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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



27

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.
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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



31

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



34

a) b)
PHOTORESIS’T/
NBN . :
NbN A
MgO
SUBSTRATE
¢) | d)

CONTACT
<7 SiO —~— ;7

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



36

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.
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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 su