric substrate appear infinitely thick or make it appear infinitely thin.
Families of antennas have been invented for each solution and will be outlined below.

When an antenna is placed onto an air-dielectric interface, the coupling is strongest
into the dielectric [12]. If the dielectric is a slab, then a parallel plate waveguide is set up for
waves with an angle of incidence such that total internal reflection is supported. Such
trapped modes, or surface waves, reduce the efficiency of the antenna, and also introduce
resonances into the frequency response. A solution to this problem is to make the dielectric
appear to extend to infinity so that none of the energy radiated into the substrate is trapped.
A simple way to do this is to use a hemisphere of dielectric as the substrate. Then, with an
antireflection coating on the curved surface, the substrate appears to extend forever. A
further refinement is the addition of a dielectric extension off the back of the hemisphere to



form a hyperhemisphere. By varying the extension, the radiation pattern can be adjusted
[13]. An example of this is shown in Figure 1.3.
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S——bplastic Lens

Figure 1.3: Cross-section of a lens-substrate antenna showing incident rays
focused onto a planar antenna. The additional plastic lens is used to match the
beam of the telescope to the beam of the lens-substrate antenna. (From Figurc
1 of [18].)

Early work with this idea used a bow-tie shaped exciting antenna and was donc by
Rutledge and Muha [14]). Wengler et al. [15] then built an SIS receiver based on that work.
Not only was this mixer easier to construct than a waveguide mixer, it had a greater operating
bandwidth. However, it soon became apparent that the bow-tie was not a good radiating
element since most of the power was radiated away from the perpendicular axis [16]. Other
antenna designs have since been used, including log periodics, spirals [17], and slots [18],
and have provided results similar to those that waveguide-based systems achieve. These
different types are shown in Figure 1.4.
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Figure 1.4: Exciting antenna geometries used in lens-substrate antennas. A
bow-tie antenna is shown in a), a spiral antenna in b), a log-periodic antenna
in c), and an array of parallel slots in d). Dark print represents metallization.
The feed points of the first three antennas are at the centre; the slot antennas
are fed by a microstrip circuit not shown here.

The other approach to the surface wave problem is to make the substrate thickness
much less than a wavelength so that the substrate becomes invisible. This technique is
ideally suited for silicon-based designs since thin nitride films are easily grown on silicon,
and then the underlying silicon can be etched away leaving a film about 1 pm thick. Another
advantage of silicon is that it can be selectively etched along certain crystal planes. For
example, a wafer oriented so that the surface is the <100> crystal plane can be etched so that
pyramidal holes are formed bounded by the <111> planes. Rebeiz et al. [19] have used these
techniques to make a pyramidal horn. An important disadvantage of this antenna is the fact
that the flare of the horn opening is restricted to 70.6° by the crystal planes. This limits the
size and gain of the antenna since large apertures will have a significant phase error across
the aperture. One solution that has worked well is to attach a metal machined extension to
the horn [20]. The gradual taper of the extension results in a better phase distribution across
the aperture and hence a good quality radiation pattern. A cross-section through this horn is

shown in Figure 1.5.
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Figure 1.5: A cross-section through a silicon micromachined horn antenna.
The opening angle of the horn integrated in silicon is 70.6°. The flare angle of
the metal machined section to the right is set to 9° to reduce phasc errors
across the aperture on the right-hand side. (From Figure | of [20].)

The antennas described above are examples of several successful designs and many
more exist. A more complete review of integrated circuit antennas can be found in [21].

This introduction has shown how integrated circuit fabrication techniques have been
used to ease the difficulty of fabricating millimetre and submillimetr. systems. However,
there are still problems to be solved. The definition of electromagnetic structures with
photolithographic etching has made those structures fixed. Thus there is no longer a
convenient tuning mechanism. Also, there may be other parts of the receiving system that
can be integrated along with the antenna, active device, and transmission lines. Finally, there
may be other antenna structures that could be useful.

1.3  The work in this thesis

The purpose of the work reported in this tiiesis was to develop techniques that would
ease some of the problems encountered by developers of millimetre and submillimetre
instrumentation. In particular, it was hoped that these techniques would aid in the
development of focal plane arrays.

The first set of experiments describe the efforts to demonsirate a bias-tuning
technique for SIS receivers. This was intended to alleviate some of the problems in working
with fixed-tuned circuits. Although this method was not successful, a number of techniques
which were developed may be of use in future designs. These include a method for precise
construction of a waveguide mixer using conventional machining tools and computer-aided
design of waveguide probes.

The next body of work involved the integration of Josephson cffect suppression
magnets onto the same chip as the SIS device. By doing so, the overall size and mass of a



mixer can be reduced by eliminating electromagnets external to the mixer. This will simplify
the construction of a focal plane array receiver.

The final set of experiments studied the possibility of integrating a silicon
micromachined waveguide with a horn antenna. This work shows that a waveguide, probe.
and active device could be fabricated using IC processing technelogy and then clamped
between two metal blocks with tapered V-grooves to complete the horn aperture. Like many
other IC antennas, this one requires ancillary structures made by other techniques to complete

the radiating aperture.

Following the conclusion is an appendix with an outline of superconductivity. This
was included because the subject is not a usual part of electrical engineering curricula. By
placing this outline at the end of the thesis, the flow is made smoother for readers who do

have a background in superconductivity.
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Chapter 2:

Experiments in Bias-Tuning of SIS Mixers

2.0 Introduction
Over the last decade the design of superconductor-insulator-superconductor (SIS)

mixers has changed dramatically. In the past receivers were built with waveguide horns and
delicate lead alloy SIS junctions, and were tuned with sliding shorts in waveguide. Now
reccivers use planar antennas defined by photolithography, robust niobium SIS junctions, and
fixed microstrip networks to match the antenna impedance to the SIS device impedance.
Although this new technology has produced very sensitive receivers at higher frequencies,
problems remain. The microstrip matching networks have been made broadband by
compromising the impedance match across the frequency band of interest. So although
receivers are more sensitive than ever, the receiver noise is still about five times greater than
predicted by theory. Another problem is the accuracy to which the junction areas, junction
barricr thickness, and transmission line widths can be made. Variations in these parameters
will detune the mixer. Thus there is a need for an adjustable component in SIS mixers.
Although mechanical tuners for planar transmission lines have been proposed [1], these are
likely to be difficult to fabricate and to use. Clearly an electrically adjustable tuning device
that is compatible with SIS fabrication technology would be desirable.

This chapter discusses the possibility of using the SIS junction itself as a tuning
device. It begins with a description of the radio frequency (RF) properties of SIS junctions
and how these might be used as a tuning mechanism, then moves onto the design of a special
waveguide probe and a precision waveguide mixer block. A brief discussion of SIS device
fabrication follows. After that, a description of the test receiver, the measurements, and
analysis are presented. Finally, the conclusions for this work are presented.

2.1  Quantum admittance of SIS junctions at millimetre wavelengths

Unlike classical resistive mixers, quantum mixers such as SIS junctions display a
reactive component in addition to the usual resistive component at the signal and local
oscillator frequencies. This section will show how these quantities can be calculated and
how the reactive component might be used to electrically tune an SIS mixer. An overview of
tunneling theory can be found in section A.2.1 of the Appendix, and the RF properties of SIS
junctions are outlined in section A.2.2.

Although the theoretical basis of the quantum susceptance has been known for some
time [2, 3], only recently has this phenomenon been measured. Hu et al. [4] used a Fourier
transform spectrometer to measure the frequency response of an SIS junction coupled to an
open-circuited stub and a broadband antenna. As the bias voltage of the junction was
changed, they observed a change in the resonant frequency. This was due to the quantum
susceptance and its dependence upon the bias. This was verified by simulating the circuit
with and without the quantum susceptance: without it, the frequency response was flat.
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The quantum susceptance was then measured direct!y by Worsham ¢f al. [S]. They
used a slotted waveguide probe to measure the standing wave pattern of an SIS device driven
by an 87 GHz oscillator. The recciver used a broadband waveguide-to-microstrip transition
[6]. From the standing wave pattern the junction admittance was determined as a function of
SIS bias voltage. Their measured curves agreed well with curves derived from the DC 1-V
curve using Tucker’s theory [7].

Examining the results of Worsham et al. it can be seen that the junction susceptiance
due to the geometric capacitance, about +100 mS, could easily be tuned out by the quantum
susceptance of the SIS junction, which varied between -200 and +100 mS. Thus it should
be possible to use an SIS device as an electrically-adjustable tuning clement.

2.1.1 Computer procedure for analyzing SIS I-V curves

In the investigations reported in this thesis, measured SIS |-V curves were analyzed
with a set of functions based on Tucker's theory [7]. These routines were used to determine
the RF parameters of a particular device, predict the I-V curve when used in a receiver, and to
determine the embedding admittance.

The I-V curve was digitized in voltage steps of 0.05 mV. Since SIS I-V curves are
odd functions (i.e. I[-V] = - I[V]), only the positive part of the curve was digitized. Data
between zero and ~1.7 mV was not used because the Josephson effect obscured the
quasiparticle tunneling curve. Instead points were generated by linear interpolation between
1(0) = 0 and the first reliable quasiparticle tunneling point. This lincar curve is what would
be seen if the Josephson effect was completely suppressed with a magnetic ficld.

Taking the Kramers-Kronig transform (see A.2.2) of the data had several difficulties.
The first was how to deal with the discrete nature of the input data. Simply doing a lincar
interpolation between points is not sufficient sicce the higher-order derivatives of the 1-V
curve must exist so that a correct Kramers-Kronig transform is obtained [8]. Thus a third-
order polynomial was used to interpolate between the points in the numerical integration.
Another problem was that the transform was computationally inefficient because the input is
defined as double sided, half of which for SIS I-V curves is redundant. The solution was to
write the transform in a single-sided form so the integration started at zero and ran to infinity

[9]:

oo l . ’ w] . VI ’
I,K(v)=lpj —Pi(—v—)dv’=—2—P[ Mdv (2.1)
: T Y= V-V AL VAR Ve

The problem was then made bound by subtracting a linear slope from the I-V curve data so
that beyond the data set, the input data were zero. The effect of this modification on the
transformed data was a vertical shift, which was unimportant since subscquent functions
worked with differences of the transformed data. The P in the equation refers to the Cauchy
Principal Value, a procedure necessary because of the pole in the denominator of the integral.
In the computer code this was realized by integrating to within 0.001 mV of V, skipping
0.001 mV past V, then restarting the integration. This transform function was used to
generate a set of points on the same voltage interval as the input data for use by later
procedures.
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A number of uscful functions were then written that would determine the device RF
parameters from the DC I-V curve. The quantum admittance of an SIS junction was
calculated with

G, = L i ‘I"(a)(‘ln-l (a)+J,, (a))luc(v +n V/’s)

OV p=-on
l/.s j (2.2)
BQ = 2 ‘In (a)(JIH § (a) - ‘]n—l (a))lKK ( v +n ‘/I’.S')
o VI'.S‘ n=-ua

where the photon step size is V,, =hfe and the normalized LO voltage amplitude is

a=V,,/V, . Inpractice the summation series had to be truncated. Errors were found to be

very small with summation limits of -10 and +10 if & < 5.
The pumped I-V curve was calculated with

I,mmp = Z an(a)ll)C(v +n ‘/I’S)‘ (23)

n=-oo

The LO voltage o depends upon the voltage division of the generator voltage V,,, between
the source impedance Z, and the junction. Since the junction admittance is also a function of

o, oo was found by numerically evaluating the roots of

2 V'('Il
. (2.4)

o= T
|ZS(GQ(0L)+ JBy(a)+ JjoC,,, )+ 1|

This cquation also includes the effect of the geometric capacitance of the junction, C,,,,.

2.1.2 Plots of SIS I-V curve and quantum admittance

It was instructive to use these functions to plot the quantum conductance and quantum
susceptance for a typical SIS junction fabricated at the Alberta Microelectronic Centre
(AMC). The measured 1-V curve for a 1x1 um? junction is shown in Figure 2.1. This was
used as input data to generate the two subsequent plots.
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Figure 2.1: Unpumped I-V curve of a single Ix1 um? SIS junction.

Figure 2.2 shows the quantum conductance of the SIS device. What is notable about
this curve is that the conductance is almost constant over most of one photon step on cither
side of the gap voltage. A value for o of 1 was used to generate this figure and Figure 2.3.
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Figure 2.2: Quantum conductance of the SIS junction in Figure 2.1 at 110
GHz.

Figure 2.3 shows the reactive part of the quantum admittance. This plot shows a
smooth variation in susceptance across the photon step. For comparison, the susceptance of
the junction geometric capacitance is estimated to be ~+30 mS.
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Figure 2.3: Quantum susceptance of the SIS junction in Figure 2.1 at 110
GHz.

2.1.3 Physical meaning of quantum susceptance

The origin of quantum susceptance is often obscured in the mathematics. The key to
the origin of this phenomenon is that the relationship between the current flowing through a
junction and the voltage across it is not instantaneous. Rather, it is the history of the voltage
signal up to the measurement time that determines the current [2].

A more intuitive way to understand this is to realize that all susceptances involve
some sort of energy storage. In the tunneling process of SIS junctions, an electron which has
tunneled is at an elevated energy level due to the bias voltage and the absorption of a photon.
For niobium, the lifetime of that electron is on the order of a nanosecond [10]. If, for
example, the incident wave is at a frequency of 100 GHz, it will oscillate about 100 cycles in
the electron’s lifetime. Thus the electron has many RF cycles to tunnel back to the other
electrode and to emit a photon. In this way energy can be stored in, and released from, an SIS
junction. Some have referred to this movement to and from the intermittent storage statc as
“quantum mechanical sloshing” [4].

2.1.4 A mixer with an electrically adjustable tuner

A mixer has been designed by Ugras et al. [11] that exploits the change in junction
susceptance as a function of bias voltage. It has two sets of junctions: one that performs the
mixing, and another that varies the tuning. The two sets of junctions are placed in parallel at
RF but have separate DC bias voltages. Measurements were done at 90 GHz in a waveguide
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mixer block that had fixed mechanical tuning. Photon steps in the I-V curve were observed
to change as the bias on the tuning array was changed. The noise temperature of the receiver
also changed with tuner bias.

A drawback to this design was an increase in receiver noise temperature due to losses
in the tuner junctions. These losses occur because SIS junctions are low-Q devices with the
magnitude of the quantum conductance comparable to the quantum susceptance. In this
design, the total conductance of the mixing junctions was 61 mS and that of the tuning
junctions was 35 mS. Thus about 1/3 of the power was absorbed by the tuner.

2.1.5 Bias-tuned mixer
The susceptance versus bias curve suggests an alternative design that circumvents the

problem with the separate tuning junction design. This new design was based on the
realization that for all the signal power to be absorbed by the mixing junction, the tuning
junction must be part of the mixing junction. This means that the two functions cannot have
a separate bias voltage. Thus the tuning was to be accomplished by a variation in the bias
voltage of the SIS junction.

Usually SIS mixers are biased in the centre of the first photon step below the gap
voltage. One reason for this is that it improves the dynamic range of the receiver. Saturation
effects originate from the change in mixer gain as the instantaneous bias point is moved by
the intermediate frequency (IF) signal back and forth across the mixer gain curve. Although
there is great variation in the shape of these curves, typically they have a parabolic
appearance with the maximum at the centre of the photon step. Thus for large amplitude IF
signals, the peaks of the waveform are attenuated with respect to the parts near zero, which
reduces the overall gain. A hazard of the bias-tuning idea is that the mixer would be more
prone to saturation, but this could be minimized by staying away from the edges of the
photon step. A good compromise could be to adjust the bias over the middle half of the
photon step. In this way a reasonable variation in the susceptance could still be achieved. .

Another problem with this method is that the tuning range is greatest at lower
frequencies, rather than at high frequencies. This can be seen in Figure 2.4, which has
quantum susceptance plots at 110, 230, 345, 490, and 660 GHz superimposed. Since the
photon step size is proportional to frequency, the bias voltage scale has been normalized by
photon step size for comparison. The most negative going curve is for 110 GHz, with the
others ascending with frequency. It is clear that the variation in susceptance is greatest, and
also most linear, for the low frequencies. Since the susceptance variations to be tuned out
often increase with frequency, this results in a reduction of tuning bandwidth with frequency.
This will also be a problem with the tuning method in [11]. However, it should be realized
that the percentage bandwidth of the atmospheric windows is largest at the lower frequencies,
so the need for tuning is greatest there.
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Figure 2.4: Quantum susceptance of an SIS junction at various frequencices,
with the voltage bias normalized to the photon step size at the frequency. The
solid line is 110 GHz, the line with long dashes is 230 GHz, the line with short
dashes is 345 GHz, the line with alternating dots and dashes is 490 GHz, and
the dotted line is 660 GHz. Zero bias offset represents the centre of the
photon step.

Figure 2.5 shows predicted tuning bandwidth as a function of signal frequency. The
model used to generate this plot was a mixer fed from a real and constant antcnna impedance
and with the geometric capacitance resonated with a fixed inductance at the design centre
frequency and with the bias voltage at the centre of the photon step. This is a realistic model
for certain planar antennas which have a constant real terminal impedance. The plot was
made by varying the bias by *'% photon step and finding the two frequencics where the
quantum susceptance, the geometric capacitance, and the parallel inductance canceled. The
bandwidth was simply the difference between the two frequencies. The plot confirms that
this new tuning method will be of most interest for lower frequency designs.

17



60

50t

[
(=]

Bandwidth, GHz
3

N
(=]
.

%00 200 300 400 500 600
Centre Frequency, GHz

Figure 2.5: Predicted tuning bandwidth as a function of centre frequency for
bias tuned mixer.

2.2 Waveguide probe with constant conductance tuning

The fundamental problem addressed in this chapter was to demonstrate the bias-
tuning effect. To do this, a special waveguide mixer was built that has a backshort which
moves the source admittance on a constant conductance circle on the Smith chart. Thus to
demonstrate the bias tuning, the electrically variable component was expected to cancel a
change in the mechanically variable component at a fixed frequency. Figure 2.6 shows a
simplified equivalent circuit for the mixer.

This design was based on an earlier mixer that was a Schottky diode mixer modified
to accept an SIS device. That mixer established some of the design parameters used here,
such as the reduced height WR-10 waveguide dimensions of 2.525 mm X .225 mm. Figure
2.7 shows the internal layout of the mixer. The probe was integrated onto a quartz wafer
0.5 mm wide x 6.0 mm long X 0.07 mm thick. On either side of the bow-tie shaped probe are
low-pass filters that reflect 110 GHz signals but allow DC and the 1.5 GHz IF to pass. The
filters consist of alternating sections of low and high impedance microstrip line A of4 long.
The feed point of the probe is at the points of the two triangles. Not shown is the
continuation of the waveguide above the wafer to the horn antenna.

The key point in this design is a probe and a low-pass filter that placed the locus of
terminal admittance points onto a constant conductance circle on the Smith chart. That
design was determined in two ways, by a physical scale model and by a computer simulation

model.
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Figure 2.6: A reduced equivalent circuit representation of the bias-tuned
mixer.
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Figure 2.7: A perspective view of the waveguide probe suspended across the
reduced-height waveguide. The lower section of waveguide, shown with
dashed lines, is terminated with a backshort. The upper scction of waveguide
that leads to the horn antenna is not shown.
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2.2.1 Model measurements
Since direct measurements of structures above ~40 GHz are difficult due to the lack

of instrumentation and the small size of the structures, a scale model of the probe and
backshort was constructed. The components were scaled by a factor of 20 resulting in a
centre frequency of 5.5 GHz. To access the centre of the probe, an electric wall was placed
along the guide through the centre of the probe, reducing the waveguide height by two. A
small RF connector penetrated this wall and was joined to the tip of the probe. Impedances
measured in this way were reduced by a factor of two from the value for the complete probe.
The probe was fabricated by depositing and patterning aluminum on a slab of fused quartz.
The waveguide was terminated with a sliding load: moving the load traced out a circle on the
Smith chart, the centre of which would be the impedance for a non-reflecting load. The
probe impedances were measured with an HP-85 10 vector network analyzer.

Figure 2.8: Measured probe admittances from the scale model. The Smith
chart is normalized to 20 mS and the admittances are for the full-width probe.
The large dot represents the minimum backshort distance, and the other dots,
going in a clockwise direction, represent other backshort distances. The
incremental changes in the backshort setting are constant.

The measured impedances are shown in Figure 2.8. Note how they approximately
trace out a constant conductance circle on the Smith chart. The behavior of the 5.5 GHz scale
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model thus gave contidence that the 110 GHz backshort would provide shunt admittances
lying along a similar constant-conductance circle.

2.2.2 Electromagnetic simulations

To understand the probe impedance better, a computer model was used. This allowed
a variety of parameters to be changed without having to modify and remcasure the scale
model. This model was based on a commercial electromagnetic simulator called em [12].

The simulator uses a numerical technique called the Method of Moments [13]. In this
technique, a continuous integral formulation of the coupling between different parts of the
structure is discretized, and surface currents are found that satisfy the boundary conditions,
namely that the tangential electric fields on conductors equal zero. A rnajor advantage of this
technique is that only the conducting surfaces need to be gridded. Other numerical methods
such as Finite Differences, Finite Elements, or Transmission Line Methods grid the entire
volume under study, resulting in very large sparse matrices. The Method of Moments uses
smaller matrices that are usually completely filled.

In this implementation, the structure is placed within a conducting box, and the
coupling between conducting regions is determined through waveguide modes. Alihough the
sidewalls have zero surface impedance, the top and bottom walls can have a finite resistance.
Structures are built with slabs of dielectric that are parallel to the top and bottom, and run
continuously from one wall to the other. Metallization is placed onto these slabs and
connected with measurement ports on the sidewalls. The program then calculates the
scattering parameters for these ports, much like a network analyzer.

Although this simulator is sold as a tool for analyzing microstrip circuits found in
microwave devices such as monolithic microwave integrated circuits (MMIC?’s), the software
was originally written to solve waveguide problems, and thus was appropriate for this
application. The easiest way to construct a waveguide circuit was to use the sidewalls of the
box as the sidewalls, top walls, and bottom walls of a waveguide. The bottom end of the box
was used as the backshort, and the top was used as the load. By sctting the resistance per
square of the top end to the wave impedance of the guide, the load was made non-reflecting
for single mode operation. A number of computational experiments were done to verify this
model. The velocity of propagation in the waveguide was calculated and was found to agree
with theory. Next, the low frequency cutoff of the waveguide was calculated and found to be
the same as predicted by theory. Another test was to simulate a published waveguide probe
design [14]. Again, the simulator produced very similar results. A final check was to look at
the phase of the reflection coefficient of an E plane septum across a waveguide. The results
of simulations were within 2.5° of the phases calculated in {15]. This series of cxperiments
helped develop confidence in the program and uncover several subtle problems with it.

Figure 2.9 shows the configuration of the computer model. For clarity, this drawing
is not to scale. Like the scale model, only one side of the probe was simulated. This was
done to minimize computation time. The distance from the bottom of the box to the quartz.
layer was varied from run to run to simulate adjustment of the backshort. The diclectric
constant of the slab was set to that of quartz (g, = 3.8). Two ports were connccted to the
metallization, one at the feed point (port 1), the other on the edge that connects to the low-
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pass filter (port 2). Two-port s-parameters were obtained so that the effect of the low-pass
filter reflection phase could be studied later using cascade relationships for s-parameters.

Nonreflecting Load

Metallization

1
 __———1— Port 2

<\
\
~

e
N~

‘Z//rQuartz

Backshort Distance
(vary)

port 1
(Feed Point)

Figure 2.9: Diagram of waveguide probe mode! used in the electromagnetic
simulator.

Unfortunately there were several approximations in this model. One was due to 2
limitation of this program that requires dielectrics to extend across the entire width and length
of the conducting box. The seriousness of this restriction is not great, however, because
measurements with the scale model showed the effect of dielectric far from the metallization
to be small. A second approximation was that while the real waveguide walls had holes for
the quartz wafer to pass through, the computer model must have solid walls. A third
approximation was the assumption that the backshort was lossless. Although the surface
resistance of the bottom of the simulation box could have been made non-zero to account for
losses, that was not done because the losses were unknown and difficult to measure. Later,
during the receiver experiments, the local oscillator was nearly nulled out at certain backshort
settings, confirming that losses were low.

The results obtained for the probe simulations, shown in Figure 2.10, were
qualitatively similar to those of Riisiinen et al. [16]. As the backshort was moved through
A2, the feed point admittance moved about a circle on the Smith chart. As the phase of the
low-pass filter admittance was varied, that locus of points moved around the outer edge of the
Smith chart. This movement was such that a point on the locus was always on the edge of
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the Smith chart with the radius of the locus variable. Thus, by sclecting the proper low-pass
filter phase, the locus was positioned so that it followed a constant conductance circle. This
was the result needed for the experimental mixer.

Figure 2.10: Plot of simulated feed point admittances for the waveguide probe.
The Smith chart is normalized to 20 mS and the admittances are for the full-
width probe. The large dot represents the minimum backshort distance and
the dots moving away in a clockwise direction indicate larger backshort
distances. The backshort variation was in constant steps.

There are some discrepancies between the simulated and mecasured admittances.
First, the simulated impedance circle touches the outer edge of the Smith chart while the
scale model circle does not. This could be due to resistance in the scale model, such as in the
silver paint connection which was used between the probe and the connector. These results
could be explained by a resistance of 2 Q, a value which is not unreasonable. The second
discrepancy was with the maximum real impedance measured: the simulated result was
greater than the measured value. This could be explained by a loss in the backshort which
would reduce the radius of the measured impedance circle. This explanation is weak since a
spiral is not present in the data. The final discrepancy was the spacing of points on the Smith
chart. In both cases the backshort was adjusted by constant steps, but the spacing of the
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impedance points around the circle was nearly constant for the measured data and variable for
the simulated data. At present there is no explanation for this discrepancy.

Since it was more physical, the scale model results were trusted more than the
simulation, and those results were used for the design. Thus for subsequent steps in the
design, a simple model (for the full probe) of a 25 mS conductance in parallel with a variable
susceptance was used. However, computer simulations were sometimes used because they
were at least qualitatively correct, they were much easier to work with than a scale model,
and access to the network analyzer became very limited. The electromagnetic simulator was
the primary design tool for planar transmission lines because it c:uld take into account the
surface impedance of superconducting metallization whereas thai would be difficult with a
scale model. The simulator was trusted for microstrip circuits because fewer approximations
were required than with the waveguide probe simulations to convert the physical structure to
a computer model.

2.2.3 Low-pass filter design
The final step in the probe design was the specification of the low-pass filter. This

filter performed two functions. First, it prevented RF energy from leaking down the lines
along which the IF signal and the DC bias current flow. The second function was to
terminate the outer edges of the probe so that the terminal admittance of the probe was
moved to a desired value. This design assumed a quartz wafer thickness of 70 pm.

The first requirement was achieved by an alternating series of low and high
impedance transmission lines, each a quarter wavelength long. This can be seen in Figure
2.7. There were three complications in this design. First, the microstrip lines forming the
filter were inside a conducting tube of rectangular cross-section rather than over a flat ground
planc. So although published design equations were used for a starting point of the design,
the electromagnetic simulator was used to optimize the design. The second problem was the
length cxtension of the wide low impedance line by fringing fields. Again, the
clectromagnetic simulator was used to reduce the line lengths until the proper phase shift was
obtained. The final problem was the possibility of airgaps between the bottom of the
substrate and the bottom of the mounting channel. Again this was a problem easily
understood using the simulator program. This effect was found to be significant because a 10
um airgap changed the filter phase by 16°. Therefore, when the wafer was mounted, liquid
acrylic was wicked between the wafer and the mixer biock bringing the pieces into very close
contact.

The second purpose of the low-pass filter was to provide a reflection coefficient of
[ /-109° so that a constant-conductance variation on the Smith chart would be obtained as the
backshort was adjusted (see section 2.2.2). This was obtained by adjusting the length of the
first low impedance section adjacent to the probe.

The widths of the two types of lines were chosen so that they could each be easily
fabricated. The width of the narrow, high impedance section was 10 um because that was a
narrow width that could be patterned by a variety of techniques with good reproducibility.
The low impedance line was 400 pm wide. This width was chosen because it was the largest
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width that could be placed on a 500 um wide quartz water without being damaged by the
dicing saw used to cut the wafers.

2.3 RF circuit design

With the probe design complete, the matching between the probe and the SIS device
was specified. Although an array of two Ix] pm? junctions and resonating circuits could
match directly to the waveguide probe, it was uncertain whether or not junctions that small
could be made. Thus a variety of contingency designs were devised with more complicated
circuits that could match to larger area SIS junctions. Fortunately the small SIS junctions
worked and the simpler design was used. That design had fewer uncertainties associated with
it and hence became the primary design. Since the other contingency designs were not tested
they will not be discussed here.

Two simple device models were used for the designs. The probe was modeled as a
25 mS purely conductive generator (i.e. the variable shunt susceptance was set to zero). The
junction was modeled as a 50 mS resistor (the quantum conductance) shunted by a SO tF
capacitor (the geometric capacitance) and a -j 14 mS inductor (the quantum susceptance).
Simplified further, the model was a 50 mS resistor in parallel with a +/ 20 mS capacitor.
This model was for a 1 um? junction with a current density of 4000 Amps/cm- at 110 Gllz.
These parameters were obtained using an I-V curve from an SIS device fabricated about a
year before the devices used in the experiment were made. Therefore the design parameters
differ from those obtained from Figures 2.2 and 2.3 since those plots were gencrated using an
I-V curve from these experiments.

From these models a simple design was apparent: a scrics array of two junctions with
susceptances canceled would be matched to the antenna. The design was reduced to finding a
shunt network to cancel the junction susceptances since no further impedance
transformations were needed. The shunt susceptance was synthesized with a length of
transmission line with an RF short circuit at the far end. This circuit used the probe and the
first section of the low-pass filter as a ground plane.

Two possibilities were considered for the transmission line. One was to use a
microstrip line. Microstrip with a 6 pm wide niobium line over 300 nm of SiO insulator and
a niobium ground plane has a characteristic impedance of 9.3 Q. However, to synthesize the
required impedance of +j 50 Q with this line requires a phase length of 80". The problem
with this realization was that it would be extremely sensitive to errors and variations of the
dielectric thickness or permittivity. The situation would be made worse hecause the
microstrip parameters are also sensitive to the superconducting propertics of the niobium
film. This can be understood from Equation A.35 in the appendix: when the diclectric
thickness is made similar to or smaller than the magnetic penetration depth, the inductance is
modified by the superconductivity of the conductors. Thus it was clear that there would be
significant uncertainties with this design.

An alternative to microstrip was co-planar waveguide (CPW). As shown in Figure
2.11 a), CPW consists of a narrow signal conductor on a diclectric with ground plancs on
either side. One advantage of CPW for this application was its high characteristic impedance
of 102 Q. Thus a phase length of only 26° was required. Another advantage of the CPW was
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that due to the geometry, the line properties were largely insensitive to parameters such as the
SiO thickness and diclectric constant, and the surface impedance of the niobium. These

advantages made the CPW design the primary one.

cpPw Radial Stub

a) b)

Figure 2.11: Examples of transmission line structures used in the receiver
design. The light shading represents the ground, and the dark shading
represents the signal line. In a), the ground plane is removed around the signal
line which is directly on the substrate. In b), the ground plane is continuous
and is separated from the signal line with a thin dielectric layer.

The RF short was realized with a radial stub [17]. This stub provided a broadband
short near 110 GHz and an open circuit for the IF and DC bias circuits. It is depicted in
Figure 2.11 b). Although it is a microstrip structure, its wide-band frequency response makes
it less sensitive to errors and variations in material parameters. An optimum stub radius of
135 pm was found through iteration using the electromagnetic simulator. Those calculations
assumed a magnetic penetration depth (A) of 85 nm [18], a normal state conductivity of
10%/($2-m), and a relative dielectric constant of 5.5 [19].

Figure 2.12 shows a photomicrograph of a mixer circuit similar to the one used. The
centre conductor of the CPW line runs from the SIS junction, over a hole in the probe metal
to form the CPW line, to the radial stub. The radial stub was split into two parts so that it
would fit into the available space. The mixer chip that was tested had a series array of two
junctions. It differed from this photograph by having a junction, CPW line, and radial stub
on each probe which were joined with a very short section of the centre conductor. The
operation of this tuner was verified using the electromagnetic simulator.

26



Figure 2.12: Photograph of an SIS mixer device similar to the one used. The
actual device had two SIS junctions in series, thus it had two CPW tuners.
Note that some of the differences in gray are due to SiO thickness.

2.4 Precision mixer block design

For these experiments a mixer block was needed that was simple to build, had good
antenna properties, had an adjustable backshort, and had a minimum of waveguide
discontinuities. The last requirement was particularly important for this experiment sincc
reflections from, or leakage through, discontinuities would change the waveguide probe
admittance. That requirement made the modified Schottky mixer block that had been used
for preliminary work unsuitable because it had three transverse cuts through the waveguide.
Therefore a new mixer block was designed that had the waveguide split longitudinally. This
configuration also made it convenient to machine a diagonal horn in the block.

2.4.1 Split waveguide with alignment keys

A common construction technique for waveguides at millimetre and shorter
wavelengths has the waveguide split longitudinally, through the top and bottom walls [20].
Not only is this structure easy to fabricate with a slitting saw on a milling machine, it is also
low-loss. This can be understood by considering the fundamental mode in the waveguide:
the E field lines are normal to the top and bottom walls which are equipotential surfaces and
thus the cut will not impede the flow of surface currents.

A major objective here was to minimize misalignment between pieces. Typically
alignment is done with circular pins in holes. Unfortunately, since a good machinist can
locate holes to within 0.001 of an inch (0.025 mm), two pieces can only be aligned to within
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.002 of an inch (0.05 mm). This is a significant error compared with the waveguide height of
225 mm. However, by forming the waveguide as a slot, additional slots can be cut in both
halves of the block for alignment with metal keys. This technique eliminates the alignment
crror completely.

Figure 2.13 shows the machining technique. The two halves of the mixer block were
originally joined together, back to back. In the figure the dashed lines represent the location
of the diagonal horn. The waveguide slot was cut at the same time as the two alignment
slots. Note that although these slots did not need to be located precisely, they had to be
parallel to the waveguide slot so that any offset error was the same for both halves. Once
these grooves were cut, the block was cut into two halves. The next step was to cut
transverse slots for mounting the SIS wafer, shown in Figure 2.14. For this step the two
picces were placed side-by-side, and as before, an alignment groove was cut along with the
mounting groove for precise alignment. A hole was bored part way to the centre of the block
to provide access for the IF/bias connector. The final step was the milling of the V grooves
for the horn. The two finished halves were assembled, as shown in Figure 2.15, with tight
fitting metal blocks in the alignment grooves.

Waveguide Slot

Alignment Slots

Horn Sides

Cut here to release

both pieces

Figure 2.13: Diagram showing how the waveguide slot and the alignment slots
were cut into the mixer block. At this point, the two halves of the mixer were
in one piece. The dashed lines show where the horn will be milled out.
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Alignment. Slots

IF/Bias Connector
Access Hole Waveguide Slot

Wafer Mounting
Channel

Figure 2.14: Drawing of mixer block showing the transverse wafer mounting
channel and an additional alignment slot. For clarity, this figure is not to scale
and has been simplified.

Figure 2.15: Photograph of the assembled mixer block. Metal keys placed in
the alignment grooves prevent the horizontal motion of one piece with respect
to the other. The connector on the side is for the IF/DC bias and the
connectors on the top are to be used for biasing the integrated Josephson effect
suppression electromagnet.
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2.4.2 Diagonal horn antenna
A diagonal horn was chosen for this mixer for a variety of reasons. One alternative

was the corrugated horn which has a nearly ideal radiation pattern, but is very difficult to
make. Another alternative was the pyramidal horn which is simple to make, but has an
inferior radiation pattern. Thus the diagonal horn antenna (see Chapter 4) was a good
compromise between complexity and performance. As shown by Figure 4.10, the responses
in the E, H, and D planes are very similar down to the -10 dB level, and the E and H planes
remain similar down to the -20 dB level. These radiation patterns are nearly Gaussian
making them well matched to the field distributions found in millimetre-wave receiver
systems. This type of horn was also easy to make: the metal block (shown in Figures 2.13
and 2.15) was tilted to produce the taper, and the milling head with end mill was tilted at 45°
to produce the V groove. This construction technique was also compatible with the split
block design for the waveguide. This antenna is discussed in more depth in section 4.2 of
chapter 4.

There are several disadvantages to this antenna design. One is the presence of
sidelobes in the diagonal or D plane response, shown in Figure 4.10. With the optical
arrangement in the cryostat used, the edge of the window was at the -17 dB level so this was
not a concern. Another potential problem was the high on-axis cross-polarization response.
Figure 4.11 shows an example of this where the cross-polarized response is only 13 dB below
the co-polarized response. For some applications, such as polarimetry, this would be a
concern, but for this work the cross-polarization was adequate.

2.4.3 Non-contacting backshort
The other critical component making up the mixer block is the adjustable backshort.

A noncontacting design was used to avoid wear caused by contacting designs which can lead
to intermittent behavior. A rectangular backshort was used instead of a circular backshort
[21] because of the large width-to-height ratio of the waveguide (nearly 10:1). This design is
shown in Figure 2.16. The signal is prevented from propagating down the sides of the
backshort by the alternating low-impedance (narrow gap) and high-impedance (wide gap)
sections, each one quarter-wavelength long. The lengths of the sections were adjusted to
account for fringing fields using equations in [22]. The backshort was coated with a layer of
thermally evaporated SiO on euch side to provide a thin insulating layer [23]. The backshort
was inserted into the waveguide behind the SIS wafer and its position was controlled with a
40 turns per inch screw connected to a turns counting dial. The operation of the backshort
was verified with the backshort in the 5.5 GHz scale model.
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Figure 2.16: Cross-section through the backshort, waveguide, and wafer
supporting the SIS device.

2.5 SIS fabrication

Although the focus of this work was in the application of superconducting devices,
for completeness the fabrication process will be outlined. The process was bascd on the
original niobium process developed by Gurvitch et al. [24] and was very similar to the Jet
Propulsion Laboratory process [25]. The devices were fabricated by Dr. Kevin Kornelsen at
the Alberta Microelectronic Centre (AMC), with substrates prepared by Barry Arnold in the
Electrical Engineering Department of the University of Alberta.

2.5.1 Summary of fabrication process

Fused quartz was used as the substrate material. Quartz was chosen over silicon
because its lower dielectric constant (3.8 vs. 11.7 [26]) was better suited for applications
where the antenna structure must couple to free-space or a vacuum-filled waveguide. A
wafer thickness of 70 pum was used because it was much less than a wavelength, but still not
too fragile to handle. To minimize breakage during processing, the wafer was bonded to
another quartz wafer that was 1 mm thick. An acetone soluble adhesive (Crystalbond 509
adhesive [27]) was used so that the mixer devices could be easily removed for usc.

The clean substrates were then covered with the superconductor-insulator-
superconductor trilayer. Although this multilayer is universally called a “trilayer,” it is really
a stack of five materials: niobium, aluminum, aluminum oxide, niobium, and gold (going
from substrate up). Figure 2.17 shows this structure.

The depositions took place in a Perkin-Elmer 4400 Delta sputter system. This was a
load-locked system with a base pressure of ~107 torr. The main chambei contained both a
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niobium and an aluminum source. A small gold sputter source was mounted on the load lock
door. Since the system did not contain an in situ film thickness measurement device, the
thickness was determined by counting the revolutions of the wafer under the sputter source at
a known deposition rate.

The bottom layer of niobium was deposited to a thickness of 120 nm. This thickness
was chosen since it was thicker than the magnetic penetration depth for niobium, and because
it was thin enough that the accumulated film roughness did not seriously degrade the
junctions. A 13 nm thick aluminum layer was then deposited. Aluminum was used because
it wets the surface of the niobium, permitting thin layers to be formed that are also continuous
[24]. To form the insulating layer, the wafers were transferred into the load lock and exposed
to pure oxygen at a pressurc of 60 mtorr for 3 minutes. The depth of the aluminum oxide
layer was controlled by the oxygen pressure and the length of exposure time {28]. The wafers
were then transferred back into the main chamber for the final layer of niobium which was 90
nm thick. The top layer of niobium was protected from oxidation with a layer of gold 20 to
30 nm thick. This step was critical for obtaining low resistance contacts to the SIS junction.

Al/ Al oxide

SiO ] D
) ] siO

Figure 2.17: Cross-section through a niobium SIS device (not to scale).

The trilayer was then patterned using photolithography and reactive ion etching (RIE).
The main advantage of etching with an RIE machine was that it produced nearly vertical cuts
through the film [29]. This was particularly important for the definition of the junction, since
undercut of the etch mask would reduce the area of the junction, possibly to zero.

Later on, another layer of niobium would be deposited (the wiring layer) to make
contact with the top of the SIS junction. To isolate the wiring layer niobium from the base
layer of niobium, a layer of SiO was thermally deposited. The vacuum system base pressure
of 10 torr was maintained throughout the deposition producing a very directional flux. To
minimize shadowing by topography on the wafer and to prevent thickness variations due to
an uneven flux distribution, the wafers were mounted in a planetary mount. The thickness
was typically 0.24 pm and was measured with a calibrated crystal thickness meter.

The SiO layer was not patterned with etching. Instead a technique called photoresist
liftoff was used. In this technique photoresist was placed where the SiO was not to remain,
and after the deposition, the photoresist was dissolved, removing unwanted SiO.
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The final process steps placed and defined the shape of the top layer of niobium
which contacts the top of the junction. Again, the niobium was deposited in the Perkin-
Elmer sputter system. This layer was about 150 nm thick and was patterned by liftoff,

2.5.2 Anodization spectroscopy of trilayers

For a long time the AMC SIS production process was intermittent and produced
junctions with high leakage currents. A series of experiments was initiated that isolated &
problem that, when corrected, improved the reliability of the fabrication process and reduced
the junction leakage current. The technique employed is called anodization spectroscopy
since it provides information on the material composition of the trilayer using anodization.

It is fortunate that both niobium and aluminum can be anodized. otherwise this
technique would not be possible. As a sample is anodized, the anodization front moves
deeper and deeper into the material, and the rate varies according to the material. The depth
of the anodization is made apparent by the voltage drop across the sample becausc
anodization changes highly conductive metal into a resistive material. Thus, when driven by
a constant current source, the voltage is proportional to the depth of the anodization front.
For niobium the proportionality constant is 0.85 nm/V, and for aluminum it is 0.88 nm/V. In
addition, by differentiating the voltage the rate of change is observed, identifying the
material. So for a multilayer stack, the sharpness of the differentiator output step will
correspond to the sharpness of the material transition.

Figure 2.18 shows the test apparatus. The sample, which had a trilayer film with an
area of 2 mm2, was immersed in an electrolyte in a vial. The vial had a diamcter of ~2 cm o
minimize waves set up by vibrations, and was mounted on foam rubber for the same reason.
The electrolyte was a mixture of 156 grams of ammonium pentaborate in 120 ml of cthylenc
glycol and 760 mi of water [30]. The negative electrode was pure aluminum wire. The
constant current source was a Hewlett-Packard 6181B DC Current Source With 2 maximum
output voltage of 100 V. This allowed films to be scanned to a depth of about 110 nm. The
op-amp was protected from high voltage transients by parallel opposing small signal diodes.
The two outputs were connected to the inputs of a Hewlett-Packard 7635B X-Y Recorder $0
that the rate of change of the voltage was plotted against the vehage or cquivalently, the
depth.
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Figure 2.18: Schematic of test apparatus for anodization spectroscopy of
niobium-aluminum-niobium trilayers.

The selection of component values was based upon [30, 31]. A typical anodization
current used in these references was 0.5 mA/cm?.  For a sample area of 2 mm? this
corresponds to 10 pA. In practice it was found that a higher current of 30 pA produced
equivalent results and took 1/3 the time. The transfer characteristic for the differentiator is

V. =—-RC(dV, /dt). Changes in cell potential of 0.05 V/s and 0.08 V/s were observed in

ot

[33], so with R = 380 kQ and C = | WF, outputs of 19 and 30 mV would be expected. These
are both easily measured values, well above the input noise of the X-Y recorder. The
capacitor chosen was the largest high voltage monolithic available. This capacitor could not
be too large otherwise it would sink a significant fraction of the current going into the cell. In
this case the current into the capacitor was 0.05 A, much less than the total current of 30 pA
supplied. Three 2.7 MQ resistors in series with the X-Y recorder x-input prevent the inpu:
voltage from being exceeded.

Good quality results were obtained with this configuration. A film could be scanned
to GOV in about 4 minutes. Two types of noise artifucts were seen. One kind was occasional
spiky transients, and the other was lower in amplitude, but much more frequent. The sources
of this interference were not determined, but could have been the release of charged bubbles
produced by the anodization process. Much of the time the spiky transients were just
annoyances, but if a feature was obscured, another sample was scanned. Other interference,
such as 60 Hz mains pickup, was not observed.

Two scans are shown in Figures 2.19 and 2.20. These scans are read from left to right
showing the film profile from to top to bottom. There is a sudden turn-on transient at zero
volts, which is not shown except near 5 volts. Large transients are visible in each of the
plots; in Figure 2.19 near 28 volts and in Figure 2.20 near 36 volts. Neither of these obscured
the transition between the layers so the plots were judged to be satisfactory. A vertical scale
is not shown since that information is not used; it is the shape of the curves that conveys
information.

The only difference between the samples that produced these curves was that the first
had a base layer of 30 nm, and the second had a base layer of 120 nm. The top layers were 30
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nm and the aluminum was 10 nm thick for both. The key result from this experiment was
that the transitions from Nb to Al, and from Al to Nb were much sharper with the thin base
layer than with the thick base layer. The conclusion from these experiments was that the
niobium films were inherently rough and, as the films were madc thicker, the roughness
accumulated and became greater. Thus the interfaces between the materials were less sharply

defined for the thicker films.
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Figure 2.19: Anodization spectroscopy curve for a trilayer with a thin base
layer.
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Figure 2.20: Anodization spectroscopy curve for a trilayer with a thick base
layer.

There were four ways to deal with this problem. The first was to make the base Nb
thinner. This was not practical since the current-carrying capacity of the film would be
reduced and the RF properties would be modified if the film was thinner than a magnetic
nenetration depth (85 nm). The second was to make the aluminum thicker. This turned out
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to be the only solution that worked. The drawback of this solution is that the proximity effect
at the gap voltage becomes larger [32]. The third solution was to vary the Nb deposition
conditions to try to form a smoother film. For example, films sputtered with a lower argon
pressure tend to be smoother. Unfortunately, films that were both smoother and had low
stress could not be made in this vacuum system. The last approach was to make a thicker
film with two films sandwiching a planarizing layer. Imamura and Hasuo [33] show with
transmission electron microscopy that although a layer of Nb may be rough, an oxidized layer
of aluminum stops the propagation of grain structure into the overlying Nb layer, thus
planarizing the lower Nb. They found that the oxide layer was crucial for stopping the grain
structure. Unfortunately, experiments with a composite base layer did not produce smoother
films as determined by anodization spectroscopy.

2.5.3 Remaining problems with SIS devices

The anodization spectroscopy experiments and the resulting modifications improved
the SIS fabrication process. Not only was there a much higher confidence that the junctions
from a given batch would work, junction quality was also improved by the reduction of
leakage currents. However, there were other problems which were not resolved. Figure 2.1
shows that the gap voltage is ~2.55 mV, which is much less than the expected value of 2.7 to
3.0 mV. A reduced gap voltage would be expected for a reduced transition temperature, but
the Nb films used had transition temperatures of ~9.0K, very near the expected value of 9.2K.
Another problem was the width of the transition at the gap voltage which was 0.35 mV or
greater. This was significant because it is a large fraction of a photon step width (0.455 mV).
This could have been due to a variation in electrode quality across the junction. If that was
the case, then the observed I-V curve would be the sum of a large number of sub-junction I-V
curves with different gap voltages, producing a smeared transition. Another disturbing
feature was the lack of a clear proximity effect above the gap voltage. This flat structure in
the I-V curve is a result of the normal metal (aluminum) between the superconductor and the
insulator, and should have been prominent because of the thick Al layer. Again, what was
observed may be due to a smearing effect from variations across the junction.

It is important to contrast these results with earlier results, and with the results of
other workers. The first Nb SIS devices made at the AMC had a higher gap voltage, near 2.7
mV, and clearly showed the proximity effect. These features could not be restored by
following the earlier process recipe. Perhaps this was due to contamination of the deposition
equipment by different materials used in other projects. The I-V curves appearing in the
literature are quite variable in quality. Some workers have made high performance receivers
with SIS junctions worse than shown here. (See, for example, Walker et al. [34].) However,
it appears that others have not had the same problems with film roughness experienced by our
group. For example, most others make junctions using thinner Al layers than used here.
There is also one case of a vertical stack of junctions being fabricated without significant

degradation of the upper junction [35].
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2.6 Measurements

The measurements to test the bias-tuning concept were of three types. The first was
an operational test of the concept by finding the minimum noise temperature and
corresponding bias voltage as a function of backshort setting. The second was to find the
peak detected LO power and the corresponding bias voltage as a function of backshort
tuning. This test examined LO coupling only and used the SIS device as a total power
detector rather than a mixer. The third measurement was to record the pumped I-V curve as a
function of backshort tuning. This last test was to provide the information needed to extract
the junction embedding admittance so that the constant conductance operation of the mixer
could be confirmed.

The experiments took place in July and September of 1994. The mixer wafer
mounted was a series array of two 1x1 pum? junctions with CPW tuners shunted across each
junction, similar to the one shown in Figure 2.12. The I-V curves obtained on July 21 and
July 28, 1994 had the LO power adjusted to a moderate level for each trace. The last run on
September 15, 1994 had the power fixed and at a higher level.

2.6.1 Test setup

A model HD-3(8) cryostat was used for the experiments [36]. The mixer, IF
amplifier, and infrared filters were mounted on a cold plate attached to the liquid helium
reservoir. A radiation shield was placed between the helium reservoir and the vacuum jacket
to reduce the rate at which the helium boiled off. This shield was cooled to 77K with liquid
nitrogen. Cabling from the outside of the cryostat was thermally anchored to the nitrogen
shield to further minimize the heat load on the liquid helium.

The millimetre-wave signal entered the cryostat through a 32 mm diameter vacuum
window made of 2 mil (50 um) thick mylar film. To reduce the thermal load on the cryostat,
and to prevent a bolometric response in the SIS mixcr, a series of infrared filters was
employed. A crystalline quartz filter was placed in the hole in the 77K shield, and a
Fluorogold filter was attached to the front of the mixer horn. Ibruegger [37] has shown that
this configuration minimizes thermal loading of a 4K blackbody.

A free-running Gunn oscillator provided a local oscillator signal between 104 and 117
GHz with power levels of about 10 mW. The output of the oscillator was fed through a
waveguide variable attenuator to adjust the power level. This was followed by a directional
coupler that permitted the power level to be measured with a Schottky diode detector. A
pyramidal horn was used to launch the free-space wave.

Two additional components were used to couple the LO to the receiver. The first was
an elliptical mirror which focused the LO signal onto the mixer horn. The other component
was a mylar beamsplitter that passed about 99.5% of the signal power and coupled in about
0.5% of the LO power.

The output of the mixer at 1.5 GHz was connected to the IF amplifier via an isolator.
The important property of the isolator was that it provided a 50Q match to both of its ports.
This helped prevent oscillations in the input stage of the IF amplifier due to the dynamic
output impedance of the SIS mixer. The IF amplifier was a standard design [38] using
GaAsFETs and had a noise temperature of about 10K and a gain of 40 dB at 1.5 GHz. The
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output power from the IF amplifier was measured with a Hewlett-Packard 8970A noise figure

meter outside the cryostat.
From the IF power, the noise added by the receiver, or the noise temperature, was

calculated. The IF power was measured with two different input powers: a black body at
room temperature (about 300K) and a black body at 77K. The ratio of the two output powers
is called the Y factor. The equation defining the Y-factor is

Y= 7:'1 +7;MII (2 5)
Tu + cold
This can be inverted to produce an equation for calculating the receiver equivalent input
noise tlemperature from measurements:

= 7;:"1 -Y T:‘uld i (2.6)
Y-l
Next, by using the Friis equation the receiver noise was separated into mixer and IF amplifier
components:
T, =T, +T:/G 2.7)
A novel way of obtaining the mixer gain and noise temperature was to calibrate the IF noise
at different frequencies (1.0 to 1.5 GHz) and to measure the receiver noise at these different

IF frequencies. T, and G,,;, can be solved for using Equation (2.7).

mix*®

2.6.2 Noise temperatures
Tables 2.1 and 2.2 present the measured receiver noise temperatures and are an

operational test of the bias-tuned mixer technique. These temperatures include the
contributions from the cryostat window and the IF amplifier as well as the mixer. The bias
voltages measured have been reduced by a factor of two to the single-junction equivalent
voltage. The backshort position is given as both the micrometer reading in turns, and as a
distance (in guide wavelengths) between the SIS device and the end of the backshort. Similar
measurements were taken at 105 and 115 GHz, but are not presented here because the 110
GHz results were sufficient. For reference, the photon step size is 0.455 mV, the guide
wavelength is 3.23 mm, and there were 7.11 turns of the backshort drive per wavelength.
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Table 2.1: July 21, 1994 Noise
measurements at 110 GHz

Backshort Bias (mV) | T, (K)
9.5 turns, .17A 2.35 66
9.0 turns, .24\ 2.35 86
8.5 turns, .31A 2.36 100
8.0 turns, .38A 2.35 187
7.5 turns, .45\ 2.21 523
7.0 turns, .53A 2.29 74
6.5 turns, .60\ 2.32 54
6.0 turns, .67A 2.35 60
5.5 turns, .74A 2.35 79

Table 2.2: July 28, 1994 Noise
measurements at 110 GHz

Backshort Bias (mV) T (K)
7.0 turns, .53\ 2.35 71
6.5 turns, .60\ 2.34 50
6.0 turns, .67A 2.37 57
5.5 turns, .74\ 2.37 66
5.0 turns, .81A 2.35 86
4.5 turns, .88\ 2.35 195
4.0 turns, .95\ 2.33 318

3.5 turns, 1.02A 2.35 77

2.6.3 Pumped I-V curves

The pumped I-V curves were recorded for two reasons. The first was to extract the
total detected power by subtracting the dark current (the unpumped I-V curve). The second
was to obtain the probe source impedance by using the voltage match method (section 2.7.2).
Two sets of data were cbtained. The first, recorded on July 21 and 28, 1994, were made with
the LO level such that the normalized RF voltage across the SIS junction was close to 1. The
backshort was moved in coarse steps of 0.5 turn over a wide range. The sccond set of
measurements, made on September 15, 1994, differed by having a higher LO level (close to
2) and a finer variation in backshort tuning (0.1 turn) in the range of most interest.  Figures
2.21 and 2.22 show representative I-V curves at 110 GHz with the higher LO levei. Data at
the other frequencies is similar and the curves for the lower power level have the photon step
height reduced.
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Figure 2.21: Pumped I-V curves for various backshort positions. Beginning
with the highest amplitude trace, backshort position = 6.8, 6.9, 7.0, 7.1, 7.2,
7.3, 7.4, and 7.5 turns. Data has been reduced to single junction voltages.
These data were taken on September 15, 1994. The normalized LO voltage is

approximately 2.
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Figure 2.22: Pumped I-V curves for various backshort positions. Beginning
with the highest amplitude trace, backshort position = 9.5, 9.0, 8.5, 8.0, and
7.8 turns. Data has been reduced to single junction voltages. These data were
taken on September 15, 1994. The normalized LO voltage is approximately 2.

2.7 Analysis

Further analysis was required to understand these measurements. First, an error
analysis of the noise temperature data will be given. Next, a method of obtaining the
embedding admittance from the pumped I-V curve will be derived. Then the total power
detection results will be described, followed by the embedding admittance results.
Limitations to the embedding admittance results will be discussed.

2.7.1 Measurement errors
Noise temperature error was analyzed with partial derivatives of the noise temperature
from Y-factor equation (Equation 2.6):
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With receiver and load temperatures of T,, = 55K, T, = 300K, T, = 80K, the equation
reduces to:
AT, =(83K)AY +(1.6)AT, ,, +(0.6)AT,,,. (2.9)
With typical values of AY = 0.05 dB = 0.012, AT, = 2K, AT, = 2K, the peak error was
~5K. This is an error of about 10% and is acceptable. This error did not affect the location
of the minimum noise since that was found by looking for the peak IF output power.
Another source of error was departure from maximum power transfer from the mixer
output to the IF amplifier. The equation for the coupling efficiency, the ratio of the power
delivered to the available power to a matched load is:

_ By _ _ARuRy (2.10)

Pu (Rmix + RII-‘ )2
where R, is the SIS output resistance (the reciprocal of the slope of the phcton step at the
bias point), and R, is the IF input resistance (50 ). Typical values for R, were 77 Q and
143 Q, producing efficiencies of 0.96 and 0.77 respectively. The first case resulted in an
insignificant error but for the second case the IF contribution to the overall noise was
increased by 30% or about 3K. Again, this error did not affect the measurements.

Another possible source of error was a bolometric response. This problem originates
from insufficient infrared filtering of the quasi-optical input to the cryostat. When that is the
case, changing the thermal load outside the cryostat changes the SIS physical temperature.
This in turn changes the IF output noise level, masking the true heterodyre response. This
source of error was tested by observing the I-V curve with a room temperature input load and
with a 77K load. The infrared filtering was adequate because the unpumped I-V curve did
not shift, and indicated that the junction temperature was stable.

2.7.2 Voltage match method
The next analysis step was to derive the driving admittance from the pumped I-V

curves. Figure 2.23 shows the equivalent circuit model for the source and the SIS junction at
the LO frequency. The conductance and susceptance of the junction are known from the I-V
curve, the bias voltage, and the power level by using Tucker’s theory. Thus by changing the
bias voltage (i.e. scanning the pumped I-V curve) the admittances on the right hand side of
the circuit are varied, and from the AC voltage across the junction, the generator admittance
can be deduced. An efficient method for doing this is the “Voltage Match Method” [39] and
will be described below. This method is efficient because repeated calculation of junction
admittances and pumped I-V curves is not required.
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Figure 2.23: Mixer model for the voltage match method.

First, a least-squares error function is defined using primes to indicate the estimated
values:

’

Vv, v, 2.11)

2 2 2
e=3(vi-[u]) = 2w+ X | 22w
Here the summations are taken over a number of data points recorded on the pumped 1-V
curve. Substituting the equation for the estimated voltage across the junction

Vi

’
’

v, =—te (2.12)
Yo +Y
results in

2 ’

2 I,l — V.
=YV, +Y | —F— —22—‘;1’&—. (2.13)
Yo +Y, Yo +Y,

LO

The minimum is found by taking the partial derivative with respect to the estimated LO
current and setting that to zero:

—a‘;:zlw' —L——zz—i—ao, (2.14)

’ 2 ’
0l Y, +Y, Yo +1

and rearranging to produce the best estimate of the LO current:
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Ly =%—t /3L . (2.15)
Yo +Y, Y, +Y,

This is substituted back into the error function (Equation (2.13))to produce:

D /AN [ YA/ S [y} R (2.16)
Y+, Vi +¥,

A computer program was written to implement this procedure. From the I-V curves,
the RF voltage at various points was known, and the junction admittance was calculated. The
minimum error was then found by varying the estimated LO admittance. Note that the
junction parameters were not calculated for every iteration of the LO admittance since the
junction admittances were known at this point.

2.7.3 Results
First, the minimum receiver noise and optimum bias as functions of backshort

position will be considered. From the bias-tuning hypothesis and the quantum susceptance
curve in Figure 2.3, a smooth variation in mixer bias should be expected. However, the July
21, 1994 measurements did not show that. As Tables 2.1 and 2.2 show, over most of the
backshort tuning range the optimum bias voltage remained near the photon step centre and
did not vary significantly except where the noise performance was poor. Similar results were
seen at 105 and 115 GHz. For reference, the gap voltage was 2.55 mV (from the negative
peak in Figure 2.3), the middle of the first photon step was 2.32 mV, and the low end of the
photon step was 2.10 mV for an LO frequency of 110 GHz.

Next, consider the total power measurements. These were obtained by taking the
difference between the pumped I-V curve and the I-V curve with the LO turned off (i.e. the
dark current), and finding the bias voltage corresponding to the peak. There was a significant
dil;rence between the case with the high LO power, and the case with the low LO power.
The total power peaks for the high LO power were fixed at the centre of the photon step,
similar to the bias points for the minimum noise temperature given in Tables 2.1 and 2.2.
Hence those results are not shown here. The low LO results did show a shift in the detected
power peak as the backshort was adjusted, as can be seen in Table 2.3.



Table 2.3: Total power detection peak and
amplitude vs. backshort tuning

Backshort peak (mV) | amplitude (LA)
9.5 turns, .17A — —
9.0 turns, .24A 245 10.5
8.5 turns, .31A 2.475 9.0
8.0 turns, .38\ 2.50 6.0
7.5 turns, .45\ 2.20 2.75
7.0 turns, .53A 2.20 9.75
6.5 turns, .60A 2.35 9.75
6.0 turns, .67A 245 10.75
5.5 turns, .74A 245 9.2
5.0 turns, .81A — —

The final analysis step was to obtain the embedding admittances by applying the
voltage match method to the pumped I-V curves. Six points from the pumped I-V curves
were used in the fitting procedure to obtain three unknowns. Those points were on the first
and second photon steps below the gap voltage. Using these points produced the best fit
below the gap voltage. The low and high LO power Smith charts are shown in Figures 2.24
and 2.25 respectively. Solutions with a negative conductance were not plotted. Thesc figures
show that the embedding admittance points are consistent with constani-conductance tuning
to reascnable accuracy. The scatter in the fitted points will be considered next.
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Figure 2.24: Smith chart showing the embedding admittance points at 110
GHz for various backshort settings with the normalized LO voltage amplitude
of about 1. The chart is normalized to 20 mS and the full terminal

admittances are displayed. The backshort was varied over A/2 in even steps.
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Figure 2.25: Smith chart showing the embedding admittance points at 110
GHz for various backshort settings with the normalized LO voltage amplitude
of about 2. The chart is normalized to 20 mS and the full terminal
admittances are displayed. The backshort was varied over less than M2 in
uneven steps. The backshort variation size was smallest (0.1 turn) for the
right hand cluster of points and for the points above the resistive axis.

The scatter in the fitted points can be better understood by observing the voltage
match error function, Equation 2.16, across the reflection coefficient plane. An cxample of
this is shown in Figure 2.26. Typically the minimum error is within a long, narrow, diagonal
contour. Since the error function changes slowly, particularly in the vertical direction, the
fitted value is sensitive to measurement errors. For example, Honingh et al. [40] estimate
that the best that could be expected was an error of ~20% in the real part of the embedding
admittance. Since the error contours are longer in the vertical direction, a much larger error
in the embedding susceptance should be expected. Therefore the admittance points in
Figures 2.24 and 2.25 are consistent with constant-conductance tuning.
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Figure 2.26: Contour plot of the voltage match error function on the reflection
coefficient plane. The dark central region has the minimum error. Ten evenly
spaced contour levels are shown. The Smith chart is superimposed to indicate
the range of allowed admittances.

An example of the quality of fit using a fitted embedding admittance is shown in
Figure 2.27. The measured unpumped I-V curve along with a section of a measured pumped
I-V curve are shown as solid lines, and fitted points are shown as dots. Although the fit
below the gap voltage is good, there is a significant deviation above the gap. Others have
observed this [40], and for that reason only points measured below the gap voltage were used
in the fit. Mears et al. [41] have discussed some of these problems with the voltage match
method. They found that the best quality fits were obtained with single junctions because the
junctions in series arrays were often not similar enough. Thus the usual assumption that the
RF voltage is divided equally across the junctions will not be true. Unfortunately, the
experiments in this thesis used a series array of two junctions since good quality single device
wafers were not obtained from the three processing runs. Mears et al. also found that a large
proximity effect (which should be present in the AMC junctions due to the thick aluminum
layer) resulted in a poor quality fit above the gap. And finally they found that large sub-gap
leakage currents also produced a poor fit. These last two factors are resuits of the I-V curve
not being completely described by Tucker’s theory. This produces an error because the
fitting assumes that Tucker’s theory describes the junction completely.
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Figure 2.27: Plot of the unpumped I-V curve, photon steps below and above
the gap voltage, and points caiculated using the deduced embedding
admittance.

2.7.4 Comparison with “ideal” SIS junction

It was useful to compars the experimental total power curves with curves obtained
theoretically using the digitized unpumped I-V curve, and theoretical curves for a sharp,
unpumped, “ideal” SIS junction. These calculations helped to explain what was observed
experimentally.

Figures 2.28 and 2.29 show the simulated detected power curves for power levels
similar to those used in the experiment. In the simulation the source conductance was equal
to the junciion quantum conductance and the source susceptance was varied. It can be seen
that for the low power curves, the total power response tracked the change in sourcc
admittance over part of a photon step. In contrast, the peaks of the high powcr curves
remained at nearly the same spot. This is qualitatively similar to the experimental results.
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Figure 2.29: Simulated detected power curves using the measured unpumped
I-V curve. These curves are for the high LO power case. The solid line
represents the centre-tuned case, the line with long dashes represents tuning
with a positive susceptance, and the line with short dashes represents tuning
with a negative susceptance.

Similar calculations were performed using an “ideal” I-V curve that had no leakage, a
very sharp current rise at a gap voltage of 2.5 mV, and a perfect resistive slope above the gap.
The low power results are shown in Figure 2.30. Here the peak of the response curve can be
seen to track over the entire photon step as the source susceptance is changed. This result
strongly suggests that the narrowing of the total power response was due to the width and
curvature of the current step at the gap voltage. This can be understood by considering the
equation for the pumped curve (from section A.2.2 of the Appendix),

L = 3 1@ Vy +nhoe). 2.17)

=00

This shows the pumped I-V curve to be the sum of shifted and scaled -V curves. Thus a
rounded I-V curve will result in a rounded total power response.
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Figure 2.30: Simulated detected power curves using the ideal I-V curve.
These curves are for the low LO power case. The solid line represents the
centre-tuned case, the line with long dashes represents tuning with a positive
susceptance, and the line with short dashes represents tuning with a negative
susceptance.

This result makes the heterodyne results (noise temperatures) puzzling because those
did not show a shift in minimum noise temperature bias voltage with source admittance. The

theory was re-examined to find the source of this discrepancy.
The first test was to check that the admittance seen at the signal port also varied like
the quantum susceptance. Expanding equation 4.51 of Tucker ai.d Feldman [7] produces

B v2fze(o [IKK(VO+hm1;’:e)+1rcx(vo_hwr"‘—’)‘z’m(%)] (2.18)
I

for small values of .. This can be compared with the susceptance seen by the local oscillator,
also for small o

i

B

0= 2;(0 [T (Vo + - €) + T (V, — hoi€) =21 (V)] (2.19)

Since ® = ©,, the susceptances are very similar. A similar analysis shows that the two
conductance equations are similar. Thus the absence of bias tuning was not due to a lack of

tuning susceptance at the signal port of the mixer.

The next test was to calculate the mixer gain using the actual unpumped I-V curve.
Equations (4.72) to (4.77) of [7] were used for this. Several different source susceptances
were used and the gain was plotted as a function of bias voltage. These results showed that
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the voltage for the peak gain was nearly independent of source tuning, although the amplitude
of the gain did depend upon the source. This was a theoretical confirmation of what was
observed, but it did not aid in understanding the reason for lack of bias tuning.

Tucker and Feldman's mixer gain equations used above are written in a form that
makes it difficult to see what is happening in the mixer. To clarify the situation, their
available gain equation (4.61) was rewritten from

L' =4GG,|zZ,| (2.20)
to

- 2
L =4RSRLIY()1| (2.2h)
by replacing the Norton equivalent sources on the mixer ports with Thévenin cquivalent
sources. The resistances and conductances are denoted by R and G respectively, and the

source and load by subscripted S and L respectively. Also, Ry =GS/|YS|2. Now the

transconductance can be observed directly rather than taking the inverse of the ¥ matrix to
produce the Z matrix. The transconductance for a small amplitude LO signal and an IF much
smaller than the LO frequency can be written as:

Yy, s%fo(aw, (@) Loc (Vo + heofe) + e (V, — hofe) =21, (V,)]. (2:22)

When this was calculated using the real I-V curve, the result was peaked ncar the centre of
the first photon step below the gap voltage. This is where the largest gain and lowest noise
were found experime- (ally. A calculation was then performed using an ideal I-V curve, and
this produced a nearly flat curve. Thus the rounding of the transition at the gap voltage limits
the bias tuning. This can be seen from Equation (2.22) which shows Y, to be the difference
between the unshifted I-V curve, and the mean of the I-V curves shifted up and down by onc
photon step.

The operation of the mixer can now be understood. The dominant factor is the
coupling from the signal port to the IF port, ¥;,. This coupling is greatest, for the SIS
junctions used here, at the centre of the photon step. The maximum LO power will not
necessarily be absorbed at the centre of the photon step, as shown by the total power results,
However, the overall conversion gain is greatest at the centre of the photon step because ¥y
is only a weak function of the LO voltage amplitude. This can be seen by evaluating the
product of the two Bese=t functions in Equation (2.22): a maximum occurs near o of about I,
which is the ucaai «v>: g point for SIS mixers. Thus ¥, dominates the gain of the mixer,
forcing the peak gan (and minimum noise) to the centre of the first photon step below the
gap voltage.

2.8 Conclusions

The receiver described here had a noise temperature of about 50K at 116 GHz which
is 10x the quantum limit of SK. This is a good result consicering that the IF amplifier used
had 5 neise temperature of about 10K. Other indications of high sensitivity were e presence
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of flat or negative sloping photon steps, and instabilities in the mixer as unity conversion gain
was approached.

The embedding admittances as functions of backshort position were similar to those
predicted by scale model measurements and @ computer simulation. Thus constant-
conductance tuning was achieved to a good approximation. This also verified the quality of
the mixer block design and construction since any discontinuities in the waveguide were
small enough that they did not significantly mo ~'iy the waveguide probe terminal admittance.
However, there were two discrepancies in the i 1ing circles. First, the measured curve was
similar in size to the simulated curve, but larger than the scale model curve. Second, the
measured curve had a variable step size around the circle, like the simulated results, but
unlike the nearly constant steps of the scale model. There was a plan to resolve these
differences by repeating the scale model measurements, but access to the vector network
analyzer has become very difficult to obtain. It is possible that the connector in the model
perturbed the fields sufficiently to produce un error. Another model design that has the
connector off-centre may determine if this is the case.

The total power response showed the presence of the quantum susceptance. To some
extent a change in waveguide prcie terminal impedance could be canceled by changing the
bias voltage, which in turn changed the device susceptance. However, this was the case only
for signal powers similar to those used by receiver LO’s; higher power levels did not show
the tuning cffect as strongly. The narrowing of tuning deviation with increasing power was
shewn to be a result of the width of the current rise at the gap voltage.

Bias tuning of the SIS junction as a mixer was not successful. Other than at tunei
positions with high minimum receiver noise temperatur=s, the bias point for lowest noise was
laigely independent of the backshort tuning. Howevcr, the value of the minimum noise
temperature was a function of the backshort tuning. The lack of bias tuning was shown to be
a result of the finite width of the transition at the gap voitage, which forces the maximum
mixer gain to occur at the centre of the photon step.

A number of recommendaiions can be made for future work. First, bias tunuiyg should
not be used as a matching technique. A fixed-tuned, broadband matching circuit should be
used instead, and will probably give good results (see, for example, [42]). The second
recommendation is that the split mixer block may be suitable for other projects since it is
precise yet simple to fabricate. Sirce !/5th height waveguide was used here, this has proven
the machining technique for full-height guide at frequencies up to nearly 600 GHz. However,
there were discrepancies between the modeled, simulated, and measured probe admittances
which should e resolved. And finally, the quality of the junctions should be improved, since
the voltage match analysis showed that the behavior of the AMC SIS junctions was not
entirely described by Tucker’s theory. This may also have been a source of error in the
measured probe admittances.
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Chapter 3:

An Integrated Josephson Current Suppression Electromagnet for
SIS Receivers?

3.0 Introduction
Over the last decade there has been much progress in building integrated

superconductor-insulator-superconductor (SIS) mixers. Twn major accomplishments were
the development of integrated circuit antennas {1}, and plenar transmission line matching
circuits which provide broadband low noise performance for micron-scale junctions [2, 3].
These mixers are now competitive in performance with traditional designs using feed horns
and waveguide, but are simpler to fabricate and assemble [4]. In this chapter a further level
of integration is described in which the Josephson effect suppression clectromagnet is also
put on the mixer chip through a simple modification of the microstrip matching transformer
[5].

SIS mixers operate by the photon-assisted .-aueling of quasiparticles. Unfortunately,
at zero bias voltage a Cooper pair tunneling current flows due to the Josephson effect. At
frequencies higher than ~300 GHz the optimal DC bias for the SIS junction is low enough
that the instantaneous local oscillator voltage swing will cause the bias point to switch from
the quasiparticle tunneling branch of the IV curve, to the Cooper pair tunneling branch, and
back [6]. This generates noise at the intermediate frequency port. However, it is well known
that if an integral number of flux quanta pass through an SIS junction, the Josephson effect
tunneling current will be suppressed. Rudner et al. [7] have shown that suppressing the
Josephson effect dramatically reduces excess noise and this technique is now standard for
submillimetre SIS receivers.

The Josephson effect is usually suppressed with a solenoid of superconducting wire
mounted close to the mixer. The new on-chip RF matching circuitry has helped by
permitting larger area junctions to be used which have a larger cross-sectional area with
which to catch the flux lines. The technique described here goes one step further and uses the
matching line itself to generate the magnetic field.

3.1 Theory of Josephson current suppression

To understand how a magnetic field suppresses the Josephson effect, begin by
considering a simple superconducting ioop. It is well known that the superconducting
wavefunction lias long-range phase coherence [8]. This means that if the phase and
momentam are known at one point, the phase can be calculated for any other point on the
linc. An analogy is an electrornagnetic wave on a transmission line: knowing the phase and
wavelengih at one point alicws one to calculate the phase at other points. A result of this

tA version of this cnapter has besn pubiished: B. Veidt, K. Kornelsen, J. F. Vaneldik, D. Routledge, and M. J.
Brett, “Integrated fosephson effect snontession electromagnets for SIS receivers,” Int. 1. Infrared Millimeter
Waves, vol. 1€, pp. 1223-1230, 1995

hi



property is that a superconducting loop will caly support wavefunctions that have a phase
~+ange around the loop ¢qual to an integer multiple of 21t. This quantization of the phase
around a superconducting loop in turn leads to the quantizatic.n of the flux passing through
the loop. It has been shown that the relationship betwcen the supzrconducting phase and the
flux around a conductor is A@ =2e®/h [8 and Appendix A.4.2]. With a complete loop, the
minimum flux passing through the centre required to produce a phase change of 27 is the

magnetic flux quantum @, = h/2e.

Next take a junction and divide it into m parallel sub-junctions, as shown in Figure
3.1. The sub-junctions are joined with ioops that have a flux line at the centre. The two end
junctions are hali width and have half the critical current to maintain a constant flux density
throughout the junction. For a single sub-junction, the current as a function of the

wavefunction phase is I = I, sin@, and for all the sub-junctions itis I= 2 I, sin@, . For the
k=1

end sub-junctions the junction critical current is 1, = 1,=1,/2(m—1) and for the inner sub-
junctions it is 7, =1,/(m—1) The flux is divided equally so that the flux passing through

each loop is ®/(m—1). For a single loop the phase is not restricted to integer multiples of 2w
since the loops are not continuous superconductors. The phase around 2 loop is

AQ=0, ~O,_, =F(:2;j(—l?_l)' Going across the junction these phases and their cffect on the

Josephson current can be summed up with the equation:

I = 2¢d 1 2ed
I=—2—sinQ, + & _si + +— "f + . (3.1
2(m—1) S, Z;’(m—l)sm( A(m—1) (Pk") 2("1—1)5111\ h(m—1) (p,,,__,) -1

Next, by setting the flux equal to one flux quantum and the phase at one edge of the junction
equal to zero, Equation (3. 1) is simplified to

I, = 2n
[1=0+—2 '( + )+0. 3.2
(m—l)g;s‘“ PErRA L (3-2)

Thus for any m, if the angles are plot'ed on a unit circle, it can be seen that the points are all
paired with points on th: opposite side of the circle and thus cancel. This is the case for any
@, or integer m. This is one way to understand how the Josephison effect can be suppressed
with a magnetic field.
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Figure 3.1: The suppression of the Josephson current by a magnetic field can
be explained using a junction anc¢ magnetic flux divided into many discrete
pieces. The top sketch shows a junction with magnetic flux passing through
the insulator, and the bottom schematic shows the equivalent circuit.

®/{m-1)

3.2 The technique
Figure 3.2 shows an SIS mixer without integrated Josephson current suppression. At

the top is a schematic representation of DC bias and intermediate frequency circuitry standard
to all SIS receivers. Below that is an antenna which is coupled to an SIS device through a
microstrip line which transforms the antenna admittance to match the quantum conductance
of the SIS junction. The junction susceptance caused by the geometric capacitance of the
parallel-plate structure of the device is then tuned out with a shunt stub. Such circuitry
allows for a broader bandwidth and permits the use of larger area junctions than would be the
case if the junction was connected directly to the antenna [3].
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Figure 3.2: Schematic of SIS mixer before modifications.

The modified circuit is shown in Figure 3.3. An additional bias line (without
shading) has been added to the right-hand side of the radial stub so that a DC current can be
passed through the microstrip line to generate a magnetic field. Because of the Mecissner
effect, the flux is concentrated in the gap between the line and the ground plane, and also
through the junction. At the bottom of the figure is the electromagnet current source with
decoupling to prevent leakage of the IF signal down this path.
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magnet

Figure 3.3: Schematic of SIS mixer modified with an integrated Josephson
cffect suppression electromagnet.

The current required to suppress the Josephson effect is calculated below. Precise
¢ nbers are not needed, since the current supply must be adjustable to account for ambient
{lux passing through the SIS junction. Thus details such as field fringing have been
neglected. These calculations should be regarded as estimates to be used by the receiver
designer to determine if the design exceeds the critical current of the superconducting film
and to specify the current source size.

Beginning with Ampere’s law, the flux strength as a function of current can be

calculated:

[3-da=¢H.ai (3.3)
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Microstrip Line

N
|
! l
.

Figure 3.4: A perspective view of a cut through a microstrip line carrying
current I. The dashed line of length [ follows a magnetic field line around the
conductor. The microstrip line has width W, thickness #, and hcight /1 above
the ground plane.

where the quantities are defined in Figure 3.4. Equation (3.3) is simplificd to

I=HI (3.4)
because the path of integration is along a flux line. The integration path length is
approximated by / =2 W since the line width is much greater than both the film thickness and

the gap beiween the ground plane and the line. Additional relationships arec B=p,H and
® = BA; where A, is the area that the flux lines pass through. A, equals the junction length

L multiplied by the height, which is twice the magnetic penetration depth A, (assuming that

the insulator thickness is much less than A, ). The effect of the ground plane is included by
using the method of images [8] which shows that the flux is simply doubled. Substituting
these relations into Equation (3.4) produces:

o= WolA; _ 2u017»LL_

w w
The first null occurs with one flux guantum passing through the junction, that is with

® =, =2.07x107"> Wb or when the current is

(3.5)

_ oW

T 2p AL
A practical minimum current can be found if the junction is assumed square and if the
overlying line is the same width. The W and L terms cancel leaving a minimum current equal

to .82 Amp/A, with A, in nanometres. For niobium based mixers where A, =85 nm, the

(3.6)

minimum current is about 9.7 milliamps. Niobium xitride has A, = 380 nm and thus requires
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2 minimum current of 2.2 miiliamps. A%§10hgh a numb 0 pproximations have been made,
including the assumption that fringiny ficids are negl. """ these are useful rulcs of thumb
for receiver designers.

A final concern is whether the superconducting thin films can carry the necessary
currents. Imamura et «l.[9] have measured a critical current density of 25 milliamps per pm
of line width for niobiura films ~100 nm thick. Since most line widths will be at least several
um, the current-carrying capacity of niobium is adequate for this application. Of course, in
actual receivers the line width will probably be larger than the junction length, but this could
be compensated by using a rectangular junction.

3.3 Verification
A receiver designer will have two concerns before implementing this technique. The

first is that the Josephson current is actually suppressed as predicted, and the second is that
this structure can be implemented without degrading the RF performance of the mixer.
Those concerns will be addressed here.

3.3.1 Verification with a receiver
Originally this idea was to be tcsted with an actual receiver, but out of three

processing runs there were no suitable devices. The first batch was made on substrates
covered with small pits, and only a few locations were clean enough to produce working RF
devices.  Unfortunately none of the working devices had the integrated Josephson
suppression magnet. The second and third batches had a series resistance of several tens of
ohms, making them unsuitable for use. The mask design was bused on the assumpt* -~ that
all niobium layers exposed to air would be capped with gold to prevent oxidati m of e
surface, but only the tr. ayer had gold on it. This oxide layer was the source of ti.. scries
resistance. There was an unsuccessful effort to penetrate the oxide using wiring bonding.
Other factors worked to prevent an RF test such as the change to part-time status of the
junction maker and the near exhaustion of funds to buy the junction maker’s services.
Nevertheless, it is useful to look at the RF design.

The design for this mixer was based on a 110 GHz waveguide mixer block. There are
several reasons for this particular choice. The first is that the 110 GHz receiver system
worked very well and was well understood. So although the Josephson effect usually does
not cause problems xt such low frequencies, it would be possible to see if the circuit
modifications affected receiver performance. As well, the Josephson noise is visible in lower
frequency mixers if the bias is adjusted low enough, so 1t would be possible to see if it was
suppressed. This technique will be best suited for planar designs which have large area
contact pads, but I felt that I couid contact an additional pad on a 0.5 mm wide 110 GHz
device.

The main problem in this design was to find a way to get the additional bias line to
the microstrip line. Waveguide mixers usually have two bias lines leaving the centre of the
chip, going to opposite ends. The lines are in the form of low-pass filters to prevent signal
power at 110 GHz from leaking down the lines. Since the IF signal also leaves the mixer on
these lines, the low-pass filter must not affect that signal. Thus there are two design

64



specifications: the additional bias line must not provide a leakage path for 110 GHz signals,
and it must not interfere with the IF signal.

The solution was to place two narrower lengths of low-pass filters in parallel, as
shown in Figure 3.5. The low-pass filters are constructed using alternating sections of high
and low impedance line, each A/4 long, and corrected in length for ficld fringing. Although
the first sections of high impedance line to the right of the bow-tie probe are closely spaced,
the second and third have a wide separation. The reason for doing this is to prevent slot line
modes at 110 GHz from propagating down the gap between the high impedance sections of
the bias filter. This works because the velocity of propagation is similar for slot line and
microstrip, and each section is a quarter wave long. At low frequencies the magnet bias line
is at ground potential, so there should be little leakage of IF signal down this linc. To ensure
that, an external inductance was to be placed in series to provide a blocking impedance (see
Figure 3.3).

Figure 3.5 provides a scale representation of the design. The overall dimensions of
the substrate are 6 mm long x 0.5 mm wide x 70 um thick. The dimensions of the ground
contact pad are 800 um x 250 pm, the electromagnet bias pad are 430 pm x 185 pm, and the
IF/junction bias pad are 370 pm x 250 um. The waveguide probe and the low impedance
sections in the ground bias line are 400 um wide. The low impedance sections in the other
two bias lines are 195 um wide. All low impedance sections arc 350 um long. The high
impedance lines are 10 um wide and 420 um long. The mirimum line spacing is 10} .

Due to their small size, the junction and matching circuitry are not shown in Figure
3.5, but are very similar to Figure 3.3. The microstrip line is 6 tm wide and is on 0.3 pm of
SiO, giving a characteristic impedance of 9.3 Q and a velocity of pro;.gation 0.35 that of
radiation in free space. A radial stub with a radius of 135 um provides a low impedance at
110 GHz, and with a series line of 83 um to place it in shunt with the junction. This will
resonate with the junction capacitance and quantum susceptance. A further 240 pm (A/4) of
microstrip matches the junction area of 9 pm? and 2.2 Q normal resistance to the waveguide
probe impedance of 40 Q. Variations on this design kept the junction arca constant, but
varied the dimensions: square junctions with sides of 3 pm x 3 um, rectangular junctions
with sides of 2 um x 4.5 um, and line junctions with sides of 1 um x 9 um werc drawn. The
reason for doing this was to try longer junctions that would require less clectromagnet current
to intercept one flux quantum.

This design was verified using an electromagnetic simulator suitable for planar
transmission line circuits [10, 11]. The first test was of the parallel bias filter design. The
mode! tested consisted of the low impedance section adjacent to the triangular probe, the first
high impedance sections, and the following low impedance sections. The electromagnet bias
line was connected to the first low impedance section through resistors of various values: 0.5
Q, 5Q, and infinity. This model was compared with a similar model that did not have a
parallel filter. The reflection coefficient was measured for these different configurations, and
the largest change in phase was ~0.2°. The conclusion from this is that the parallel filter
desigr. had essentially no effect on the waveguide probe.

The second test involved a model of the microstrip circuit. The electromagnet bias
line was left open circuited (as it should appear if the filters work properly), the input end
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was terminated with the waveguide probe impedance, and the reflection coefficient was
measured at the junction location. When compared with the same circuit without the bias
line, the change in the reflection coefficient was less than 1%.

Although it was not possible to perform an RF test with tiiis design, the computer
simulations provide strong support that the modifications needed to implement integr-ied
Josephson current suppression will not adversely affect the RF performance of the mixer.
The parallel bias lines may have application in waveguide circuits where the probe is formed
on thin silicon nitride films [12].

Electromagnet Bias Contact Pad
///Ground Contact Pad ﬁ\\\\\\\

Y = a—

i
Wiring Layer Base Layer /////

IF/Junction Bias Contact Pad

Figurc 3.5: Design of RF mixer circuit with an integrated Josephson
suppression electromagnet. An additional bias line for the magnet has been
added to the right-hand side of the device.

3.3.2 Verification with a DC SQUID
Fortunately, much of this technique could be tested using a DC superconductive

quantum interference device (SQUID), as shown in Figure 3.6. This SQUID was originally
designed for measuring the inductance of superconducting microstrip lines, but the geometry
was well suited for this experiment. This circuit corsisted of two 4 um x 4 pm niobium
junctions on a ground plane joined by a wiring layer 6 microns wide. The dielectric was
0.3 um of SiO. The DC bias circuit allowed the IV curve to be monitored while current was

passed through the wiring layer.
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Wiring Layer

Ground Plane SIS Bias

SIS Junction \\\\\

Control Current

Figure 3.6: Schematic represcntation of the DC SQUID circuit used to
demonstrate Josephson current suppression. The wiring, junctions, and
ground plane are not to scale and are drawn with a perspective view to show
the different layers.

Figure 3.7 shows the normalized Josephson current as a function of the control
current through the wiring layer. The errors on these points is about £0.01. Points for the
Josephson current below about 0.1 were not recorded because the jump between the
Josephson tunneling curve an! the quasiparticle tunneling curve became rounded, making
measurement of the height of the Josephson current difticult. These points were very close o

zero. The solid line is the curve sin(nd)/(b(,)/(nd)/ IJ(,) rewritten in terms of cureent and
fitted to the data points. This function is what should be expected when the junctions have @
uniform current density distribution {7]. The control current ( 13.1 mA) that produces the first
null is about 10% lower than predicted by the simple theory, but that could be due to errors in
the line dimensions, junction size, o the magmatic field penctration depth. There is a slight
horizontal offset in the curve which is probatiy due to flux trapped in the junctions ws they
were cooled.
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Figure 3.7: Plot of Joscphson current as a function of cc  »l current
through overlying microstrip line. The Josephson cur .1 k been
normalized to the peak value. The <olid line is a fit of t> the = wcaily
expected function to the data points.

3.4 Practical concerns

The main limitation of this particular implementatic.: is expected to be that soms
matching circuits require a wide microstrip liue to cover the junction [4], whica would then
require a large DC magnet current. '

Another possible problem is the current carrying capacity of the niobium film. This is
usually not a concern for most receiver b ilders since most SIS junctions do not require large
bias currents. However, ii was found that the films produced in the AMC SIS process had
lower critical currents than renorted in [9]. Part of this was due to thi. .ing of the film as it
passcd over steps in SiO thickness. Tiie solution used was to extend the SiO coverage so that
the wiring layer always had a layer of 5iO beneath it, minimizing steps below the wiring. An
alternative solution would be to rearrange the order of layers so that the electromagnet layer
is directly on the quartz substrate.

A final problem is contacting to the bias pads. This design requires that at least one
more bias pad be placed on the mixer chip. Waveguide mixers are on substrates between 50
and 100 microns wide. so contacting a third pad would be catreinely difficult. However,
planar antenna mixers usually have a much larger substrate; therefore contacting an

68



additional bias pad should not be a problem. Having additional pads will be very uscetul for
< +’s technique since that will permit separate current supply pads and voltage sensing pads,

s minimize ihe interaction between the low current junction bias and the high current
it bias.,

3.5 Conclusions

A new method of suppressiug the Josephson current in SIS mixers has been
described. T...; technique requires only a simple modification to the style of tuning circuit
shown in Figure 3.Z. In mnst cases, the magnet current should be on the crder of a few tens
of milli. ;. Because of # 4 fcr an additi mal bias connection pad, the method will be
best suited to quasi-optica _r designs which usually have larger substrate arcas than do
waveguid: mixers. *!so, uu: = *Pod will help to reduce the cost, size. and mass of mixcrs,
which wii be important conce. ... sor tuture focal plane arrays.
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Chapter 4.

Evaluation of a Diagonal Horn Fed with Micromachined
Waveguidet

£.0  Introduction

One of the obstacics to greater use of submillimetr v veleagths is the difficulty in
fabricating the anterin  nd the transmission line structt-cs. “ii-hough it is possible to haild
horns and hollow mctai waveguides for frequencies as ‘..gn as 2 THz, this can only be
attempted for very sir.cial applications. Othe workers have used photolithography and
etching techniques ..om intcgrated circuit processing to create rew lypes of radiating
structures [1]. This chapter examines an intermediate approach using integrated circuit
processing technology to fabricate components similar to those made by standard mectal
machining. The specific problem looked at is the coupling between a waveguide
micromachined in silicon to a diagonal horn machined in metal. This chapter will be
organized as follows: silicon micromachined waveguide will be discussed foliowed by an
introduction to diagonal horns. With this background covered, a series of scale mode]!
experiments will be described and the chapier will end witl: a set of conclusions.

4.1  Silicon micrcmachined waveguide

A hollow rectangular silicon micromachined waveguids: » “table for millimetre and
submillimetre wavelengths is described Katehi [Z] and Yap er ar.[3]. The finished waveguide
(see Figure 4.1) consists of two halves, cach composed of 4 nair of wafers bonded together.
S.ch wafer has a thickness of 2 qu~rter wavelength = air at the cutoff frequency for the
g .ide. The half-width waveguide chai:nel has been formed by an anisotropic etch through the
inner wafer. The outer wafer provides a sidewall and the surfaces are coated with 4 metallic
conductor.

What r.akes this structure so attractive is that it will be possible to fabricate structures
such as waveguide probes with active devices on thin silicon nitride films {4, 5, 6] suspended
across the wavcguide channel. This will eliminate the problem of mechanicaily mounting
devic °s. Another advantage is that where necessary or beneficial, conventionally machincd
devices, such as sliding noncontacting backshorts, could be used. And finally, there is an
advantage in the dimensions of the substrates used. For example, stripline has been
suggested as a transmission line for millimetre- and submillimectre-wavelength work [7], but
as Figure 4.2 shows, waveguide substrates can be several times thicker than stripiine
substrates without allowing higher-order modes. This is an important practical advantage
since it will allow the use of substrates that are more rubust and easier to obtain.

However, there are severe limitations to the application of this type of waveguide, as

TA version of this chapter has been published: B. Veidt, K. Kornelsen, J. F. Vaneldik, D. Routledge, and M. J.
I ett, “Diagonal horn integrated with micromachined waveguide for sub-millimetre applications,” Electronics
Letters, vol 31, pp. 1307-1309, 1995
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Figure 4.1: Silicor micromachined waveguic.. The wo halves have been
separated to show the interior of the structure.

will be discussed later.
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Figure 4.2: Comparison of modes in waveguide and stripline against
substrate thickness (Based on Fig. 26 in Rutledge et al.. “Inicgrated
Circuit Antennas,” Infrared an’ *ii'limeter Waves, vol. 10, K. J. Bution,
ed., p. 38, 1983)

4.1.1 Etching of silicon

To understand the fabrication process and some of the problems involved, a review of
silicon micromachining is necessary. Petersen [8] has written a classic review that is
followed here. Given the deep etches that are needed (between 0.1 and | mm), wet etching
by immersion in a chemical solution is probably the only means of etching. The two types of
etching that are of concern to this project are anisotropic etching that etches along crystal
planes, and isotropic etching which etches through the silicon independent of crystal
orientation and defined only by a masking layer. Figure 4.3, basea on Figure 4.4 of Petersen,
illus:rates these two types of etches.

Several chemical sclutions are available for ctching. A mixture of hydrofiuoric acid
(HF), nitric acid (HNO3), and acetic acid (CH300H), also called HNA, is often used for
isotropic etching. Depending on the concentrations of the constituents, the etch rate can vary
between 1 and 40 pm per minute. The etching is also very dependent upon other factors such
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A <110> Surface
Etch Mask Orientation

Etch Mask

Figure 4.3: An illustration of anisotropic and isotropic etching. The top
cross-section shows silicon that has undergone anisotropic etching. Note
that the masking layer accurately defined the vertical etch profile. The
low:* cross-section shows the isotropic efching : .f silicon. In this case, the
silicon below the masking layer has been etched or undercut. Also note
that the crysta orientation is important for anisotropic ctching . but not for
isotropic etching.

as temperature and agitation of the solution. This solution etches the silicon equally well in
all directions so that the etch profile is semicircular with a constant radivs measured from the
edge of the masking layer. The actual shape oi the etch profile will also depend upon the
agitation of the solution. Silicon nitride (Si3Ng4) and gold make resistant masking layers, but
silicon dinxide (SiO9) is removed and thus can only be used for short ciches.

With anisotropic etching the etch rate into the <I11:~ crystal plane is much slower
than that into other planes. One etchant is ethylene diamine pyrocatechol (EDP) which has
an anisotropic etch rate ratio of 35:1. This solution has the advantage of being compatible
with a large variety of masking layers. Unfortunaiely it has an etch rate of about | micron per
minute, so etch times will be several hours for wafer thicknesses of interest.

Another anisotropic etchant is potassium hydroxide (KOH). This solution has an
cven higher anisotropic etch rate ratio of 400:1. However, fewer materials are suitable for
use as masking layers: silicon dioxide is slowly etched but silicon nitride is largely
untouched.
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Figure 4.4: The family of <111> planes looking dowr. ‘~t0 a <110> Si
wafer. Vertical etches into the silicon will be aligned with these planes.

4.1.2 Problems with micromackhined v-aveguide

A severe limitation is the requircineni that the vertical cuts be aligned along the
ciystal planes, shown in Figure 4.4. Thus arbitrary geometries arc not possible; only cuts
either parallel to the wafer flat, or at an angle of 109.5° are possible. This allows high quality
straight-walled rectangular waveguide to be made, but structures such as bends, tapers, or
corrugations will not be possible. Therefore the waveguide must be connected to external
waveguide components for practical uses. Unfortunately this re-introduces problems that
were to be eliminated by integrated circuit * :=hniques, such as reflections from the waveguide
joints and precision machined comper 2.5,

Arbitrary geometry is possible 1 - . "+ Iotropic etching of silicon. The limitation i
this technique is that undercutting ot thr ¢: »“ing layer produces curved walls. However, a
two-step process that uses both isotropic and unisotropic etching would make it possible to
combine vertical walled waveguide with structures that have curved walls but non-parallel
shape. One configuration «:{ interest is a waveguide coupled to flared walls that become part
of the wails of a diagonal horn antenna. This is shown in Figure 4.14.

4.2 Diagcnal horn antenna

There has been a renewed interest in diagonal horn antennas because they provide a
good compromise between performance and ease of fabrication. This horn is simply a flared
square waveguide with the E-field excitation at 2 45° ang.- the walls. Thus it is simple to
construct. It also has radiation patterns that are better than simple pyramidal horns but are
inferior to corrugated horns. Howeser, corrugated horns are very difficult to build, especially
for submillimetre wavelengths. Love [9] provides one of the earliest descriptions of diagonal
horns and more recent analyses ([10, 11]) have looked at this antenna as a submillimetre
device.

Most of the properties of this horn cas be understood based on the Fourier
relationship between the antenna aperture fields and ihe radiation pattern [12] and elementary
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waveguide theory. The modes in the horn are a set of TE ¢ and TEy modes parallel to the
horn walls. The electric field vectors for the two modes are shown in Figure 4.5. In the E
piane direction (parallel to the electric field vectors) the amplitude is constant, and in the H
piane direction (perpendicular to the E plane) the field amplitude follows a cosinusoidal
relation. Individually, each of these modes will have a poor radiation pattern since the field
amplitude is constant in one direction, resulting in a pattern with high sidelobes. In the other
direction the amplitude distribution is tapered to zero, reducing sidelobes. It also has a
narrower effective width, producing a wider main beam width. Obviously what is needed is a
field distribution that is similar in the two principle planes, and is also tapered in amplitude.
Superimposing the two modes with equal amplitudes produces the vector field plot in Figure
4.6. The new E plane runs from the lower left to the upper right corner. To understand this
better, plots have been generated that show the amp’*udes of the co-polarized and cross-
polurized components. Figure 4.7 shows the co-polarized fizld amplitude with a 3-D surface
plot and with a contour plot. Note how the ampliwde is tapered to zero along both lines
joining diagonal corners. This results in far-field radiation patterns that are nearly Gaussian
and are very similar in the E and H planes. The contour plot shows good radial symmetr
except near the walls. Going across the square waveguide from the centre of one wall to .
centre of the opposing wall the field does not taper down to zero. This produces sidelobes in
the diagonal or D plane.

Figure 4.8 explains the cross-polarized response. This plot shows the saddle-shaped
field amplitude with zero average and equal negative and positive excursions. Viewed on-
axis, the negative and positive fields cancel and there should be no cross-polarized response.
Viewing the horn off-axis is equivalent to pi:icing a linear phase shift across the aperture, and
the negative and positive fields may no longer cancel. The cross-polarization viewed in the E
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Figure 4.5: Vector plots of the electric fields for the TE g and TEq, modes in
the diagonal horn. The lecation of the field point is the tail of the vector. The
rectangle represents the waveguide.
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Figuie 4.6: Vector field plot of the resultant of the addition of the TE
and TE(; modes shown in the previous figure.

or H pla'.es is zero because the saddle is anti-symmetric about a line joining diagonal corners
and in the plane of rotation. Thus a point mirrored to the other side of the diagonal line will
be paired with a point with equal magnitude and opposite sign, and also equal phase shift,
maintaining the cancellation. Unfortunately, in the D plane this pairing of canceling points
does not occur, and off-axis canceliation is not maintained.

With real diagonal horrs, on-axis cross-polarization is sometimes obscrved (sce
Fi~ure 4.8 (d) of Johansson and Whyborn [10]) How can this " -ppen? In Withington and
Murphy’s analysis they allow the ratio betweer .e amplitudes  he two orthogonal modes
to deviate from unity, and they show that this »: .:uis 'n a non-ze:o an-axis cross-polarized
response. This can also be seen if Figurc 4.8 is . :ptded with unequal ficld componcents.
Then, although the saddle shape is preserved, the avcrage across the aperture is not zero and,
at a distance, the cross-polarized response is also not zcro. Withington and Murphy also
show that the co-polarized response is negligibly affected by -1ode .mbalance.

To feed the horn with rectangular waveguide, Love {9] used a reciangular-te-cirenlar-
to-horn transition. This was done because of the similarity between the hybi.a nitde at..
TE;, in circular waveguide. Johansson and Whyborn [10] have shown that a simple
transition consisting of the intersection of the flared horn wilis ond the rectainguicy
waveguide works well. This suggests that the transition is not eritical.

There is interest in fabricating the waveguide in silicon along wiih circuitry, and then
to sandwich this between two metal blccks that heve the flared V-grooves, forming the hern
antenna. This would have several advantages: the criiical componcnts (active device,
waveguide probe and waveguide) will be integrated together, less-critical comronents (the
horn itself) can be easily machined in metal, and waveguide joints would be climinated. The
guestions that need to be answered are: can a suitable waveguide-to-horn transition be
constructed using the restriciions irherent in the silicon micromachining geometry, and will

77



—

-0.4 -0.2 0 0.2 0.4

Figure 4.7: Plot of the amplitude of the diagonal horn eleciric fields aligned in
the co-polarized direction.

Figure 4.8: Plot of the amplitude of the cross-polarized electric fields in the
diagonal horn.

the radiation pattern be affected by truncation of two of the horn corners by the silicon
wafers?

4.3 Experiments
Since the electromagnetic structure was to be validated before developing a silicon
micromachining process, these experimen.:. used machined alumi::.um pieces as models for
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the silicon micromachined wafers. The measurement frequency was .. GHz, which
allowed reasonably accurate models to be constructed. A Schottky diode detector [13] was
attached to the backend of the waveguide. The horn dimensions used by Johansson and
Whyborn [10] were used: a horn length of 55 mm and a corner-to-corner distance of 14 mm
at the aperture. The use of wafers 1.27 mm thick was simulated. To provide a comparison, &
standard diagonal horn was constructed in the conventional way (Figure 4.9).

Waveguide Channel

Transition

tlorn

Apertoire

\
@/ -
Y

"~

\

Figure 4.9: Perspective view of diagonal horn uscd as a zomparison standard
in experiments. The top view shows one of the two identical picces; the
bottom view shows the assembled horn.



The antenna patterns below were measured on a table-top antenna range with the
source and test horns separated by the usual far-field distance of 2D%A. A Gunn oscillator
[14] provided a signal with 10 milliwatts of power. A directional coupler placed between the
oscillator and the horn allowed the power level to be monitored by a second Schottky diode
detector. A variable attenuator preceding the directional coupler was used to adjust the
power level. Even though reflections did aci appear to be a problem in this test range, sheets
of Eccosorb RF absorbing foam [15] were placed on nearby metal surfaces to reduce
reflections.

The antenna patterns were measured with the antenna rotated in three planes: the E
plane which is parallel to the electric field vector in the waveguide, the H plane which is
parallel tc the magnetic field in the waveguide and perpendicular to the E plane, and the
diagonal or D plane which is at 45° to the E and H planes. In each case, two patterns were
measured, one with the source horn positioned with the polarization parallel to the test horn,
and a second with the source horn polarization perpendicular to the test horn polarization.

It had been hoped to measure the return loss of the various herns by using a
directional coupler to mez=ure the reflected power from the test horn. However, the modeled
silicon micromachined picces were not made accurately enough to align well to the
directional coupler fiange. Therefore t+i< ¢ eriment was nct done because reflections from
s} discontinuitics at the joint woula a.ask reflections from the horn.

4.3 1 Standard horn

Figure 4.9 shows the standard dingor:l horn. The top view shows the bottom piece,
a4 the lower view shows the complete horn with the top piece added. The top 2nd bottom
picees are identical. This horn was constructed out ot aluminum on a mi:.ng machine. The
waveguide section was cut with a slitting saw to a depth and width of 1.27 mm to match
standurd WP -10 specifications. ‘The horn section was fabricated by tilting the block by 10.2°
and cutting ©* ~ith an end mill tiited sideways by 45°. The transition between the waveguide
and the hori » simply the intersection of the two forms. Not shown are the screw holes for
assembling the horn and the holes for mounting the Schottky diode detecto; o the end of the

waveguide.
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Figure 4.10: Co-polarization radiation patterns for standard diagonal horn.
The solid line represents the E plane, the linc with long dashes is the H plane,
and the line with short dashes is the D plane.
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Figure 4.11: E plane cross-po'arization radiation pattern (dashed line) plotted
with co-polarized pattern (solid line) for standard diagonal horn.
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4.3.2 Four-wafer waveguide experiments

The first experiments used inserts based on the standard four-wafer stack waveguide,
shown in Figure 4.12. No attempt was made to model the etch undercut that would be
present with real silicon wafers. Good radiation patterns were not obtained with ihis
configuration. The probable cause of this failure is the step in waveguide width at the
waveguide to horn transition. This step occurs because the outer wafers must be removed in
the horn. This can be seen near the apex of the V cut into the walers in Figure 4.12. The
waveguide width is equal to the height of the two inner wafers. A large step like this will
launch unwanted higher order modes into the horn.

Note that in Figure 4.12 and in subsequent drawings of antennas, the inserts are drawn
as though they are constructed with silicon wafers, even though in the model they were made
of aluminum and were made of fewer layers.

} wafers

Metal Block

Figure 4.12: Diagonal horn using micromachined waveguide based on a four
wafer stack The top metal block has been removed for clarity.

82



[

a4 10

- 20

21

=20 -1
Angle, Degrees

Figure 4.13: E planc (solid line), H plane (long dashes), and D plane (short
dashes) radiation patterns for diagonal horn showr in Figure 4.12.

4.3.3 Modified waveguide structure
These poor results led us to produce a modified waveguide structure. Instead of using

four wafers across the entire device, only two were used near the horn. In this configuration
the metal blocks provided the waveguide sidewalls. This change eliminated the step at the
start of the horn flare. For some simple systems which have the far end of the waveguide
closed, only two wafers could be used, as shown in Figure 4.14. Note that the metal block is
simpler than the standard horn since the waveguide groove is not required.

83



/

Figure 4.14: Diagonal horns with the modified silicon micromachined
waveguide. The top drawing shows a system using a four wafer stack, the
lower drawing shows a system based on a two layer stack. The top metal
blocks have been removed for clarity.

4.3.4 Flat-sided inserts
Before cutting the groove simulating etch undercut into the flared walls of the model

pieces, the model was assembled and the antenna pattern was measured (sce Figure 4.15).
The reason for doing this was to establish what the radiation pattern looks like for several
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different etching conditions since the isotropic etch is somewhat variable. This case provided
information on wafers with minimal undercut.

Flat Flares

A\

Figure 4.15: Horn with inserts that have flat flare sides representing minimal
isotropic undercut. The top metal block has been removed for clarity.

The radiation patterns, Figure 4.16 and 4.17, are very similar to standard horn
patterns. The three planes are all within a decibel of each other to the -13 dB level. The
cross polarization response is interesting. The E and H plane cross polarized response was
below the -24 dB level and thus was not shown here. In the D plane, the on-axis cross
polarization was not visible, while the sidelobes at £11° remained. Withington and Murphy
show that the on axis cross polarization should not exist, but appears if the orthogonal TE,,
modes in the horn have unequal amplitudes. Johansson and Whyborn also observe the excess
cross polarization. But why was the on-axis cross-polarization present in the standard horn
but not in this one? One possibility is that the more gradual transition from the waveguide to
the horn is more sensitive to machining inaccuracies. If the V-groove is displaced from the
centreline of the waveguide, the division of power between the two orthogonal modes will
not be equal. This is apparently not a problem with the blunt transition in this design. This
hypothesis will be tested in further iterations of this horn design.
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Figure 4.16: Co-polarized radiation pattern of diagonal horn with modificd
micromachined waveguide. The flares have flat walls. The solid linc is E
plane, long dashed line is H plane, and short dashed linc is D planc.
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Figure 4.17: Co-polarized (solid line) and cross-polarized (dashed linc)
radiation patterns in the D plane of diagonal horn with  modified
micromachined waveguide. The flares have flat walls.
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4.3.5 Inserts with curved walls
The next step was to mill half-circular grooves into the flared walls to simulate etch

undercut. This is shown in Figure 4.18. Again. the co-polarized patterns in the E, H, and D
planes (Figure 4.19) are very similar to those of the standard horn. However, milling the
half-circular grooves into the flare walls degraded the on-axis cross-polarization response.
Figure 4.20 shows the D planc cross-polarized pattern, which now has some response
hetween the two sidelobes. This agrees with an carlier hypothesis on the origin of the on-axis
cross-polarized response, since the intersection of the waveguide wall and the half-cylindrical
flare wall is sensitive to lateral alignment.

Undercut Flares
-

Figure 4.18: Diagonal horn with inserts simulating a constant radius undercut
along the flare.
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Figure 4.19: Co-polarized radiation patterns for horn with inserts simulating a
constant radius undercut along the horn flare. The solid line is E plane, long
dashed line is H plane, and short dashed line is D planc.
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Figure 4.20: D plane radiation patterns of horn with inserts simulating
constant radius undercut. Co-polarized (solid line) and cross-polarized
(dashed line) shown,
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4.3.6 Proper modeling of undercut
The previous model of undercut micromachined wafers was not completely correct.

The waveguide-to-horn transition is not a simple intersection of a cylindrical walled flare and
the straight-walled groove. The intersection is more complicated because the narrow end of
the isotropic ctch does not come to a point, but is itself a curve with the undercut radius.
Figure 4.21 shows a view down onto an etched wafer. Thus the transition is actually blunter
than previously modeled. The overall antenna is otherwise the same as shown in Figure 4.18.

Once again, the co-polarized response (Figure 4.22) is similar to that of the standard
horn. The on-axis cross-polarized response has also dropped below -24 dB, as shown in
Figurc 4.23. This again confirms the hypothesis on the origin of the on-axis cross-polarized
response.

Edge of isotropic etch mask

//Desired profile

—
—_

/\/
Actual profile

Anisotropically etched waveguide channel

Maximum constant radius undercut

Figure 4.21: Geometry of the intersection of the isotropic and anisotropic
ctches in the transition from waveguide to horn. The view is looking onto the

wafer.
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Figure 4.22: Co-polarized radiation patterns of the diagonal horn with the
undercut properly modeled. The solid line is E plane, long dashed line is H
plane, and short dashed line is D plane.
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Figure 4.23: Co-polarized (solid line) and cross-polarized (dashed linc)
radiation patterns for the horn with undercut properly modeled.
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4.4 Discussion

4.4.1 Conclusions
This work has demonstrated the feasibility of using silicon micromachined waveguide

with a simple diagonal horn structure. The radiation patterns were very similar to those
ohtained with a conventional diagonal horn. However, to get good patterns the
micromachined waveguide was modified by eliminating the outer wafers near the horn.

"Standard” Horn Profile

‘\

Minimal Undercut Profile

Undercut Profile

Figure 4.24: A section through the diagonal horn showing the profiles of the
standard horn, flat sided flare (minimal undercut etch), and undercut flare, all
superimposed.

It is interesting how insensitive the horn is to the cross-sectional profile of the silicon
inserts. As Figure 4.24 shows, a large variation in the insert cross section has been tested.
This is a promising result. Although anisotropic etches are somewhat variable, this will not
have a harmful effect on the performance of the horn.

The cross-polarized results are interesting. A significant reduction in the on-axis
cross-polarization response was seen when the flared section either had flat walls or had the
undercut properly modeled. This work shows that this is because transitions that have a
“blunt” intersection with the waveguide rather than a long and gradual intersection are less
sensitive to machining errors that upset the mode balance in the horn. There are two
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implications of this result. First, the parameters of the isotropic etch (such as etchant
agitation) should be adjusted to reduce sidewall curvature. Second. this result could lead to
an improved waveguide-to-horn transition for molded or clectroformed diagonal horns for
longer wavelengths.

However, these cross-polarization results should be cautiously extrapolated to a
silicon micromachined structure. In the model, two layers of silicon were modeled with a
single piece of aluminum. Thus perfect symmetry and alignment were assured for the model,
but this will not be the case for a silicon implementation. The mode balance nmay not be
perfect, and cross-polarization may be seen where it is not present with the model.

4.4.2 Recommendations for future work

Since the silicon micromachined waveguide coupled to a diagonal horn works as an
electromagnetic structure, it is worthwhile to spend some time considering future work. The
obvious next step is to make the antenna and waveguide out of silicon. The proposed two
step etching process should be feasible. The first ctching step would be the isotropic ctch to
define the horn flare, followed by the anisotropic etch to form the waveguide channel. Since
the lithography will take place from opposite sides of the waler, the anisotropic ctch
lithography will not have to be done on curved isotropically etched surfaces. Thus the two
etches will be compatible with each other

Once the details of the etching have been worked out, an actual millimetre-wave
system should be constructed. These experiments were performed at 110 GHv. and used large
area inserts - 25 mm x 66 mm. It may be advantageous to work at a higher frequency where
the area of each insert would be smaller and more could be fabricated on a wafer.  For
example, a 345 GHz source is available. Therefore, dimensions couid be reduced by a factor
of 3. Another issue is the detector technology to use. Superconducting tunnel junctions are
one possibility, but they are difficult to fabricate and must be cooled to 4K. Although less
sensitive, bismuth bolometers are easy to fabricate, are easier to match to antennas since they
are purely resistive, and can be calibrated with DC measurements [6].

With a fully integrated system, measurements in addition to antenna patierns will be
possible. For example, directional coupler could be integrated on the wafer for return loss
measurements. At that point it will become possible to go back and modify the processing
steps to optimize the electromagnetic performance of the millimetre-wave system. For
example, the present design for the waveguide-to-horn transition probably has a low return
loss. This could be improved by making the transition more gradual, by modifying the shape
of the isotropic etch mask.
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Chapter 5:

Conclusions

The objective of this thesis was to develop new techniques that would cnhance
millimetre- and submillimetre-wave receivers for radio astronomy. Three innovations were
tested; of these techniques, two were successiul and one was not.

Chapter 2 described an attempt to make a mixer with an clectrically-adjustable tuning
element. That work was not successful because of the limited sharpness of practically
realizable superconducting devices. However, that work demonstrated a method for precise
construction of a waveguide mixer block and the computer-aided design of the waveguide
probe. It also produced a receiver within a factor of 10 of the theoretical sensitivity Timit.

Chapter 3 described the integration of a Josephson effect suppression magnet onto the
mixer integrated circuit. From theory, the design relations were derived and confirmed with
an experiment. This contribution is important because it has added another component to the
mixer integrated circuit that already contains the active device, matching network, and
antenna. This technique should aid in the development of focal plane array receivers because
it will reduce the volume and mass required for cach mixer clement by climinating external
superconducting electromagnets and flux concentrators.

Chapter 4 described a test of the feasibility of combining silicon micromachined
waveguide with a diagonal horn antenna. Micromachined waveguide has been developed as
a means of fabricating high quality waveguide by integrated circuit techniques.
Unfortunately there did not seem to be a way to integrate other components with the
waveguide, and it appeared that flanges would be needed. This chapter shows how the
structure of the waveguide could be modified to allow it to be casily coupled to a diagonal
horn. This work is important because it has shown another way to build integrated systems at
millimetre- and submillimetre-wavelengths.  This work has demonstrated some of the
problems with diagonal horns and has shown onc method to reduce the undesired
characteristics.
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Appendix:

An Outline of Superconducting Electronics®

A.0 Introduction
The purpose of this appendix is to provide « background in superconductivity with an

cmphasis on applications that are important to RF engineering at millimetre wavelengths,
namely active devices and superconducting transmission lines. The motivation for including
this appendix is that such information is not a common component in electrical engineering
curricula. Keeping this material separate also helps smooth the flow of the chapters in this
thesis.

In this appendix the applicable theory will be reviewed and a set of tools will be
developed (o help understand the theory and to be used for design. The first section will
cover Bardeen-Cooper-Schrieffer (BCS) theory, with emphasis on why superconductivity
works, and on quasiparticle excitations. Excitations are critical for understanding the next
section which covers superconducting tunnel diodes. That section will show how to obtain
the fundamental circuit parameters of superconducting tunnel diodes for the design of
sensitive mixers. Excitations are also important in the understanding of superconducting
transmission lines. Here a phenomenological theory is developed from the observed bulk
properties of superconductors and Maxwell’s Equations. The final section covers
superconducting circuits that can be used to measure the properties of transmission lines.

Several topics are beyond the scope of this work. Superconducting antennas will not
be covered since these are usually electrically small, which is not the case for millimetre
antennas. High transition temperature (high T,) superconductors will be ignored since
“conventional” superconductors are still the dominant material for electronic applications,
and because much of the theory presented here will also apply to the new materials when they
become widely used. Also ignored is the behavior of superconductors in the presence of

strong magnetic fields.

A.1.0 Microscopic superconductivity
The purpose of this section is to help to understand the mechanism of

superconductivity.  Although later sections will show how some problems are solved
successfully without knowing how superconductivity works, tunneling and other problems
require an understanding of what happens to electrons within superconductors.  This
discussion will begin by examining conduction in normal metals and then expand upon that
knowledge to include superconductors. In many ways, the theme of this section is to study
paired superconducting electrons so that the properties of unpaired electrons can be known,
since it is unpaired electrons that are responsible for quasiparticle tunnel diodes and

tThis material was originally presented to meet the requirements of a directed-study course EE602 (B2):
Superconducting Electronics in April, 1993.
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controlling kinetic inductance.

A.1.1 Conduction in normal metalst

Basic solid state physics will be discussed here to lay out the concepts and
terminology needed to understand electrical conduction in metals.

First, consider the plot in Figure Al that shows the occupancy for states of different
energies. Beginning at low energies, the states are completely filled. This is because
electrons are fermions and by the Pauli exclusion principle, there is a limit to the number in
one state. The dotted line shows the probability distribution when the temperature is at
absolute zero: the probability remains at one up to the Fermi energy (€;) and then drops to
zero. This rectangular ground state distribution has the high cnergy edge smeared out by
electron excitations at temperatures above absolute zero. Note that these excitations from the
ground state can have arbitrarily small energies above the Fermi encrgy.

ME)

Ep E
Figure A.1: Probability of occupancy versus electron energy.

Another useful tool in visualizing the properties of electrons is a Fermi surface, which
is a three-dimensional surface in k (momentum) space for values of k where the energy is
equal to the Fermi energy. Since conduction electrons behave similarly to free particles, it is
reasonable to assume that they can be described by a plane wave. Using Schridinger's
equation, it can be shown that the energy is proportional to the momentum squared, and that
there is no direction dependence. Thus in this case the Fermi surface is a sphere (real Fermi
surfaces may be more complex). The states within ~kT (k is Boltzmann's constant) of the
surface are the ones important for electrical conduction. States deeper in the sphere arc
completely filled and are essentially inaccessible.

Excitations in a normal conductor will be considered now. Figure A.2 shows the
probability of occupancy as a function of momentum. Also shown are a hole excitation and
an electron excitation. Every excitation in a normal metal must produce both a hole and an
electron since the electron must come from somewhere.

+ This section follows Chapter 1 of Van Duzer and Turner, [1], with occasional material from Blakemore, [2].
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Figure A.2 Hole and electron excitations in a normal metal.

Figure A.3 shows a representation of excitation energy as a function of momentum.
The top curve is parabolic due to the relationship between energy and momentum. The total
energy to excite an electron at €, from g is €, - €,. The second plot is the first replotted using

the function E=I£—8,,.|, or simply taking the part of the curve below g and folding it

upwards. On this graph, the excitation energy is just the sum of the electron energy, E,, and
the hole energy, E,. Note that there is no energy gap between the excitation curve and the
7=0 axis; a similar curve for superconductors has a gap.

The remaining topic to cover for a normal conductor is the electron-phonon
interaction. Such interactions are important since they not only result in resistance in normal
materials, but also result in zero resistance for superconductors. When an electron is
scattered by a phonon, both momentum and energy are conserved. Since essentially no
unoccupied electron states exist below the Fermi surface, the momentum of a scattered
clectron must be close to the Fermi surface. The situation is somewhat different for phonons
since the occupancy of states is highly temperature dependent while for electrons only very
small changes in the occupied states occur as the temperature is increased. At low
temperatures only low phonon momentum states are occupied, and thus only small changes in
clectron momenta are possible. With high temperatures the phonon momenta become
comparable to electron momenta so large angle deflections are possible.
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holes electrons

Figure A.3: Two representations of electron and hole excitations in a normal conductor.

A.1.2 BCS superconductivity'

The Bardeen-Cooper-Schrieffer (BCS) theory of superconductivity is abstract and the
mathematics are complex. It is beyond the scope of this paper to cover the derivation of this
theory in any depth. Instead results will be presented that will be useful later on.

The fundamental phenomenon that makes superconductivity possible is the pairing of
electrons at low temperatures. Pairing occurs since the total energy of the system 18
minimized. Although free electrons will repel each other due to Coulomb's force, in a
superconductor the electrons interact with the lattice through the exchange of phonons and a
net attractive force is produced. A simple picture to describe what happens can be made hy
considering an electron (negative particle) moving through a lattice of positively charged
nuclei. The electron will attract each nucleus slightly as it goes by, and after it has passed,
the nucleus will spring back to its original position. If the nucleus overshoots its original

t This section follows chapter 2 of Van Duzer and Turner [1], which is based upon Bardeen, Cooper, and
Schrieffer [3]. Cooper [4] has also written a readable introduction to superconductivity.
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position, a second following clectron will feel an attractive force since the positively charged
nucleus is closer than it would have been if the first electron had not gone past first. Thus the
two clectrons have communicated by way of a lattice vibration (a phonon) and the force
hetween them can be attractive under the right circumstances.

The isotope cffect was used as experimental evidence to come to this conclusion. It
was found that the transition temperatures of different isotopes of a superconductor follow

the law:

T o I/NM (A.1)
where M is the mass of the ion. Since the electron configuration is the same for different
isotopes of the same element, this meant that the lattice itself is involved in
superconductivity. More evidence of the importance of electron-lattice interactions is that
very good normal conductors like silver, gold, and copper do not superconduct. The high
conductivity of these materials is due to the very small interaction between the lattice and the
clectrons, which is too small to allow electron pairing to occur.

There is more to be said about this superconducting ground state. With zerc current
flow, the pairing occurs between electrons of opposite spin and opposite momentum. For a
non-zero current, the momenta have a non-zero sum. Phase-locking also occurs between
pairs so that the ensemble can be described by a single wave function.

Since the energy of the system is reduced with each pair formed, a finite energy is
required to break the pair. This energy is called the gap energy and is represented by the
symbol A. A typical value for A is 1.5 meV for niobium. It is this energy that gives
superconductivity its properties of persistence; perturbations to the system that are below the
pair-breaking energy cannot cause a dissipation of energy. A crude analogy can be made by
representing the Fermi sphere of a normal conductor by a glass of water filled to the brim,
and a superconductor by a glass of water filled to a small distance below the brim. Any
motion will cause the first glass to lose water, whereas the second glass will only lose water
with more violent movements. Likewise the Fermi sphere of a superconductor has pairing
occurring at the surface and this pairing sets up a buffer of height A that prevents excitations
of arbitrarily small energy.

Thus it can be seen that the only excitations that are permitted in a superconductor are
those that split a Cooper pair. Like excitations in a normal metal, excitations in a
superconductor involve the creation of a hole (unoccupied state) and a new surely occupied
state. This is shown schematically on Figure A.4 where the probability of occupancy is
plotted against momentum. Since the superconducting ground state consists of pairs of
clectrons with equal and opposite momentum, this plot has both negative and positive wings.
The first plot has an electron added well below the Fermi level (kg) at k, which already has
an occupation probability of one, so there is no change in the occupation. However, a hole is
clearly excited at -k, and this excitation is called a quasihole with the loss of one electron.

The next graph shows an excitation at k, . Since this state is empty, an electron can
be placed here. At -k, the state is empty and an electron cannot be removed. Thus there is a
net gain of one electron and the excitation is called a quasielectron. Excitations nearer to the
Fermi level where occupation probabilities are between zero and one will clearly involve
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both the loss and gain of an electron. Since the probabilitics are fractional, the net excitation
will involve the loss or gain of a fraction of an electron.

Note how two difficulties have arisen: electrons have been created or destroyed, and
in fractional numbers. These problems are avoided since the breaking of each Cooper pair
involves two excitations. It can be shown that for k' and k" which arc spaced equally on
either side of kg , the probabilities of these two momenta are related by

vl =1-v.°. (A.2)
It is now easy to show that the quasielectron created from one cxcitation is canceled by the
quasihole of the other excitation, so that the net gain in charge is always zero. As a result, the
energy required to break a pair is 2A.

v

'kz kz

Figure A .4: Excitations from the superconducting ground state.

To prevent possible confusion, several points about quasiparticles should be noted.
These excitations are very much like electrons - they can be scattered - but they cannot he
within A of the Fermi surface and they have a finite lifetime. Unlike Cooper pairs, there is no
phase correlation between particles. Between 0 and T, a superconductor has populations of
both Cooper pairs and quasiparticles. As T, is approached, thermal energy breaks morc pairs,
until, at T_, all pairs are broken and all electrons are normal electrons. Although much of the
theory and terminology used is shared with semiconductor solid state physics, the term “holc”
has a different meaning in superconductivity: it simply implies an unoccupicd state and does
not have the attributes of a hole in a semiconductor such as an effective mass.

The energy of excitations can be plotted against momentum, as in Figure A.5. Nolc
again the minimum excitation energy A. In this plot the ground state is along the horizontal
axis.



Quasielectrons

Quasiholes

Figure A.5: Energies of quasiparticle excitations

One interesting property of quasiparticles is the lifetime before recombining with
another quasiparticle to form a Cooper pair. Kaplan et al. [5] have studied this and the
results will be given here. For niobium they calculate that for quasiparticles with excitation
cnergies ~ A and T ~ 5.5K, the recombination time is ~ 6x10-10 seconds. Later it will be
shown how the injection of quasiparticles will modify the inductance of a transmission line.
Knowing how long this nonequilibrium quasiparticle injection survives will be important in

determining the number of injection points along the line.
Before moving onto devices, the density of states for excitations must be explained.

For most purposes the density of excitation states can be written as

N (0)E
JE* - A
for |E|> A and zero otherwise. This shows that at energies far from A, the density of states
approaches that of a normal conductor. Figure A.6 shows the density of states for a
superconductor in a semiconductor representation. In this figure, energy increases in both
directions away from the origin and quasihole states are assumed to be full. The
superconducting ground state is a horizontal line through the horizontal axis. This diagram is
an important tool for understanding tunneling.

N.(E)= (A.3)
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Figure A.6: Density of quasiparticle states.

A.2.0 Quasiparticle tunnel junctions

Now that a foundation of theory has been laid, active devices called superconducting
tunnel junctions can be understood. This discussion will be in two parts. The first will
explain tunneling and the DC properties of the devices, and the second part will examine the
RF properties.

First, terminology will be explained. Supercenducting tunnel junctions arc often
identified by the physical construction, such as superconductor-insulator-superconductor
(SIS) junctions, or as superconductor-insulator-normal (SIN) junctions. If the devices are
used in ways where the Josephson effect is important, they may be called Josephson
junctions, although they may physically be SIS junctions.

A.2.1 Tunneling theory'

Tunneling is a phenomenon where a particle crosses a region with a potential barrier
that could not be crossed according to classical physics. The usual explanation for this
process is that the position of an electron is best described by a probability distribution
function that decays beyond the edge of the metal. If two metals are brought close cnough
that the distribution functions overlap into the other material, then there is a finite possibility
that a particle from one metal can be found in the other.

1 This section follows sections 2.13 to 2.16 of Van Duzer and Turner, [I].
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Tunneling between two normal electrodes at absolute zero temperature will be
presented here. The density of states is filled up to the Fermi energy and available unfilled
states exist immediately above the Fermi energy. If a small voltage is applied across the
clectrodes, the curves for the two electrodes are shifted so that part of the filled states on one
side overlap some of the unfilled states in the other conductor. Thus electrons can tunnel
from one side of the barrier while conserving energy. As the voltage is increased, more states
become available so the current will increase. If the densities of states are rectangular

functions then the tunneling current follows I/, =G, V, or the tunnel junction behaves like a
resistor. Note that in this discussion no mention of superconductivity was made: tunneling
will occur at any temperature.

unfilled states

N(E)

¥ filled states

normal superconductor

Figure A.7: Density of states representation of normal - superconductor
tunneling.

If one of the electrodes is changed to a superconductor, the DC characteristics change.
This can be best understood by observing Figure A.7. Here it can be seen that tunneling
cannot occur unless there is a potential of V > Ale across the junction, upon which current

begins to flow.
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Figure A.8: Density of states representation of SIS quasiparticle tunncling.

Changing the normal electrode to a superconductor changes the junction properties
vet again. See Figure A.8. In this case current will not flow until the filled states of one
electrode are displaced vertically so that a horizontal movement will put them into the
unfilled states of the other electrode. For identical superconductors a potential difference of
eV = 2A is required.

The density of states representation is quite useful since it not only helps to visualize
the process that is occurring, but it can be used to calculate the current as a function of
voltage. For the case of T = 0, the quasiparticle tunneling current can be written as

| = 2TeA

Xy

[ 1T V("= eV)N,(E")dE"

— Gll V-4 IE’—evl |E,| d ’ (A'4)
G Bl e
e [(E-evy-a JE?-A

where A is the junction area, T is the tunneling matrix coefficient, and G, is the conductance
of an equivalent junction with normal electrodes. The integrand of the first integral can be
seen to be the product of the two overlapping density functions along with factors such as the
T that take into account the physical geometry. The second integral is obtained after
substituting a simplified expression for the density of states. At large voltages V the A term
becomes insignificant and the second integral reduces to the form for an NIN junction. Thus
the current-voltage characteristic for an SIS junction has no current flowing until 2A/e (also
called the gap voltage) is reached, and then the current at higher voltages approaches that of a
resistor. This is shown in Figure A.9.
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Figure A.9: IV characteristic of a SIS junction.

Real SIS junctions depart from this idealized characteristic. For example, junctions
arc typically operated at T, /2 and there will be thermally excited quasiparticles that can
tunnel and produce currents at less than the gap voltage. There can be tunneling of Cooper
pairs and other types of multiparticle tunneling that also produce sub-gap currents. The
current rise in real junctions is also not infinitely sharp since the density of states functions
are not actually step-like. One other reason for less than ideal IV characteristics is that a
single junction can be thought of as a number of small junctions in parallel. These small
junctions may not be identical, so the IV curve is a composite of the smaller junctions.

A.2.2 RF properties of a superconducting tunnel junction’

In the previous section it was described how a DC potential can provide the energy to
split a Cooper pair and produce a quasiparticle that can tunnel through the insulator. As well
the absorption of a photon of sufficient energy <an break a pair and thus enable tunneling.
This section is concerned with the behavior of SIS junctions with a sinusoidal driving voltage
and how to make practical circuits with these devices.

The first problem to attack is how to describe the junction with an AC signal applied.
The response of the junction has been derived for a real excitation; now the response to a
complex excitation has to be determined. To do this, Cauchy's Integral Formula is used [7]:

J2ny 2-2
This formula gives values f for points z, inside the contour C along which the values of f are
known. To be valid, f must be an analytic function (that is, the derivative must exist at a
point and at all points in the neighbourhood) throughout the complex plane.

fa)== IM (A.5)

t Van Duzer and Turner cannot be followed here since that text was written at the time when important
theoretical and experimental results for SIS devices were being obtained. The key reference to this section is the
review by Tucker and Feldman [6].

105



Equation (A.5) can be made to apply to the problem of SIS junctions. First consider a
half-plane so that the path of integration goes along the real axis from -R to +R, and then
along a counterclockwise circular contour back to -R. Cauchy's integral can be broken into
two parts,

1 ¢ f(s)ds 1 “Ef(n)dt
e . N A.6
f( 0) jzn(‘[{ S’_Z() j21t_‘[‘, t—_Z() ( )

a path along the half-circular contour, and another path along the real axis. It can be shown
that if f(z) is a bound function, then as R — oo the first integral approaches zero. Thus it has
been shown that the values in the positive complex plane are completely determined by
knowledge of the values along the real axis:

1 1) dt

— (A
J2n -z,

f (Z()) =
By taking the Cauchy Principal Value (limit as R —> o) and taking the real part, the Kramers-
Kronig Transform (or Hilbert Transform) is obtained.
However, this still isn't adequate to analyze the SIS response since as the voltage
across a junction tends to infinity, so does the current. This problem can be worked around
by subtracting out the normal state resistance:

1%
nv)y——. A8
(V) = (A.8)

n

This will shift the result of the Kramers-Kronig transform up or down, but in subsequent
calculations only the differences between points are used, so this change will be transparent.
An earlier assumption about the analytic nature of the function being transformed is also
apparently broken by the current step at the gap voltage. But in real junctions the current rise
is not infinitely sharp, so the Kramers-Kronig transform can still be used.

One additional crucial piece of information is needed before the response to a
sinusoidal voltage can be calculated. The applied voltage modulates the phasc of the
qu.._iparticle wave functions according to

e eV .
exp(—;;l-jchos(cot)dt) = exp(—]-%sm((ﬂt))- (A.9)

The reason why this is so important is that it shows the junction does not react
instantaneously to the applied voltage; rather the history of the excitation up to time ¢ will
determine the current state of the device. Later it will be shown that the admittance of the
junction at some frequencies has a reactive component in addition to the classical geometric
capacitance. It is this memory that is the origin of the quantum susceptance.

Now having the reactive current through the junction and the phase factor across the
junction, the current with sinusoidal excitation can be calculated. The details of the
mathematics involved are given by [6], and only the results will be given herc. Since the
junction I-V curve is very nonlinear, many harmonics should be generated, increasing the
complexity of the problem. However, it is reasonabie to assume that signals at twice the
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local oscillator (LO) frequency and higher will be shorted out by the geometric capacitance of
the junction. It is also usually reasonable to assume that the downconverted frequency (the
intermediate frequency or IF) is small compared to the LO frequency so that the loads at the
LO and signal frequencies will be very similar. Thus a quasi-sinusoidal analysis is valid.

The first result is the total current at the LO frequency through the junction:

’ ¥ 24
I, = I, + il

II,.() = i 'Ill (a)[‘]n—l (a) + Ju+l (a)]ll)t(‘lz) + nh(,l)/(,’)
e (A.10)
[l”() = z Jn (a‘)[‘ln—l (a) - ‘In+l (a)]IAK (‘/() + nh(")/e)

o= VI,()/(hw/(-')
where o is the normalized LO amplitude, V, is the DC bias voltage. Iy, is the Kramers-
Kronig Transform of the DC I-V curve, and J, is the n-th order Bessel function. From this
the quantum conductance and susceptance can be written:

1 o0
G, = T z 'In(a)[‘]n—-l (@) +J,. (a)]ll)c(vo + nh(x)/e)

;.0 II:“’ (A. 1 l)
BQ = 7— z ‘I" (a)[‘ln—l (U') - J,H-I (a)]]KI\' (‘/() + 'zh(,‘)/e)

LO) n=—o

or for small values of o. where the Bessel functions can be replaced with zeros and ones:

e .
G, = %[loc(vo +h0)/e)— Inc(vo —hm/e)]

(A.12)
B, EE;—(D[IKK(V() +hm/e)+lxx(vo _ho‘)/e)_zll(l((v())]

Thus for small signals these parameters can be obtained graphically from plots of the I-V
curve and its transform. Note that as the frequency is reduced the quantum susceptance
approaches zero, which is the result for classical mixers

Since the SIS junction is being used as a mixer to convert a signal at one frequency to
another frequency, Tucker then derives an admittance matrix that relates the voltage at one
frequency to the current at another frequency. This analysis confirms that the admittance
scen by the LO generator is indeed the quantum admittance. The output impedance at the IF

frequency is calculated to be:
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- 2 d
Gy = 2 ‘]n-(a)Wll)(‘(v() +”hw/")
0 .

n=-ea

(A.13)

B,=0
This is simply proportional to the slope of the pumped I-V curve at the bias point, as can be
seen if the DC current is calculated:

Ipe = Z‘]nz(a)lm'(v()+"h0~)/")- (A1

n=—oe
Again, the IF output impedance is a number that can be obtained by graphical means from a
measured [-V curve.

It is now instructive to apply these equations to an I-V curve and to observe the
junction parameters. The I-V curve used here is that of an ideal niobium SIS junction with a
gap voltage of 2.8 mV, a normal state resistance of 18 €2, and a local oscillator frequency of
115 GHz. Similar plots were obtained by Worsham er al. [8] by direct measurements to
confirm this theory. Figure A.10 shows the IV curve and its Kramers-Kronig transform.

If a constant amplitude local oscillator signal is applied to the junction, steps will be
induced into the I-V curve with a width of w#i/e. The depth of the steps is determined by the
local oscillator amplitude. Figure A.11 shows the curve when the normalized amplitude is
o.=1. SIS mixers are typically biased in the middle of the first photon step below the gap, so
the IF output admittance is the slope at the middle of the step.
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Figure A.10: Junction IV curve (solid line) and its Kramers-Kronig transform
(dashed line).
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Figure A.11: Junction IV curve without (solid line) and with (dashed line)
local oscillator applied.

Knowledge of the junction admittance is important if one is to design low-noise
mixers which have efficient coupling between the antenna and the junction. Figures A.12
and A.13 show the real and imaginary parts of the junction admittance as a function of bias.
It can be seen that the conductance obtained by measuring the slope between points one
photon step below the bias point and one step above is close to the actual value. This value
changes a small amount within a photon step of the gap voltage and for most purposes can be
considered constant. At voltages well above the gap voltage the conductance approaches the
normal state value.

However, the susceptance changes greatly over this bias voltage range. Moving from
one photon step below the gap voltage up to the gap voltage, the susceptance starts mildly
capacitive, and then becomes inductive with a singularity at the gap voltage. For real
junctions which are not infinitely sharp, the value at the gap voltage will be finite. Again it
should be emphasized that this reactive component is a result of the quantum basis for the
operation of tunnel junctions and is not found in classical mixers or SIS mixers operated at
low frequencies. This phenomenon has interesting effects and possible applications.
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Figure A.12: Quantum conductance of SIS junction.
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Figure A.13: Quantum susceptance of SIS junction.

Earlier it was stated that these plots were generated for the case of a normalized LO
voltage amplitude of one. This is an artificial case since microwave signal generators have a
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finite output impedance, and there will be a voltage division between the LO and the
junction. Since the junction susceptance is not constant with bias voltage, the LO voltage
will also not be constant, which in turn changes the susceptance. For this reason actual
pumped IV curves will not have straight steps as shown in Figure A.11. In fact they can have
downward sloping steps which means the IF output impedance is negative. This has been
observed [9, 10], but in practice is avoided so that the mixer does not display any
instabilities. Some workers have used the distortion of the pumped IV curve to deduce the
impedance of the circuit connected to the junction [11].

An interesting application of quantum susceptance is to use it to cancel out the
geometric capacitance of a junction. For example, a junction with IV characteristics like
those in Figure A.10 would have a susceptance due to the geometric capacitance of ~ 0.13
Siemens at 110 GHz. This can clearly be resonated out by the quantum susceptance.

The material presented here is sufficient to design SIS mixers. Further material
provided by Tucker will permit a detailed analysis of the performance of the mixer including
noise and conversion gain. Wengler [12] provides a summary of current design practice and
of recent results.

A.3.0 Electromagnetic properties of superconductors
In this section a set of equations will be derived that describes the electromagnetic

behavior of superconductors. Unlike a previous section where an accurate physical
description of the mechanism of superconductivity was shown, the theory to be developed
here simply modifies Maxwell's equations so that they fit two observed phenomena. When
this theory was first developed, it was realized that eicctrons were somehow involved in
conduction in superconductors, but it was not known that pairs of electrons were involved or
that an energy gap existed for normal excitations. Thus these results will lack precision, but
the derivation will be less obscure than it would otherwise be and the equations will be

sufficient for most engineering applications.

A.3.1 London equations'’
The most widely known property of superconductors is the flow of DC current

without resistance. Since resistance is a result of the scattering of charge carriers by lattice
imperfections and impurities in a metal, it can be assumed that no such scattering (and
limiting velocity) occurs in a superconductor. Thus if an electric field is applied, an electron
will be accelerated at the rate:

v="E (A.15)

m
where m and e are the mass and charge of the superelectrons. If ng is the superelectron

density, the current density is
J=engv (A.16)

1 This section and the next follow chapters 2 & 3 of Rose-Innes and Rhoderick, [13].
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and by taking the time derivative and substituting in Equation (A.15) the change in current
density can be found:

2
€ ng

J=
m

For the next step begin with the point forms of Faraday’s and Ampére’s Laws:

E. (A.17)

B=-VxE
. (A.18)
VxH=J+D
Ampere’s Law can be sim,."ified to
VxB=p,J - (A.19)

because the fields do not vary rapidly with time, making the derivative of D small compared
with J. Using the earlier result for superconductors, Faraday’s Law can be written as

m

B=- Vx]. (A.20)

2

eng
This can be combined with Ampéere’s Law to give

B=-0VxVxB

o = mf(1.e’ng)
Using Gauss’ Law for magnetic fields (V-B=0) the double curl can be reduced to grad
squared. To further simplify things assume that the flux is perpendicular to the x-axis. The
differential equation then becomes

(A.21)

5
a—§=—I-B. (A.22)
ox” o

The bounded solution to this common differential equation can be written by inspection:
B(x)= Bexp(—x/fo?). (A.23)

Equation (A.23) predicts that the time rate of change in the magnetic flux approaches
zero inside a perfect conductor. Thus if a superconductor were a perfect conductor, cooling it
through the transition temperature in the presence of a magnetic field would trap the flux
lines through the material since the equation states that they cannot change with time. In
1933 Meissner and Ochsenfeld showed that this is not the behavior of superconductors. They
found that regardless of the state of the external magnetic field above the superconducting
transition temperature, when the material became superconducting all fields were excluded
from the interior. Therefore a superconductor is a perfect diamagnetic material since B=0in
the material.
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A.3.2 Magnetic penetration depth
With this second observation, the above derivation is restricted even further. Not

only must the time derivative of the field decay with distance into the superconductor, but the
field itself must also decay. Thus B must obey

VB= B (A.24)
o
which gives an exponential decay of the field as
B(x) = B, exp(~x/\,) (A.25)

with the penetration depth defined as

A, = o = mf(,eng) . (A.26)

A typical value is several tens of nanometres.
Working backwards from these results, a second London equation can be derived that

relates the magnetic field to the currents in the superconductor:

B=-pu 2VxJ. (A.27)
Thus the current density as a function of depth is

J,(x)= B}‘:-exp(—x/xL)=J,, exp(—x/A,). (A.28)
0~L
This shows that the current in the superconductor flows within a penetration depth of the

surface. The magnetic field also penetrates to this depth. Within this thin shell, screening
currents are set up that produce magnetic fields deeper inside the superconductor to cancel

the external field.
An empirical expression has been obtained for the penetration depth as a function of

temperature, which is

()= (A29)
1-(T/T;)
This shows that as the temperature is raised towards T, the penetration depth approaches
infinity or the current and field fill the entire metal and it becomes a normal conductor. Also
note that at half the critical temperature, the penetration depth is only 7% larger than the
value for absolute zero.

A.3.3 Superconducting transmission lines
It is now interesting to look at the properties of transmission lines constructed with

superconducting metal. Although superconductivity does not alter the capacitance of a
transmission line, with certain line geometry the inductance can be modified due to kinetic
energy storage by the Cooper pairs. It is possible to use thin-film deposition techniques to
make very thin conducting and insulating layers that will enhance this effect.
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The starting point for this derivation is to consider an infinite parallel-plate waveguide
which has all of the magnetic field confined between the plates. It can be shown that the
solution for the field as a function of depth y into the metal is

N — Sinh(}’/kl,)
B.O) =kt sinh(b/1, )

where J is the current density and b is the metal thickness.

A more practical type of ‘ransmission line consists of a large (effectively infinite)
ground plane covered with an insulating layer of thickness d and a narrower conductor of
width w on top. A cross section through this line is shown in Figure A.l4. The
superconducting film thicknesses are denoted by b, the magnetic penetration depths by A, and
the volume of integration is shown with the dotted line. The inductance will be found by
equating the energy stored in the inductance to the total energy stored in the line, as shown
by:

(A.30)

2
w=—Li-=ljB-Hdv+ljmv2dv (A31)
2 29 2]

where i is current, V is volume, and m, e, and v are electron mass, charge, and velocity.

Figure A.14 Geometry of miciostrip transmission line showing the volume of
integration.

A number of substitutions can be made to simplify the analysis:
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H=2,

“‘0
m=ngits. . (A.32)

V= J.S'/(ens)7

A=+ m.s'/p'o”sez
where n¢ and mg cqual the density and mass of the Cooper pairs. Thus Equation (A.31)
becomes:

L= (B2 +p,2,2057) v (A.33)
0Ov
The first part of the integral is a result of the energy stored in the magnetic field, and the
second part is due to the kinetic energy of the Cooper pairs. The integration is performed by
breaking the volume into parts: within the metal the earlier equation for B is used, and J is
obtained by applying Ampere’s Law (VxB=p,J). In the dielectric the current density is

obviously equal to zero and the magnetic flux density is a constant value and continuous with
the flux density at the surface of the superconductor. After evaluating this integral and
simplifying the result, the equation for the inductance of a microstrip line of width w is

obtained:

w A ) d A,
It is instructive to look at several limiting cases. If the film thicknesses are large
relative to the magnetic penetration depth, then the hyperbolic cotangent functions approach
unity and Equation (A.34) becomes

L= M(l +%coth(ﬁ)+hcoth[l’2—)). (A34)

_—:%(dm, +1,), (A.35)
and if the dielectric thickness is also large compared with the penetration depth, the usual

cquation for a normal conductor microstrip line is obtained (L=pu,d/w). Thus the case
when d is not large can be understood by increasing the dielectric thickness by the two
penetration depths. This change in inductance is strictly a result of the geometry of the films

and the penetration depth.
Now consider the other extreme, where the film thickness is less than the penetration

depth. By using a series expansion of the hyperbolic cotangent function, the inductance
equation can be approximated by:
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b, b, A7 A
L="|d+++2+L+2-| .36
w( 3 3 b b ) (A-16)

The first three terms in the sum clearly form the normal result modified by ficld penetration
into the metal. The last two terms must be the kinetic components since they increase as the
films are made thinner. If these terms were due to geometry only, the inductance would be
expected to decrease with thinner films. This assertion that the last two terms are kinetic
inductance terms is made stronger by replacing the penetration depth with the value derived
from fundamental parameters:

L. (A.37)
wb nee”

The kinetic inductance can be obtained directly by taking the first London equation,

2
e’ng

J=—2E, (A.38)

m
and solving for a sinusoidal current. Using the usual definitions for current density and
electric field, this simplifies to

V= joao—I (A.39)
e‘nowb
and comparing with V = jooLl, it is seen that these two expressions for inductance arc the
same.

The relation between the inductance and the number of superconducting electrons
may seem strange since as the number of superconducting carriers increases, the kinetic
inductance (which is a result of the existence of superconducting electrons) decreases. This
apparent paradox can be resolved by way of a simple analogy. Consider two water pipes with
different cross-sectional area that deliver the same flow (volume per unit time). The density
of water (volume per unit length) is lower in the smaller pipe, so the velocity of that water
must be greater to deliver the same volume. Thus the water in the narrower pipe will possess
greater kinetic energy.

And finally, a reminder of how the kinetic inductance modifies observed transmission

line parameters. Since the velocity of propagation is l/ JLC, wave propagation down the

line is slowed. The characteristic impedance of the line is 4/L/C, so the impedance is
increased. Thus it can be seen that a transmission line constructed with the Kinetic
inductance enhanced could be very useful. For example it may have a higher impedance than
what could be constructed with normal metals, or the physical length could be reduced while
maintaining the same phase length. Also, if the population of superconducting electrons
could be controlled, the transmission line would be adjustable. Several ways to do this arc by
heating the line, injecting quasiparticles with a current through a tunnel junction, or by
illuminating the metal with photons of energy great enough to split pairs.
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A.3.4 Two-fluid model
Until now, only the superconducting electrons in the metal have been considered.

However, between absolute zero and the transition temperature normal electrons will be
present, and will influence the electrical properties for an AC signal. The two fluid model is
based on a superconductor with populations of both types of carriers and densities described

by this empirical equation:

4
L —(l) . (A.40)
n T.
Thus the total current can be written as the sum of the normal and super currents:
J=J +J, =(c,-jo,)E. (A.41)

Up to frequencies where the period of the electric field is comparable to the momentum
relaxation time (several hundred GHz), the conductivity can be approximated as

G, =0, (”n /")»
G, = 1/(0311(,7»1.2)

where 6, is the normal state conductivity just above T.. Figure A.15 shows a simple circuit
model to explain the two fluid model.

(A42)

Figure A.15 Schematic representation of two fluid model of current through a
superconductor.

The surface impedance for a superconductor can be obtained by substituting the two
conductivities into the classical equation for surface impedance:

z, = Jjo,/o (A43)
and after several approximations obtain
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Z =wu,*A, n,0, [(2n)+ jopd, . (A.44)

This result is important from a design point of view since it provides an alternate way
of calculating the properties of a transmission line. For example, it is often more convenient
to use an electromagnetic simulation program to obtain the properties of microstrip
transmission lines. Rather than simulating the geometric inductance, and then adding the
kinetic inductance, a program can use the surface impedance as a boundary condition and
obtain the correct transmission line properties directly.

A.4.0 Superconducting quantum interference devices (SQUIDs)'

So far only quasiparticle tunneling in SIS devices has been discussed. However,
Cooper pairs are also capable of tunneling if the wave functions on either side of the barrier
overlap. Since Cooper pairs are boson-like, there is no restriction on the number that can
tunnel into a particular energy level, so tunneling can occur with a zero potential between the
electrodes. If a potential is applied, this excess energy is dissipated by the emission of a
photon. Thus we can see that a tunnel junction can be used as a radio frequency signal
generator. And since the junction has a coherent superconducting wave function tunncling
through, the boundary conditions on superconducting loops can be used to realize circuits
capable of measuring magnetic fields and thus inductances. The next sections will outline
how measuring circuits that exploit pair tunneling can be formed.

A.4.1 The Josephson junction as an RF signal source
Consider two superconductors far apart. The wave function in each can be described
by the phasor

Y=g /PO (A.45)

where P (the momentum of a pair) and r (the position) determine the phase and |‘l‘|2 is the
density of pairs. If the two superconductors are brought very close together the wave
functions, which extend ~100 nm beyond the surface of the metal, begin to overlap the other
metal. Thus it is now possible for the Cooper pairs to tunnel across the gap. Since Cooper
pairs are boson-like, they all occupy the same ground state and there is no restriction on the
number in this state. Therefore it is possible for a Cooper pair to tunnel with no potential
across the junction. This is clearly unlike quasiparticle tunneling which had an energy gap
and a limited number of states to tunnel into.

It is also important to note that as the superconductors are brought together and
tunneling becomes possible, the phases of the wave functions become coupled. Feynman et
al. [14] derive the Josephson equations:

J=J_sin¢

fol B _av
2n ot h meV

482GHz v (A.46)

in

1 This section is based largely on Feynman, Leighton and Sands,[14] pp. 21-1 10 21-18
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with J, the critical current density of the junction, ¢ is the wave function phase across the
junction. If the junction is biased to a voltage V the current will oscillate at a frequency f.

Using a tunnel junction as a voltage-controlled oscillator has several possible
applications. One is to provide the local oscillator signal in an integrated circuit millimetre-
wave receiver. Another is to form a circuit to measure the properties of thin-film materials at
cryogenic temperatures. In this configuration the junction is coupled to an unterminated
transmission line that contains the materials under test. The bias is swept which in turn
sweeps the oscillator frequency. As the frequency passes through transmission line
resonances, the DC bias current is perturbed. Thus the resonance frequencies can be
determined, and from this information the material propeities can be extracted.

A.4.2 Inductance measurement using SQUIDs

Superconducting Quantum Interference Devices (SQUIDs) are constructed with one
or more junctions connected to a superconducting loop and to a bias supply. These devices
are famous for being able to measure very minute magnetic fields. Here we will discuss the
DC-biased SQUID used for measurement of superconducting transmission lines.

The physical basis of the operation of a SQUID is simple once one accepts the long-
range coherence of the Cooper pair wave function. By “long-range coherence” it is meant
that once the phase, amplitude, and wavelength of the wave function are known at one point,
the phase and amplitude can be calculated for any other point in the (continuous) super
conductor. This is analogous to electromagnetic wave propagation in a transmission line.
This coherence is maintained throughout the superconductor: for example, if a large
superconducting magnet is made of a kilometre of wire, then the wave function extends the
full kilometre.

Now consider a property of superconducting loops. Starting at one point, and going
around the loop back to that point, the phase change experienced must be an integral number
of revolutions on the complex plane, that is

Ap=2nm

n=0,1,2,...
This is a necessary condition so that the wave function has only one value at any point. Note
that the wavelength of the wave function is a function of the momentum of the electron pair,

as can be seen by A =h/ P. Thus the phase around the loop is

(A47)

A¢=2n§&f{|-=%§P-dl (A.48)

where X is a unit vector in the direction of propagation. It can be shown that the momentum
of a pair of electrons in a magnetic field actually has two components, the well known
velocity dependent term, and a term that is the product of the charge and the magnetic vector
potential. The momentum thus takes the form:

P=2mv+2eA. (A.49)
For the moment the kinetic component will be ignored. Combining Equations (A.48) and
(A.49) and using Stokes’ Theorem produces a simple relation
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%%'d'=%I!(VxA)-ds=%jjB-cls=2Tf¢=2nn (A.50)

where @ is the flux.

In a SQUID circuit, such as that in Figure A.16, there will be “phase drops™ across the
tunnel junctions in addition to the phase along the superconductor. Again using a common
electrical analogy, this is like Kirchhoff’s Voltage Law where the sum of the voltages around

a loop equals zero.

T -
hlkl

Figure A.16: Schematic of SQUID. Shaded boxes represent tunnel junctions
and the clear shapes are the superconducting wiring.

An equation for the wave function phase can be written by going around this loop in a
clockwise direction and adding the phase across the right side junction (¢,), subtracting the
phase of the left side junction (¢,), and equating the sum to zero. This produces the loop
equation

2nd

¢'—¢I+_2hﬁ¢=¢’—¢'+ & 0 (A.51)

0
with @, equal to the magnetic flux quantum. Now that the relationship between the phases
across the junctions is known, an equation for the total current can be written:
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0

(A.52)

This can be simplified with trigonometric rules. It is found that the sin(d,) term is
modulated by a rectified cosine function:

CoS| —
d)o

Thus by counting fringes the magnetic field strength can be determined.

Note that what the SQUID is really measuring is the momentum of the
superconducting electrons. In the example above the effect of the external field was assumed
to dominate both the internal field and the Kinetic components of the momentum. However
by minimizing the loop cross-sectional area, the SQUID can be made insensitive to external
fields, so that it can be used to measure the internally generated fields or inductance of
conductors. This is a completc measurement of the inductance (including the kinetic
inductance) since the Cooper pair momentum is the actual quantity that is measured. It is
also interesting to note that this inductance measurement is taking place at DC; classical
inductance measurements usually require the test element to be excited by an AC source.

|1,(®)| =21, (A.53)

A.5 Conclusions

In this appendix a summary of the theory of superconductivity has been presented
from an engineering point of view. Emphasis has been given to aspects important to the
design and construction of millimetre-wave receivers. The theory of superconducting tunnel
diodes has been discussed and simple relationships for obtaining the circuit parameters of
these devices have been shown. The problem of superconducting transmission lines has been
addressed and equations for dealing with this problem have been developed. And finally
several circuits that are useful for measuring transmission line properties have been
described.
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