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Abstract

This thesis describes the fabrication and  testing of niobium and niobium
nitride superconductor-insulator-superconductor (SIS) edge-geometry junctions. NbN
and Nb SIS edge junctions with MgO tunneling barriers were deposited by  planar
magnetron sputtering techniques. The cdges where tunneling occurs were formed by
one of two methods: reactive ion etching and ion milling. NbN edge junctions
produced by dc reactive sputtering  were not successfully fabricated using reactive ion-
ctching. Nb cdge junctions with very high critical current densities of 20 kA/cm? and
junction areas of 0.5 (um)? were produced using a reactive ion etch (RIE) edge
definition process. However, these junctions showed a large leakage current greater
than 50 pA (for some junctions, this is up to one-quarter of the knee current). Use of 2
3 ¢m argon ion gun to ion mill a tunneling edge alsb produced junctions with excessive
leakage. Various techniques were attempted to reduce this leakage, including
reactively sputtering MgO in an oxygen rich ambient to ensure proper insulator
stoichiometry, and exposing the tunneling barrier to a dc oxygen plasma to oxidize

any pinholes.
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Chapter 1
Introduction

1.1 Motivation

The motivation for this rescarch was the need for smiall arca superconductor
insulator-superconductor (SIS)  junctions for heterodyne receivers by the James Clerk
Maxwell Telescope (JCMT) group, whose instrument is operating on Mauna Kea in
Hawaii. This thesis reports on rescarch concerning small area edge-geometry SIS
junctions, in an attempt to satisfy receiver requirements.  Alongside the development
of edge junctions, a rescarch associate (with the part-time assistance ol a technictan
from the Electrical Engincering department at the University off Alberta) is developing
planar tunnel junctions. While the fabrication techniques diffc - considerably, these two
efforts arc mutually supporting in terms of the materials studicd and optimized, and m
sharing and maintaining the large assortment of cquipment needed for Tabrication.
With both edge and planar processes, the aim is to produce small arca, high-speed
(low-capacitance) junctions capable of working at 345 GHz. A particular attraction of
the edge process is the easc of producing submicron arca junctions. Using this
process, it is possible to produce a junction of nominal arca 0.5 (um)?  with a minimum
planar feature size of 5 um. In comparison, the constraints of our photolithographic

equipment limit our planar process to approximately 1 (um)2.

1.2 Superconductor-Insulator-Superconductor (SIS) junctions

Recently developed processing techniques and materials are opening up new
possibilities for radio astronomers observing at millimeter and submillimeter
wavelengths. Many molecules in star-forming regions of interstellar space have sharp
rotational transitions in the millimeter and submillimeter wavelength bands. The line
strength, frequency and width of these molecular emissions can be used to calculate

the relative density and velocity of interstellar matter, which can be used to infer



regions of new star birth in very distant galaxics as well as our owa galaxy.
Atmospheric attenuation at these frequencies is very heavy, however, due to
absorption by water  vapor and other molecules, and until recently therc were few
telescopes dedicated to operating in the snm and submm portion of the clectromagnetic
spectrum.  In addition, fundamental difficulties arisc in the fabrication of telescopes,
receivers and detectors which work at these short wavelengths.  Another challenge for
astronomers at these wavelengths is the relatively low cmission strength. Recently
however, large expenditures have been made on several new telescopes including the
Swedish-ESO (15 m diameter dish), the Caltech submillimeter observatory (10.4 m)
and the James Clerk Maxwell telescope (JCMT 15 m). The latter two are situated at
4200 m above sea level on Mauna Kea in Hawaii, where water vapor absorption is
minimal and the air is usually stable.

Until about 12 years ago, heterodyne receivers in the millimeter band used a
Schottky diode as the non-linear mixing element. (A good reference for millimeter
diode receivers is given in [1]). However, several drawbacks make working with
semiconductor based diodes undesirable. The local oscillator power requirement is
large (~10-+ W), which is difficult to produce at the frequencies involved [2]. The non-
lincarity in the I-V characteristic of a cooled Schottky diode occurs above 10 mV, which
is much larger than the voltage scale of the incoming photon energy, haove. This results

in more noise.  In addition, Schottky diode receivers have conversion loss.

In 1978. J. Tucker developed a quantum mechanical theory of microwave
mixing using new superconductor-based elements. which offered a very promising
alternative to Schottky diodes|2]. These new devices were superconductor-insulator-
superconductor (SIS) junctions. An SIS junction co.sists of a thin insulator
sandwiched between two superconductors. For very thin insulators (on the order of 1-
2 nm). the clectron wavefunctions of the two superconductors overlap, and quantum
mechanical tunneling results. The very sharp non-linearity in the I-V characteristic of

SIS junctions results from the unique density of states in superconductors. Figure 1-1
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Jhows what is often referred to as the semiconductor picture of an SIS junction. A
large non-lincarity in the density of states oceurs at the bottom of the energy gap. The
sharpness of the non-linearity can be less than a fraction of a millivolt, which is less
than the equivalent voltage of the photon-assisted tunneling quasiparticle. The result
is that the noise temperature level of this mixer can be very much reduced and can
theoretically approach the quantum limit. By applying the signal to be measured
together with the appropriate local oscillator to the junction (non-linear mixing), the
resulting down-converted output can theoretically have conversion gain if the receiver
is specially constructed.  This greatly reduces the noise temperature contribution of
subsequent IF amplifiers. However. conversion gain only occurs with very careful
matching. In practice, most practical receivers do not have conversion gain so that

they are more stable and operate over a wider bandwidth.

Superconductivity arises as the result of the small attractive force between
pairs of clectrons known as Cooper pairs [4]. The value of the energy gap is A,
therefore the minimum  energy needed to break a Cooper pair is 2A.  An important
parameter oi a superconductor is its coherence length, €, which is the spatial extent of
the Cooper pair.  The size of discontinuities in the crystal lattice such as grain
boundarics and non-stoichiometric material relative to the coherence length determine
how close the actual energy gap of the material approaches the theoretical limit at a
given temperature.  Electrons excited across the gap have a finite lifetime and are
distinguished by referring to them as "quasiparticles”. Analogous to semiconductors,
the quasiparticles can be excited across the gap thermally or assisted by absorbed
photons. In figure 1-1, there is a bias voltage, Vo, across the junction. An electron is
seen crossing the gap by acquiring an energy hf and tunneling through the barrier. This
is referred to as photon assisted tunneling and gives rise to steps in the I-V
characteristic of voltage width hf/e. The I-V characteristic of an ideal SIS junction at a
temperature of 0 K is shown in figure 1-2. No tunneling occurs until the filled ground

state of one superconductor overlaps the empty “conduction” band of the other. The
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increase in current at this point is abrupt because of the singularity in the density of
states.  Beyond this voltage the superconductor surpasses its critical current density
and becomes a normal conductor, although tunncling still occurs above the gap voltage.
The slope in the I-V characteristic at this point is Rp, the normal state resistance.

In summary, real SIS reccivers have the following advantages: lower noise
temperatures are obtainable, local oscillator power requirements are small (~10-9 W)
and conversion gain is possible.

Some confusion cxists between SIS and Josephson junctions. The junctions
are physically similar, but the Josephson effect relies on the tunneling of Cooper pairs
between the superconductors while the SIS junction in this application is associated
with the so-called quasiparticle current resulting from the tunneling of broken Cooper
pairs [5]. The Josephson effect may be suppressed by the presence of a strong
magnetic field in the vicinity of the junction.

The first SIS junctions were made of lead and have been used successfully for
about a decade in radio telescopes. The initial popularity of lead resulted from its long
coherence length, and the case with which it may be oxidized to form a tunneling
barrier. The current trend has been away from lead and its alloys, for several reasons.
Lead is a soft material, and when cycling the junction from 4.2 K to room temperature
stress induced "hillocking” results which eventually destroys the junction. Lead alloys
have smaller gap energies, 2A , and therefore are restricted to lower frequencies.

For these reasons, a more robust, mechanically stable material with a higher
critical temperature, Te, is desired. Niobium and NbN are hard refractory materials,
which are chemically stable and are more suitable for thermal cycling. While the T of
Nb is near 9.2 K. for NbN the T, is around 16 K and the gap is near 5 mV. However,
there are several disadvantages to working with niobium and its compounds, including
having to physically deposit an insulator compatible and conformal with the base
electrode. and the small superconducting coherence length, §, when working with NbN.
In addition. there are three difterent oxides of niobium (including an insulator, a low T

superconductor and a semiconductor) which can simultaneously exist, creating a poor

6



interface.  Despite these drawbacks there is a large interest in Nb and NbN for use in

SIS applications.

1.2.1. Characteristics of real SIS junctions

Real SIS junctions have several important ditferences from the dealized 1-V
characteristic of figure 1-2. A finite subgap resistance, Ry, is caused by thermally
assisted tunneling since the junctions are not at 0 K. Subgap leakage can also result
through pinholes in the insulator. Broadening of the current non-lincarity at the gap
voltage occurs because there exist spatial non-uniformitics in the superconducting
material such as grain boundarics, impuritics, varying thicknesses of the tunneling
barrier and crystal defects ncar the barrier. Quantum mechanical cffccts are observable
only when the voltage scale of the photon is comparable to the voltage width of the
gap broadening. The gap voltage is the spatial average of all the local energy gaps
across the interface [6]. When the size of these defects in the superconductor lattice
is small compared to the coherence length, the gap will be reduced but will remain
sharp. When these defects arc large compared to the coherence length, gap reduction
and smearing will result. Lastly, below a certain point in the gap voltage called the
drop-back voltage, there is no stable non-zero voltage bias point. For proper mixer

operation, the biasing must be above this point.

1.3 Previous work

NbN/MgO/NbN SIS edge-junctions have been successfully fabricated by Hunt
et. al [7). The distinguishing feature of the cdge-gecometry process is that the
thickness of the base electrode is one of the dimensions of the junction. The other
dimension is determined by the width of the counter-electrode, which is defined by
standard optical lithography (See figure 1-3). A disadvantage of the edge-geometry is

that this device is more sensitive to the materials propertics and substrate induced
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effects throughout the entirc thickness of the film. One of the first documented
applications of the edge junction fabrication process was given by Havermann to
construct point contact metal-oxide-metal (MOM) diodes in 1978 [8]. This
fabrication technique was later applied by many groups to reduce the area of SIS
structure devices for use in radiotelescope receivers, for SQUIDs (Superconducting
QUantum Interference Devices) and for fast logic circuits for use in Josephson
supercomputers [9,10,11].

A wide variety of materials have been employed in the manutacture of SIS
junctions. The choice of materials depends strongly on the design and/or performance
requirements. Some of these considerations are; 1) critical temperature, T, , which will
determine the cost and reliability of the cryocooler required, 2) coherence length, which
will determine the effect of film roughness on the sharpness of the 1-V non-lincarity, 3)
choice of tunneling barriers, which will affect, among other things, junction capacitance
and film stress, and finally 4) ease of depositing the barrier and controlling its
stoichiometry and phase. One of the first materials used was Lead [12]). Lead is
easily thermally evaporated, has a long coherence length, and forms its own high-
quality oxide. Repeated thermal cycling between its low operating temperature of 4.2
K and room temperature usually destroys the junction by stress relaxation.  Alloying
Lead to decrease its stress usually reduces its gap voltage.

Somewhat later, refractory materials were considered for their mechanical and
chemical stability. NbN was and is an important electrode material because it has a
high critical temperature of 16 K and a large gap voltage (above 5 mV) which
theoretically can allow it to operate above 1 THz [13, 14] . The T¢ of NbN shifts
downward when the composition varies from stoichiometric, and substrate heating is
sometimes necessary to stabilize the high T, Bl facc-centered cubic crystal structure.
NbN has a short coherence length, &, of 3-4 nm which requires a very smooth, aorupt
interface between the superconductor and insulating barrier in order to obtain a sharp I-
V characteristic. The insulating layer thickness must be less than 5 nm becausc of the

small coherence length. The most common insulator used with NbN is MgO because
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of its good lattice match (4% mismatch) and good chemical/electrical properties.
However, the requirements of a smooth interface and a homogencous insulator are
difficult to accomplish in practice.

Currently, Nb is a popular material when used with Al/Al,04 barriers [15].
Recent advances in two-stage closed cycle and hybrid cryocoolers, such as those
available from RMC Cryosystems and others [16], capable of operating near liquid
helium temperatures, have rendered the 9.2 K- T of Nb acceptable. The coherence
length of Nb is ten times longer than NbN, and Nb is much simpler to deposit
repeatedly.  Sputtered aluminum barriers which are later oxidized are the barriers of
choice. Close control over the oxidation depth can be achieved by exposing a freshly
sputtered Al layer to a purc oxygen atmosphere for a fixed length of time.

Edge junctions require a sloped superconducting edge which will be covered
by the insulating barrier. Since proper formation of an tunneling edge is critical to the
performance of these junctions, an introduction to fabrication processes follows. Sloped
Nb or NbN profiles can be generated by reactive ion etching (RIE) with selected ratios
of several etchant gases to erode the masking material at a faster rate than the
clectrode. One group masked their NbN with SiOz and obtained a sloped profile by
controlling the percentage of CHF3 added to pure CF4 [17].  Another group etched an
cdge of an Nb film masked by photoresist by controlling tiie percentage of Oy added to
CF, [18]. Another method to generate a sloped etch profile is to simply tilt the
substrates when ctching them anisotropically. Advantages of using RIE to form a
tunneling edge include quicker etch rates and less ion damage than from ion beam
milling. However, one disadvantage is the possibility of leaving chemical residue on
the edge from either the masking material or the etchant gases themselves.

The other common technique of forming a tunneling edge is by ion beam
milling. This method consists of sputtering a sample using a stream of charged, inert
atoms directed at the substrate at off-normal incidence. Since this is a purely physical
removal method. no chemical residue is present. However, it has been found that for

NbC\N (NbN sputtered with some methane added to the discharge for high T¢
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stabilization) based cdge junctions, the junction quality is highly sensitive to the
cutting and cleaning voltages used [19]. Also, when the tunneling barrier is tormed by
oxidizing the bottom electrode using a reactive ion beam (this consists o flowing one
part of oxygen to two parts argon in the ion beam at much lower voltages than the edge
cutting step) it has been found that it is crucial to keep the ion energy low to mintmize

damage and obtain high-gap, low-leakage junctions |20].

1.4 Other applictions of junctions

A wealth of new devices with SIS structures have been demonstrated  that
rely on their Josephson propertics. A superconducting loop containing two Josephson
junctions is the most sensitive detector for small changes in magnetic ficld strength.
These devices are known as SQUIDs and arc finding uscs in magnetic resonance
imaging in the medical field. Very precise voltage standards arc possible using the
a.c. Josephson effect because the junction voltage is a function of the frequency which
can be very accurately controlicd. By connecting large numbers of junctions in serics
it is possible to obtain a practical voltage standard of ten volts [21]. A large cffort
(principally by IBM in the carly 1980's) was mounted to try to produce a Josephson
supercomputer. The main attractions to Josephson logic clements arc the very high
switching speeds possible (on the order of picoseconds) and much smaller power
dissipation levels compared to conventional semiconductor-based logic devices [22].
Successful demonstrations have been made but the ceffort has been stalled mainly by

problems associated with fabrication process uniformity.
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Chapter 2

Mask Design and Photoresist Processing

2.1 Lithography and Processing

Photolithography is essential to device fabrication since it provides the
pattern transfer from a master mask to the wafer. The transferred pattern consists of a
photosensitive, viscous polymer referred to as photoresist. The photoresist is applied
onto a rotating substrate at low speed, during the spread cycle. After several seconds
of spreading, the substrate is rapidly accelerated to several thousand rpm to promote a
smooth continuous layer. A primer may be needed to promote adhesion between the
photoresist and the substrate.  Solvents in the photoresist are driven off using a
vacuum hot plate or oven. Sclected portions of the photoresist are exposed to UV light
through a glass plate with an opaque pattern (usuaily a chrome film) preventing
exposure in other arcas. The substrate and mask are in close physical contact to
reduce diffraction under the masking layer. The exposure to ultraviolet (UV) light
increases the solubility of positive photoresist in developer, while negative resist has
decreased solubility upon exposure.  After developing, the photoresist is baked at high
temperatures to toughen it and enable it to act as a mask, allowing etching
(subtraction) from or film deposition (addition) onto the underlying substrate. The
unexposed resist is then removed in another solvent.

Currently, new systems are being developed to expose photoresist using
direct-write electron-beam guns or X-ray exposure sources. An e-beam can easily
reproduce 0.1 pum planar  scale features. E-beam systems are very slow and
expensive, with high maintenance costs compared to conventional UV exposure
sources. Therefore, for cheaply producing submicron scale junctions, the edge-

geometry utilizing UV exposure is ideal.



The following list summarized the steps used for reliable transter of 5 pm photoresist
patterns:
1. Apply 1-2 ml of HPR-504 positive imaging photoresist onto the substrate during

the two second spread cycle ot 400 rpm.

19

Spin the substrate at 3500 rpm for 15 s to achieve approximately 1.4 pm thick

photoresist.

3. Soft-bake the substrates at 110 °C for three minutes, then vacuum bhake them for
50 s to drive off the solvent. Back-fill the bake chamber with dry nitrogen to vent

to atmosphere.

4. Expose the photoresist to UV light for 8 seconds. The mask aligner used was a
Quintel Q-404 utilizing a 365 nm UV filtered source and manual mask/waler

alignment.

S. Hand develop the unexposed photoresist in Shipley 354 NaOH based developer for

~15 s orin 352 for ~45 s.

6. Rinse the substrates thoroughly in dcionized water and blow dry using a

nitrogen gun.

7. For photoresist used as a dry or wet etch mask, hardbake for 3 minutes at 120 °C

followed by a vacuum bake for two minutes. Vent with dry nitrogen.

8. For photoresist used as a lift-off mask, no hard bake is used. To remove the resist

after the deposition, substrates are ultrasonically agitated in acetonce.



2.2 Mask design

Three main processes were used to fabricate SIS edge junctions. The first
musks for Process | are illustrated in figures 2-1 through 2-3. Mask | for Process 1
was photographically reversed in order to do photoresist lift-off processing in Process
2. In Process 3. a different isolation barrier was chosen for ion-milling. The original
three mask set was designed using Generic Cadd 5.0 and fabricated by Shaw
Photogrammetric in Nepean, Ontario. The masking material is a polymer known as
emulsion which is cheaper than standard chrome but limits the smallest dimensions on
the 4" X 4" masks to approximately 5 um when photo-reduced 20 times. (Emulsion is
also much softer than chrome and is more easily damaged during use and cleaning).
The mask contains arrays of four die sites, each die containing pairs of junctions of
one of four sizes. The junction sizes are 5, 10, 15 and 20 um wide. The junction
consists of two crossed lines which meet at right angles. The overlap of the edge of
the bottom line with the top line defines the tunneling barrier.

The first mask (figure 2-1) defines the bottom electrode for junction contact.
Two pads per device are required to allow four-point probe measurement of the
junction resistance.  Also on this mask are a series of test lines which may be
observed using a scanning clectron microscope to infer the geometry of the edges.
The second mask (figure 2-2) defines the top superconducting electrode and may be
displaced in the x and/or y directions by a much as 20 pm and still allow overlap of the
two lines. This is an important consideration which greatly eases the restriction of
mask registration for this step and is important during a many-step process where
numerous opportunitics exist for failure. To aid mask registration, along the edges of
cach of the die are sets of four-sided crosses which must be aligned to boxes on a
subsequent or previous mask set. The individual die are ultimately separated by

sawing through these alignment marks. The third mask shown in figure 2-3 exposes



clear areas above the bonding pads to allow chemical ¢.ching to contact the clectrodes
of these devices.

It was found that sharper profiles resulted in the junction isolation layer
(produced by mask one) if this layer was lifted off rather than wet-ctched. Wet
etching tends to be an isotropic process proceeding in tae vertical and horizontal
directions at the same rate. This undercut can shadow the incoming MgQ sputter (lux
causing shorts across the junction. (There is. however, a practical limit to the
thickness of the film which can be lifted off leaving a vertical edge since the photoresist
flows and leaves a sloped edge). To enable photoresist lift-off, a negative version of
mask | had to be generated. This was generated by sputtering Nb on mask blanks and

patterning them as if they were substrates.
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Figure 2-3 Mask 3 : Bonding pad etch windows.
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2.3 Thin Film Deposition Techniques

Thin films are the basis of physical electronics, and controlling their properties
is essential to controlling the devices they form. Thin films are deposited in vacuum
chambers to avoid contamination of pure materials from atmospheric gases and to
enhance growth rate. Many different techniques exist for depositing thin films
including chemical vapor deposition (CVD), magnetron sputtering, rf sputtering and
thermal and electron-beam evaporation. The two most important deposition methods
used in this research were magnetron sputtering (dc and rf) and thermal and e-bcam

evaporation, discussed below.
2.3.1 DC and RF Magnetron Sputtering

Sputter deposition was used for all Nb, NbN and MgO layers of the devices.
Sputtering is the ejection of atoms from a material caused by a momentum cxchange
with incoming particles [23]. The ejected flux may be accumulated on a substrate to
form a thin film. The incoming particles arc usually crcated in a low pressre plasma
discharge. A wide range of materials may be sputtered since the incoming particle
energy is usually much greater than the surface binding energies of most metals and
compounds. Sputtering is done in a high vacuum sysiem in order to reduce the
contamination in the growing films and to increase the mean frce path of the cjected
material. During dc sputtering, the ionized (usually inert atoms) arc accelerated into
the target, which is held at a negative potential of several hundred volts. The plasma
supplying ions for the sputtering process are maintained near the target surface by
fixed magnets. These magnets increase the efficiency of ionization and thereby allow
the plasma to be maintained at a lower pressure, as well as confine the plasma. If an
insulating target is placed in a dc plasma, the positive ions would accumulate on the

surface and extinguish the plasma immediately. The need to sputter insulators led to
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the development of rf sputtering, where uan rf generator is matched to the target. Over
half of the cycle positive charges strike and accumulate on the target and during the
other half electrons strike the surface and neutralize many of the ions.

Over the past decade sputtering has matured into a reliable film deposition
process which is capable of depositing compounds of conducting and non-conducting
materials. To deposit compounds, either a multi-clement target may be employed or a
reactive gas may be admitted into the chambei to form the desired material, though
usually it is necessary to add a reactive gas to make up for a loss of material since
sputtered compounds partially dissociate [24]. Neither method is trivial and some kind
of compositional analysis is usually nccessary to ensure the proper stoichiometry in
the compound.

The sputtering  system used in this study was from High Vacuum Systems
(11VS) of Mississauga, Ontario. The chamber was a stainless steel box of dimensions
37"x20"x16". Two planar dc magnetrons accepted 57x8” targets and an rf excited
gun held 27 diameter circular targets. These were arranged on three sides of the
chamber (Sce figurc 2.4). The targets are shuttered to prevent cross-contamination. A
rotatable carousel with shuttered facets could hold up to eight different substrates. An
lon-Tech 3 ¢m ion-gun was located in the lower chamber for ion-milling and edge
cleaning. The pumping stack consisted of 1 Leybold Heraeus Trivac rotary pump and a
CTI Cryo-Torr § cryogenic pump. Pressurc measurement in the high vacuum range was
done using an ion-gauge and a residual gas analyzer (RGA). Sputtering pressures
werc monitored using a capacitance manometer. Quicker pumpdowns were facilitated

with 1.2 kW heater tape on the outside of the chamber to aid in removing water vapor

adsorbed on the chamber walls. A base pressure of 4x10-7 Torr could routinely be

achieved after about 30 hours of pumping.
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Figure 2-4 Schematic of the sputter system.



2.3.2 Thermal and E-beam Evaporation

Thermal evaporation of thin films was the first developed and simplest of film
deposition techniques. The film material in the form of wire or pellets is placed into a
"hoat", a dish shaped strip of metal usually made of a refractory metal. The boat is
resistively heated in an evacuated bell jar to evaporate the material inside it. Many
variations of this technique exist including coating the inside of the boat to prevent
contamination and forming the boat in the shape of a wire basket. The sources are
constructed of refractory materials such as tungsten or tantalum because they have
high melting points and low vapor pressures which minimize interactions with the melt.
Some evaporant materials sublimate, explosively ejecting particles. For such
materials. a baffled box. called a Drumheller source, ensures there is no line of sight
path between the source and substrate preventing solid particles from reaching the
substrate. Reuctive evaporation is sometimes used with compounds which dissociate
when heated.

Many desirable materials have a higher melting point than can be obtained
conveniently by resistively heating a boat, and consequently suffer from contamination
with the boat itself. For such materials, electron beam evaporation is ideal. In e-beam
svaporation, an clectron beam is rastered over a water-cooled crucible filled with the
evaporant. This arrangement ensures the evaporant melts in its own environment and
maintains good electrical grounding. In addition, much higher power densities can be
achieved for use on low vapor pressure materials.

The thermal and e-beam evaporators used in this study were both rebuilt
bell-jar systems from CHA Industries and have mechanical/diffusion pumping stacks.
Basc pressures in the mid to low 10-7 Torr range are routinely achieved after one and a
half hours of pumping. The bell-jar on the thermal evaporator is water-cooled. An
advantageous feature also available on the thermal system only is a planetary holder

which rotates and revolves the substrates during deposition to improve film thickness
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uniformity. Crystal thickness monitors are available on both systems. Boats with two
different materials may be placed in the thermal evaporator (1 deposition at a time)
while four different materials may be sequentially deposited in the ¢-beam system.
Silicon monoxide (SiO) was deposited in the thermal evaporator from a Drumbheller
source to isolate the SIS junction and to passivate the entire chip.  Alumina (Al,O3)
was deposited in the e-beam system for use as a milling mask during ion-milling

experiments.

2.4 Reactive Ion Etching

Reactive ion ctching was onc of the methods used for removing Nb and NbN
to form a tunneling edge and for etching these materials away to form conducting lines.
Reactive ion etching (RIE) is a dry anisotropic ctching technique used to transfer small
features in semiconductor device processing. An RIE consists essentially of a vacuum
chamber with two parallel electrodes. The upper electrode is grounded and the bottom
electrode, where the substrate sits, is powered by an rf generator connected through a
matching network as in figure 2-5. The ctchant gases arc admitted into the chamber
through flow meters. The rf generator creates a plasma in the chamber, typically
between 10 and 100 mTorr. The differential mobilities of clectrons and ions cause the
plasma to acquire a positive charge relative to the grounded clectrode. The ctchant gas
used was a mixture of CF4 and Op. Frec fluorine atoms, dissociated in the plasma,
are able to react with the film to be etched, forming volatile compounds which can he
pumped away. Oxygen is usually added as a small fraction of the etchant gas (~5-
10%) to prevent the build-up of non-volatile carbon-fluorine compounds by forming
volatile CO compounds as well as freeing up fluorine. The term "reactive ion etching”
is actually a misnomer as very few of the etchant species arc actually ionized [25].
The electric field created by the plasma shcath accelerates charged ions into the
substrate which enhances the anisotropy of the process. A good review of  the various

processes involved is given in Ochrlein [26]. Two techniques are commonly used to
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determine when the etch is completed. One is simply to observe when a clear
substrate with an opaque film clears (visual endpoint). The second technique is to
observe the intensity of the optical emission lines from species of the etched film.
Visual endpoint detection was used in this study. The RIE model used was a Plasma
Therm Batchtop. This unit was calibrated for etch rates of Nb and NbN as a function

of power and pressure as shown in figures 2-6 a and b.
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Chapter 3
NbN/MgO/NbN Edge Junction Fabrication

3.1 Reactive Sputtering and Optimization of NbN

The niobium nitride thin films used for edge junctions in this study were
deposited by reactive de sputtering.  Reactive sputtering involves the addition of a
reactive gas into the chamber during sputter deposition. This process is complicated
by a hysteresis effect with the addition of the reactive gas during sputtering, as shown
in figure 3-1 [27]. Optimization of reactively sputtered NbN is further complicated
because the superconducting phase of NbN with Bl face-centered cubic crystal
structure is metastable. The process used to reactively sputter relatively low stress
films was as follows. Argon was admitted into the chamber and the pumping speed
throttled to establish a pressure between 3 and 10 mTorr. Next, Ny was turned on
and increased, tracing out a voltage versus N hysteresis curve. Films were
deposited at various points on this curve. The film stress was inferred qualitatively
from the bending of thin slices of microscope cover slides, measured with an optical
microscope. The ends and center of this beam were focused on and the different
distances noted. While this method is somewhat crude compared to measuring wafer
bowing using laser interferometry, it is nonetheless possible to note trends.
Magnetron sputtered films generally have compressive stress at low pressures with a
transition to tensile stress at elevated pressures [28]. This transition was found to be
ncar 7 mTorr argon pressure.

It was previously reported that the highest T, films were deposited on the
upper shoulder of the hysteresis curve [29]. A hysteresis curve similar to that in
figure 3-1 was produced to find the optimum N> tlow for the highest T, film. Typically,
what is seen is an increase in T near stoichiometric NbN followed by a decrease as

the nitrogen flow is further decreased. The target voltage for each N flow value was
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recorded, allowing the voltage to stabilize at each value of flow. The target voltage for
a fixed flow is a sensitive indicator of the nitride content of the target surface and can
he used to infer target nitridization.  Typically, no more than five volts difference is
observed from run to run. With heavy use of the target however. the erosion tracks
deepen, intensifying the magnetic field created by permanent magnets behind the
target. The ionization cfficiency increases and the turget voltage drops. For constant
current (used 1o maintain nominally constant deposition rate) therefore, the target
voltage will decrease over time, necessitating periodic recalibration of the hysteresis
curve .

The characteristics of SIS junctions are critically dependent on the properties
of the superconducting ciectrodes, in particular film stress and the superconducting
critical temperature, T..  Figure 3-2 is a plot of the NbN film rc-istance vs.
temperature, which illustrates the dependence of T. on stoichiometry.  Increasing
facet numbers coincide with decreasing Na flow. Prior to deposition the target was
sputtered for 20 minutes in pure argon to remove any contamination or memory effects
from previous depositions.  The film T¢ was measured in a cryostat containing a
closed-cycle helium coldhead (CTI model 1020). A four-poiat probe was used to
measure the resistance of the samples heat sunk to a large copper block using indium
foil.  Temperature measurement was performed using a calibrated commercially
available silicon diode (Lake Shore DT 470). The definition of T¢ used was the
temperature at which the resistance drops to 50% of its value at 25 K. From this plot
the highest T film was deposited at 4.8 scem of Na.

The argon sputter was optimized to minimize film stress. Excessive film
stress may prevent films from adhering to their substrates. The stress was measured
by observing the change in curvature of a microscope slide cover-slip before and after
deposition. Films deposited below 5 mTorr exhibited tensile stress near 10% N/cm?,

estimated from substrate deformation.  Based on these results, an argon pressure of 7

mTorr was chosen.
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In addition to stress and critical temperature measurements, the optical
propertics of NbN were studied in order to further understand the quality of the
reactively sputtered films. A spectroellipsometer was used to measure the pseudo-
diclectric constant over the spectral interval 1.5 to 5.0 eV for four NbN films. A
spectrophotometer was used to directly measure the film reflectivity, which confirmed

the values calculated from the spectroellipsometer. The results of this study are in

Appendix A.



3.2 NbN SIS Device Fabrication

Five separate NbN/MgO/NbN edge junction process runs were completed,
numbered NbN1 to NbN5. Each process run took approximately ten days from initial
substrate cleaning to helium dip testing, assuming all fabrication and testing equipment
was working and available. Figure 3-3 outlines the steps used in fabrication. In
process NbN1, MgO was used both to isolate the junction and to create the tunneling
barrier. Wet etching the MgO in step 3 led to undercut which made covering the
underlying edge with the tunneling barrier difficult in step . Junctions produced with
this method (both Nb and NbN) most often proved to be shorts. In addition, the
photoresist on the MgO was badly damaged during the ctch and often appeared to end
up on the substrate.

To eliminate undercut problems, photoresist lift-off of the initial NbN/MgO
layer was used in Process NbN2. The photolithographic mask shown in Figure 2-1
was copied onto a blank 4"x4" mask plate and a negative copy was made. The
sputtered NbN/MgO was grown in the photoresist well and then lifted-off.  This
eliminated wet-etching of the isolation mask, however the profile was still
unsatisfactory since sputtered films arc known to have decreasing density as the angle
of incidence on the substrate increases [30]. This can lead to thinner and more voided
films being deposited on the vertical cdge. The end result was that the film profile was
not sharp near the edge when the photoresist was removed, as revealed by a scanning
electron microscope.

In the following run, NbN3, silicon monoxide was uscd to isolate the tunncling
junction, replacing MgO in step 2. with sputtered MgO continuing as the barrier
material in step 4. The SiO was thermally evaporated, with a planctary substratc
holder to promote conformal coverage. Figure 3-4 is a scanning electron micrograph of
an NbN/SiO edge with the SiO lifted off. The SiO film lifted off was far thicker than the
sloped photoresist and this has produced an undesirable overhang above the cdge.

This overhang would prevent MgO sputter flux from uniformly covering the edge.
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Figure 3.3 NbN Edge Junction Fabrication Process
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Figure 3-4 An SiO/NbN edge produced by RIE
with the SiO layer lifted-off. The 5iO layer was
far too thick for proper lift-off. Note the film
columnar structure perpendicular to the direction
of the growth for the "ski-tip".
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Much thinner lift-off films were later successtully used in NbN+. Using an evaporated
SiO lift-off mask resulted in three large benefits. First, a good vertical isolation profile
could be formed. Second. the SiO could be used as an etch mask, though it etches at
approximately 1/3 the rate of NbN. Photoresist damage and residue on the edge were
greatly reduced. Third, since the SiO etches, a sloped profile could be formed by tilting
the substrate and controlling the etch rate with the CF4/O> concentration,

Unsatisfactory tunneling characteristics (excessive leakage and a smeared
gap) led to the attempt to ion-mill a tunneling edge in process NDbNS. It is worth
mentioning, though, that regardless of whether the edge was ctched or milled it was
exposed after etching to the ion-gun clean step to remove the native oxide. Nb and
NbN will both oxidize in air and this layer must be removed. Thus, it is difficult to infer
the effects on the tunneling performance of the RIE etch and the ion mill scparately
Etch rate data supplied with the ion gun from lon Tech Inc. was used as a starting point
to determine an appropriate SiO thickness. The SiO ctched at approximately 5 Als,
while the data sheet gave a rate of 4 A/s. An Al,O3 milling mask produced with an c-
beam evaporator was used next. It was found that a much slower ctch rate of the
mask resulted in approximately 0.1-0.25 Als rates when AlLO3 is used.

Figure 3-5 is a photograph of a completed NbN die. Two complete devices are
on the die, which measures 6.75 x 6.5 mm. Figure 3-6 is a closc-up of the actual
junction. The top line is the bottom clectrode while the overlapping stub is the top
electrode. The numbers beside the junction indicate the width of the top electrode in

microns.
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Figure 3-5 A completed die sawn from
the substrate and ready for testing. Two
completed devices are on one die.



Figure 3-6 The junction area is visible in this
photograph. This junction area is approximately

1.5 (um)2.
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3.3 NbN SIS Device Results

A reactive ion ctcher was used to produce the edges in all NbN fabrication
runs.  Since the junctions produced were short-circuited, a post-deposition cure was
used to try to seal possible pinholes in the tunneling barrier. MgO sputtering time was
increased to produce a thicker barrier.  For resulting non-shorted junctions on each
separate process run, the I-V characteristic was smeared out. Figure 3-7 is an [-V
plot of a typical junction produced which was not short-circuited. It can be seen that
while this junction was not shorted, the gap was severely smeared out so that only a
slight non-lincarity remains. The gap voltage for NbN should be near 5 mV, whereas
the point of greatest non-linearity was observed near 2 mV. Since junctions produced
with NbN could cither be shorts or resistors for the same deposition conditions of
MgO, the inconsistent behavior of the barrier could be attributed to roughness at the
interface.  As previously mentioned in chapter I, any three-dimensional spatial
variations of the clectrode crystal (non-stoichiometric material, roughness, grain
boundaries, ete.) will decrease the superconducting gap energy. If the disruptions of the
lattice near the superconductor-insulator interface have a spatial extent longer than the
coherence length, then a "smearing” of the gap may occur. Attempts to produce a
smoother interface were not successful in improving junction quality. These attempts
included reducing the plasma potential in the RIE by increasing the etch pressure,
using shorter ion-gun cleaning times and decreasing the sputter etch angle to decrease
the component of ion energy perpendicular to the tunneling edge. None of these
techniques proved effective and the problems encountered led to experimentation with

a longer coherence length material, Nb.

40



200 A

100 HA

-

lmV  2mV

NbN edge junction
Q-216, die 15
20 pm x 0.13pm

Figure 3-7 DCI-V curve of an NbN/MgO/NbN

SIS edge junction.

The sputtering conditions for the junction of figurc 3-7 were as follows:

Base electrode

Base pressure 5 x 10°7 Torr

Current 2 A

Voltage 364 (after 10 minute burn-in)
Argon flow 18.6 sccm

N3 flow 4.9 sccm

Argon pressure 5.0 mTorr

Sputtering rate 14 A/min

Thickness 5.69 kA (Alphastep)

MeO rf sputter deposition conditions
Power - 100 W
Argon flow - 23.8 sccm

Pressure - 5 mTorr
DC plasma potential - 240 V
Pin-hole cure - 21.1 sccm of O2 at 10 mTorr
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lon-gun clean
Exposure time 90 s
Pressure 8 x 10 -3 Torr

lon cnergy ~ 500 ¢V

Counter-electrode

Current - 2A

N2 -4.9scem

Thickness- ~3.25 kA
Voltage 359 (@ 10 minutes)



Chapter 4

Nb/MgO/Nb Edge Junction Fabrication and Testing

4.1 Nb fabrication

Following the unsuccessful attempts to fabricate NbN edge junctions, it was
decided to attempt fabrication of Nb edge junctions. The longer coherence length of Nb
(~30 nm vs. ~3 nm for NbN) greatly cases the restriction on the tunnel barrier
smoothness.  Fortunately, no major process variations werc necessary in switching
to Nbh. Sputtering Nb is much simpler; the only variable affecting film quality directly
is the argon pressure which was again optimized to produce low stress films. Typical
pressures used were 8 mTorr with 40 sccm argon flow. The system pressure was
modificd for a fixed sputter gas flow using a variable orifice which controlled the
pumping speed.

One difficulty in using Nb is the fact that the bottom electrode will oxidize in
air, to a depth of around 20 A, effectively increasing the tunneling barrier thickness to a
net unknown thickness. Thus, prior to depositing the MgO tunneling barrier, this
oxidized layer must be removed while in vacuum. The only method available to do this
is an ion gun mounted in the bottom chamber. The major drawback of having to expose
the junctions to air (between RIE edge definition and barrier deposition) is encountered
at this step since removing the oxide necessarily roughens up the barrier.
Furthermore, a limitation of the ion gun used (Ion Tech Inc. 3 cm source) is that it
cannot be operated stably at ion energies much below 500 eV. Energies of this range
may induce damage while removing oxidized Nb. In comparison Leduc et. al. used 150
¢V for their edge-cleaning step [6].  The ion clean process will be discussed later in
the context of the quality of junctions produces. The following pages, (figures 4-1 and

4-2) summarize the two main processes used to produce Nb/MgO/Nb edge junctions.



Figure 4.1 Nb Edge Junction Fabrication Process #1
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Figure 4.2 Nb Edge Junction Fabrication Process #2
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4.1.1 Photoresist lift-off

The first mask defining the bottom electrode was copiced onto a 4"x 5" piece of
glass and then the negative of this image was copied onto a second mask blank,
producing the reversed image to do photoresist lift-oft” of the SiO during the first
photolithographic step. This was done to avoid having to wet cteh the Si0 in butfered
oxide etch (BOE). Wet ctching tends to be an isotropic process for amorphous
materials which would leave an undesirably rounded profile of the isolation layer.
Much sharper profiles resulted from lift-off. After the lift-off film was evaporated, the
photoresist was removed by immersing the substrates in a petri dish of acctone.
Ultrasonic agitation can be used to speed up the process. It was found that sputtered
MgO did not grow effectively in the photoresist lift-oft well prior to attempting
evaporation. Instead, good coverage of the SiO in the lift-off well was enhanced by the
planetary rotation apparatus of the thermal evaporator.

For the process in figure 4-2, an Al,O3 milling/isolation mask was cvaporated
with an electron gun because the SiO ctched too fast in the ion-gun. The evaporation
rate of AlLO3 was kept low (ncar 3 A/s at 75 mA current) after discovering that the
photoresist was excessively heating up as the film was being deposited and becoming
difficult to remove. It was necessary to scrub the substrates with a g-tip to completely

remove heated photoresist.
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4.1.2 RIE Etch Process

Soon after switching to Nb, an RIE became available for experimental use. A
possible cause of the random behavior of the NbN junctions could be that the tunneling
edge was nearly vertical and therefore difficult to coat uniformly by sputtering.
Suserath et. al. used varying concentrations of CF4 and O3 to produce a sloped edge
(18]. However, this group used photoresist as an etch mask, which can lead to other
problems such as junction contamination and changes in oxygen concentration (since
photoresist s ctched by O02). To avoid this problem, the junction isolation mask was
also used as the etching mask. A sloped edge was formed by tilting the substrates
with respeet to the bottom electrode. Etch variables were chosen to enhance
anisotropy.  Low power levels of 60 W and pressures near 60 mTorr were found to
work reproducibly. Repeated experimentation led to gas concentrations of 5% O3 and
90¢% CF, in order to produce reasonable profiles, shown in figure 4-3. In this
photomicrograph the SiO/Nb stack is clearly visible. At the above gas concentrations,
the eteh rate is about 60 nm/min at 60 mTorr and 60 W. The edge of substrates always
cleared quicker than the central portion with this RIE, so a slight overetch at the edges

of the wafer was unavoidable.

4.1.3 Ton beam milling Nb

There are essentially two main techniques to form the tunneling edge; by RIE
ctching [31.32] discussed above, and by ion milling [19,20]. Both methods have their
adherents. Lichtenberger et. al. performed a study to discern the effect of the ion-
voltage on the quality of their Nb and NbN edge junctions. This group found a strong
correlation between NbN junction quality and the acceleration voltage used (voltages
below 125 V gave best results) to remove the damage caused by the cutting step, but
they could find no such relationship for Nb junctions. They attributed this resuit to the
difference in coherence lengths for Nb and NbN and also to the possibility of the ion

bombardment altering the NbN stoichiometry.  In order to try to reduce the leakage
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Si0
Nb

Sabsterte

Figure 4.3 RIE of Nb/SiO stack. Etch conditions
were 5%/ 02, 90% CF4, 60 mTorr pressure and 60W
f. Etch time was approximately three minutes.
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currents observed with our RIE produced edge junctions, an Nb edge was ion milled
using a commercial 3 ¢cm ion gun.  This ion gun could not be operated stably below
about 500 eV ion acceleration energy, therefore it was not possible to experiment with
the effects of varying the ion-sputier voltages on the junction quality. Another difficulty
with the edge cutting step was the fact that it was not possible to have the edge
cleaning step at the same  angle as the cutting step (about 18°) because this would not
allow the edge to be perpendicular to the MgO sputter flux in the next step. (The best
quality, densest MgO films grow on surfaces perpendicular to the incoming sputter
flux).  Two different materials were used as milling masks during the processing.
Thermally evaporated silicon monoxide was first used. The ion-milling rate of SiO was
found to be between 4 and 5 A/s while the rate for Nb was around 0.5 A/s. One minute
of ion beam cxposure to the film was used. Evaporated SiO was not found to be
satisfactory because its thickness must be  much larger than the bottom electrode,
hecause of its high eteh rate.  Since the milling mask must have a slow etch rate as
well as clectrically isolate the junction, the choice of materials is rather limited.
However, e-beam evaporated Al2O3 was found to work satisfactorly, with an etch rate
hetween 0.1-0.2 A/s. The AlbO3 was deposited at a base pressure of 1.5 x 10-7
mTorr. The evaporation rate was kept low (near 3.0 A/s at 75 mA eclectron current) to
prevent the lift-off photoresist from heating up excessively and making it difficult to

remove.
4.2 Summary of Nb SIS Junction Fabrication Experiments

Seven Nb fabrication runs were performed and are summarized in Table 4.0.
Initial success in producing SIS junctions occurred with the first batch, although there
was sigmficant leakage.  Batch Nb5 was essentially a replication of Nb4 to confirm
control over the process. One of the first process parameters optimized in batch Nb4
was the MgO sputter time.  The MgO was sputtered from a 2" target (99.95%) using

an K.J. Lesker Torus 2C sputter gun.  The gun magnets were weak and the rf plasma

0
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was ignited by a dc plasma from another gun. At an argon sputter pressure of 7
mTorr (40 sccm flow) and 100 W rf, the optimum sputter time was found to be 100 s.
Despite high leakage, junctions were produced with encouragingly high critical current
densities, up to 20 kA / em?.  In order to try to reduce the leakage, a de oxygen
plasma was struck in the chamber after deposition of the MgO to oxidize any pinholes
in experiment Nb6. (Later in run Nb8b, various lengths of oxidation time were used.)
In run Nb7, the MgO was sputtered with oxygen added to the discharge o try to
oxidize any magnesium excess during sputtering. The result of Oz plasma oxidation
and reactively sputtering in an O environment was that the junction gap voltage

became progressively more smeared and leakage increased.
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Batch

Batch

Batch

Batch

Batch

Batch

Batch

TABLE 4.0

Nb/MgO/Nb SIS JUNCTION FABRICATION

Nb4
Sputter Nb/MgO/Nb. Deposit MgO for varying times to deduce optimum
thickness. Some junctions produced, but leakage current was higher than
desired.
Nb5
Replicate above initial success. Working junctions produced similar to Nb4.
Nb6
Plasma oxidation of all facets using Al electrode after MgO sputter. Some
junctions produced. Others were superconducting shorts.
Nb7
MgO reactively sputtered in Oj, (keeping sputter pressure constant)
to try to reduce the high leakage currents. No tunneling seen, mostly
superconducting shorts.
Nb8a
Plasma oxidation of varying leraths of time tried. Observed increased
zero voltage current or produced resistors.
Nb8b
Al>03 milling mask used. Beam only etches part of the two
substrates put on both facets. Few dies to test. No junctions.
Nb9

Lifted off Nb. One substrate per facet for better centering

in the ion-gun flux. No tunneling seen. Reasons unknown.



4.3 DC Nb/MgO/Nb Test Results

Table 4.1 documents the results of the process runs that yicelded working
junctions. Not all junctions were tested and viclds varied sporadically between runs,
so these parameter values can be assumed to be those of the better tunctioning
junctions. Ry is the normal state resistance. which is the slope of the -V
~haracteristic above the knee. The sub-gap resistance, Rgyp, is a measure of the gap
leakage. measured here as the quotient of the gap voltage and the corresponding
current, where the current rises sharply. The gap voltage, Ay .is the voltage at the
knee of the I-V curve. The critical current is taken as 0.7 times the quasiparticle
current rise at the energy gap voltage: I = 0.7 Alg,. Figures 4-4 a and b are pen-plots
of some of the better dc [-V curves obtained during run Nb4.  Large sub-gap
leakage is clearly evident. The gap voltage of the best devices produced in Nb4, about
2.7 mV, compare well to the theoretical value of about 3.0 mV. The voltage was

ramped in both directions to show any hysteresis effects.
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Table 4.1 DC I-V tests of Nb/MgO/Nb Junctions

Batch Arca (um)? R, () Roub(£) As(mV) [(MA)
4 0.9 15 38 2.8 140
4 27 36 23 2.7 49
5 2.7 5 39 24 336
5 no9 12 54 2.4 140
6 40 177 2.4 42

6 37 37 2.4 46
O 2 12 51 23 140
6 2 10 38 2.5 168
6 0.5 18 66 2.5 95
Sa 1 12 55 2.7 140
8a 2 24 80 24 70

L9 3
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Nb edge junction
Batch #5

200pA

Subst. #2, die C1.C2 g
Spemx 0.1 pm :
100 s MgO sputter time

Figures 4-4a and b DC I-V plots of Batch #5
Nb/MgO/Nb edge junction.

Nb edge junction

Batch #6

Subst. #2, die D1,.D2
Spmx 0.1 um

100 s MgO sputter time

60 pA

24 mV
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An attempt was made to measure the tunneling barricr thickness using a
mechanical profilometer (Tencor Alphastep 100). MgO was sputtered on lines of
accurately known thickness and bare glass substrates. The sputtered thickness of the
MgO was taken as the difference of the (line + MgO) - line. The roughness of the glass
substrate was reduced by averaging over many sets of lines.  The relative rather than
the absolute thickness of the thin MgO layer is more accurate since the resolution of
the profilometer is near the sputtered thickness (~200 A). The results are displayed
in figure 4-5. This is a very crude method of performing such a measurcment; however
it is uscful for a rough idea. From this plot, 100 s of sputtering time yielded insulators

approximately 120 A thick.
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Figure 4-5 Thickre. s measurements of sputtered
MgO films at the -lepositon conditions used to
produce insulator barriers.



4.4 Discussion of Test Resuits

After it was demonstratzd that tunneling behavior was occurring in Nb
junctions, the main rescarch focus was trying to reduce the leakage. Gross leakage
could veeur through a discontinuous barrier, or through non-insulating materinl. When
NbN is used as a superconducting material, a common technique for sealing "prmholes”
in the MgQ barrier is to expose the barrier to an 0> ambient to fully oxidize a
magnesium excess or the underlying exposed NbN [7, 33].

Attempts to reduce the subgap leakage were made by three techniques. An O3
plasma was struck in the chamber after the MgO deposition, O2 was flowed into the
chamber without u plasma, and O was added to the MgO sputter discharge. The
results from all three techniques yield 4 similar results.  Figures 4-6 a and 4-6 b
document these results, showing the gap completely smeared out after eight and a haif
minutes of plasma oxidation.  If the oxidation was simply increasing the thickness of
the insulating barricr, the subgap current should drop dramatically, since the tunneling
current is exponentially dependent on the barrier thickness. What resulted was an
increase in leakage current and a smearing of the gap voltage. There are several
known stable oxides of niobium including «r insulator, a low T superconductor and a
semiconductor.  All of these phascs could be simultaneously present. Oxidizing Nb
could result in forming a pa:tly oxidized and irregular Nb region of unknown
composition and properties.  If the oxide of Nb was conducting, superconductor-
insuiator-normal (SINY tunneling could result. What would be expected in this case is
a less sharp turn-on of the tunneling current at the gap voltage since there are no
singularitics in the density of states at the band edge for a normal metal. The I-V
characteristics in figure 4-6 scem to illustrate this. Figure 4-7 shows the measured
critical current  vs. sputter time for non-oxidized MgO barriers. Despite the scatter,
the trend is a logarithmic reduction in tunneling current with a linear increase in barrier
ihickness (ic. sputter time), as expected from electron tunneling phenomena. Thus the

tunncling behaviour of the barriers is appropriate but the oxidation process
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Nb edge junction

Batch 8a

Facet 2, die [1.12
10umx.tum

100 s MgO sputter time
| min O> plasma :
200uA — e

[
! 2.5mV

Figures 4-6a and b DC I-V plots of Batch #8a
Nb/MgO/Nb edge juncdon with post-deposition
plasma oxidaton.

Nb edge junction

Batch 3a

Facet 0. die D1.D2
Sumx.lum

100 s MgQ sputter time
8.5 min O3 plasma

200 pit
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Figure 4-7 Critical current vs. sputter time for
junctions without a post-
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may alter the conductivity of the material at the barrier/superconductor interface.

The current densities of the junctions produced compare favorably with those
produced by other workers. Broom reported current densities of at least 20 kA/ems
while Kleinsasser had values between 104 - 105 A/em? [9.34]. The best junctions
made in this study were 3 X 105 A/em=.  In light of these respectable current densities,
it would be interesting to know the performance of these NB/MgO/Nb edge junctions,
if the insulator quality was optimized.

An atomic forcz microscope (AFM) was used to try to measure the surface
roughness of cdges produced by ion-milling and RIE. While the vertical travel of the
AFM was sufficient to traverse the edge. it was impossible to scan the edge because
the operator could not discern where the edge began exactly. The sca was completed
across the top of the isolation layer, to try to get an estimate  of the surfuce
irregularitics. This scan indicated that the RIE ctched sample had roughness v to
140 A and the ion gun etched sample left pits up to 70 A in depth. This surface
roughness, if similar on the edge. would render it impossit:ic to deposit a smooth and

centinuous  50-100 A thick insulator layer.
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Chapter 5§

Conulusion

5.1 Summary

Sub-micron arca Nb/MgO/Nb Supcrconductor-Insulator-Superconductor (SIS)
tunneling edge junctions were fabricated with high critical current densities. Similar
geometry NbN/MgO/NbN cdge junutiuns cxhibited very little tunneling phenomena.
These junctions arc not suitable for high-frequency mixer applications because of a
reduction in their nonlinear -V characteristics. The nonlinearity of these junctions was
reduced by two effects.

First, sub-gap leakage currents for both the NbN and the Nb edge junciions
were unacceptably high. It is hypothesized that the cause of the leakage was
conduction across a rough insulator interface through "pinholes” in the MgO barrier.
An lincar increase in MgO thickness decreased the critical current exponentially with
little or no change in leakage, implying that the surface roughness was too large to
cover with a barrier of the preferred thickness.  An initial Atomic Force Microscopy
(AFM) analysis of the Al;03 milling mask indicated that the surface irregularities vary
from 70 - 140 A, similar in thickness to the insulating barrier.

Secondly, the turn-on of the tunneling current at the gap voltage was rounded
to a large extent. Three different methods were attempted to try to reduce the leakage
current by providing a continuous insulating barrier, with the result that the gap was
more severely rounded and the leakage current was increased. A probable cause for
the rounding was thai the oxidation formed the conducting oxide of niobium. This
would result in superconductor-insulator-normal (SIN) tunneling, which would result in
a rounded gap because theie are no singularities in the density of states at the band

edges for a metal. The inability to preferentially form the insulating oxide of niobium



limits the value of a post-deposition barrier oxidation. The cause of the increased
leakage with oxidation could be a change in composition at the barrier.

The use of MgO as a tunneling barrier with Nb edge junctions, is, to the best
of my knowledge. unique. The advantages of the edge-geometry may vet be combined

with the high current densities demonstrable here to produce a good superconducting

mixing element.
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5.2 Suggestions for Future work

The first concern to be addressed in any follow-up work producing edge
junctions with either Nb and especially NbN is surface roughness. AFM studies need
to be done to ascertain the size of the surface irregularities and the ability of a low-
energy ion clean to remove the damage. An ion-gun capable of lower operating
voltages should be tried. Lower ion-milling cnergies could be used to try to produce a
smoother interface with less damage. One investigation worth performing is to see
what the effects of varying angles of the substrate to the ion beam have on junction
quality during the edge cutting step.

A second issue not directly investigated but worth considering is using
oxidized aluminum for the tunncling barrier. A wealth of data exists in the literature
about producing Nb/Al/A1;03/Nb planar junctions and this could be exploited in
producing cdge junctions. The growth modes of MgO on Nb and NbN are still
uncertain and the success of oxidized aluminum barriers should be used. This would
necessitate a re-design of mask 1 used to produce tunneling edges.

A final experiment would help to clear up the mystery of why a plasma
oxidation did not reduce the leakage in the junctions. This would be to simply oxidize
the cleaned edge in the sputter system to try to observe tunneling with a native oxide
barrier. If the junction was merely resistivé, the native oxide would be deemed
insufficient for an insulating barrier. If t tunneling is observed, the question why

pinholes in NbN and Nb cannot be oxidized would have to be answered.
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APPENDIX A
Optical Constants of Reactively Sputtered NbN Films

This appendix contains a manuscript accepte ! for pubhication in Thin Solid
Films. Optical properties of NbN were studied at the beginning of this thesis
research, in the hope that a better understanding of NbN would lead to (abrication of
improved devices. This work is included as an appendix since it was part of NbN

device development but had no dircct bearing on the fabrication experiments.
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M. W. Koneveeki, K. L. Westrat, B. T. Sullivan*, K.E. Kornelson and M. J. Brett
Department of Electrical Engineering, University of Alberta, Edmonton, Alberta, Canada T6G 2G7
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Abstract
NbN films of nominal thickness 1 wm and superconducting critical
temperature oi 14 K were prepared by reactive dc magnetron sputtering. A
spectroellipsometer was used to measure the pseudo-dielectric constant <e> over the
spectral interval 1.5 to 5.0 ¢V for films prepared at different nitrogen flow rates.

Spectrophotometer measurements of film reflectivity were made, which confirmed the

cllipsometer results.
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1. Introduction

Niobium nitride thin films arc of current interest as celectrode materials for
crvogenically cooled Josephson junctions because of their robust nature and relauvely
high superconducting critical temperature, T¢ (near 17 K). The stable refraciory
characteristics of NbN makes it a more suitable material for use in supe-conductor
insulator-superconductor (SIS) applications, which require thermal cyching. than
conventional lead junctions. To better understand NN as a superconducting material
for our SIS junctions, the optical constants of NbN were investigaied. A speetroscopic
cllipsometer was used to derive the optical constants over the energy range 1.5-5 eV
(250-830 nm). These measurements were confirmed by spectrophotometry studies in
the range 0.4 to 6.2 eV.

To the best of our knowledge this work reports the first measurement of NDN
optical constants in the ultraviolet (UV) range 3.1 to 5 ¢V. Howcver, there are two
earlier reports of optical constants of NbN in the infrared and visible spectral regions
[1-3]. Motolevich ct. al. performed a study over the energy range .15 to 3.1 ¢V [1.2],
whereas Tanabe et. al. used in-situ ellipsometry to correlate their film Te with the
ellipsometer parameters w and A at 2.0 eV [3].  The latter group also performed
optical reflectivity measurements over the wavelength range 0.2-2.5 pum and used the
Drude free electron theory to model the reflectivity.  Our aporoach to characterizing
NbN was to determine the dielectric constants from spectioscopic ellipsometry and
from these measurements calculate the reflectivity, which was compared to the

reflectivity obtained from a spectrophotometer.
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2. Film Preparation and Characterization

The NbN films were deposited in a cryopumped de planar magnetron
sputtering system, described in detail elsewhere [4]. The films were deposited using a
12.7 x 20 c¢m niobium target (99.95% purc), with argon (99.9999% pure) and nitvogen
(99.999% pure) as the sputter gases.  The system was baked prior to deposition in
order to reduce the base pressure to 5x10°5 Pa. The suhe Lates used  were Corning
7059 glass and 2.5 x 2.5 x 0.16 ¢mi thick Heraeus Amersil Inc. Optosil 3 quartz plateS.
The substrates  were cleaned in ultrasonicaily agitated acctone and isopropyl a..hol,
and then blown dry with Na.  No intentional substrate heating was uscd auring
deposition.

It was reported previously thai the films with the hiz ost Te were consistentiy
deposited on the upper shoulder of the target voltage vesus nitrogen flow hysteresis
curve [4.5]. It was found that the argon pressure of 7.0 mTe  was a compromise
between minimumn stress and maxinum T, as films at Par = 5 mTorr were overly
stressed and delaminated from their substrates.  Four films were deposited on the
upper shoulder of the hysteresis curve with decreasing nitrogen flow in order to bracket
the previously discovered flow rates for the highest Te. Table 1 summarizes the
deposition conditions of the four filims and some of the:~ properties. The thicknesses of
the films and the room temperature resistivities were measured using a Tencor
Alphastep model 100 profilometer and a Veeco model 1200 four-point probe,
respectively.  The surface roughness and columnar microstructure of freshly cleaved
samples were studied using a Cambridge !nstrumeats S-250 scanning electron

microscope (SEM).

3. Optical Characterization
A spectroctipsometer, described in detail elsewhere [6], was used to

measure the complex reflectance ratio, p. of the films. An ambient substrate model
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was used to determine the pseudo-dielectric function < £ = < £1> + < 2> over the
spectral range 1.5 to 5.0 ¢V. In this model. the films are assumed to be isotropic and
homogeneous, and any surface roughness is neglected. The samples were measured
approxir “tely 72 hours after removal from the sputter chamber, and the results are
shown i+ < . 1. The reflection spectra for the four films were measured over the
wavelength r:»ge 200-3000 nm using a Cary 2415 spectrophotometer fitted with a dual
keam V-W reflectance accessory. The retlectivity measurements were performed
withit, + hiours of removing the samples from the sputtering system. The angle of
incidence of the light on the simple was 7° for this accessory. The accuracy of the
spectrophotometer  was evaluated by measuring the retlectivity of a Ireshly
evaporaied silver film 200 nm thick. The measuizd reflectinee values were compared
to tabulated values [7], and over the wavelength of nterest ihe two spectra differed
by less than five percent (relative to each other), with o slightly greater deviation in
the region near 340 nm where the reflectance drops rapialy. The accuracy of the
monochrometer was verified with a Didymium reference sample obtained from the
Nationz!l Institute of Standards and Turbnology in Gaithersbury, Maryland, with

discrepancies found to be less than 19.

4. Results and Discussien

Figure 2 is a cross-sectional SEM photograph ot sample 14, which exhibits a
colurnnar microstructure typical of all samples. Specifically, the films have a zone T
structure as described by the structure zone model des Aoped by Thornton [8,9].
Figure 2 shows a reasonably smooth film surface <*milar to the surfaces of all other
films examined in this study.

Five similar NbN films were analyzed at Surface Science Western at the
University of Western Ontario in London, Ontario.  X-ray 1 toclectron spectroscopy
(XPS) was performed using an SSX-100 (Surface Science Laboratories, California)
spectrometer with a monochrom ‘izec Al Ku X-ray heam focused cither to a 300 or 600

tm spot size.  Depth profiling was carried our with a 4 kV Ar* ion beamn rastered over
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a2 2 2 mm aea to give an cquivalent sputter rate for Si02 of 100 A/min. Tt was
revealed with this study that our films contain  scveral atomic percent of oxygen.
While this is « significant impurity content it is not unusual for sputtered NbN films
[10]. Furthermore, oxygen impuritics of this  agnitude are typical of nitrides of many
metals such as titanium [11,12], tantalum [13], hafnium [ilj, zirconium [12] and
niobium {14}, XRD work on other NbN samples grown under similar conditions does
not reveal oxide phases « © Nb (i.e. Nb2Os), hence we belicve the oxygen to be
adsorbed on arain boundaries [4] and meorporated largely after deposition.

Spectzophotometry measurcini ol film reflection was peiformed to confirm our
spectroellipsometry results. Figr. - 7 o« the measured reflection of sample F2, and
is compared to values caleulated using standard optical fr-mulae f{rom the
spectsoellipsometric diclectric constants.  The good agreement from 1.5 to 4.0 eV
suggests that the arbient ubstrate model used in the determination of the pseudo-
dicleetric function is reasonable, and that surface roughness is not significant.  Other
research |3} has shown that the highest Tg films aic near-stoichiometric. We consider
the pscudo-diclectric function of sample F2 to be most representative of M N, since
this sample had the highest critical temper:rure, Te . Samples F4 and F6 are likely tc
have o metal excess (lower N> flow) whereas sample FO is probably super-
stoic’ - ctric (higher Na flow).

Jillic et. al. previously reported that their films exhibiting strong NbN (111) and
NbBN (200) peaks yielded poor tunnel junctions if the T¢ was below 15 K and they had
low reflectivity in the UV-visible spectral region [15]. They presented empirical
evidence of a correlation between film reflectivity and NbN electrode quality. In this
study, all the films have a T below 15 K and are lower in reflectivity than the limit
Jillie specitied. We are currently experimenting with means of increasing film T and
will try to verify this correlation between device quality and reflectivity. As the
nitrogen flow decreased, we observed an increase in the reflectivity of the films. This
trend is consistent through the operating point where our highest T¢ film was

deposited. Thus, we observe that NbN has a higher reflectivity than NbNj.x .
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Tanabe et. a'. [3] reported that their optical constants n and K at energy 2.0 ¢V
ranged fromn = 1.6 to 1.8 and k = 2 610 2.9 for nearly stoichiometrie fitms of high Te
deposite. at ambient temperatures. At the same energy, our highest Te film, F2ohad o
and L calues of 1.6 and 2.1 respectiveiy. aowing reasonable agrecment for n but a
lov er absorption in our films.

Motulevich et. al. [1] reported fine struciure in the real part of the diclectric
constant near 1.5 ¢V which they attributed to interband transitions.  We do not
observe any fine structure in our data, evidenced by Fig. 1. However, apart from this
absence of fine structure, our results for the region 2.0 to 3.1 ¢V confirm these of
Motulevich very well. For instance, at 2.5 eV we have &) = 0.80 and £ = 47 for
sample F2. versus values of €7 =-0.6 and €2 = 4.3 for Motulevich.

Tanabe et. al. [3] used the Drude tiv-ory to obtain a three parameter fit to
reflection spectra only, in the energy range (1.5 10 5 ¢V. Values of the hiy & trequeacy
latiice dielectric constant, €. varied considerably ( 12.5 to 17) between films, 108
likel: that therc is a strong dependence of €eo and other paramcters on both
stoichiometry and deposition conditions. To compare our results to others, an attempt
was made to fit the measured dielectric function of ous films to the Drude theory of free
clectrons [16]. A two parameter fit of the reciprocal refaxation time. ¥, and the high
frequency diclectric constant | €co , was performed. The best fit was obtained with - £,
=5.0 and ¥ = 2.9 eV, using the plasma frequency o, = 2.98 ¢V, determined where
<g;>=0. However the theoretical fit to the measured diclectric function was very
poor, particularly for energics greater than 3.5 ¢V. We conclude that simple the
Drude model is inadequate for NbN, which is not surprising based on the invalidity of

the theory at high frequencies @ > o, [17].

6. Conclusions
The pseudo-diclectric function of reactively sputtered NbN thin films was

determined by spectroellipsometry over the energy range 1.5 10 5.0 ¢V, and confirmed
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by spectrophotometry measurement of reflectance.  The sample most representative of
stoichiometric NbN was deposited at a nitrogen flow rate of 4.4 sccm.  Drude free

electron theory was found to be inadequate to explain the measured optical behavior,

particularly at high cnergies.
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Table 1. Properties of sputtered NbN films

Sample  Na tlow (scem)  p ( p€-cm) Thickness (kA) Te
[F0 4.7 394 9.28 i2.9
2 4.4 395 981 14.4
I'4 43 292 11.42 12.9
6 4.1 226 11.02 13.0




Figure Captions

FIG. 1.  The pseudo-diclectric function < &> (bottom curve) and < £2> (lop curve)
determined by spectroscopic ellipsometry. Solid line: sample FO,

long dasi: sample F2. short dash: sample  F4, dot-dash: sample To.

FIG. 2. SEM photogranh of sample F4, showing structure typical of all samples
grit £ M ]

studied.

FIG. 3. Optical reflect’ ity spectra of the highest Te fiim studied, sample 172, The
open circle. . <esont values measured using a spectrophotometer. The
lisht rectangles are reflectivity calculated from the permittivity <data obtained

g g y I y

from the ellipsometer study.
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Pseudo-Dielectric Funclion
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