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ABSTRACT

HIGH FREQUENCY CURRENTS AND HETERODYNE MIXING
IN SUPERCONDUCTING TUNNEL JUNCTIONS

Anthony Hodge Worsham II
Yale University
1992

Both Nb/AlOx/Nb and Ta/Ta205/PbBi tunnel junctions have been produced for
studying the interaction of applied radiation with a Superconductor-Insulator-Superconductor
(SIS) tunnel junction. The junctions were of sufficient quality and size [0.5 - 4 (um)2] to
study strong quantum mixing effects at 80-110 GHz. The Ta junctions showed the closest
approach to the quantum noise limit yet reported, 0.61 £ 0.32 quanta, compared to the
quantum limit of 0.5 quanta. The Nb devices were used in a broad-band receiver with no
mechanical tuning elements. This receiver has among the lowest noise iemperatures (TR =
41 K at 80 GHz) reported at this time, particularly among receivers with no mechanical
tuning elements,

A slotted-line technique and the Nb devices were used to measure the admittance of
the tunnel junction at 87.1 GHz. The admittance is composed of the quantum conductance
and quantum susceptance. This work reports the first direct observation of the singularity in
the quantum susceptance, which is related to the singularity in the reactive quasiparticle

currents.
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I INTRODUCTION

1.1 Motivation

Since Josephson (1962) first predicted an ac supercurrent flowing across a tunnel
junction in response to an applied dc voltage, much interest has been given to the effects of
dc voltage and applied radiation on the tunnel junction. Most of this attention has focused on
the pair currents, where many applications exist, including Superconducting QUantum
Interference Devices (SQUIDs), oscillators, and voltage standards. Tucker's quantum
mixer theory [Tucker, 1979] opened the door to understandin g the interaction of applied
radiation to the quasiparticles flowing in the junction, leading to the application of
heterodyne mixing. The vast majority of this thesis will focus on the interaction of
quasiparticles with applied radiation. The applied radiation discussed will be in the
frequency range of 80-120 GHz. These frequencies are hi gh enough so that the response of
even moderately good tunnel junctions is in the quantum regime, yet these frequencies are
low enough to be accessible using waveguide systems. Waveguide systems are inherently
better understood and characterized than more open, quasi-optical systems. Given these
benefits, this frequency range (W-band) is an excellent range in which to explore the
currents flowing in the tunnel junction, the fundamental quantum limits of heterodyne
mixing, and the engineering/physics involved in detecting this radiation.

The rf -induced currents are important since they are a basic prediction of the
quantum tunneling theory [Josephson, 1962; Werthamer, 1966; Harris, 1974,1975]. In
addition, dissipative and reactive currents exist in other systems, including resonant
tunneling diodes [Liu, 1991]. The technique for measuring the dissipative and reactive
currents discussed in this thesis could be extended to these other systems.

Heterodyne mixing is of interest since superconductor-insulator-superconductor
(SIS) mixers are the most sensitive detectors of radiation from ~30 to 300 GHz [Tucker and

Feldman, 1985; Blundell and Winkler, 1991]. The use of these devices in radioastronomy



has created a desire for sensitivity and ease of use. The quantum theory of mixing [Tucker,
1979] has proven to be a powerful tool with which to analyze the results of the interaction of-
radiation with the device. In addition, it is a useful tool in designing future radiation
detectors. Some of the work presented here verifies one of major predictions of Tucker's
theory, quantum limited noise in SIS mixers. Much of the work presents results for a

““““““ iver which offers broad bandwidth operation and requires no mechanical tuning
over the frequency range 80-110 GHz.

Some of the ideas learned by studying the high frequency currents and mixing in

SIS tunnel junctions lead to a novel application which combines aspects from both mixing

and the single frequency response. A novel device, which may have applications in future

high frequency receivers, is modeled in this work.

1.2 The Response of the Tunnel Junction to a Single Frequency

Chapter II discusses the underlying physics which govern the interaction of the SIS
tunnel junction with applied radiation. This interaction leads to dissipative and reactive
currents in both the pair and quasiparticle currents. Chapter VI reports a set of experiments
which measure the dissipative and reactive quasiparticle currents. These are the first
reported experiments to directly measure these fundamental tunneling currents over the full
dc voltage bias and input power range. The standing wave technique used to measure the

quasiparticle currents is a unique way in which to probe the high frequency impedance of

the SIS tunnel junction.

1.3 The Response of the Tunnel Junction to Multiple Frequencies

Chapter III gives the theoretical background of mixing two frequencies in an SIS
tunnel junction. Chapter V describes two separate "multiple frequency" experiments. One
involved a collaboration with Carl Mears, Qing Hu, and Paul Richards at the University of

California, Berkeley. This work showed the lowest reported noise in SIS mixers, relative



to the quantum limit. The experimental results have been extensively modeled and show
good agreement with the quantum mixer theory predictions. My part of this collaboration
was the fabrication of the devices. The quality of these devices was important in achieving
the quantum limited noise. Many of the fabrication issues of these devices are discussed in
Chapter IV.

'The second "multiple frequency” experiment is using a receiver designed and built at
Yale by Dag Winkler, with help from Nuray Ugras. The SIS devices for this mixer receiver
were fabricated by me at the Westinghouse Science and Technology Center in collaboration
with researchers there. The receiver has proven to be an excellent prototype of a "useful"
receiver, where "useful” refers to its 4.4 K operation temperature, broad bandwidth, and
lack of mechanical tuning elements. The mixing results for the devices used here have also

been modeled using the quantum mixer theory.

1.4 A Novel Device

Chapter VII presents some modeling calculations using a novel device to electrically
tune an SIS mixer. The dc voltage bias dependence of the high frequency impedance of the
SIS tunnel junction is exploited as a variable on-chip impedance element. This device
combines many of the ideas found in the single frequency and multiple frequency work.
Only modeling calculations are presented, although they rely on the measured dc I-V trace of
a device. Devices similar to the one described here have been fabricated, but are as yet

experimentally untested.



II TUNNELING, A THEORETICAL OVERVIEW

This chapter provides the theoretical framework necessary in order to understand
the results on the observation of the effects of the high frequency currents in

superconducting tunnel junctions. The chapter is divided into two sections.

1.) Theory of tunneling

2.) Tunneling in the presence of radiation

The section on the theory of tunneling will review the relevant Hamiltonian and present the
tunneling current in the absence of applied radiation. The discussion will lead to the second

section, which describes the tunneling currents in response to applied radiation.

2.1 Tunneling in SIS Junctions

The theory of tunneling in superconductors is covered in many excellent reviews
[Wolf, 1985; Tinkham, 1975; Duke, 1969; Rickhazen, 1969]. Only the essential ideas will
be presented here. Since the discovery of tunneling between superconductors by Giaever
(1960), tunnel junctions have been studied extensively. Superconductor-Insulator-
Superconductor (SIS) tunnel junctions exhibit both quasiparticle and pair tunneling
[Josephson, 1962; for a review see Barone and Paterno, 1982]. SQUIDs
(Superconducting QUantum Interference Device) have utilized the pair tunneling and been
demonstrated as ultra-sensitive voltmeters and magnetometers [Van Duzer and Turner,
1981]. Other interesting applications of SIS tunnel junctions are oscillators [Jain et al.,
1984] and voltage standards [Hamilton et al., 1987]. We are primarily interested in this
thesis 1n the tunneling ot quasiparticles across the tunnel barrier. These quasiparticle are
the elementary excitations from the superconducting ground state [Bardeen, Cooper, and

Schreifer, 1957] and lead to a non-linear current voltage trace.



2.1.1 Tunneling

All of the tunneling results have their roots in perturbation theory using a tunneling
Hamiltonian. There is a non-zero probability of charge transfer between the two metal
electrodes separated by a thin insulator. Bardeen (1961) first considered the tunnel junction
to be two many body sysiems which are weakly coupied through the tunnei barrier.
Subsequent work constructed the Hamiltonian which described the tunneling across the
barrier [Cohen, Falicov, and Phillips, 1962). The additional term which describes the

tunneling is

Hr= Z[qu CkTCq + qu* chck] = Ht+ + Hr" 2-1
kqc

where T is the tunneling matrix element and the one-electron operator ¢ and Cq represent
Bloch states on the left and right hand sides of the junction respectively. The total

tunneling Hamiltonian for the system is
H=Hg + Hp +eV(@NL + HT 2-2

where Hg and Hy. are the full Hamiltonians describing the left and right electrodes, and
eV(t) is a time dependent potential applied to the number operator for the left electrode, Nj..
The tunneling matrix elements found in Hr are considered to be sufficiently small so that
the flow of current is treated to the lowest order in the coupling. The dc current is obtained
using Green's functions and linear response theory [Ambegaokar and Baratoff, 1963;

Weiinamei, 1560; Rugovin and Scalapino, 1974]. The main resuit, in useabie form is



Igc(V) =-2§E IT2 [ dE N{(E) Na(E-eV) [1 - £(E - eV)] 2-3

where N1, N7 are the density of states of the excitations on the left and right side
electrodes, f(E) = [exp(E/kT) -1]-! is the Fermi distribution function, and T is the tunneling

matrix element (which has units of energy). For the normal metal tunnel junction,

Iac(V)normal metal electrodes = V/Rp 2-4

h
2me2 N1(0) Np(0) ITI2

where Ry, = 2-5

which is a valid equation for a resistor when the density of states on both sides of the
tunnel junction are constant, equal to their values at the Fermi level. For SIS tunnel

junctions, the solution to eq. 2-3 requires knowledge of the superconducting density of

states.

2.1.2 Density of States in a Superconductor

According to the BCS theory, the superconductor is a condensate of electron pairs
[Bardeen, Cooper, and Schrieffer, 1957]. These pairs are coupled by the exchange of a
virtual phonon which causes an attractive electron-electron interaction which is stronger
than the Coulomb repulsion between the two electrons. The pairs, called Cooper pairs, are
of equal and opposite spin and wavevector (kT, -k{) and exist below a temperature Te. A
review of the BCS results can be found in Tinkham (1975) and Rickhazen (1969). The

calculated result for the density of quasiparticle states in the superconductor is



iE!
Ns(E) = Ny(0) m for IEI> A

=0 for [El <A 2-6

Nn(E) is the normal metal density of states. The superconducting density of states
and excitation spectra are shown in Fig. 2-1a, along with the normal metal results. Using
this density of states, the dc tunneling current of the BCS quasiparticles can be calculated

from eq. 2-3. The results are summarized in section 2.2.2.

2.2 Effect of Radiation

2.2.1 Werthamer's Equation

Werthamer (1966) gives an expression for the current flowing in a tunnel junction
in the presence of an arbitrary applied voltage. In this approach, the quasiparticle density
of states, the temperature, and the tunneling probability are hidden in the response

functions, jqp and jp. Werthamer's result for the total tunneling current of the SIS junction

in response to an applied radiation V(t) is

109 =Im [do o' { Wee)W(@) el@-0)t jo ('+ D)

AW(@W(@)ei@H a0 jy(wr D } 2.7

where the applied dc voltage is found in 2eVy/fi = @y, and the applied 7f voltage is found

in
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Fig. 2-1 a)and b) The density of states and excitation spectra for a superconductor. c) and
d) The density of states and excitation spectra expanded aroud the kg. (From Van Duzer and

Turner, 1981).



The Fourier components W(«) are the result of the time dependent applied rf
voltage V(t'). The quasiparticle and pair response functions are Jqp and jp, respectively.
The double integral results from the effect of the applied rf voltage on both sides of the
tunnel junction. The phase, ¢, contains the well known Josephson oscillations, ¢ = ¢ -
ojt. This form of the tunneling current is especially useful since it contains the tunneling
current contributions of both pairs and quasiparticles. Although this expression is
complete, i.e., it contains all of the information necessary to compute the current in the
tunnel junction, it is difficult to solve analytically since the response functions contain
information regarding the pair and quasiparticle density of states, the temperature, and the
gap parameter. Analytic solutions exist in the dc case, V(t) = V,. Setting W(®) = W(®")

= (0) and w = ' = 0, eq. 2-7 reduces to:
I(t) = Im {jqp (3 )} +Im {jp (% )}cosq) +Re {jp (3 )}simp 29

This expression, first derived by Josephson (1962) shows that for a dc voltage bias
and in the absence of applied radiation, the tunneling current can be described as being
composed of three parts. The first term on the right is simply the imaginary part of the
quasiparticle response function. It represents all of the quasiparticle tunneling across the
tunnel barrier for an applied voltage V,, = fioy/2e. In addition, since the remaining two
terms oscillate at the Josephson frequency wj for non-zero voltages, the quasiparticle
current is the only time averaged dc contribution to the tunneling current for finite V, in the
voltage bias case. The two remaining current terms on the right of eq. 2-9 are called the

Josephson cosine and Josephson sine currents for obvious reasons.

Mo nAann fommcaanAL

Aabaley Lamaan mn N O L
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tiat il e absence of applied radiaiion, i
tunneling current contains no contribution due to the real part of the quasiparticle response

function. This term is only seen in the tunneling current for finite frequency applied
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radiation.  For this reason, along with the fact that the pair currents were predicted and
demonstrated to be useful for a variety of applications [for a review see Barone and
Paterno, 1981; and K K. Likharev, 1979], the effect of the real part of the quasiparticle
response function was largely ignored. Now, with the advances in high frequency
measurement techniques, the effects due to the real part of response function can be
measured. This measurement is a major pari of this thesis. With this motivation, the
tunneling current flowing in an SIS tunnel junction can be understood as containing four

terms, which are historically called Igp1, Igp2, I51, and Iy where the subscripts 1 and 2

refer to the real and imaginary parts of the response functions respectively.

2.2.2 Single Integral Representations
In the absence of applied radiation, solutions exist for all four elementary tunneling
currents. As seen in eq. 2-9, the current contribution due to Igp1 is zero for constant

applied voltage. This does not preclude us from giving its functional form. Just as Ij; and

Iy2 are modulated by the phase ¢, Igp1 can be thought of as being modulated by the phase
Im{exp[-i(w - 0)t]} =0 at dc. These single integral representations are given by Larkin

and Ovchinnikov (1967) and Harris (1974,1975)

Too (V) = ] ;"{ (E - eV) 8(A1 - IE - eVI) 8(IEI - A)
qpl )"2eRn 50 [Af— (E - eV)211/2 (B2 .. A%)1/2

(E +eV)O(IEl- A1) 8(A2 - [E- eVD)
(E2 - AiZ)I/2 [A% - (E +eV)2]1/2

} x E[1 - 2f (lE})] dE 2-10

o A1 “f 6(A1-IE-eVl) O(IEl - A9)
GilY) = %R _io 1 [Af- (E - eV)2]1/2(E2 _A%)1/2
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8(IEl- A1) (A2 - IE + eVI)
T E2- A2 (AZ - (E +eV)2]1/2

} x[1-2f(ED] dE 2-11

_ 1 ‘ IE16(IEl - A1) IE + eVIO(E + eVl - A)p)
quz(v)_eR J. E (E2 - A%)I/Z [(E +eV)2 - Ag]l/z

x[f(E)-f(E+eV)] 2-12

Ijp(V) = A1A2 J' (sgn E) 6(El - A1) [sgn (E +eV)] O(IE + eVl - A))

(E2-Ap)12 [(E +eV)2 - A1
x [f(E +eV) - f(E)] 2-13
where
sgnE= +1 forE>0 6(E) = OforE<0
-1forE<0 1forE>Q

fE) =[1+exp (E/kgT)I1; A, Apare the energy gaps of the two superconductors, and
R is the normal state resistance of the junction. The tunneling probability determines Ry,.
The equations are grouped in this way to show that the similarities in the functional form
are not between the two terms which are from the same response function. Instead, we
see that the two terms, Iy and Igp1, are similar and the two terms, Iy and Igp2, are similar.

Both Iy and Igp; are odd functions of V. Ij2 and Igp2 are even functions of V. The four

currents are shown in figure 2-2.

2.2.3 The Dissipative Currents

Tentmatiera ~avnrtemnemtinala mvcosemcnt 2o aai Al Vo POV

et MIOUAPULL YV Y UAdLp AL LIVAL VULLVIEL l.o vvvu MIUWH L\JlabV\A, 17UU, 1 mucx dJ.lLI
Giaever, 1961]. Essentially, the sharp step in the dc I-V characteristic with no applied rf

voltage comes from the fact that at V = Aj + Ay, there is enough energy to break a pair and
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Fig. 2-2 The tunneling currents in an SIS tunnel junction at temperature t = T/T;. a) The
reactive quasiparticle current. b) The dissapative quasiparticle current. ¢) The Josephson
sine current. d) The Josephson cosine current. a) and b) are shown for tunnel junctions

with unequal gap superconductors. (From Harris, 1974,1975).
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have the resulting quasiparticles tunnel across the barrier. A model for the possible
processes is given in Fig. 2-3 (A} + Ap = 2A). Itis the extreme non-linearity of this
current-voltage characteristic that led many researchers to explore the use of the SIS tunnel
junction as a heterodyne device [Dolan et al., 1979; Richards et al., 1979; Rudner and
Claeson, 1979]. Well above the gap voltage, the current approaches that expected for a
classical resisior. At these large bias voitages, the quasiparticle density of states
approaches the normal metal density of states, as can be seen in eq. 2-6.

The quasiparticle tunneling can be represented very well using the "semiconductor
model" of Fig. 2-4. The superconducting electrode density of states, given by eq. 2-6, has
no allowed states with energies less than A. The effect in the semiconductor model isto
push the normal metal filled and available states at energies less than A to the gap edge.
The result is singularities at both the valence and conduction band edges. Tunneling across
a barrier can only occur between filled states on one side of the tunnel barrier and empty
states on the other side of the barrier. The magnitude of the tunneling current is
proportional to these filled and empty density of states. In this model, the applied dc
energy, eV, is seen as the energy difference between the Fermi energies of the two
superconducting electrodes. The semiconductor model is expanded to include finite
temperature quasiparticle excitations by exciting quasiparticles to the conduction band. The
density of the excited quasiparticles is governed by Fermi statistics.

The cosine term, Ij2 is much more elusive. Josephson (1962) called it the phase
dependent part of the quasiparticle current. In light of this, it is not surprising that the
cosine current is zero below the sum gap voltage at zero temperature. At these voltages,
quasiparticles cannot be created with energy less than 2A for T = 0. Many groups have
measured the Josephson cosine current over a limited bias voltage range (see for example
Halse and Taunton, 1976; Vincent and Deaver, 1974: Falco et al., 1973). The Josephson

cosine current is ignored in the work presented in this thesis.
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2.2.4 The Reactive Currents

From Fig. 2-2, one immediately sees that, in fact, the functional forms of the two
currents Igp1 and Ij1 have similarities; both have a logarithmic singularity at the sum-gap
(eV/2A =1). The singularity in the Josephson sine term, Iy, is called the Riedel
singularity after the first person to recognize the divergence of Re(jp) ineq. 2-11 ateV=2A
(Riedel, 1564). The singuiarity in Igpi, to my knowiedge, is unnamed.

By definition, reactive currents are those which flow out of phase with the applied
voltage. In the case of an applied voltage which is purely dc, reactive currents are defined
as those that are non-dissipative. The finite value of Ij; at zero voltage is called the dc
Josephson current. Since there is current flowing with no voltage drop, it is clear that this
current must be non-dissipative (at least for Vo =0). At finite voltages, I exists and is
still reactive; it is modulated by «y, as seen earlier in equation 2-9.

What of the quasiparticle current, Igp1? Since it does not appear in the dc current, it
is not obvious whether it is reactive. In a simple circuit model, the passive elements which
are reactive are the inductance L and the capacitance C. At zero voltage, the Josephson sine
current behaves like the current passing through an ideal inductor of impedance iwL =0 at
de, since @ = 0. For the ideal inductor, one gets dc current without a dc voltage drop. The

reactive quasiparticle current can be thought of as being capacitive at dc. The capacitance is

clearly reactive, but its impedance is 1/iwC = o at dc.

2.2.5 The Kramers-Kronig Relations
Wilkens (1969) was the first to point out explicitly that Ij; and Ijp were Kramers-

Kronig transforms of each other. That is:
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: 1 (1 \ 1 (I
(V) =P fv”_(v\).dv (V) =P V’z_(v)v.dv

2-14

where P indicates the Cauchy principle value. The Kramers-Kronig relationships, first
used to explain the relationship between the optical conduction and absorption (the real and
imaginary parts of the index of refraction), imply that in a linear causal system, the
dissipative term and the reactive term are related. As seen in Fig. 2-2, the logarithmic
singularity in Ij; (the Riedel peak in Fig. 2-2¢) is seen at the same bias voltage as the sharp
step in Iyp (Fig. 2-2d). From the form of the Kramers-Kronig transform, it can be seen
that a sharp step will give a logarithmic singularity upon integration. It is perhaps striking
that the these two currents are Kramers-Kronig transforms of each other. One of the
conditions for Kramers-Kronig relations, a linear response, seems to be violated in the
extremely non-linear tunnel junction system. The dilemma is solved by the realization that
the total tunneling currents are not the Kramers-Kronig transforms of each other, just the
real and imaginary parts of the response functions.

The real and imaginary parts of the quasiparticle response functions are also
Kramers-Kronig transforms. Again, Fig. 2-2 shows that the sharp rise in the tunneling
current in the dissipative quasiparticle current at the sum gap corresponds to the logarithmic
singularity in the reactive quasiparticle currents. For a very special case, the toral tunneling
currents are related by Kramers-Kronig transforms. This is the case of a pure sinusoidal
applied voltage V(t) = V¢ coswt which is small, eV ¢y << %, Harris (1975) has shown
that in this case, Igp; and Igp2 are Kramers-Kronig transforms. This is a case in which we
will be interested. The Kramers-Kronig transforms can be thonght of as a nowerfnl tool
which allows one to determine the in-phase response given the out-of-phase response and

vice-versa.
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2.2.6 Response to a Sinusoidal Signal
From the phase factor of eq. 2-8, the response of the junction to a sinusoidal

potential in the time domain can be calculated. In response to the applied signal V(t) = V, +

Vcosot, the phase factor becomes

by t
faww(w) e = exp(EfarTV(r) - Vo] = exp{-i Vo sinmt}

1] o
= 3 In(2YO) exp(-inan) 2-15
n=-oc | h@

(=]

where the relationship exp(xiz sin §) = 3 Jp(z) exp (X ing) is used and Jy, is the nth

order Bessel function [Gradshteyn and Ryzhik, 1965). Therefore, the Fourier transform

coefficient to be used in eq. 2-7 is

(=)

W@)= [ Ja(e) 8(e' - nw) 2-16

N=-co

where o = 9:—"’— . Using 2-16, and ignoring the Josephson contribution to the total
W

current, eq. 2-7 becomes

19 =Im [do» dayW(@)W*(@)e -0 jo (s T

(=]

. N [O)]
=Im Y Jn(@nsm(@eimot jgp(ne + )

N M=-00
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(=]

=ag+ 1[2amcos mat + 2bpysin mot] 2-17 .
m=

where the strengths of the current components at the various frequencies are given by

20=_3 Jn2(@) Im[ jqpme + )] 2-18
Nn=-o0
2am =3 1n(@) Un+m(@) + Tn.m(@] Il gp(oo + ) 219
2bm =3 Jn(@) [nem(@) - Tnm(@)] Rel jgp(noo + 0] 220
n=-co

The advantage of keeping the response functions in the equations instead of
substituting the BCS predictions is that tunnel junctions are rarely adequately described by

BCS theory. Fromeq. 2-9, it is apparent that only Im(jgp(y/2)] contributes to the time
averaged tunneling current at non-zero bias voltages for a dc applied voltage. Therefore, a
measurement of the dc I-V trace of the tunnel junction is sufficient to determine the real part
of the quasiparticle response function in the voltage bias case. Quantitatively

Im{jgp(ne + wy/2)] = L3c(Vo + nhicye) 2-21
which implies

Re[jgp(nw + wy/2)] = Ikx (Vo + nhaye) 2-22

where Ik is the Kramers-Kronig transform of Ic.
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2.2.7 Photon Assisted Tunneling and Direct Detection
The term ayin 2-18 is simply that given by Tien and Gordon (1963) to describe the
photon assisted tunneling steps first observed by Dayem and Martin (1962). The dc

current is given by

ago=lo= Y Jn2(ar) Ige(Vo + nhicye) 2-23

Nn=-o0

The photon assisted tunneling steps are the dc manifestation of applying radiation to the
SIS tunnel junction. Fig. 2-5 shows the photon assisted tunneling steps. The dc
quasiparticle curve which results from the applied radiation is sometimes called the
"pumped I-V." The photon assisted tunneling steps arise because the input energy, 7,
gives the quasiparticle enough energy to tunnel across the barrier into an available state.
This allows for dc current at voltages less than the gap voltage. Because the incident
photons are quantized in energy, steps appear in the dc I-V curve corresponding to the
absorption or emission of an integral number of photons. The theory assumes that the
tunnel junction is driven by a potential of the form V(t) = Vcoswt. This implies that there
are no higher harmonic voltages affecting the shape of the dc I-V trace. Although the basic
equation governing the interaction of radiation with the tunnel junction (eq. 2-7) allows for
arbitrary incident waveforms, the solutions are usually intractable. In all of the work
presented here (and most elsewhere), the assumption of a pure sinusoidal 7f input
fr ncy i

From eq. 2-23, it can be seen that a change in the amplitude of the incident radiation
wiii change the dc current Ip. Thus, the tunnei junction can be used as a direct detector.

The direct detector uses the non-linearity of the junction to rectify the incoming rf signal.
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Fig. 2-5 Photon assisted tunneling. The incident radiation is at freqency w/2r with energy

hw/e = 0.16 mV. (From Tien and Gordon, 1963).
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The responsivity is given by the change in the dc current for a given incident rf power by

[Tucker and Feldman, 1985]

Sy = Alge _ e |Lac(Vo + him fe) + Igc(Vo - hiw/e) - 214c(Vo)

Pinc o Ige(Vo + hw/e) - 14c(Vo - hare)

which in the classical limit becomes Sj = (d2I/dV2)/2(dI/dV). The quantum limit is Si=
e/he for very sharp devices on the scale of the photon width. The SIS tunnel junction has
been used as a direct detector with responsivity within a factor of 2 of the quantum Limit
[Richards et al., 1980]. The photon assisted tunneling steps and the direct detector studies
were, prior to this thesis, the major realization and utilization of the interaction of a single

frequency with the quasiparticle currents.

2.2.8 Quantum Sloshing

The tunneling across the barrier must conserve energy, ie., B + %o = ER for
tunneling from left to right with single photon absorption. In general, there are many
virtual tunneling possibilities, including those which don't obey conservation of energy. In

ese processes, the quasiparticle makes a virtual iransition across the tunnel junction and

then tunnels back. This has been called "quantum sloshing" [Tucker, 1979]. The
quasiparticles slosh between states which are not coupled by an integral number of
photons. This process conserves the number of quasiparticles, but adds a phase factor to
the tunneling impedance. A measurement of this phase factor and the amplitude of the

reactive quasiparticle current is discussed in chapter V1.

2.2.9 Current at the Applied Frequency
Using equations 2-19 and 2-20, we can relate the expected amplitudes of the

various current components to the measured I-V trace in the absence of applied radiation.
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As evident in equation 2-17, the quasiparticle tunneling currents are flowing at harmonics
of the input 1f frequency, me. At the input frequency o, the tunneling current is (recall

V(t) = Vo + Vcosmt)

In(V.t) = 2ajcos ot + 2bysin ot 2-24

2a1= 3 Jn(0) Un+1(@) + In-1(0)] Igc(Vot+ nhiw fe) 2-25
1=-cc

2by= 3 Jn(0) In+1(®) - Jn-1()] IKK(Vo+ nfico fe) 2-26
N=-o0

Here, the quasiparticle response functions have been replaced with the measured dc I-V
trace and its Kramers-Kronig transform. In order to predict the current flowing in the
tunnel junction at a frequency ®, one needs to measure the dc I-V curve, calculate its
Kramers-Kronig transform, and determine V(V,). The determination of V(Vy) is
discussed in section 5.4.2. The remarkable aspect of these equations is that the
measurement of the dc I-V characteristic is nearly sufficient to predict the real and
imaginary currents flowing in response to an appiied 7f voitage!

At this point, it is wise to review the features of the currents in the tunnel junction.
Table 2-1 shows the origin and significance of the four current terms. As seen in this
chapter, the reactive quasiparticle current is not seen at all in a dc measurement. Chapter 6
of this thesis describes an experiment which measures the real and imaginary contributions
of the quasiparticle currents. Since the voltage and input power dependences of the
quasiparticle currents are fundamental predictions of the theory of tunneling between

superconductors, the work presented in this thesis further verifies these theories.
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Table 2-1. Summary of the important features of the four tunneling currents in a voltage

biased SIS junction.

Current ]I

Igp1 Lo Iy 11p)
Common name Reactive Dissipative Josephson sine Josephson cosine
quasiparticle gquasiparticle
Origin Real part of Imaginary part of Real part of pair Imaginary part of
quasiparticle response quasiparticle response function pair response
function response function function
Phase Reactive Dissipative Reactive Dissipative
Polarity Even Odd Even Odd
Major feature Logarithmic Step singularity at Logarithmic Step singularity at
singularity at sum sum gap singularity at sum sum gap
£ap gap
DC observable None Resistive dc -V Current at zero None
without applied rf § characleristic voliage
DC observable Shape of photon asssted tunneling steps Shape of Shapiro steps
with applied rf (Section 6.1.3) (Section 6.1.3)
Physical explanation || quantum sloshing quasiparticle pair tunneling quasiparticle-pair
tunneling interference




III SIS MIXERS, A THEORETICAL OVERVIEW

3.1 The Heterodyne Device

The theory and application of SIS mixers is a mature subject, as evidenced by the
number of recent review papers covering the subject [Blundell and Winkler, 1991;
Winkler, Ivanov, and Claeson, 1991; Richards and Hu, 1989]. This chapter will
concentrate on the theoretical aspects of mixing, while the experimental aspects will be
covered in Chapter V. Before beginning the analysis of mixer theory, it will be helpful to
review the basic operation of mixing and the basic nomenclature.

The usual mixer is shown in Fig. 3-1. The mixer has two inputs and one output.
One of the inputs is at a high power and it is called the local oscillator (LO). It is supplied
by the user as a reference source and is monochromatic. The other input is the signal. It is
typically an unknown. The two input signals "mix" together, forming a number of peaks
in the frequency spectrum as shown in Fig. 3-2. The major terms which are produced by
the mixing are the sum frequency, the difference frequency, the image frequency, and the
second harmonics of the LO and the signal. The sum frequency is fi o + fs. The difference
frequency, fs - fL0, is called the intermediate frequency, fiF, and is typically orders of
magnitude smaller in frequency than the LO or the signal. The image frequency, f;, come
from fL.0 - fir and 2f1 o - fs. The second harmonic terms are at frequencies 2ff g and 2f;.

In most work, the terms which are at a higher frequency than the signal and LO are
neglected. Typically, these currents are shunted by capacitance in the system and therefore
do not play a part in the mixing results. This leaves the mixer with 4 frequencies. Since in
general it is easier to amplify and detect smaller frequencies, the mixer is used as a
frequency to frequency transducer. It takes the signal frequency and converts it to the
intermediate frequency through the interaction with the local oscillator and the device.

Mixers are characterized by their coupled gain, G, and their noise, TM.  The

25
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Fig. 3-1 The usual picture of the mixer. The local oscillator is large amplitude; the signal
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Fig. 3-2 'The main frequencies produced by mixing. The number below the frequency

axis refer to the index value m used in the calculations.
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coupled gain is simply the ratio of the power coupled out at the IF to the power available at
the signal frequency, Ps.

Gc=%}: 3.1

ommie theoretical predictions are formulated in terms of the available gain. The available
gain is the ratio of the available power at the IF (assuming a matched load) to the available

power at the signal. It can be expressed as

A=E"I£———l
PA (1-1p12)

where p is the amplitude of the reflection coefficient at the mixer output. A perfect match
implies an output reflection p =0. In this case the coupled and available gain are the same.
The reflection coefficient is determined by the match between the output impedance of the
device, ZJF, and the input impedance of the amplifier which follows the mixer, Z;. The
reflection coefficient can then be defined by

1 =|ZI}:+ZLl
(1-1pi2) 4 Ry Rir

3-3

The conventions Z =R +iX and Y = G +iB are used throughout this work. From eq. 3-
3, it is seen that a match occurs when the imaginary parts of the Zj and Z1_ resonate each

other, X1r = -X}, and the real parts are equal, R = RL.

3.z Ciassical Mixer Theory
The classical mixer theory [Torrey and Whitmer, 1948] begins with the

determination of the small signal matrix elements. The ultimate goal of the theory is to
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predict the gain (loss) and the noise expected for a device with a particular I-V
characteristic. The voltage and current across the junction can be expressed as a sum of

contributions from frequencies Wy = m + @y, where ® = ©p g and W, = O

Vsig(t) =Re 2 vy eiomt 3-4
m=-occ

isigth =Re Y iy eiom! 3-5
m=-oc

For small signal levels compared to the LO, the currents are related to the applied voltages

through matrix elements given by:

im = Z'Ymm' Vm' 3-6
m

The matrix Yy is called the small signal admittance matrix. At this point, one places
current generators I, with output admittances Y, at each port of the mixer (Fig. 3-3), and

determines the total response at each frequency. The total current is given by

In=im+Ypvp= Z'[Ymm' + Ymam,m’] Vm' 37
m

As seen in Fig. 3-3, the current at port m is composed of the current generated through
interaction with the nonlinear element and the current flowing through the output

admittance. Eq. 3-7 can be inverted to give the voltage at port m

Vm = E'me' I’ 3-8
m
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where Zyyy is the inverted augmented Y matrix given in matrix notation as
Il me' =l Ymm' + Ymam’m' “ 3‘9

An important parameter to determine is the gain. This is the ratio of the power at port m=0
(the IF or load) to the power at port m=1 (the signal). The impedance element that relates
the voltage at port m = 0 to the current at port m =1 is Zg;. The power at the load is given

by

Pn:=%GL Iv012=%GL | Zog P11 2 3.10

while the available power at the the signal frequency is given by

| I 12

1
Ps=¢ Gy 3-11

Thus the coupled gain of the system is given by

D.—
X

Gc = P]: =4GGy | Zo; 12 3-12

For a classical mixer, the matrix elements of eq. 3-6 can be determined from the
instantaneous response of the dc I-V curve to applied radiation. In the presence of an
applied radiation V + V,cosot, the classical conductance is determined by the time

dependent modulation of the dc I-V curve which gives

G(9 = gy= Lac(Vo + Vacosat) = ¥, Gma)eimo! 313
m
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where G(mw) is a Fourier transform coefficient of G(t). These values of the conductance

coefficients yield the value of the small signal admittance matrix elements

Ymm' = G((m-m']w) 3-14

where ihe Fourier coefficienis of the conductance are given by

1 /o
Gmw) =5- [G() eimot gt 3-15
L)

Given the small signal admittance matrix parameters, according to eqs. 3-9 and 3-12, the
gain can be solved if one knows the proper conductance to put at the output of each
frequency source. This is not trivial. Typically, the solution is made tractable by using
only three ports, m =-1,0,1. The gain expression in terms of the small signal matrix
parameter values is given in the next section since the quantum mixer theory will also
include reactive terms which can be set to zero to recover the proper gain equation for the

classical case.

3.3 Quantum Mixer Theory

The quantum mixer theory, [Tucker, 1979] describes the mixing results in an SIS
tunnel junction. The word "quantum" appears because the tunnel junction does not behave
classically in response to an applied 7f frequency, as we have seen in Chapter 2. The major
predictions of the quantum theory are 1) the possibilities of gain [Tucker, 1980] which has
been observed by a number of groups [Kerr et al., 1981; McGrath et al., 1981; D'Addario.
1984; Réisdnen et al., 1987], 2) quantum limited noise [Tucker, 1979] also observed by a
number of groups [McGrath et al., 1988; Pan et al., 1989; Mears et al., 1990], and 3)

negative dynamic resistance, first observed by Smith et al. (1981) and Kerr et al. (1981).
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These predictions, particularly the low noise and possibility of gain, led to the advances in
SIS mixer receivers.

In order to differentiate between cases where the classical theory is sufficient, and
where the quantum theory is necessary, it is necessary to see at what point the tunnel
junction stops behaving classically. This is most easily seen in the nature of the photon
assisted tunneling steps described in Section 2.2.7. The Tien-Gordan equation, once

again, is

Io(Vo, Vo) = X (@) Lac(Vo + nficre) 3-16

n=-o0

The low-amplitude classical limit is at low frequencies, where eV, << i and hw <<
€AV, where AV is the voltage width of the non-linearity. Here, the Bessel function
amplitudes can be expanded for small argument. In this limit, the Taylor series expansion
of the current in terms of the applied voltage V, to second order gives

2 - -
Io = 1o(Vo,0) + Vo’ Io(Vo + hafe) +1o(Vo - hwfe) - 21(Vo)

2 2hafe)?
Vel d21 |
=I,(V 0 0. -
o(Vo.0) + = Vo2 V=0 3-17

In this limit, the classical result contains the second derivative of the dc I-V curve with
respect to the applied rf amplitude. Clearly, the shapes of the photon assisted tunneling
steps shown in Fig. 2-5 are not described well by this expression. The classical limit will
only apply when the energy of of the incident photon is small compared to the strength of

the non-linearity of the device, iaye < AV, where AV is the voltage width of the current

rise in the device.
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3.3.1 Determination of Ypyn'
The quantum mixer theory starts with an expression that we are already familiar
with from Chapter II. The quasiparticle current in an SIS tunnel junction in the presence of

a sinusoidal applied voltage is

1) =Im [do doW(@)W*(@)ei@-0)t j(@'+ 3 3-18

Instead of looking at the response of the tunnel junction to a single frequency as we did in
Chapter 2, Tucker (1979) considers the response of the tunnel junction to a combination of
two frequencies, namely V(t) = v o(t) + vsig(t). The calculations are too complicated to
reproduce here, but using Werthamer's expression, and keeping the linear terms in v, and
im, the small signal admittance matrix parameters become

-ie
Ymm' =

Y We (hw) Wg, (n'w) 8m-m',n'-n
271(0,,1 nn'='°°

. OJ . w i ' ® ' ' ®

3-20

These matrix elements are difficult to compute since the Fourier factors Wy are given for
an arbitrary applied voltage (eq. 2-8). Luckily, the case of a sinusoidal input will lead to
Bessel function amplitudes of the Fourier factors, as we have seen before. For an applied
VOIGEC Ot the 1oiin Vappiied(i) = Yo + Vgeosii + vsig{L), wiere vsig(t) is smaii compared to

Vo (in order for the response to be linear),
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e L= =]
Y Jn(a) Jy(ar) 8m-m’,n'—n
271(0”1 nl'l'=-°°

Gmm' =

x { Lac(Vo + e + opde) - Igo(Vy + n'haye)

+1gc(Vo + nafe) - 1ge(Vo + nhiare + hsyide) | 321

€
Bmm' =

2 In(@) Jn(@) dm-m'n'n
ha)"l 1IN =-o0

x { Ikk(Vo + e + hamle) - gk (Vo + n'hiafe)
+ IRk (Vo + nhafe) - Igk (Vo + nhiare + hafe) } 3-22

With these matrix elements, and knowledge of the output admittance at the various
frequencies, the mixer gain can be calculated using eq. 3-12. In the limit of small IF
frequency (wiF << @), along with the assumption that higher harmonics of the LO and‘
the signal are shorted by the junction capacitance, Tucker and Feldman (1985) have shown

that the matrix elemenis can be simplified to

Goo= 3 1n2(@) gy LaeCVo + )

(>}

G10=Guto=5 3 a(@)lTn1(0) + Jns1(0)] g TalVo+ i)

=00

Go1 = Go.1 = hi 3 In(0)Un-1(@) - Tne1(00] Tae(Vo + nficale)

@ n=-co
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Gj1=G.p. = ;—:—— ¥ In(@)Un-12(00) - Jns12(00)] Tge(Vio + nficre)

(® n=-oo

G1-1=Gar = i 2 In(@)[Jn-2(@) - Jn+2(00)] Ige(Vo + nficte)

@ n=-co

Boo, Boi, Bo.1=0

Bio=B.i0=3 3 Tn(@)ln1000 - Tne1(@)] g k(Yo + k)

Bi1=B.).1 = 5:;) S n-12(e) + Jne1%(0) - 20n(0)] IKK (Vo + nhicre)
n=-oco

Bii=Bua1=— % [n2(00n(®) - D1 (@)n-1(2) + In(@)lne2(0)] IKK (Vo + nficde)

3-23

These 18 terms correspond to the real and imaginary parts of the nine matrix elements

relating the current at port m to the voltage at port m' where mym’ =-1,0,1.

3.3.2 Gain and Output Impedance
By inverting the augmented small signal matrix of eq. 3-9 and using eq. 3-12, the

gain can be expressed as

_ (€ + g6)% + (y - by) 4g1
Ge=Gones [ + go)(1 + go) + (bs? - 12)] (8L + gL)? + bL.?

- So ___ 2GiGig _G11-Gj.r ,,__ By
WhemG"_2G10’ T]"Goo(Gn+G1-1)’ “G11+6G1.1’ Y°G11 +Gi
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p=Bi0 -G | _Bi+B;s g =0L oy =BL
Gio® B8 G11+Gr.1” 5 G +GLy Goo’ Goo

3-24 .
These expression are given by Tucker and Feldman (1985) and modified to include the
susceptive term in the load admittance, By, (Winkler, 1987). The mixer output conductance

is real and is given by

& + gs) + B(bs - V)
Gio=1-
L gl + 29) + (032 - 12)

3-25

The equations were given to show the relative complexity of calculating the theoretically
predicted gain. To summarize, the input parameters are Ig.(Vo), Ikk(Vo), ®LO = ®, 0OF or
s, Vi(Vo), Ysand Yy, The expressions in eq. 3-23 are only true for case of a double
sideband mixer, one whose image frequency admittance is given by Y; = Ys*. When the
mixer is not double sideband, the full matrix elements, as expressed in egs. 3-21 and 3-22,
must be used. The classical result for the gain is given by using the matrix elements of eq.

3-14 and disregarding the reactive terms in eq. 3-24.

3.4 Noise

The determination of the noise is done in a similar way as the determination of the
gain. The sources of noise in the SIS mixer are the (1) shot noise due to the LO current
tunneling through the tunnel junction, (2) thermal noise generated at each sideband

termination and (3) the noise from the quantum fluctuations of the input radiation fields.

3.4.1 Shot Noise

P DTy I SR T PPV L. OSTINAY L XL aY T, . L) L. L
ThC Guanituin TACT theoly |1 UCKed, 1973] piedicis dlie shoi nolse coniribuiions due

to the noise of the mixing element. The model assumes a noise generator in parallel with a
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noiseless mixer. The noise current at the output of the mixer is related to the small signal H

matrix

<12 =B Y, Aomrom™ Hmm' 3-26
mm’

where the parameter Agm is the normalized small signal impedance matrix element given by
Aom = Zom/Zoo 3-27
and the H matrix, as yet undefined, will be different for the classical and quantum cases.

In the quantum case, the H matrix is determined by the temperature, the unpumped I-V

curve, and the Bessel function amplitudes of the applied potential by

Hmm'=¢€ zjn(a)J n'(®) Om-m'On-n’
nn'

x {coth [B(eVo + n'hiw m')/2] Igc(Vo + n'fiye +hoom'/e)
+ coth[B(eVo + nhiw - fiky)/2] 1gc(Vo + nhiaye + hicoy/e) } 3-28

where B = 1/kT. The equivalent SSB current source, Iy which corresponds to the noise

current of eq. 3.26 is given by

<[lo]2> = 5 o1l 2 <[1512>2 3-29
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An similar expression exists for the image frequency noise source. The noise temperature
at the signal (= Pgnot sig/kB, where Pghoy sig is the noise power at the signal and B is the

bandwidth) and the image frequency due to the shot noise are then given by

1 *
T jg = ————— AomAom' Hmm' 3-30
shot sig 4st|7\.01|2 n%n' OmAQOm mm

1
Tshot im =——— AomAom”™ Bmm' 3-31
shot im 4kGil?\,0-1|2 n%]' OmAOm mm

In the limit for which m=m'=0, and the applied rf voltage is small, V, << 1, the

quasiparticle noise at a bias voltage V, is given by [Rogovin and Scalapino, 1974]

<[Io]?> = eB {coth[B(eVo + hw)/2]lge(Vo + hae) + cothl B(eVo - 7i)/2]lac(Vo, - heofe))}
3-32
For large bias voltages, eV >> hiw and eV >> kT, the usual shot noise formula is

recovered

<[I5)2> = 2eBlg(Vy) 3-33

These shot noise results show that the shot noise will be dependent upon the unpumped I-V
curve through the H matrix. In order to limit the shot noise contribution to the mixer noise,
it is desirable to have low leakage current junctions, since the shot noise of eq. 3-28

depends upon the amplitude of 1.
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3.4.2 Thermal Noise
The thermal noise contribution is from the terminations at the various sidebands and -
it simply reflects the fact that these terminations are at the finite bath temperature Tg and
therefore radiate. The thermal noise current contribution at port m is given by
4hwyB

<fimi?> = 3-34
[exp(iwm/kTB) - 1] x Ry

where R, is the resistive termination at port m. The contributions at port m are down-
converted and show up as noise at the IF output as a current noise generator of amplitude
4honB

<[i0]%>thermal = Moml2 3-35
[exp(hiwom/kTB) - 1] x Ry

where m # -1,0,1.

3.4.3 Quantum Noise

The quantum noise is discussed by a number of authors [Wengler and Woody,
1987; Devyatov et al., 1986; Tucker and Feldman, 1985; Feldman, 1987a; and Caves,
1982). The work by Caves is the most general. In this work, he shows that any high gain

linear amplifier which is phase preserving must add a noise referred to the input of at least
Pmin 2 11-(1/G)! i B/2 3-36
where G is the photon number gain and B is the bandwidth of the amplifier. The nphoton

number gain of the SIS mixer is usually enormous since the output frequency is usually a

few orders of magnitude smaller than the input frequency. For G>>1, the minimum added
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noise to the shot and termination noise is given by %ay2 per unit bandwidth. This limit, A
@2 is used by Mears et al. (1990,1991a) and their results are presented in terms of this
quantum of power. With the addition of zero point fluctuations in the signal, P = #iwB/2
coth{7a¥2kT}, the quantum limit for the entire amplifier becomes #wB. Work by McGrath

et al. (1988) has instead used the Planck blackbody spectrum to relate the quantum limited
power to a temperature,

For a DSB mixer, the quantum noise contribution of the mixer can approach zero
[Tucker, 1979, Feldman,1987a; Wengler and Woody, 1986]. Caves' principle is not
violated for the double sideband mixer since zero point fluctuations (found by quantizing
the radiation fields) in the image and signal frequencies add #w B/2 each to the total noise.
In the single sideband case, an additional w B/2 of noise is present on the incoming signal.
In work by Zorin (1985) the zero point fluctuations are added as a current generator, as in

sections 3.4.1 and 3.4.2. In order to include the zero point fluctuations, the H matrix of

eq. 3-28 can be modified [Wengler and Woody, 1986)

H'11 = Hy1 + 2Gshay

Using all of this formulation, the quantum limit to the noise in both the SSB and DSB case
(including the noise at the terminations and zero point fluctuations of the input signal) is
given by AwB at zero temperature. For the analysis of our mixer results, we have included

the zero point fluctuations.
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Table 3-1. Summary of the dependence of the noise contributions in the DSB and SSB

mixer.

SSB DSB

Shot and Thermal | T, Igc, IKK, @, Vg, sideband terminations

Noise Depedence
{uanium Noise nwB/2 0
Vacuum Fluctuations hoB/2 (signal) hoB (signal and
image)

With an understanding of the theoretical background presented above, one can
analyze the experimental results of a "real” receiver, as is done is chapter 5. Also, one can
use the theoretical predictions as a guide for the design of future receivers. The
fundamental prediction of quantum limited noise is also explored in chapter 5. These

results are modeled using the formalism and equations presented above.



IV SIS DEVICES

4.1 Devices Required for Mixing
For the application of SIS mixing, the junction requirements are strict. The devices
need to have small area and low leakage, in addition to other requirements. This section

reviews the necessary properties.

4.1.1 Current Density

Of fundamental importance in SIS mixers is the WR,C product, where Ry, is the
normal state resistance of the tunnel junction. Ry ~ 1/[Jc(d) A], where J¢(d) is the junction
current density, d is the barrier thickness, and A is the junction area. The capacitance is C =
C'(d) A, where C'(d) is the specific capacitance of the insulator. J; is exponentially
dependent upon the barrier thickness, Jo(d) ~ e-d/do, with d,, a constant. The specific
capacitance has a much weaker dependence on barrier thickness, C'(d) ~ 1/d, thus the ®R,C
product is nearly independent of the barrier thickness (and area) for all reasonable current

densities

2 '
OR,C = n2fC\ A1A2

elc

Typical best mixer performance have been seen with ®R,C = 3-4 at 100 GHz
[Tucker and Feldman, 1985]. It is believed that for a lower @RpC product, the junction
fails to shunt the higher harmonic frequencies adequately, which leads to degraded mixer
performance. Higher ®R,C products lead to a degraded bandwidth and limited tuning

range. An extension of the ®RyC = 3-4 rule to higher frequencies requires that the current

density should increase accordingly, J. ~f. We discuss a more complicated scaling in the

next section.

42
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Recently, Kerr and Pan (1990) and Blundell and Winkler (1991) have shown that
the current density requirements are even more severe as the operation frequency is
increased. These works claim that the important pararﬁeter is not @R, C but instead wR;jxC,
where Ri is the device resistance at the signal frequency. The rf coupling is determined
by the match between the Rjp and Ry, where Ry, is the source impedance at the signal
frequency. The work of Kerr and Pan used a real |-V trace. The work by Blundell and
Winkler used the low IF approxirnaﬁon [Tucker and Feldman, 1985] to the full quantum

mixer theory and an idealized dc I-V trace of the tunnel junction described by

I3c(Vo) =0 Vo< Vg 4-2
= ‘/ O/Rn VD > Vg

Rip is given by the 1/Gy; where Gy is given in eq. 3-23. In the low LO power limit (¢t <<

1), their results are

40
oR,C = 'f(ﬁgz-; (Kerr and Pan)

@R,C _—-(34*—7) (Blundell and Winkler) 43
y

where 7 is the signal frequency normalized to the gap frequency, y = f/fz. For Nb/AlO,/Nb
tunnel junction where fg = 700 GHz, both results give ®RpC = 3-4 at f = 100 GHz. In fact,
although these expressions look dissimilar, their frequency dependence is nearly the same
above 100 GHz. The approximation of low input LO power causes the Blundell and

Winkler expression to be optimistic, since the magnitude of Gy; decreases (and hence R
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increases) for increasing LO power. As a general rule, they show that @R,C ~ 1/f,

therefore the current density J must scale approximately as 2.

4.1.2 Resistance and Device Size

The requirements on Ry, of the device are somewhat fuzzy. Usually, Ry is ~ 50 ©,
which is the typical impedance of embedding circuitry. The rf admittance is given by G =
(2 + Y)/4yR, which gives Gy = 3.8/R,, for Nb devices at 100 GHz. [Blundell and Winkler,
1991]. The requirement on Rj, (= 1/G11) on the rf side can be seen as requiring that the
signal is well matched to the junction. In addition, the IF impedance of the tunnel junction
is governed by the dynamic resistance at the bias point of operation of the tunnel junction.
The input impedance of the IF amplifier is usually 50 Q. Often, since a typical output
impedance of the mixer is >> 50 £, a transformer is used at the IF which matches the high
output impedance of the tunnel junction to the 50 Q input of the amplifier. This transformer
can often limit bandwidth, which is a problem for practical receivers. In the absence of the
transformer, the design selection of Ry, is usually a compromise between providing a high
enough impedance at the signal and a low enough impedance at the IF, both to achieve good
coupling. The compromise is usually reached, or believed to be reached, with Ry = 50 Q.

Given R, ~ 50 Q, the device size is set by the the requirements on ©R,C. Using the

expression by Kerr and Pan (1990) in eq. 4-3, the size should scale as

A=t 4-4

with f in THz, C' in fF/(um)?2 ( = 45 for Nb/A1Oy/Nb junctions), and A in (m)2.
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4.1.3 Leakage Currents, Ruggedness, Operation Temperature

Low noise operation requires low currents below the gap voltage. The currents
below the gap voltage contribute to the mixer noise as shot noise (section 3.4.1).
Minimizing these leakage currents is a materials and fabrication challenge. Ta/TayOs/PbBi

junctions [Face et al., 1986, 1987] and Nb/A10,/Nb junctions [Lichtenberger et al., 1991]

have proven te be good materials choices. The fabrication of low leakage junctions requires
that the barrier be good, without excess leakage due to a non-uniform barrier, suboxides,
and normal metal inclusions [Face et al., 1987].

In addition to these intrinsic properties, it is desirable that the SIS device be rugged
so that electrical shock and thermal cycling do not degrade its properties. Clearly, a useful
receiver requires that the device can withstand multiple cooling and the occasional electrical

jolt.

4.2 Nb/A1Oy/Nb Trilayers

A near ideal choice in meeting requirements of section 4.1 is the Nb/A1O,/Nb tunnel
junction [Gurvitch et al., 1983]. The mixer receiver built at Yale used Nb/AIO/ND tunnel
junctions exclusively. All of the Nb devices used in the Yale receiver were fabricated by me
at the Westinghouse Science and Technology Center, Pittsburgh, PA with the collaborative
help of 1.X. Przybysz and J.H. Kang. The fabrication procedure and quality of these
devices are discussed in the following sections. The fabrication procedure used to produce
the Yale mixer receiver devices is shown in Fig. 4-1 and will be referred to in coming
sections. The entire procedure is given in Appendix A.

Many other groups use Nb/AlOx/Nb tunnel junctions since this type of tunnel
junction has proven to be very high quality in terms of its leakage current [Lichtenberger et
al.,, 1991; Kirk et al., 1991]. These junctions have also been made small, to areas of 0.3
(um)? [Hug et al., 1991]. In addition, Nb/A1Ox/Nb tunnel junctions show no aging in

ambient storage over a period of 450 days [Morohashi and Hasuo, 1987]. These junctions,
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Fig. 4-1 A side view schematic of the fabrication of the Nb/AIOy/Nb trilayer tunnel

junctions. The layer thicknesses are given in the text.
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commonly called Nb trilayers, are the standard for many applications including analog to
digital converters [Kang et al., 1991], and digital logic circuits [Hasuo and Imamura, 1989].
Since so many applications require robust, reproducible tunnel junctions, the Nb trilayer
Jjunction and its fabrication have been well studied [for a review of the device structures and
junction characteristics of Nb/AIOx/Nb tunnel junctions made by a number of groups
studying receivers, se¢ Blundell and Winkier, 1951].

4.2.1 Substrates

The devices fabricated for the mixer receiver at Yale were made on 2 mil (51 um)
thick fused or crystal quartz.! The substrate thickness and material were chosen based on
the scale modeling work done by Winkler et al. (1989). The scale modeling used a 28.4 x
replica of the mixer receiver to determine the rf coupling and chip design. According to the
scale modeling, substrates thicker than 2 mils give radiative losses, although the losses in 3
mil substrates may be tolerable. The low dielectric constant of quartz (€ = 3.8) reduces the
waveguide loading {Goldsmith, 1982]. The quartz wafer size was 1" x 1". This allowed
for 102 devices of size 1 mm x 4 mm, as well as some test structures, to be fabricated on a
single chip. These substrates were fragile; special handling and processing procedures were
necessary in order to fabricate the devices. The edges of the substrates were particularly
susceptable to breaking; test structures on future thin quartz wafers should be made in the
center of the wafer in order to maximize their yield. In order to decrease breakage losses,
the quartz substrates were mounted onto thick (0.56 mm) 2" diameter Si substrates using
silicone based vacuum grease.2 A similar technique, using vacuum grease mounting is
described by Danchi et al. (1989). After cleaning the quartz and silicon wafers (See
appendix A for cleaning procedures), the vacuum grease was spread in the center 1" by 1"

section of the silicon wafer. The quartz substrate was then placed on this grease. After

1valpey-Fischer, Hopkinton, MA
2Dow Coming Corp., Midland, MI
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baking the wafers for 5 minutes at 1100 C (this helps smooth the grease), a contact
maskaligner was used to press the quartz and Si wafers together by slowing bringing them
into contact with a mask. A maskaligner is a nearly ideal choice for this procedure since it is
designed to make a flat contact with the mounted substrate. In addition, one could look
through the optics of the aligner and see when the contact had caused the grease to become
smooth and the bubbies to exit from underneath the quartz wafer. Unfortunately, this
practice was not ideal since some grease oozed out from within the Si/quartz sandwich and
adhered to the mask. When this happened, the mask and wafer sand\fvich were separated
slowly, in order not lift the wafer sandwich from the vacuum chuck. This took about 5
minutes. Afterward, both the mask and the wafer sandwich were cleaned with a degreaser,
such as trichloroethane (TCA). The wafer sandwich could not be soaked in the degreaser,
since this would dissolve the contact that had just been made. Instead, it was cleaned by
spin cleaning. This was very simply done by placing the Si/quartz sandwich (Si side
down!) on the vacuum chuck of a spinner and squirting the top surface with TCA while the
device was spun at ~ 4000 rpm. In this way, the solvent did not get between the quartz and
the silicon wafers. The devices remained mounted in this way until they were separated in

order to deposit the back side metal on the quartz (section 4.4).

4.2.2 Deposition of the Al Underlayer

The sputtering system used to deposit the Al and Nb layers was developed by
Westinghouse and the Kurt J. Lesker Company and uses a water-cooled copper block on
which the substrate is mounted and heat sunk. The system is designed for the use of 2"
silicon wafers. The quartz/Si sandwich was therefore ideal for this system and alleviated the
problems involved in processing a 1" square quartz substrate substrate in a system designed

for 2" diameter round substrates.
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After the wafer mounting procedure, the Si/quartz sandwich was loaded to the
Lesker sputtering system. The system is load locked with a base pressure of 1-3 x 10-9

Torr. A 100 A Al film was rf magnetron sputtered onto the substrate at a rate of 25 A/min.

4.2.3 Deposition of the Trilayer

The Nb wrilayer devices used in the Yale receiver were made using the same sputter
deposition parameters given in Kang et al. (1991). The differences between the devices
described here and those of Kang et al. are the substrate, the device size, the junction current
dehsity, and the fabrication procedure.

Chang et al. (1987) have pointed out the importance of cooling the substrate while
depositing the films that make up the trilayer. The work by Kang et al. (1991) uses Si
substrates. These substrates are heat sunk to the copper block in the Lesker system by
mechanical pressure. This heat sinking is adequate to produce high quality films and
devices.

Another benefit of the low temperature of the substrate during deposition is that it
allows one to pattern films using liftoff. For liftoff, the initial trilayer patterning was done
using image reversal photoresist, AZ 5218E.3 The developed pattern was the area of
trilayer deposition. Since we used quartz substrates, the Al underlayer was necessary to
obtain the small features in the trilayer pattern. Attempts to pattern the trilayer photoresist
liftoff stencil on the bare quartz wafer resulted in a diffuse and blurred resist stencil due to
the backside reflections from the Si wafer underneath the quartz substrate. The 2 um
features in this mask level (Fig. 4-2) were washed out. With the Al underlayer, the liftoff
stencil could be patterned. All of the masks used in the fabrication of the Nb/AlO,/Nb
devices described in this thesis were made by M.J. Rooks at the National Nanofabrication

Facility. All of the patterning was done using a contact printer.

3Hoechst Celenese, Somerville, NJ
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After patterning the photoresist lift-off stencil, the trilayer was deposited (Fig. 4-1a)
in the Lesker system. First the Nb base electrode was dc magnetron sputtered at an Ar
pressure of 7.1 mTorr to a thickness of 2500 A at a rate of 1600 A/min. The rate and Ar
pressure are found to produce a Nb film with slightly compressive stress [Kang et al.,
1991]. This stress is found to be small (~-10 um). The residual resistance ratio of the films
is normaily 8-9, with T of 9.2 K.

After the Nb base layer deposition, 100 A of Al was rf magnetron sputtered at a rate
of 25 A/sec. This Al was then oxidized in the load lock chamber to produce the tunnel
barrier. At ambient temperature, the oxidation time and pressure of the oxygen during the
AlpO3 growth determine the current density of the junction. The dependence of the current
density on the oxygen pressure is given by Kang et al. (1991) and is in agreement with
previous work by Huggins et al. (1985) and Morohashi et al. (1987). The J; of the Yale
junctions was 3000 or 5000 A/cm? using an oxidation pressure of 50 and 20 mTorr
respectively for a time of 30 minutes. From eq. 4-1, with C' = 45 fF/(um)? for the Al,O3
in the trilayer junction [Lichtenberger, et al., 1989; Han et al., 1989], A=Ay =14 mV, f
=100 GHz, this gives ®RpC products of 2 and 1.24 for J. = 3000 and 5000 A/cm?2
respectively. These values are both less than the recommended value of 3-4, which may
allow significant higher harmonic currents to flow in the junction in response to an applied
radiation. This is discussed in Chapters 5.

The counter electrode Nb was then deposited using the same sputter source and
deposition parameters as the base electrode Nb. The counter-electrode thickness was 800
A.The deposition of the counter electrode completed the trilayer. The patterning of the
trilayer was completed by soaking the wafer sandwich in acetone to liftoff the unwanted
parts of the trilayer. This process took ~5 minutes. not long enough to affect the vacuum

grease adhesion of the two wafers.
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4.2.4 Defining the Junction Area

With the RpC product being set by Jc and Ry, set to ~ 50 Q, the area of the device
should be given by eq. 4-4, A = 2 (um)2. Device of 0.5, 2, and 4 (um)2 were fabricated.
These small area devices needed to be patterned using a self-aligned approach, since
insulating them using another mask layer would require aligning contact holes smaller than
the junction size to the junctions. This would be very difficult.

Many techniques exist for defining the junction in a self-aligned way. Many were
tried. The simplest process tried was a Selective Niobium Anodization Process (SNAP),
described by Kang et al. (1991) and first reported by Kroger et al. (1981). In this method,
the junction area is protected with photoresist or SiOy. The top electrode is then anodized,
producing Nb2Os, which insulates and defines the tunneling area. Unfortunately, it was not
possible to produce junctions of a size smaller than 5 (um)?2 since the anodization led to
stresses at the edges of the junction due to the factor of 2.5 difference in thickness of NbyOs
and Nb [Imamura and Hasuo, 1989].

In order to fabricate the small area junctions, a modified Selective Niobium
Insulation Process (SNIP) was developed. This process is a variation on those given by
Shoji et al. (1983) and Morohashi et al. (1985). The SNIP process uses SiO3 rather than
Nb,Os to insulate the junction. The dielectric constant of SiO», € = 3.8, is smaller than that
of NbyOs, € = 28, thus giving a smaller capacitance for equivalent thicknesses.

The modified SNIP process is rather straightforward. The junction area was defined
by patterning resist on the trilayer, as shown in Fig. 4-1b. The resist was AZ5209 used in
the positive mode with a chlorobenzene soak to give it an undercut liftoff profile [Hatzakis et
al., 1980]. The counterelectrode was then reactive ion etched in a Semigroup 1000 etcher,
in a plasma of CClyF with 8% Ar and 8% O». The argon and oxygen help prevent the
formation of polymers [Przybysz et al., 1989; Flamm, 1989]. The Al,O3 tunnel barrier
served as an etch stop for this etching. The underlayer of Al also protected the quartz

substrate from being etched, as can be seen in Fig. 4-1b.
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While still in the reactive ion etcher, the photoresist dot protecting the device area
was "shrunk" in a 300 mTorr plasma of Op. This procedure ensured that the resist stencil
was smaller so that edge coverage of the junction area would be possible in the subsequent
deposition of an insulator. In addition, and probably more importantly, the O; plasma
served to insulate the edges of the exposed Nb counter-electrode. Lower pressure Oy
plasmas were found to attack the top of the photoresist preferentially.

After the dot shrinkage, the Al underlayer was chemically etched. The etch was
stopped at Nb and SiOj. The etch of the Al underlayer was necessary in order to electrically
isolate the devices on the chip from each other, and also in order not to short across the
tunnel barrier. The thin Al underlayer remained only under the trilayer, and was thus
always electrically shunted by the rilayer. To complete the isolation of the junction, 1500 A
of Si07 was sputter deposited in an MRC sputtering system. The photoresist dot was then
lifted off in acetone, opening a hole in the SiOy through which the junction could be
contacted, as shown in Fig. 4-1c. It was important to heat sink the wafer sandwich well
with vacuum grease to the sputter platform during the deposition of the SiO2 in order to
achieve liftoff of the photoresist dot.

Before describing the completion of the device, an apology is in order. Some of the
devices measured, such as a devices J and K described in Chapter VI, had leakage currents
far in excess of what is found by Kang et al. (1991) using the same trilayer deposition and
oxidation parameters described here. At this time, it is believed that the excess leakage
current found in some devices was due to an inadequate passivation of the Al of the tunnel
barrier. This Al was etched at the same time that the Al underlayer was etched (this can be
seen in the transition from Fig. 4-1b to 4-1c). This etching was done after the dot shrinking
and Nb passivating O plasma oxidation. Instead of the sequence described above, one
should instead follow the sequence 1) reactive ion etch the top Nb, 2) wet etch the Al
underlayer (and Al/Al203 of the tunnel barrier), 3) Oy plasma shrink and passivation. The

O, plasma would then passivate the exposed Al edge around the tunnel junction and should






