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Abstract

This thesis describes the development and testing of NbN/MgO/NbN tunnel junctions for use as super-
conductor-insulator-superconductor (SIS) mixers. SIS mixers are the most sensitive heterodyne detectors
in the millimeter Wavelength region. Most SIS mixers use Ph alloy tunnel junction. These tunnel junctions
have several problems associated with the soft nature of Pb and its low superconducting transition tem-
perature. NbN-based tunnel junctions are being developed to overcome these difficulties. These devices
are intended to be used as mixers at millimeter and submillimeter wavelengths. This thesis describes the
fabrication process involved in making NbN junctions, and the results of measurements on these devices.
The purpose of these measurements is to determine the future possibilities of NbN tunnel junctions as
high-frequency mixers.

The first chapter is an introduction to SIS mixers and explains how tunnel junction properties affect
mixer performance. The basic theory of tunneling and mixing in SIS mixers is first presented. A description
of quantum mixer theory is included in this presentation. This theory makes several interesting predictions
that cannot be explained using classical theories. This is followed by a description of how real SIS
tunnel junctions differ from ideal junctions. The physical origin of these differences is discussed, along
with how they affect SIS mixer performance. Finally, the advantages and disadvantages of the various
superconducting materials available are discussed. The decision to develop NbN devices is based on these
material properties.

The second chapter describes the methods used to fabricate small-area NbN/MgO/NbN tunnel junc-
tions. The chapter begins with a description of the various methods that have been used to deposit NbN
films. Reactive magnetron sputtering is chosen as the best method for tunnel junction fabrication. Details
on the vacuum systems and the methods used for depositing superconducting NbN are discussed. Next, the
process used for depositing junction trilayers (NbN/MgO/NbN) is described. The probable growth mode
of MgO on NbN is presented. The importance of this growth mode to the junction quality is explained
in some detail. Next, standard junction processing steps are reported. The details and limitations of each
step are put forth. The standard i)rocess allows for the fabrication of 1 um? tunnel junctions. Finally, this
chapter discusses several methods of fabaricating submicron junctions that are being pursued. The status
of this work is given.

The third chapter describes the characterization of NbN films and NbN/MgO/NbN tunnel junctions.
Film properties are described first. The correlation of these properties to deposition conditions is discussed
in some detail. Next, values for the various features of the I-V characteristic are given; typical and
exceptional values are noted. How these features limit mixer results is described in detail. Several

important device attributes were measured using superconducting-quantum-interference-devices (SQUIDs).
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These attributes are the junction’s specific capacitance and the film’s magnetic penetration depth. The
theory'and results of measuring specific capacitance and penetration depth are presented. Following the
SQUID results is a large section on RF testing. Mixer tests were made at 205 GHz. The receiver design
used, integral induétive tuning circuit used and results are discussed. These results are well understood,
with the exception of the temperature dependence of the mixer performance. Finally, measurements of the
uniformity of many junctions on a single wafer are presented. The importance of junction uniformity is
also described.

The final chapter discusses the ultimate limits on NbN mixers, and tells what future work must be
done to achieve these limits, The primary high-frequency limit on NbN junctions is the capacitance of
NbN/MgO/NbN junctions. The limit imposed by the junction capacitance and circuits used to tune out
this capacitance are discussed. Also, the low-frequency limits on NbN junctions are discussed. The status
of submicron devices is presented. Junction area is the most immediate limitation on NbN mixer results.
The possibility of using other barrier materials to increase the RC speed of NbN junctions is presented.
Finally, the possibility of operating NbN junctions at temperatures above 4.2 K is discussed.
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Chapter 1. Introduction

This thesis describes the fabrication, characterization and testing of NbN/MgO/NbN superconductor-
insulator-superconductor (SIS) tunnel junctions for use as heterodyne mixers in the submillimeter band
(300-3000 GHz). The first section describes the importance of the submillimeter band in astronomy. In
this frequency range, heterodyne detectors are used for detecting emission lines from atoms and molecules.
Because of their extremely nonlinear current voltage characteristics, lead-based SIS junctions and more
recently niobium-based SIS junctions are the most sensitive heterodyne detectors in the near millimeter
band (100-600 GHz). NbN tunnel junctions are being developed as an altemative technology to lead-
alloy tunnel junctions in order to extend the frequency range of SIS mixers to higher frequencies. To
explain the physics of SIS mixers, an overview of superconductivity is given. The properties of an SIS
tunnel junction are then described based on this overview. A quantum mechanical theory, which describes
radiation detection using SIS junctions, is presented, and the basic physics and predictions of this theory
discussed. Properties of real SIS junctions are compared to the properties of an ideal SIS junction. The
physical origin of these nonideal properties and their effect on mixer performance are discussed. Finally,
the various superconducting materials that are available for use in SIS tunnel junctions are described. The
advantages and disadvantages of each material are presented. The decision to develop NbN tunnel junctions
is based on these factors.
A. Submillimeter Astronomy

In the submillimeter band, distant galaxies, cosmic background radiation and star formation in gas
clouds within our own galaxy all provide important subjects for astronomical observation. QObservations of
gas clouds are particularly fascinating because many molecules have rotational transitions at submillimeter -
wavelengths. The emission and absorption spectra of these molecules yield information about their relative
abundances, temperatures, and velocity distributions. These data are critical for understanding star forma-
tion and interstellar chemistry. A review of techniques in submillimeter astronomy is given by Phillips
(1987).
Submillimeter Telescopes

Telescopes in the submillimeter band have only recently been constructed because of several techno-
logical difficulties at this frequency. These large radio-style telescopes must have surface accuracies of less
than 20um, which is very hard to attain with traditional techniques. Detectors and oscillators that work
at this frequency are difficult to construct. Finally, the atmosphere is nearly opaque in the submillimeter
band. Until the recent construction of several tclescopes, the Kuiper Airborne Observatory (KAO) was the
only telescope dedicated to operating in the submillimeter band. This telescope is a smail (0.9 m) dish

mounted in a Lockheed C-141 aircraft. The plane flies at an altitude of 12 km, because at this altitude
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the atmosphere is nearly transparent in the submillimeter band with the exception of several strong ab-
sorption lines.. More recently, three ground- based telescopes (the James Clerk Maxwell 15 m telescope,
the Caltech Submillimeter Observatory 10.4 m telescope and the Swedish-ESO 15 m telescope) have been
constructed on mountain peaks. At mountaintop altitudes, the atmosphere is nearly transparent in parts of
the submillimeter band. These telescopes have much larger collecting areas than the KAO, resulting in
greater sensitivity and improved angular resolution. Additionally, several space missions (NASA’s Large
Deployable Reflector, and Submillimeter Explorer) have been proposed. New detector technologies need
to be developed to take advantage of these new telescopes.

Heterodyne Detectors

At millimeter and submillimeter wavelengths, it is difficult to construct amplifiers. Instead, mixers
are used to downconvert the high-frequency signal (RF) to a lower frequency, known as the intermediate
frequency (IF), which can be amplified. Once the signal has been amplified, it can be processed further
without adding noise. The combination of the mixer, IF amplifiers and subsequent signal-processing equip-
ment is called a heterodyne receiver. Incoherent detectors can also be used at millimeter and submillimeter
wavelengths. These detectors measure the signal power over a large bandwidth. Spectral information about
the signal can be obtained by filtering the radiation prior to detection. The filters used typically do not have
high frequency resolution. In contrast, heterodyne systems typically have very high frequency resolution.

For astronomers, this means narrow molecular emission lines can be resolved.

In order to downconvert a high-frequency signal to an IF signal, the signal, together with a coherent
local oscillator (LO), is applied to a diode. If the local oscillator power is large compared to the signal
power, there will be output radiation at all frequencies v = nv1o % Vsgnal, Where n is an integer. The LO is
typically at a frequency very near the signal frequency. The mixer is usually designed so that all of these
frequencies are terminated reéctively except the signal, LO, and intermediate frequencies, where the IF is
VIF = |Vsignat — vLo|- These signals are shown schematically in Figure 1.1. On millimeter wave telescopes,
the center of the IF band is typically 1 to 2 GHz, although IF’s up to 5 or 10 GHz are sometimes used.
Mixers can respond to radiation that is at a frequency vggna = v10 + viF; this is called the upper sideband.
Similarly, mixers can also respond to the lower sideband, which is at vggaa = v1o — mp. All receivers
downconvert both the upper and lower sidebands to the IF. If the response to both sidebands is equal, the
receiver is called a double sideband reaceiver. If the response to one sideband is suppressed significantly

relative to the other, the receiver is called a single sideband receiver.

In order to compare receivers, their response and sensitivity must be quantified. Consider an input
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Figure 1.1 Schematic of upper and lower sideband, LO and intermediate frequencies.

signal of power Pyigna1, in a bandwidth B. For a linear mixer, the output power is

Poutput = 1(Psigna + Proise), 1.1

where n is defined as the conversion gain of the mixer, and P,y is the noise added by the mixer in a
bandwidth B referred to the input of the mixer. . Typically, the power-per-unit bandwidth added by the

receiver is converted to an equivalent receiver noise temperature. This is defined as
Ty = Ppoise/knB. 12

For most mixers, the conversion gain is less than unity. In this case, the IF signal is still very small, so the
following IF amplifier will add noise to the system. The contribution of the receiver noise can be separated

into the contributions from the mixer and the IF amplifiers,
Pnoise=Pm+PIF/77, 13

where Py, is the noise power added by the mixer, and Prr is the IF amplifier noise power referred to the
amplifier’s input. Subsequent amplifiers will not degrade the signal, because the IF amplifier has significant
gain. Equation 1.2 can be used to define the IF amplifier’s equivalent noise temperature. At 4.2 X, a good
IF amplifier has an equivalent noise temperature of 2 K. The details of measuring Ty, Ty, and 1 will be
given in chapter three.

Most heterodyne mixers are based on semiconductor diodes, such as the Schotiky diode. These
devices have been used for mixers at submillimeter wavelengths; however, Schottky diodes have several

disadvantages. Their inherent noise is fairly large, and their conversion gain is small. Both of these factors
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will degrade the signal-to-noise ratio of the IF signal. Schottky diodes also require large LO power levels.
At millimeter wavelengths, LO requirements are not a problem, because fundamental frequency, solid-state
oscillators, like Gunn-effect diodes, have large output powers. At submillimeter wavelengths, solid-state
local oscillators consist of a millimeter wavelength fundamental source and a semiconductor diode-based
harmonic multiplier. These sources typically have very low output powers, which makes Schottky diode-
based systems hard to implement. The next section describes an alternative technology, which is based on
superconducting tunnel junctions.

B. SIS Mixers

Heterodyne systems based on SIS tunnel-junctions are an alternative to Schottky diode heterodyne
receivers. An SIS tunnel junction consists of two superconducting electrodes separated by a thin insulating
layer (typically 1-2 nm). Elecirons in one electrode can tunnel through the thin insulator into the other
electrode. Unlike Schottky diodes, SIS mixers require very low LO power levels. Additionatly, SIS tunnel
junctions are the lowest noise mixers in the near millimeter band.

This section discusses the basic physics behind SIS tunnel junction mixers. We begin with an in-
troduction to superconductivity. The unusual density of states for the superconductor causes SIS tunnel
junctions to have extremely nonlinear current voltage (I-V) characteristics. This extreme nonlinearity leads
to several phenomena, which can be described only by using a quantum mechanical theory. This theory
and these phenomena are described in detail. Experimental results with SIS mixers are presented last.
These results verify the predictions of the theory.

Physics of SIS Tunnel Junctions

Superconductivity is caused by a small attractive force between conduction electrons in a metal. In a
conventional sﬁperconductor, this attractive force is moderated by the electron-phonon interaction. Below
the superconducting transition temperature (T.), the electrons near the Fermi energy form bound pairs
{Cooper pairs, Cooper 1956), because of this attraction. The Cooper pairs have a net spin of zero, so
they act like bosons, not fermions. The pairs will condense into the ground state. These pairs can carry
current without any dissipation of energy. A microscopic theory to explain this phenomenon was given
by Bardeen, Cooper and Schrieffer (BCS, 1957). To create an excitation from the ground state, a Cooper
pair is broken. The lowest energy states for the excited electrons is an ¢nergy A above the Fermi energy;
therefore, the lowest excitation energy for the system is 2A, because there are two electrons in a Cooper
pair. This excitation energy is called the superconducting energy gap. The density of the excited states as
a function of energy is shown in Figure 1.2(a). There is an infinite density of states at the edges of the
energy gap. The density of states shown in this figure is frequently called the semiconductor-picture of a

superconductor. The Cooper pairs are not shown in this diagram; the pairs are at the Fermi energy. In
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the ground state of the superconductor, all the electronic states below the energy gap are filled and all the
electronic states above the energy gap are empty. The semiconductor picture of a superconductor is not
a rigorous one, bﬁt an attempt to represent excitations of a many-body system in a simple manner. In a
superconductor, the excitations are called quasiparticles. Quasiparticles act in most ways like electrons, but
they have a finite lifetime and they will decay back into the pair states. An introduction to superconductivity

is given by Tinkham (1975).

. £ £
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Figure 1.2 SIS Tunneling. Figure (a) shows the semiconductor picture of the BCS density
of states at 0 K. Figure (b) shows the semiconductor picture of an SIS junction biased
below the gap voltage. Figure (c) shows an ideal SIS I-V characteristic at 0 K.

The semiconductor picture can be used to understand SIS tunnel junctions. Figure 1.2(b) shows the

semiconductor picture of an SIS tunnel junction biased at a voltage Vo. At this voltage, there are no empty
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states for the quasiparticles in superconductor 1 to tunnel into. When the bias voltage is raised to the gap
voltage (Vo =.(A; + Az)/e = Az/e, where A; is the energy gap for superconductor i), the filled states at
the gap edge in superconductor 1 can tunnel into empty states at the gap edge in superconductor 2. The
- onset of tunneling current at this voltage is abrupt, because there are singularities in the density of states at
both gap edges. Using the BCS expression for the density of states and the tunneling theories of Bardeen
(1961) and Cohen et al. (1962), the I-V characteristic for a SIS tunnel can be calculated. This calculation
involves determining the tunneling probability (T), which is equal to an overlap integral for the states on
both sides of the barrier. All possible tunneling channels are summed over to obtain the total tunneling
current for a given bias voltage. The I-V characteristic of a junction at 0 K is shown in Figure 1.2(c).

SIS wnnel junctions have nearly perfect I-V characteristics for heterodyne mixing. The optimal I-V
characteristic for a classical mixer is a switch, which conducts no current below a certain bias voltage;
above this bias voltage the current turns on abruptly. This happens in an ideal SIS I-V characteristic at the
gap voltage. In real SIS junctions, the turn on of current is not perfectly sharp, but typically occurs over
a fraction of a millivolt. The nonlinearity in an SIS tunnel junction is much sharper than the nonlinearity
in semiconductor diodes (>10 mV for a cooled Schottky diode).
Quantum Theory of Mixers

When a tunnel diode has an extremely nonlinear I-V characteristic, classical mixer theory breaks down,
and a quantum mechanical treatment is necessary. The frequency where classical theory fails depends on
the voltage range over which the current is a nonlinear function. In SIS junctions, quantum mechanical
effects have been experimentally observed at frequencies as low as 30 GHz (Face et al., 1986). To explain
these effects, a quantum mechanical theory for mixers was developed by Tucker (1975, 1979, 1983), Tucker
and Millea (1978), based on the earlier theory of Werthamer (1966).

We will first apply Tucker’s theory to the simple problem of direct detection of a coherent signal
before considering the complete mixer theory. The figure of merit for a direct detector is the current
responsivity (R;), which is defined as the rectified current divided by the RF power absorbed. The current

responsivity in a tunnel diode is

e { To(Vo + hv/e) — 21o(Vo) + To(Vo — hu/E',)} 1.4

S w To(Vo + hw[e) — 1g(Vo — hv/€)
where Vy is the bias voltage, Io is the tunneling current, v is the frequency of the radiation, e is the charge
on an electron and 4 is Planck’s constant. In the classical limit of small photon energies (hv/e < AV,
where AV is the voltage range over which the current is nonlinear), Equation 1.4 reduces to

R = 1do/av3

= = 820/CVs 1.
1T 27dl AV, 3
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This is the classical result for a square law detector. In the quantum mechanical limit of large photon

energies (hv/e > AV), Equation 1.4 reduces to
R = —. 1.6

Tucker’s theory predicts both the quantum result of one electron per photon absorbed (Equation 1.6) and
the classical result for a power law direct detector (Equation 1.5). The important feature to notice is that
the transition from classical to quantum mechanical behavior occurs when the voltage scale of the photon,
hy /c,' is comparable to the voltage range over which the current is a nonlinear function.

An informative picture of the quantur mechanical limit of direct detection in SIS junctions can be had
by considering the semiconductor picture of SIS tunneling. Figure 1.3 shows the semiconductor picture
of a tunnel junction biased just below the gap voltage. No current can fiow at this bias voltage; however,
if photons are incident on the tunnel junction, a quasiparticle can tunnel for each photon that is absorbed.
Figure 1.3 shows the process of a photon being absorbed and an electron tunneling from superconductor
1 to superconductor 2. This process will occur, if the junction is biased at a voltage hv /e below the gap
voltage or at any higher bias voltage. If two photons are absorbed, tunneling can occur at bias voltages
of 2hv /e below the gap voltage. Photon-assisted tunneling leads to a series of current steps in the I-V
characteristic at voltages of Arz/e — nav /e, corresponding to the absorption of n photons. For bias voltages
slightly less than the gap voltage, one electron can tunnel for each absorbed photon, which is the quantum
regime discussed above.

Tucker also extends his quahtum mechanical theory to the more complicated problem of heterodyne
detection; his theoxy predicis several interesting phenomena. As noted above, steps should occur in the
I-V characteristic of voltage width Av/e. For certain conditions, the regions between the steps will have
negative differential resistances, and infinite conversion gain is available if the IF amplifier is matched
to the junction. In a classical mixer, conversion gain must be less than one. The fact that SIS mixers
can have conversion gains greater than one is very important, because it reduces the noise contribution of
subsequent IF ampilifiers to the receiver noise. The contribution of the IF amplifiers is typically a significant
fraction of the system noise. Finally, the noise temperature of quantum mixers can approach the quantum
limit imposed by the uncertainty principle (for a double sideband receiver, Tauagwm tmit = #v/2kg) (Tucker,
1979; Wengler and Woody, 1987). The low inherent noise of SIS mixers coupled with the potential for
conversion gain leads to very low receiver noise levels for these devices. All of these predictions have
been experimentally verified in SIS mixers in the millimeter wave region (McGrath ef al., 1985; Face et -

al., 1986; Pan et al., 1989).
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Figure 1.3 Semiconductor-picture of SIS photon assisted tunneling.

Experimental Results with SIS Mixers

Experimental results using SIS junctions as mixers first appeared in 1979 (Dolan, Phillips and Woody,
1979; Richards et al., 1979; Rudner and Claeson, 1979). These early results showed extremely low noise
temperatures and photon-assisted tunneling steps. Reviews on experimental results have been written by
Tucker and Feldman (1985) and Phillips and Woody (1982). To date, SIS mixers have shown excellent
performance from 30 to 230 GHz (Face et al., 1986; Pan et al., 1989; Ellison et al., 1987). Mixer results
above 230 GHz have been much more recent and fewer in number. Recent results of a waveguide receiver at
345 GHz by Ellison et al. (1989) are extremely good. At higher frequencies, two open-structure receivers
have also given good results (Wengler et al., 1985; Biittgenbach et al., 1988). Performance of mixers at

these higher frequencies have been limited by tunnel-junction characteristics.

SIS tunnel junction-based mixers require very low LO levels and are very sensitive, because they have
extremely nonlinear I-V characteristics. The abruptness of the nonlinearity is caused by a singularity in the
density of states at the gap edge. A theory to explain SIS mixers_ has been developed by Tucker, There
are limitations on the performance of SIS mixers, particularly at higher frequencies. These limitations are
caused by nonideal I-V properties and by the basic physics of superconductors. The properties and limits

of real SIS tunnel junctions are discussed in the next section.



C. Properties of Real SIS Tunnel Junctions

The previous section discribed the performance of mixers using ideal SIS tunnel junctions; however,
real SIS junctions have properties that limit their performance. This section analyzes these limitations and
their physical origins. Figure 1.4 shows a stylized version of a real SIS I-V characteristic, as compared to

the ideal 1-V characteristic shown in Figure 1.2(c). The properties of this I-V characteristic are referred to
throughout this section.

Current vs. Voltage /

0 M‘t

0o\ Reg Vg
mVolts Gap Voltage

\{

Figure 1.4 Stylized SIS I-V characteristic. This figure shows a stylized version of a real
current versus voltage plot for an SIS tunnel junction. There is a finite subgap resistance
{Rsg), a broadening of the onset of tunneling at the gap voltage (§Vy), and the drop-back
voltage (Va), below which there is no stable nonzero bias voltage. Additionally, there
may be an increase in subgap leakage at half the gap voltage.

Rounding of Current-Voltage Characteristics

SIS-based mixers exhibit quantum behavior only when the 1-V is extremely nonlinear. Real tunnel
junctions have subgap leakage currents and a smeared tum-on of the tunneling current at the gap voltage.
Both of these nonideal properties reduce the nonlinearity in an SIS I-V characteristic. Devices with rounded
1-V characteristics will show guantum mechanical effects only at higher frequencies.

The most severe problem in I-V rounding is the gap smearing; it comes about because supercon-
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ductivity is not a local phenomenon. In a superconductor the Cooper pair extends over a finite region.
The size of the Cooper pair is the superconducting coherence length (£). Because of the finite size of
the Cooper pair, the local energy gap of a superconductor is a weighted spatial average of the material
in a volume ¢3. Real superconductors are not spatially uniform, but have imperfections such as grain
boundaries, impurities, crystal defects and nonstoichiometric material. If the size of these imperfections
is small compared to the coherence length, the measured gap will be the spatial average of the local gap
values. In this case, the gap voltage will be reduced, but the onset of tunneling at the gap voltage will be
sharp. If the scale of imperfections is large compared to the coherence length, the measured gap will be
reduced and will.vary spatially. This leads to a smeared onset of tunneling at the gap voltage. To reduce
gap smearing in short coherence length materials, it is necessary to deposit superconducting materials that
are more nearly perfect crystals.

The second form of I-V characteristic rounding is subgap leakage currents. The BCS I-V characteristic
in Figure 1.2 shows no sub-gap leakage currents, because the physical temperature is absolute zero. At finite
temperatures, quasiparticles can be excited thermally, leading to subgap leakage currents. This leakage is
very low for temperatures below T./2. In real junctions, there are finite subgap leakage currents even at
very low temperatures (1.5 K). There are several possible sources of this “excess” leakage current. There
can be holes in the barrier that lead to parallel bridge-type weak links. There can be normal metal regions in
the the superconductor that lead to parallel, superconductor-insulator-normal metal (SIN) tunneling. There
can be multiparticle tunneling events that lead to conduction below the gap voltage. The effects of these
three mechanisms on the I-V characteristic are now discussed.

If there are pinholes in the barrier, there will be conduction through constricted superconductor-bridges.
For a pinhole that is smaller than a coherence length, a bridge-type weak link is formed in paralle] with the
tunnel junction (Anderson and Dayem, 1964; Barone and Paternd, 1982). Junctions with parallel leakage
through pinholes will usually have a nonhysterctic component to the critical current, becanse bridge-type
weak links have nonhysteretic I-V characteristic. If pinhole conduction is large, the effect is obvious, as
seen in Figure 1.5. Typically, junctions do not have large nonhysteretic components of the critical current.
Pinhole conduction is probably not the dominant subgap leakage mechanism.

One characteristic frequently seen in leaky tunnel junctions is an increase in subgap conduction at
half the gap voltage. This increase gives a clue to the physical mechanism of excess leakage current. The
next two subgap conduction mechanisms lead to an increase in leakage currents at half the gap voliage.

If there are normal metal regions in one of the tunnel-junction electrodes, there will be SIN conduction.
The normal regions need to be larger than an electronic coherence length, or they will only cause reduction

in the gap voltage through the proximity effect. SIN I-V characteristics have a conductance maximum at
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Figure 1.5 Leaky I-V characteristic. This tunnel junction shows extreme parallel leakage
currents through a Josephson weak link.

half the gap voltage and can explain the increase in subgap current at half the gap voltage.

If the barrier is thin, there will be conduction below the gap voltage through multiparticle tunneling
processes. In a multiparticle tunneling process, two or more quasiparticles tunnel simultaneously. Theories
for multiparticle tunneling were first proposed by Taylor and Burstein (1963) and by Schrieffer and Wilkins
(1963). Two-particle tunneling is shown schematically in Figure 1.6. A typical two-particle tunneling event
occurs for a bias voltage of half the gap voltage. A Cooper pair at the Fermi energy breaks, and the two
quasiparticles tunnel into the empty states in the other electrode. This process is proportional to the
transmission probability squared (T2), because two particles must tunnel simultancously. Two-particle
tunneling creates a current rise at half the gap voltage, explaining qualitatively the subgap leakage currents.
Three-particle tunneling can occur if three quasiparticles tunnel simultaneously. The effects of multiparticle
tunneling on NbN/MgO/NbN junctions will be analyzed in Chapter three.

High-Frequency Limits on SIS Mixers

The high-frequency roll-off of the detection efficiency for an SIS tunnel junction is limited by two of its
properties. The junction capacitance acts to short out the signal at high frequencies, and the superconducting
energy gap limits performance through two mechanisms at high frequencies. Both of these effects are now
discussed.

The two elecirodes and the barrier of a tunnel junction form a parallel plate capacitor; this capacitor

forms a low pass filter with the tunneling resistance. The capacitance acts to shunt signal current away from
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Figure 1.6 Semiconductor-picture of multiparticle tunneling.
the nonlinear tunneling element. When calculating the “RC” speed of a junction, the correct resistance to
use is the junction-radiation input resistance, which depends on the junction bias conditions. The junction-
radiation input resistance is of the same order as the normal-state-tunneling resistance, as is noted by Tucker
and Feldman (1985). In this thesis, the normal state resistance is used to calculate RC speed. The junction
capacitance is

C=eA/d, 1.7

where ¢ is the barrier dielectric constant, A is the junction area, and d is the barrier thickness. For a simple

square barrier, the junction normal state resistance is

rd
= — 18
R, YW x exp(4rd/2m¢/h),

where ¢ is the barrier height, m is the mass of the electron, 4 is Planck’s constant, and e is the charge
of an electron. Several things are clear about the R,C product: It does not depend on the junction area,
because the resistance and capacitance vary in an inverse manner with area; the RC speed varies with
barrier thickness as exp(—d/dp), because the linear thickness terms in the capacitance and the resistance
cancel out. High-speed junctions will have thin tunnel barriers and small R, A products. The impedance of

the mixer mount is roughly 100 . To obtain impedance-match, the junction impedance must be roughly
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100 Q, so the junction area must be small. If materials with reduced barrier heights or dielectric constants
are used, R,C products will improve.

The second limitation on high-frequency performance is the energy gap. For Av > 2A, photon energies
" are large enough to break Cooper pairs and create excited quasiparticles. Above this gap frequency, the
resistivity of the superconductor is roughly equal to its normal state resistivity. This implies that antenna
and transmission line circuits will be lossy and will not act in an ideal manner. At twice this frequency,
the junction is no longer an efficient mixer. Consider a junction biased just below the gap voltage. For
hv > .4A, photon energies are large enough that photon-assisted tunneling can take place in both the forward
and reverse bias directions. At this frequency, the tunnel junction no longer acts as a rectifier, and it is
not an efficient mixer. Tests have been made of Pb mixers at frequencies above 2A/h with good success
(Biittgenbach et al. 1988). This means that although superconductors are lossy at frequencies above 2A/h,
SIS junctions still exhibit mixing,
Josephson Tunneling in SIS Junctions

Both quasiparticles and Cooper pairs can tunnel in an SIS tunnel junction. The effects described so
far are quasiparticle tunneling. This is the effect that is typically used in mixers. Cooper pairs can funnel
coherently across the barrier. Pair tunneling is called the Josephson effect (Josephson 1962, 1965). A
review on Josephson tunneling and its applications is given by Barone and Paternd (1982).

For the small area junctions used in quasiparticle mixers, two simple equations describe the Josephson

effect. These equations are derived in Appendix A and are:
1 =1.sin(¢) and 19

V = h/2e x d¢/dt,

where ¢ is difference in the macroscopic phase of the superconductor wave function across the barrier, and
L is a constant determined by the barrier and the area of the junction. The most obvious effect of Josephson
tunneling is the finite current at zero voltage. At zero voltage, ¢ can take on any constant value, and the
current can vary between +I. and —I.. The Josephson supercurrent is the dissipationless tunneling of pairs
across the barrier. A second effect is that if the junction is biased at a DC voltage (Vo), ¢ = ¢o+2eVot/A,
the current will oscillate at a frequency v = 2eVo/h. The Josephson oscillations are just one of a wealth
of phenomena caused by Josephson tunneling.

The Josephson effect causes two problems in SIS quasiparticle mixers. Below a certain voltage, Vay
(called the drop-back voltage), there are no stable DC bias points, and the junction switches to the zero- -
voltage state. The Josephson effect can be used for heterodyne mixing. Josephson mixing can interfere

with quasiparticle mixing and cause increased mixer noise. These two phenomena are described.
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The drop-back voliage is caused by the Josephson oscillations. At a small bias voltage, the voltage
amplitude of the Josephson oscillations is larger than the bias voltage. The zero voltage state is a lower
energy state than the finite voltage state, so the junction switches to the zero-bias state. At larger bias
~ voltages, the oscillations are at high frequencies and will be shunted out by the junction capacitance;
therefore, large bias voltages will be stable. As the bias voltage is reduced, the voltage amplitude of the
oscillations increases. At the drop-back voltage, the voltage amplitude of the oscillations is roughly equal
to the bias voltage. The value of the drop-back voltage can be calculated analytically 1o be

hle

) — 1.10
Vao 4zC’

(Johnson, 1968). High-speed junctions, which have small RC products, will have large drop-back voltages.
If the local oscillator causes the ac bias to enter this unstable drop-back region, the mixer will be very
noisy. The addition of noise to SIS mixers from the Josephson effect has been studied by Dolan ez al.
(1981) and Rudner et al. (1981a, 1981b).

The Josephson effect can be used to detect radiation. When an RF signal is applied to a Josephson
junction, steps appear in the I-V characteristic at voltages proportional to the frequency (V, = nkr/2e,
Shapiro 1963). The heights of the steps is a function of the RF power level, so the current level between
steps is a function of RF power. The Josephson effect, like quasiparticle tunneling, can be used for direct
detection and mixing, For typical LO power levels, only the first few Josephson steps are evident. At
low frequencies, these steps are at low voltages and do not interfere with quasiparticle mixing; at high
frequencies, the steps are spaced further apart, and they are in the typical bias range for quasiparticle mixing.
The details of the interaction of Josephson mixing with quasiparticle mixing are not fully understood;
however, if Josephson steps are present near the bias region, noise levels are typically higher than normal,

A magnetic field can be applied to suppress the Josephson effect. This reduces problems with the
drop-back voltage and Josephson mixing. To fully suppress the Josephson effect, one-half of a quantum of
magnetic flux (®o/2 = h/4e) should be threaded through the barrier region. The magnetic field necessary
to suppress the Josephson effect is roughly B = @ /2¢d + 2)), where t is the length of the junction, d is
the barrier thickness and X is the magnetic penetration depth. (The penetration depth is discussed further
in chapter three.) For a 0.5 x 0.5um? junction with a penetration depth of 300 nm and a barrier that is
1 nm thick, the magnetic field needed is 3 x 10~2 Tesla. Experimentaily, the magnetic field can be large
enough to suppress the gap and degrade the I-V characteristic (Wengler 1986). Junctions with larger gap
voltages will have fewer problems with the drop-back voltage and Josephson mixing, because the typical
bias voltage (just below the gap voltage) is larger.

Real SIS wnnel junctions have many properties that will limit mixer performance. These limitations
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can be put into four general categories: rounding of the I-V characteristic, high-frequency roll-off from the
junction capacitance, the high-frequency limit imposed by the superconducting energy gap and problems
caused by the Josephson effect. All of these limitations depend on the properties of the superconductor
. and the barrier. The next section describes several different materials that can be used to fabricate SIS
tunnel junctions.
D. Materials Choices for SIS Mixers

There is a large range of materials that can be used for SIS mixers. The desired properties for an
SIS tunnel junctions used as a submillimeter mixer are now summarized, so that these materials can be
evaluated. The junction capacitance should be small; therefore, barriers of low dielectric constant, low
barrier height materials are advantageous, and submicron low R,A product junctions are needed. The
energy gap of the superconductor should be large to avoid losses in the superconductor and to reduce the
effect of the drop-back voltage. The transition temperature should be large (15-20 K), so that closed-cycle
refrigerators can be used to cool the j\inctions. The junctions should survive thermal cycling and long
periods of storage, because rugged junctions are more convenient for use in practical instruments. Finally,
the I-V characteristics need not be as sharp as they would be at lower frequencies to reach the quantum
mechanical regime. The advantages and the disadvantages of the various superconductors will be discussed
in this section. It will become clear that no single material satisfies all these requirements, and trade-offs
need to be made.
Lead Tunnel Junctions

The SIS tunnel junctions simplest to fabricate are made of lead (or lead-alloy) electrodes with native
oxide tunnel barriers. The first SIS junctions ever fabricated were of this type (Giaever, 1960). Lead
junctions are easy to fabricate for several reasons. Lead is a low-melting-point material, so thermal
evaporation from a resistively heated source can be used to deposit it. Impurities in lead films typically
do not degrade the film quality. This is because the electronic coherence length is large (83 nm, Kittel,
1976) relative to other materials, and impurities can at worst degrade the average properties of the film.
Additionally, many lead alloys have higher transition temperatures than pure lead (the T, of pure lead is
7.2 K and the T, of lead-bismuth is 9.3 K). Lead junctions use a native-oxide tunnel barrier, which is
easily formed by exposing the base electrode to a controlled oxygen atmosphere. Finally, a great deal
is known about lead-alloy junction fabrication which was developed significantly during the Josephson
supercomputer effort at IBM.

There are a number of advantages to using lead-alloy tunnel junctions as mixers. Small-area tunnel
junctions can be fabricated. Dolan (1977) developed a technique for making submicron lead-alloy junctions:

Using optical lithography, a hanging photoresist bridge is made; the lead electrodes are evaporated at an
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angle under the bridge to form a submicron overlap junction. The specific capacitance of PbInAu junctions
is very low (c=45x 10~'% F/um? at J.=6000 A/cm?, Baker and Magerlein 1983). The onset of tunneling
in lead junctions is sharp, because the electronic coherence length is large. For these reasons, lead-alloy
- junctions have been used to date on most SIS mixers. At high frequencies in particular, lead junctions have
given all the best mixer results, because they have a small specific capacitance, and submicron junctions
can be fabricated easily.

Lead junctions have several problems. The largest arises from the soft nature of lead. Upon thermal
cycling, hillocks form in the lead-base electrode to relicve thermal stress in the lead film. These hillocks
can puncture the barrier, destroying the junction. Additionally, tunnel-junction properties may change with
time, if the junctions are not stored at cryogenic temperatures. Finally, lead-alloy junctions have small
gap voltages and small transition temperatures (V; =~ 2.7 meV, T. ~ 8.5 K). Because the transition
temperature is small, lead junctions must be cooled below 4.2 K to approach the zero Kelvin gap voltage
and reduce thermal leakage currents.

Nb/oxide/Pb Tunnel Junctions

Tunnel junctions can be fabricated with a Nb base electrode, a native oxide tunnel barrier and a Pb
counter electrode. This type of junction was also developed at IBM for the Josephson supercomputer
effort. 'The fabrication technique for these junctions is as follows. A Nb layer is deposited (typically by
sputtering), and the film is etched using a photoresist stencil to define the Nb electrode area. Next, an
insulating layer, with windows for the junction areas, is lifted off using a photoresist stencil. The samples
are returned to the vacuum system, the Nb is cleaned using an ion mill, the Nb is oxidized to form the
tunnel barrier, and a lead counter electrode is deposited. Kleinsasser and Buhrman (1980) altered this
technique so thét the junction area was defined on the edge of the Nb film. In this way junction areas can
be made very small, because the Nb can be very thin. Bdge-junctions of 0.1 ym? area or smaller can be
fabricated using optical lithography.

The problems with Nb/oxide/Pb junctions arise from the oxide barrier. There are several stable oxides
of niobium. The different oxides are a low T, superconductor, a semiconductor and an insulator. When
the oxide barrier is formed, all of these niobium-oxides will be present, making the superconductor-barrier
interface poor. Additionally, the insulating phase (Nb;Os) has a dielectric constant of 30. The large
dielectric constant makes the specific capacitance large (c=150 fF/um?, for a critical current density of
6000 Afcm?, Baker and Magerlein 1983). This means that the RC product, even for a thin barrier, is high
for these junctions. One additional problem is that junction resistances can increase with time.

Nb/oxide/Pb junctions have several advantages. These junctions do not have problems with hillock

formation like Pb junctions, because the base layer is refractory. Nb/oxide/Pb junctions will survive cycling
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between 4.2 K and 300 K. Additionally, junctions with submicron areas can be fabricated easily, using the
edge-geometry.. 'I.‘he small area of edge-junctions helps compensate for the large specific capacitance. The
gap voltage and transition temperature of Nb/oxide/Pb junctions is only slightly larger than Pb junctions;
however, NbN/oxide/Pb edge-geometry junctions have been fabricated (Letrou et al., 1987; Meng et al.,
1989). These junctions have larger gap voltages (Az=4.0 meV) than Pb/Pb or Nb/Pb junctions.
Nb/A1-Al1O,/Nb Tunnel Junctions

Two types of all refractory SIS junctions with good I-V characteristics have been fabricated. One,
NbN/MgO/NbN, is the topic of this thesis. The other, Nb/Al-AlO,/Nb, was developed by Gurvitch et
al. (1983). 'I‘hié type of junction is made by first depositing the junction trilayer (Nb/Al-AlO,/Nb) in a
single vacuum deposition. The niobium and aluminum are typically sputtered. The barrier is formed by
depositing an aluminum overlayer and thermally oxidizing the overlayer. The resulting Al O3 barrier has
much better properties than native niobium oxide, because there is only one stable oxide, and the relative
dielectric constant ig’lower (e; = 10). The junction area and surrounding circuit are defined after the trilayer
is completed. Chapter two describes the trilayer junction process in detail. This deposition and fabrication
process is straightforward; many groups in this country and in Japan have made Nb/Al-AlO,/Nb junctions.

Nb/Al-AlO,/Nb junctions have several important advantages over Pb junctions. The I-V characteristics
are extremely sharp. The subgap leakage of these junctions is very low (the subgap to normal state resistance
ratio is as large as 100), and the gap width is small (0.2 mV). The thermal stability of these junctions is
very good, and they can be stored at room temperature without any degradation of the I-V characteristic.
Additionally, the run-to-run uniformity of these junctions is excellent. This uniformity is advantageous in
designing complicated mixer circuits.

Nb/Al-Ale/Nb junctions should make excellent mixers in the millimeter band. The main problem
with these junctions is in fabricating small area junctions. Fabrication of submicron junctions using the
trilayer process is difficult. The specific capacitance of Nb/Al-AlO,/Nb junctions may be somewhat larger
than Pb junctions. Preliminary measurements on Nb/Al junctions at JPL indicate the specific capacitance is
50 fF/pm? for a critical current density of 4000 A/cm?. The specific capacitance of PbInAu junctions has
been reported to be 25 to 45 {F/um? for comparable junctions. The larger area and possibly larger specific
capacitance of Nb junctions relative to PbInAu junctions has made testing of these junctions as mixers
at high frequencies difficult. Recently there have been several promising mixer results with Nb/Al/Nb
junctions (Tsuboi et al., 1987; Inatani ez al., 1987; Kerr et al., 1990)

Nb/Al-AlO,/Nb junctions have excellent physical and electrical properties; however, the gap voltages
of these junctions are only 2.8 meV, so the Nb will be lossy above 700 GHz. Additionally, submicron

Nb junctions must be fabricated for high-frequency tests. Considering all the advantages offered by these
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junctions, it is likely that mixers in the near-millimeter band will use Nb/Al-A1O/Nb junctions.
Niobium and Vanadium Compound Superconductors

The materials discussed so far do not have significantly larger energy gaps or higher transition tem-
peratures than lead-alloy junctions. Compounds of niobium and vanadium can have larger energy gaps
and transition temperatures than pure niobium or lead alloys. There are two general classes of materials: a
group with the A15 crystal structure and another with the B1 crystal structure, which is the NaCl structure,
or a face-centered cubic lattice. The largest gaps and transition temperatures of nonoxide superconductors
are exhibited by A1S5 materials. NbsGe has a transition temperature of 23 K. Both the Al5 and the B1
superconductors ére metastable atfoom temperature; however, experimentally it has proven easier to de-
posit B1 superconductors. Both classes have short electronic coherence lengths (£ ~4 nm). As discussed
previously, this leads to gap smearing in tunnel junctions. Early attempts at fabricating Nb-compound
based tunnel junctions resulted in I-V characteristics with large subgap leakage currents and reduced gap
voltages. B1 materials are the prime candidates for higher T, Nb-based tunnel junctions, because they are
easier to deposit than A15 materials.

NbN Films and Tunnel Junctions

NbN has one of the largest transition temperatures (17 K) for B1 materials. For this reason, much
of the work in fabricating Nb compound superconductors has been focused on NbN. The energy gap for
NDN is as large as 6.18 meV (Gurvitch ef al., 1985). Unfortunately, like most compound Nb materials
the electronic coherence length is small (£ = 3 — 5 nm). Another potential problem with NbN is its large
magnetic penetration depth (A = 280 — 400 nm). The magnetic penetration depth and its effect on circuits
will be discussed at length in Chapter three.

A large number of barrier materials have been tried with NbN: native oxide (Shoji et al., 1983;
Villegier et al., 1985), hydrogenated amorphous silicon (Shinoki e al,, 1981; Cusauskus et al., 1983),
metallic overlayers of Mg and Al (Braginski ef al., 1986), aluminum oxide (Talvacchio and Braginski,
1987) and magnesium oxide (Shoji et al., 1985). All these barriers except MgO have had little success, in
that junctions were very leaky, and the gap vollages were reduced from the expected value of greater than
5 meV, -

The problem in fabricating NbN tunnel junctions is caused by the short electronic coherence length
and the fact that NbN is metastable. The short coherence length means that the NbN has to be in the
superconducting phase within 4 nm of the barrier. Typically, NbN begins to grow in a tetragonal phase,
which has a lower energy gap. The B1 phase must be stabilized at the barrier-counter electrode interface to
avoid reduction of the gap voltage by this tetragonal phase. MgO helps stabilize the B1 phase by acting as
a template for epitaxial NbN growth. This growth will be discussed in the next chapter. MgO is the only
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barrier material that has worked well with NbN. Unfortunately, the specific capacitance of NbN/MgO/NbN
junctions is roughly twice that of PbInAu junctions (c=80 fF, Shoji et al. 1985).

NbN/MgO/NDN junctions are being developed for use as submillimeter band mixers. The choice
- of NbN is based on several trade-offs. NbN has the advantage of a large energy gap and a high T,
as compared to Nb or Pb. The larger gap of NbN will allow for operation of mixers up to 1200 GHz.
NbBN junctions are stable with respect to time and thermal cycling. There are several problems that need
to be addressed if NbN junctions are to be used \Q\s high-frequency mixers. The specific capacitance of
NbN/MgO/NDN junctions is larger than PbInAu junctions. To reduce the junction capacitance, submicron
junctions need to be fabricated. This can be done either by using an edge-geometry or by using electron-
beam lithography to define the junction area. I-V characteristics of NbN/MgO/NbN junctions are more
rounded than Pb junctions, because of the short coherence length. This thesis attempts to address these

problems and to determine the feasibility of NbN/MgO/NbN submillimeter band SIS mixers.
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Chapter II. Device Fabrication

This chapter describes techniques used to deposit NbN films and NbN/MgO/NbN tunnel junctions.
Several methods héve been used by others to deposit NbN films; the relative merits of each method are
discussed. We use reactive magnetron sputtering to deposit NbN. The parameters we use to obtain high-
quality NbN are presented. Tunnel junctions are fabricated by sequentially depositing NbN, MgO and NbN
over an entire wafer. This is called the junction trilayer. MgO is the only barrier material to date that
yields high-quality NbN tunnel junctions, because MgO grows epitaxially on polycrystalline NbN films.
The importance of this growth mode is discussed. The process used to define individual junctions from the
trilayer is reported. This includes overviews on reactive ion etching and ultraviolet photolithography. For
high-frequency mixers, submicron junctions are needed. The current limitations in fabricating submicron
NbN/MgOQ/NbN are described.
A, NbN Deposition

The goal in depositing NbN is to obtain the correct stoichiometry and crystal structure. The high-
temperature superconducting phase of NbN has a B1 crystal structure, but the stable phase at room tem-
perature has a tetraganol crystal structure. Above 1400° C, the B1 phase is stable, so siabilizing the Bl
phase is much easier at elevated temperatures. A wide range of techniques have been used to deposit
NDN at substrate temperatures in excess of 1000° C. These techniques are not useful for tunnel-junction
fabrication, because the barrier will not survive these high temperatures. Two forms of sputtering have
been used to deposit superconducting NbN on unheated substrates. Sputtering is a form of physical vapor
deposition that involves dislodging material from a target with accelerated ions. We use reactive magnetron
sputtering to deposit NbN films. The vacuum system and methods used to deposit high-quality NbN films
are described. |
NbN Deposition Techniques

Three methods of depositing NbN at very high substrate temperatures (T, > 1000° C) are nitridation
of Nb films, chemical vapor deposition and reactive evaporation. The simplest method of deposited NbN
is nitriding niobium films at 1400° C in an ultrapure nitrogen atmosphere (Gurvitch et al., 1985). Very
high-quality fitms can result from this process (T, = 17.2 K), because the B1 phase of NbN is stable at
this temperature. The characteristics of these films will be used as a reference point throughout this thesis
for analyzing NbN properties. Several other methods use substrate temperatures of 1000° C. High-quality
NbN films have been deposited by chemical vapor deposition (T, =~ 15.5 K, Oya and Onodera, 1970,
1974). Reactive evaporation of Nb in an NH; atmosphere has also been used to deposit NbN (Serling,
1972). The quality of the films deposited using reactive evaporation was not exceptional (T, = 13.5 K).

Sputtering is a form of physical vapor deposition. In the sputtering process, the deposited material
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is dislodged from a*pure target through momentum transfer by accelerated ions (typically argon or xenon,
because they are heavy and inert). The dislodged material (atoms, compounds or atomic clusters) deposits
on a nearby subsqate. Using the sputtering process, high-quality films have been deposited onto unheated
substrates. This makes sputtering a much more attractive process for tunnel-junction fabrication. The two
forms of sputtering that have been used to deposit NbN are ion beam sputtering and reactive magnetron
sputtering.

In ion-beam sputtering, a beam of ions from a Kauffman source bombards a Nb target. The Kauffman
source produces ions by flowing a gas past a hot cathode. The ionized gas is accelerated, using a series of
grids at high voltages. The ion-optics is designed to give an unfocused beam (typically 17 in diameter).
The accelerated ions eject atoms from a target, the atoms then deposit on a substrate. NbN can be deposited
by ion-beam sputtering (Lin and Prober, 1987). The Nb atoms are ejected from a pure Nb target. Nitrogen
is incorporated in the film either by including nitrogen in the first ion beam, or by directing a second
low-energy nitrogen ion beam at the substrate. NbN tunnel junctions have been fabricated using ion-beam
sputtering; however, the NbN film and the device guality were not exceptionally good (T. = 12 K).

Magnetron sputtering can also be used to deposit NbN. Figure 2.1 shows a schematic of the magnetron
sputtering process. In this method, a negative bias (V) is applied to a Nb target. The vacuum chamber is
filled with an inert heavy ion (usually argon). The target is backed by fixed magnets, so a plasma can be
confined at relatively low pressures. Typically, magnetron sputtering is done between 1 and 100 mTorr.
Once a plasma has been struck, positive ions are accelerated towards the negatively biased target. These
ions eject Nb atoms into the plasma. Subsequently, the Nb atoms condense on the substrate and chamber
walls, If nitrogen is present in the plasma, it will react with the Nb at the target, substrate and chamber
walls to form NbN,. This is called reactive magnetron sputtering; it has been used by many groups to
deposit NbN (Mitsuoka et al., 1968; Gavaler et al., 1969; Wolf et al., 1980). Magnetron sputtering can be
used to deposit the metastable B1 phase of NbN on unheated substrates, because the atoms in the plasma
can have a much higher effective temperature than the substrate. Transition temperatures of films deposited
this way are as high as 17 K. A good general reference for magnetron sputtering techniques is given by
Hoffman and Thorton (1977).

Ion-beam sputtering has the advantage over magnetron sputtering of being a directional deposition
process. Magnetron sputtering is done typically at 10 mTorr. At this pressure, the Nb atom will have
many collisions before reaching the substrate, because the mean free path is 0.3 mm. The collisions
randomize the atom’s velocity, so the process is not significantly directional. Ion-beam sputtering is donc
at 10~* to 10~ Torr. At this pressure, the Nb atom will traverse the several centimeters to the substrate

without a collision, so the deposition is directional. Directional deposition allows the use of shadowing
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Figure 2.1 Schematic diagram of magnetron sputtering,.

techniques to pattern films. These techniques can be particularly useful in defining small features. This
advantage is offset by the lower quality of these films and devices.

Stabilization of the B1 Phase

High-quality NbN can be deposited using magnetron sputtering; however, the B1 phasc is difficult to
stabilize. Several methods have been used to obtain high-transition temperature films. Methane can be
introduced into their gas mixtures to get NbC,Ny films (Cusauskus, 1983 and Bacon erf al., 1983). NbCiN;
films can have slightly higher transition temperatures than NbN, and they are easier to stabilize. A substrate
with the same lattice spacing as NbN can be used to promote epitaxial growth of the B1 phase. MgO and

Al,O5 crystalline substrates were used to promote epitaxial growth of NbN (Gavaler et al., 1986).

NDN quality is very strongly influenced by the substrate temperature during film growth. The following
observations are based on work in our lab. NbN films that are deposited on unhcated substrates typically
have transition temperatures of 14 to 15 K; NbN films that are deposited at higher substrate temperatures
(200 to 300° C) have transition temperatures of 15 to 16 K; NbN films that are deposited at still higher

substrate temperatures (400 to 600° C) have transition temperatures of 16 to 17 K. At higher substrate
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témperatures, sapphire or MgO substrates need to be used to avoid interaction between the NbN film and
the substrate. This trend in transition temperature as a function of substrate temperature is similar to that
seen by Gavaler et al. (1986), although their transition temperatures were generally lower than ours. Films
with transition tcthperatures of 16 K can be deposited on unheated substrates (Thakoor et al., 1985), but
the range of sputtering conditions that will yield high-quality films is extremely small, and most films will
have lower transition temperatures. During the sputiering process, electrons from the plasma will bombard
the substrate if it is electrically grounded. This electron bombardment will heat the substrate, particularly
during long sputter depositions. This type of unintentional substrate heating will also improve film quality.

One of the effects of substrate heating is to increase NbN grain size. The larger grain size leads to
better quality films, because the grain boundaries occupy a smaller fraction of the films. As was discussed
in Chapter one, defects such as grain boundaries cause spatial variation of the energy gap in NbN. As the
grain size increases, the surface roughness at the grain boundaries increases. Covering a rough surface
with a 1 nm barrier can be difficult. Figure 2.3 shows a cross-sectional transmission electron micrograph
of a NbN/MgO/NbN junction deposited on a sapphire substrate. The temperature of the substrate was
400° C, during the base layer deposition. The grain size in this film is roughly 30 nm, and the roughness
of the surface is roughly 7 nm. Depositing tunnel junctions on heated substrates leads to better devices,
but if the barrier is thin, the resulting junctions are usually short-circuited by holes in the barrier. Results
of depositing junctions on heated substrates are discussed further in Chapter three.
Substrate Materials and Preparation

The substrate on which NbN is deposited can affect the quality of NbN film. An exception to this is
films that are deposited on unheated substrates. In this case, glass, quartz, sapphire and Si (both oxidized
and unoxidized) give equally high transition temperatures and produce high-quality tunnel junctions. At
elevated temperatures, substrate interaction plays an important role. Studies of NbN on quartz at 200
to 400° C (Hunt er al., 1989) have shown that a buffer layer of MgO or Al,Os is necessary to prevent
degradation of the first layers of NbN. Single-crystal sapphire substrates yield high-quality films and
junctions when the substrate is heated to 400° C. Single-crystal MgQ yields even better quality films than
sapphire, although no junctions have been fabricated on MgO by our group. Work by Talvacchio and
Braginski (1987) indicates that at elevated substrate temperatures NbN grows epitaxially on MgO and on
most crystal orientations of sapphire. The exact temperature needed depends on the crystal plane of the
substrate.

Substrate cleaning procedures also affect NbN quality, For unheated substrates, film and junction
quality- is somewhat insensitive to the substrate cleaning procedure. At clevated substrate temperatures,

any residue left behind by the cleaning steps will inhibit the growth of superconducting NbN. In our
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vlaboratory, substrates are typically cleaned ultrasonically in a series of rinses (Alconex soap, DI H;O
twice, acetone, and finally isopropyl alcohol). Cleaned samples are stored in isopropyl alcohol in sealed
glass containers. Qxidized silicon wafers are frequently not cleaned, because they are cleaned by the
manufacturer. ‘
NbN Deposition Systems

NbN tunnel junctions are deposited in ultrahigh vacuum (UHV) system. A DC magnetron sputter-gun
is used to deposit NbN and an RF magnetron sputter-gun or electron-beam evaporation source is used to
deposit MgO. We have used two different systems. The first system is pumped by an ion-pump and a
turbo-pump. MgO barriers are deposited by electron-beam evaporation. The second system is designed to
fabricate NbN junctions; Figure 2.2 shows a schematic of it. The system is pumped by an 8” cryopump,
and it is equipped with a turbo-pumped, load-lock chamber. Samples are introduced into the load-lock
chamber, which is then pumped out for 5 to 10 minutes. A gate valve to the main chamber is then opened
for sample introduction into the main chamber. The system base pressure is typically 2 x 10-% Torr.
The system has two US In¢c. 2” diameter DC magnetron sputter-guns and one US Inc. 2” diameter RF
magnetron sputter-gun. All of the sputter-guns are in a vertical orientation below the substrate. The sputter-
guns, thermal gold evaporation source, and ion-mill are all on a 12” diameter circle. Substrates come up
through the load-lock gate valve (also on the 127 circle) into a bayonet-mount substrate holder. Substrates
are typically 2.5” above the sputter-guns, but the height can be varied. The substraie holder can rotate
360° continuously, and it has a molybdenum meander-line heater, which is close to the substrate. With this
heater, substrates can be heated to 550° C. Electrical connection is made to the heater through a system
of copper-beryllium brushes. The gas mixture in the system is regulated by four mass-flow controllers.
Ultrahigh purity gases are used in the gas mixture. Both the Au and Nb fluxes can be measured using
crystal rate monitors installed near the sources.
Sputtering Procedures and Parameters

The geometry of the sputter-guns used to deposit NbN and their placement in the vacuum system
influence sputtering conditions significantly. This sensitivity to geometry makes transferring sputtering
conditions from one system to another difficult. Several methods are available to optimize the controllable
variables in the sputtering process (argon and nitrogen partial pressures, argon and nitrogen flow rates,
sputtering voltage or current, and substrate-to-target distance). The methods used in our lab and elsewhere
are now discussed.

In general, as the total sputtering pressure is reduced, transition temperatures increase, but as total
pressure is reduced, compressive stress in the films increases, causing poor adhesion of the film to the

substrate. Sputtered films generally have compressive stress when deposited at low pressures and tensile
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Figure 2.2 Schematic diagram of vacuum deposition system. A top view of the vacuum
system used for trilayer deposition is shown above.

stress when deposited at high pressures (Hoffman and Thorton, 1977). The optimum total pressure is the
lowest pressure for which adhesion is not a problem. ’

NbN quality is a strong function of nitrogen partial pressure, because this pressure controls the
stoichiometry of the film. Two methods havé been used 1o optimize nitrogen partial pressure. The partial
pressure can be optimized by considering the nitrogen consumption versus injection curve (Thakoor ef al.,
1985). In this method, the nitrogen partial pressure and total pressure are measured before a potential is
applied to the sputter-gun. The drop in the total pressure after the potential is applied indicates how much
nitrogen is being consumed by the reactive sputtering process. The consumed nitrogen can be measured
as a function of the partial pressure of nitrogen. Empirically, the shape of this curve is an indication of the
proper nitrogen partial pressure. Nitrogen partial pressure can also be optimized by monitoring nitrogen
and niobium emission lines in the plasma (Bhushan, 1987a, 1987b). This measurement gives an indication
of the relative abundances of niobium and nitrogen. Both of these methods are time-consuming, and they
are best used to determine the optimum nitrogen pressure in a new vacuum system. The nitrogen partial

pressure can be fixed at the optimal value, once it has been determined.
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If reproducible’films are to be obtained, NbN sputtering rates must be kept constant. The sputtering
rate will change significantly as the Nb target erodes with use, particularly if small sputtering targets are
used. This variable can be eliminated by measuring the Nb flux with a crystal rate monitor; the sputtering
current can be adjﬁsted to keep the rate constant. This method has proved effective in obtaining high-quality
films throughout the life of a target.

Before each sputter deposition, the target is presputtered in a pure argon atmosphere. This removes
the nitrided layer on the target and helps eliminate problems of target memory of previous depositions.
A second presputter in the argon-nitrogen mixture will allow the target to come to equilibrium, so the
sputtering conditions do not vary during the film deposition.

All of the methods discussed above are guidelines. Regardless of the methods used, some trial and
error is necessary using the transition temperature as a measure of NbN quality. High-quality films can be
deposited reproducibly, once deposition parameters have been optimized. A list of typical sputter conditions

used in our lab is given in Table 2.1 as a starting point.

Table 2.1 Conditions for NbN Deposition

Parameter Value

Argon Partial Pressure 12.0 mTorr
Nitrogen Partial Pressure 1.5 mTorr
Argon Flow Rate 150 sccm
Nitrogen Flow Rate 15 scem
Sputtering Current 0.5-0.8 Amps
Sputtering Voltage -230 Volts
Deposition Rate 7 Afsec

B. Barrier and Junction Trilayer Deposition

The junction trilayer is formed by sequentially depositing the NbN base electrode, MgO barrier, NbN
counter electrode and Au cap layer. NbN deposition has already been discussed in detail, so this section
will focus on the formation of the barrier. The MgQO barrier grows epitaxially on the base electrode. This
barrier acts as a template for the growth of the counter electrode in the B1 phase. The growth mode of
MgO on NbN leads to high-quality NbN tunnel junctions. After the barrier is deposited, an oxygen glow
discharge is performed to form a thick oxide in any pinholes in the barrier. Following the counter electrode
deposition, a thin, gold layer is deposited to prevent the counter electrode from oxidizing.
MgO Barrier Deposition

MgO grows epitaxially on NbN; this means there is a definite registration between the deposited MgO

lattice and the underlying NbN lattice. This registration helps to stabilize the counter electrode. Both MgO
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and NbN have the B1 crystal structure. The lattice spacing in NbN is 0.4392 nm, and the lattice spacing
in MgQ is 0.4211 nm. There is a 5% mismatch between the MgO lattice and the NbN lattice. The lattice
match between MgO and NbN is good, but not exceptional. Low-energy electron diffraction (LEED) and
reflection, higﬁ-energy electron diffraction (RHEED) studies of the NbN/MgO system by Talvacchio and
Braginski (1987) have shown that MgO will grow epitaxially on polycrystalline and single-crystal NbN
films. This MgO layer acts as a template for the growth of the counter electrode in the B1 phase. The
epitaxial growth of MgO on NbN accounts for the high quality of NbN/MgO/NbN junctions as compared
to NbN junctions with other barrier materials. In order to get high-speed junctions, the barrier must be
very thin; therefore, the barrier must coat the base-electrode surface, even for very thin layers.

Epitaxial growth can be broken into three general categories. If the free energy of the base-layer
(NbN) surface is less than the deposited material (Mg0O), the deposited material will grow in islands and
only form a continuous layer for thick films (Volmer-Weber growth). If the free energy of the base-layer
surface is greater than the deposited material, the first monolayer of deposited material will coat the entire
surface to lower the free energy of the system. Subsequent layers may still form islands (Stranski-Krastanov
or S-K growth), or grow monolayer by monolayer (Frank-Van der Merwe growth). If there is a good lattice
match for the two materials, Frank-Van der Merwe growth will occur, otherwise S-K growth will occur.
If the first monolayer of the barrier coats the NbN surface, a pinhole-free barrier will result. The reactive
surface of NbN should have a higher free energy than the chemically inert surface of MgO.

The experimental evidence suggests that MgO grows on NbN in the S-K mode (LeDuc et al., 1987).
Thin layers of MgO provide pinhole-free tunnel barriers; this indicates the first monolayer is coating the
base electrode. Because junction resistance increases slower than exponentially with increasing barrier
thickness, the MgO is probably growing in islands after coating the surface, so most of the tunneling takes
place through thin spots between the islands. RHEED and LEED data by Talvacchio and Braginski et al.
(1987) reveals that although MgO grows epitaxially on NbN, the diffraction spots are smeared, indicating
a rough surface. Figure 2.3 shows a cross sectional TEM of a junction. In this micrograph, crystallites of
NbN continue through the barrier region, indicating that the barrier is growing epitaxially on the NbN, and
the counter electrode is growing epitaxially on the MgO. The available evidence implies that MgO growth
on NbN follows the S-K mode. When looking for potential new barricrs, both the lattice match of the
material with NbN and the surface chemistry of the barrier growth should be considered.

We have successfully deposited MgQ barriers with electron-bcam evaporation and RF magnetron
spuftering. In both cases, the MgO is deposited as a compound. Electron-beam evaporation is done from
a 3 kWatt TLI Inc. source. Sputtering is done from a 2” RF magnetron sputter-gun in 10 mTorr of Ar.

The sputtering power is 50 Watts at a frequency of 13.56 MHz. RF sputiering is preferred over e-beam



Figure 2.3 Transmission ¢lectron micrographs of a NbN/MgO/NbN trilayer. In this film
the diameter of the crystallites is roughly 30 nm.

evaporation, although both methods work well. Covering rough base electrodes is easier with sputtering,
because it is not a directional process, whereas evaporation is. RF sputtering of the barrier is also more
compatible with NbN deposition, because both are done in an argon atmosphere. If e-beam evaporation is
used, the chamber must be evacuated before the MgO deposition. This extra pumping step allows the NbN
base layer to be contaminated by oxygen and water vapor in the vacuum system. NbN tunnel junctions
cannot be made by depositing Mg overlayers and then oxidizing the over layers, as is done with Al on Nb,

because Mg diffuses into NbN (Braginski ef al., 1986).

MgO barriers are typically deposited while rotating the substrate holder past the MgO sputter-gun

in a circular orbit (Shoji er al.,, 1985); however, we have fabricated junctions both with intermittent
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MgO deposition and’ with the substrate directly over the MgO spuiter-gun during the barrier deposition.
Intermittent deposition of MgO is preferred, because it gives more uniform coverage of the base layer,
helps cover any roughness in the base electrode gnd gives lower, more controllable deposition rates.
Oxygen Pinhole Cure -

An oxygen-glow discharge is performed after the barrier deposition to cure pinholes. If there are
any holes in the barrier, the oxidation step will grow a NbO; layer in these regions. If the NbOx is
thick enough, tunneling will occur preferentially through the MgO. Low, critical-current density junctions
have been made without this oxidation step, but as the barrier is made thinner, the pinhole cure becomes
necessary to avoid electrical short circunits in the barrier.

Residual gas-analyzer measurements, during both sputtering and evaporation of MgO, show an increase
of the oxygen partial pressure; this indicates that the deposited MgO layer may be losing oxygen during
deposition. The oxygen- glow discharge may be replacing lost oxygen in the MgQO barrier layer.

The glow discharge is done with 115 mTorr of oxygen in the chamber. A potential of -500 Volts
is applied to a high-purity aluminum ring beneath the substrate for 1 minute. As the barrier thickness
is reduced, the oxidation time is reduced to get high critical-current density junctions. If oxidation time
is held fixed and junctions with decreasing barrier thicknesses are fabricated, then the junctions with the
thinnest barriers will have higher resistance than the junctions with thicker barriers. This indicates that for
thin barriers oxygen is diffusing through the barrier and forming a tunneling oxide.

The Trilayer Junction Process

The tunnel-junction trilayer (NbN/MgO/NbN) is deposited sequentially in a single vacoum pump
down; otherwise the superconductor barrier interface will not be a clean one. The trilayer method was
first developed by Gurvitch ef al. (1983) for Nb/Al-AlQ,/Nb tunnel junctions. In the trilayer method,
the entire wafer is covered with the trilayer. Ali processing of circuits and junctions takes place after the
trilayer deposition. The advantage of this process is that the junction interface region is contamination-
and damage-free, because no cleaning step is required before depositing the barrier or counter electrode.
Trilayer processing is especially important for materials with short, electronic coherence lengths, such
as NbN. In short coherence-length materials (¢ = 4 nm), even a monolayer (0.4 nm) of damaged or
contaminated superconductor near the barrier will degrade device properties.

Typically, the final step in our trilayer formation is the deposition of a thin, gold layer (30 nm). This
gold layer prevents the counter clectrode from oxidizing and allows the subsequent wiring layer 1o make
good electrical contact to the counter electrode. Junctions can also be made without gold caps, but the
counter clectrode must be cleaned using an ion mill before the wiring electrode is deposited. Figure 2.5(a)

shows a diagram of a completed trilayer before it is processed.



30

C. Standard junction processing

The junction trilayer must be processed to form small-area tunnel junctions, circuits, and antennas.
Two of the key tqchnologies in this process are reactive ion etching (RIE) and photolithography. Pho-
tolithograpy is used to define small features, and RIE is used to etch these features. Overviews on these
two technologies are given to introduce these technologies, describe the exact processes used in our lab, and
to understand the limits in fabricating submicron tunnel junctions. The two processes we use to fabricate
one-micron tunnel junctions are described. Following this, a description of the difficulties and limitations
of these processes is given.
Physics of Reactive Ion Etching

Reactive ion etching (RIE) is a dry anisotropic form of etching. Figure 2.4 shows a typical reactive
ion etcher. The etcher consists of two parallel plates in a vacuum chamber. A gas species, such as CFg, is
introduced through the top plate. The pressure in the etcher is typically 10-100 millitorr. The samples rest
on the bottom plate. This plate has an RF signal is applied to it, and the top electrode is grounded. This
creates a plasma in the chamber. A DC voltage will arise on the RF electrode, because of the difference in
mobility of the ions and electrons. During the positive half of each RF cycle, electrons will move towards
the bottom electrode, but during the negative half of the RF cycle, the heavier ions will move much less
towards the bottom electrode; this creates a net negative bias on the RF electrode. The bias voltage will
accelerate positive ions towards the RF electrode and the sample. If the ions are reactive, such as a fluorine
radical, they will react with the NbN to form NbFs, which is volatile and will be pumped out of the system.
The DC bias will give the ions a large, vertical velocity component, so the etch is anisotropic. Oxygen
is added to the gas mixture to avoid the formation of fluorinated carbon compounds. The oxygen plasma

acts to etch organic material away. Unfortunately, the oxygen also etches the photoresist.
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Figure 2.4 Reactive ion-ctching system.

The Au and MgQO layers cannot be reactively etched; for these materials, a straight sputter etch is
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used. Pure Ar is intrdduced into the chamber, and the materials are etched by Ar ions dislodg‘mg Au atoms
or MgO molecules, just as they would in RF magnetron sputtering. Sputter etch rates are slow compared
to RIE rates, but both the Au and MgO layers are thin. Table 2.2 shows typical etching conditions and
rates for NDN, Au, .MgO, photoresist, SiO and SiO,. A good review of the subject is given in a text edited
by Powell (1984).

Table 2.2 RIE Etch Rates

Material Cf;-0, etch rate! Ar etch rate?
(nm/min.) {nm/min.)

Au - 10

NbN 170 5
MgO _ 0.3
Si0 60 -
SiO, 100 -
SOG3 100 -

! etch rates for: Fcg, = 20 scem, Fo, = 2 sccm, Pressure=30 mTorr, Power=0.16 W/cm?

2 etch rates for: Fa,=20 sccm, Pressure=30 mTorr, Power=0.16 W/cm?

3 SOG was Filmtronix GL 802 cured at 210° C for 20 min.

Reactive ion etching, not wet etching, is used, because it is anisotropic, so small features can be
etched without undercuiting. Additionally, RIE is less sensitive to temperature than wet etching, because
the etch rate is controlled primarily by the pressure and power density. Dry etching is rapidly becoming
the standard form of etching in the semiconductor industry.

If reproducible RIE processing is to be obtained, an endpoint detection method is needed. The
simplest method of endpoint detection is watching through the etcher window for a wafer to etch completely
through. When etching through the counter clectrode, the trilayer does not etch completely through. To
detect the counter electrode endpoint, a test sample with only a NbN layer the thickness of the counter
electrode can be used; when this clears, the etch is done. This method is simple and reliable, although
a second NbN deposition is necessary to make the test sample. Another endpoint detection method uses
an optical multichannel analyzer (OMA) to monitor emission lines in the plasma. Nitrogen emission lines
at wavelengths of 335 nm and 355 nm can be used to monitor NbN etch rates; when the emission signal
drops, the etch is complete. If the area being etched is less than 0.25 sq. inches, the emission signal is too
small, and this method will not work. Both of these methods have been used successfully in our lab.
Photolithography

Photolithography is used to define small features in solid-state devices. Typically, a photoactive

polymer (photoresist) is applied to the surface of the sample; a small amount of photoresist is applied to
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the center of the sample, and the sample is spun a several thousand revolutions per minute to evenly coat
the sample. The photoresist is exposed to optical or ultraviolet radiation in certain regions. The radiation
changes the solpbi!ity of the photoresist in a developer. The sample is then immersed in the developer to
remove the exposed photoresist (positive imaging photoresist), or leave the exposed photoresist (negative
imaging photoresist). The most common photoresists are diazo-based resist (e.g., AZ 1350-J). These resists
are positive imaging and develop in a basic solution. The photoresist pattern can be used to mask a substrate
during an etch, or a material can be deposited on the photoresist pattern and lifted off by dissolving the
remaining photoresist.

Lithography of small features is typically done at ultraviolet (UV) wavelengths to reduce diffraction.
For high-frequency mixers, submicron devices are desirable. In fabricating small-area junctions, lithography
limits the minimum feature size, so UV lithography should be used. Most research is done with contact
mask aligners; the sample is brought as close to a mask as possible. The mask is a glass or quartz plate
with a metal or emulsion pattern on it. After aligning the sample to the mask, the photoresist is exposed
by UV radiation.

The limit to photolithography resolution is determined by near-field diffraction around the photomask
features. Typically the mask-to-sample separation is a few microns. This separation is determined by the
thickness of the photoresist, particle contamination on the mask or sample and the flexibility of the substrate
(more flexible substrates will conform better to irregularities). The near-field diffraction pattern around
the mask cannot be calculated analytically; however, several generalizations can be made on the basis
of numerical solutions. Minimum-feature sizes will scale down with higher frequencies; therefore, most
lithography is done in the UV range. Unfortunately, even the most sensitive diazo-type photoresists are not
sensitive at wavelengths shorter than 310 nm; for this reason, much high-resolution UV lithography is done
at 315 nm. At higher frequencies, photoresists such as polymethyl methacrylate (PMMA) and polymethyl
isopropenyl ketone (PMIKB), which are more difficult to process, are used. At 315 nm, resolution of
0.6 um can be achieved under optimal conditions; however, at this resolution, photoresist profiles will be
significantly rounded. A good review of this and optical lithography in gencral is given by Lin (1980).

Qur mask aligner is a Carl Suss MJB-3 contact printer. This mask aligner has a high-pressure mercury
vapor lamp with filters cutting off radiation for wavelengths above 315 nm. Two photoresist families are
used in our processing, the AZ 4000 series and the AZ 5200 series. The AZ 4000 series photoresists
(4330 RS, 4210, and 4110) have excellent resistance to dry etching, although they do not reproduce small
features well. The AZ 5200 serics photoresists (5214-E and 5206-E) reproduce micron and submicron
features well. AZ 5206 is only 0.6 um thick when applied at 4000 rpm as compared to 14 um for

AZ 5214. The thicker photoresist proved more useful for all but the smallest features (dots less than 2 gm
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in diameter and lines less than 1 pm in width). Using a post-exposure-bake and a flood exposure, AZ 5200
photoresists can be‘ reversed from a positive to negative imaging photoresist. Image reversal with AZ 5200
photoresists is partipularly useful, because an etch and lift-off process can be tried with the same mask plate.
When reversed, AZ 5214 makes an excellent lift-off-stcncﬂ, because an overhanging profile is naturally
~obtained. Two developers are used with these photoresists (AZ 400K and AZ developer). AZ developer is
NaOH-based and is used when aluminum processing is done; AZ 400K is KOH-based and etches aluminum
rapidly. Detailed processing descriptions for these photoresists are included in Appendix B.
Mesa and Cross-Line Junction Processing

Most junctions fabricated at JPL use the mesa-junction process; this process is shown in Figure 2.5.
A photoresist pattern is defined, and the trilayer is etched completely through. The photoresist is removed,
and a second photoresist layer is defined in the shape of a dot, which will delineate the junction area. The
exposed trilayer is etched down to the barrier to form a mesa. This mesa is electrically isolated by the
deposition of an insulator, such as SiO or SiO,. The photoresist dot is lifted off to reveal the planarized
junction mesa. This isolation technique is called self-aligned liftoff, because the same photoresist layer is
used for the mesa eitch and dielectric liftoff. Finally, a NbN wiring electrode is deposited over the entire
wafer, a photoresist pattern is defined, and the wiring layer is etched through. This process is fairly simple
for junctions that are 2 x 2 um? or larger, and with effort 1 x 1 um? junctions can be fabricated.

A similar, but more complicated, cross-line process involves defining a junction at the intersection of
two lines. The cross-line process is shown in Figure 2.6. The first steps are identical to the mesa process;
however, instead of a dot, a line is etched, planarized and lifted off. The wiring electrode is deposited, and
a second photoresist line crossing the first line is defined. Both the wiring layer and the counter electrode
are etched through. The junction area is delineated only where the two lines overlap. The advantage
of the cross-line process is that smaller and more uniform area junctions can be fabricated with optical
lithography. The disadvantage of this process comes during the final RIE step; the wiring layer, gold cap
and the counter electrode must be etched. The extra etch steps of the gold cap and counter electrode may
etch through a thin photoresist stencil. Additionally, the junction area is much more exposed, because
the wiring layer no longer completely encases the junction. Some cross-line junctions have degraded with
time, because oxygen diffuses through the gold layer and creates a series weak link between the wiring
electrode and the counter electrode. This problem could be reduced by coating the junction area with a
protective layer, such as SiO.

In the actual mesa and cross-line process, there are several difficulties that arise. When attempting
to fabricate small junctions (< 1pm?), diffraction in the lithography step is a problem. The cross-line

process lessens this problem, because the diffraction occurs in only one dimension. In general, cross-line
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Figure 2.5 Mesa junction processing steps. (a) The unprocessed trilayer is shown; the
base layer thickness is typically 250 nm, the counter electrade thickness is typically 120
nm, and the gold cap is 30 nm. (b) The junction area is defined by a photoresist dot, and
the counter clectrode is subsequently etched. (c) An insulating SiO layer is deposited and
later lifted off. (d) A wiring layer is deposited and patterned.

junctions are of more uniform size and shape than mesa junctions. (Cross-line junctions are square, while
mesa junctions have rounded comers.) As the junction size gets smaller, thinner photoresists are used to
reduce diffraction. If the photoresist thickness is roughly equal to the dielectric thickness, lifting off the
dielectric can be difficult. In particular, the dieleciric layer will continuously cover the photoresist, without
a break at the edge, if the photoresist profile is rounded. When the photoresist is lifted off, a vertical wall
of dielectric will be left where the edge of the resist was. This “liftoff flag™ is difficult to cover with the
wiring layer. Additionally, the photoresist layers may polymerize during the RIE steps, leaving photoresist
residue, which is difficult to remove. Finally, RIE forms vertical edge profites. Covering the vertical edge
of the the NbN film with a continuous dielectric layer is difficult. All of these problems can be tolerated

if the processing is carefully controlled.

Several insulators are used to planarize mesa and cross-line junctions. SiQO (actually SiO) is thermally
evaporated in a diffusion-pumped system for many junctions. The main disadvantage of SiO is that the
dielectric propertics are not well defined and can vary with oxygen content. This can be a problem when
microstrip line circuits are being fabricated and line impedances and electrical lengths need to be known

accurately. SiO; has more well-defined diclectric properties than SiO and can be deposited by e-beam
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Figure 2.6 Cross-line junction processing steps. (a) A photoresist line is defined. (b) The
counter electrode is etched and the line planarized. (¢) A wiring layer is deposited and a
photoresist layer is defined to form a cross line. (d) The wiring and counter electrode are
etched through to delineate the junction area. (€) A top view of the completed junction
is shown,

evaporation. During e-beam evaporation, oxygen can be lost from the films, so the evaporation is done in
2 mTorr of oxygen. In the cross-line process, the planarization layer is subject to the final RIE step. To
avoid etching of the SiO or SiO; by the CF,-O, plasma, a thin MgF or MgO layer is deposited on top of
the SiO or Si0; to act as an etch stop. MgF is thermally evaporated, and MgO is e-beam-evaporated in
oxygen.

The standard mesa and cross-line junction processes can be used to fabricate junctions with areas down
to 1 um?, At submillimeter wavelengths, smaller junctions are needed to reduce the junction capacitance,
D. Submicron Device Processing

NbN/MgO/NbN tunnel junctions used as mixers at submillimeter wavelengths must have submicron
areas to have small RC products. Using UV lithography, the cross-line process should work for dimensions
as small as 0.6 ym. This is the minimum feature size attainable with our photolithography equipment.
The self-aligned liftoff technique does not work well for submicron junctions. An alternate planarization

method involving planarization and etch-back is described.. This method is applicable to both mesa and
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cross-line junction fabrication. In addition, this method can be used to planarize junctions defined by
electron-beam lithography. The combination of electron-beam lithography and etch-back planarization is
a good method for fabricating submicron tunnel junctions. An alternate approach has been developed
to fabricate submicfon NbN/MgO/NbN edge-geometry junctions. These methods are now described and
compared.

Submicron Cross-Line Junctions

Submicron tunnel junctions have been fabricated using the cross-line process and mid-UV lithography
(Aoyagi et al., 1986). We had limited success in fabricating submicron cross-line junctions in our lab.
To reduce diffraction, a thin photoreéist, AZ 5206, is used. The edge profile of submicron lines in this
photoresist are rounded. This rounding leads to insulator liftoff flags. If the wiring eclectrode is not
continuous over the flag, the device will be an open circuit. Additionally, the photoresist may not liftoff
at all if the coverage of the photoresist layer by the dielectric layer is continuous. The thin photoresist
layer of the second line must withstand the etch of the wiring electrode and the counter electrode. Work
on submicron cross-line junctions is continuing in hope of fabricating 0.5um? junctions.

Planarization and Etch-Back Tunnel Junction Processing

Planarization and etch back is an alternative technique to self-aligned liftoff for electrically isolating
submicron cross-line and mesa junctions. As was previously discussed, self-aligned liftoff is problematic
for very small junctions. The etch-back technique involves covering the entire trilayer with a planar
dielectric layer. High spatial frequency features, like the junction mesa or trilayer edge, are planarized.
Using reactive ion etching, the dielectric is etched back until the mesa surface is exposed. The junction
wiring layer is deposited and etched in the normal manner. In the planarization and etch-back technique,
the mask layer used o etch the junction mesa is not used for liftoff of the dielectric layer. The mesa etch
mask layer can be a 50 nm thick aluminum dot. This metal etch mask can be defined using optical or
e-beam lithography.

Two planarization techniques have been used by other groups to fabricate tunnel junctions. Bias
sputtering of SiO; has been used to planarize SIS tunnel junction (Imamura et al., 1987). In this process,
an RF bias is applied to the substrate and SiO; is sputter-deposited. Back sputtering occurs preferentially
from sharp features on the substrate, because high electric fields form at sharp features. Spin-on glass
(SOG) has also been used to planarize junctions. A SOG is an organic solution that can, like photoresist,
be spun on and cured to form a glass-like layer. In the SOG etch-back method, an insulating layer (SiO3)
is deposited, the SOG is applied to planarize the sample, the SOG is cured to form a glass-like layer,
and the glass layer and some of the insulator are removed in an etch-back step. By controlling the cure

temperature, the SOG etch rate can be matched to the insulator etch rate.
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Mesa junctions: have been fabricated at JPL using a slightly modified SOG etch-back process; this
process is shown in Figure 2.7. A junction trilayer is deposited normally. After the trilayer is etched, it
is planarized by sglf aligned lift-off (Figure 2.7(a)). An aluminum mask layer is deposited and wet-etched
to form a1 ﬁm diameter dot. The counter electrode is etched to form the mesa (Figure 2.7(b)). The
aluminum layer is removed, a photoresist dot 4 pm in diameter is aligned on top of the mesa, and a
dielectric layer is deposited (Figure 2.7(c)). The photoresist is lifted off to reveal the mesa; a spin on
glass is applied and cured at 210° C (Figure 2.7(d)). The spin-on-glass layer is etched back to reveal the
mesa surface; the wiring layer is deposited and etched normally (Figure 2.7(¢)). The only SOG remaining
after the etch-back is in the trench surrounding the junction. The dielectric properties of the SOG cured
at low temperatures are not exceptional, but the SOG will electrically isolate the junction. This process is

completely compatible with junctions defined by electron-becam lithography.
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Figure 2.7 Spin on glass, etch-back junction processing steps. (a) The trilayer is etched
and planarized. (b) An aluminum mask layer is defined and the junction mesa is etched.
{c) A dielectric layer is lifted off around the junction area. (d) The SOG layer is applied
to planarized the junction. (¢) The completed device is shown.
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NbBN/MgO/NbN Edge-Geometry Junctions

A process for fabricating all NbN edge junctions has been developed at JPL by Hunt ef al. (1989).
In this process, a "base NbN layer is deposited at elevated temperatures to promote the deposition of B1
material for the entire thickness of the film. An ‘insulating layer is deposited on top of the NbN for use as
~ an etch mask. The NbN film is ion-milled through (Ia+=25 mA, Var=250 V) to form a slightly tapered
edge, which is masked by an insulating layer. The exposed edge is cleaned by a second lower-energy ion
mill step (Iar+=10 mA, Va+=150 V) to remove any damaged NbN at the edge’s surface. An MgO barrier
is deposited, followed by a pinhole cure and the counter-electrode deposition. A lithography step defines
an etch stencil of a line crossing the edge, and the counter electrode is etched. The junction area is defined
by the base-layer thickness and:the width of the line covering the edge. Using this technique, 0:1 pm?
junctions have been fabricated. The difficulty with this method is that the entire base-layer thickness must
be high-quality NbN, or a rounded gap will result. Some damage may remain from the low-energy ion
cleaning. This damage will also lead to a rounded gap. Typical edge junctions have more rounded I-V
characteristics than comparable trilayer junctions, because of these two factors. Additionally, edge-junction
processing is less reproducible than mesa-junction processing. Despite these difficulties, edge junctions
are attractive for high-frequency applications, because submicron junctions can be easily fabricated.
E. Chapter Summary v

Many methods have been used to deposit NbN. Of these methods, only reactive magnetron sputtering
yields high-quality films at low substrate temperatures. The optimum sputtering conditions will vary
between vacuum systems. Determining these conditions can be difficult. I have attempted to outline the
best methods for optimizing and controlling the deposition variables. This includes a complete description
of our deposition conditions, and a description of several methods of optimizing nitrogen partial pressure.
Once proper deposition conditions are determined, high-quality films can be deposited reproducibly. Good-
quality junctions can be fabricated using MgQO barriers and the trilayer process; this is for two primary
reasons. MgO grows epitaxially on NbN and acts to stabilize the B1 phase. The trilayer method allows the
formation of a contaminant-free, barrier-superconductor interface. The difficulty with the trilayer method
is in fabricating very small-area junctions; however, submicron junctions can be fabricated using electron-

beam lithography or edge-geometry junctions.



39

Chapter III. Materials and Device Characterization

This chapter presents measurements of NbN films, tunnel junctions and mixers. All of these meas-
urements are made in order to understand and improve mixer results. Resistance versus temperature and
associated measurements are made on NbN films primarily as a quick method of measuring film quality.
These measurements also yield insight into the microscopic structure of NbN films. This information can
be used to improve film and junction quality. The I-V characteristics provide the most direct measurement
of a tunnel junction’s quality. I-V quality can be improved through understanding the physical origin
of I-V properties and by observing how properties vary with deposition conditions. In particular, the
voltage range over which the current is nonlinear is critical to mixer performance. The junction specific-
capacitance and the NbN magnetic-penetration depth are two parameters that need to be known to properly
design mixer circuits. These values are measured using two junctions in a superconducting loop, known
as a superconducting quantum-interference device (SQUID). The last of these measurements to be made
is the testing of the receiver performance of NbN junctions at 205 GHz. For these tests, integral tuning
circuits were designed based on the junction specific-capacitance and NbN magnetic-penetration depth.
The results are presented as a function of the tuning circuits’ properties. Finally, the implications of these
tests on future NbN mixers at higher frequencies are discussed.
A. Resistance as a Function of Temperature

One of the most important diagnostics of NbN film quality is a resistance-versus-temperature (R vs. T)
plot, because the film’s quality can be determined without fabricating a tunnel junction, a fairly elaborate
process which can take several days. By contrast, an R vs. T measurement can be completed in the conrse
of an hour, allowing an excellent feedback mechanism for depositing NbN in a new sputtering chamber.
Once high T, films can be deposited, the more complex task of junction deposition and fabrication can
be undertaken with the knowledge that the NbN is of good quality. In addition, several other related
measurements (residual resistivity ratio-RRR, room-temperature resistivity, and critical current-density)
give indirect evidence of the microscopic nature of the NbN film. This evidence can be used to improve
tunnel-junction quality.
R vs, T Measurement Apparatus

The apparatus used for the R vs. T and associated measurements is discussed before giving the results.
The apparatus is designed to be simple and to allow rapid testing of samples. The samples are heat-sunk
to a copper block to insure that the sample is at a uniform temperature. The copper block has enough
thermal mass that its temperature is stable over the measurement period and is surrounded by a 1” diameter
stainless steel can, which can be evacuated and then back-filled with helium gas. The helium acts as a

thermal link between the copper block and the stainless steel can. The entire apparatus is lowered slowly
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into a liquid-helium §torage-dewar. The temperature of the sample is controlled by adjusting the height of
the can above the surface of the liquid helium in the storage dewar. Measurements of R vs. T are made
while both cooling and warming the sample to insure that any hysteresis in the plot can be accounted for.
The temperature of the copper block is measured using a temperature-sensing silicon diode from Lakeshore
Cryotronics Inc., which is accurate to £:0.1 K. The readings are also checked against a germanium resistance
thermometer and found to agree to within 0.1 K, Electrical measurements on the sample are made using
four wires to eliminate lead resistance. The measurement setup is simple, and sample turnaround is rapid.

The use of a dipstick and a storage dewar minimizes liquid helium consumption.

Resistance vs Temperature Resistance va Temperature
8 e
1
] 8 "
e 1 e
£3 - Eg -
& L3 L
g -
ot PUT S PR WO | o L
17 16 15 14 13 16 15
T(K) T(K)
Resistance vs Tempercture
o_—'_—‘—-—'———-———_.
©
—
€2
3
g-
[=] | S 1l
300 200 100

(K

Figure 3.1 Resistance versus temperature plots. Figure (a) shows the resistance as a
function of temperature of an NbN film deposited on an unheated oxidized silicon wafer.
Figure (b) shows the resistance as a function of temperature for NbN deposited on a
heated silicon wafer with an MgO buffer layer. Figure (c) shows this same transition
over the entire temperature range of 300 to 10 K.

Superconducting Transition Temperature of NbN Films

The first thing one learns from an R vs. T measurement is the temperature of the onset and completion
of the superconducting transition. A typical R vs. T plot for NbN deposited on an unheated, oxidized silicon
substrate is shown in Figure 3.1(a) (T, = 14.6 K). Here the onset of superconductivity begins near 14.7 K,
and the sample has zero resistance by 14.5 K. In this thesis, T, is measured as the midpoint of the transition;
this is a reasonable definition if the transition is fairly sharp, as is typical for NbN. A sharp transition (0.3 K)

indicates that the film is spatially uniform and composed of a single phase. High T. NbN films can be
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deposited at elevated temperatures; Figure 3.1(b) shows R vs. T curves for NbN oﬁ heated Si with an
MgO buffer layer (T. = 16.9 K, T, = 350° C). The higher T. film has a broader transition, indicating the
existence of low& T. material mixed with the B1 material; however, even in this case the transition is
less than one Kelvin wide. Figure 1.3(c) shows R vs. T for this same film from room temperature down
to 10 K. These two superconducting transitions are typical for films deposited on heated and unheated
substrates.
Critical Current Density of NbN Films

NbN critical current density (J;) can be measured by etching a well-defined line in the NbN film
before measuring R vs. T. A film’s critical current density is defined as the maximum supercurrent-
per-unit cross-sectional-area, which can flow in a wire. NbN critical current density {J.) should not be
confused with tunnel-junction, critical current density (J.). In an ideal superconducting wire, as the current
level is increased, the magnetic field created by the current increases; at some current value the energy
associated with the screening currents, which are expelling the magnetic field from the wire, is equal to
the condensation energy of the superconducting state; above this current level, the wire will go into the
normal state. By comparison, the critical current density of polycrystalline films will be dominated by the
conduction mechanism between grains, and the size of the grains. Thin nonmetallic layers between grains
will lower the current density more than will metallic or low T, superconducting layers between grains.

Critical current densities of our NbN films varied significantly as a function of film quality. As an
example, J. was measured for a typical film deposited on unheated, oxidized Si; the film had a transition
temperature of 14.3 K and a critical current density of 3 x 105 Amp/cm?, whereas a film deposited on
heated Si with an MgO buffer layer had a transition temperature of 16.6 K and a critical current density of
6 x 10% Amp./cm?, Critical current densities in our films are reduced from the maximum value for NbN of
2 x 107 Amp/cm?. The larger critical current density of films deposited on heated substrates is attributed
to the larger grain size in these films. The reduction of critical current densities from its maximum value
implies that even for heated films, the critical current density is limited by intergrain conduction.
Resistivities of NbN Films

Films, which are etched into wires, also allow for measurement of the NbN room-temperature resistivity
(p =RA/1, p is the resistivity, A is the cross-sectional area of the wire, and 1 is the length). The resistivity
of a film is an indication of the scattering length in the film, Films with a large number of defects,
like grain boundaries and impurities, will have larger resistivities. High-quality films have resistivitics of
100 pQ cm, although the lowest reported values are those of Gurvitch et al. (1985) (p =85 pQcm). Our
films range from 200 €2 cm for typical films deposited on unheated substrates to 120 pQ cm for typical

films deposited on heated substrates (200-400° C). This is another indication that NbN quality improves
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and crystallite size increases with increasing substrate temperature.
Residual Resistivity Ratios of NbN Films

The residual resistivity ratio also gives a measure of the conduction mechanism in NbN films. The
RRR is defined as R(ZO K)/R(300 K) (some authors define the RRR as the inverse of this). For high-quality
NbN films, the RRR will be slightly below unity, indicating a metallic conduction mechanism between
grains in the NbN film. The residual resistance ratio in high-quality NbN is near unity because NbN
is a “dirty metal,” meaning the resistance is dominated by impurity scattering of electrons, not phonon
scattering. In lower-quality films, the ratio is above unity, indicating that a hopping or tunneling mechanism
is dominating the conduction between grains at low temperatures. For reference purposes, the nitrided
films of Gurvitch (1985) have RRRs of 0.80. Films deposited on unheated substrates have resistivity ratios
of 1.1-1.2, indicating that the conduction between crystallites is not metallic; it also explains the lower
critical current density in the films deposited on unheated substrates. Films deposited at elevated substrate
temperatures (200-400° C) typically have RRRs of 1.05, although occasional films had RRRs less than
one. As an example, the film in Figure 3.1(c) has a RRR of 1.05. Resistivities and residual resistivities
for NbN are discussed at greater length by Wolf et al. (1980).
Conclusions

An important hypothesis can be formulated from the RRR, room-temperature resistance and current-
density measurements. The nonmetallic values of the RRR, even for most films deposited at elevated
substrate temperatures, indicate nonconducting material between grains of NbN. As substrate temperature
increases, the RRR decreases, the room temperature resistance decreases, and the critical current density
increases. All of these changes indicate that the size of the grains is increasing with increasing substrate
temperature, thus reducing the effect of the intergrain material. The critical current density for samples
deposited on heated substrates is typically twice that of samples deposited on unheated substrates, but is
still a factor of three below the highest reported value, indicating that even for high-quality films there is
nonsuperconducting material at the grain boundaries. Several interesting conclusions can be made. Grain
size increases with increasing substrate temperature. Material at the grain boundaries limits conduction at
low temperatures. The intergrain material is usually not metallic, but can be metallic if elevated substrate
temperatures are used. Finally, the intergrain conduction can be improved significantly by adjusting the
substrate temperature and deposition conditions.

These conclusions suggest that gap-smearing can be reduced by depositing junction trilayers onto
heated substrates. Nonsuperconducting material, like grain boundaries, is a source of gap-smearing in
NbN. Films with RRRs less than unity may show less gap-smearing than films with larger RRRs for two

reasons. The grain size will be larger, thus reducing the relative contribution of the grain boundarics. The
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material at the grain*boundaries will be metallic or superconducting; this material at the grain boundaries
will have a larger gap by the proximity effect than will insulating or semiconducting material. Thus, the
gap-smearing will‘ be less for junctions made with films having RRRs less than unity. This argument does
not address thé prbblem of surface roughness in heated films, but it does suggest that further work in
fabricating trilayers on heated substrates may lead to junctions with narrower sum-gap voltages.

In summary, R vs. T measurements serve two important functions. They are the most convenient
measure of NbN quality, Thus, R vs. T can be used to optimize sputtering conditions for a given vacuum
system. This is particularly useful, because of the large number of deposition variables that need to be
optimized. The RRR, room temperature resistivity and critical current density for a NbN film offer indirect
evidence of the microscopic structure of the NbN film. This information may be useful in improving device
properties.

B. Current-Voltage Characteristics

The response of an SIS mixer is determined by the tunnel junction’s current-voltage characteristic and
the embedding impedance of the junction at various frequencies (signal, IF and higher harmonics); therefore,
a careful analysis of NbN/MgO/NbN I-V characteristics is very important. Chapter one described a number
of properties of the 1-V characteristic that affect mixer performance (gap voltage, gap voltage width and
subgap resistance). This section describes typical and exceptional values of these properties. Wherever
possible, the physical origin of these properties is described, because understanding of these origins may
lead to improvements in the I-V characteristics. The temperature dependence of I-V characteristics is
measured, so the possibility of operating NbN mixers at clevated temperature can be analyzed.
Measurement Apparatus and Sample Geometry

The techniques used to measure I-V characteristics are similar to those used to measure R vs. T. Most
I-V measurements are made by immersing the sample directly in a liquid-helium storage dewar. Using
this method, the sample can be cooled to 4.2 K and tested rapidly. Measurements of I-V characteristics as
a function of temperature are made by attaching the sample to a copper block with thermal grease. The
temperature of the copper block is measured with a temperature-sensing silicon diode. The temperature of
the block was controlled by adjusting the height of the block above the liquid helium. This method gave
temperature stability over the measurement period of +0.2 K.

Three types of samples have been used to measure I-V characteristics. The earliest measurements
were made by indium-soldering leads to chips containing three 30 ym? devices. These samples were much
less sophisticated than later samples, requiring only one photolithography step. The standard test chips
used for materials development are 5/8” square. Each chip has three 4 by 4 um?, three 2 by 2 um? and

three 1 by 1 um? devices on it. The nine devices share one common electrode, and all measurements are
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made using the four-wire technique to eliminate the effect of series resistance in the leads. Contact is made
to the chips by spring-loaded pogo pins. The most recent measurements on SQUIDs and series arrays
are made with 1/ » square chips that are mounted in standard 28 pin dual-in-line, ceramic chip packages
made by Kyocéra inc. Two-inch or three-inch diameter Si wafers are processed to completion and then cut
into 88 separate 1/4” chips. One-mil aluminum wires are bonded from the package to the chip using an
ultrasonic wedge-bonder. The adhesion of the aluminum to NbN is excellent. The use of the wire bonder
and smaller chips has two advantages. With one mil aluminum wire, many connections can be made to a
small chip. With the smaller chip size, 88 separate chips are processed in parallel. Because of these two
facts, device-testing time, not device-processing time limits the rate of device measurement.
Gap Voltage

The gap voltage of an SIS tunnel junction can limit its high-frequency response. Gap voliages
for NbN/MgO/NbN junctions are generally reduced from their maximum value. If the cause of this
reduction can be determined, it may lead to improved gap voltages. The energy gap of the base electrode
can be calculated using NbN/native-oxide/Pb junctions. When an SIS tunnel junction has two different
superconductors as its electrodes, there will be a peak in the subgap conductance at a voltage corresponding
to the difference in the energy gaps of the two superconductors (Var, = (A; — Az)/e, where Vg is the
gap-difference voltage). The peak occurs at this voltage because thermally excited quasiparticles in the
smaller energy-gap superconductor can tunnel into the infinite density of states in the larger energy-gap
superconductor; this is shown in figure 3.2(a). The individual energy gaps can be calculated using the
gap difference voltage and the gap sum voltage (Vam). Figure 3.2(b) shows the I-V characteristic of a
NbN/native-oxide/Pb junction; the NbN energy gap is found to be 2.8 meV (Vam = (A1 + Ag)/e=4.1 mV,
Vair. = (Ay — Az)/e=1.5 mV; therefore, Ay = e(Vaum + Vair,)/2=2.8 meV). The highest energy gap reported
for NbN is 3.09 meV (Gurvitch, 1985). Gap-sum voltages for all NbN junctions should be as large as
6.18 mV; however, our junctions typically have gap-sum voltages between 4.5 and 5.2 mV, and most
published values for NbN/MgO/NbN junction gap-sum voltages are below 5.3 mV. With subsirate heating,
larger gap-sum voltages are occasionally obtained. Figure 3.3 shows a junction with a gap-sum voltage of
5.6 mV, which is one of the largest values ever reported for NbN tunnel junctions. Figure 3.4 shows a
junction with a gap-sum voltage of 5.0 mV, which is a large value for a trilayer deposited on an unheated

substrate.
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Figure 3.2 SIS I-V characteristic for nonidentical superconductors. Shown in Figure (a)
is the semiconductor picture of a junction with two different energy-gap superconductors
biased at the gap difference voltage. Shown in Figure (b) is the I-V characteristic for a

NbN/native-oxide/Pb tunnel junction.
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Reduction of gap voltages from their maximum value is probably caused by a thin layer of non-B1
material at the interface of the barrier and the counter electrode. NbN/NbN junctions with barriers other
than MgO have even smaller gap voltages than those with MgO barriers. The MgO barrier helps to stabilize
the counter electrode; however, if a thin layer of the NbN is nonsuperconducting, the gap voltage will be
reduced. Heating the substrate during NbN deposition makes stabilizing the B1 phase easier. This explains
the exceptionally large gap voltage of the junction in Figure 3.3. NbN/native-oxide/Pb junctions typically
show a large energy gap for the NbN base electrode; therefore, the reduction in the gap-sum voltage is
probably caused by reduction of the counter-electrode energy gap, not the base electrode.

Observation of a gap-difference structure in the I-V characteristic of NbN/MgO/NbN junctions would
help determine the source of gap reduction in these junctions; however, measuring the gap-difference
voltage in NbN/MgO/NbN junctions is difficult. The energy-gap smearing broadens the gap difference
structure. The gap-difference voltage is typically below the drop-back voltage and consequently is hard
to observe. The difference structure can be easily confused with resonant tunneling structure in the I-V

characteristic, such as Fiske (1964) steps.
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Figure 3.4 SIS I-V characteristic with a large gap voltage for an unheated substrate.

Gap-Voltage Smearing

In real junctions, the tunneling current turns on gradually near the gap voltage; this “gap-voltage
smearing” is very important to mixer performance. As discussed in the first chapter, the voltage over
which the current is a nonlinear function must be smaller than the voltage scale of the photon (hv/e) to
get quantum behavior from SIS mixers. If the gap-voltage smearing is larger than the photon voltage
scale, then conversion gain and quantum-limited performance are not possible. For a gap width of 1 meV,
quantum behavior will occur above 240 GHz. The “gap width” is defined here as the difference in voltages
at 90% and 10% of the current risc near the gap voltage. In our NbN junctions, the gap width varies
from 0.6 meV to 2.0 meV. Figure 3.5 compares the two extreme cases of a narrow (0.6 mV) and smeared
(1.6 mV) gap-voltage widths. Narrow gap widths are desired; unfortunately, no strong corrclation between
deposition conditions and gap width have been noted.
Subgap Resistance

Subgap resistance also affects mixer performance significantly. Current at the bias point contributes
shot noise to the overall mixer noise (Tucker and Feldman, 1985). Additionally, subgap current rounds

the I-V characteristic, which degrades mixer performance. Typical bias points for mixers are below the
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Figure 3.5 SIS 1I-V characteristics with a narrow (a) and broad (b) onset of tunneling at
the gap voltage

gap voltage. The subgap resistance increases at half the gap voltage. The subgap resistance is measured
at 3.0 mV, because it is a good indication of the resistance where a mixer would be biasced even for

junctions with small gap voltages. Junctions are characterized by the ratio of the subgap to the normal
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state resistance. For junctions with R,A products of 100 Qum?, the subgap-to-normal-state resistance ratio
is typically 10, although for large R,A junctions the ratio can be much higher, and for the lowest R,A
values, a ratio of 5 is more common. Figure 3.6 shows a junction with a subgap-to-normal-state resistance

ratio of 16 and an R,A product of 460 Qum?.

‘1 E—)_

Voltage (mV)

Figure 3.6 SIS I-V characteristic with a large subgap resistance.

Multiparticle and SIN tunneling were introduced in Chapter one as possible causes of subgap leakage.
Here we will compare multiparticle tunneling and SIN tunneling as mechanisms for the leakage currents
in NbN junctions. The purpose of this section is to explain the rise in subgap conduction at half the gap
voltage, which is usually evident in NbN/MgO/NbN 1-V characteristics.

Multiparticle tunneling is a mechanism that can explain the qualitative nature of subgap conduction
in NbN/MgO/NbN tunnel junctions. Figure 3.7(a) shows the I-V characteristic predicted by Schrieffer and
Wilkins (1963) for the subgap region of junctions exhibiting two particle tunneling. Figure 3.7(b) compares
the subgap region of a typical NbN/MgO/NbN tunnel junction to the theoretical I-V characteristic. The two
1-V characteristics are very similar, although the real 1-V has a finite leakage below half the gap voltage,
and the increase of current at half the gap voltage is not abrupt, because of gap-smearing. The qualitative

agreement between the two-particle tunneling theory the NbN/MgQ/NbN 1-V characteristic is very good.
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Figure 3.7 Multiparticle tunneling I-V characteristics. Figure (a) shows the I-V charac-
teristic calculated from the theory of Schrieffer and Wilkins (1963) for the subgap region;
Figure (b) compares this to an expanded view of the subgap region of an NbN/MgO/NbN
tunnel junction.

As discussed in the first chapter, current can flow below the sum-gap voltage in tunnel junctions if- two

or more quasiparticles tunnel simultaneously. Typically, two quasiparticles tunnel simultaneously and form
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a Cooper pair, or a €ooper pair breaks and both guasiparticles simultaneously tunnel into excited states.
Both of these processes are shown in Figure 1.6. Because these processes rely on two or more particles
tunneling together{ they are lower-order processes; the probability of two-particle tunneling is T2, where T
is the u'ansmiséion probability of a single quasiparticle. The ratio of the current rise at half the gap voltage
to the current rise at the gap voltage is roughly equal to the transmission probability. For typical SIS tunnel
junctions, like those described by Taylor and Burstein (1963), the rise of current at half the sum gap is
less than 10~* times the rise at the sum gap. In high current density (J, = 10 kA/cm?) NbN/MgO/NbN
junctions, the current rise at half the gap voltage is typically 1/30th the current rise at the gap voltage.
To determine if multiparticle tunneling can explain this relatively large increase in current at half the

gap voltage, consider a typical uniform square tunnel barrier. The transmission probability is

T = exp [-_—‘—h—dh———— ,2m¢>] , 3.1(a)

where d is the barrier thickness, ¢ the barrier height, m the mass of the electron, and k Planck’s constant.
The R,yA product for the junction is then,

R,A = -———’sz— 3.1()

*T/2m¢’
where e is the charge on an electron (Cohen ef al., 1962). Assume that the barricr height is 1 eV and
the barrier thickness is 0.7 nom, then T = 4.5 x 1074, and R,A = 52Qum?. This is equivalent to 2
critical current-density of 5.4 kA/cm?. The magnitude of the current-density rise at half the gap voliage is
Ja = Jaa x T, where Ja4 is the current-density rise at the gap voltage. The current-density rise at the gap
voltage is equal to the critical current density within a factor of 7 /4; the two values are assumed to be equal
for this argument. For the junction described above, the current density rise at half the gap voltage would
be 1/2000th the rise at the gap voltage, which is much smaller than the observed rise in NbN/MgO/NbN
junctions.

Schrieffer and Wilkins (1963) suggested a barrier model that leads to larger multiparticle tunneling
current densities and that may be appropriate for MgO barriers on NbN. Consider a nonuniform barrier
composed of thick regions separated by small-area, thin regions. Two-particle tunneling will occur primarily
through the thin regions of the barrier. Single-particle tunneling will occur through both thin regions and
the larger area thick regions. This simple model may be appropriate for MgO barriers on NbN, because
MgO grows on NbN in the Stranski-Krastanov mode (LeDuc ef gl., 1987). The first monolayer of MgQO
will coat the entire NbN surface, and subsequent MgO layers will grow in islands. As the barrier is made
thicker, the MgO islands coalesce. For thin MgO barriers it is reasonable 1o expect the barrier 10 be

composed of thick islands (two or three monolayers) separated by regions of monolayer coverage. The
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monolayer region is assumed to be 0.4 nm thick and to cover 1% of the surface; the thick region is assumed
to be 0.8 nm thick and to cover 99% of the surface. The current density and transmission probability for

the two regions are
T1 = 1.6 x 1072, RyA; = 0.78 Qum?, J! =360 kA /cm?, and

Ty =27 x 1074, RyAg =93. Qum?, J2 = 3.0 kA /cm?,

where the subscript 1 refers to the thin region and the subscript 2 refers to the thick region. The average

critical current density for the junction is
Joveree — 0 01 x I +0.99 x J2 = 6.6 kKA/cm?.
The current density rise at half the sum gap is
Jo =001 x J_i x Ty +0.99 x J2 x T, = 58 Afcm?.

The ratio between current rise at half the sum gap and the sum gap is 1/110. To incrcase the fraction of
multiparticle tunneling even further, the barrier height or thickness of the thin regions must be reduced.

This analysis shows that the two-particle tunneling currents can be fairly large if the tunnel-barrier
thickness is not spatially uniform. MgO barriers on NbN are not thought to be as uniform as oxidized metal
barriers, because the growth kinetics of the two types of barriers is very different. Oxidized metal barriers
tend to grow uniformly, whereas MgO is thought to grow first in a uniform monolayer with subsequent
layers forming MgO islands. On the basis of this growth mode, multiparticle tunneling offers a plausible
explanation for the leakage currents in NbN tunnel junctions. If this explanation is correct, it suggests
that small, very thin areas in the tunnel barrier contribute significantly to the total conduction in the tunnel
junction.

A nonuniform barrier will have two important effects on mixer performance. The increase in subgap
conductance will lead to worse mixer performance. The specific capacitance at a given critical current
density will be slightly lower for the nonuniform barrier. As an example for the two barriers analyzed so
far, the uniform barrier has a 13% larger capacitance than the nonuniform barrier.

SIN mnneling is another possible explanation for leakage currents in NbN/MgQO/NbN tunnel junctions.
An SIN I-V characteristic has a conductance maximum at half the gap voltage, so like multiparticle tunneling
it can explain the qualitative shape of the subgap region of NbIN/MgO/NbN I-V characteristics. This theory
is much simpler than multiparticle tunneling. If some region of either electrode is nonsuperconducting, then

SIN tunneling will occur. SIN tunneling typically does not occur in long coherence-length materials, like
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' Pb, because the the nonsuperconducting regions are smaller than the coherence length. Nonsuperconducﬁng
regions that are smaller.than the coherence length will only reduce the average gap, and will not contribute
to SIN tunneling. In NbN tunnel junctions, nonsuperconducting areas 5-10 nm across would cause SIN
tunneling. SIN tuﬁheling offers a simple explanation for the subgap leakage in NbN tunnel junctions.

There is evidence to suggest that multiparticle tunneling theory is the correct explanation of excess
leakage in NbN/MgO/NbLN tunnel junctions. Junctions with large R,A products have higher subgap-to-
normal-state resistance ratios than junctions with low R,A values. The ratio of SIN mnneling to SIS
umneling in a junction is independent of barrier thickness, whereas multiparticle tunneling currents will
decrease relative to normal quasiparticle tunneling for thicker barriers. If the MgO islands grow together
to virtually eliminate the monolayer regions, then almost no multiparticle tunneling would be expected. A
good method of verifying that multiparticle tunneling is occurring would be to observe the effect of three-
particle tunneling on NbN/MgO/NbN I-V characteristics. This is somewhat difficult since three-particle
tunneling is proportional to T?; however, if a conductance increase could be seen at Ay/3e or 2Az/3¢, it
would be fairly conclusive evidence of multiparticle tunneling.

I-V Characteristics for High-Speed Tunnel Junctions

High-frequency mixers will use junctions having extremely small R,A values (10 Qum?). We now
discuss the properties of these junctions as compared to junctions with more typical R,A values (100 to
1000 Qum?). The largest difference is that the ratio of the subgap resistance to the normal resistance is
larger for small R, A product junctions. The drop-back voltage is larger in small R,A product junctions;
this effect was described in the introduction. The gap-sum voltage is independent of the R, A product
with one exception. For small R,A values, self-heating by currents in the junction can cause the gap-
voltage smearing 10 be reduced. This effect is caused by the energy gap being reduced by an increase in
quasiparticles in the junction area. The quasiparticles are injected into the electrode as they tunnel across
the barrier. The excess of quasiparticles implies an increase in temperature, although not necessarily an
equilibrium distribution. The increase in temperature dccreases the energy gap with increasing bias current.
Figure 3.8 shows an I-V characteristic, where gap heating is evident. The heat dissipated in the junction is
roughly equal to Vg/R, so energy-gap heating is evident only in low-resistance junctions; therefore, small
R, A product submicron junctions will not exhibit this problem.

The only major differences between very low RyA junctions and the junctions used for RF testing in
this thesis are the lower subgap-to-normal-state resistance ratio and the larger drop-back voltage. Because
there are only small differences, estimates can be made on how NbN/MgO/NbN junctions will work as
mixers above the frequencies at which we have tested. The rounding of the I-V characteristic caused by

the increased subgap leakage will have very little effect at higher frequencies, because the voltage scale of
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Figure 3.8 SIS I-V characteristic showing the effect of self-heating on the gap voltage.

the photon (hv/fe) will be larger. The drop-back voltage is typically around 1.5 mV. This is much lower
than the gap voltage and should not interfere with mixer tests below 1200 GHz. The mixer tests made
at 205 GHz are a good indication of how submicron, low R,A product junctions will work as mixers at
higher frequencies.
I-V Characteristics as a Function of Temperature

One of the most atiractive features of NbN is the possibility of operating NbN junctions on closed-
cycle refrigerators near 10 K; therefore, measuring tunnel junction I-V characteristics as a function of
temperature is important. Figure 3.9 shows an I-V characteristic for a NbN/MgO/NbN tunnel junction
at various temperatures below T.. The Josephson critical-current, energy-gap and subgap resistance are
plotted as a function of temperature for a different junction in Figure 3.10. The energy gap and critical
current are compared to BCS theory. The fit of the energy gap to theory is extremely good. The critical
current is partially suppressed by noise in the test apparatus, so the fit of critical current to the BCS theory
is not as good as the fit of the energy gap to theory. From Figures 3.9 and 3.10, we see that the I-V
characteristic is still very nonlinear at 10 K. An analysis of the practicality of using NbN junctions near

10 K will be made in Chapter four.
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Figure 3.9 SIS I-V characteristics at different temperatures.

Switching in Tunnel Junction Electrodes

A final feature observed in I-V characteristics is switching of the electrodes from the superconducting
state into the normal state as the DC bias level is raised. Figure 3.11 shows an I-V characteristic in
which switching is present. The switching is seen as a hysteretic jump in voltage. There are two possible
explanations for this phenomenon. The local current flow could be exceeding the critical current density
of the NbN film, or quasiparticle injection could be driving the counter electrode into the normal state.
These two explanations are now discussed.

- The simplest explanation for switching is that the current in the wiring electrode is exceeding the
critical current of the NbN as it crosses the edge of the trilayer or the edge of the mesa planarization layer.
The switching occurs typically for currents of 1 mA. If the wiring level is 5 ym wide and 50 nm thick,
1 mA corresponds to a critical current density of 4 x 10° A/cm?. This value is roughly 10 times lower than
measured critical current densities; however, for very thin layers crossing a step edge, the critical current
density may be reduced from its normal value.

A more complex explanation for switching relies on quasiparticle injection. As the bias is increased
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Figure 3.10 I-V properties as a function of temperature. Shown in Figure (a) is the
junction critical current as compared to BCS theory. Shown in Figure (b) is the NbN
energy gap as a function of temperature as compared to BCS theory. Shown in Figure
(c) is the subgap resistance as a function of temperature.

above the gap voltage, quasiparticles are injected into the counter electrode. These quasiparticles represent
nonequilibrium heat, because they can be converted into phonons and the phonons back in 0 quasiparticles.
The phonons can be removed from the junction area by thermal conduction, but the thermal conductivity
of superconductors is small. The quasiparticles can also diffuse away from the junction area, but this can
be limited by the step coverage at the mesa cdge. If the quasiparticle level is too high, the electrode will
go normal. The correct explanation is not known, but smoother step edges, better planarization and thicker

wiring electrodes help minimize this problem.
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Figure 3.11 SIS I-V characteristic showing electrode switching.

Table 3.1 I-V characteristic summary

Figure no. Arca R, Raubgap Az L
(um?) (9)] ((9)] (meV) | (pA)
33 16 173 6.0k 5.6 4.0
34 4 64 820 5.0 40
3.5 (@) 30 7.8 105 5.1 340
3.5® 1 96 1150 5.0 24
3.6 16 5.5 88 52 610
3.7 ' 16 29 461 4.5 80
38 16 1.56 10.7 >42 1400
3.11 16 30 714 475 100
3.24 1 64 800 475 13
3.27 16/10 155 21k 4.6 170
3.28 (a) 16/100 20k 28k 4.6 132
3.28 (b) 4/100 28k 25k 445 93
4.1 1 97 19k 4.8 10
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C. SQUID Measurements

The embedding impedance of an SIS junction has a strong effect on mixer performance. The embed-
ding impedance wiH depend on three factors: the mixer block design, the junction capacitance and any
tuning circuits intbgrated with the junction. Superconducting quantum interference devices (SQUIDs) are
used to measure the junction capacitance and superconducting microstrip line inductance. The microstrip
line properties need to be known to design integral tuning circuits accurately. The NbN magnetic penetra-
tion depth is calculated on the basis of the microstrip line inductance. The magnetic penetration depth is
important because it is a basic superconducting property, and it is used to design superconducting circuits.

A DC SQUID consists of a superconducting loop with two junctions in it. As derived in Appendix A,
the critical current of the two junctions in parallel is a periodic function of the magnetic flux within the
loop. The period for the critical current is called a flux quantum or fluxon (®y = h/2e). Microstrip
line inductance, magnetic penetration depth and junction capacitance are measured using SQUIDs, The
importance of these values is discussed before the measurement techniques and the results are presented.

Accurate characterization of superconducting microstrip line propagation velocity (€) and impedance
(Z) is necessary for the design of high-frequency circuits, like tuning stubs. The microstrip line inductance
can be measured with a SQUID, If the propagation velocity is also known, then the microstrip line
impedance can be calculated (Z = €L, where L is the inductance per unit length). The propagation velocity
of a microstrip line is measured by connecting a junction to an open-ended microstrip line and observing
the resonant structure on the I-V characteristic. Propagation velocity measurements will be presented in
the RF testing section.

The magnetic penetration depth affects the design of superconducting circuits. The Meisner effect
(Meisner and Ochsenfeld, 1933) is the hallmark of superconductivity. As a superconductor is cooled
below its transition temperature, magnetic flux is expelled from within the bulk of the superconductor;
however, the magnetic flux penetrates the surface of the superconductor with a characteristic length A
(called the superconducting penetration depth). The penetration depth is typically small (10 to 500 nm),
so for macroscopic superconducting bodies, the flux is largely expelled. For thin superconducting films,
the penetration depth may be roughly the same as the film thickness; to characterize these structures, the
penctration depth needs to be known accurately.

The penetration depth has a large effect on microstrip line inductance and propagation velocity. The
electric fields in the transmission line are mostly confined to the dielectric thickness (t). In a normal
metal microstrip line, the magnetic fields are also confined to the dielectric thickness, and the velocity of
propagation is roughly ¢/,/e;, where ¢ is the speed of light in a vacuum, and ¢, is the relative dielectric

constant. In a superconducting microstrip line, the magnetic fields are confined to the dielectric thickness
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and one penetration’ depth into each superconductor. This leads to a propagation velocity of roughly
c\/t/(e x (t+2X)). If the dielectric thickness is small compared to the penetration depth, a superconducting
microstrip line wi}l be a slow wave transmission line. To design superconducting circuits accurately, the
penetration depth needs to be known accurately.

The most important value measured using SQUIDs is the specific capacitance (¢c=C/A, where C is the
junction capacitance and A the junction area). The RC speed of NbN junctions is the most significant limi-
tation on their high-frequency performance. If the normal resistance, junction area and specific capacitance
as a function of R,A are known, the RC product can be calculated as RC=R,A x c(R,A). The resistance
is easily measured, and the junction area can be measured using a scanning electron microscope. In order
to calculate junction RC roll-off frequencies, the function c(R,A) must be determined.

SQUID Design

The SQUID design used in our experiments is a microstrip line over a ground plane with two junctions
connecting the microstrip line to the ground plane. The current and voltage leads for the SQUID are
symmetrically placed between the two junctions. This design is based on the design of Magerlain (1981).
He used this design to measure the capacitance of Pb-alloy and Nb/Pb-alloy junctions. Figure 3.12 shows
a diagram of the SQUID and an equivalent electrical schematic. Because of the circuit’'s geometry, the
inductance of the top electrode (2L;) is much larger than the inductance of the ground plane (2L3).
Typically, the ground plane and top electrode are 200 to 400 nm thick, the dielectric layer is 120 nm thick,
the microstrip line 4 pm wide, and the junctions are 80 um apart.

Microstrip Line Inductance

The inductance of the microstrip line is measured by running a control current along the top electrode
while measuring the critical current of the two parallel junctions. The control current generates a magnetic
flux in the SQUID loop (® = 2L11controt, Where P is the flux in the loop and oo is the control current).
The critical current of the two junctions in parallel is a periodic function of the flux in the SQUID loop,

so the inductance is

2L, = (DO/AIcomml, 32

where Al o i the period of the critical current modulation. The circuit used to measure the critical current
versus control current is described in Appendix C. The simple measurement of the SQUID critical current
versus control current is all that is necessary t0 measure microstrip line inductance. This measurement is
also the basis of measuring NbN penetration depths and junction capacitance as will be described below.

Magnetic Penetration Depth

The penetration of magnetic fields into the microstrip line electrodes causes the inductance of the line
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Figure 3.12 Sketch and schematic circuit diagram for a SQUID.

to be larger than that of a normal-metal microstrip line. The inductance of a superconducting microstrip
line is
ol

/\1 /\2
Legp = — — = .
up - [t+ )\1cothd1 + /\zcothdz], 3.3 (a)

and the inductance of a normal metal microstrip line is

polkt
Lop = ~ 3.3 (b

where g is the permeability of free space, 1 is the line length, « is the fringing factor, w is the line width,

t is the dielectric thickness, and d; and d; are the electrode thicknesses (Van Duzer and Turner, 1981). The
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penetration depth is determined by measuring the SQUID inductance and solving Equation 3.3 (a) for the
penetration depth. The dimensions of the SQUID must be known accurately, and Equation 3.3 (a) must
be solved numerically, because it is a nonlinear equation.

The magnetic penetration depth was measured for NbN films deposited on unheated and heated
substrates. The results of these measurements are listed in Appendix D and summarized below. The mean
value for the measured magnetic penctration depth of NbN deposited on unheated substrates is 380 nm
with a standard deviation of 4-60 nm. This value differs significantly from the published value of 280
nm (Shoji et al., 1987); however, the mean value for the magnetic penetration depth of NbN deposited
on heated substrates is 280 nm with a standard deviation of 430 nm. The transition temperature of the
films deposited on heated substrates was 15.8 K, whereas the transition temperatures of the films deposited
on unheated substrates were typically 14.5 K. The reduction in penetration depth is due to either this
improvement in the transition temperature, or the larger crystallite size of the heated films.

The scatter in the penetration depth measurements was quite large, because the film thicknesses were
not measured sufficiently accurately. Thickness measurements were made on one chip from each wafer.
The wafers were 3” in diameter, and the NbN thickness varied considerably across the wafer; therefore, the
measurements were less accurate than they could have been. Future tests will include accurate thickness
measurements of the NbN and dielectric layers for each chip tested.

Specific Capacitance

Junction capacitance is measured by observing the effect on the I-V characteristic of the LC resonance
formed by the junction capacitance and the SQUID loop inductance. Josephson junctions oscillate at a fre-
quency proportional to the bias vollage (v = 2eV /h). A constant voltage step will be evident corresponding

to the LC resonance frequency. The voltage step is at

V, = h/4ne x \/1/LC, 3.4

where V, is the resonant voltage, L = 2(L; + L) = 2L, and C is the junction capacitance. Combining

Equations 3.4 and 3.2, we have

- Al’conm)l
(27V,)?

X <I>(). 3.5
The measurement of junction capacitance involves both the critical-current versus control-current plot and
the junction I-V characteristic at low voltage levels; an example of these measurements is shown in Figure
3.13. To calculate the specific capacitance, the junction area must also be known.

There are several possible sources of crror in this measurement. The exact value of the resonant

voltage step is difficult to measure. The capacitance measured includes a parasitic capacitance between the
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Figure 3.13 Modulation curve and voltage resonance for a SQUID. Figure (a) shows the
critical corrent as a function of control current for a SQUID. Figure (b) shows an I-V
characteristic with an LC resonance step for a SQUID.

wiring electrode and the ground plane. The ground-plane inductance (L) must be estimated and added to
the wiring clectrode inductance.

The parasitic capacitance between the wiring electrode and the ground plane can be estimated and
subtracted from the total capacitance measured. In the case of the mesa junction SQUIDs, the parasitic
capacitance was estimated to be 80 fF. The parasitic capacitance of the cross-line SQUIDs was generally
smaller than the mesa junctions and depended on the actual SQUID dimensions. Estimating the parasitic

capacitance adds some uncertainty to the specific capacitance measurement.
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Thus far, the ground-plane inductance has been ignored, because it is small compared to the top-
electrode inductance. The ground-plane inductance is mcasured by running a control current through the
ground plane. For the cross-line junctions measured, the ground-plane inductance is five percent of the
top-electrode inductance. This inductance can be corrected for, and it does not add significant error to the
measurements.

The largest error in this measurement comes from measuring the resonant voltage (V). This error
is a particular problem, because the capacitance depends on the resonant voltage squared. The resonant
voltage steps are at small voltage and current levels (typically 1 to 10 pA and 40 to 80 uV). The step
is below the drop-back voltage, so thermal and instrumental noise can switch the junction off the voltage

step into the zero voltage state or finite voltage state. The leads to the SQUID are filtered to minimize this

problem.
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Figure 3.14 Specific capacitance versus log{R,A). The open circles are data taken with
x-line junctions, and the solid squares are data taken with mesa junctions.

All of the SQUID data is tabulated in Appendix D, and the specific capacitance is plotted as a function
of log(RnA) in Figure 3.14. The open circles in this plot represent SQUIDs fabricated with the cross-line
process, and the solid squares represent older data for SQUIDs fabricated with the mesa junction process.
The specific capacitance is fit to a simple model. The formula for R, A is given by Equations 3.1 (a) and
{(b). If the exponential term in quiation 3.1 (a) is dominant, the log of R, A is proportional to the barrier
thickness; therefore, the specific capacitance is roughly proportional to the inverse of log(R,A). In Figure

3.14 the data are fit to ¢ = o /log(R,A) + 8, where « and 8 are fitting parameters. Despite the scatter in
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the data, a trend is evident, and the fit to the model is fairly good.
Barrier Uniformity

Information about barrier uniformity can also be obtained from SQUID measurements. If the SQUID
critical current is measured over a large range of control current, the magnitude of the critical current
maxima will be modulated as a function of control current. The modulation is caused by the individual
Jjunction critical currents’ beéing modulated by the magnetic field. If the junction barrier is uniform, the
modulation function will be sin(x)/x with x = constant X I.enwt (Van Duzer and Turner, 1981). Plotted in
Figure 3.15 are this function and data from a SQUID. The fit to theory is fairly good, indicating that the

MgO barrier is uniform.

CRITICAL CURRENT VS CONTROL CURRENT
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Figure 3.15 SQUID critical current maxima versus control current.
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D. RF Testing

This section describes tests made of NbDN/MgO/NbN tunnel junctions as mixers at 205 GHz. The mixer
and receiver test setup are described. Using this test setup, the mixer-noise temperature and conversion
gain can be measured accurately, The method for calculating the mixer properties is discussed. The mixer
block used cannot completely tune out the capacitance of the NbN tunnel junctions. A microstrip line
stub is integrated with the tunnel junction to help tune out the capacitance. The design of this stub is
presented along with a description of how the stubs characteristics are measured. The mixer results are
given as a function of the tuning stubs’ properties. There is some evidence of a temperature-dependent loss
mechanism in these stubs. Possible loss mechanisms are analyzed both experimentally and theoretically.

The test frequency of 205 GHz was chosen as a compromise between several factors. At lower
frequencies, the junction capacitance is a lesser problem, but the rounding of the I-V characteristic limits
mixer performance. At higher frequencies, test equipment like LO sources are more complicated, and the
junction capacitance is increasingly hard to tune out; however, rounding of the I-V characteristic is a lesser
problem, and the larger gap eliminates problems with the drop-back voltage, which are seen in Pb or Nb
junctions at these frequencies. At the chosen frequency, wRC will be roughly 6 for a 1 um? 50 2 junction.
The capacitance is large enough that it must be tuned out effectively to get good mixer performance.
Inductive-tuning stubs are integrated with the tunnel junctions get good mixer performance. At 205 GHz,
the voltage scale of the photon (0.8 mV) is roughly equal to the voltage range of the current nonlinearity.
With this degree of rounding, some quantum effects like photon-assisted tunneling steps, and conversion
gain peaks corresponding to these steps are expected; however, extreme quantum effects like negative
differential resistance, and infinite available conversion gain are not expected. Successful testing at this
frequency will lead to better understanding of the difficulties associated with NbN junctions, and will make
future testing of submicron NbN junctions at higher frequency much easier.
Receiver Design

The receiver design used for our tests is now described. There are several important aspects to the
receiver used. The mixer block design has been used before with lead-alloy tunnel junctions. The noise
temperature of the receiver with lead-alloy junctions is one of the best reported values at 230 GHz. The
lead-alloy mixer results can be used as a baseline for comparison with NbN mixer results. Finally, the IF
components connecting the mixer to the room temperature IF amplifiers (called the IF chain) are designed
to allow accurate measurement of the mixer-noise temperature and the mixer conversion gain. Mixer-noise
temperature is more fundamental than the receiver-noise temperature, because it is independent of the IF
amplifiers properties.

The mixer block used is nearly identical to that of Ellison and Miller (1987). The mixer block
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consists of a full height waveguide with a noncontacting backshort and E plane tuner. The E plane tuner
is half a guide wavelength in front of the junction. The junction is mounted across the wavegnide in a
channel. There is an integral low-pass filter on the junction chip, which consists of alternating high and
low impedance sections one-quarter wavelengths long at 230 GHz. The filter reduces RF losses down the
IF channel. The IF connection to the chip is made at the end of this filter. The mixer and receiver test
apparatus were assembled by W. R. McGrath. The McGrath mixer block has two major differences from
the Ellison design. A dual mode feed horn is used instead of a scaler feed horn. A symmetric choke
structure is used for the SIS chip; the junction sits in the center of the waveguide. In the original Ellison
mixer, the junction is at one edge of the waveguide with the junction grounded at the other edge of the
waveguide. The symmetric choke structure reduces a resonance in the mixer block (Biittgenbach et al.,
1990).

Extensive receiver tests were made with both the Ellison and McGrath mixer blocks using Pb alloy
junctions fabricated by R. E. Miller at ATT Bell Labs. Typical, double-sideband receiver-noise temperatures
for this block at 230 GHz are 100 K, although receiver-noise temperatures as low as 65 K have been
measured. No accurate mixer-noise measurements have been made with Pb junctions in the McGrath block;
however, the IF amplifier’s contribution to the noise temperature with a LHe cooled HEMT amplifier is
estimated to be 5 to 20 K. This implies that the mixer-noise temperature is typically 90 K.

Mixer Measurement Technique

This section describes the experimental technigues used to measure mixer and receiver properties.
Receiver-noise temperature measurements are typically made by observing the receiver’s response to black-
body signals. To measure receiver noise, a total power meter is hooked up to the IF output port of the
receiver, and two different-temperature black bodics are coupled to the input of the recciver. The black
bodies are usually at room temperature and 77 K. The power emitted by the black-body loads can be

calculated from Planck’s law,

hvB
P= ehvfksT _ 1’ 3.8(a)

where B is the measurement bandwidth. Because Av < kpT, this expression is frequently reduced to
P =kgBT. 3.8(b)

Equation 3.8(b) simplifies the calculation of mixer- and receiver-noise temperatures considerably. The
difference in these two equations is important only when very low-mixer noisc emperatures are obtained.
Measurements made for this thesis use Equation 3.8(a). From the two pairs of RF and IF signal powers,

the IF power out for no signal power incident on the mixer can be extrapolated; this is referred to the
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input of the receiver to obtain Pyoic. The receiver-noise temperature is Tp = Pyiicc /kgB. In the simple case

where 3.8(b) is used to relate power to temperature, the receiver temperature is

of _ d :
T, = M, where 3.9
Y-1 ’
Y=P}Il[?t/PfFom’

T4 is the temperature of the RF hot load, {3 is the temperature of the RF cold load, P is the IF
power out with the RF hot load at the receiver input and P{Y is the IF power out with the RF cold load
at the receiver input. The procedure for measuring receiver-noise temperature is shown graphically in
Figure 3.16. A line is drawn between the hot and cold points in the RF temperature-IF power plane. The
intersection of this line with the zero RF-temperature axis is the noise power at the output. The intersection
of this line with the zero IF-power axis is the noise temperature of the mixer. Receiver measurements

are particularly easy, because the IF amplifiers properties and the measurement bandwidth drop out of the

calculation.
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Figure 3.16 Graphical calculation of receiver noise.

The IF chain of the McGrath receiver is designed so that both mixer-noise temperature and mixer-
conversion gain can be measured accurately; a similar design was used by McGrath er al. (1985 and
1986). The receiver has a calibrated IF noise source, which allows the IF chain to be calibrated. Once
the IF chain is calibrated, the power at the mixer’s IF output can be determined. The mixer conversion

gain is calculated as the ratio of the input RF signal power to the IF power at the mixer’s output. The
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mixer-noise temperature is calculated in the same way as the receiver-noise temperature except that the IF
power is measured at the mixer’s IF port, not at the IF amplifier’s output. The accurate measurement of
mixer properties is important in understanding the results of NbN/MgO/NbN mixer tests.

Inductive Tuning Circuits _

Junction capacitance can be tuned out because the NbN leads are superconducting, so there is no series
resistance. If junction capacitance is tuned out, the junction RC product wilt not limit the high-frequency
response of a mixer. In practice, as the Q of the tuning structure is increased, the instantaneous bandwidth
is reduced so that small RC products are still desirable. This subsection attempts to describe the tuning
circuits used in our mixer tests and elsewhere.

The most important tuning structures used are the backshort and E-plane tuner in the mixer block.
Scale-model measurements and theoretical calculations have been made on the Ellison mixer block (Biittgenbach
et al., 1990). Several predictions are made on the basis of this work., Good coupling for junctions with
wRC =4 can be achieved if the mixer block is lossless; however, for this large a capacitance, the instan-
taneous bandwidth is extremely small. This indicates that achicving good coupling would be impossible
with a real backshort and E-plane tuner, because physically small changes in the tuner positions will lead
to drastic changes in embedding impedance. Additionally, this calculation is based on no loss for the
waveguide or the leads across the waveguide. These losses will reduce the capacitance that can actually
be tuned out by the mixer block at 205 GHz. For the NbN junctions tested, the capacitance is roughly
85 fF for a 1 um? tunnel junction. The resistance of the junctions tested was between 45 and 80 Q. This
leads 10 an wRC product ranging from 5 to 9 at 205 GHz. Clearly, the block cannot perfectly tune out the
capacitance of our NbN/MgO/NbN mesa junctions without an additional tuning element.

Tuning circuits can be integrated on the chip with the tunnel junction. These integral tuning circuits
can be used in a waveguide receiver (0 tunc out the capacitance at the center frequency. This has two
advantages: Mechanically adjusting the backshort is easier because the capacitance is roughly tuned out,
and a larger wRC product can be tuned out, becausc another pole has been added to the tuning circuit. In
open-structure receivers, integrated tuning structures are the only tuning elements available.

Lumped element circuits can be used to model SIS tunnel junctions and tuning structures. Figure 3.17
shows the equivalent lumped element circuit for a tunnel junction and a shunt-inductor tuning circuit. The
tunnel junction is modcled as an ideal Josephson element in parallel with a nonlinear tunneling resistor
(Ry) and a shunt capacitor (C). A parallel inductor (L; = 1 /w"'C, where w is the angular frequency of the
signal) is used to tune out the shunt capacitor at the signal frequency. The inductor will short out the DC
and IF signals, so a blocking capacitor (Cp) is placed in series with the inductor to make the shunt appear

as an open circuit at the IF and DC. If the blocking capacitor is much larger than the junction capacitance,
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Figure 3.17 Equivalent lumped element circuit for a wire inductor tuning circuit.

it can be treated as a short at the signal frequency.

A shunt inductor can be fabricated as a small loop of wire in parallel with the junction that is
capacitively coupled to one of the electrodes. The blocking capacitor can be either a lumped capacitor, or
a quarter wavelength section of low-impedance transmission line at the signal frequency (Pan et al., 1989.)
Unfortunately, there is usually a parasitic lead inductance (L) in series with the junction that limits the
use of wire inductors at high frequencies. The maximum angular frequency at which a wire inductor will
work is w = 1//I,C. At submillimeter wavelengths, wire inductors are impractical because of this series
inductance and difficulties in fabricating the small loops needed.

A secondvtype of tuning element uses an open-ended or shor- circnited section of transmission line.
The impedance of an open-ended transmission line is iZgcot(31), where Zg is the characteristic impedance
of the transmission line, § = 27v/T, T is the propagation velocity, [ is the stub length, v is the freguency
and i is the square root of negative one. If the transmission line length is between a half- and a quarter-
wavelength, the impedance seen by the junction is inductive. This type of circuit was used by Riisdnen er
al. (1985). To maximize the bandwidth of the tuning structure, the length is chosen to be 3/8 ), and the line
impedance is chosen to be Zg = 1/wC. A similar structure uses a short (I < A/4) section of transmission
line terminated with a shorting capacitor. This capacitor can be a lumped capacitor, or a 1/4 wavelength
section of low impedance line (D’Addario, 1984; Pan et al., 1989). Tuning stubs have inherently small
bandwidths compared to wire inductors, because the stub inductance varies with frequency. The advantage
of stubs is that they can be placed right at the junction. This minimizes any series inductance between the

junction and the tuning element. Series arrays of tunnel junctions are used to increase the saturation power
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of SIS mixers (Tucker and Feldman, 1985). When tuning structures are used on series arrays, a stub or
loop inductor should be placed on each junction, so the inductance of the leads between junctions does not
affect the tuning circuit (Kerr et al., 1987). Open-circuited stubs have been integrated with NbN/MgO/NbN
junctions. These stubs are described in greater detail in the discussion of mixer tests.

Methods of accurately characterizing microstrip line stubs are very important. Because of uncerainties
in junction capacitance and microstrip line properties, tuning circuits with center frequencies different from
the intended frequency are easily fabricated. The straightforward approach to this problem is to measure
the junction’s specific-capacitance, NbN magnetic penetration depth and microstrip line inductance using
SQUIDs; and to measure the propagation velocity using open-ended microstrip line stubs connected to
junctions. The design of the tuning circuit can then be based on these measurements; however, the
fractional bandwidth of the tuning structure may be 10% or less, while run-to-run variations may cause
errors that are larger than this in microstrip line properties or junction capacitance. RF testing of junctions
with integral tuning structures can be difficult if the center frequency is not known exactly. This is
especially true of open-structure receivers where no external tuning is possible. Therefore, characterizing
already fabricated tuning structures is important.

Two methods of characterizing fabricated tuning structures arc available. A novel method for char-
acterizing tuning structures was used by Hu et al. (1988). They used a Fourier transform spectrometer to
characterize the direct responsivity of a junction with a tuning structure as a function of frequency. The res-
onance from the tuning structure was clearly evident in their measurement. This method is, unfortunately,
somewhat complex and time-consuming.

Another method of verifying stub resonance frequencies is to observe the effect of the stub on the
I-v characterisﬁc. Resonant voltage steps occur in the I-V characteristic, which are similar to the LC
resonant steps that occur in the SQUID measurements. Because the impedance of the microstrip line stub
is periodic with frequency (Z = iZycot(2xlv /T)), there are several resonant steps. The steps are at voltages
corresponding to frequencies where the stub is inductive and resonates out the junction capacitance. The
voliage between higher-order (n>3) steps should be Av = T/2ly,,, where Iy, is the stub length. The
propagation velocity can be calculated using this formula.

We have made measurements of resonant steps in NbN junction I-V characteristics and a number
of problems were encountered. Typical stubs were 4.5 um wide and 80 um long; these stubs showed
structure in the I-V characteristic only for the first two or three resonances. To characterize transmission
line velocities accurately, at least the first four steps are necessary, because the spacing of the first several
steps is not constant. There are several reasons that more steps are not typically observed. Above half the

gap voltage (2.3 to 2.5 mV), the junction is oscillating at a frequency for which the NbN is very lossy.
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At 1.8 mV, a Fiske resonance (1964) typically occurred. A Fiske step is a resonance from the junction
acting as a resonant cavity. The effect of this on the I-V characteristic typically makes it impossible to see
tuning-stub resonances near this voltage. These two factors make it difficult to observe resonant steps above
1.7 mV. Finally, the microstrip line impedance of our stubs (12.5 Q) is much larger than the impedance
of the Josephson oscillations for the higher-order resonances. The output impedance of the Josephson
oscillator is roughly 1/wC. This is equal to the stub impedance when the junction is biased on the first
step; on the higher-order steps the coupling is increasingly bad. This poor coupling reduces the current
height of the higher-order resonant voltage steps.

The sharpest resonances observed were for a 7 ym by 75 pm stub, which had a lower microstrip line
impedance (8.0 Q). The I-V characteristic of the junction with this stub is shown in Figure 3.18. The
resonant steps appear at 0.40, 1.00, and 1.56 mV. The first two steps are very clear, while the third is
somewhat smeared. The spacing of .56 mV between the second and third steps leads to a propagation
velocity of 4.0 x 10’ m/s. The calculated value for the propagation velocity based on the measured

penetration depth, and thickness is 4.6x 10’ m/s. This difference is well within the measurement errors.

Voltage (mV)

Figure 3.18 I-V characteristic showing stub resonances.

To improve characterization of tuning stubs in the future, low-impedance stubs that are several hundred



72

microns long will be included on mixer-mask set designs. This will give more resonances in the 0 to 1.5
mV range. Additionally, the lower impedance of the stub will couple more strongly to the Josephson
oscillator, making the higher-order steps more pronounced. From these results, the propagation velocity
can be calculated more accurately. '

RF Measurements at 205 GHz

Mixer measurements of NbN/MgO/NbN tunnel junctions were made with the McGrath receiver. Using
the complete IF chain, mixer-noise temperature, coupled mixer conversion gain, available mixer conversion
gain and receiver-noise temperature were measured. Typically these quantities were measured for two LO
frequencies (201 and 207 GHz) at a physical temperature of 4.2 K. The mixer backshorts were tuned
for optimal response to a monochromatic signal in the upper sideband and then the lower sideband.
Measurements were repeated with the cold plate of the dewar at 1.5 K. Mixer-noise temperature was
almost always lowest, and the conversion gain was always largest when the mixer was biased on the
second photon step below the gap voltage (n=2). Most measurements were made on the second photon
step below the gap voltage, although mixer measurements were made on the first photon, and one mixer
measurement was made on the third photon step below the gap. When the junction was biased on the third
photon step below the gap, a magnetic ficld was necessary to suppress the Josephson effect. The field was
large enough that it degraded mixer response. Unless otherwise noted, all mixer numbers quoted are for
the second photon step below the gap voliage, and all conversion gains quoted are for coupled conversion
gain, not for available conversion gain.

The results of our mixer tests are now given; all of these tests are summarized in Appendix E. Mixer
tests can be broken into the three batches of junctions tested. The first set of junctions had no tuning stubs.
The IF chain was not calibrated when these junctions were tested, so only the receiver-noise temperature
was measured. These tests gave discouraging results with receiver temperatures ranging from 1500 to
2000 K. Subsequent scale-model measurements of the mixer indicated that the mixer block could not tune
out the junction capacitance (Biittgenbach et al., 1990).

For the next set of tests, open-ended microstrip line tuning stubs, were designed to tune out junction
capacitance. Stub lengths and widths were designed, given the published value of magnetic penetration
depth (280 nm, Shoji er al., 1987). The microstrip line was designed for a bottom NbN electrode which
was 300 nm thick, a top electrode which was 400 nm thick, and an SiO dielectric layer which was 150 nm
thick. Masks were made, and junctions were fabricated for this design. Unfortunately, the penctration
depth of our NbN films was measured to be 380 nm. Despite the error in the stub design, tests of these
junctions were made with the calibrated IF chain.

Mixer tests of the second batch of junctions gave slightly betier results than the first batch. The
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control junction with no stub in this set, number 1.1, had a mixer-noise temperature of 767 K and a
conversion gain of -20 dB. Junctions with stubs of width 4.5 pm and lengths 111, 104, and 90 pm were
tested. The junction with the longest stub, number 1.3, had a significantly worse mixer-noise temperature
than the untuned junction (1080 K). The junction with the 104 um stub, number 1.2, had a Slightly better
niixer-noise temperature than the untuned junction (596 K). The junction with the shortest stub, number
1.4, had the lowest mixer-noise temperature of this batch (394 to 633 K across the RF band).

Using the experimental value for the penetration depth, the admittances of these stubs were calculated.
The two longest stubs were longer than half a guide wavelength at 205 GHz and were capacitive. The
shortest stub tuned out roughly 20 {F of the junction capacitance. The first attempt at using tuning stubs
missed the design frequency, because of the error in the assumed magnetic penetration depth. The electrical
properties of NbN microstrip line are particularly sensitive 1o the penetration depth, because the dielectric
thickness, penetration depth and NbN thickness are all roughly equal.

To bring the stub resonance into the RF test band, shorter stubs had to be fabricated. The stub length
is defined in the final wiring layer etch. To avoid the cost and time of having a new, third mask layer made,
a novel method of altering the existing mask was devised; it is described in Appendix F. This method may
prove very useful for future tuning-stub designs, because stub lengths can be easily adjusted after the mask
set has been made.

A final set of junctions with stub lengths of 75 to 86 um was fabricated and tested. Five junctions
were tested from this batch. Junction number 2.4 was the control junction from this batch; it had no tuning
stub. Three junctions with 4.5 pm wide stubs were tested: junction number 2.1 was 75 pm long and tuned
out 95 fF at 205 GHz, junction number 2.3 was 80 pum long and tuned out 70 fF at 205 GHz, and junction
number 2.5 wés 86 um long and tuned out 50 {F at 205 GHz. Junction number 2.2 had a 7 ym wide
75 pm long stub; this junction tuned 150 fF at 205 GHz. The stubs for this set of junctions tuned out a
range of capacitance around the expected capacitance of 85 fF.

The lowest mixer-noise temperature for this batch was obtained with junction number 2.1. The current-
voltage characteristic for this junction with and without LO applied is shown in Figure 3.19. Because of
the rounding in the I-V characteristic, the photon steps are barely visible. The mixer-noise temperature of
this junction at 206.4 GHz for a physical temperature of 1.5 K was 133 K, and the conversion gain was
-11.9 dB. Figure 3.20 shows the mixer-noise temperature and conversion gain at four signal frequencies for
this junction. The crosses represent data taken at 1.5 K, and the open circles represent data taken at 4.2 K,
The mixer-noise temperature dropped by roughly 95 K when the mixer block was cooled from 4.2 K to
1.5 K. This drop in noise temperature upoh éooling to 1.5 K was the largest measured. Along with this

drop in noise temperature, there was an improvement in conversion gain of 2 to 3 dB. The temperature
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dependence of the mixer properties is discussed at the end of this section. As is seen in Figure 3.20, the
response for junction number 2.1 was better at higher frequencies. The capacitance tuned by the stub is
zero when the stub is half a wavelength long and infinite when the stub is a quarter of a wavelength long.

In the case of this junction, the stub was too short at the lower frequencies.
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Figure 3.19 Mixer I-V characteristic with and without LO howcr applied.

Junction number 2.3 has a stub that is 5 um longer than junction number 2.1; the longer stub tunes out
less capacitance (70 fF versus 95 fF at 205 GHz). This junction had a mixer-noise temperature at 1.5 K,
which was neaﬂy identical to junction 2.1 (134 K) The noise temperature of this junction at 4.2 K was the
lowest value measured (185 X). Figure 3.21 shows the IF power for junction number 2.3 with a hot and
cold black body at the input of the mixer. Peaks in the IF power corresponding to the n=2, 1, -1 and -2
photon steps are identified in the figure. The ratio of the hot and cold IF power is the “Y factor,” which
is used to calculate the receiver noise (Equation 3.9). In this figure, the Y factor is almost 2 dB on the
second photon step below the gap voltage.

Two more junctions with stubs were tested from this batch to bracket the optimum response as a
function of capacitance tuned by the stub. The stub of junction number 2.2 was the same length as
the stub of junction number 2.1, but it was 50% wider, so it tuned out 50% more capacitance. At the
lowest frequency tested (199.5 GHz), this stub tuned out 174 fF, which is much larger than the junction
capacitance. The mixer-noise temperature at this frequency was 358 K and 300 K at a physical temperature

of 4.2 K and 1.5 K, respectively. At the highest frequency tested (208.5 GHz), this stub tuned out 135 fF,



75

Tm vs Signal Freq. 7 vs.Signal Freq.
o
Sro T T T [T T T ]
0 - ) x
] SL x ]
iy ° o 1 °
. " ]
| ] 8L 2
< cl 1
= 9L ] s i
¥ & [ i
x 3L ]
x =
o ]
3+ * - "t o © .
Ll ] O lo ]
s x ] ol i
8 1 1 1 L ] 1 i " S L i 1 1 2 I 1 1 It i
~ 200 202 204 206 208 o 200 202 204 206 208

GHz GHz

Figure 3.20 Mixer-noise temperaturc and conversion gain versus signal frequency. Shown
are the results for junction number 2.1 across the RF band. The open circles are at 4.2
K, and the Xs are at 1.5 K.
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Figure 3.21 IF power out versus voltage with a hot and cold load at the mixer input.
The IF power peaks at voltages corresponding to the n=2, 1, -1, and -2 photon steps are
labeled. :

which is closer to the actual junction capacitance. The mixer-noise temperature at this frequency was

244 K and 164 K at a physical temperature of 4.2 K and 1.5 K, respectively. The noise temperatures at
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208.5 GHz were good, while the noise temperatures at 199.5 GHz were mediocre. The mixer response
of a junction across even a small signal band is a good indication of whether the stub is undertuning or
overtuning the junction capacitance. Junction number 2.5 bracketed the low end of capacitance tuned. The
response of this junction was best at the lowest frequency tested.

To get an overall view of how mixer performance varies with the capacitance tuned by the stub, mixer
noise-temperature and conversion gain are plotted as a function of the capacitance tuned by the stub for
each junction at the frequencies tested; these data are shown in figure 3.22. The mixer-noise tempcrature
is a minimum near 85 fF of capacitance tuned. This minimum agrees with SQUID measurements of the
junction capacitance. The range of capacitance tuned that gives good mixer performance is fairly large,
because the mixer block can tune to a range of junction impedances. The conversion gain of the mixer
correlates less strongly to the capacitance tuned than the mixer-noise temperature. The scatter in this data
is not caused by measurement error, because the conversion gain is measured to better than 10%.

The sideband ratio was measured for several junctions using a broad-band times 12 harmonic multipiier
as a signal source. The output of the multiplier was continuously tunable over the mixer band. The power
of the output signal was measured to within 2 dB. The IF signal was monitored on a conventional spectrum
analyzer. The signal frequency was switched back and forth between the upper and lower sideband with
the signal power held fixed. For all of the measurements made except one, the sideband ratio was less than
2 dB. The sideband ratio of junction number 2.1 was 4.5 dB at one frequency; however other measurements
on this same junction at different frequencies yielded sideband ratios of 1.2, 0.6 and 0.3 dB. With the one
exception, the response of NbN/MgO/NbN junctions was dounble sideband.

Mixer-noise temperature and conversion gain both improve when the mixer is cooled from 4.2 K to
1.5 K. We havé attempted to understand this improvement. A number of possible causes have been ruled
out, and the evidence indicates a temperature-dependent loss mechanism in the NbN, although no definite
conclusions have been reached. This phenomenon may be particularly important to operating mixers near
10 K.

The improvement in mixer performance varied somewhat between junctions., Three junctions with
tuning stubs gave fairly good mixer performance (numbers 2.1, 2.2 and 2.3). The mixer noise in these
junctions improved by 41%, 25% and 25%, respectively. The correlation of mixer-noise temperature and
conversion-gain improvement was good, although conversion gain typically improved by 5% more than the
mixer-noise temperature. The mixer-noise temperature of the two untuned junctions tested improved by
19% and 7%. The smaller improvement of the untuned junctions indicates that the tuning stub’s properties
may be temperature-dependent.

Two factors affect the mixer performance: the junction’s I-V characteristic and the embedding
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Mixer Noise Temp. vs. Capacitance Tuned by Stub
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Figure 3.22 Mixer performance as a function of capacitance tuned by the stub. Figure
(a) shows the mixer-noisc temperature, and Figure (b) shows the coupled conversion gain
as a function of capacitance tuned by the stub. Data taken at 4.2 K are shown as circles

for n=2, and squarcs for n=1. Data taken at 1.5 k are shown as Xs for n=2, and plusses
for n=1.

impedance at various frequencies. Because the tcmperature is well below half the transition tempera-
ture of NbN, the I-V characteristic of an NbN junction should not change significantly between 4.2 and
1.5 K. Figure 3.23 shows the I-V characteristic of junction number 2.1 at both temperatures. The sharpness

of the I-V characteristic is virtually unchanged, the sum gap changes by less than 50 ¢V, and the subgap
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conductance changes by 10% to 15% at typical bias voltages. Tucker’s theory (1979) predicts that shot
noise is the primary source of noise in SIS mixers. If this were the case, the mixer noise should decrease
by 10% to 15% upon cooling from 4.2 to 1.5 K. This can explain the improvement in the junctions without

tuning stubs, but cannot explain the 41% to 25% improvement in the junctions with tuning stubs.
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Figure 3.23 Mixer I-V characteristic at two temperatures. Shown is tunnel junction
number 2.1 at 4.2 K and 1.5 K.

The embedding impedance can also affect mixer performance significantly. The larger improvement
in the mixer properties of junctions with tuning stubs than without tuning stubs upon cooling to 1.5 K
indicates that the tuning stub’s properties (propagation velocity, impedance, or loss) are changing with
temperature. Two possible materials properties could. affect the propagation velocity and impedance: the
dielectric constant in the SiO and the magnetic penetration depth of the NbN. The dielectric constant of
SiO has not been measured at these temperatures, but there is no evidence that it is changing at these low
temperatures. The magnetic penetration depth of NbN was measured as a function of temperature by Shoji
et al. (1987), and it does not change significantly below 7 K.

The loss in the microstrip line may also be a function of temperature. The SiO is a possible source
of loss in the microstrip line stub, but measurements of loss in Nb-SiO-Nb microstrip line at 100 GHz by

Smith et al. (1990) determined the loss to be less than 10 dB/m. Unless the loss at 200 GHz is dramatically



79

larger than at 100 GHz, the SiO does not cause enough loss to explain the improved mixer performance
at 1.5 K. Therefore, we believe the NbN has a temperature-dependent loss mechanism.
Loss in NbN Microstrip Lines |

The loss in NbN microstrip lines was analyzed in two ways. A theoretical model was used to predict
the loss in NbN microstrip linés, and the absorptivity of NbN was measured as a function of frequency using
a Fourier transform spectrometer (FTS). Both of these methods are described, although neither provides
any direct evidence that explains the improved mixer performance at 1.5 K.

Superconducting transmission lines have finite losses at 200 GHz caused by the finite inductance of
the superconducting pairs. With the assistance of Jonas Zmuidzinas (1990), we have attempted to estimate
the loss in our microstrip lines analytically. The Mattis-Bardeen expression is used for the impedance of
NDN and the propagation velocity in the NbN. The Mattis-Bardeen formulation is a microscopic theory
valid in the “dirty” limit; the dirty limit is appropriate for NbN. Microstrip line properties are analyzed
using the method of Kautz (1978) and Whitaker er al. (1988). The magnetic ficlds in the NbIN microstrip
line are not completely confined, because the NbN layers are comparable to the magnetic penetration depth.
There will be some radiation losses in the microstrip line from these stray fields. This calculation accounts
for the radiative losses at the superconductor air interface, by calculating the reflection coefficient at this
interface for an incident wave.

Results from this loss calculation are now given. The following parameters are assumed for the
microstrip line unless otherwise specified: dielectric thickness—150 nm, relative dielectric constant-5.5,
dielectric loss tangent—0.0, NbN thickness (ground plane and wiring layer)-330 nm, microstrip line width—
4.5 pm, NbN sum gap—4.8 mV, NbN T.-15 K, NbN resistivity at 20 K-130 u2 c¢m, temperature—4.2 K
and frequency¥205 GHz. For the default parameters, the loss is 0.03 dB per microstrip line wavelength.
If this is the only loss, then the Q of the tuning stub is 145, The calculation of the loss was repeated for a
temperature of 1.5 K. At the lower temperature the loss is 0.01 dB per wavelength. The relative difference
in microstrip line loss at 4.2 and 1.5 K is large, but the absolute loss is small in both cases. This calculation
cannot account for the 25% to 41% improvement in mixer noise temperature upon cooling to 1.5 X.

The variation of microstrip line losses with other parameters is also important and can be calculated.
The loss for thicker films (600 nm) is roughly half that of the 330 nm films. The loss for thinner films
(150 nm) is 2.6 times worse than the 330 nm films. Thicker NbN layers should be used to reduce loss
in NbN microstrip line. The loss of films at 8 K is 0.5 dB per wavelength. This is much Iarger than the
loss at 4.2 K. Even if the NbN layers are 1.0 um thick, the loss is still 0.3 dB per wavelength at 8 K.
This has important ramifications for high-temperature operation of NbN devices. The loss per wavelength

was calculated as a function of frequency for 600 nm-thick NbN films; the results are given in Table 3.2.
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The loss is less than 0.04 dB per wavelength up to 1100 GHz. The theoretical model indicates that tuning

stubs should work well up to the gap frequency, if the NbN electrodes are thick enough.

Table 3.2 NbN microstrip line loss as a function of frequency

Frequency Loss per Wavelength Loss per Wavelength

(GHz) (dB) (%)
100 0.013 0.29
200 0.014 0.32
300 0.015 0.34
400 0.015 0.35
500 0.016 0.37
600 0.018 040
700 0.020 045
800 0.022 0.51
900 0.026 0.59
1000 0.031 0.71
1100 0.039 0.90
1200 0.97 20.0
1300 3.6 56.5

The absorptivity of a NbN film was measured as a function of frequency by Miller and Richards (1990).
The absorptivity is a direct measurement of loss in the film. The data given here are still preliminary. The
Miller apparatus is shown in Figure 3.24. The measurement is made by attaching a bolometer to a thin
quartz sample with NbN on one side. The temperature rise in the sample is a measure of the absorption of
radiation by the NbN film. The NbN sample is in a dewar with a brass reference sample. The absorptivity
of the brass is vconstant over the frequencies measured, because the mean-free path of the conduction
electrons in the brass is very short, so the electron scattering is defect-limited, not phonon-limited. The
two samples look out into a Fourier transform spectrometer. The difference signal between the bolometers
attached to the NbN and brass samples is measured as a function of the FTS mirror position. The Fourier
transformation of this function gives the absorptivity versus frequency. The temperature dependence of the
absorptivity cannot be measured, because the bolometer must be at 1.5 K to get adequate signal to noise.

The absorptivity of NbN as a function of frequency is shown in Figure 3.25 The absorptivity has a
broad peak near 150 GHz, a sharp peak at 750 GHz and a large value above 1100 GHz. The rise above
1100 GHz is expecled, because this corresponds to the gap frequency (2Anwn/4). Above this frequency,
photons can break Cooper pairs, and the resistivity of the film should approach that of the normal state.
The peak at 750 GHz is probably due to a Fabry-Perot resonance in the sample that is 4-mil fused quartz

with a gold film on one side and NbN on the other. Because the NbN is less than a penetration depth
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Figure 3.24 Diagram of RF loss measurement apparatus.

thick (ngN = 300 nm), it is partially transparent, and the quartz acts like a half wavelength Fabry-Perot
czivity. This peak may also correspond to loss from Nb in the films at 2Axs /h. These possibilities will be

investigated further by measuring thicker NbN films.

- The broad peak at 150 GHz is important to mixer tests at 205 GHz. There are two possible ex-
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Figure 3.25 Absorptivity of NbN as a function of frequency.

planations for this low-frequency peak in absorptivity. Radiation may be passing through the NbN and
being absorbed in the fused quartz. This seems unlikely to account for the magnitude of the loss or the
frequency depehdence. Nonsuperconducting material between NbN grain boundaries may be causing this
low-frequency loss. The coupling between NbN grains can be modeled as a Josephson weak link with a
shunt capacitor. As the frequency is increased, more current will pass through the capacitor, which is a
lossless element. Because there arc many different capacitor values for the individual grains, this roll-off
will be slower than 3 dB per octave of frequency, which is normal for an RC filter. This explanation
describes the shape of the peak at 150 GHz well. To test this hypothesis, higher-quality films, possibly

with residual resistivity ratios less than one, should be tested and compared to the original film.

There are several experiments that need to be done to address more carcfully the problem of loss in
NbN microstrip lines. The key question to be addressed is whether the loss stems from the NbN itself,
or the degree to which the electromagnetic fields are confined by the NbN. FTS measurcments of thicker
and higher quality NbN films should be made and compared to previous results. This will determine if the

absorptivity is dependent on thickness or film quality. Additionally, microstrip line stubs, which completely
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confine the magnetic field, should be fabricated and tested with mixers.
Summary

This section has described the results of the first mixer tests with NbN/MgO/NbN tunnel junctions.
The results of these tests were encouraging. The mixer-noise temperature at 4.2 K is between 185 and
250 K;; this is 2 to 3 times higher than lead-alloy junctions in this same mixer block. The performance of
the NbN junctions is worse than the lead junctions for two primary reasons: The capacitance of the NbN
junctions is larger, and the I-V characteristics of the NbN junctions are more rounded than lead junctions.
The capacitance of the NbN junctions is partially tuned out by integral microstrip line tuning stubs.
Understanding these tuning circuits is critical if submicron NbN junctions are to be used at frequencies
approaching 1100 GHz. The mixer-noise temperature decreases to 133 to 200 K when the mixer is cooled
to 1.5 K. This improvement cannot be explained by changes in the I-V characteristic alone. One possible
cause for this improvement is a temperature-dependent loss mechanism in the NbN-SiO-NbN microstrip
line stub. A preliminary investigation of possible loss mechanisms was made.

E. Junction Uniformity

A focal plane array is a one- or two-dimensional array of antennas and mixers, which is placed at
the focal plane of a telescope. Each element in the focal plane array will image a different point on
the sky. Focal plane arrays will allow much faster mapping of extended sources. For this application,
many nearly identical junctions would have to be fabricated on a single wafer; therefore, the uniformity of
NDbN/MgO/NbN junctions across a wafer must be measured.

Most junction properties are uniform to within over a two-inch diameter wafer. Typically, junction
sum gaps and subgap leakage are vary by less than 5% over a wafer. As a example, the sum gap of
NDBN junctions typically varies by a tenth of a millivolt over a two-inch wafer. This variation is caused
by the size of the magnctron sputter guns (two inches in diameter). Small variations like this are not a
problem for focal plane array fabrication. The junction resistance varies across a wafer or chip more than
other properties. Each junction in a focal plane array must have the same impedance as the antenna to
which it is coupled. This section describes measurements of resistance uniformity and possible causes of
nonmiformity in junction resistance.

The easiest parameter to mcasure for large numbers of junctions is the junction critical current.
Fortunately, the product of a junction’s critical current and its normal resistance is roughly constant. For a
BCS superconductor at 0 K, I.R; = wAg/4e. If NbN were an ideal BCS superconductor, I.R, would be
3.5 10 4.1 mV for gap values of 451052 mV. Strong coupling superconductors like NbN typically have
their critical currents reduced from the BCS value. A typical NbN junction has an I.R, value of 2.8 1o

3.1 mV, depending on the sum gap of the junction.
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Junction critical current uniformity is usually measured by fabricating series arrays of tunnel junctions.
The I-V characteristic of 10 junctions in series is shown in Figure 3.26. As the current level is raised, the
junction with the lowest Josephsoﬁ critical current switches out of the zero-voltage state; as the current
level is raised further, each junction in order of increasing critical current switches out of the zero-voliage
state. The line of critical currents is easily seen at 170 pA. By reading each value off, statistics on critical

current uniformity can be determined. In this figure, the critical currents are between 165 and 175 pA.
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Figure 3.26 Series array I-V characteristic for 10 junctioné.

The chips used to measure critical current uniformity consisted of 304 junctions connected in series.
There are leads coming off the series array at various points, so blocks of 1, 10, 20, and 100 junctions
can be measured separately. Arrays of both 2 x 2 and 4 x 4um? junctions were fabricated. Figure 3.27(a)
shows an I-V characteristic for an array of 100 4 x 4um? junctions, the minimum-to-maximum spread of
critical currents for this array is 11%. The typical spread in critical currents for these arrays is 15%, and the
typical standard deviation for these arrays is +3%. Figure 3.28 shows a histogram of critical currents for a
typical array of 104 4 x 4 um? junctions. Uniformity of 2 pm junctions is much worse than 4 m junction.
Figure 3.27(b) shows an I-V characteristic for an array of 100 2 x 2um? junctions. The uniformity of 2 ym

junctions is reduced, becausc defining reproducible 2 um features using photolithography is difficult.
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Figure 3.27 Series array I-V characteristics for 100 junctions. Figure (a) shows an I-
V characteristic for an array of 100 4 x 4 pum? junctions. Figure (b) shows an I-V
characteristic for an array of 2 x 2 pm? junctions.

Focal plane arrays will require reasonably uniform junctions over a wafer. Tests on single junctions as

nearmillimeter wavelength mixers typically show good results with resistances ranging from 50 to 100 Q.
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Figure 3.28 Histogram of critical currents. This histogram shows the distribution of
critical currents for an array of 104 4 x 4 um? mnnel junctions over a 0.25” chip.

The critical currents for series arrays of 4 x 4 ym? tunnel junctions are uniform to less than 15%. This
implies that the trilayers are uniform over the chip area, so lithography and processing will limit the
uniformity of micron and submicron junctions. Junction areas defined using electron-beam lithography can
be casily controlled to within 50 nm; however, other processes, such as RIE, may limit junction uniformity.
Finally, no series arrays of NbN edge junctions have been fabricated, but the uniformity of 9 edge junctions
on a single chip is less than 30% (Hunt, 1989). The present data suggest that NbN junctions should have
sufficient uniformity for focal plane arrays, but submicron junctions need to be fabricated before final
conclusions can be drawn.

F. Chapter Summary

This chapter has described a number of measurements made to characterize NbN/MgQ/NbN wunnel
junctions and NbN films; in this final section these results and their effect on SIS mixers will be summarized.

Arcas for possible improvement in device or material quality will be discussed.

The R vs. T plot is the simplest measure of a superconductor’s quality. High-transition temperature
(15.5 K) NbN can be deposited on unheated substrates; however, it is much easier to deposit high tran-
sition temperature NbN on heated substrates (250 to 500° C). Measurements of the film critical current,
room-temperature resistivity and residual resistivity ratios for heated and unhcated films suggest that as
the substrate temperature is increased the NbN crystal size increases. The increase in crystallite size de-

creases the effect that nonsuperconducting material in the grain boundary regions has on the films. This
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nonsuperconducting material is thought to cause gap-smearing in NbN tunnel junctions.

The magnetic penetration depth is another important material property of NbN. Using SQUIDs, the
magnetic penetration depth for NbN deposited on unheated substrates (400° C) was measured to be 380 nm;
while films deposited on heated substrates had penetration depths of 280 nm. The penetration depth of
280 nm on heated substrates agrees well with other published values. One question that should be addressed
is how much the penetration depth varies from run-to-run under similar deposition conditions? Variations
of the penetration depth will affect the reproducibility of NbN microstrip circuits like tuning stubs. The
large penetration depth of NbN makes most transmission lines slow wave structures. Slow wave structures
can be used to fabricate compact delay lines or tuning stubs; however, the penetration depth and film
thickness need to be known accurately to design transmission lines of known impedance and electrical
length.

Most data on NbN/MgOQ/NbN tunnel junction are obtained from the I-V characteristic. The biggest
advantage NbN junction have over other materials is the large gap voltage. Gap voltages are typically
5.0 mV, although junctions with gap voltages as high 5.6 mV have been fabricated. The large gap voltages
of NbN/MgO/NbN junctions will make them useful as mixers well into the submillimeter band if the RC
product can be decreased or the capacitance tuned out.

I-V characteristics of NbN/MgO/NbN junctions are typically much more rounded than Pb or Nb
tunnel junctions. NbN junctions have rounded I-V characteristics for several reasons. The short electronic
coherence length of NbN makes gap-smearing a problem. Gap-smearing can be reduced if better quality
NbN can be deposited. The ratio of the subgap to normal resistance in NbN tunnel junctions is small (10) as
compared to high-quality niobium or lead junctions. There are three possible sources of subgap conduction
in NbN junct:idns. Parallel conduction through weak-link Josephson junctions occurs at pinholes in the
barrier. This form of leakage is occasionally observed, but is not the major cause of leakage. The subgap
leakage is characterized by a rise in the leakage current at half the sum-gap voltage. This could be caused
by either multiparticle tunneling, or SIN tunneling. If subgap conduction is caused by SIN tunneling, it
could be reduced by depositing higher-quality superconducting electrodes. If subgap conduction is caused
by multiparticle tunneling, then it is inherent to the barrier material. The sharpness of NbN/MgO/NbN I-V
characteristics can be improved by improving NbN film quality, but the I-V characteristic of NbN junctions
will never be as sharp as Pb or Nb junctions, because of the short coherence length of NbN. The difference
in I-V sharpness will have a more significant effect on mixer performance at lower frequencies.

The specific capacitance of NbN/MgO/NbN junctions was measured as a function of the normal-
resistance, area product. This function needs to be known to calculate the RC product of the junctions.

The specific capacitance of NbN/MgO/NbN junctions is roughly twice that of comparable lcad-alloy and
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Nb junctions. In submillimeter wavelength mixers, the junction capacitance must be tuned out at the signal
frequency.

NbN mixers have been tested at 205 GHz. Successful testing of NDN junctions was possible only
after microstrip line stubs were designed to tune out the junction capacitance. Proper design of these stubs
relied on accurate characterization of NbN penetration depth. These tests showed reasonable performance
over the frequency range tested. Typical noise temperatures of NbN junctions were a factor of two to
three worse than Pb junctions in the same mixer block. The difference in noise temperature is attributed
primarily to I-V characteristic sharpness, although loss in the tuning stubs may also have degraded mixer
performance. This loss is currently under investigation. Future mixer tests will focus on using submicron

junctions at higher frequencies. The 205 GHz tests will help in correctly designing high-frequency mixers.
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Chapter IV. Conclusions and Future Work

This chapter makes some conclusions on the future of NbN junctions: their limitations, and their
advantages. NbN junctions were developed because of their relatively large gap voltages. The energy
gap allows the NbN films to have low RF losses up to 1200 GHz, and it reduces the effect of Josephson
phenomena, such as the drop-back voltage. However, the RC product of NbN junctions will limit high-
frequency performance of these devices. The ultimate high-frequency limit of NbN junctions will depend
on the maximum quality factor (Q) of the tuning structure used to resonate out the junction capacitance.
At the highest frequencies submicron, low R,A product junctions are required.

This thesis began with a description of why NbN and MgO were chosen as the superconductor
and barrier material. To conclude this thesis, other barrier materials and other superconductors that may
prove useful in the future are discussed. Different barrier materials can improve the RC product of NbN
junctions, and new superconductors can have larger energy gaps and transition temperatures. Both of these
possibilities are discussed.

Finally, the possibility of operating NbN-based mixers on closed-cycle refrigerators is analyzed. Re-
frigerators are desirable in locations where liquid helium is not practical as a coolant.

A. RF Limitations of NbN/MgO/NbN Junctions

The most important limitation for NbN/MgO/NbN junctions as mixers at submillimeter wavelengths
is the RC product of the junction. The RC product decreases with decreasing barrier thickness. The
minimum barrier thickness is one monolayer. Shoji et al. (1987) have fabricated junctions with 0.5 nm-
thick MgO barriers, roughly one monolayer. The R,A product for these junctions is 6.4 Qum?. The specific
capacitance is a function of the R,A product. Given the data in Figure 3.14, the specific capacitance at
6.4Qum? is estimated to be 150 fF/um?. These junctions have wRC = 1 at 170 GHz. Junctions with R,A
products of 9.5 Qum? have been fabricated in our lab, and the I-V characteristics of these junctions are
only slightly worse than junctions with thicker barriers. Waveguide tuners and integral tuning circuits can
be used to resonate out the junction capacitance. The upper-frequency limit for NbN/MgO/NbN mixers
will be determined by the Q of the tuning structures used to tune out the junction capacitance.

The tests made at 205 GHz used integral tuning stubs. The Q of the tuning circuits used was roughly
7.5. If similar Q’s can be obtained at frequencies near a THz, NbN junctions will be useful up to the
gap frequency (2Anpn/h=1200 GHz). This simple extrapolation of 205 GHz tests to 1000 GHz neglects
several important factors. The loss in NbN tuning circuits and the impedance to which a waveguide mixer
block can match will not be constant with frequency.

Inductive tuning circuits near a THz may encounter several problems. Microstrip line stubs may

be lossy at these frcquéncies. We have begun investigating possible loss mechanisms in NbN films and
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microstrip lines at millimeter and submillimeter wavelengths. Theoretical calculations based on the Mattis-
Bardeen theory indicate that NbN transmission lines should be adequate upto the gap frequency; however,
initial experimental evidence indicates that there may be an additional loss mechanisms in NbN at low
frequencies (100 to 200 GHz). Accurate characterization of loss in NbN circuits is necessary to determine
at what frequencies and for what Q’s tuning circuits will work.

Wéveguide mixer blocks will become increasingly lossy at higher frequencies, so the 205 Ghz test
may not scale to higher frequencies. The mixer block can match to a broad range of junction impedances
and may be tuning out a significant fraction of the junction capacitance. At higher frequencies, waveguide
mounts will have more loss, and will not be able to match to as broad an impedance range. At very high
frequencies (1 THz), fabrication of wave guide mixers may be impossible because of the small waveguide
dimensions. Open-structure receivers can be fabricated even at very high frequencies, but in an open-
structure mixer, there are no external tuning circuits. All tuning of the junction capacitance must be done
with integral tuning circuits. Extremely accurate characterization of tuning circuits and junction properties
would have to be made in an open-structure receiver. Despite these problems, if tuning circuits with quality
factors of 7 can be fabricated, NbN/MgO/NbN mixers should work up to the gap frequency.

NbN junctions have several advantages over lead-alloy and Nb junctions at high frequencies. Super-
conductors are lossy above the gap frequency (2A/h). This implies that PbInAu is lossy above 550 GHz,
and Nb is lossy above 680 GHz. Above the gap frequency, the junctions can still be efficient mixers, but
tuning circuits will be very lossy. Another limitation associated with the gap is the drop-back voltage. As
discussed in the first chapter, the drop-back voltage increases with decreasing RC products. Experimentally,
the highest current density Nb and Pb-alloy junctions have almost no stable bias voltage below the energy
gap. Magnetic fields are needed to suppress the Josephson effect. Suppressing the Josephson effect in
submicron junctions is difficult, because a quantum of magnetic flux must pass through the barrier region.
The drop-back voltage may prove to be a limiting factor in the high-frequency operation of Pb-alloy or Nb
mixers.

For NbN junctions to be competitive with Pb-alloy or Nb junctions at low frequencies, the 1-V
characteristics must be sharp compared to a photon step (Vphoton = hr//€). This corresponds to 0.8 mV
at 205 GHz. Typical NbN junctions have gap widths of 1.0 mV. Because of gap-smearing, mixer-noise
temperatures of NDN junctions at 205 GHz are 2 to 3 times worse than Pb-alloy junctions in the same
receiver. Some NbN junctions have gap widths as low as 0.6 mV. Further work fabricating junction on
heated substrates may yield sharper I-V characteristics and improve low-frequency performance; however,

NbBN junctions will be most useful in the submillimeter wavelength range
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B. Submicron Devices

To take advantage of the low R,A junctions mentioned above, submicron junctions need to be fabri-
cated. The normal state resistance of a junction used as a mixer is typically 50 Q. Fora 6.4 Qum? junction,
the junction area would be .13 um?, To obtain junctions this small, either electron-beam lithography or
edge-geometry junctions are needed.

Edge-junctions have already been fabricated with areas of 0.1 pm? (Hunt et al., 1989). This cor-
responds to a 0.1 um base electrode and a 1 um-wide counter electrode. To reach their ultimate limit,
edge-junctions need to be fabricated at the highest critical current density. Future work on edge-junctions
will be in improving the quality of high current density devices. In particular, gap-smearing needs to be
reduced in these junctions.

Submicron Mesa or cross-line junctions can be fabricated using e-beam lithography. The minimum
feature that can be directly writtén with e-beam lithography is roughly 10 nm. Difficulties in fabricating e-
beam junctions will come from processing problems, not lithography. Planarization of submicron junctions
using self-aligned liftoff will be difficult. A process was developed for planarization and etch-back using
spin-on glass. This process was described in Chapter two. An I-V characteristic of a 1 pm? junction
fabricated using this process is shown in Figure 4.1. Reactive ion etching may undercut the mesa, causing
shrinkage in the junction dimensions. The etching step may also cause damage near the edge of the mesa.
This damage would affect the I-V characteristics of submicron junctions much more than larger junctions.
A process to fabricate e-beam-defined submicron junctions at JPL is currently being developed, and these
problems are being addressed.

C. New Barriers and New Superconducting Materials

MgO oxide is used as a barrier because it helps stabilize the NbN counter electrode in the B1 phase.
The barrier material determines the RC product for a junction. Barrier materials with Iower barrier heights
and smaller relative dielectric constants will have a smaller RC product for a given thickness barrier, For
this reason, the search for new barrier materials is very important. In addition, other kinds of barriers may
lead to more uniform and reproducible junctions.

The easiest method for fabricating uniform reproducible barriers for Josephson circuit applications
is to deposit a metallic overlayer and to oxidize this layer. This method is used very successfully for
Nb/AI-AlO,/Nb junctions. Attempts at using overlayers of Al and Mg on NbN have already failed. One of
the problems is that no lattice match exists to help stabilize the counter electrode, since the thermal oxides
are amorphous. Additionally, many metals diffuse into NbN along the grain boundaries. For a metallic
overlayer to be successful, the metal cannot diffuse into the NbN, and some other method must be used to

stabilize the counter electrode in the B1 phase. The most likely method of stabilizing the counter electrode



92

Voltecge (mV)

Figure 4.1 I-V characteristic for a jdncﬁon fabriéated usin}; the SOG etéh back process.

is substrate heating.

When searching for new as-deposited barriers, as opposed to metallic overlayers, several factors are
important. The barrier should have a lattice match with NbN, so it will grow epitaxially. The barricr should
wet the NbN surface, so the barrier will be continuous for thin layers. Predicting how a barrier will grow

on NbN is difficult.

Aluminum nitride barriers were tried with NbN at JPL (LeDuc, 1987). Aluminum nitride was chosen
as a barrier material for several reasons. NbN/AIN multilayers were deposited at Argon laboratories for
magnelic measurements (Murduck et al., 1988; Gray et al:, 1988). TEM photos of these. multilayers showed
excellent growth of AIN on NbN. The layers were well separated even for thin layers. There is a lattice
match between the (111) surface of NbN and the (100) surface of AIN, which is hexagonal. Only limited
success was had by LeDuc in fabricating NbN/AIN/NbN junctions. The gap of these junctions was always
smali (less than 4 mV), and the subgap conduction was large. The results i_ndicate that the counter electrode
was not growing polyepitaxially on the barrier. The search for new barrier materials is difficult, but it is

an important arca for future work.

There are other superconductors that could be used in fabricating large gap voltage SIS mixers. Several
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A15 superconductors have transition temperatures higher than NbN (Nb;Ge has a transition temperature of
23 K). The larger transition temperatures are advantageous in applications where the operating temperatures
are around 10 K. The difficulty with these materials is to stabilize the superconducting phase. Typically,
these materials are deposited at substrate temperatures in excess of 1000° C. At these temperatures, thin
barriers will be destroyed by thermal expansion. In addition, the counter electrode must be superconducting
in the first electronic coherence length, which is short in A15 materials (approximately 3 nm). Because of
these problems, success in fabricating junctions with A15 superconductors has been extremely limited.

The discovery of high-temperature superconductivity has created a new class of materials to consider
for SIS junction fabrication; however, there are many difficulties in fabricating tunnel junctions {rom
oxide superconductors. Most importantly, no superconducting energy gap has been seen definitively in a
tunneling experiment with these materials. Additionaily, the surface morphology of even the epitaxial films
is very rough and uneven. This makes covering the base layer with an artificial barrier difficult. The barrier
material used cannot chemically reduce the superconductor. This rules out the simplest barriers, oxidized
metallic overlayers, because materials like Al would remove oxygen from the superconductor. Oxide
barriers, like MgO, are promising in this regard. Stabilizing the oxide-superconductor counter electrode
will be more difficult than stabilizing NbN counter electrodes. Finally, the high substrate temperatures
necessary 10 deposit these films are high (approximately 500° C). Oxide superconductor-based SIS tunnel
junctions are not likely to be of use as mixers in the near future. The most probable use for these materials
will be as weak-link Josephson junctions in small-scale integrated circuits, such as SQUID magnetometers.
Significant progress has already been made in this arca (Laibowitz et al. 1990).
D. Operation of NbN Junctions on Closed-Cycle Refrigerators

Operation of NbN mixers near 10 K is an attractive possibility for the future. In many remote locations
such as satellites, liquid helium is not a practical refrigerant, because of its cost and the difficulty in shipping
it to a remote location. Mixers based on NbN junctions could be cooled using two-stage, closed-cycle
refrigerators. In Chapter three, junction I-V characteristics were presented as a function of temperature,
and loss in NbN films was analyzed as a function of temperature. Given this information, the maximum
operating temperatures for NbN junctions and probable operating points for refrigerators are discussed.

For mixer applications, vthe important 1-V parameters are the subgap leakage and the width of the
gap voltage. As temperature is increased, the subgap leakage degrades rapidly, as is shown in Figures 3.9
and 3.10; however, the I-V characteristic in Figure 3.9 is still reasonably nonlinear at 9 X. Above this
temperature, the I-V quality degrades rapidly with increasing temperature. Operation of mixers in the 8
to 9 K range should be feasible, with some degradation of mixer noise and conversion gain relative to

42 K operation. At 9 K, the I-V characteristic will be very sensitive to the transition temperature of the
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NbN. The transition temperatures of the base and counter electrodes should be in the 16 to 17 K range to
obtain as sharp an I-V characteristic as possible. To obtain high transition temperature films, the junction
trilayers should be deposited at elevated substrate temperatures. Regardless of the electrodes’ transition
temperature, the mixer performance will degrade rapidly above 10 K.

The RF loss in NbN films is a strong function of temperature; this has a large impact on mixer design.
Loss in NbN microstrip lines was calculated using the Mattis-Bardeen theory. These calculations predict
that the loss at 8 K and 205 GHz in NbN films will be large (7% per wavelength) even for thick NbN
films (1 um). This is very discouraging for elevated temperature operation of NbN mixers. With this large
a loss, NbN tuning circnits will not work well. The alternative to NbN tuning circuits is normal-metal
tuning circuits. Materials like Au have very large DC conductivities at 10 K; however, at millimeter
wavelengths the anomalous skin depth will make the RF surface conductivity much larger than the DC
conductivity. Normal-metal tuning circuits need to be analyzed further to determine how effective they
will be at submillimeter wavelengths.

There are several types of refrigerators that can be used to reach cryogenic temperatures. The general
tradeoffs are complexity or efficiency versus operating temperature. The simplest refrigerators are two-
stage helium refrigerators. These refrigerators operate by compressing and expanding helium gas. The first
stage cools the compressed gas for the second stage. Two-stage helium refrigerators are extremely reliable.
Cryopumps, commonly used on vacuum systems, operate unattended for months at a time. Unfortunately,
commercially available two-stage refrigerators reach only 12 K. Slightly lower temperatures may be possible
in two-stage refrigerators at the expense of cooling efficiency. To reach significantly lower temperatures, a
third refrigerator stage must be used. The typical third stage is a Joule-Thompson (J-T) valve. A J-T valve
is a small orifice through which the compressed gas expands. Helium gas can be liquefied using a J-T valve.
The problem with J-T valves is that they can be clogged by impurities in the helium. Generally, three-slage
J-T refrigerators are much less reliable than two-stage refrigerators; however, three-stage refrigerators have
been used at the Owens valley radio observatory for many years to cool SIS mixers (Woody, 1986). These
refrigerators work continuously for up to 6 months. Other kinds of third stages may be more reliable than
J-T expanders. For example, third stages based on adiabatic demagnetization can be used. These stages
do not use helium gas, and have no moving parts. Finally, mixers can be operated at 12 K with degraded
performance. The ultimate solution will involve improving junction transition-temperatures, i mproving

refrigerator technology, and lowering the requirements on mixer performance.
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Appendix A. The Josephson Effect

In this appendix the Josephson equations are derived using an argument first proposed by Feynman
(1963). Next, these equations are used to calculate the properties of a symmetric DC SQUID. Finally, the
response of a junction to a constant DC bias voltage is examined.
Josephson Equation

Consider two superconductors separated by a very thin insulating barrier. Each superconductor can

be described by a macroscopic wave function
¥ =/ e, 1=1,2, Al

where p; is the density of Cooper pairs, and ¢; is the macroscopic phase of the wave function. If there is

an overlap of the two wave-functions characterized by an overlap integral K, we have

lﬁ‘d—\}‘,—l =U; ¥ + K‘Pg
dt
S,
iii%E =U,¥, +KY,, A2

where U; is the chemical potential of each superconductor. If the two superconductors are linked together

through a battery with a potential V, we can let
U =¢e*'V/2, Uy =—e"V/2, A3

where e* is the charge of a Cooper pair. Plugging A.1 and A.3 in to A.2, and scparating real and imaginary

parts we have
. 2K — .
P1=my/p1p2 SIN @,
—2K .
p'2=T p1p2 SN (]3, A4
. K c*
01=E\/m008¢ AL
. K e*
92=E\/p1/,02COS¢ +—2-h-V, A5
where ¢ = 85 — 6;. We can associate j; = —p; with the pair current flow from superconductor 1 to 2,

because p; is the density of pairs. Because the two superconductors are linked through an external circuit,

there is no net change in p;. This leads to Josephson’s first equation

2Ke*

5 A P1p2. Ab

J=Jo sin (25, Jo=
Subtracting the two equations in A.5, we have the second Josephson equation,

¢ =e*V /i if e* = 2¢, then ¢ =2eV/A. AT
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tunnel barriers,

path A s R

Magnetic
Flux

through ..-..»®
loop

path B 3
superconductor 1 superconductor 2

Figure A.1 SQUID schematic. The SQUID shown above is a superconducting loop
broken by two tunnel barriers.

SQUID Theory

Consider a superconducting loop with two identical Josephson junctions as is shown in Figure A.1.

Again we have the macroscopic wave function ¥ = N/2 ¢, The pair current in the superconductor is
e*
J=i/m* (V8 — 7 A)p., A8

where A is the vector potential of the magnetic field, J is the pair current density, and m* is the mass of

the pair. If we are far from the surface of the superconductor, then J = 0, so we have

Vi =— A. A9

:r|0,

Consider two paths from point P to point Q; one is along path A and the other is along path B. Taking the

/va.dl=¢a+% / A.d

path intcgral of A.9 we have

path A path A
/vo.cu=¢b+% f A-dl A.10
path B path B

where ¢ is the phase change of 4 across the tunnel barrier. The phase of the wave function is unique to
within a factor of 27rn, so the two integrals must be equal within a factor of 27n. Equating Equations A.10

and rearranging the terms we have

¢a—¢b=27rn+% 7{ A-dl Al
path A—B
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The closed-loop integral of the vector potential is the magnetic flux @ passing through the loop. Therefore,
we have

ba — ¢p = 270 + /Dy, where Do =F/2e. . AL2

In the case where the loop inductance is negligible (LI, < @p), @ = Qegeemar- Let the two phases be

da = ¢g + (bexwm,l/ZdDo, db = ¢o — @emmal/zcbo + 27n. A.13

Using A.6, we have

Lot = To 8in o €08 (Pextema /2Po). A.14

The phase ¢o can be adjusted by controlling the current flowing in the external circuit, so the maximum

current that can pass through the SQUID in the zero voltage state is
Tmaximum = To iCOS (Pextemat /2P0 )’ Al5

The maximum critical current will be a periodic function of external magnetic flux. If the loop inductance
is not negligible, the phase difference in the junctions will create circulating currents that will partially

cancel the external flux. The flux in the loop becomes

D = Deyiema + LIo/2 X (sin ¢p +Sin ¢y ). Al6

In real SQUIDs, the maximum critical current never modulates to zero. Additionally, if 3, = 2xLI;/®y is
larger than one, then circulating currents caused by the phase difference can add or subtract fluxons to the
loop (Barone aqd Paternd, 1982). This creates metastable states for the SQUID. External noise can switch
the SQUID between various states. SQUIDs that have 3. larger than one are called hysteretic SQUIDs.
Another often seen effect which is that the individual junctions will have their critical currents modulated
by magnetic flux entering the barrier region. This results in a sin (x)/x modulation of Iy versus @Pegermal-.
An example of this is shown in Chapter 3.
Response of a Josephson Junction to a Constant DC Bias Voltage

If a stiff voltage source is put on a Josephson junction, it will oscillate at a frequency proportional to

that voltage. Consider the second Josephson Equation A.7. If we integrate this equation, we have
¢ =¢o+2eVpcMixt, A17
where ¢o is a constant. Plugging the time-dependent phase into the first Josephson Equation (A.6), we get

J = Josin(eVpe i x 1). A.18
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The junction has a sinusoidal current flowing in it at a frequency proportional to the DC voltage. The
proportionality constant between the voltage and frequency is 2e/k = 484 MHz/uV. A Josephson junction
is a voltage-controlled oscillator. In the case of a real Josephson junction, which has capacitance and is
biased with a load resister, the oscillations are not sinusoidal, but have higher harmonic content. Even in
the situation of complicated embedding impedances, the junction will oscillate at the same fundamental

frequency. This effect is taken advantage of in many circuits.



99

Appendix B. Photdresist Processing

This appendix is a summary of photolithography processes used for several resists. All lithography
was done on a Carl Suss MJB-3 contact mask aligner at a wavelength of 315 nm. The thickness and material
of the mask plateé affect the exposure intensities. Exposure intensities are given for 0.032” white-crown

mask plates. Exposures were made in the vacuum contact mode for optimum resolution.

AZ 5214-E (and AZ 5206-E) processing, positive tone
1. Prime sample HMDS 1 min.
2. Spin sample dry 4000 rpm
3. Spin on AZ 5200 resist 4000 rpm
4. Soft bake on hot plate at 95 °C for 2 min.
5. Expose sample 185 mJ/cm? (92 mJ/cm?)
6. Develop sample AZ 400K 1:4 H,0 1 min.
(AZ developer can also be used if Al processing is done)

7. Rinse sample in DI H,O

AZ 4330-RS (AZ 4110) processing

1.-4. as above

5. Expose samples 1060 mJ/cm? (540 mJ/cm?)
6. Develop samples AZ 400K 1:4 H;0 3 min.
7. Rinse sample in DI H,0

AZ 5214-E image reversal

1.-4. as above

5. Expose sample 470 mJ/cm?

6. Post-exposure bake on a hot plate at 105 °C for 2 min.
7. Flood expose sample 470 mJ/cm?

8. Develop AZ 400 K 45 sec.

9. Rinse sample in DI H,O

Image reversal of AZ 5200 works by the creation of an acid in the first exposure. During the post-
exposure bake this acid acts to catalyze a reaction, which reduces the solubility of the resist in the basic

developer. The flood exposure then exposes all the resist, so the uncatalyzed resist will be removed in the
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developer. For the conditions listed above, the resist profile is close to vertical. If the first exposure time
and the post exposure bake time are reduced, only the top layer of resist is catalyzed. When the resist is
developed, the bottom layer of resist is undercut. The degree of undercutting can be adjusted by altering
these times. ThlS undercutting is a problem for small, light-field patterns (since they will develop away),

but it is very useful for liftoff stencils, where an undercut resist profile is desired.
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Appendix C. SQUID Measurement Circuit

SQUID measurements involve measuring junction critical current versus control current. There are
several difficulties involved in this problem. The control line is direct-coupled, so it s electrically connected
to the wiring and counter electrode. This means that ¢ither the I-V or control current measurement must be
a floating measurement. Additionally, the maximum value of the critical current must be measurcd. This
appendix describes the electronics used to measure SQUID modulation curves. The circuit used is shown

in Figure C.1.

0.01 Hz I

T !

out
5
v 311 B
N SN74is221 H2

Compariter Sample and Hold

_ Sample pulse
width set point

+5V

Figure C.1 SQUID measurement circuit. This circuit is used to measure critical current
as a function of control current for an undampened DC SQUID. The I-V measurement is
floating and is driven through a step-down transformer. The critical current is measured
by holding the current level, at which the interferometer switches out of the zero voltage
state,

The measurement circuit works as follows. The 1-V measurement is floating. The SQUID drive is
isolated by a transformer. The voltage measurement is made with an Analog Devices 524 instrumentation
amplifier. The current in the sense resistor (Rz) is also measured using an AD 524, The critical current
is measured by storing the current value at which the SQUID switches out of the zero voltage state. This
current level is stored using a sample and hold circuit. The voltage level is compared to a set value by
the 311 comparator chip. On the positive edge of the comparator transition, an SN7415221 monostable is

triggered; the monostable outputs a pulse whose width is controllable by a variable resistor and a capacitor.
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' ‘This pulse width sets the sample period for the 398 sample and hold. The sample period is typically 10-20
psec. Because the I-V. sweep rate is fairly slow (100 Hz), the sampling time introduces very little error
in the éﬁtical current measurement. The control current is driven directly through the SQUID and through
a current sense resistor (R;). The drive to the control line is a triangle wave at a very low frequency
(typically 0.01 Hz). The output of the sample and hold and the voltage across R; are input into an X-Y

recorder. The trace on the X-Y recorder is then critical current versus control current.
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Appendix D SQUID Data Summary
Junction Line Line Total Specific

ID no. RyA Area Width Length Al V: L AneN  Capacitance Capacitance
Qum?) (pm?) (um) (um) (pA) (V) (pH) (nm) (fF) ({F/pm?)

1 128. 160 4. 400 740 720 28.0 466. 748. 467
2 112. 160 8 860 570 540 363 536. 1024. 64.0
3 112. 160 4. 800 40.5 48.0 51.1 442. 921. 57.6
4 136. 40 2. 400 520 1080 39.8 381. 234. 584
5 164. 40 4. 860 447 1060 46.3 411. 208. 52.1
6 160. 40 2. 800 280 800 739 363. 229. 573
72 244. 40 2. 300 850 — 244 332. — —
8 408. 40 2. 300 650 1400 31.8 384. 174. 434
9 304, 40 2. 800 253 800 818 375. 207. 51.8
10 312. 40 4. 860 38.0 110.0 54.5 439. 165. 41.1
11 380. 40 2. 400 420 1220 493 421. 148. 370
122 344. 40 4. 860 41.0 — 50.5 410. — —
13 316. 40 2. 300 620 1420 334 387. 161. 403
14 224. 160 4. 400 670 620 309 471. 913. 57.1
15 240. 160 4.  80.0 380 420 545 437. 1129. 70.5
162 224. 160 4. 800 37.0 — 559 444, — —_
17 360. 40 2. 400 650 1540 31.8 328. 144. 359
18 360. 40 4. 860 580 1180 357 347. 218. 54.6
19 220. 40 2. 800 293 900 706 352. 190. 474
20 288. 40 2. 300 82.0 1700 252 341, 149. 37.2
21 240. 160 4. 400 139.0 1120 149 333. 581. 36.3
22 192, 160 8. 860 1150 880 18.0 375. 778. 48.6
23 160. 160 4. 800 610 70.0 339 365. 652. 408
24 240. 160 4. 800 680 720 304 338. 687. 430
25 496. 160 4. 800 420 620 493 464, 573. 35.8
26 176. 160 4. 400 132.0 1040 15.7 334. 639. 40.0
27 352. 160 4. 800 640 680 323 341, 725. 453
282 80. 40 2. 400 65.4 — 317 327. — —_
292 80. 40 2. 300 94.0 — 220 310. — —
302 82. 160 8. 8.0 144.0 — 144 320. — —
31 84. 40 4. 860 68.0 1100 304 316. 204. 73.6
322 88. 40 2. 800 420 — 493 276. — —
332 58. 160 8 860 132.0 — 157 330. — —
34 59. 160 4. 800 655 540 316 336. 1177. 73.6
352 76. 40 2. 300 118.0 — 175 251. — —
362 76. 40 2. 800 454 — 456 246, — —
372 76. 40 4. 860 105.0 — 197 213. — _—
38 58. 160 4. 400 1640 900 126 274. 1061. 66.3
39 54. 160 8. 860 1320 760 157 316. 1198. 74.8
40 56. 160 4. 80.0 90.0 64.0 230 256. 1151. 72.0
41 64, 160 4. 800 80.0 67.0 233 238, 1039. 64.9
422 72. 40 2. 300 94.0 — 220 297. — —
43 30. 160 4. 400 143.0 710 145 303. 1486. 929
44 30. 160 4. 800 760 540 272 290. 1366. 854
45 144. 40 2. 300 49.0 950 422 452, 284. 71.1
46! 38. 95 3. 420 1250 830 166 265. 871. 91.7
47! 456. 95 3. 420 51.0 700 406 473. 465. 49.0
4812 114. 95 3. 420 87.0 — 238 341. — —
49! 33. 95 3. 420 88.0 650 235 338. 1011. 106.5
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725.

501 30. 99 3. 420 710  68.0 292 388. 73.2
511 86. 87 3. 420 1040 880 199 303. 624. 717
521 133. 95 3. 420 860 81.0 24.1 344 607. 63.9
53t 19. 97 3. 420 96.0 760 216 319. 791. 81.5
541 105.. 95 3. 420 850 830 244 346. 567. 59.6
551 241. 73 3. 420 46.0 660 450 501. 473. 64.8
561 98. 100 3. 420 945 88.0 219 320. 559. 559
571 77. 99 3. 420 900 740 23.0 331. 781. 789
5812 33. 93 3. 420 74.0 — 280 374. — —

! Mesa junction, 80 fF of parasitic capacitance subtracted.

2 No resonance step measured.

Description of Table Headings

The table headings have the following meaning: “R,A” is the normal-resistance area product for the
junctions in the SQUID. “Junction Area” is the area of each junction. “Line Width” is the width of the
microstrip line connecting the two junctions. “Line Length” is the length of the microstrip line connecting
the two junctions. “AL.” is the period of the critical current of the SQUID as a function of control current.
“V,” is the value of the resonant voltage step in the I-V characteristic. “L” is the measured inductance
of the microstrip line connecting the two junctions. “Anpn” is the magnetic penetration depth of the NbN

film. “Total Capacitance” is the capacitance of one of the junctions calculated using Equation 3.5. Specific

capacitance is the total capacitance minus the parasitic capacitance divided by the junction area.
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Vsignal  Capacitance

n Tm e a

ID no? o Tuned
Q) (um) (um) (K) (GHz) (fFarad) X x1072 x10-2

1.1 475 0.0 00 42 2050 0. 2____767. 099 1.20
1.2 450 104. 45 42 2050 -19. 2 644. 121 1.52
1.2 1.5 2050 -19. 2 605 126 1.75
1.3 484  111. 45 42 1998 27. 2 1085. 061 094
1.3 42 2026 -31. 2 1082, 062 099
1.3 42 2054 -35. 2 1079. 070  0.89
141 45.0 90. 45 42 1996 19. 2 398, 182 216
14 . 42 2026 16. 2 394, 18 226
14 42 2036 15. 2 568, 142 1.68
14 42 2064 12. 2 633. 134 1.46
1.512 61.0 74. 45 42 1995 69. 2 464, 187 2.19
1.5 42 2023 64. 2 445, 189 219
1.5 42 2056 58. 2 376. 241 2.80
1.5 42 2084 53. 2 403. 231 267
1.5 42 2084 53. 1 440. 150 2.07
1.5 1.5 1997 69. 2 38. 216 252
1.5 1.5 199.7 69. 2 451, 122 1.71
1.5 1.5 2025 63. 2 410, 218 253
1.5 1.5 2025 63. 2 394, 143 207
1.5 1.5 2056 58. 2 325, 267 3.3
1.5 1.5 2056 58. 1 376. 162 237
1.5 1.5 2084 53. 2 359. 247 279
L5 1.5 2118 48. 2 533, 172 201
2.1 64.0 75. 45 42 1998 111. 2 298 302 323
2.1 42 2026 102. 2 275. 318 345
2.1 42 2040 98. 2 251, 328  3.57
2.1 42 2064 92. 2 248, 349 399
2.1 42 2104 83. 2 345, 248 275
2.1 1.5 1997 111. 2 183, 512 545
2.1 1.5 2027 102. 2 155, 608  6.53
2.1 1.5 2036 99, 2 170, 533  5.89
2.1 1.5 2064 92. 2 133, 644 697
22 61.0 75. 70 42 1995 174, 2 358. 3.02 3.13
22 42 2023 161. 2 33. 291 3.05
22 42 2057 146. 2 250, 424 441
22 42 2085 135. 2 244, 408 425
22 1.5 1995 174. 2 300, 465 471
22 1.5 2023 161. 2 254, 449 454
22 1.5 2057 146. 2 188, 705 720
22 1.5 208.5 135. 2 164, 728 142
2.3 71.0 30. 45 42 19938 82. 2 222, 439 479
23 42 2026 76. 2 185, 517  5.64
23 42 2056 70. 2 245, 342  3.80
2.3 42 2084 65. 2 251. 322 363
2.3 1.5 1997 82. 2 151. 652  6.94
2.3 1.5 2025 76. 2 134. 708 7.3
2.3 1.5 2056 70. 2 190. 450 497
2.3 1.5 2084 65. 2 206 411 454
23 1.5 2119 59. 1  591. 116 1.79
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24 68.0 0. 00 42 1996 0. 1 1664. 0.35 0.49
24 42 2023 0. 1 2688. 0.22 0.31
24 ‘ 42 2055 0. 1 2871. 022 0.29
2.4 42 2083 . 1 2740. 0.24 0.33
24 1.5 2025 0. 1 2116. 0.27 0.37
24 1.5 2055 0. 1 2477. 026 035
24 1.5 2083 0. 1 2180. 027 0.38
25 80.0 86. 45 42 1996 59. 2 585. 134 1.46
2.5 42 2024 54, 2 580. 127 1.38
25 42 2055 49. 2 725. 118 1.28
2.5 42 2083 46. 2 789. 1.04 1.18
25 1.5 2023 54. 2 501. 140 1.49
25 . 1.5 2055 49. 2 697. 122 1.30
25 1.5 2083 46. 2 819. 1.12 1.18

1 Asymmetric antenna structure; junction mounted at edge of waveguide.
2 Junction stub shortened by scribing off the end of the stub under a microscope using a micro manipulator.
Description of Table Headings

The table headings have the following meaning: “Junction ID number” refers to different junctions
tested; junction numbers 1.X denote junctions from the first batch tested; junction ID numbers 2.X denote
junctions from the second batch. “R,” is the normal state resistance of the junction. “Lgy,” is the stub
length, and “We,p” is the stub width. “Tpnys™ is the physical temperature of the mixer and junction during
the mixer measurements. “vgga” is the signal frequency. “Capacitance tuned” is the calculated value for
the amount of capacitance the stub will tune out at the signal frequency. Negative values of capacitance
tuned indicates that the stub is capacitive, not inductive, at the signal frequency. “n” is the photon step
number; the best results are vsually for n=2. *T,” is the mixer-noise temperature. “n.” is the coupled
conversion gain. “5,” is the available conversion gain if the IF impedance of the junction were perfectly

matched to the IF chain.
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Appendix F. Mask-Modification Proceedure

A process was developed to modifiy the length of the tuning stubs on the third mask layer. This
process is very important because bandwidth of the tuning stub is small (less than 10%), and it is easy to
design the stub for the wrong center frequency. If the stub length can be modified, the center frequency
of the tuning circuit can be changed. This process is easy and quick, taking roughly two hours, wheras
having a new commercial mask plate made is expensive and time-consuming,.

The mask stub length was modified using the following method. The existing mask is copied onto a
photoresist and chrome-covered mask blank. The photoresist is developed, but the chrome is not etched.
The second mask layer is aligned to this chrome blank. This mask layer consists of 200 um by 40 pm
rectangular holes in a dark field. The junction dot sits in this rectangle, but the dot is irrelevant to this
process. These rectangles are aligned so that the end of the stub is visible in this rectangle. A second
exposure is made, and the mask is again developed, so the end of the stub is removed. The chrome is then

etched. Finally, the mask is copied to restore the right-handedness of the mask.

Figure F.1 Mask modification procedure.

A slight variation of this process is actually used. After aligning the rectangles over the stub ends,

the mask is rotated slightly. This leads to shorter stubs on one side of the mask and longer stubs on the
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other. This alignment is shown in Figure 3.19. The small variation of length across the mask compensates
for material variations, which will affect the propagation velocity of the microstrip line. Becanse the mask
aligner has a calibrated micrometer on its x-y stage, stub lengths can be controlled to 43 ym. If run-to-run
reproducibility of the materials properties is still a problem, two sets of junction can be fabricated in parallel
until the final wiring layer etch. One set can be finished and tested. If the stub lengths of the first set are
incorrect, the stub length of the second set can be made the correct length using the mask-modification

procedure.
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