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THESIS ABSTRACT

Superconducting thin films are the building blocks of superconducting quantum elec-
tronics. State-of-the-art devices such as superconducting qubits, microwave kinetic
inductance detectors (MKIDs), and superconducting-insulator-superconducting (SIS)
mixers are fabricated using dry etching, typically reactive ion etching (RIE). The
microwave performance of MKIDs and qubits is currently limited by interface and
surface loss thought to arise from nanofabrication-induced damage and atmospheric
exposure. For SIS mixers, it is important to fabricate layers with sub-nanometer
etching precision and low surface roughness (< 0.5 nm). However, RIE is generally
unable to meet these criteria due to the continuous nature of the etching process
and the use of high energy ions. Additionally, RIE has been shown to lead to
almost 10 nm of sub-surface damage, which can limit the performance of super-
conducting devices where the interfaces are critical to performance. In all of these
devices, improving etch-depth control and achieving low surface roughness through
a low-damage etching process is essential to improving state-of-the-art devices and

enabling new device architectures.

In this thesis, we investigate atomic layer processing techniques for thin-film su-
perconductors, namely atomic layer deposition (ALD) and atomic layer etching
(ALE) being of special focus. ALD and ALE are nanofabrication methods capable
of Angstrom-scale control and result in substantially less damage than standard
methods such as RIE. Beyond ALD and ALE, we also develop and investigate a
new plasma chemistry to etch magnesium diboride, which previously did not have a
known chemical dry etch. We then use these techniques to fabricate superconductor-

insulator-superconductor junctions and analyze their current-voltage characteristics.

We first report an isotropic plasma-thermal ALE process for titanium nitride (TiN).
While ALE processes for TiN have been reported, they either employ HF vapor,
incurring practical complications; or the etch rate lacks the desired Angstrom-scale
control. We identify a new etching chemistry for TiN based on sequential exposures
of molecular oxygen and an SF¢/H; plasma. For certain ratios of SFe:H, flow rates,
we observe selective etching of TiO; over TiN, enabling self-limiting etching within
acycle. We measure etch rates with ex situ ellipsometry, which vary from 1.1 A/cycle
at 150 °C to 3.2 A/cycle at 350 °C. We further demonstrate that the superconducting
critical temperature of the etched film does not decrease beyond that expected from

the decrease in film thickness, highlighting the low-damage nature of the process.
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These findings are relevant for applications of TiN in microwave kinetic inductance

detectors and superconducting qubits. Our ALE chemistry using SF¢/H, plasma is

applicable to other materials, and is the starting point for studying our next material.

Next we report a plasma-thermal atomic layer etching recipe for niobium nitride
(NbN). Prior to this work, no ALE recipe had been reported for NbN, likely due
to the complex chemistry of Nb. We develop a self-limiting ALE recipe using
sequential exposures of O, plasma and H,/SF¢ plasma, with an etch rate of 1.77
Alcycle at 125 °C. Exposure to O, plasma rather than O, gas yields a greater fraction
of Nb in the +5 oxidation state, which is then volatilized by NbFs formation. The
SF¢:H, flow rate ratio is chosen to produce selective etching of Nb,O5 over NbN.
The T, of ALE-etched NbN is higher than that of an RIE-etched film of a similar
thickness. Our low-damage process is ideal for NbN-based single-photon detectors
and superconducting microresonators. We now turn our attention to a more exotic

superconductor lacking reliable RIE chemistry.

Finally, we investigate new dry chemical etching techniques for magnesium diboride
(MgB>), a superconductor of interest due to its high 7;. of 39 K. Most of the reported
MgB, etching methods are ballistic instead of chemical due to the non-volatile
nature of magnesium halides. Physical etching lacks nanometer etch-depth control
and can damage the superconducting properties of the film. Due to these reasons,
a chemical etch of MgB, is highly desirable. We report the use of H, plasma to
etch boron and MgB; at 125 °C with etch rates of 9.5 and 4.4 A/min respectively.
After etching with H, plasma, we also find that the films are passivated by a hydride
barrier, which impedes the typical 7, degradation upon atmospheric exposure seen
in unpassivated MgB, films. We also use this barrier to fabricate Nb-MgB, hybrid
SIS junctions. Current-voltage characteristics of the junction are discussed, where
interesting subgap physics is observed, with the capability to diagnose the different
gaps that contribute to tunneling in the Nb-MgB, junction.
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Chapter 1

INTRODUCTION

Devices based on superconductivity have found applications in various domains and
are constantly pushing the boundaries of scientific research. The main technology
that underpins many applications is the Josephson junction. The Josephson junction
has paved the way for superconducting quantum bit (qubit) technology for quan-
tum computing, superconducting quantum interference devices (SQUIDs) which are
used as ultra-sensitive magnetometers in fields ranging from medicine to geology,
and for rapid single-flux quantum (RSFQ) technology in wireless communications
[9]. In this thesis we will focus on the use of superconducting electronics for micro-
and millimeter-wave radiation detection. These frequencies ranging from approxi-
mately 300 GHz — 30 THz play a crucial role across astronomy, communications,
Earth science, security, and fundamental physics. Superconducting electronics such
as microwave kinetic inductance detectors (MKIDs) [32], and superconducting-
insulator-superconducting (SIS) mixers [203] are typically used as detectors in this

regime.

In Section 1.1 we build the foundations for understanding some important phe-
nomena in superconductors. We then build upon these foundations to describe the
physics of an SIS junction. Most importantly, we will look at how current nanofab-
rication techniques are limiting the quality of these junctions and how atomic layer

processing and new materials can revolutionize SIS junction fabrication.

1.1 Superconductivity

The discovery of superconductivity is often credited to Kamerlingh Onnes for his
discovery of a zero resistivity state in liquid helium cooled mercury in 1911 [146]. A
key property of a superconductor is the existence of a critical temperature (7,) below
which the electrical resistivity goes to zero. He termed this state ’supraconductivity’
which later became superconductivity. This remarkable discovery more than a

hundred years ago is still one of the frontiers of modern physics research.

The second key feature of superconductivity is the Meissner effect, discovered by
Meissner and Ochsenfeld in 1933 [126]. Once cooled below T, a superconductor

was found to become a perfect diamagnet, repelling external magnetic fields from
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the interior. This effect was soon found to be dependent on the external magnetic
field, leading to the observation of a critical field, H., above which the supercon-
ductor would become a normal metal. Further discoveries were made showing the
existence of Type-II superconductors, where above some lower critical field, H,1,
flux vortices formed in the superconductor, allowing the material to remain at zero
resistivity while maintaining some non-zero magnetic field internally. The type-II
superconductor was found to remain a superconductor until the field exceeded some
higher critical field, H., [60].

Using these physical phenomena, two important theoretical frameworks were devel-
oped. In 1935, the London equations were published to describe the electrodynamics

in a superconductor [111].

0 n;q2
23 =11g 1.1
8th - (1.1)
2
vxJ =-29p (1.2)
m

J is the supercurrent density, ng is the density of supercurrent carriers, ¢ and m
are the charge and mass of the supercurrent carriers, respectively. Equation (1.1)
describes perfect conductivity with no resistance, and Equation (1.2) can be com-
bined with Ampere’s Law to obtain VB = 17?B. The general solution to this leads
to a decaying magnetic field inside a superconductor given by B(z) = B(0)e /4,
where z is the thickness dimension of the superconductor. The main outcome of
this analysis is the idea that a magnetic field inside a superconductor decays over a

length scale called the London penetration depth, described by Equation (1.3).

m

Honsg>

A= (1.3)
So, the London equations can be used to explain both perfect conductivity and
diamagnetic properties of a superconductor, but not the existence of H. or Type-II

superconductors .

In 1950, Ginzburg and Landau (GL) treated superconductivity as a second-order
phase transition and expressed the superconductor’s free energy as the function of a
complex variable [58]. This variable is called the superconducting order parameter,

W = \nye'?, where || gives the supercurrent carrier density, and ¢ describes the
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b) Schematic showing a material repelling external magnetic fields below its 7.
Additionally, B = uo(1 + y)H goes to zero as the magnetic susceptibility of a
superconductor approaches -1.
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phase of the order parameter. The phase will be relevant in the Josephson effect
discussion Section 1.1. By assuming the superconducting phenomenon known
at present such as the existence of H., GL theory arrived at two length scales
for describing any superconductor. The first is the London penetration depth in
Equation (1.3). The second length scale is the scale over which the superconducting
wavefunction ’heals’ itself after being perturbed, called the GL coherence length.

The coherence length is temperature dependent and is given by Equation (1.4).

Aol
q poH,

£ = (1.4)

In 1957 Abrikosov used GL theory to calculate the conditions that favor the formation

of flux vortices. This led to a unitless parameter, k = 1/&, where x > —= is required

for Type-II superconductors [1]. -

It is important to note that while the London and GL frameworks may explain
some of the properties of a superconductor, they are phenomenological and do
not provide any microscopic explanation for the behavior. The understanding of
superconductivity reached a major milestone with BCS theory in 1957 [10]. Simply
put, BCS theory stated that electron-phonon interaction results in a weak attraction
between electrons. The simplified microscopic image that accompanied this theory
was that as an electron moved through a lattice, the negatively charged electron
attracted the positively charged ions slightly and shrunk the lattice spacing locally.
The first electron moved away from the region before any interaction with the
lattice took place, but the smaller lattice spacing increased the charge density in that
region, which in turn attracted a second electron. This second electron would then
be bonded to the first as it moved in the first electron’s positively charged shadow. At
low enough temperatures in certain materials, this phonon-mediated attraction can
result in the formation of bound electron pairs called Cooper pairs. These Cooper
pairs were shown to be bosons, which form a ground state condensate making all the
Cooper pairs merge into one quantum mechanical wavefunction. A single particle
excitation above this condensate ground state (superconducting state) requires some
minimum energy. This minimum energy is called the superconducting energy gap
(not too dissimilar from the bandgap of a semiconductor), where an excitation of
energy 2A is needed to break the Cooper pair. A is also temperature-dependent and

given by Equation (1.5) at 0 K. The formation of Cooper pairs further explained
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Figure 1.2: Schematic representation of two superconductors separated by a thin
barrier. Each superconductor has some Cooper pair density, n, and some phase, ¢.

why the charge of the supercurrent charge carrier was found to be g = 2e, in prior

equations.

2Ag = 3.52 kT, (1.5)

This excitation idea can be thought of as analogous to semiconductors, where
an electron is excited away from the conduction band to form an exciton. In
superconductors, Cooper pairs are excited away from the ground state to form
quasiparticles (QP). The superconducting energy gap is on the order of an meV or
more, which inhibits the kind of collision interactions that lead to ordinary resistivity,

causing superconductivity.

Josephson and SIS Junctions

In 1962, B. Josephson argued using BCS theory and quantum tunneling that it should
be possible for Cooper pairs to tunnel across a barrier between two superconductors
in the absence of a potential difference [81]. Josephson’s prediction was noteworthy
because, naively one would expect the current traversing a barrier to be dissipative.
However, he predicted that the Cooper pairs could ’leak’ into the barrier and allow
a dissipation-less supercurrent to flow from one superconductor to the other. The

setup for the problem is shown in Figure 1.2. Josephson junctions (JJ) can be
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made of superconductor-insulator-superconductor (SIS) or superconductor-metal-

superconductor (SNS) stacks. We will focus on SIS type junctions in this thesis.

A single wavefunction is used to describe each superconductor, ¥, = +/nge'%*,
where ny is the Cooper pair density in the corresponding superconductor, and ¢y is
its phase (similar to GL theory). By assuming some arbitrary coupling between the
two wavefunctions, one can derive the Josephson equations. Symmetric electrodes

(n1 = ny) are also assumed below:

I = 1,sin(¢) (1.6)

0 = 2gV(l) (1.7)

¢ = ¢ — ¢ is the difference in the phase of the two wavefunctions, and /.. is called
the critical current. Equation (1.6) describes the current flowing across the junction,
and Equation (1.7) describes how an applied bias across the junction can affect the
phase difference between the two superconductors. For V = 0, ¢ is a constant, and
therefore a constant current can be measured across the junction. Depending on
the phase factors (which can be manipulated by an external magnetic field or other
methods), the current at zero voltage can reach a maximum of /.. This is the DC
Josephson effect. For a constant non-zero voltage, we can integrate Equation (1.7)
from zero to some time ¢ and plug the result into Equation (1.6). Thus, we get the

AC Josephson effect, where ¢ is the phase difference before any bias is applied.

I(t) = I.sin(¢g + 2%th) (1.8)

Equation (1.8) tells us that when a constant voltage is applied, we get a current

across the junction that is oscillating in time, with a frequency of w; = 2eTv

Josephson junctions are now regularly used as a circuit element in various devices
in quantum sensing and quantum computing due to its ability to host quantum
phenomena on a macro scale. In this thesis the primary application area we will
discuss is the use of superconducting junctions as micro- and millimeter-wave
radiation detectors. The natural frequency of JJs, w; = 484 GHz/mV is in the right
range for microwave detection using Cooper-pair tunneling. However, Cooper-pair

tunneling is non-dissipative, making it inefficient for photon absorption due to
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Figure 1.3: The semiconductor picture showing the density of states versus energy
for the different layers of an SIS junction. The materials are labeled by S for
superconductor and I for insulator on top of each figure. a) A bias Vj is applied
such that eVjy < 2A. b) The bias is now increased such that eV = 2A. The figure is
motivated by Ref. [186] and Ref. [178].
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Figure 1.4: IV curve showing I - R,/ Vg4, versus V /Ve,,. Three distinct regions are
shown: the subgap region (green), the transition region (purple), and the region of
normal resistance (blue).

re-emission. Cooper pair tunneling also adds noise to the signal which requires
additional suppression [70]. This leads us to the use of quasiparticle (QP) tunneling

in SIS junctions.

Side note: A superconducting tunnel junction is called a JJ if Cooper pair tunneling
is the main current measured across the junction, and called an SIS junction if QP
tunneling is the main current measured across the junction. Physically however,

they are the same structure.

SIS mixers are used as heterodyne mixers to shift the signals of mm-wave spectra
down to microwave frequencies that are favorable for digital processing. SIS junc-
tions have been shown to operate as quantum limited mixing elements with noise
temperature approaching g{—’; [100]. To qualitatively understand QP tunneling in
SIS junctions it is useful to look at the energy diagram of a superconducting junction
in Figure 1.3. No states are available in the insulator, while the superconductors

have states available outside of an energy gap, A, around the Fermi surface, Er.
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Figure 1.3a shows the semiconductor picture with some applied bias, such that
eVyp < 2A = Vyp,. In this situation the Cooper pairs in the right superconductor
cannot tunnel to the left superconductor due to energy conservation. However, there
are thermally excited QPs that can tunnel across as QPs from the right side to the left
side (arrow 11n Figure 1.3a). This results in current flow where there should be none.
This effect is called leakage current and occurs in the subgap regime (eVy < Vyap).
Additionally, for a hybrid junction where the two superconductors are different, the
gap voltage is described by eV,,, = A + Ay, since the superconducting bandgap,
A, is material dependent [178]. By setting Vjy = 0, we recover the Josephson effect,
where Cooper pairs can tunnel across as the ground state condensate is at the same
level. In Figure 1.3b V = V,,,,, now Cooper pairs below the energy gap can tunnel
across from the right superconductor to the left as QPs (arrow ii). Additionally,
thermally excited QPs can still tunnel across (arrow iii). While this qualitatively
describes the QP tunneling effect, a full quantum mechanical treatment can be found
in Refs. [177, 178].

The result of such tunneling manifests in an IV curve shown in Figure 1.4. The IV

curve is symmetric about the origin and has three regions of interest.

* The subgap region, |V| < V4, — Agap.
* The transition, |V| = Vyu) £ Agqp.

* The normal region, |V| > Vgap + Agup.

In the subgap region, we see some non-zero current caused by thermally excited QPs
tunneling across the barrier. The slope of the curve in this region gives the inverse of
the subgap resistance, Rg(l;. The subgap leakage current is given by Equation (1.9),

where g(x) = sinh(x) - Ko(x), and A = eVg,,. The leakage current is mostly

kgT
eVeap

suppresses the leakage current.

dependent on

, such that decreasing T or increasing the Vg, exponentially

2 _A eVop+ A A%
I, (Vo) = —— e MksT : 1.9
*t2A

The transition through Vg, is a non-linear region with some width, Az,,. Above
Veap superconductivity is broken and the resistance approaches that of a normal

metal. The slope of the curve in this region is equal to the inverse of the normal
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resistance, R&l. The curve in this region follows Ohm’s Law, leading to a linear IV

curve.

In order for an SIS junction to be an effective heterodyne mixer with low noise, a
strong non-linearity near V,,, is desired. This non-linearity is quantified using two
quality factors. The first is the subgap ratio or resistance quality factor, Qg, and the

second is the IV quality factor, Q;y.

Rsc
=7 1.1
Or Ry (1.10)

A Vgap + Agap)

O
I(Veap = Dgap)

(1.11)

The subgap ratio is more commonly used, but in both cases a high Q is desirable.
Quantum-limited mixers have been demonstrated with O > 10, while state-of-the-
art junctions have also been reported with Qg > 30 using atomic layer deposition
(ALD), and other unique deposition methods with no vacuum breaks [100, 184].
Both quality factors are dependent on material and fabrication properties. Transi-
tions with Qjy < 5 are caused by poor interfaces between the superconductor and
insulator. Interface issues can lead to weaker local superconducting properties, such
as reduced local 7, and increased superconducting transition width near the metal-
insulator interface [122]. The interface issues can be attributed to contamination
during deposition or etching, non-uniform interfaces from either a rough supercon-
ductor surface or rough dielectric surface (R, 2 2 nm). Poor Q can similarly be
explained by a high leakage current resulting in a low Rsg < 5. Low Rg is often
caused by issues in the barrier [122]. A barrier too thin is likely to have high surface
roughness (R, 2 1 nm) or pinholes, which can lead to high QP leakage through
some parts of the junction. However, a barrier too thick will inhibit tunneling and
reduce Vg,p. Another significant metric is V), itself, as it is the upper bound for
photon energy that can be detected by the SIS mixer. Increasing V,,, by using
materials with higher 7, will result in an immediate increase in the bandwidth of
the mixer. These interface and material related issues bring us to the heart of this

thesis.

Interface, material, and surface issues in superconducting electronics are not limited
to SIS mixers but appear in many other superconducting devices. In this thesis we
study atomic layer processing methods in order to develop ultra-low damage, con-

formal, and smoothing deposition and etching methods that provide Angstrom-scale
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thickness control. We study the effect of these processes on the surface morphology,
chemistry, and transport properties of thin film superconductors typically used in su-
perconducting electronics. In Section 1.2 we introduce the atomic layer processing

methods used in this thesis.

1.2 Atomic layer processing for quantum devices

The way we investigate, understand, and manipulate materials at nanometer scales
has led to the rapid development in nanotechnology. The progress made in nanotech-
nology has been largely enabled by the development of thin-film technology, using
dielectric, metal, and insulating films with typical thicknesses ranging from microns
to sub-nanometers. The development of advanced nanotechnology has allowed the
investigation of various phenomena at the nanometer scale. Devices and patterns
made by deposition, etching, and masking of thin films have allowed for progress
in several fields, from astronomy to communications to biology. One cornerstone
of nanoscience is Moore’s 1965 prediction, which has had a tremendous effect
on not just semiconductor manufacturing but society as a whole [183]. Constant
improvements in nanotechnology allowed for the downscaling of integrated circuit
fabrication, which has brought device feature sizes in the present to the atomic scale.
However, processing on the atomic scale has many challenges. To address these
challenges, deposition, lithography, and etching technologies and methods need to

be advanced to the atomic scale. [18, 51, 86].

In this thesis we use atomic layer processing as a term to cover atomic layer deposition
and atomic layer etching. Atomic layer processing has both been studied extensively
for materials in the semiconductor industry [51, 84]. However, very few studies have
been conducted on materials relevant to quantum devices [22, 113, 167]. Atomic
layer processing is of significant benefit to quantum devices due to its Angstrom-
scale depth control and smoothing effect. State-of-the-art quantum devices are
currently performance limited by sub-nanometer to nanometer-scale imperfections.
In quantum optics, the resonator quality factor is currently limited by scattering
from sidewall roughness in SiO,, SiNy, lithium niobate, and other optical devices
[150, 189, 201]. In superconducting devices based on microresonators, such as
qubits and microwave kinetic inductance detectors, the device quality factor is
limited by loss from two-level systems (TLS). The parasitic TLS currently limiting
device performance is thought to reside in the 1 — 4 nm native oxides and few nm
thick nanofabrication-induced damaged layers [11, 47]. Nanofabrication-induced

damage has also been shown to affect the internal efficiency of superconducting
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Figure 1.5: A schematic representation of an atomic layer deposition cycle in which
a surface is alternately exposed to a precursor (half-cycle A) and a coreactant (half-
cycle B). These two reaction steps are separated by purge steps. (Reprinted from
Ref. [89], Copyright 2025 Springer Nature.)

nanowire single photon detectors (SNSPDs) by increasing sidewall roughness from
etching [46]. The ability to make thin and smooth dielectrics is also of interest for
making Josephson junctions in qubits and single photon detectors with high yield,
consistency, and low pinhole density [14, 184]. ALD and ALE mechanisms are

discussed in the subsequent sections.

Atomic Layer Deposition

Atomic layer deposition (ALD) is a vapor-phase deposition technique that uses
sequential self-limiting reactions to produce atomic scale layer-by-layer growth.
The discovery of ALD is somewhat debated, as it was invented independently under
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two different names: in the 1970s, Suntola coined the term "Atomic Layer Epitaxy",
and in the 1960s, Aleskovskii investigated "Molecular Layering" [119, 156]. Led
by Suntola and others, ALD started as reactions based on single element reactions
between Zn and S to form ZnS for electroluminescent flat panel displays [176].
Shevjakov et al. used the reaction between halides and water to form oxides, such
as TiCly and H,O to grow TiO; [119]. Interest in ALD increased gradually since its
discovery and started to take off in the 1990s and early 2000s due to the interest in
ALD for scaling down microelectronics. In particular, ALD growth of oxides such
as HfO, and Al,Os for use as high dielectric constant oxides for thin gate electrodes,
and passivation layers is what has made ALD such a workhorse in the semiconductor
industry today [116]. Since the original work almost 50 years ago, ALD is now
used regularly in industry in many forms, such as thermal ALD, plasma-enhanced
ALD, spatial ALD, atmospheric ALD, and others [51, 89].

Figure 1.5 shows a typical binary reaction sequence, which is the most common type
of ALD sequence used to deposit binary compounds of the form AB. The precursor
in half-cycle A adsorbs to the surface. Saturation can be achieved in this step by
increasing the time and/or pressure in this step to achieve maximal coverage of the
surface. The precursor introduces the metallic compound A, and the unadsorbed
precursors are purged. Half-cycle B then starts, and another reactant is introduced,
which reacts with the precursor to remove the undesired parts of the precursor (often
organic ligands or halides). The second reactant, commonly called the coreactant,
often provides the B part of the desired compound. B is usually an oxide, nitride,
sulfide, or halide [88]. Excess reactant is purged, and the cycle is repeated from
half-cycle A [51, 89]. For any reaction to go to completion over the entire surface of
the wafer, the reactant and coreactant must adsorb to the surface. After physisorption
of the molecule, a chemical reaction is thought to occur by three main mechanisms
that lead to chemisorption [155].

1. Dissociation: the molecule dissociates into several adsorbed species on the

surface without releasing reaction products into the vapor phase

2. Association: the bonding of an intact molecule with the surface without

release of ligands

3. Ligand exchange for organic precursors: the surface molecules and the or-
ganic groups (ligands) on the precursor react, where the organic groups are

exchanged, leading to volatile reaction products
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Figure 1.6: Premature saturation of the surface caused by a) steric hindrance of
ligands, and b) number of reactive surface sites. (Reprinted from Ref. [155],
Copyright AIP Publishing)

Thermal ALD is the most widely used and well studied ALD mechanism. For
example, Al,Os3 is often grown using thermal ALD by dosing AI(CH3)3; (TMA) in
step A and water vapor in step B. Part of the TMA undergoes (-CH3) ligand exchange
with the surface reactive sites (-OH) to form CH4 gas and a dangling -O-Al((CH3);
molecule. This molecule no longer reacts with incoming precursor. The dosing
of sufficient precursor leads to the occupation of virtually all the available surface
sites until the surface is covered with precursor ligands. Unreacted precursors are
purged, and then water is dosed. The water reacts with the dangling molecules to
form more methane that is pumped away. Al-O and Al-OH bonds on the surface
then act as the sites for ligand-exchange in the next cycle [155]. However, a typical
ALD cycle in this method will result in growth of less than one monolayer per cycle.
This is due to effects that suppress full coverage of the film. Two factors have been
identified to cause the premature saturation of the surface with adsorbed precursors:
steric hindrance of the ligands and the number of reactive surface sites [155]. Steric
hindrance of the ligands can cause the ligands of the chemisorbed precursor to shield
part of the surface from being accessible to the unreacted precursor. The surface
is then considered “full.” The number of bonding sites on the surface may also be
less than that required for achieving the maximum ligand coverage, due to a lack of
-OH terminations. In that case, although space remains available on the surface, no

bonding sites are accessible. Both effects are illustrated in Figure 1.6.
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The advantages of ALD are precise thickness control at the Angstrom-scale. In
saturated ALD recipes, the self-limiting aspect leads to conformal deposition. The
conformal deposition has also been observed to lead to reduced surface roughness
in the final surface compared to the starting surface [54]. However, achieving the
reaction in half-cycle B using only molecular reactants requires higher temperatures,
reactive precursors to react with the coreactants, and long purge times due to the
high pressures needed to take reactions to completion. For these reasons, in many
instances half-cycle B uses a plasma instead of a thermal molecular reaction. The
use of plasma in half-cycle B creates charged particles such as electrons and ions,
as well as neutral gas-phase species such as radicals, atoms, and molecules. The
plasma creates more reactive species than a neutral molecule, which allows for faster
saturation in step B. The overall process is then called plasma-enhanced ALD (PE-
ALD). The main advantages of PE-ALD over thermal ALD are: the ability to use a
lower temperature during deposition, improved film properties due to more surface
reactions driven to completion and precursor ligand removal, reduced purge times
leading to shorter cycle times, and the use of organometallic and other precursors
that are unreactive to molecular reactants [152]. Due to these advantages, PE-ALD
has found use in superconducting electronics by deposition of conformal thin-film
superconductors for superconducting electronics [42, 97, 167] and dielectrics for
Josephson junctions [184]. However, the use of plasma is also a drawback in PE-
ALD due to its added complexity. The use of plasma creates multiple reaction
pathways and heating effects that are difficult to model and study in sifu. This has
led to most of its advantages and results being described using empirical evidence.

Atomic Layer Etching

Alongside deposition, etching is necessary to create patterned devices by removing
material. Etching is typically done using a wet or dry process. In wet etching, the
film is placed in a solution that contains the etchant. In dry etching, the film is
etched away by vapor species, and is typically carried out at low pressure (< 2 Torr).
While wet etching is simple to use, it has some major disadvantages: timing is
often manual, there can be local changes in etch rate due to stirring and evaporation,
etch is always isotropic so vertical sidewalls cannot be obtained, increased surface
roughness due to continuous etching, and etch products remain in the solution which
can affect the etch through redeposition or other means. Such issues make achieving

sub-nm etch depth control through wet etching almost impossible [38].

In dry etching, either a molecular phase etchant or a plasma is used. Dry etching
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Figure 1.7: Schematic of a general atomic layer etching recipe, showing the four
main steps. Dosing species A to modify the surface of some material M. Purge
unreacted A and then dose the etchant of the modified surface. B reacts with M+A
to form M+A+B volatile compounds that result in a self-limiting etch of Angstrom-
scale thicknesses. Purge unreacted B and byproducts to start the cycle again.

has a number of advantages over wet etching: the reaction products of dry etching
are typically volatile and pumped away in a vacuum, and due to the absence of
a liquid processing temperature can be varied from cryogenic to hundreds of °C
[144]. When using a plasma to etch, the plasma parameters and gas chemistry can
be varied to make the etch more directional or isotropic as needed. Dry etching can
also be performed without a chemical etchant, called ion milling or ballistic etching.
A biased Ar plasma is often used in Ar milling to ballistically remove material
using the kinetic energy of charged ions. In reactive ion etching (RIE), the chemical
and physical nature of dry etching is combined. The reacted top layer is more
weakly bonded to the bottom layers and is more easily milled away. This enables
the use of lower power to obtain high directionality in the etch. RIE is commonly
used by the semiconductor industry to achieve fast, reproducible etch rates [144].
However, even RIE processes struggle to obtain sub-nm or even single nm etch
depth control in some cases, and have been shown to lead to ~ 10 nm of sub-surface

damage [84, 86, 109]. RIE damage has been shown to limit the performance of
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semiconductor, optical, and superconducting devices [94, 132, 161]. Therefore, an
ultra-low damage etch process with Angstrom-scale etch depth control is desired
in many applications to improve the functionality of devices and consistency of

nanofabrication.

Atomic layer etching (ALE) is an emerging nanofabrication process with the poten-
tial to overcome the limitations of typical wet and dry etching [84, 86, 109, 143].
The etching counterpart of ALD was first reported by M. Yoder in 1988 for etching
diamond [193]. Soon after, multiple papers were published in the 1990s with a
focus on directional ALE as an alternative to RIE [73, 117, 160]. The idea was
to separate the two effects of RIE that cause etching in order to create an etching
method that would need at least two steps to remove material. Thus, ALE was born
as "the inverse of ALD", where self-limiting subsequent cyclic steps are employed
to remove material, shown in Figure 1.7. Directional ALE is based on surface
modification by adsorption of a reactive species such as fluorine or chlorine, and
subsequent sputtering of the modified surface with directional ions or neutral atoms
of low energy exceeding only the sputtering threshold of the modified surface, as
shown in Figure 1.8 [84, 143]. After this period of interest in directional ALE, there
is a lull in the number of publications until renewed interest following the isotropic
thermal ALE of alumina [105].

Thermal isotropic ALE processes rely on sequential, self-limiting surface chemical
reactions without the requirement of plasma exposures [52, 53]. In thermal isotropic
ALE, the film surface is modified to form a non-volatile layer that can then be
removed through various selective mechanisms, as shown in Figure 1.9. The first
report of thermal ALE used ligand-exchange transmetalation reactions [105]. There
is also temperature cycling [129, 173], selective halogenation [74, 74], and others
[52]. Since then, plasma-thermal ALE has also been reported in which radical
species from a plasma are used for modification or volatilization [19, 22, 26, 185].
Isotropic thermal and plasma ALE processes have now been reported for various
dielectrics, metals, and semiconductors such as Al,O3 [107], SiO; [19, 34], InP
[98, 148], GaAs [6, 98], Cu [131, 168], W [80, 190], and others [45, 151, 162].
Surface smoothing of etched surfaces using ALE has also been reported for various
metals and semiconductors [54, 85, 145, 204]. ALE is fundamentally less subject
to process variability induced by transport limitations when compared to RIE, a
direct consequence of the use of self-limiting cyclic steps. Although several ALE

processes have been reported and mechanisms studied for materials relevant to the
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Figure 1.8: Schematic of a directional ALE process showing the accelerated direc-
tional particles in the second step, which lead to anisotropic removal of the modified
blue surfaces. This leads to minimal undercut of the resist.

Self Limiting

—

Surface Modification

Figure 1.9: Schematic of an isotropic ALE process showing the non-directional
species used in the second step, which leads to isotropic removal of the modified
blue surface. This leads to some undercut of the resist.
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semiconductor industry [84, 143], fewer studies have focused on materials relevant

to quantum devices [22, 74], let alone superconducting thin films.

1.3 Thesis outline

In this thesis we develop atomic layer processing tools for titanium nitride and
niobium nitride. We also explore novel approaches to etch a more exotic supercon-
ducting metal, MgB,. Finally, we use these processes to fabricate superconductor-
insulator-superconductor junctions and examine their current-voltage characteris-

tics.

In Chapter 2, we focus on the ALD and ALE of titanium nitride. Titanium nitride has
a high kinetic inductance, low microwave loss, and high absorption coefficient in the
infrared and optical frequencies. These properties make it a promising material for
single photon detectors such as microwave kinetic inductance detectors and qubits.
In these applications, the quality factor for the superconducting resonator is thought
to be limited by microwave surface loss associated with two-level systems (TLS) in
various interfaces. Subtractive nanofabrication methods based on typical wet or dry
etching processes are unsuitable for mitigating TLS density in these devices due to
the lack of Angstrom-scale precision in etching and the sub-surface damage they
induce. To overcome these limitations, we develop a new chemistry for atomic layer
etching of TiN in this chapter. Prior recipes to etch TiN make use of HF vapor,
which is dangerous to work with and incompatible with commercial plasma tools
capable of wafer-scale processing. The chapter details a recipe utilizing a much
less-hazardous plasma in a commercial ALD tool. We develop and demonstrate
such an ALE process for TiN using O, gas and an H,/SF¢ plasma. We investigate
the gas ratios for selective etching, saturation curves, temperature dependence,
surface contamination, smoothing, effect on bulk chemistry, and cryogenic electrical

transport properties.

In Chapter 3, we focus on the ALD and ALE of niobium nitride. Niobium nitride
(NbN) is a material of interest for superconducting electronics due to its high
superconducting critical temperature of up to 16 K and high kinetic inductance
(> 150 pH/O). These properties make it a promising material for single photon
detectors such as kinetic inductance detectors, superconducting nanowire single
photon detectors (SNSPDs), and hot electron bolometers. The high 7, of NbN film
compared to other common superconductors such as Al and TiN (1.2 K and 5.5

K, respectively) also allows for higher operating temperatures, alleviating space,
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weight, and power constraints of space missions. However, the figures of merit of
these devices are negatively impacted by fabrication-induced damage. In addition to
the same losses seen in TiN microresonators, the constriction factor of NbN SNSPDs
is often limited by sidewall roughness caused by RIE-induced damage, which will
in turn reduce the cutoft operational wavelength and limit internal efficiency near
the long wavelength cutoff. ALE has the potential to alleviate these limitations.
However, no ALE process had been reported for NbN, and this chapter outlines the
development process for the first NbN ALE recipe reported in literature. The chapter
details a recipe that takes inspiration from Chapter 2 by utilizing an H,/SFg plasma
in a commercial ALD tool. We develop and demonstrate an ALE process for NbN
using O, plasma and an H»/SF¢ plasma. The O; plasmais used to preferentially form
the +5 oxidation state of Nb over the lower oxidation states, which then facilitates
volatilization in the etch step. We investigate the gas ratios for selective etching,
saturation curves, surface contamination, smoothing, effect on bulk chemistry, and

cryogenic electrical transport properties.

In Chapter 4, we describe fabrication methods for superconducting-insulator-superconducting
junctions for use as heterodyne mixers. We first report a new etching chemistry for
a high T, superconductor, MgB,, using hydrogen plasma. We then examine the
current-voltage characteristics of an MgB,-Nb hybrid junction made using the new
etching chemistry. Finally, we also detail the fabrication of all-ALD junctions and
challenges encountered in their fabrication. MgB; has garnered significant interest
due to its bulk 7, of 39 K. The bandwidth of SIS mixer detectors is proportional to
the T, of the superconductors used through its superconducting bandgap A. State-
of-the-art detectors use NbTiN and Nb, which have a 7. of 13 and 9 K, respectively.
While materials with higher 7, exist, there are challenges in achieving thin film
deposition with sub-nm roughness, along with a limited ability to pattern such ma-
terials. Due to recent advancements in MgB, deposition allowing for < 0.5 nm
surface roughness wafers, it has become a viable candidate for wafer-scale produc-
tion of SIS mixers capable of THz radiation detection. We investigate the etch rate
dependence on power and temperature, we measure the surface morphology and
surface chemistry of MgB, films after etching, as well as the passivation effect of
the hydrogen etching on MgB, films. We also examine the use of the hydride barrier
for SIS junctions and the corresponding current-voltage characteristics.
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Chapter 2

A NEW ATOMIC LAYER ETCHING RECIPE FOR TITANIUM
NITRIDE

This chapter has been adapted from

Azmain A. Hossain, Haozhe Wang, David S. Catherall, Martin Leung, Harm
Knoops, James R. Renzas, and Austin J. Minnich. "Isotropic plasma-thermal atomic
layer etching of superconducting titanium nitride films using sequential exposures
of molecular oxygen and SFe/H; plasma." Journal of Vacuum Science & Technology
A, 41(6), November 2023. DOI: 10.1116/6.0002965.

A.A.H. designed the research, conducted the experiments, analyzed the data, and

wrote the manuscript.

2.1 Introduction

Titanium nitride (TiN) is a superconducting metal with a 7, ~ 5.6 K. TiN is of
interest for microelectronics and superconducting quantum devices. Its high kinetic
inductance, low microwave loss, and high absorption coefficient in the infrared and
optical frequencies make it a promising material for single photon detectors [103,
181], ultra-sensitive current detectors [91], quantum-limited parametric amplifiers
[72], and qubits [21, 67]. Superconducting microwave resonators based on TiN
routinely exhibit internal quality factors Q; > 10° [21, 167, 181]. TiN is also used
for microelectronic applications in which it is used as a copper diffusion barrier and
metal gate electrode [95, 110, 199]. In many of these applications, imperfections
at film interfaces are the primary limitation to figures of merit for various devices.
For instance, the quality factor of superconducting microresonators is presently
thought to be limited by microwave surface loss associated with two-level systems
(TLS) in various interfaces [11, 48, 49]. Subtractive nanofabrication methods based
on typical wet or dry etching processes are unsuitable for mitigating TLS density
in these devices due to the lack of Angstrom-scale precision in etching and the

sub-surface damage they induce [2, 50, 161].

For TiN, ALE processes based on fluorination and ligand-exchange with Sn(acac),,
trimethylaluminum (TMA), dimethylaluminum chloride (DMAC), and SiCly did not
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lead to etching [108]. When fluorinated, TiN retains its 3+ oxidation state, yielding
TiF3. TiF; either formed non-volatile ligand-exchange products or did not react with
the precursors, and hence no etching occurred. This difficulty was overcome by first
converting the Ti to the 4+ oxidation state with exposure to ozone or H,O,, which
upon fluorination using HF produced volatile TiF4 [106]. A conceptually similar

process has also been reported using O, plasma and CF,4 plasma [171].

Despite these advances, limitations remain. The use of HF vapor incurs practical
complications. The process of Ref. [171] based on O, plasma and CF4 requires a
heating and cooling step per cycle which can lead to impractical time per cycle on
conventional plasma tools. Additionally, the recipe achieves nm/cycle etch rates,
which lacks the desired Angstrom-scale control and low damage characteristics.
Previous reports did not examine the effects of ALE on the superconducting prop-
erties of the samples. Identifying alternate reactants to HF vapor while maintaining
Angstrom-level precision over the thickness, and ensuring that superconducting

properties are not degraded, all remain topics of interest for TiN ALE.

Here, we report the isotropic atomic layer etching of TiN using sequential exposures
of O, gas and SFg/H; plasma. The process is based on the selective etching
of TiO, over TiN for certain ratios of SF¢:H,. The observed etch rates varied
from 1.1 A/cycle up to 3.2 A/cycle for temperatures between 150 °C and 350 °C
respectively, as measured using ex-situ ellipsometry. The etched surface was found
to exhibit a ~ 40% decrease in surface roughness. The superconducting transition
temperature was unaffected by ALE beyond the expected change due to the decrease
in film thickness, highlighting the low-damage nature of the process. Our findings
indicate the potential of ALE in the processing of TiN for superconducting quantum

electronics and microelectronics applications.

Methods

The plasma-thermal ALE process of this work is illustrated in Figure 2.1. An
exposure of molecular oxygen was used to oxidize the surface of TiN to TiOj,
followed by a purge. Next, a mixture of SF¢ and H, gas was introduced into the
chamber and ignited to form SF¢/H, plasma. After this exposure, the reactor was
again purged to complete the cycle. The use of SF¢/H; plasma was motivated by
noting that HF does not etch TiN, but fluorine radicals will spontaneously etch TiN
[106, 149]. Studies on SiN and Si etching using hydrogen and fluorine-containing
plasma have shown that the plasma formed by the mixture yields different products
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Figure 2.1: Schematic of the TiN ALE process involving exposures to molecular
oxygen to oxidize the surface (O, blue dots), followed by SF¢/H, plasma (green
dots) to produce volatile etch products.

at different plasma concentration ratios, including HF molecules at high hydrogen
concentrations (Hp to F-containing gas flow rate ratio > 2) [83, 147, 182]. We
therefore expected to observe an effect similar to that reported in Refs. [83, 147, 182],
in which fluorine radicals were found to combine with hydrogen radicals via multiple
pathways to form vibrationally excited HF with negligible F radical concentration
[182]. If this process did occur, the HF formed in sifu could then react with the
film and selectively etch TiO, over TiN, with minimal spontaneous etching from F
radicals at sufficiently high H, concentrations. The etch selectivity of TiO, over
TiN is due to the differing oxidation states of Ti in each compound, as previously
observed in Ref. [106]. The formation of HF in the SF¢/H; plasma is referred to as
“in situ HF plasma" throughout the paper. SFg gas was used in this work because of
its successful use in previous work on the isotropic ALE of alumina and aluminum
nitride [25, 185].

We investigated this approach to ALE of TiN using an Oxford Instruments FlexAL
atomic layer deposition (ALD) system with an inductively-coupled plasma source,

as described in Refs. [28, 179]. The substrate table temperature varied between
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150 °C to 350 °C, as measured by the FlexAL substrate table thermometer. The
minimum temperature in our study was restricted to 150 °C by the tool. The sample
was placed on a silicon carrier wafer which sits on the substrate table, which may
cause a difference between the true sample temperature and the table temperature.
Prior to introducing the sample into the chamber for etching, the chamber walls and
carrier wafer were conditioned by coating with 50 nm of Al,O3 using 300 cycles
of AlbO3 ALD [179]. Alumina was selected as it does not form volatile fluoride

species on exposure to SFg plasma.

For TiN ALE, the sample was first exposed to 50 sccm O, and 50 sccm Ar gas for
2 s at 100 mTorr pressure, followed by a 10 s purge. Next, a mixture of 20 sccm
H; and 4 sccm SFg was stabilized at 100 mTorr for 5 s before striking the plasma
at 100 W for 10 s. The excess reactants were purged for 10 s before repeating the
cycle. The recipe resulted in a total time of ~ 40 s per cycle. Before the sample was
moved to the loadlock, the chamber was pumped down for 60 s. The sample was
additionally held in the loadlock for one hour to cool down before exposure to air to

reduce oxygen diffusion into the sample.

The film thickness before and after etching was measured by ex-situ spectroscopic
ellipsometry (J.A. Woolam M2000) at 60° and 70° from 370 nm to 1000 nm.
Thickness was determined using 5 points on a 5 X 5 mm? square array. Subsequently,
the data were fit using a Lorentz model to obtain the thickness of the samples
[102, 106]. The thickness and uncertainty values are the average and standard
deviation of the 5 points, respectively. XPS analysis was performed using a Kratos
Axis Ultra x-ray photoelectron spectrometer using a monochromatic Al Ke source.
Depth profiling was performed using an Ar ion beam with a 60 s interval for each
cycle. The estimated milling depth was calculated based on initial and final film
thickness measured by ex-situ ellipsometry and assuming a constant ion milling
rate. The XPS data was analyzed in CASA-XPS from Casa Software Ltd. We adopt
universal Tougaard background and sub-peak fitting routines from Refs. [79, 115].

The film surface topography was characterized using a Bruker Dimension Icon
atomic force microscope (AFM) over a 0.25 x 0.25 um? area. The raw height maps
collected on the AFM were processed by removing tilt via linear plane-fit. The
surface roughness and power spectral density (PSD) were computed from the plane-
fit height maps using procedures outlined in previous literature [54, 78]. The PSD
provides a quantitative measure of the lateral distance over which the surface profile

varies in terms of spatial frequencies [37, 78]. The PSD was calculated by taking
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the absolute square of the normalized 1D-discrete Fourier transform of each row
and column from the plane-fit AFM scan. The transformed data was then averaged
to produce a single PSD curve. Reported roughness values were found to be vary

by < 7% over 3 spots on each film.

Electrical resistivity measurements were performed on a Quantum Design DynaCool
Physical Property Measurement System (PPMS). The TiN films were connected to
the PPMS sample holder by four aluminum wires, wirebonded with a Westbond
7476D Wire Bonder. The film resistivity (p) was measured using a 4-point setup
[167]. The resistivity was measured from 6 K to 1.7 K, and the data was used to

calculate the superconducting critical temperature (7;) of the films.

The samples consisted of 50 and 60 nm thick TiN films on high resistivity Si (100)
wafers (> 20 kQcm, UniversityWafer) prepared using ALD with the same FlexAL
system. The development of the TiN ALD process is discussed in Section 2.2. The
final recipe used to make films for the ALE study consisted of sequential half-cycles
of exposure to tetrakis(dimethylamino)titanium (TDMAT) and nitrogen plasma with
a 20 W DC bias at 350 °C, similar to the procedure reported in Refs. [41, 167].
The resistance at 6 K and 7, of a 60 nm thick ALD TiN film were measured to be
210 p€fcm and 3.22 + 0.06 K, respectively; these values are comparable to those
reported for other TiN films made using TDMAT [41, 135, 167]. The chemical
composition of the deposited films are described in Section 2.3. The titania (TiO,)
films used for demonstrating etch selectivity in Section 2.3 were made by oxidizing
TiN samples under an oxygen plasma for 5 minutes at 300 °C, yielding a 5 nm thick
TiO; film on top of the TiN film. The thicknesses of the TiO; films were measured

using ex-situ ellipsometry.

2.2 TiN ALD using TDMAT and H, plasma

ALD of TiN has been studied based on TiCls, tetrakis(dimethylamino)titanium
(TDMAT), and a handful of other precursors [88]. The FlexAL in the KNI is fitted
with TDMAT, so our study was limited to the TDMAT precursor. The first films
were grown using the default recipe on the tool at 300 °C using a N»/H; plasma. The
80 nm film grown had a resistivity of 480 uQcm at 1 K with no superconducting
transition down to 500 mK. Based on the works in Refs. [41, 167] a series of changes

were made to the default KNI recipe to improve the TiN film quality.

The precursor dose step was fixed at 200 mTorr for 300 ms. The plasma step and

temperature were changed in the following ways. The resistivity versus temperature
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Figure 2.2: Resistivity versus temperature for four selected 60 nm TiN films. Each
film shows an increase in 7, compared to the previous one. The dashed lines are
guides to the eye.

curves of the improved 60 nm thick films are shown in Figure 2.2. TiN 1 (black) is
the first superconducting TiN film made in this project, with a 7. of 1.86 K. This
was achieved by changing the plasma chemistry from an N»/H; gas mix to a pure N;
gas plasma. This change was shown to improve the stoichiometry of the film closer
to a 1:1 Ti:N ratio in prior work [41, 167]. From TiN 1 to TiN 2 (red), the plasma
time was increased from 4 s to 8 s. The increase in plasma time pushes the ALD
into the saturation zone and ensures full reaction with the precursor. Resulting in a
T, of 2.57 K for TiN 2. The resistivity at 5 K from TiN 1 to TiN 2 was roughly the
same at ~ 350 uQcm. From TiN 2 to TiN 3 (green) the temperature was increased
from 300 °C to 350 °C, and plasma power was increased from 300 W to 500 W. The
higher temperature had been shown to improve film crystallinity and reduce film
resistivity, while the higher power was shown to reduce the carbon contamination in
the film. Film 3 had a 7, of 2.82 K and a resistivity of ~ 250 u€Qcm at 5 K. The final
improvement was the introduction of a 20 W DC bias in the plasma step leading to
the TiN 4 (blue) curve, with a 7, of 3.22 K and a resistivity of 210 uQcm at 5 K.
The use of a bias in the plasma step had been shown to increase the size and density
of crystal grains, leading to improved 7.. Work on TiN ALD stopped here as the

resistivity and 7, was comparable to other works [41, 135, 167], and the films were



27

a good example of TiN films for testing ALE recipes on.

The final recipe was 500 ms TDMAT at 40 mTorr with 100 sccm Ar, followed by a
3 s purge with 200 sccm Ar. The plasma half-step consisted of 10 s of 80 sccm N
at 20 mTorr with plasma parameters of 500 W ICP and 20 W DC bias. The cycle
was completed with a 2 s purge of 200 sccm Ar. The recipe resulted in a growth
rate of 0.86 A/cycle. Additional improvements were made to the ALD process in
Ref. [42], achieving a T, of 4.2 K. The use of a lower plasma pressure and breaking
the plasma step into a two-step plasma exposure was shown to reduce the oxygen

contamination observed in the TiN films in this thesis.

2.3 TiN ALE using O; gas and in-situ HF plasma

Selective etching with SF¢/H, Plasma

We begin by examining the etch rate of TiO; and TiN films for various SFg:H; flow
rate ratios, . Figure 2.3a shows the etch rates of TiN and TiO, versus n at 300 °C.
For n < 0.05, negligible etching of either film is observed. At n = 0 we measure
an etch rate of —0.03 A/cycle. This value is within the measurement error of the
ellipsometer, and as such we do not attribute physical significance to the negative
value. The other negative etch rates correspond to an increase in the thickness of
the film, which we assume to be growth of non-volatile TiFz. For n > 0.1, we
observe spontaneous etching of TiO,, with the etch rate monotonically increasing
with 77. For TiN, we observe no etching for n < 0.2, but for n > 0.25 etching occurs.
We attribute these observations to the formation of in situ HF along with negligible
fluorine radical concentration for 0.05 < n < 0.2. For > 0.25, the concentration
of F radicals becomes sufficient to spontaneously etch the TiN, leading to increasing
etch rates for both films. From our measurements, we find that 0.1 < n < 0.2
achieves selective etching of TiO, over TiN. To obtain the highest etch selectivity
of TiO, over TiN, we select 7 = 0.2 for our experiments. This 1:5 ratio of SFg:H;

plasma is used throughout the rest of the paper.

TiN ALE using O, and in-situ HF plasma exposures

Figure 2.3b shows the thickness change of TiN versus number of cycles for both half
cycles, and for the full ALE recipe at 200 °C and 300 °C. For the half-cycles, the
thickness change was measured after exposure to only molecular oxygen or in situ
HF plasma. No etching was observed for either half-cycle. In contrast, we observe
a decrease in the thickness with increasing number of cycles when using both steps.

The etch rate is calculated by dividing the total thickness change by the number of
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Figure 2.3: (a) Etch rate of TiO, and TiN versus the SFq:H; flow rate ratio. The
green shaded area represents the flow rate ratios for which selective etching of TiO,
over TiN was achieved. The black line at a ratio of 0.2 represents the ratio used
in the ALE experiments. (b) TiN thickness change versus number of cycles with
exposure only to O; gas (red triangles), in situ HF plasma (green squares), full ALE
process at 200 °C (purple circles) and 300 °C (blue diamonds). The dashed lines

are guides to the eye.
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Figure 2.4: (a) TiN ALE etch per cycle (EPC) versus substrate table temperature.
(b) EPC versus O, gas exposure time with in situ HF plasma exposure time fixed
at 10 s at 300 °C. (c) EPC versus in situ HF plasma time with O, exposure time
fixed at 2 s at 300 °C. The etch rates are observed to saturate with exposure time,
demonstrating the self-limiting nature of the ALE process. The dashed lines are
guides to the eye.

cycles, giving values of 2.4 + 0.16 A/cycle at 200 °C and 3.2 + 0.10 A/cycle at 300
°C.

We further examine the effect of temperature on the etch rate. Figure 2.4a shows
the etch per cycle (EPC) versus table temperature ranging from 150 °C and 350 °C.
The etch rates are calculated from the thickness change over a 100 cycles. We find
that the etch rate increases from 1.1 A/cycle at 150 °C to 3.2 A/cycle at 300 °C.
In analogy to other works [52, 106, 171], we attribute the etch rate increase with
temperature to the higher diffusion rates at higher temperatures in the oxidation step,
leading to thicker oxides which are etched at each step. We also observe a constant
etch rate from 300 °C to 350 °C, similar to what is reported in Figure 7 of Ref. [106].
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Figure 2.5: Surface XPS spectra showing (a) Ti2p, (b) Nls, (c) Ols and (d) Fls
spectra. The spectra is shown for (top) original and (bottom) etched TiN films. The
measured (gray dots) and fit spectra (black lines) intensity are reported in arbitrary
units (a.u.) against the binding energy on the x-axis. The y-axis scale is identical
between panels within each subfigure.

We also explored the self-limiting nature of the process by measuring the saturation
curves of each half-cycle. For each saturation curve the temperature is set to 300
°C, and the purge times and one half-cycle time are fixed while the other is varied.
In Figure 2.4b, the in situ HF plasma step is fixed at 10 s, while the etch rate is
measured versus the oxygen exposure time. The etch rate is observed to saturate
to ~ 3 A/cycle above 2 s, which is consistent with the self-limiting nature of the
oxidation step. In Figure 2.4c, the oxidation step is fixed at 2 s, while the etch rate
is measured versus in situ HF plasma exposure time. The etch rate saturates to ~ 3
Alcycle above 10 s, which is consistent with the selectivity of the in situ HF to etch
TiO, and terminate on the TiN.
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Characterization of film composition

We next characterize the chemical composition of the TiN films before and after
ALE using XPS. In Figure 2.5, we show the core levels of Ti2p, Nls, Ols, Cls
and Fl1s. For the Ti2p XPS spectra in Figure 2.5a, we observe five components.
Each component is a doublet consisting of a 2p3, and a 2py/, subpeak. We observe
subpeaks corresponding to Ti-C (454.9 eV and 460.4 eV) [114, 136, 163], Ti-N
(455.1 eV and 460.8 eV) [20, 101, 159], Ti-ON (456.5 eV and 462.3 eV) [20, 101,
159], Ti-O (458.5 eV and 464.2 eV) [20, 101, 159], and Ti-F (459.4 eV and 465.6
eV) [134, 139]. In Figure 2.5b, we report the N1s spectra with two subpeaks at 397.1
eV and 398.9 eV, belonging to N-Ti and N-O bonds, respectively [20, 101, 159]. In
Figure 2.5¢, we report the Ols spectra with two subpeaks at 530.4 eV and 532.2 eV,
corresponding to O-T1 and O-N bonds, respectively [20, 101, 159]. In Figure 2.5d,
we report the F1s spectra with two subpeaks at 684.9 eV and 690.3 eV, corresponding
to F-Ti and F-C bonds, respectively [13, 134, 139].

We observe that the Ti2p spectra is dominated by oxides and oxynitrides, consistent
with the presence of a native oxide on TiN [135, 159]. After ALE (bottom panels
of Figures 2.5a to 2.5¢), an increase in the magnitude of the Ti-N and N-Ti peaks is
observed along with an overall decrease in the Ols peak magnitude. The decreased
Ols signal implies a reduced native oxide concentration after ALE, as has been
observed in ALE of other materials [68, 128, 185]. The Fl1s spectra for the original
sample may be attributed to contamination from using the same chamber for depo-
sition and etching, which is consistent with the reduced magnitude of the Fls peak
in the original sample compared to that in the ALE-treated sample (bottom panel of
Figure 2.5d).

We also performed depth-profiling XPS to determine the atomic concentrations on
the surface and in the bulk. In Figure 2.6, we show the atomic concentrations of
Ti, N, F, C, and O versus sputtering time and estimated depth in the original and
ALE-treated films. In the original sample (Figure 2.6a), the atomic concentrations
on the surface are 31.9% (Ti), 37.6% (N), 16.1% (O), 12.0% (C), and 2.4% (F).
After 120 s Ar milling (~ 3.5 nm), the atomic concentrations plateau to their bulk
values of 48.6% (Ti), 42.3% (N), 6.1% (O), 1.9% (C), and 1.1% (F). The carbon and
oxygen levels are consistent with other reported ALD TiN films made using TDMAT
[36, 43, 135]. The carbon signal on the surface is observed to be predominantly
C-0 and C-H bonds, expected from adventitious carbon which occurs on exposure

to atmosphere. The carbon signal in the bulk is from C-Ti bonds, which has been
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Figure 2.6: Atomic concentrations of Ti, N, O, F, and C versus Ar milling time and
estimated depth, for (a) original and (b) ALE-treated TiN thin film. The dashed
lines are guides to the eye.

attributed to the decomposition of TDMAT during ALD in prior studies [135]. The
carbon and oxygen contamination in the bulk is known to cause higher resistivities
and lower T, compared to films with lower contamination concentrations [135, 153].
For the ALE-treated sample (Figure 2.6b), the atomic concentrations on the surface
are 34.2% (Ti), 39.5% (N), 7.9% (O), 11.9% (C), and 6.5% (F). After 120 s Ar
milling (~ 3.5 nm), the atomic concentrations plateau to their bulk values of 49.0%
(Ti), 42.2% (N), 5.9% (0O), 1.8% (C), and 1.1% (F). We observe a ~ 49% decrease in
the surface oxygen concentration in the ALE-treated film. An increase in the surface
fluorine concentration of the ALE-treated film is also observed, consistent with other
works involving the interactions of fluorine-containing plasma with dielectric films
[44, 68, 185]. The atomic concentrations in the bulk of the ALE-treated film are
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within 95% of the values in the original film. Therefore, we conclude that the effect
of ALE is confined to a few nanometers of the surface, with negligible effect on the

bulk chemical composition.

Surface roughness characterization

We characterized the roughness of the TiN films before and after ALE using AFM.
Figure 2.7a shows the plane-fit height map of the film as deposited using ALD.
Figure 2.7b shows the plane-fit height map after 100 cycles of ALE at 300 °C.
Figure 2.7c shows the PSD curves for the original film, after 40 ALE cycles and
after 100 ALE cycles at 300 °C. We observe a decrease in the PSD intensity across all
length scales as the number of ALE cycles is increased, indicating that features with
length scales from ~ 2 — 20 nm are smoothed by the ALE process. In Figure 2.7d,
the RMS roughness is plotted versus the number of ALE cycles at 300 °C. We
observe a monotonic decrease in RMS roughness from 4.4 A to 2.5 A after 100
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cycles. This 43% reduction in roughness was observed across 3 different positions

on the sample.

Electrical and superconducting properties

We investigated the effect of ALE on the electrical and superconducting properties
of the TiN films by measuring their resistivity from 6 K to 1.7 K. A 60 nm TiN film
was deposited using ALD, which was etched to 50 nm using ALE. Another 50 nm
TiN film was prepared using ALD to compare to the ALE-treated 50 nm film. The
measured resistivity versus temperature for the three films is shown in Figure 2.8.
The resistivity at 6 K of the 60 nm ALD film is found to be 222 uQcm, with a
superconducting critical temperature 7, = 3.22 + 0.06 K. The resistivity of the TiN
film is consistent with those previously reported for ALD TiN films [135, 167],
and the T, reported is similar to the 7, of other TiN films grown with TDMAT
[153, 167]. After 40 cycles of ALE at 200 °C, the TiN thickness decreased to 50
nm, with a resistivity of 201 uQcm at 6 K and 7. = 3.13 + 0.04 K. For comparison,
the 50 nm ALD film had a resistivity of 227 uQcm at 6 K, and 7, = 3.11 £ 0.05
K. We therefore find that the change in 7, of the TiN film after ALE is consistent
with that expected with a decrease of 10 nm in thickness, without any additional
decrease due to process-induced damage. This observation highlights the improved
quality of the processed films compared to those obtained from processing methods
which lack atomic control. For example, nitrogen plasma treatment of Nb films
resulted in a 7, decrease of ~ 9% [200]. The reduced 6 K resistivity of the ALE-
treated film is thought to arise due to the removal of the native oxide. To test this
hypothesis, the ALE-treated film’s electrical properties were measured after two
months in ambient atmosphere. The resistivity at 6 K and 7, were measured as 214
1€ cm and 3.09 £ 0.02 K, respectively. The 7, change is within the uncertainty
of the initial ALE-treated film’s 7, of 3.13 + 0.04 K. The aged resistivity increased
from 201 uQcm, as expected due to re-oxidation of the film after ALE with exposure
to atmosphere. However, the resistivity did not increase to the value of the 50 nm
ALD film (227 p€2cm). We hypothesize that the lower resistivity of the ALE-treated
sample is due to the fluorinated surface serving as a diffusion barrier for oxygen,
similar to the effect observed in Ref. [68]. These results warrant further investigation

and is a topic of future study.

We now discuss the characteristics of our plasma-thermal TiN ALE process in
context with isotropic thermal ALE processes for TiN and related materials. Thermal
ALE of TiN has been reported using molecular Oz or HO, and HF vapor [106], and
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O plasma and CF4 plasma [171]. The first process leads to an etch per cycle (EPC)
of 0.20 A/cycle at 200 °C, achieving atomic-scale control of etching. However,
the recipe requires the use of HF vapor which incurs practical complications. The
second process based on O, plasma and CF; plasma achieves an EPC of 17.1 A/cycle
at 200 °C, which is a larger EPC than is desired for manipulating the surface region
of the films. The second process also requires an additional heating step, which can
lead to impractical process times on conventional tools. The present recipe achieves
an EPC of 2.4 A/cycle at 200 °C, providing etch rates between the previous reported
recipes. The present recipe also avoids the use of HF, requiring only an SF¢/H,

plasma that also yields etching selectivity of TiO, over TiN.

Our isotropic plasma-thermal ALE may find potential applications in the fabrication
of TiN-based superconducting microresonators for microwave kinetic inductance
detectors and qubits, where the native oxide hosts parasitic TLS that presently limit
the device performance. Based on our XPS and resistivity measurements, ALE-
treated films have a reduced oxygen concentration while maintaining unaltered
bulk chemistry and electrical properties. These properties make ALE promising
for reducing the number of TLS in the metal-air interface and thereby improving
the quality factor of superconducting microresonators. While isotropic etching is
less suitable for pattern transfer compared to anisotropic etching, isotropic ALE
may find application as a post-treatment process by removing the few-nanometer-
thick surface region hosting TLS after the primary etch process. The smoothing
effect and isotropic Angstrom-scale EPC of the present ALE recipe is also relevant
for fabricating TiN-based nanoscale metal gate electrodes in CMOS devices and
various transistor designs, where the metal layers are required to have thickness on
the order of ~ 10 nm with uniformity < 4% [121, 199]. The ALD system in our
work (Oxford Instruments, FlexAL) has demonstrated high uniformity on 200 mm
diameter substrates [179], and therefore our process has the potential to extend to

wafer-scale applications.

2.4 Conclusion

We have reported an plasma-enhanced atomic layer deposition and an isotropic
plasma-thermal atomic layer etching process for TiN. TiN ALD was performed
using TDMAT and H; plasma achieving growth rates of ~ 0.86 A/cycle, consistent
with work reported in [41, 135]. Multiple optimizations were required to arrive
at the reported ALD recipe, such as plasma power control, plasma time and the

inclusion of a DC bias during plasma exposure. Our final films had a 7, of 3.22 K
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and resistivity of 222 uQcm at 6 K. The deposited films also had an RMS surface

roughness of ~ 0.42 nm.

ALE was achieved using sequential exposures of molecular oxygen and SFg/H;
plasma. The SF¢/H; plasma selectively etched TiO, over TiN for SFg:H, flow rate
ratios between 0.1 and 0.2. The etch rate varied from 1.1 A/cycle at 150 °C to
3.2 A/cycle at 350 °C. We observed a smoothing effect from ALE, corresponding
to a ~ 43% reduction in RMS roughness after 100 cycles. The surface oxygen
concentration was reduced by ~ 49% after 100 cycles of ALE, indicating a decrease
in the volume of surface oxide. We also found that ALE does not induce any change
in T, beyond that expected from the decrease in film thickness, highlighting the

low-damage nature of the process.

We anticipate that the ability to engineer the surface of TiN films on the Angstrom-
scale using ALE and ALD will facilitate applications of TiN in superconducting

resonators and microelectronics.
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Chapter 3

THE FIRST ATOMIC LAYER ETCHING RECIPE FOR NIOBIUM
NITRIDE

This chapter has been adapted from:

Azmain A Hossain, Sela Murphy, David S Catherall, Anthony J Ardizzi, and Austin
J Minnich. "Atomic layer etching of niobium nitride using sequential exposures of
02 and H2/SF6 plasmas". Journal of Vacuum Science & Technology A, 43(4), July
2025. DOI: 10.1116/6.0004548.

A.A.H. designed the research, conducted the experiments, analyzed the data, and

wrote the manuscript.

3.1 Introduction

Niobium nitride (NbN) is a material of interest for superconducting electronics
due to its high superconducting critical temperature 7, (up to 16 K) [172], kinetic
inductance (> 150 pH/O) [4, 47], and high absorption coefficient in the infrared
and optical wavelengths [3, 180]. These properties make it promising for devices
such as kinetic inductance detectors (KIDs) [7], superconducting nanowire single-
photon detectors (SNSPDs) [59], qubits [96], hot electron bolometers (HEBs) [99],
and other superconducting quantum devices [4, 5, 76]. The high 7. of NbN film
compared to other common superconductors such as Al and TiN (1.2 K and 5.5 K,
respectively) also allows for higher operating temperatures which alleviates space,

weight, and power constraints of space missions [12, 123].

State-of-the-art NbN devices are typically fabricated using reactive ion etching (RIE)
with fluorine-containing plasmas [39, 64]. RIE fabricated devices such as supercon-
ducting microwave resonators based on NbN have been reported with single-photon
internal quality factors Q; > 10° [17, 47]. NbN SNSPDs have been demonstrated
with > 95% system efficiency and timing jitter < 70 ps [196, 197]. However, the
figures of merit of these devices are negatively impacted by fabrication-induced
damage. For example, the quality factor of superconducting microresonators is
presently thought to be limited by cryogenic microwave surface loss associated with
two-level systems (TLS) or other mechanisms at various interfaces [11, 49]. In

addition, the constriction factor of SNSPDs is often limited by sidewall roughness
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caused in part by RIE-induced damage, which will in turn reduce the cutoff op-
erational wavelength and limit internal efficiency near the long wavelength cutoff
[27, 46, 87].

Typical dry etching processes for pattern transfer employ plasmas with energetic
ions, making sample damage difficult to avoid for non-negligible etch rates. Atomic
layer etching (ALE) is an emerging nanofabrication process with potential to over-
come these limitations [84, 86, 109, 143]. Although several ALE processes have
been reported for materials relevant to the semiconductor industry [84, 143], fewer
studies have focused on materials relevant to quantum devices [22, 74]. No ALE
process for NbN had been reported until this work. Several ALE processes have
been demonstrated for a related material, TiN, based on leveraging the volatility of
higher oxidation state fluorides compared to lower oxidation state fluorides [ 74, 106].
However, due to the complexity of the oxidation chemistry of Nb, whether these

approaches were applicable to NbN was unclear.

Here, we report a plasma-thermal ALE process for NbN using sequential exposures
of O, plasma and H,/SF¢ plasma. The O, plasma is used to preferentially form
the +5 oxidation state of Nb over the lower oxidation states, which then facilitates
volatilization as NbFs5 by exposure to a Hy/SFe plasma mixture. The etch rate is
measured to be 1.77 A/cycle at 125 °C using ex situ ellipsometry. The etched surface
was found to exhibit a 55% decrease in surface roughness and a 59% decrease
in surface oxygen concentration over 50 cycles. The superconducting transition
temperature of the ALE-etched sample is higher than that of an RIE-etched film of a
similar thickness, indicating that ALE induces less damage in the film. Our findings
suggest that our NbN ALE process could be used to mitigate surface loss and hence

improve the performance of NbN superconducting electronics.

Methods

ALE processes were performed in an Oxford Instruments FlexAL II atomic layer
deposition (ALD) system. In this reactor, the substrate is placed below an inductively
coupled plasma source with direct line of sight to the plasma [179]. The temperature
of the substrate table was maintained at 125 °C as measured by the substrate table
thermometer. As the lowest possible process temperatures are generally desired to
maintain film quality, we did not consider temperatures higher than 125 °C, the
minimum temperature in the reactor. Before loading the sample into the chamber,

preconditioning was performed to keep the chamber conditions as consistent as
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Figure 3.1: Schematic of the NbN ALE process. The surface is first modified by
exposure to O, plasma (orange dots) to oxidize NbN to its +5 oxide of Nb;,Os.
Nb,Os is then exposed to an H»/SF¢ plasma (green dots) to produce volatile etch
products.

possible between different runs on the shared tool. The preconditioning consisted of
10 minutes of an SFs/O, plasma to clean the chamber of contaminants with volatile
fluoride species, followed by 300 cycles (~ 50 nm) of alumina ALD [179], and
another 5 minutes of SFs/O; plasma to react with the remaining precursor. Alumina

was used as it forms a stable AlF; layer when exposed to SFg plasma.

The plasma-thermal ALE process of this work is illustrated in Figure 3.1. Each
ALE cycle starts with a 6 s exposure of the oxygen plasma with 50 sccm O; to
oxidize the surface of NbN to Nb,Os. This step is followed by a 15 s purge using
Ar with a flow rate of 400 sccm. Then, H, and SFg gas are flowed at a fixed flow
rate ratio before striking a plasma and exposing for 30 s. After another 15 s purge
of 400 sccm Ar, the cycle is complete. For each plasma step, the chamber pressure
is held at 100 mTorr and the plasma is struck at 400 W. After ALE processing, the
chamber is pumped down for 60 s before unloading the sample. The overall process

has a cycle time of ~ 68 s/cycle.

The etched amounts were calculated based on thickness measurements of a 10 X 10
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mm? chip before and after processing using ex situ ellipsometry on a J.A. Woolam
M2000 ellipsometer. The film thickness was determined by scanning 9 points at 60°
and 70° from 370 — 1000 nm. NbN optical data were obtained from Ref. [125]. The
data was fit to an NbN/S10,/Si film stack to determine the thickness at each point.
The thickness and uncertainty reported are the average and standard deviation of the

9 ellipsometry data points, respectively.

The film surface topography was characterized using a Bruker Dimension Icon
atomic force microscope (AFM) over a 250 x 250 nm? area using PeakForce Tapping
mode. The raw height maps collected on the AFM were processed by removing
tilt using the Bruker Analysis linear flatten function. Surface roughness and power
spectral density (PSD) were calculated from plane-fit height maps using procedures
outlined in the previous literature [19, 54, 74]. The PSD provides a quantitative
measure of the lateral distance over which the surface profile varies in terms of

spatial frequencies [78].

Film composition was characterized using X-ray photoelectron spectroscopy (XPS)
performed on a Kratos Axis Ultra X-ray photoelectron spectrometer using a monochro-
matic Al Ka source. Depth profiling was performed using an Ar ion beam with
a 25 s interval for each cycle. The estimated milling depth was calculated based
on initial and final film thickness measured by ex situ ellipsometry and assuming
a constant ion milling rate. The XPS data was analyzed in CASA-XPS from Casa
Software Ltd using bond binding energies and fitting procedures outlined in prior
literature [31, 82, 112, 191].

Cryogenic electrical measurements were performed on a Quantum Design DynaCool
Physical Property Measurement System (PPMS). The NbN films were connected
to the PPMS sample holder by four aluminum wires, wirebonded with a Westbond
7476D Wire Bonder. Film resistivity (p) was measured using a 4-point probe setup.
The resistivity was measured from 5 K to 20 K, from which the superconducting
critical temperature (7;) of the films was computed. The 7, reported is defined as
the temperature value at which resistivity drops to half of the 20 K resistivity value,
and the uncertainty reported is half the width of the superconducting transition

temperature range (AT,).

NbN films on a Si wafer were provided by the Jet Propulsion Laboratory. The films
were deposited by reactive sputtering at room temperature on a high resistivity 500
pm Si (100) wafer with a 240 nm thermally grown SiO, buffer layer. The initial
thickness was 30 + 1 nm. The process followed those developed for NbN SNSPDs
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[30, 175]. Individual sample chips were obtained by dicing the 4 inch wafer into

10 x 10 mm? squares.

The resistivity at 20 K and 7 of the films was measured as 291 yQcm and 11.22 +
0.14 K, respectively. The T, of our samples is within 10% of those of sputtered NbN
films on Si reported in literature [175, 197]. Several sets of films were prepared
for various portions of the study. To develop the ALE process, two samples were
oxidized with either O, gas (120 s at 100 mTorr) or O, plasma (120 s at 100 mTorr
and 400 W) at 125 °C. Both samples were etched with SF¢ plasma at 125 °C (15 s
at 100 mTorr and 400 W) prior to oxidation. The pre-processing removed the NbN
native oxide and also etched ~ 3 nm of NbN to emulate oxidation in the middle of

an ALE process.

To test etch selectivity, niobium oxide films were prepared. NbN samples were
exposed to an O, plasma (120 s at 100 mTorr) at 125 °C. The oxidized sample was
then exposed to an Hy/SFg plasma at 125 °C (30 s at 100 mTorr) for varying gas
ratios. NbN films were also etched using RIE as a reference for surface roughness and
electrical properties. The RIE-etched films were prepared in an Oxford Instruments
Plasmalab 100 ICP-RIE 380 System. NbN films were exposed to an SF¢/Ar plasma
(20 s at 10 mTorr and 400 W ICP with 100 W bias) at 20 °C. Plasma parameters
were based on reported fluorine-based RIE parameters for the fabrication of NbN
SNSPDs [39, 64]. The RIE-treated films were etched from 30.1 nm to 22.1 nm for a
total etched thickness of 8.0 + 0.3 nm. For comparison, 50 cycle ALE-treated films

were etched from 30.0 nm to 21.1 nm for an etched thickness of 8.9 + 0.1 nm.

3.2 NbN ALE using O; and H,/SF¢ plasmas

NbN oxidation using O, plasma

Our NbN ALE process was inspired by our prior work on TiN ALE using sequential
O, gas and H,/SF¢ plasma mixture exposures [74]. As a first attempt, we used the
same exposure sequence on NbN. However, unlike TiN, we observed that the etch rate
plateaued toward zero after 10 to 15 cycles. This outcome is not unexpected because
the oxidation chemistry of Nb is notoriously complex, with Nb taking on oxidation
states ranging from +2 to +5 [63]. Further, NbFs is the most volatile fluoride while
fluorides with lower oxidation states are less volatile [35, 40, 61], meaning that the
desired surface oxide to produce etching upon fluorination is Nb,Os. Considering
these points, we hypothesized that the plateauing etch rate could be attributed to the

formation of lower oxidation-state fluorides with low volatility.
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A potential route to circumvent this issue is oxidation via oxygen plasma. Oxygen
plasma has been reported to oxidize with lower activation energy compared to
oxidation by molecular oxygen [33]. There is also previous literature on the oxidation
of niobium metal showing that oxygen plasma produces an oxide with a higher

concentration of Nb,O5 relative to the native oxide [55, 75, 198].

To verify that oxygen plasma exposure would produce a higher fraction of Nb,Os,
we prepared two samples oxidized with either O, gas or plasma, as described in
Section 3.1, and characterized the surface chemical environment with ex sifu XPS.
Figure 3.2 shows the Nb 3d spectra for each sample. We observe three peaks, each
consisting of a doublet due to spin-orbit coupling. These peaks are assigned as
NbN, NbOxNy, and Nb,Os [31, 82, 112, 191]. The binding energies are listed in
Section 3.2. The Nb,Os5 subpeaks correspond to the +5 oxidation state of Nb when
bonded to oxygen. Between the +3 oxidation state (corresponding to NbN) and +5
oxidation state, another component is observed. However, the composition of this
component is difficult to determine as it may correspond to oxides of lower oxidation
state such as NbO; or an oxynitride such as NbON, both of which have very similar
binding energies [31, 82, 112]. In our analysis, we denote the middle subpeaks by
NbOxNy as it is likely a combination of NbO, and NbON.

The presence of Nb,Os5 can be quantified by computing the area fraction for each
component for each sample. The results of the analysis are reported on Figure 3.2.
After exposure to O, gas, Figure 3.2a shows almost equal fractions of Nb,Os and
NbOxNy with 29% Nb,Os bonding. Figure 3.2b shows the surface spectra after
exposure to O, plasma, with a Nb,Os fraction of 72%. These results confirm that
Nb oxidation using a plasma forms more of the +5 oxidation state oxide and less
of the lower oxidation state species. The +5 oxidation state is preferred as it forms
volatile fluorides which lead to etching. The use of oxygen plasma is therefore

advantageous over oxygen gas for facilitating the etching of NbN.

Selectivity of H,/SF¢ plasma

We next examine the etch rates of Nb,Os and NbN films for varying SFg¢:H, flow
rate ratio, 7. The use of Hy/SF¢ plasma was motivated by noting that HF weakly
fluorinates TiN without increasing the oxidation state [106], but fluorine radicals
cause spontaneous etching of NbN [66]. Due to practical limitations, we are unable
to use HF vapor, so we used an Hy/SFg plasma mixture instead. H; and fluorine-

containing gas plasma mixtures have long been known to produce vibrationally-
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Figure 3.2: Surface XPS spectra showing Nb 3d spectra for NbN films exposed to (a)
O, gas and (b) O, plasma for 120 s. The measured (gray dots) and fit spectra (black
lines) intensity are reported in arbitrary units (a.u.) against the binding energy on the
x-axis. The y-axis scales are identical for both spectra. The percent concentrations
of the NbN, Nb,Os5 and NbOxNy bonds are reported in the figure.

excited HF which has been exploited for realization of chemical lasers [69, 140, 142].
Prior studies using a hydrogen and fluorine-containing gas mixture plasma have
shown that the products formed depend on the gas flow rate ratio. In particular, the
formation of HF molecules and suppression of F radicals at sufficiently high H, flow
rates has been studied as it leads to etch selectivity [56, 83, 147, 182]. We note that
while the formation of vibrationally excited HF in the plasma has been established
in prior studies [56, 83, 140, 147, 182], the actual state of the HF by the time it

impinges onto the film surface in the present experiment is unknown.

Figure 3.3a shows the etch rates of NbN and Nb,Os versus 77 at 125 °C. Forn < 0.1,
negligible etching is observed in both films. For n > 0.1, we observe spontaneous
etching of Nb,Os, with the etch rate increasing with 7. For NbN, we observe
no etching for n < 0.3. Instead, negative etch rates ~ —0.05 As7! are observed,
corresponding to an increase in the thickness of the film, which we assume to be
growth of non-volatile lower oxidation state niobium fluorides. For > 0.4, etching

of NbN is observed. The etch selectivity of the oxide over the nitride observed for



a) 14, : : :
1.2_ _.—Nb205 | *
. - ® -NbN : )
- 11 : ;o
2 /
< 08¢ : _
Q) —
"é 0.6 |/,
6 04' - / 4
b 0.2 i /,i’ | -4
- - »
N SRS SEEEE s 4
02k ) . L .
0 0.1 0.2 0.3 0.4
SFg:H, flow rate ratio (n)
b) .
g 0 =@ = — = ::::.:::--.---==.
£ Op=T7
0 \0
8 27 \\
C N
$ '
S L
I= ..
o -6} \\
% - m - Hy/SFg plasma K
c -8f|-@-0, plasma ~
O ||-e-AE \
104 : : - - .
0 10 20 30 40 50

Number of cycles

Figure 3.3: (a) Etch rate of NbOx and NbN versus the SFg:H; flow rate ratio. The
green shaded area represents the flow rate ratios for which selective etching of NbOy
over NbN was achieved. The black dashed line at a ratio of 0.3 represents the ratio
used in the ALE experiments, and a solid line at 0 A/cycle is plotted as a reference.
(b) NbN thickness change versus number of cycles with exposure only to O, plasma
(red circles), Ho/SF¢ plasma (green squares) and full ALE process at 125 °C (blue
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Figure 3.4: (a) NbN etch per cycle (EPC) versus O, plasma exposure time with
H,/SFe plasma exposure time fixed at 30 s. (b) EPC versus H,/SF¢ plasma exposure
time while O, plasma time is fixed at 6 s. The EPC is observed to saturate with
increasing exposure time for each half step.

0.1 < 7 < 0.3, may be attributed to the in siru formation of HF molecules in the
plasma mixture [56, 83, 147, 182]. For n > 0.4, the concentration of F radicals
becomes sufficient to spontaneously etch the NbN, leading to etching of both films.
From our measurements, we find that 0.1 < n < 0.3 achieves selective etching of
Nb,Os5 over NbN. To obtain the highest etch selectivity of NbyOs over NbN, we

select n = 0.3 for our experiments. This ratio is used throughout the rest of the

paper.

NbN ALE using O, and H,/SF¢ plasmas

Figure 3.3b shows the thickness change of NbN versus number of cycles for the
oxidation step, fluorination step, and for the full ALE recipe at 125 °C. For the
half-cycles, the thickness change was measured after exposure to only O, plasma
or Hy/SFg plasma. No etching was observed for either half-cycle. In contrast, we
observe a decrease in the thickness with increasing number of cycles when using
both steps. The etch rate is calculated by dividing the total thickness change by the
number of cycles, resulting in an etch per cycle (EPC) of 1.77 +0.06 A/cycle at 125
°C. Based on the etch per cycle of the half cycles and overall cycle, the synergy is
100% [85].

We also measured the saturation curves of each half step. Figures 3.4a and 3.4b
show the EPC versus exposure time of O, plasma and H,/SF¢ plasma, respectively.
For each saturation curve, the purge times and exposure time for one half-cycle are

fixed, while the exposure time for the other half-cycle is changed. The reported EPC
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values were calculated from the thickness change measured after 30 cycles at 125
°C. In Figure 3.4a, the H,/SF¢ plasma time is fixed at 30 s and the O, plasma time
is varied. The etch rate is observed to saturate to 1.75 + 0.04 A/cycle after 6 s of
O, plasma exposure. Similarly, in Figure 3.4b the O, plasma time is fixed at 6 s
while the Hy/SF¢ plasma exposure time is varied. The etch rate is found to saturate
at 1.74 +0.06 A/cycle after 30 s of Hy/SF¢ plasma exposure. The saturation of both

half-cycles indicates that the process is atomic layer etching.

Surface morphology characterization

We characterized the effect of ALE and RIE on surface morphology using AFM.
Figure 3.5a shows a 250 x 250 nm? height map of the original sputtered NbN film.
The root mean square roughness of the scan was Rgriginal = 0.67 nm. Figure 3.5b
shows a height map of the RIE-treated film with RqRIE = 0.97 nm, which is 45%
rougher than the original. Figure 3.5¢ shows a height map for the ALE-treated film
after 50 cycles, which is 55% smoother with R2™ = 0.30 nm. The R, values were

found to vary by < 7% between 3 locations on each film.

Figure 3.5d shows the calculated PSD for the original, ALE-treated, and RIE-treated
samples. A comparison of the PSDs at different spatial frequencies indicates the
extent of smoothing or roughening at various length scales. The RIE film’s PSD is
within 20+ 5% of that of the original film over spatial frequencies from ~ 0.05-0.14
nm~'. For spatial frequencies larger than 0.14 nm~! and smaller than 0.05 nm™',
the RIE-treated surface is significantly rougher than the original sputtered surface,
with the RIE PSD being more than 100% larger at some spatial frequencies. We
also observe that the ALE film’s PSD is smaller than the original film’s PSD across
all spatial frequencies, indicating that ALE smooths the film over the length scales

shown in Figure 3.5d.

Surface and bulk film composition

We next characterize the surface composition of NbN before and after ALE. In
Figure 3.6, the XPS spectra for Nb 3d, N 1s, F 1s, and O 1s are shown for an untreated
and an ALE-treated sample. In Figure 3.6a, we report the Nb 3d spectra for the
original sample and ALE-treated film. We resolve three components consisting of
doublets identical to the components shown in Figure 3.2. We observe subpeaks
corresponding to NbN (203.8 and 206.6 €V), NbOxNy (206.7 and 207.1 V), and
Nb,Os5 (207.1 and 209.8 €V) bonding [31, 82, 112, 191]. The binding energy values
corresponds to the 3ds» and 3ds, peaks, respectively. Figure 3.6b shows the N 1s
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Figure 3.5: AFM scan showing height-maps of (a) original sputtered sample, (b)
after 8 nm etching with RIE, and (c) after 50 cycles ALE etching of the original
sample, corresponding to 9 nm of etching. (d) PSD of samples (a)-(c) showing the
roughening after RIE and smoothing after ALE.

spectra, where we observe peaks corresponding to N-Nb (397.6 €V) and N-O (399.6
eV) bonds [31, 82, 112]. Figure 3.6¢c shows the F 1s spectra, where we observe a
single peak attributed to Nb-F (684.7 eV) bonding [154]. In Figure 3.6d, we report
the O 1s spectra with two subpeaks, corresponding to O-Nb (531.1 eV) and O-N
(532.4 eV) bonding [31, 112, 191].

After ALE, we observe a decrease in the magnitude of O-Nb and Nb,O5 components
compared to the original spectra. This decrease in oxygen content after ALE has been
observed in ALE of other materials [68, 74, 128, 185]. A F-Nb peak appears in the
F 1s spectra after ALE which was previously absent. The increase in fluorine after
ALE using a fluorine-containing plasma has also been observed in ALE processes
[19, 22, 44, 68, 185].

We quantified the elemental composition at the surface and bulk of the original and

ALE-treated films using depth-profile XPS. Figure 3.7 shows the atomic percentages
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Figure 3.6: Surface XPS spectra showing (a) Nb 3d, (b) N 1s, (c¢) F Is, and (d) O
Is spectra. The spectra is shown for (top) original and (bottom) ALE-treated NbN
films. The measured (gray dots) and fit spectra (black lines) intensity are reported in
arbitrary units (a.u.) against the binding energy on the x-axis. The y-axis ticks are
at the same intensity value for the original and ALE spectra within each element.

of Nb, N, F, O, and C elements versus Ar milling time and estimated depth for the
original sample and after 50 cycles of ALE. In Figure 3.7a, we report the surface
composition of the original sample as 38.4% Nb, 26.8% N, 27.9% O, 6.9% C, and
0% F. The composition of the original sample tends toward bulk values after 75 s of
milling. The bulk atomic fractions are ~ 56.2% Nb, 37.6% N, 6.2% O, 0% C, and
0% F.

The atomic percentages of Nb, N, and O follow qualitatively similar trends to those
reported in other XPS studies of NbN. Specifically, the O concentration is observed
to decrease from the surface value to the bulk value for a sufficiently long milling
time, while the Nb/N ratio increases from the surface values to a value below unity
in the bulk [24, 31, 82, 112, 191]. The surface spectra from carbon indicates the

presence of C-O and C-H bonds, typical of adventitious carbon originating from
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Figure 3.7: Atomic concentrations of Nb, N, F, O, and C versus Ar milling time and
estimated depth for (a) original and (b) ALE-treated NbN thin films. The uncertainty
for the data points is smaller than the size of the markers.
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exposure to ambient air [191]. Oxygen contamination in bulk is often seen in
sputtered polycrystalline Nb thin films [118, 120].

In Figure 3.7b, we report the surface composition of the ALE-treated sample as
44.8% Nb, 26.7% N, 11.3% O, 10.1% C, and 7.1% F. The composition of the
ALE sample tends toward bulk values after 75 s of milling. The bulk atomic
fractions are ~ 56.3% Nb, 37.9% N, 5.8% O, 0% C, and 0% F after 75 s milling
or ~ 3 nm. After ALE, the surface oxygen concentration decreases by 59%. The
surface fluorine is observed to increase after ALE which is consistent with prior
work [19, 22, 44, 68, 185]. The fluorine contamination is observed to drop to
below detection limits (< 0.1%) after 50 s of Ar milling (< 2 nm). The bulk
atomic concentrations before and after ALE are found to vary by < 6%. Thus, we
conclude that the effect of ALE is confined to the first few nanometers of the film

and negligibly affects the bulk chemical composition.

Cryogenic electrical properties

We investigated the effect of ALE and RIE on the electrical and superconducting
properties of the NbN films by measuring their resistivity from 5 to 20 K. A 30 nm
NbN film served as a reference. Another 30 nm film was etched using 50 cycles of
ALE to 21 nm. Finally, a 30 nm NbN film was etched to 22 nm using RIE. Figure 3.8
shows the measured resistivity versus temperature for the three films. The resistivity
at 20 K and T, of the original 30 nm film were found to be 259 + 10 uQcm and
11.21 + 0.07 K, respectively. The resistivity at 20 K for the ALE-treated film was
249 + 9 uQcm while for the RIE-treated film it was 257 + 10 uQcm. We also
measured TAME = 10.95 + 0.07 K and TR'E = 10.51 + 0.08 K.

While a decrease in T, with decreasing thickness is expected, we note that TAME >
TRE by 4.1% even though the RIE-treated film is thicker than the ALE-treated
film. We may estimate the 7, of the ALE film if it were the same thickness as the
RIE sample (22.1 nm) using a scaling law relating film thickness and 7, (see Eq. 1
in Ref. [77]). We calculate T}* = 11.05 K, corresponding to a 5.0% higher 7,
compared to the RIE sample of the same thickness. We attribute this difference
to the low-damage nature of ALE compared to RIE. This experiment goes a step
further than prior work [74] by directly comparing the electrical and superconducting
properties of samples treated by ALE and RIE, the latter being the state-of-the-art

etching technology for superconducting devices at present.

We now discuss the characteristics of our NbN ALE process in comparison to the
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Figure 3.8: a) Resistivity versus temperature for original 30 nm NbN film (blue
circles), 21 nm thick ALE-treated film (red squares), and a 22 nm RIE-treated NbN
film (green diamonds). b) Resistivity versus temperature plot with a truncated x-axis
to highlight the superconducting transitions. The dashed lines are guides to the eye.
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closest analogous processes, ALE of TiN. ALE of TiN has been reported using
two primary approaches: oxidation followed by fluorination to etch using volatile
fluorides at the same temperature [74, 106], and fluorination or chlorination followed
by thermal cycling to volatilize Ti-halides [130, 171]. The first approach achieves
atomic-scale control with EPCs between 0.20 A/cycle [106] and 2.4 A/cycle [74] at
200 °C. However, Ref. [106] uses HF vapor, which requires long purge times and
is not routinely available in conventional processing tools. The second approach
yields EPCs exceeding 17 A/cycle, which decreases processing times but lacks the
etch depth precision desired for surface processing. Further, the use of thermal

cycling can lead to impractical process times on conventional tools.

The present NbN process achieves an EPC of 1.77 A/cycle at 125 °C and is most
comparable to the TiN EPC of 2.4 A/cycle at 200 °C obtained in Ref. [74], which also
used an H,/SFg plasma instead of HE. However, the present recipe uses O, plasma
compared to the O, gas used in Ref. [74]. The use of O, plasma was necessitated
by the complex chemistry of Nb and the need to maximize the proportion of the
+5 oxidation state oxide. Our results indicate that O, plasma increased the Nb,Os
ratio by ~ 250% compared to O, gas. The increase in Nb,Os5 content led to a
reproducible etch per cycle over 50 cycles, which was not achievable using O, gas.
The temperature dependence of the EPC for the reported NbN ALE recipe has not
been studied and is an interesting topic for future work.

Our plasma-thermal ALE process may find potential applications in the etching
of NbN-based superconducting quantum devices such as microwave kinetic in-
ductance detectors, where the native oxide leads to cryogenic microwave loss that
presently limits device performance. On the basis of our XPS and resistivity mea-
surements, ALE-treated films have a reduced oxygen concentration while maintain-
ing unaltered bulk chemistry and electrical properties. These properties make ALE
promising for reducing the cryogenic microwave loss arising from the metal-air
interface and thereby improving the quality factor of superconducting microres-
onators. The present process could be used as a post-treatment process by removing
the few-nanometer-thick lossy surface region present after the primary etch pro-
cess. However, we also note that the process leaves a ~ 2 nm fluoride layer which
has an unknown effect on the cryogenic microwave loss. The smoothing effect and
Angstrom-scale EPC of the present process is also potentially relevant for fabricating
NbN-based single nanowire single photon detectors where the sidewall roughness

and other inhomogeneities negatively impact device metrics.
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Figure 3.9: NbN thickness change versus number with exposure to oxygen gas and
SFe¢/H; plasma.

Other attempted methods for ALE of NbN

The recipe reported in Section 3.2 was not the first iteration of an NbN ALE recipe.
Multiple other schemes were attempted to varying levels of success. They are
discussed chronologically.

At first, the exact TiN ALE recipe from Section 2.3 was used to etch NbN. The
etch characteristics of using the TiN recipe are shown in a thickness change versus
number of cycles plot in Figure 3.9. In the first few cycles, an etch was measured,
which then tapered off until ~ 1 nm was etched, after which the etch came to a stop.
Further XPS analysis indicated that the native oxide etched quickly, but the O, gas
in the oxidation step was unable to produce enough +5 oxide to keep the etch going,
ultimately leading to no more etching. Continuing with this recipe past 25 cycles
(not shown in Figure 3.9) eventually lead to a 0.3-0.4 nm increase in the thickness,

which is predicted to be the growth of fluorides.

Due to the challenge of growing a +5 oxide at elevated temperatures [187], the next
attempt used a thermal cycling method. The native oxide was found to be etched
successfully in prior attempts, so we tried to replicate the native oxide growth. The
idea is illustrated in Figure 3.10. The NbN sample was first etched in the in-situ HF
plasma at 300 °C, after which the sample was transferred to the loadlock where it
was exposed to ambient air at room temperature for 1 minute. The sample was then

loaded into the chamber to etch again and restart the cycle. Overall, this process
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Figure 3.10: Schematic showing the method used to etch NbN by oxidizing at room
temperature and fluorination in the plasma chamber.

created an etch rate of 1.1 A/cycle. However, the time per cycle was prohibitive at
~ 10 minutes/cycle. Etching a nanometer would take almost 90 minutes, and since
the process cannot be automated on the FlexAL, someone would have to stay there

the entire time.

Finally, one other method was attempted by adding a bias to the fluorination step,
keeping the oxidation step as molecular oxygen. The idea was that the increased
energy in the fluorination step would allow for etching of the lower oxidation state
oxides along with the Nb,Os. In addition to the 300 W plasma power, a5 W (3-7 V)
DC bias was applied to the in situ HF plasma. This process resulted in a linear etch
rate of 1.25 A/cycle over 40 cycles at 125 °C. However, the process had a synergy

of 77%, and further study was stopped to focus on the recipe in Section 3.2.

3.3 NbN ALD using TBTDEN and H, plasma

NbN ALD has been reported using NbCls, (tert-butylimido)-tris (diethylamino)-
niobium (TBTDEN), and Tert-butylimido tris(methylethylamino)niobium (TBT-
MEN) [88]. The first plasma-enhanced ALD (PEALD) of NbN was reported using
TBTMEN and an N,/H; plasma for use as metal gate electrodes in CMOS devices
[71]. Ref. [71] reported their lowest normal resistivity at ~ 1000 uQcm for a 20 nm
thick NbN film. The first superconducting ALD NbN was reported in Ref. [202]
with a maximum 7, of 10.2 K. Since then, the highest T, ever reported in NbN
PEALD literature was 13.7 K for a 37 nm thick film with a normal resistivity of
173 puQcm, achieved using TBTDEN and an H,/N; plasma [174]. TBTDEN pro-
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vides both niobium and nitrogen atoms, while the hydrogen plasma reacts with the

organic compounds (functional groups) of the precursor remaining on the substrate

surface.
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Figure 3.11: Resistivity versus temperature for 26 nm NbN ALD films grown with
different gas mixtures: 80 sccm H, and 20 sccm N; (red) and 80 sccm H; only
(blue). The y-axis is on a log-scale to accommodate the film without a transition.

The FlexAL in the KNI is fitted with TBTDEN, so that is the precursor used in this
thesis. The recommended tool recipe for PEALD NbN used a 1 s TBTDEN dose
time and a 10 s NH3 plasma time at 200 °C. Films were grown on Si using this
method and exhibited a resistivity of 45 Qcm and did not display a superconducting
transition above 2 K. Based on the PEALD NbN literature at the time [174], many
changes were made to the default recipe. Due to the lattice mismatch between Si
and NbN, a buffer layer on Si was used. At first a 100 nm sputtered SiO, buffer
layer was used, but its cryogenic electrical properties showed no difference from the
NbN on Si chip. Then, a 1.1 pm thermally grown SiO; buffer layer was used. This,
along with a change in the plasma chemistry from NH3 to H, was implemented.
In Figure 3.11 the resistivity versus temperature curves for two 30 nm NbN films
are shown. Both films were grown on a 1.1 nm thermally grown SiO; buffer layer
with a 3 s TBTDEN dose time and 15 s plasma time. The plasma was struck with
400 W ICP and a 30 W DC bias. The film grown with NH3 plasma (red) was not
superconducting, with a normal resistivity of 31.6 mQcm. The film grown with H,

plasma only resulted in the first superconducting NbN ALD film in this study with
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a T, of 9.78 K and a normal resistivity of 295 u€Qcm at 15 K. This film is referred
to as NbN 1 in Figure 3.12.
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Figure 3.12: Resistivity versus temperature for selected PEALD NbN films grown
under various conditions. Note that the x-axis goes from 9 — 15 K.

Figure 3.12 shows the resistivity versus temperature curves for various PEALD
NbN films grown under different conditions. All films in Figure 3.12 are ~ 60 nm
except for NbN 1 which is 30 nm. Multiple changes were made between NbN 1 and
NbN 2: the plasma time was increased from 15 s to 30 s, and the temperature was
increased from 200 °C to 300 °C. The plasma time increase was used to make sure
that the ALD process was in saturation and ensure that all the precursor had been
reacted with [174, 202]. The temperature increase has also been shown to reduce
resistivity and increase 7, by increasing the size of the crystal grains [174, 202].
These changes resulted in a 7, of 11.48 K and a normal resistivity of 155 pQcm in
NbN 2. NbN 3 followed the same recipe as NbN 2, except it was deposited at 400 °C
NbN 3 had the highest 7. in this study of 12.42 K, and the beat the lowest resistivity
ever reported in PEALD NbN literature (173 uQcm) with a normal resistivity of
140 puQcm. NbN 4 and 5 followed the same recipe as NbN 2 and NbN 3, but it was
deposited at 500 °C. NbN 5 was deposited on SSP sapphire instead of Si0,. NbN 4
had a 7. of 12.18 K and a normal resistivity of 284 u€cm. NbN 5 had a 7, of 12.33
K and a normal resistivity of 224 uQcm. The degradation in 7, and resistivity at

500 °C is thought to be due to the decomposition of the organometallic precursor at
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such high temperatures, along with the increased diffusion of oxygen into the film
from the vacuum background. Both issues would cause an increase in the carbon
and oxygen contamination leading to poorer film quality. Depth profile XPS would
have been ideal to justify these assumptions. However the MMRC Ar milling was

unavailable at the time of this study.

Figure 3.13 shows an 500 x 500 nm?> AFM scan of the NbN 5 film. The 62 nm film
was deposited over 1000 cycles resulting in a growth rate of 0.62 + 0.01 A/cycle.
The ALD NbN 3 had a surface roughness, R, of 0.26 + 0.04 nm, demonstrating the
low surface roughness of ALD NbN films.

1 nm

-1 nm
Figure 3.13: 500 nm X 500 nm AFM scan of 62 nm ALD NbN 5.

3.4 Fabrication of NbN/AIN/NbN junctions

Using the lessons learned from the junction fabrication in Section 4.4, we fabricated
all ALD SIS junctions. ALD provides two unique advantages over traditional de-
position methods by being able to deposit smooth thin films with minimal pinholes.
The work in this section was motivated by promising results shown in Ref. [184],
where they used ALD to deposit all the layers in NbN/AIN/NbN junctions with no
vacuum break. To summarize some key results, Ref. [184] obtained a subgap ratio
of Or ~47,Vgqp =4.2mV,and J. = 12 Alecm? for a junction with a 2 pm diameter.
While this paper used the junctions in qubits, we were interested in the fabrication of
ALD junctions for use as SIS mixers. To this end all ALD NbN/AIN/NbN junctions

were fabricated in the KNI using the same final design as Figure 4.14. A summary
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is provided in this section and further fabrication process details are covered in
Section 4.4.

The fabrication started with building the NbN/AIN/NbN trilayer. Due to the poor
superconducting properties of NbN on Si films grown using ALD, as shown in
Section 3.3, films were grown on thermally oxidized Si quarter wafers. High
resistivity Si wafers (100) were thermally oxidized to grow ~ 800 nm SiO,. Due
to previously observed overetching into Si, which led to many open devices in
Section 4.4, a 30 nm AIN layer was deposited on the SiO; to act as an etch stop.
The Si0,/Si wafers were cleaned by sonicating in acetone for 10 minutes and then
rinsing in IPA and water. After cleaning, the wafer was loaded into the ALD
chamber. Without any vacuum break, four layers are sequentially deposited on the
Si0O;. First 30 nm of AIN is deposited as the etch stop, followed by 50 nm NbN
for the bottom electrode, followed by 1-2 nm AIN for the junction barrier, and
finally 50 nm NbN for the top electrode. The uncertainty in the thickness of the
AIN barrier comes from the fact that the growth rate of AIN on top of NbN had not
been characterized. Based on the growth rate of AIN on SiO;, a 2 nm thick barrier
was predicted, but ellipsometry measured a 1.1 nm thick barrier. Due to the thick
metals in the stack ellipsometry is not reliable for this measurement and some sort
of cross-section imaging would be necessary to measure the true thickness of the
barrier. However, such a measurement was not in the scope of the project. After

trilayer deposition, the wafer is ready for patterning.

Before any of the devices can be defined, alignment markers have to be deposited.
Liftoff with S1805 photoresist was used to pattern a stack of 10 nm Ti/100 nm Au
for both photo- and e-beam lithography alignment markers. Alignment markers are
followed by the mesa etch. The mesa etch was used to define the ground plane
(bottom electrode NbN) and remove metal from all unnecessary areas. AZ10XT
photoresist was used to define the etch areas, and an SFg/Ar RIE is used to etch
away the NbN and AIN layers. The plasma parameters are 50 sccm SF¢ and 50 sccm
Ar at 10 mTorr and 30 °C, with plasma power of 600 W ICP and 60 W RF for 8
minutes. The RIE recipe was found to etch NbN at a rate of 25 nm/min and AIN at
I nm/min. After the mesa etch, a 3 minute oxygen ash was done to remove the burnt
photoresist. The first set of devices failed due to improper removal of the burnt
photoresist. Hardened resist around the edges led to fencing around the bonding
pads and eventually caused the wiring trace to break from the contact pads upon

thermal stress from cooling and heating the chips in a He dewar. The thermal stress



Figure 3.14: Optical microscope image of the first ALD SIS junction run showing
the broken wiring trace which led to open connections to the bonding pads. The red
circles are used to highlight the open connections.

was caused accidentally when the chips were wirebonded improperly and needed to
be taken out of the dewar to re-wirebond. In the second run a 10 minute isotropic
ashing was done to remove the burnt photoresist prior to stripping in heated Remover

PG. The mesa etch was followed by junction definition.

For the junction definition step, the junction areas were patterned by e-beam pattern
generation (EBPG) using ma-N 2405 negative tone e-beam resist. The top electrode
was etched using the same SFg/Ar RIE from the mesa etch, but with a 3 minute etch
time. After etching away the top electrode, an interlayer dielectric (ILD) of 200 nm
SiO, was evaporated. The ILD was patterned using the same resist from the junction
etch and finally lifted off in heated Remover PG. The self-aligned liftoff was used to

minimize the number of steps that require EBPG and improve alignment accuracy.

Finally, the wiring trace is deposited to connect the bonding pads to the junctions.
The wiring was initially patterned by liftoff using S1813 photoresist. To account
for trenching, overetching and fencing caused by prior fabrication steps, a 400 nm
Nb wiring layer was used. However, the sputtering of such thick metal led to liftoff
issues in the first run. In the second run a bilayer resist using LOR5SA and S1813

was used for the liftoff with no issues.

The first set of devices had broken connections due to fencing around the contact
pads. 9 out of 12 junctions were open when measured, 1 was shorted and 2 showed

washed out IVs with a very high series resistance of ~ 60 Q. An image from the



Figure 3.15: Optical microscope image showing a fully fabricated chip with 12 SIS
junction.

first ALD SIS run is shown in Figure 3.14 with red circles highlighting the broken
connections. The source of the high series resistance is still unknown. Due to
these issues, a second set of devices were fabricated as shown in Figure 3.15. The
yellow is the ground plane, white is the Nb wiring layer, and pink is SiO;. The
colors are what is naturally seen under the microscope. A zoomed image is shown
in Figure 3.16, where the 3, 2, and 1 pm square junctions are visible underneath the
Nb wiring trace.

The second set of junctions were measured very close to the day of the defense,
so the data was included in the thesis after the defense. Out of the 12 junctions
measured 4 were shorted, 6 junctions showed regular SIS behavior and 2 junctions
showed strange behavior with Josephson tunneling at zero bias but shorting at higher

voltages. Before moving on to the analysis, the lack of open junctions in the latest



Figure 3.16: Optical microscope image showing the ground plane (yellow), junctions
and the wiring to access the junctions on a fabricated chip.

set is exciting as it signifies that the final fabrication process is more robust with
no breaks in the wiring. Both 500 and 250 nm junctions were shorted and both
750 nm junctions showed shorting at non-zero voltage. This would suggest that the
barrier is too thin or transparent and unable to insulate the high current density for
the sub-micron junctions. The 3, 2, and 1 um junctions had SIS IV curves, with the
2 and 1 pm junctions exhibiting the best quality. The 3 pm junctions had a subgap
ratio ~ 1. The 2 pm junctions had subgap ratios of 9 and 10, and a Vg, ~ 2.3
mV. The 1 ym junctions had subgap ratios of 8 and 12, and a V,,, ~ 2.0 mV. The
IV curves for one 2 pm and one 1 pm junction are shown in Figure 3.17. The
IV curves show promising SIS behavior under zero magnetic field. However, the
Josephson critical current is quite high compared to Ref. [184] and does not scale
inversely with junction area as expected. Further, the critical current could not be
fully suppressed in a magnetic field (measured upto 20 mT). The Josephson critical
current was found to oscillate without being fully suppressed. Figure 3.18 shows the
same junctions from Figure 3.17 with the external magnetic field set to minimize the
Josephson critical current. Suppressing the Josephson current is necessary to obtain
quantum-limited QP noise in SIS mixers, so the inability to suppress the Josephson
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Figure 3.17: Current-voltage plot of 2 and 1 pm junctions from the second ALD
NbN/AIN/NDN fabrication under no magnetic field.

current is a significant concern in these junctions. The strong Cooper-pair tunneling
here would suggest that the barrier is in a parallel connection with either a short
or some conductive regions. Such an effect may arise from pinholes or barrier
thickness non-uniformity. We hypothesize this issue likely stems from the use of a
thin AIN barrier (< 2 nm thick) in the junctions. To remedy this issue, a thicker (4 —
5 nm) and more insulating barrier like Al,O3 should be investigated in future work.
The growth rate values for this run were calibrated on Si, but it is now understood
that more accurate growth rate values are needed for such thin barriers. Therefore,
the growth rate and film quality of the barrier on NbN needs to be studied between
10 — 50 cycles.

3.5 Conclusion

We have reported a plasma-thermal atomic layer etching process using sequential
exposures of O, plasma and Hy/SFg plasma. O, plasma exposure yields a higher
fraction of Nb,O5 compared to O, gas exposure, enabling subsequent volatilization
by H,/SF¢ plasma. The H,/SFg plasma selectively etched Nb,Os over NbN for
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Figure 3.18: Current-voltage plot of the 2 and 1 pm junctions from Figure 3.17 with
the magnetic field turned on and tuned to minimize the critical Josephson current at
zero voltage.

suitable flow rate ratios. The etch rate was measured to be 1.77 A/cycle at 125
°C. We observed a smoothing effect from ALE, corresponding to a 55% reduction
in RMS roughness after 50 cycles, along with a 59% reduction in surface oxygen
concentration. We also find that the 7, of an ALE-treated sample is higher than that
of an RIE-treated sample of a similar thickness, highlighting the low-damage nature

of the process.

We also report a plasma enhanced atomic layer deposition process using TBTDEN
and H, plasma for growing superconducting NbN. We optimized the substrate
temperature for growth and the plasma chemistry for maximizing 7, and minimizing
resistivity. The best films were deposited at 400 °C with a H, plasma at a growth rate
of 0.62 A/cycle. The optimized films exhibited a T, of 12.42 K, normal resistivity
of 140uQcm, and R, = 0.26 nm. There is further room for optimization by varying
precursor dose times, plasma times, and plasma power. The NbN ALD recipe

was then used to fabricate SIS junctions with subgap ratio ~ 10. Other important
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characterizations that are planned for the future, are measuring the growth rate and
dielectric constant of thin (1-4 nm) dielectrics such as AIN and Al,O3 on NbN.

We anticipate that the ability to engineer the surface of NbN films on the Angstrom-
scale will facilitate applications of NbN in not just SIS mixers, but also for other
superconducting quantum applications such as SNSPDs and MKIDs.
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Chapter 4

NOVEL ETCHING CHEMISTRY FOR BORON AND
MAGNESIUM DIBORIDE

4.1 Introduction

Magnesium diboride (MgB») is a metallic compound first identified in the 1950s.
Its crystal structure is shown in Figure 4.1, which consists of hexagonal boron
planes separated by magnesium atoms atop the center of each hexagon. However,
superconductivity in MgB, is a more recent discovery. In 2001, bulk MgB, crystals
were found to have a T, of 39 K [137], the highest 7. of all phonon-mediated
conventional (BCS) superconductors at atmospheric pressure. However, its T, is
quite close to the McMillan limit for BCS superconductors [124], which led some

early papers to consider MgB5; as an unconventional superconductor [16].
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Figure 4.1: Crystal structure of MgB, showing hexagonal B layers in between Mg
layers. The Mg atoms are located in the middle of the B planes. (Figure from
Ref. [192]. Copyright Elsevier 2002)

MgB, was the first observation of multi-gap superconductivity, with a w-gap of
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~ 2 meV and a o-gap of ~ 7 meV [16]. Afterward, it was shown that the 7-band
exhibited Type-I behavior and the o--band exhibited Type-II behavior, which has led
to MgB, being called a "Type-1.5" superconductor [133]. The presence of the two
bands implied that the superconducting properties would fall somewhere between
the BCS predictions for the individual bands. However, subsequent experiments
indicated that the contribution of the two bands to the superconducting properties is
dependent on the crystal structure of the film [158]. There is a "clean" limit where
both gaps are distinct and the superconducting properties are dependent on the axis
of excitation. At the other end there is a "dirty" limit where the superconducting
properties are independent of the excitation direction, exhibiting properties that are
the average of the two gaps. While the upper limit of the 7, is suppressed in the
"dirty" limit, it allows for simpler device architectures where the film can be biased

in any direction to access the superconducting properties.

The use of high T, superconductors in superconducting electronics has many ad-
vantages such as higher operational temperature and lower cooling costs, higher
frequency operation, and operation at higher magnetic fields (H.(0) o Ay oc T,
from BCS). These effects should enable devices made from MgB; to be more re-
silient to external factors like thermal noise and stray radiation. Even though MgB,»
thin film thermodynamics and deposition methods have been studied extensively
[16, 138], practical applications have yet to be mainstream due to the lack of wafer-
scale films, poor reproducibility of films, and difficulty in film patterning. One
of these issues has been successfully tackled by Microdevices Lab (MDL) at the
Jet Propulsion Laboratory (JPL) [93], where they reported reproducible wafer-scale
sputtering of MgB, with 7. ~ 32 K and low surface roughness of R, = 0.48
nm. They also fabricated MgB, coplanar waveguides with internal quality factors
Q; ~3-10* at 4.2 K [62]. These results show new promise for the use of MgB; in

superconducting electronics.

The MgB, wafers from JPL warrant further discussion as they are used to test the
etching chemistry and fabricate devices in Sections 4.2 and 4.4. The deposition is
detailed in Ref. [93], and a brief overview is described here. The process starts
with a 100 mm Si wafer with 30 nm low-stress PECVD SiNx. Mg and B are then
co-sputtered on top of the SiNy to form 40 nm of MgB,. After which, a 30 nm thick
B cap is deposited to passivate the film when exposed to air. The B cap also acts as
a crack-free, viscous capping layer when the sputtered film is annealed afterward in

a nitrogen environment at ~400 °C. The completed stack is shown in Figure 4.2.
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SiN,

Si substrate

Figure 4.2: High-angle annular dark-field scanning tunneling electron microscope
(HAADF-STEM) image of 40 nm thick superconducting MgB2 thin film with a
30 nm boron cap layer on a high-resistivity silicon wafer with a 30 nm silicon
nitride buffer layer, showing sharp interfaces. (Reprinted from Ref. [93], Copyright
American Chemical Society.)

Due to the nature of the film stack, device fabrication requires an extra etch step to
remove the B cap to access the MgB, underneath. It is important that the etch to
remove the B cap is chemical, with some selectivity to the MgB, underneath. A low-
damage chemical etch is also important so that the MgB, surface is not damaged
and surface roughness is not increased by the etch. An aggressive physical etch
will result in degraded superconducting properties and increased surface roughness.
This will in turn impact the performance of devices such as microresonators or
SIS junctions, which are sensitive to interface and surface loss. The current etch
method for removing the cap is either Ar milling which is entirely physical, or BCl3
RIE which forms undesirable non-superconducting MgCl,. To address these issues,
a new etch chemistry is needed that can chemically etch off the B cap with low

damage, maintain low surface roughness, and preserve the film 7.
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4.2 H, plasma etching of Boron and MgB,

In this section we discuss a novel approach to etch the boron cap and the underlying
MgB, using hydrogen plasma. First, we discuss current methods used in the etching
of MgB,. Magnesium salts such as oxides and fluorides have high stability and
melting points, which is why oxygen and fluorine chemistry is avoided during
MgB, etching. This means that common etching gases such as SF¢, NF3, CF,4, and
CF,Cl; have to be avoided. Heavier halogens such as chlorine and bromine however,
have been used to etch MgB, due to their increased magnesium halide (Mg(Ha),)
vapor pressure compared to MgF, [169]. Figure 4.3 shows the vapor pressure versus
temperature for different magnesium halides. It shows that the heavier halides still
need temperatures around 400 °C to achieve etch rates, R ~ 1 A/s. This value can
be estimated using by calculating the maximum molecular flux (J) at 400 °C using
the Hertz-Knudsen equation, and then plugging J into Equation (4.2) to obtain the
theoretical maximum etch rate R. In Equations (4.1) and (4.2), M is the molar mass,
N4 is avogadro’s constant, P is pressure (Pa), R is the gas constant, p is the density
of the film (kg/m?), and T is temperature (K).

PN
J=—4 4.1)
2TMRT
IM
R=-"-10° (nms™") (4.2)
PN

However, etching is typically performed at lower temperatures (< 200 °C) using a
plasma. Under these conditions most of the MgB, etching is dominated by physical
etching, even though there may be a small chemical component. This explains
why most of the MgB, etching in literature uses Ar or focused ion beam (FIB)
milling to avoid the creation of magnesium halides that degrade superconducting
performance [16, 138]. However, physical etching of MgB, also has its downsides,
such as re-deposition of sputtered atoms which lead to increased sidewall and
surface roughness. The use of high energy atoms in physical etching can cause
micro-trenching near waveguides, and the embedding of other atoms such as Ar or
Ga in the film structure can lead to local variations in superconducting properties
[8, 170]. Cl, and BCI3 plasma are routinely used at JPL to etch the B cap and
underlying MgB, film [62]. However, post-processing has to be done to account
for chlorine damage and diffusion into MgB,. Etching is typically followed by
quenching in a buffered oxide etch solution (HF-BOE). The quench is followed by

milling to remove the surface MgCl, before a top electrode or some other layer can
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be deposited on top of the MgB,. To tackle these downsides, we investigated a new

chemistry to etch the B cap and MgB; using hydrogen plasma.
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Figure 4.3: Calculated vapor pressure for magnesium halides, Mg(Ha), versus
temperature. Reprinted from Ref. [169], Copyright The Japan Society of Applied
Physics

The motivation for etching MgB, using H, plasma is two-fold. The first motivation
is that the etching could be entirely chemical as the reaction mechanism is predicted
to follow Equation (4.3). The expected etch products are volatile BHy compounds
and MgH,. MgH, is then known to decompose above 300 °C into H, gas and Mg.
Mg is volatile at 300 °C with a partial pressure of 3 mPa [57, 164], which should

result in a maximum etch rate of ~ 1 nms~".

MgB, + 4 H, — MgH, + B,Hg (4.3)

The second motivation is the use of hydrogen plasma to chemically etch off the
boron cap used. The boron cap is expected to etch rapidly by forming volatile BH3
or BoHg, resulting in some etch selectivity with the underlying MgB,. This would

allow for a low-damage removal of the Boron cap to access the MgB, underneath,
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as opposed to removal in a BCl3 plasma which will result in the formation of
non-volatile MgCl, [62].

Before moving on to the results, the methodology needs to be addressed. All
measurements and experiments were carried out in the Kavli Nanoscience Insti-
tute (KNI), unless noted otherwise. Ellipsometry was performed ex situ on a J.A.
Woolam M2000 ellipsometer. Evaporated films were deposited using an AJA In-
ternational ATC Orion Series e-beam evaporator. Sputtered films were deposited
using an AJA UHV Orion dielectric sputter system, named the dielectric sputter
in the KNI. Dry etching was done on an Oxford Instruments Plasma Technology
Plasmalab System 100 ICP-RIE 380 system, named the III-V etcher in the KNI.
Surface morphology and step heights were characterized on a Bruker Dimension
Icon atomic force microscope (AFM) using PeakForce Tapping mode. The raw
height maps collected on the AFM were processed by removing tilt using the Bruker
Analysis linear flatten function. Surface roughness and power spectral density
(PSD) were calculated from plane-fit height maps using procedures outlined in the
previous literature [19, 54]. Film composition was characterized using X-ray photo-
electron spectroscopy (XPS) performed on a Kratos Axis Ultra X-ray photoelectron
spectrometer using a monochro-matic Al Ka source at the Molecular Materials
Resource Center (MMRC). Cryogenic electrical measurements were performed on
a Quantum Design DynaCool Physical Property Measurement System (PPMS) at
the Rosenbaum lab, and at JPL by Jonathan Greenfield, Daniel Cunnane, and Jacob
Kooi. Oxygen ashing was performed on a Tergeo Plus Plasma Cleaner under the
direct mode. Photolithography was carried out using a Suss Contact Mask Aligner
MAG using h-line (405 nm) exposures. E-beam lithography was carried out on a
Raith EBPG 5000+.

Due to the lack of an ellipsometry model for MgB.,, thickness measurements have
to be made physically by measuring the height of the stack to some standard. To
accomplish this, the MgB, chips are hardmasked with Ti. The chips were dehydrated
using an oxygen ash and then spun with S1813 photoresist. After exposure and
development, the resist was coated with 25 nm of Ti. Liftoff was carried out in
Remover PG to establish the hardmask. A blank Si chip was also put into the
evaporator as the same time as the patterned chip to create a blank sister sample.
This sister sample is inserted into the etcher together with the patterned MgB, chip.
The change in thickness of the sister sample is measured using ellipsometry by

fitting to a Lorentz model for Ti. This measurement allows for calibrations to the
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change in thickness of the Ti hard mask. While Ti is etch resistant to hydrogen
plasma, some physical etching is possible. Over all the etch runs, the Ti hard mask
was found to etch between 0.5 — 1 nm over 30 minutes of plasma exposure. Before
etching, the patterned sample was taken to the AFM to measure the step height.
Step heights are measured over five random steps on the chip to generate standard
deviation values. After etching, the same five steps are measured to calculate the
etched thickness. This cycle of measurements is repeated across different etching

parameters and chips.
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Figure 4.4: AFM scan showing the side profile of a step height before and after a
20 minute H; plasma etch at 350 °C.

H; plasma etching was first tested at 350 °C. A 50 sccm flow of Hy was used to
strike a plasma at 20 mTorr pressure with power settings of 1000 W ICP and 100 W
bias. After 10 minutes of plasma exposure, a 25.64 + 0.11 nm decrease in the step
height was measured, corresponding to an etch rate of ~ 2.6 nm/min. After 10 more
minutes of etching, a total step height change of 41.8 + 0.59 nm was measured, as
shown in Figure 4.4. The final step height now corresponds to etching 30 nm of B

and 11.8 nm of MgB,. These etched thicknesses would imply an MgB, etch rate of
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~ 1.39 nm/min, and a B:MgB; selectivity of 1.85. This result is our first evidence of
a successful new etch chemistry for MgB,. However, there were concerns of etching
at 350 °C, as the thermal budget of the standard MgB, device fabrication was 150
°C. This brings us to an important caveat of processing MgB,, the degradation of

its superconducting properties.
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Figure 4.5: AFM scan showing the side profile of a step height before and after a
30 minutes and 60 minutes of H, plasma etching at 125 °C.

Multiple studies have demonstrated an increase in resistivity and change in the
magnetic properties of unpassivated MgB, films upon prolonged exposure to water
and ambient air [165, 195]. This is thought to be due to the unstable oxide/hydroxide
formed by MgB; in air, which may not be self-limiting [92]. To understand the
effect of the hydrogen plasma at 350 °C we also did XPS analysis of the 350 °C
etched films. The results showed oxygen contamination at least 9 nm into the film
and ~ 40% oxygen concentration at the surface. The high oxygen contamination
depth is thought to result from the increased diffusion length of oxygen at higher
temperatures and from the base oxygen contamination in the etching chamber. To

address these concerns two major changes were made before further testing was
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done. First, the etching temperature was dropped to 125 °C. Second, before running
the Hj etch, an oxygen scrub pre-treatment was run in the chamber. The treatment

consisted of three main steps.

1. Hj plasma for 5 minutes at 100 mTorr, 125 °C using 80 sccm flow, 2000 W
ICP and a 50 W bias. The hydrogen radicals are expected to react with oxygen

and fluorine in the chamber.

2. 100 sccm Ar flow for 5 minutes at 100 mTorr. Similar to a kinetic bakeout,
the atoms in the high energy tail of the boltzmann distribution are expected
to knock off water from the chamber walls formed by the hydrogen plasma in

the previous step, and help reduce the base pressure of the chamber.
3. Pump for 2 minutes

4. The process is repeated three times.

Under these new conditions, the etch was repeated at 125 °C at 20 mTorr with 80
sccm Hy and plasma parameters of 1000 W ICP and 40 W bias. The bias was
decreased to reduce physical sputtering and reduce surface roughening. The results
are shown in Figure 4.5. Step height was measured after 30 minutes of etching,
etched again for another 30 minutes and then measured once more. Based on the etch
depth of 19.1 + 0.62 nm after 30 minutes and 34.1 + 0.55 nm after 60 minutes, the
estimated etch rates are 0.64 nm/min and 0.31 nm/min for B and MgB, respectively.
This would imply an etch selectivity of 2.1 between B and MgB,. Etch rates at other
plasma powers were also measured. The results are shown in Table 4.1, where the
etch rate for B is listed, and the B:MgB, selectivity to MgB, is written wherever
it was measured. The etch recipe using 1000 W ICP and 15 mTorr pressure was
selected for more detailed study as it exhibited the highest selectivity at a reasonable
etch rate. Surface morphology and chemistry results in the rest of the chapter are

based on the recipe in bold in Table 4.1.

Surface roughness of H, etched MgB, films

Figure 4.6 shows AFM scans for the same MgB, before etching, after 30 minutes of
etching (almost through the B cap), and after 50 minutes of etching (through the B
cap and slightly etched into the MgB,). The AFM scans shown are 500 nm x 500
nm. The original film had R, ~0.34 nm. After 30 minutes of etching most of the

B cap is removed and the top surface is expected to be near the B-Mgb, interface.
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Table 4.1: Measured etch rate of the B cap under various H; plasma parameters.

Temperature | ICP power | Pressure B etch rate | B:MgB,
(°O) W) (mTorr) (nm/min) selectivity
350 1000 20 2.6 1.85

125 1000 20 .64 2.06

125 2000 10 1.50 -

125 1000 10 1.20 -

125 1000 15 0.95 2.15

125 800 15 0.67 -

At this interface the RMS roughness increased to 0.39 nm from the etching. After
another 20 minutes of etching, the MgB, had been exposed and we had etched ~ 8
nm into the MgB,. At this point the surface roughness was measured to be 0.38 nm.
Larger scans over a 2 pm X 2 pm area measured higher R, values of 0.41 and 0.45
nm after 30 and 50 minutes of etching respectively. These measurements show an
increase in the surface roughness after etching, however, the roughness is still low

~ 0.5 nm, which is suitable for junction fabrication.

Passivation effect of magnesium hydride

We then measured the cryogenic resistivity of the etched samples as a function of
temperature, to investigate how the H, plasma etching would affect the 7, of the
underlying film. The results are shown in Figure 4.7. The original film has a sheet
resistance of R°X = 39.4 Q/o and T, = 28.6 + 0.2 K. After etching 8 nm into
MgB,, the sheet resistance increased to R§0 K=-49.1Q /0, which is consistent with
a 20% decrease in the MgB, thickness. The T, of the etched film was found to
be 28.3 + 0.6 K, which is a < 2% decrease from the original film. However, the
transition width increased threefold. The etched sample was then stored in ambient
conditions for 2 months (63 days), after which it was measured again. The sheet
resistance was found to be slightly higher at R)°K = 49.7 Q/n0, and T, was found
to be 28.3 + 0.6 K. These results indicate that the change in 7;. and sheet resistance
upon etching with H, plasma is consistent with the change in thickness. However,
the large increase in the transition width is yet to be understood. Surprisingly, we
also found that the H; etching left the film with some hydride barrier capable of

preserving T, and R, for at least 2 months.

To understand the source of the passivation, depth-profile XPS was performed. Since

hydrogen cannot be measured on XPS, a proxy was used. We looked at the change in
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Figure 4.6: AFM scans showing height-maps of (a) original MgB, sample, (b) after
30 minutes of H; etching, and (c) after 60 minutes of H; etching.

B:Mg ratio versus milling depth to examine how thick of an interface was left behind
by the H; plasma. The results are shown in Figure 4.8. The B:Mg ratio was found to
increase above 2 between 5 — 7 nm. These results indicate that the hydrogen plasma
left behind a ~ 6 nm thick hydride interface. The high oxygen concentration (22%)
at the surface implies that the surface is not just a hydride but likely a hydroxide. We
hypothesized that the hydroxide is created upon exposure to air and water vapor, and
is not an inherent quality of the hydrogen plasma etching. Based on the passivation
effect of the magnesium hydride, we were interested infabricating an SIS junction
using the hydride as the tunneling barrier. The results of using a hydride barrier are

discussed in Section 4.4.
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Figure 4.7: a) Sheet resistance versus temperature curves for an unetched MgB,
film, an etched MgB, film measured the same day, same etched film measured
after 2 months. b) Same plot as a) but with a truncated x-axis to better show the
superconducting transition.
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Figure 4.8: Atomic concentration versus estimated milled depth showing the con-

centration of boron (blue), magnesium (red), and oxygen (black) species.
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Figure 4.9: Sheet resistance versus temperature data for sample 1, which is the
standard 40 nm film used in device fabrication, taken at varying magnetic fields

from O to 9 T. The lines are guides to the eye.
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Figure 4.10: Sheet resistance versus temperature data taken at varying magnetic
fields from O to 9 T for sample 2 which is 80 nm thick. The lines are guides to the
eye.
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Figure 4.11: Sheet resistance versus temperature data taken at varying magnetic
fields from O to 9 T for sample 3 which is 80 nm thick and annealed at 650 °C. The
lines are guides to the eye.
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4.3 Measuring the coherence length of MgB,

The coherence length of the JPL. MgB, wafers are characterized in this section. A
crucial parameter for designing SIS junctions is the coherence length (&) of the
superconductor used. The coherence length sets the length-scale across which the
superconducting wavefunction extends outside the material. Since an SIS junction
is based on the tunneling of QPs from one electrode to the other, there has to
be some overlap of the two superconducting wavefunctions. This would imply
that the junction barrier thickness should be at most the coherence length of the
superconductor, otherwise the tunneling current will be suppressed. One way to
measure the coherence length of a superconductor is measuring its critical field.
Since MgB, has type-II characteristics, it has both an upper and lower critical field.
The coherence length is related to the upper critical field (H.) by GL theory. The
expression is shown in Equation (4.4), where the coherence length and upper critical

h 1
=\ /— (4.4)
0 2e poHeo 0

While Equation (4.4) is relevant, it is impossible to measure the upper critical field

field are measured at O K.

at 0 K. Here we turn to temperature dependent models which describe the behavior
of the field-temperature phase transition curve at finite temperature. Unlike Type-I
superconductors, there is no universal model for the temperature-dependent upper
critical field H.>(T). One promising model is the Werthamer—Helfand—Hohenberg
(WHH) model for dirty-limit type-II superconductors, commonly used for high 7,
superconductors [90, 188]. The relevant equation from WHH model is given in

Equation (4.5), where we use By = poH,».

dBcZ
Boo=069T, - 4.5
2,0 ( T )Tc 4.5)

However, the modeling for MgB, is further complicated by the fact that it is not a
type-I superconductor. It mostly exhibits type-1I behavior, but it is also not a typical
type-II superconductor, and a modified two-band theory is required for accurate
modeling of the field-temperature phase diagram [65, 141]. In this work we will use
Equation (4.5) which has been shown to lead to an underestimate of B, o for MgB,
[65]. An underestimate of the upper critical field will then result in an upper bound

for the coherence length.
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Figure 4.12: B, versus temperature shown for MgB, Samples 1, 2 and 3 (blue

squares, diamonds and circles), Nb[194] (red triangles) and NbTiN[104] (green
triangles).

The field versus temperature curves for three different MgB, samples are shown in
Figures 4.9 to 4.11. The different samples were made by Jonathan Greenfield (JPL).
Sample 1 is the standard film used in device fabrication in Section 4.4. Sample 2
is 80 nm thick and annealed at the same temperature as sample 1, and sample 3 is
80 nm thick and annealed at 650 °C. T, was measured at varying magnetic fields
from O to 14 T, to calculate B, . Different films were measured to investigate the
ability to tune the coherence length by varying deposition parameters. The axes for
all three figures are kept constant to make comparisons easier. Before looking at the
field-T; plot, it can be observed that samples 2 and 3 experience a larger drop in 7,
than sample 1 when magnetic field is increased. Qualitatively it is also visible that

the transition width increases with increasing magnetic field.

The data from the sheet resistance versus temperature curves has been summarized
in Figure 4.12, showing the upper critical magnetic field versus the critical transition
temperature. The upper critical field B, values were calculated by fixing the mag-

netic field and measuring the temperature at which the superconducting transition
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Table 4.2: Superconducting parameters of MgB, samples 1-3, Nb and NbTiN

T. (K) | Beao (T) | &o (nm)
Sample 1 30.4 £ 0.19 39.2 29
Sample 2 31.1 £0.15 24.4 3.7
Sample 3 32.8 £0.12 30.1 33
Nb[194] 7.6 2.64 11.2
NbTiIN[104] 13.8 22.0 3.9

occurred. Figure 4.12 also shows the field-temperature phase boundary for Nb and
NbTiIN thin films. The figure shows the existence of a new region of phase-space
accessible to devices based on MgB,, which can access temperatures between 15
and 30 K, while simultaneously operating in fields up to 14 T (depending on the
temperature). The blue curves in Figure 4.12 were used to calculate B, using
Equation (4.5), and finally ¢ using Equation (4.4). The calculated quantities are
listed in Section 4.3 along with the 7., B2 o and &y for Nb and NbTiN. The table
shows that the standard sample has the highest upper critical temperature of almost
40 T at zero temperature, and the lowest coherence length of 2.9 nm. The 400 °C
annealed 80 nm sample has the lowest upper critical field of ~ 24 T and the highest
zero temperature coherence length of 3.7 nm. This data would suggest that thicker
MgB, annealed at lower temperatures would be ideal for enhancing the coherence

length, which is optimal for fabricating SIS junctions.

4.4 MgB; SIS junction fabrication

The Minnich lab from Caltech worked with Daniel Cunnane, Jacob Kooi and Clifford
Frez from JPL as part of a collaborative effort to make SIS junctions for THz
mixers using MgB, as the ground plane (bottom electrode). C. Frez fabricated the
junction devices, which were characterized by D. Cunnane and J. Kooi. Both groups
fabricated MgB,/Nb hybrid junctions with different barriers. JPL fabricated and
tested multiple devices with three different barriers: MgB, native oxide MgBOy,
aluminum nitride, and aluminum oxide barriers. At Caltech, we made junctions
using the hydride barrier left behind by the removal of the B cap using H, plasma,
as discussed Section 4.2. The main difference between the two efforts was that JPL
used a Cl,/BCl; plasma or Ar milling to remove the B cap and sputtered Al based
barriers, whereas we used H, plasma to remove the B cap and used the hydride

passivation left behind by the H, plasma as the junction barrier.
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A summary of the results of the JPL work is provided here to contextualize the H,
plasma etching. In their fabrication process, the B cap is removed with physical
etching, either Cl,/BCl3 RIE or Ar milling. The wafer is then walked from the
etcher to the sputtering tool which (takes a few minutes) and results in growth of a
native oxide. The oxide is then sputtered off in situ prior to depositing the Al-based
barrier and subsequently the top electrode. Only about 8% of 225 measured junctions
fabricated at JPL over multiple runs were measured to have SIS characteristics. Most
of the measured junctions turned out to be superconductor-insulator-normal metal
(SIN) junctions, where we assume that the MgB, is exhibiting metallic properties
instead. An example of the measured SIN curves are shown in Figure 4.13. The
hypothesized root cause is difficulty depositing a good barrier on the MgB, interface,
either due to damage caused to MgB; during B cap removal, in situ ion milling prior
to Nb deposition, or due to pinholes in the barrier caused by Nb deposition. These
potential issues are thought to be too damaging to the MgB, underneath, resulting
in washed out SIS junctions or SIN junctions. These issues make the H, plasma for

B cap removal even more appealing.

We will now focus on the Nb/MgB, hybrid junction fabrication process at Caltech.
The full fabrication process can be broken into a few main steps. The first step is
to build the trilayer. This involves removing the B cap with H, plasma, treating the
hydride, and depositing Nb for the top electrode. The next key step is a mesa etch
to remove metal from all parts of the wafer except regions of interest, to prevent
shorting or stray fields. The next step is to define the junction areas and insulate the
junctions from each other, as well as to insulate the wiring layer from the bottom
electrode with an interlayer dielectric (ILD) or interconnect insulator. The final step
is to deposit the wiring Nb to connect the top of the junction to the bonding pads.
The final expected trace is shown in Figure 4.14. The red areas are connected to the

bottom electrode and the blue areas are connected to the top electrode.

Trilayer definition

The first step started with MgB, on low-stress SiNy wafers prepared similar to
Ref. [62]. The wafers were then scribed into quarters, and all the masks and process
parameters are optimized for dealing with quarter wafers. To quickly recall, the
wafers are coated with a B cap for the annealing step. This brings us to the first step
of the trilayer fabrication: etching the boron cap. The B cap was etched following
the results in Section 4.2, with a 1000 W ICP and 30 W RF bias H, plasma at 15
mTorr and 125 °C. The 35 minute etch is expected to etch 30 nm of B with 1-2 nm
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Figure 4.13: Current-voltage data for multiple junctions fabricated at JPL, showing
superconductor-insulator-metal behavior. No Josephson current is measured at 0
voltage, and the non-linearity is suppressed. The black curves show the current-
voltage data and the red lines show the differential conductance.

of overetch into MgB,. The overetch is intentional to ensure the B cap is removed
over the entire wafer. After the etch, the MgB, is left with a protective hydride
barrier, the exact stoichiometry of this barrier is unknown, but expected to be of the
form MgBHy (where x =2 or 3) or Mg(BH4), [29, 157]. Inreality the stoichiometry
is likely some combination of these possibilities. This protective layer will be used

as the barrier for the junction.

The next step is depositing niobium for the top electrode. An initial test run
showed that directly depositing Nb on the hydrogen treated MgB, would result in
delamination of the Nb as shown in Figure 4.15, likely due to water vapor trapped

in the hydrogenated barrier.

To solve this issue, a heating step was implemented where the hydrogenated MgB,
was heated to 120 °C in the sputter tool along with two minutes of Ar milling. The
milling was done at 3 mTorr using a 40 W bias, which was found to etch at ~ 1
nm/min. The heating was intended to drive off the trapped water, and the milling

was used to thin the barrier which was 6 — 7 nm, as shown in Section 4.2. After
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Figure 4.14: Schematic showing the expected top-down view of the final chip. The
labeling is used to identify the size of the junction the wiring is connected to.

Figure 4.15: Image showing an MgB, chip before Nb deposition (left) and after Nb
deposition (right) on a test run without any treatment before Nb sputtering.
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Figure 4.16: Sheet resistance versus temperature data for a 60 nm thick Nb film and
a 100 nm Nb film. Lines are guides to the eye.

milling, the Nb was sputtered at 3 mTorr, 130 W DC power and 30 W bias. This
deposition recipe was found to grow Nb at a rate of ~ 0.6 As~! using AFM. A 17
minute deposition is expected to deposit a ~ 60 nm thick film. Sheet resistance
versus temperature data for a 60 nm and 100 nm Nb film grown on SiO, on Si
samples using the parameters listed above is shown in Figure 4.16. The 60 nm thick
Nb film exhibited a 7. of 7.67 + 0.04 K with a sheet resistance of 4.72 Q/0 at 300 K
and a residual resistivity ratio (RRR) of 1.83. The 100 nm thick Nb film exhibited
a T, of 8.21 £ 0.09 K with a sheet resistance of 3.95 Q/0 at 300 K and a residual
resistivity ratio (RRR) of 2.48. The 100 nm film was deposited to examine the
behavior of the wiring layer which at the time was expected to be 150 nm or thicker.
The 60 nm Nb deposition concluded the trilayer building. The trilayer fabrication

steps are summarized in Figure 4.17.

Mesa Etch

The mesa etch is important to etch away metal from all parts of the wafer that are
unnecessary for the final device. In this step the bonding pads are defined, and the
bottom electrode ground plane is defined. The MgB, ground plane is defined such
that it only connects to four bonding pads, and the rest are to connect to the Nb
top electrode. Prior to the mesa etch, alignment markers need to be deposited to

align all the subsequent layers to each other. Different alignment marker geometries



87

a) H, plasma b)A1r2r2iI|C ¢) Nb sputtering
® 9
o
o O ®
° O
o O
° © © Nb
B MgBH, MgBH,
MgB, MgB, MgB,
SiN SiN SiN
Si Si Si

Figure 4.17: Schematic showing the trilayer fabrication steps. a) H; etching of the
B cap. b) Ar milling and heating to treat the hydride barrier. c) Depositing Nb for
the top electrode.

also need to be deposited in this step as photolithography and e-beam lithography
use different shaped markers. The alignment layer definition started with spinning
S1805 photoresist, followed by a softbake. The resist is then exposed in the Suss
2 in the KNI and developed in MF-319. The wafer is then taken to the e-beam
evaporater to deposit 10 nm Ti at a rate of 0.5 A/s, followed by 100 nm Au at a rate
of 1 A/s. The pattern is then defined by the liftoff in Remover PG at 80 °C. Higher
temperatures were found to result in faster and easier liftoff. Following liftoff, the

wafer is cleaned in an oxygen ash for 1 minute before moving on to the mesa etch.

In the mesa etch, the Nb was first etched using a 4 minute SF¢ RIE. The MgB, etching
chemistry had to be worked out over time. Initial attempts used a Cl,/Ar plasma.
However, this resulted in delamination of smaller features due to lateral etching from
the use of chlorine. These features and the delamination are shown in Figure 4.18.
Chlorine is known to react with water vapor and form HCl, leading to lateral metal
etching. The features were not immediately noticed under the microscope, but they
likely became larger a day later when they were noticed. The lateral etching features
are sometimes called “'mouse bites’. H, plasma etching was not used as it would
be incompatible with standard photoresists. While certain e-beam resists have been

shown to resist etching in Hp plasma [22], e-beam was not a viable option in this
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Figure 4.18: Optical microscope image showing the "mouse bites" caused by lateral
etching from the use of a Cl,/Ar plasma.

step due to practical constraints. Ar milling was finally chosen as it would be the
fastest way to etch away 40 nm of MgB,, while being compatible with standard

photoresists.

However, photoresists like S1813 were still milled away and burnt by Ar milling
and a thicker resist designed for dry etching like AZ-10XT was used. AZ10XT was
spun at 5000 rpm and developed in 1:4 AZ400K:DI water, which resulted in a 8 pm
thick resist. An important note for using AZ10XT is that it requires a 30 minute —
1 hour hydrating period after the softbake. Skipping this step can result in cracking
or inconsistent development times. The final ICP Ar milling parameters were 100
W ICP and 150 W bias power at 10 mTorr and 10 °C. The parameters were chosen
to maximize etch rate while minimizing resist burn. However, resist burn was soon
found to be unavoidable. In order to reduce resist burn to a point where the resist

could still be stripped afterwards, three additional changes were made.

1. A BN thermal paste was used to allow for better heat transfer from the chip
to the carrier wafer. The paste can also be removed in IPA allowing for easier

cleaning

2. The ICP Ar mill step was broken into cycles of 5 minutes each, stopping the

plasma for 30 seconds in between to allow for the resist to cool
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Figure 4.19: Optical microscope image showing the resist burn along the edge of
features.

3. Anaggressive oxygen ash was performed at 2000 W ICP and 30 W bias power,
at 30 mTorr and 30 °C after the mill. The ash was done in the III-V for 5-10

minutes depending on the level of resist burn.

The ashing parameters were chosen to increase the isotropy of the ash in order
to more effectively remove the burnt resist along the edges and corners where the
plasma is strongest. It was also found that ashing to remove the burnt resist prior
to stripping in Remover PG was essential as the burnt resist would harden in the
solvent and became essentially impossible to remove. Figure 4.19 shows an image
of leftover hardened resist along the edge of features. The burnt resist was not fully
ashed off with a 3 minute oxygen plasma prior to stripping in solvent, causing the
resist to harden and remain. After increasing the ashing time to 10 minutes, no such

hardened resist features were observed.

Junction definition and interlayer dielectric

After defining the bottom electrode ground plane and contact pads, we move on to
etch away the top electrode from everywhere except the junctions. The junctions
were designed to be squares of lateral sizes ym, 2 pm, 1 pm, 750 nm, 500 nm, and
250 nm. Smaller junctions are more desirable when pinholes could be present, as

the stochastic nature of pinholes would imply an inverse relation with area. This
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is true for our case as we do not know the pinhole density of the hydride barrier.
Due to the small size of some of these junctions they could not be defined by
standard photolithography. This step was therefore defined using electron-beam
pattern generation (EBPG). Due to practical constraints and ease of fabrication,
the EBPG defined resist pattern was used twice without removal, for a self-aligned

liftoff in the interlayer dielectric deposition step.

After EBPG exposure on ma-N 2405 negative tone e-beam resist, the resist was
developed in ma-D 525 developer. The wafer was then exposed to 4 minutes of
SF¢ plasma to etch away the exposed Nb top electrode. However, at the time of
fabrication it was not realized that this plasma exposure resulted in very low yield
of the junction devices. There is no etch stop below the MgB,, so once the SiN or
Si underneath was exposed during the mesa etch, further exposure to SFg plasma in
the junction definition step resulted in rapid etching of the Si-exposed areas. This
resulted in micron deep trenches near the ground plane. However, this drawback

was not realized at the time and fabrication proceeded.

After etching away Nb and defining the junction tops, the interlayer dielectric (ILD)
or interconnect insulator was deposited. The purpose of the ILD is to prevent
shorting by insulating the wiring layer from the bottom electrode, so that the wiring
layer only contacts the top of the junctions. Due to the self-aligned liftoff process,
evaporated dielectrics are preferred due to the ease of liftoff. For this reason SiO; is
selected as the ILD material. Regardless of our processing reasons, SiO; has been
used as the ILD material in many reported junctions as well due to its low dielectric
constant and ease of deposition [127]. We evaporated 250 nm of SiO, at a rate of
1.5 A/s. After ILD deposition, the liftoff is completed in Remover PG. The wafer is

oxygen ashed for 1 minute before moving to the wiring layer.

Minor detail: when evaporated, SiO;, will deposit as SiO unless excess oxygen is
bled into the system during deposition. We do not flow excess oxygen, so the ILD
is technically expected to be SiO. This difference is expected to have no effect on
the function of the ILD.

Wiring Layer

Finally, we define the wiring layer to connect the junction top electrode with bonding
pads through liftoff. S1813 was used as the photoresist to define the wiring layer.
Different Nb deposition parameters were used, where the power was increased to
250 W, which resulted in a deposition rate of ~ 1.5 A/s. 200 nm of Nb was deposited
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Figure 4.20: Optical microscope image showing wiring layer liftoff issues, with
some delamination on the pads, and line edge roughness on the wiring trace.

as the wiring layer. Lifting off sputtered metal is more challenging than evaporated
metal due to the more conformal nature of sputtering. This resulted in liftoff issues
with the 200 nm thick metal as seen in Figure 4.20. To overcome these issues in
later junction fabrication, a bilayer resist was implemented with LOR 5A and S1813.
The LOR 5A creates an undercut to allow the solvent to access to the resist easily,

even when there is conformal deposition.

The overall junction fabrication is summarized in Figure 4.21. The first completed

SIS junction’s current-voltage characteristics are discussed in Section 4.5.

4.5 Current-voltage characteristics of MgB, SIS junction

The current-voltage (IV) characteristics of the MgB, SIS junctions fabricated ac-
cording to Section 4.4 are discussed in this section. One chip had 12 junctions,
as shown in Figure 4.14. Out of the 12 junctions, 11 were measured to be open
or unusable. This result unfortunately is expected due to the lack of an etch stop
underneath the MgB,. In an attempt to remove all the MgB; in the mesa etch to
prevent shorts, the etch was extended into the SiN buffer layer underneath the MgB..
When the wafer was then exposed to SF¢ plasma in the junction definition step, the
exposed SiN and Si was rapidly etched, resulting in a step height > 1 nm. This
was oversight of the fabrication process, and an etch stop of alumina or aluminum
nitride would have helped to prevent this issue. At the time of fabrication however,
the large step height was not realized. So when the 200 nm Nb wiring layer was
deposited, there was a break between the Nb on the ground plane and the Nb on
the wiring trace. This can also be seen in Figure 4.20, where the wiring trace looks
out of focus from the pads along the edge and bottom electrode plane in the middle.

The wiring trace being out of focus implies there being some height gap between
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Figure 4.21: Schematic summarizing the SIS junction fabrication process.
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Figure 4.22: Current versus voltage for the measurable 1 X 1 pym? junction at no
applied magnetic field (red) and at ~ 2.4 mT (blue).

the features in focus. AFM confirmed a gap of 2.4 pm between the wiring trace
and the top of the ground plane where the junction is. However, in the case of one
junction there was enough Nb sputtered conformally along the sidewalls to result in

measurable current-voltage data.

Figure 4.22 shows the IV curve for a 1 x 1 ym? that was measurable. We note
that there is anomalous behavior in the region for which 3.2 mV < |V| < 4 mV
that washes out the IV curve at higher voltages. We hypothesize that this effect
is caused by the thin Nb wiring connection on the sidewall which adds significant
series resistance to the curve upon becoming a normal metal. To simplify the data
analysis, we will look at the region |V| € [-3.2,3.2] mV. To focus on the QP
tunneling effect we will also look at the curve under a magnetic field to reduce the
Josephson noise. However, for those interested, the curve at zero magnetic field
exhibits an I, = 66 + 7 pA or J. = 6.6 + 0.7 kA/cm?. The reported value is the
average of the measured /. at positive and negative voltages, and the uncertainty

accounts shows the difference between the positive and negative /..

Figure 4.23 shows the truncated data for the IV curve under a magnetic field, as well

as the normalized differential conductance Ry - % for the same curve. There are
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Figure 4.23: Current versus voltage data for the junction under a magnetic field from
Figure 4.22, with a truncated x-axis from -3 to +3 mV (blue). Normalized differential

conductance versus voltage (red) with the y-axis on the right side. Dashed lines
showing the regions used to calculate the subgap and normal resistance.

multiple interesting features of the data. The Josephson current at V = 0 has been
suppressed by the applied magnetic field, showing that we do indeed have a tunneling
limited barrier from the MgBHy barrier. Moreover, 2.4 mT - 1 ,um2 ~ 1.2®, where
o) = % is the magnetic flux quantum. This would also imply that the current
is not dominated by pinholes. Otherwise a much a much larger field would be
required to compensate for the smaller effective junction area. We use the region
for which |V| < 0.5 mV to estimate the subgap resistance, and obtain a value of
Rsg = 28.7 Q. Similarly, we use the region for which 2.4 < |V| < 3 to estimate the
normal resistance, and obtain a value of Ry = 7.93 Q. These values would suggest
a subgap ratio of Qr ~ 3.6. While the subgap ratio is not high enough to use as
a mixer right away, it is a promising start to fabricating MgB, based SIS junctions

using the novel hydride barrier.

Due to the switching artifact seen above 3 mV it is difficult to estimate the V), for the

junction. However, in the subgap region of the conductance curve we notice some
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structures that are symmetric about O voltage. Since no radiation has been applied
these structures cannot be Shapiro steps [166]. Instead, we attribute these features to
multiple Andreev reflections (MAR). MAR in SIS junctions arise when electrons and
holes undergo successive Andreev reflections at the two superconducting interfaces
while traversing the insulating barrier. In an SIS junction biased below V,,, a
single QP does not have enough energy to cross the energy gap directly. Instead, it
repeatedly reflects as an electron or hole at each superconductor—insulator boundary,
gaining an energy eV, where V is the applied voltage [15]. After n such reflections,
the QP accumulates enough energy to tunnel into the superconductor, enabling
transport across the junction. This process produces a series of subharmonic features

at voltages V,,, given by Equation (4.6).

Vg ap

ev, = (4.6)

MAR is a characteristic of superconducting junctions where the barrier is not fully
insulating. This could be because either the barrier is not thick enough or has some
conductance [23]. Using MAR theory, we can use the values for the subgap features
to estimate a V,,,. By fitting the subgap features to a 1/n curve we predict a Vg,
of 4.1 meV. However, this value should be taken with some caution as it lies outside
the switching artifact. However, if we do take 4.1 meV to be the Vg, this would
imply that:
eVeap = Anp + Apygp, = 7.67 - 1.776kpT,. + Apygp,

Which would predict Aygp, =~ 2.9 meV.

Additionally, if we look at the conductance-voltage data after the switching in
Figure 4.24, we can see some potential features at 4.3 meV and 6.4 meV. The
feature at 4.3 meV could potentially correspond to the V,,,, feature. Additionally,
the difference between these two features is 2.1 meV, which could be a feature either
associated with the low m-gap of MgB, or some additional scattering from the Nb
gap. The meaning behind these features is speculative at this point due to the lack of
more data and ambiguity created by the switching effect. Further experimentation is
required to meaningfully explain the MAR features and the features above 3 mV. To
this end, the MgB, SIS project members will attempt to fabricate more SIS junctions

based on hydrogen-treated MgB,, while correcting for the overetch into Si.

4.6 Conclusion
We have reported a H, plasma reactive ion etching process for magnesium diboride

and boron. The H; plasma etched the B cap used to passivate MgB, at a rate of
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Figure 4.24: Current versus voltage (blue) and normalized conductance versus
voltage (red) data for the junction under a magnetic field from Figure 4.22, with a
truncated x-axis from 4 to 7 mV. Dashed lines showing features at 4.3 and 6.4 meV.

0.95 nm/min as well as the underlying MgB, at a rate of 0.44 nm/min, resulting in
an etch rate ratio of 2.15:1 for B:MgB,. We observe some roughening after the H;
plasma etch from 0.34 nm R, on an unetched film to upto 0.51 nm R, on a film
etched for 50 minutes. We also find that the H; etched films have a hydride barrier
that prevents degradation of the superconducting properties of MgB, in ambient air

better than unpassivated MgB,.

We also report a fabrication process to use the hydride barrier as the junction
insulator in a hybrid Nb/MgB, superconductor-insulator-superconductor junction.
The measured device showed a subgap ratio of 3.6. The measured junction also
showed features arising from multiple Andreev reflections that can be helpful in
analyzing the gaps relevant for tunneling across the junction. While the fabricated
set of device had a low yield, further improvements to the fabrication process can

help uncover more of the tunneling physics in MgB, based junctions.

We anticipate that the ability to selectively etch off the B cap of MgB, wafers will

facilitate the fabrication of devices with improved superconducting properties due to
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the reduced loss from ion bombardment and halide formation. We are also excited
for the use of the novel hydride barrier as the junciton insulator to make MgB, based

SIS junctions for single-photon detection.



98
Chapter 5

OUTLOOK AND FUTURE WORK

In this thesis, we developed and investigated atomic layer processing techniques for
titanium and niobium nitride through atomic layer deposition and atomic layer etch-
ing. We also developed a novel hydrogen plasma etching chemistry for magnesium
diboride and boron. We then proceeded to use some these techniques to fabricate
superconducting-insulator-superconducting junctions for use as heterodyne mixers.
The techniques however are not limited to use in SIS mixers, but have a wide range
of applications in superconducting electronics such as microresonators, where the

loss from interfaces and surfaces have a significant impact on device performance.

In Chapter 2 we reported an plasma-enhanced atomic layer deposition and an
isotropic plasma-thermal atomic layer etching process for TiN. TiN ALD was per-
formed using TDMAT and H» plasma achieving growth rates of ~ 0.86 A/cycle,
consistent with work reported in [41, 135]. Multiple optimizations were required
to arrive at the reported ALD recipe, such as plasma power control, plasma time
and the inclusion of a DC bias during plasma exposure. Our final films had a 7, of
3.22 K and resistivity of 222 u€cm at 6 K. The deposited films also had an RMS
surface roughness of ~ 0.42 nm. ALE was achieved using sequential exposures of
molecular oxygen and SFe/H, plasma. The SF¢/H> plasma selectively etches TiO,
over TiN for SF¢:H; flow rate ratios between 0.1 and 0.2. The etch rate varied from
1.1 A/cycle at 150 °C to 3.2 A/cycle at 350 °C. We observed a smoothing effect
from ALE, corresponding to a ~ 43% reduction in RMS roughness after 100 cycles.
The surface oxygen concentration was reduced by ~ 49% after 100 cycles of ALE,
indicating a decrease in the volume of surface oxide. We also find that ALE does not
induce any change in 7, beyond that expected from the decrease in film thickness,
highlighting the low-damage nature of the process. We then took this process and

applied it to a superconductor that had no pre-existing reported ALE chemistry.

In Chapter 3 we have reported a plasma-thermal atomic layer etching process using
sequential exposures of O, plasma and H;/SFg plasma. O, plasma exposure yields
a higher fraction of Nb,Os compared to O, gas exposure, enabling subsequent
volatilization by H,/SF¢ plasma. The H,/SF¢ plasma selectively etched Nb,O5 over
NDbN for suitable flow rate ratios. The etch rate is measured to be 1.77 A/cycle at 125
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°C. We observe a smoothing effect from ALE, corresponding to a 55% reduction
in RMS roughness after 50 cycles, along with a 59% reduction in surface oxygen
concentration. We also find that the 7. of an ALE-treated sample is higher than
that of an RIE-treated sample of a similar thickness, highlighting the low-damage
nature of the process. However, this was not our first attempt at NbN ALE. Other
attempts using thermal cycling and biased in situ HF plasma are described in the
chapter. We also report a plasma enhanced atomic layer deposition process using
TBTDEN and H; plasma for growing superconducting NbN. We optimized the
substrate temperature for growth and the plasma chemistry for maximizing 7, and
minimizing resistivity. The best films were deposited at 400 °C with a H, plasma
at a growth rate of 0.62 A/cycle. The optimized films exhibited a 7, of 12.42
K, normal resistivity of 140u€cm, and R, = 0.26 nm. There is further room for
optimization by varying precursor dose times, plasma times, and plasma power. The
NbN ALD recipe was then used to fabricate SIS junctions whose current-voltage
characteristics are yet to be measured. Other important characterizations that are
planned for the future, are measuring the growth rate and dielectric constant of thin
(1-4 nm) dielectrics such as AIN and Al,O3 on NbN instead of Si or SiO,. We
anticipate that the ability to engineer the surface of NbN films on the Angstrom-
scale will facilitate applications of NbN in not just SIS mixers, but also for other

superconducting quantum applications such as SNSPDs and MKIDs.

In Chapter 4 we have reported a H, plasma reactive ion etching process for mag-
nesium diboride and boron. The Hj plasma etched the B cap (used to passivate
MgB,) at a rate of 0.95 nm/min as well as the underlying MgB, at a rate of 0.44
nm/min, resulting in an etch rate ratio of 2.15:1 for B:MgB,. We also find that
the H, etched films have a hydride or hydroxide barrier that prevents degradation
of the MgB, T, and R; better than unpassivated MgB, in ambient conditions. We
further use the hydrogen-treated MgB, hydride as the barrier in a hybrid Nb/MgB,
superconductor-insulator-superconductor junction. The measured device showed a
subgap ratio of 3.6 and exhibited subgap features originating from multiple Andreev
reflections. We then use these features to estimate V., ~ 4.1 mV. However, there
was significant overetch around the ground plane that led to many open circuits and
a series resistance that washed out features above 4 mV. While the fabricated set of
device had a low yield, the failure did not come from the hydrogen treatment but
rather the mesa and junction etching steps. Further improvements to the fabrication
process are underway by employing an etch stop of AIN or Al,O3 to prevent the
overetch. The next generation of hydride barrier MgB,/Nb junctions can hopefully
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uncover more of the tunneling physics in MgB, based junctions. We anticipate that
the ability to selectively etch off the B cap of MgB, wafers will facilitate the fabri-
cation of devices with improved superconducting properties due to the reduced loss
from ion bombardment and halide formation. We are also excited for the use of the
novel hydride barrier as the junction insulator to make MgB, based SIS junctions

for single-photon detection.
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