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Chapter 1: |l ntroduction and Backagr

1.1 Superconducting Quantum Computing and Josephson Junctions

Nearly all modern digital compationusesa binary system, whewn on/offparadigm is
used to encode data. This binary system is usually macrosasipig differing levels of voltages
for computation. Increasing computational power requires more bits a@omplementary
metal oxide semiconator (CMOS) devicemore transistors. Ideally, these bitsve zero
information lossand for modern day computation, can be largely thoughtefrasfree
Improvement in computation time requires denser device fabridatioerease the number of
trarsistors on a chipr higher clock frequencies failicon based CMOS1] Thecomputing
power available with@nventional computingenerally increasesith the number ofransistors

N, and results in near 100 billion transistors as of 2[232.

Quantum computing (QC) aims to offer an altgive to conventional computing for difficult
problems such as finding large prime numi8fsmachine learninfg], andsimulation of
many-particle quantum system®] Forsomeproblems, thisnayr e sul t i n a-ufiquant u
due to using fewer steps to generate an output compared to a conventional computing system

visualized inFigurel. [6], [7]



Hypothetical Quantum Speed-Up

fm— Quantum Computation as N2
=== Conventional Computation as N

log(Computation Time Required)

log(Number of Computations)
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The quantumspeed up is enabled by the phenomendroti superposition and
entanglemenof two or more quantum bits, or qubifhis results in the quantum states of two or
more entities becomingathematically inseparabl®ubits can be held in a superpasitiof

statesg & | g T PG with| andf are probabilities of being irither the 1 or 0 stat{8]

Qubits characteristics required for stable, controllable computation can be assessed using

the DiVincenzo criterial6]

1. A well-characterizedscalable physical system wiivell-defined energy levels,
which reduces the possibility of unintended level transitions and allows for precise
control of the qubit

2. The ability to initialize the qubit into a pure stafer two level configurations, the

transition energ¥Q » s s needs to be much greater than the thermal noise in the
system, wher@ w5l 0 YO i s Bol t zman n oYs thexemperatusen t

of the system.

ar



3. A universal set of guantum gates consistingionfjle qubitgateswherequbit
rotationsoccur aroundwo axes as well as two qubit gates suchgasinturaXOR or
ControlledNOT gatesallow for complete control over a quantum circuit.

4. The capbility to measure the qulstate oreachindividual qubit in amulti-qubit
system.

5. Sufficiently long coherence timés complete quantum computatidrhe qubit
lifetime, or Ty, is the maximum time available for a measurement of the qubit and is
definedas the time needed for the qubit to move from the excited state to the ground
state.The coherence time or periathere the system ia apredictablestateis

defined by B and limits the time available for computation.

Above thephysicaldevice level, a qubit can be thought of as alewel systen(TLS)
where an applied energy E will move the qubit into an excited $tafeom the ground statga

Accordi ng t otime, thaqubit gill dventuadlystranBition back into the ground state.
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Below the qubit circuit level, the physical qubit can benposed of many distinct two
level systems, often arising from quantum phenomena in microscopic systems such as trapped
ions[9], isolated electronid.0], quantum circuitspr topological state$11] In this work,
however, the focus is on superconducting qubitere a Josephson junction (JJ) is added to an
LC circuit composed of an indictor and a capacitor, whereXiseidplies the anharmonicity to

satisfy the DiVincenzo criteria.

What thiscreates irFigure2 is the eliminatiorof degeneracy between eneitggnsiions,
allowing for the application afesonantnergy to excite the qubit to distinct, controllable energy
levels. This is critical for qubit manipulation and readout to prevent excitations to more than one

energy level, or into defect energy levels within the materials used to fabricate[ft#g JJ.

Continuedadvancement of quantum computing is reliant on achieving the DiVincenzo
criteria with improvement in the control and readout of these quantum systems. Improvement in
these criteria comes from all levels, from the fabrication of the qubit, the creaticquahtum

circuit, to new ways of effective controVvererror correction.

1.2 Superconductindylaterial and Devicel heory

1.2.1 Superconductivity Theory

Superconductivity exists in select materials where below a matiepandent critical
temperature J electrons will pair up to form Cooper pairs, which the flow of provides several
macroscopic changes to the material characterigties most important characteristic for this
work is thatmaterials in the superconducting state can produce a ci@éhiout any applied

voltagew, called a supercurrenthis state possesses zero resistance, where
4



Y - — 1 (1)

This transition occurs abruptly at the transition temperature afobign inFigure3, where a

sudden drop in resistance occurs at a temperatu@®KXor a NbTiN alloy.
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These macroscopic properties are the result of microscopic changes in the material as it
undergoes a transition into the superconducting state, but the macroscopic phenomena can be

described by theondon equationg13] The current in the material can be described as
] —01 (2)

where the current densiis a function of the frequency dependent electric f@1d , the
phenomenologicdlondonparameter is dependent on current carryipgrticles(which do not

have tobe electronswith a massx , number, and chargd). The phenomenological parameter

¥ is described as



¥ — (3)

The form of perfect conductivity is then described by the first London equation

Q@ — ¥b. (4)

ThesecondlLondoequation is taken from the applicatio
London equationwhich describes thleissner effect where magnetic fields below a certain
threshold are expelled from the bulk of the material when below the critical tempergture T

shown as
no yb @ (5)

The second equation can be observed as the superconductor expels magnetic fields from the
material within the surface region denoted by the penetration (lgpdhthe magnetic fields as

shown below, where

- (6)

Magnetic fields decay exponentially into the mateai@ording to the penetration depithis
depth is temperature dependent relative to the critical temperature of the nfaderadample, it
can be shown that the peéragion depth of TiNs 22.66 nm in a theoretical 0 Kelvin

environmentand isshown inFigure4. [14]
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With the macroscopic characteristics of super conductors described by Meissner in 1933, the

London brothers in 1935, and others, a microscopic explanation for the material properties is

needed.

The Nobel prize in 1972 was awarded to Bardeen, Cooper, and Schi&f®)for a
microscopic theory explaining the phenomena of superconductivity. In BCS theory, two
electrons in the material join into a Cooper pair. Electrons can pair in several\dricts,
influence the superconducting gap as a function of momentum. Opposite spin electrons can
combine into a singlet, which are foundStwave superconductors and have zero orbital angular
momentum. Svave superconductivity is commonly seersimplematrialssuch as aluminum
and titanium nitride. Electrons with the same spin can also combine into a triplet state, forming a
P-wave superconductor-\WRaveCooperpairs are seen in materials such as perovskite i
SrRuQy. Cooper pairs with spin = @ut with nonzero angular momentum form anchve

superconductor, seen in high temperature superconductors.



The superconducting gapindicatesthe binding energy of th@oopermairs and is
describd in BCS theorby
Y ¢p Q. (7)
The electron phonon coupling parametés defined by
_Q 0 Q, (8)

where_ describes how easilectrons move through a field of charged nuclei in an ordered
crystal lattice The Debye frequengy is a cutoff for the phonon frequency in a matenak
the Planck constant, arid 'Q is the density of states at the Fermi le\félese electrons interact

with lattice vibrations, or phononwith an effective coupling coeffient,
Q S —. (9)

Wherg is the frequency of the electran is the frequency of phonons in the materald™Q

is the electrorphonon coupling coefficienThis bandgap is formed with magnitughé, and is

related to the critical transition temperature of the material by
¢y QYOMEY T (10)

and

Y'Y Y p — 0MEY m (11)

Cooper Pairs are thermodynamically stable, and asasedihe dominant carriers whtre
material is below its critical temperature. When the binding energy of the copysds pair
exceeded, the broken pair generates unbound electrons with enough eedgsttothem inta

different energy bandrhese unbound electrons are called quasiparticles.
8



The generation of quasipatrticles is thermally dependaetit the number of cooper pairs

and quasiparticles described by

3 E p - (12)

and

: ;- (13)

where¢ is the total number of conducting particl&se amount of both are shown as a function

of temperaturéelow Tc in Figure5.
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The coherence length tife cooper pairs is derived from the Ginzbusndau theory of

superconductivity, and helps describe the type of superconduetkptgssedby a material[15]



The coherence length, phenomenomlescribing thelecay of a magnetic field in the

superconductor is written as

(14)

The temperature dependent terniY describeshe critical field of the materiahndd * is the
effective mass of the carrierBhe Ginzburg.andauparametell compares theoherence length

above with the London penetration depth

I —, (15)

wherell is used to describe the boundary between a type If and type 11 |l =

superconductor. Type | superconductors sigchlaminum typically have lower critical

transition temperatures and have a single critical field threshold where all magnetic field is
expelled. Type Il superconductors do not have an abrupt transition into the superconducting state
whenexposed t@ magretic field andsome field lines will penetrate tlsaperconducr when

the magnetic field reachesiHOnce the magnetic field reaches an upper thresheidthe

material loses all its superconducting properties. The region between the two levels is called the
mixed stateSometype Il superconductors have a relatively high upper critical fie¢dXH T),

these materials can be used for superconducting etegna myriad of applications.

Superconducting material properties such as critical temperature and critical field play a
large part in material selection when designing a superconducting device for a specific use case.
For example, the proximity of lge permanent magnets or the requirement to have
superconducting properties at a certain temperature will influeneeséhef a type | or type Il

superconductor.

10



1.2.2 Cooper Pair Tunneling

Superconducting quantum circuits rely on the abilit¢obper pasto tunnel through an
insulating barrier. The probability of tunneling from one side of a Josephson junction to the other
is determined from the incident and transmitted wavefunctions @dbper pais and is

described by,

Do & Y Q— o . (16)
WhereR is dependent on the probability of reflection from the interfand associated electron
wave numbers inside the barrihwith incident/transmitted propagating Cooper p@ir
thickness of the barrief) mass of the Cooper pair,, and height of the barrie . [16]

The most important feature of this relationship is that the tunneling probability is exponentially

dependent on the barrier thickness haht.

Without a voltage bias on the junction, the energy difference between sides is not large
enough to stimulate current. To cause electrons to flow across the junction, the applied voltage

must be larger than the energy gap of the de@sghown inFigure6. [17], [18]
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In Figure6, exceedinghe gapenergycy causesCooperpairs to split, and a linear IV curve
emergessimilar to a normal metaHowever, &zero applied voltage, there isapercurrentor
flow of Cooper pair@crosghe Josephson junction. Thisipecurrentcan be explained using

Schrodingerds equationas for both sides of the
|— — 2"Y (17)

for the right moving wavefunicin, with the left moving wavefunction described by
|— — Y . (18)

Here[ and are the wave functions for the right and left moving wave functions,¥asd
the applied voltage bias at the tunneling barrjes. the charge of the tunneling particlde
tunneling probability is represented dy¥and links the two equatiors® that theequationgake

the solutions of
12



[ ME Q (19)
and
[ Q. (20)

Here—is the phase ahewave function ofCooperpairs on either side of the junction, and

thenumberdensiyof Cooper pairs. Using these ssghatl

ut i

a supercurrent can exishen there is zero applied voltage, as long as there is a phase difference

1 between the two sides of the junctiovher§ — — 71t This phenomenois the DC

Josephson effecthe current and voltage aeggpressedising
‘O d Q¢ (21)
and
w ~— B —. (22)

Here, Ois the critical current of the Josephson junctiwhich is the maxnum current across
the JJ barrier that can be maintained before resistance is encouhter@uductance resulting

from this flow across the junction éescribed by the flux quanka and critical current, where

o0 m —. (23)

1.2.3 Effect of Material Properties

Many variants of the Josephson junction have been successfully tested since the first

aluminumbased devicedeveloped n t he | at e .119]&he thest conymor®/iusee v e r

structure is the superconduciosulatorsuperconductor stack, but both supercondustomal

13
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metatsuperconductor and supercondudgiow e-a k n k 0 s u psupecandudtar mateoial
systems have been fabricated. Regardiéfise material selection, the critical current of the
junction is the most important parameter. The materials chosen alsg Hféestirface states

available and can result in detrimental effects on the Josephson junction.

The most predominaliygtusedbarrier material is theativeoxide produced by the
material used as the superconductor. This is mainly due to the ease of fabrication, as simple
exposure to air before depositing the second layer of material will grow an oxide. For example,
aluminum formsa very stable but amorphous oxide which allows for easily fabricated junctions
with reliable thicknesses of the barrier. Niobium and tantalum are materials of recent faterest
junction fabrication, but come with their own set of multiple oxidation stédeming

amorphous oxide barriers of varying quality and thickn@€s, [21]

Material selection affects trenergybarrier height’'O ® of the junction, and the
thickness of the barrier drastilyachanges the critical currenwhich affects the frequency of the
gubit [22] Material selection alsmayaffect the energy loss in the finished device. One of the
major hindrances for superconducting qubits is decoherence caused by the junctiorj2g&rrier.
Since most barriers used since the introduction of the Josephson junction are amorphous,
material defects exist in sidicant densities within the barrier. These defects can consist of
dangling bonds, contaminants from imperfect deposition techniques, and incoherent interfaces
with the superconducting material. These defawygcreate what are known as two level
systemqTLS), which can have aactivationenergy on the scale of the energy needed to switch
states in the qubit. By losing energy to these defects, the coharaifetime of the qubit

diminishes[24]
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For superconducting qubits with resonators for state readout and manipukagion, t
lifetime the qubit depends on the qualityctar of the resonator used to propagate and extend the
state memory. In a resonator, photons reflect off the ends of the resonator, with the number of
reflections determined by the quality factor of the matdgaérgy loss in the resonator is a
functionof the loss tangend ¢f & and is a measure of how much a material or component

deviated from its ideal characteristit®ss tangent is inversely proportional to the quality factor
by0 ——. The total quality factor of a resonator is a functdiboth the internal quality

factor,0 , of the materials and various loss mechanisms, as well as the coupling quality factor

between the resonator and other components, described by
— - — (24)
Internal energy loss in superconducting qig the sum of various sources of logsere

— . (25)

These sources of lossegenerally independent from each othemdRtive loss arises
from the losglue to dissipation of energsom the resonatanto the surrounding vacuum
Quasiparticldoss originates fronmteractions of quasiparticles witlarious electromagnetic
fields in the material. Interaction of quasipeles in these fields dissipates energy by ohmic
heating. Reductions in loss due to quasiparticles can be accomplished by proper thermalization
of superconducting components, which reduced the likeliho@boperpairs separating25],
[26] Dilution refrigerators used in the operation of superconducting qubits generally maintain a
temperature of a fewilli Kelvin, well below the critical temperature of material used in

superconducting circuits. Vortex loss is due to magneticsfddetratig the material. Modern
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superconducting qubit systems have significant magnetic shielding and preventative circuit

design to minimize this effed7]

Two level systems (TLS) create loserh both the natural properties of materials used in
the qubit system as well as defects in the material.r€klle in dielectricgsandcan act as an
energy absorbing sitf28] The conventional model, asown inFigure7, can have transitional
energy O, resulting from energy differena¥ the two potentials,, andtunnel coupling.

WhenOis close to théransitionenergy of the qubit,Q ¢ & or resonant energy of a resonator,

energy can babsortedfrom thequbit

Energy

Coordinate
FigaureTwo | evel syst ddha e treed geyr rednimaeg r2a8m

Superconducting devices are most strongly affected by TLS defects in regions of high
electric field Classifying theseegionsresults in threenaininteraction areas

1. Metal to air inerfaces

2. Substrate to air interfaces

3. Metal to substrate interfaces
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In thin film growth using molecular beam epitaxy, the metal to substrate interface is dictated by
the insitu environment, wafer preparation, and growth parameters. The type of substrate
cleaning and etching, as well as the contaminants present in the chamber during growth will be
reflected in this interface. The other two interaction areas, substrate to air and metal to air, are
affected by the fabrication process of the qubit after growith,the etching steps, oxidation of

surfaces, and quality of resist removal all dici;athe characteristics of these regiof2g]

Two-level systemgenerally hava uniform distribution ofransition energies, sbLS
loss tends to be frequency independent. Additionally, TLSs have a low saturation power that is
governed by relaxation rate of the TLS after it has absorbed a resonant photon. For this reason,
superconducting resonators are usually tested for powendiepee with the goal of evaluating

the unsaturated loss from TLSs that occurs tiessingle photon regime.

Identifying the root cause of TUBsscan be difficult, and much research has been
performedo both find the sources and identify remedj28] Interstitial contaminants in
materials as well as vacancies caused by damage due to ion milliatly@generate TLS.
Defects aref a particular concern in amorphous materials suctatige oxidesDue to the
amorphous naturé¢he density otlanding bonds and vacancy sitean be highThis has
promptedresearchrsto use crystalline materials for the insulating bamaewell agleveloping
better control over oxide growths the crystalline order reduces the prevalence of such dangling

bonds[27], [30], [31]

The interfaces mentioned prionghtbe engineered to possess less-fosslucing states.
Cleaning procedures for reducing contaminants, as well as passivatiomteshaie extensively

studied in literature to prevent the formation of TLS at these interfi@&5[34]
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1.3 Superconducting CircuApplications

1.3.1 Superconducting Conventional Circuits

Josephson junctions can be used to create conventional binary logic circuits such as
Rapid Single Flux Quantum (RSFQ) architecture. Binary information is stored as magnetic flux
guanta, in superconducting loops that contain multiple JJs and are us&baléhn logic
arithmetic identical to conventional CMOS circuits in consumer products. The overall power
consumption for an RSFQ logic circuit is much lower than for conventional room temperature
CMOS circuits, even considering superconducting cooling reopgnts. Additionally, the
switching speed of these devices is typically around 100 GHz and has been shown in laboratory
experiments to approach speeds of 1000 GHz. Moreover, the power required does not follow the

same scaling as CMOS devidas], [36]

In conventional CMOS circuits detriment to efficiency is the need to move data from
one processing unit to the next using interconnects made from metals with a finite resistance.
RSFQ does not suffer from this inefficiency because all the intercorarecssiperconducting.
While in principle RSFQ circuits possess superior speeds compared to CMOS circuits, the
fabrication technology and achievable circuit complexity are less advanced. Currently, Josephson
junctions and the surrounding superconductingudircannot be reliably manufactured with the
same device density and thin linewidth as conventional circuits. Deviations in the critical current
due to materi al i mperfections andfin-lbasedr t ai n
fabrication can mke these junctions useless for RSFQ logic. Without reliable yields during

fabrication, commercial success of RSFQ is made more diff{@5lt.
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1.3.2 Superconducting Quantum Interference Devices

The DC Superconducting Quantum Interference Device (SQslade by connecting

two JJs in parallel to form a superconducting |lcagpshowrnn Figure8.

Insulator

4

Jges‘ —_— A

~~"

Superconductor
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When an externally applied magnetic field is applied, a current is induced in the SQuID
that reduces the total magnetic flux passing through the center of the loop. This current circulates
in the bop formed by the two JJs, and results in a phase difference across the junctions and a
change in supercurrent that can flow through the loop. The magnitude of this difference can be
used to measure magnetic fields, with detection of fields as |aw1&88 T. [37] A common
commercial use for SQuIDs is the measurement of magnetic properties of materials. Magnetic
susceptibility meters use superconducthgrtreamagnets to apply an external magnetic field to
a sample and use a SQuID to detect changes in sample mpagmetThese devices are also
used in lowpower magnetic resonance imaging (MRI) to image biological structures. The use of
SQuIDs in this case allows for lower magnetic fields to be used mithi€eslarange, reducing

the cost and power usagien canpared tchigh-field MRI tools.[38]
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1.3.3 Superconducting Quantum Circuits

Qubits store information in quantum s&tsing many differenbhenomengsuch as
electron spins, quantum dots, or nitrogen vacancy ce@epsanar waveguides are used
commonly in superconducting qubits, as a photon in the resonator can be strongly coupled to a
gubit. The use of lovloss superconducting materials like aluminum erssthiat the captive
photon in the resonator persists for long enough to perform manipulations of théngihigtlast
two decades, quantum computing has grown from theory and single qubit experiments, to
working systems made up athundredunctioning qubits. Researchers at IBM, Google, and

Rigetti haveall reported work on superconding quantum computers

Josephson junctions, superconducting wires, capacdodsinductors can be combined
to create a quantum circuit that manifests quantization ofet@rflux.One of the more
common qubit designs is the transmon, a modified form of the Cooper pair box,avhere
capacitor in parallel with a Josephson junction creates a circuit where the junction energy is
much greater than the energy of the capaqi@vidingreduced sensitivityo chargechangesn

thecircuit. Thequantummechanical Hamiltoniafor a transmon qubitan be written as
= 10 ¢ ¢ Owég —¢& ¢ —AT Y. (26)

Here,O is theenergystoredin the capacitorandO is the Josephson energihe conjugate

variables&¢ and3, vary with respect to each other in a manner to ensure that the total energy of
the system is conservatuthe Josephson junction systefime conjugate vaables are the
Cooper pair density difference, and the Josephson phaseThe offset charge due to the

applied voltage i , the electron charge on the capacitd@ishe capacitance of the devise
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C, andthe flux quantunmis 5 . The critical current is denoted ps andy is the phase difference

across the junction.

The nonlinearity of the JJas well as the relative energies of the capacitor and Josephson
junction aredesign criteriosthat can affect the operation and chasgesitivity of the circuit,
creating qubitsvhich balancenergy levehonlinearityandcharge noise sensitivity. There is
currently noconsistentnitigation strategy for flux noise or device uniformifyansmon qubits
are typically coupled to a readaessonator leveraging circuit quantum electrodynamic concepts
to isolate the qubit from the environmef89] A transmon qubijtalong with the circuit diagram,

is shown inFigure9. [21]

V Houck lab arXiv:2003.00024

200 pm

Figarelransmomayahr &am and i mage of theldevi

Superconducting quantum circuits must be run at cryogenic temperatures well below the
critical temperaturef the superconducting material. In a cryogenic environment,
superconducting qubits provide the potential for long coherence times due to -tlissipative
properties of superconductof40], [41] This cryogeit environment is required to reduce noise,

thermal excitation of the qubit, and to keep the quasiparticle density4jv.
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From a materials perspective, advancement in qubit lifetime is one of the more important
research objectives. Materi al d e Whech hoth affeca y c a u
the T, of the qubit Both types of noise are responsible for affecting energy relaxation and
decoherence that directly causes errors in quantum circuitsgéch@aps residing within the JJ
interface may couple to the qubit, increasing the rate of energjARissvhile undercoordinated
bonds may produce spin defects in dielectrics and interfaces. Further research suggests that up to
60% of the conventional dielectric loasthese junctions can be attributed to atomic scale
defects[44] These defects may be formed from the random ordering of these materials that
create parasitic quantum TLS, that can coupl e
resonant dipole interactioasd affecthe T of the qubit[12] To minimize the effects of these
defects, engineers have found that reducing the device active area to less tRas dffective.

Frequency stability in JJ circuits is also an important engineering figure of merit when large
circuits ae produced. Current atomic scale variations in thickjdé&dsand variations in bond

coordination in barrier dielectrics frustrate device desigfié}.

1.4 Josephson Junction Fabrication

1.4.1 Double Evaporation Fabrication

Josephson junction fabrication can be traced back to the first double angle evaporation
techniquesisedby Giever[19] After attempts using alternate materials such as thermoplastics
as a barrier between aluminum contacts, Giaevéreeahat the more effective approach was to

use naturally occurring aluminum oxide as the junction baBieevaporating aluminum within
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a Bell jar, then exposing the aluminum strip to air, a A3@yer of amorphous AlQwas grown,

which was then camgal with a cross strip of aluminum.

STRIP OF Al
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Figu®eDi agram of a JJ createdAdasptngd dforudr er

The results from these first experiments showed a DC current at zero applied volts,
evidence of the Josephson effé&gfined with modern metal deposition tools and fabrication
processeshis technique is still used toddy.7], [48] Modern applications of the oxidation
method use high purity oxygen or a low power oxygen plasma in the growth chamber to
minimize contaminants in the insulating barrier, as well as having more control over the tunnel
barriers thickness. Pioneered ®yDolan in 197749], the Dolan bridge thnique uses a strip
of suspended resist patterned withegectron beam with multiplangles of evaporation to form
an overlapping metal structure with oxidized metal in between. This is similar to the shadow
mask technique, in that windows in a layerabthe substrate are used wititatedevaporation

sources to deposit mulayer structureg50] Figurell shows théechnique where an initial
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layer of aluminum is deposited through a mask, which is oxidized, forming a native oxide layer.

A second aluminmn layer is deposited from an offset direction, creating the JJ.

WAL\ » » I 1]
resist stack ‘
e ey TR, e =
Al Evaporation #1, -15° Introduce oxygen in chamber, Al Evaporation #2, +15°

oxidize evaporation #1

FiguteDolan bridge JJ techmMi que. Adap

Another method tareateoxide-based Josephson junctidasvith fiManhattarstyled
fabrication. In this technique streets are etchedphtwaesist at 9@degree angles. Evaporated
metal is deposited down one street, then allowed to oxidizeinfutime sampl®0 degrees
around its surface normal enabtlhe second stre&h bedeposied, forming a junction where the

streets intersect.

Contact /
Junction

Figu2eManhattan style depoeipriececerntaschimiequmas kGmod
streets 1 and 2degygragporradteat iwon.h a
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1.4.2 TriLayer Designs

Tri layer designs differ from the traditional mudteposition step fabrication techniques
in that the entire heterostructure is grown prior to any fabrication stepsvaf@escalglanar
device is thertched down from the top of the material stack with wiring layers added to form
the Josephsaojunction.Figurel3 showsa simplified crossectional dagram of a JJ test
structure, where areas of the heterostructure are etched away to allow leads to be attached to the

bottom superconductor, completing the circuit through the JJ bdbrér.

(100) Si substrate

Figlu83eld] <trressasdtwiseng a-l pyanaAdeasiiiggn.used as the &
with Ti N, NbsNi,p earcch nMuTcitN ng | ayeds. Adapt

Tri-layer designs offer several advantages when compared to oxidation techniques.

1. Growing the trilayer generally takes piaall in-situ, reducing the interaction of the
bottom superconductor and the insulating material with atmosphere. This has the

potentid to keep the interfaces contamindree.

2. The use of epitaxial nitride materials throughout the structure may toeéwss

generated fronTLS usually due to traditional oxideased barrier layers

3. Oxidation techniques typically produce amorphous olaglers. A trilayer
heterostructure benefits from much more choice in barrier material, from crystalline
oxides produced with plasma to entirely different material systems which can be grown

in crystalline form.
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Early examples of using ttayer materiabystems include Uzawa et al, who found that
not only were they able to fabricate NoN/AIN/NbN Josephson junciioklgO substratessing
radio-frequency (rf) magnetron sputterimgth current densities as high as 1090cm?, the sub
gap leakage denoted Hyetratio of the normal resistance and the resistancen&t 3elow the
inflection point in the4V curve was superior to junctions created using Al/AKDd Nb metal.

[52] With nitride-based based material systems, the Fujimaki and Lichtenberger groups used
magnetron sputterddbTiN deposited on oxidized silicon substratgth an AIN barriedayerto
create successful Math performance on par with traditional devicgs3] [54] Lichtenbergeet

al. points out that highercImaterial systems are attractive for guiperation at temperatures
around 1. It was also found that the NbTiN based junctions possessed higher critical current
density compared to aluminubased devices. Likewise, Fujimaki et al. also finds high gap

voltages and junction critical currentraities of 4.3nV and6.2 kA/cm?. [55]

1.4.3 Epitaial Josephson Junctions

Epitaxial Josephson junctions, heterostructures grown layer by layer with coherent, single
crystal order throughout the structure, may be the next evolution of planar JJ fabrication. While
planar trilayer devices attempt to solve many of the problems created in traditional oxidation
type junction fab, there is still the issue of defects arising at the barrier interface due to an

incoherent bonding arrangement.
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To form an epitaxial junction with coherent interfaces, the atomic arrangement at the
interface must be similar enough between the superconductor and the crystalline insulating

barrier so as to prevent a mismatched bondmgngement, as igurel4. [56]
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Thein-planecrystal structure at the interface can have some strain between the two
layers, but must be low enough, typicdéigs tharl %, to prevent defects from forming. To
accomplish this, therystal structuref the superconductor and the barrier must have near
identical inplane atomic arrangements at the interface eiéample Figure14 showsa face
centered cubic TmNp p priented superconductor with a hexagonal barrier layer. Fpiame
atomic arrangement in this scenario is similar with a relationslpiggt sppTm ,with
only a difference in the vertical stacking ord®8mce nost used junction materiahgll notlattice

match perfectly to the superconducting layersyineering of the interface is required to form

coherent bonding. This engineering camsistof strain engineering to force the bonding to
27



match by straining thiilm a few percentor by forming an alloy of two different material, with
the intention to create a specific lattice constant which may match that of the surrounding layers.
This can take the form of an alloyed barrier layer matching the surroundirnmgaughector, or

an alloyed superconducting material matched to the bd&igr

When engineering the lattice constant through composition, the two binary constituents
of the alloy generally must grow in the same crystal structure, with similar domimnamitions
to each other. This ensures a stable alloy with predictable properties which can be modeled as a
linear or neatinear fit between binary compounds. Much research has been done into the
alloyingoflll-v. mat er i al s f ol.[58], {b9]mypicalyetrpse mdtérials db motv
follow a perfectly linear trend, and possess some bowing pasamkichchanges the specific
alloy composition needed to achieve a desired lattice constamneéxamplein Figure 15, several
alloys are shown usingashed lines between rock salt structured transition metal nitisds.
Intersection of the alloy lines with the-plane lattice spacing of AIN represents an alloy of a

particular composition which could in theory be used to form a coherent interface in a JJ.

The transition metal nitrides are of significamtierest in modern superconducting qubit
systemgnainly due to the fabrication of leless resonators. Much of this research has focused
on niobium nitride and titanium nitride compounds, as well as some success using tantalum
nitride.[21], [60]i [62] Earlier examples continue to use oxidized aluminum or similar grown
oxides as the barrier due to the ease of fabrication. This material system does not create the
epitaxial naturelesiredn order to reduce defects, aluminum nitride has been chosen as the

material of choice[45], [51]
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The transition metal nitrides and thalloys inFigure 15 form a rocksaltcubic structure,
which when orientated in the [111] direction faramin-planeatomic arrangement identical to
wurtzitealuminum nitride 1t 1t 1T @t the interface. While the spacing between atoms is not
perfect, some alloying of these binary nitrides indicated by the dotted lines can theoretically form

a lattice constant matchirigat of aluminum nitride.

These epitaxial Josephson junctions are thbtggpossess much less loss duéeteer
TLS at the interface, as well as much improved oxidation resistfideBy using crystalline
aluminum oxide instead of amorphous Al@h et al. showed the density of TLS defects could

be reduced by 8%. [24] By transitioning to a material system where all layered elements are
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grown in a clean environment, using crystalline materials, and with coherent inteniatesal
lossesmay be greatly reduceddditionally, the use of an epitaxially grown crystallio&rrier
improves the thickness uniformity of the layer, improving the uniformity of the critical current.

This may allow for more repeatable fabrication of JJs with a predictable critical current.

The use of nitride materials may allow for reduced agingaterials, as oxide layers
have been shown to change properties over time, and can be dependent on the vacuum conditions
during growth[63] Increased stability of the crystalline nitride may reduce diffusion into the
superconducting layers, while growth in UHV conditions may reduce contaminants incorporated
into the interface. Nitride material such as NbN also offer a higher critical temperature over

aluminumbased devices, potentially increasing the operating temperature of the device.

1.5 Superconducting CircuMaterials

1.51 Substrate Selection

Substrate dection for growth osSuperconductingircuits dependsn several factors,
namely the loss tangent of the material, reactions between the substrate and the grown layers,
andeffect on the orientation of the grown fil@ommon substrates used for supercatidg

gubit fabrication include MgO, ADs, and Si.

While high quality transition metal nitride films have been shown to grown on MgO
substrate§64], theloss tangent of MgO is high (2x18 [65] when compared to sapphire
(6.3x108) [66] andhigh-resistivity Si(2x10°). [67] This limits the use of MgO as a viable

substratedue toits high absorption of microwave energie orientation of the substrate also
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plays a rolen the orientation of the grown layer, with Si (001) producing TiN (001) films and
Si(111) producing TiN (111) filmg68] This in important when uniform interfacare desired

for heterostructurgrowth sincedifferent orientations will possess different surface
morphologies ad roughnessin addition,for epitaxial growth with AIN, the rock salt (111)
orientation is required, limiting usagésilicon substratesotthe (111) orientation.

Unfortunately Nb grown on silicon formsreinhomogeneousiobium silicideat temperatures
greater than 408C, whichhinders the crystal qualityimiting the thermabudget for anyurther
growth or processing sted69] Due to the high loss tangent of MgO and the reaction between

niobium and silicon, sapphire substrates were chosen fongtlea grown in this work

1.52 Superconducting Materials

In the pursuit of lower loss materials as well as materials with more advantageous
electricaland structuratharacteristics, nmy material systems have been used for successful

Josephsojunctions.

The first and still most commonly used material is aluminum, which is attractive due to
its ease of deposition and fabrication of devices. Aluminum grows in a face centered cubic
structue regardless of the substrate it is grown on, further enhancing its ease of use by device
fabricators. There are downsides to using aluminum as a junction material however, namely its
low mechanical stability, low critical temperatuhegh reactivity ard aggressive oxidation of

the surface when exposed to atmosphere.

When working with aluminum thin films, extreme care must be taken so as to not deform

or disturb the smooth aluminum surface. Aluminum thin films have a tendency to be extremely
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soft when ompared to other superconducting materials such as Nb. Aluminum also forms a
native oxide after just a few hours in atmosphere. At room temperature and standard pressure,
aluminum exposed to an oxygen rich environment will form an oxide layem~#hick.[70]

While this is a reliable process, the amorphous nature of the oxide and lack of fine control over
the continued growth of this oxide once exposed to atmospdmiks in an aging qubit where

the properties change over timkastly, aluminum has a relatively low critical temperature of
approximatelyl.2 K. This is detrimental to Josephson junction performance as quasiparticle
density increases the closer a material théd .. When comparedthigher T material such as
niobium or tantalum, this results in a four order of magnitude increase in quasiparticle atensity

90 mK

Alloys of lead were also used in the earlier days of Josephsotionfabrication. Pure
lead has a critical temperatuof7.2K buthas low mechanical stability and possesses several

oxidation states. These oxidation states can generate significant loss due to TLS in the material.

With a similar ease in fabrication to aluminum, the transition metal materials niobium
ard tantalum have emerged as successful superconducting mdtarizdpacitive and inductive
circuit elements that apaired with arAl/AlO x/Al Josephson junctiar21] Both elements have
been shown to grow in the body centered cubic structure and have relatively high critical
temperatures of 9.R for Nb and 4.4 Kfor Ta [71] All metalsreadily form a native oxide which
can be lossy. In the case of niobium, several phases of oxide grow with preference foOd)e Nb
and NyOs varieties[71], while tantalum typically only grows a single oxide 0a. [72] It is a
common practice ttakesteps to passivate metal surfaces during fabrication to control the

formation of oxides with decreased TLS Id&4.], [74]
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1.53 Barrier Materials

Due to thdack of pinholes imative aluminum oxidgt is seen commonly in literatuees
a barrier layer materigld7], [75], [76] The downsides to using the oxides are mainly the loss

associated with an amorphous compound, and the lack of uniformity in thickness.

Deposited oxides, such as crystalline@dand SiQ are also used, especially when
trying to improve loss mechanisms in the junction. Contranative oxide growth, thickness
control is typically very good with deposited oxides when grown using CVD or sputtering. MgO
has been used with some success, and was attrdigévte its relatively high gap voltage of 5.1
mV, making it & attractivemateral for higher frequency qubit systeni€0], [77] Early
Josephson junction research into loss neglected to include contributions froanrtbelayer.
However, Yu et alshowed that loss contributions due to TihShe barrier are a dominant
decoherence mechanism, and less lossy oxides, or different material systems arg¢#8eded.
Negation of the loss due to oxide must come from naturally less lossy materials, or by reducing
the participationof the junctionresulting inconventional qubit designs with JJ arbatow

1 un?, to reduce the number of TLS affecting the decoherence of the qubit in the barrier volume.

1.54 Superconducting Nitrides

Superconducting transition metal nitrides encompass many compounds, all generally
highly crystalline, tough materials with enhancedical temperatures when compared to their
pure metal counterparts. Notably, compounds such as TiN, NbN, TaN, and VN fall into this
category. Outside of quantum computation, these materials have been used extensardly as
coating materiadue to their ardness and chemical resistance. These materials are also
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chemically stable, forming thin oxide layers, and are resistant to bulk impwitess grown
with PAMBE. While several of these transition metal nitrides have multiple stable crystal
structures, mst only form, or dominantly form in the rodalt cubic phase. This structure is a
face centered cubic lattice with a tatom basic, where the nitrogen atoms for another FCC

latticearedistanced ¥z a lattice parameter from the metal atesria Figure 16.

Fi guBDe agr amcdl ta uShi pebebltesansi ti on met al ator
are representative of nitrogen

Titanium nitride has been well studied in literature due to its use in hard cda®pgs
superconductivity80], and micoelectromechanical devices (MEM$1], [82] TiN grows
almost exclusivelyn a rocksalt structure, as seen in the large region of stability in the phase

diagram inFigurel7. [83]
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centr al b thhe nmateriall ofirtieectt e d

the stoichiometric 1:1 Ti:Mock salt phasthat occurs on thieft side of this regionThe rock

salt phase is also stable across a wide range of tempergtuessthe films are not grown in a

titanium rich manneiOtherundesirablghases are visible, notably theNiphase, a hexagonal,

titanium rich phase, asewl | as

amounts[84]

phases

of Ti where ni

Niobium nitride has also been well studied, mainly due to its high superconducting

critical temperature afiearl7 K, though various research groups repertidwn to 4.5 when

grown under certain growth conditiori85] This large variation in dis due to several factors,

namely stoichiometry and phase. Transition metal niffidean be altered by adjusting the

stoichiometry in the film, while still remaining stab]86] Niobium nitride possesses several
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different stable crystakmucturesin Figurel18, a phaseliagram shows several different regions

of NbNx, which correspond to different crystal structures and composif®rs.
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with a critical temperature of ~17 K, and a lattice constant of 4.444 A. This phase occurs near
50 % nitrogen content and has been shown to be stable with some reduction in the nitrogen
content before encounteg a more stable allotrope of NRNn the diagram, Nbbsrefers to
t he t e tNbdlgpbaseot Nblg which has a critical temperature of ~11[88] This
phase has a rogalt like structure, which has the same metallsubt t i-NbM, b with U
ordered nitrogen vacancies. NMiNo71r e f er s t o NN phase, which is less Wwell b
studied than the roegalt phase, but does have some use in JJ material growth when paired with
an AIN barrier which experiences some strain from the superconducting[&8}ef90] Not
shown directly i n -NoN@hasehadexagondlipragsewithmecentyy t he

discovered superconductivity propertigsl] Several other nitrogen rich phases are stable, but
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are not well studied in the fielf2] In MBE growth, many of these phases are successfully
grown, and due to the closeness of the growth conditions, can coexist together, forming

complicated, multphase thin films.

Basic electrical, structureal, and mechanical material parameters for the transition metal

nitrides of interest in this thesis arelleced inTablel. [93], [94], [95], [96]

Tablt eCol |l ectppad amat erisalf or the transitison metal
Space Lattice Constarst
Group Structure A) Tc(K) | E(GPa)| 3
_ Fmom Cubic .
TiN w 180p 5.3 287 0.35
# 225 Rock-Salt
Fmom Cubic .
t-NbN W T8TT 17.1 298 0.331
# 225 Rock-Salt
[T/mmm QW T8 Op
2-NbsNs3 Tetragonal - 115 354.2 | 0.289
# 139 w o
. P@ /mmc QW CROT
UNDbN Hexagonal - 0.2 501.1 | 0.274
#194 W pRULT

1.55 Wide-Bandgap Nitrides

Aluminum nitride is an attractive choice for a roxide Josephson junction barrier due
to itshigh crystal qualityand chemically stable natuf87] Aluminum nitride forms readily in
the hexagonal wurtzite crystal structure, though there are reports that thin layers can cause the
formation of cubic zinc blendgructuredAIN. [55] Wurtzite AIN has a lattice parameter of
3.112A with ac/aratio of 160. The zinc blende structure hasadculatedoarameter of 4.424

using firstprinciples simulation, but few experimental results exist in literaf083
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Regardlessfahe structure, AIN can work well as a lower loss barrier material.
Hexagonal AIN possesses piezoelectricity, the ability of a material to physically deform when
exposed to an electric fielf9] This property can besed in applications such as energy
harvestingMEMS developmentor microwavdilters for telecommunicationbutmay cause
abnormal effects when introduced into a qubit system, potentially changing thickness and
subsequently the critical current as the electric fields in the JJ interact with the [Ed@gr.

[101] This effect specifically on JJs has not been well studied.

1.6 Content Overview

In this thesisa structure first approach is useddemonstrate improved materials for
Josephson junction performance. Materials are grown using plasma assisted molecular beam
epitaxy, then have the structural, interfacial, and electrical propertiesctérézed. From the
information gained from varying growth parameters such as substrate temperature, metal or
nitrogen flux, and posgrowth analysis of ththin film, optimization towards the ideal JJ
material can be achieved. The knowledge from eaclysisdaechnique allows for refining of
material growth parameters for further improvenwrthe material performance. This
optimization process is performed in a deliberate manner, modifying a single growth parameter
at a time to investigate changes duéhtit parameter, and how it may interact with other growth

conditions.

38



Refine Growth Grow TmN
Parameters Thin Film
Superconducting
Nitride
Optimization
Process

Investigate

Characterize Structural

Supereondycrig and Electrical Properties

State Performance

Figbu9 eOpti mi zdtlidbowr practceersisal s devel opl

In Chapter 2, the methods used for growth of transition metal nitride filmsretgsis
methods for electrical and structural properties will be discussed. Methodology will also be
described for both Rutherford Backscatter Spectroscopy and Ansys resonator simulation, which
serve to provide theoretical insight into material compasiind resonator performance.

Chapter 3 will cover the investigation into TiN and Nkhin film growth on sapphire to give

insight into the material property endpoints that should be expected frohiwM alloys, along

with the effects of annealing theflens. Chapter 4 will cover the growth of N 1.xN thin films,

with description of the crystal structure changes seen through the composition range, as well as
the impact of composition on resonator performance and kinetic inductance. Chapter 5 will
descibe results for annealing Nbi1.xN samples, which provides significant surface roughness
and structural quality improvement. In addition, the effects of annealing on the nitrogen content
of Nb«Ti1.xN will be discussed, as well as the implications for the material characteristic

improvements due to this change.
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Ch ap tMert h2o:d s

2.1 MBE Growth

Crystal growth by molecular beam epita®BE) is regarded as one of the foremost
method for explorativethin film growthwith excellentmaterial purity and control over sample
composition. MBE allows for material growth with very low defect densities, complicated
heterostructures with abrupt interfaces or graded compositions, and low contaminant
concentrabns due to theltra-high vacuumHV) conditions These advantages come at a cost,
in that MBE requires specialized hardwaralexpert professionals wperate the system
Researchers performing MBE must maintain strict cleanliness protocols to ketauhiger as
contaminanfree as possible. In this thesis, Nl xN samples are grown using plasassisted
MBE (PAMBE) because lovoss materials with low defect density and contaminant levels are
critical for superconducting quantum computing devicesirguhigh coherence times and
qubit lifetimes. Using PAMBE also allows for thesitu growth of AIN, the barrier layer used
for all-nitride Josephson junctions without the complications and material challenges associated

with removal from the chamber anded for a secondkepositiorntool.

2.1.1 UHV, Mean Free Path, and Purity

Molecular beam epitaxy is recognized in the crystal growth community largely by its
operation within UHV conditions. Growth in UHV is attractive due to the large mean free path
of particles, enabling extremely low interaction rates between desired afmuiesand

contaminants. This has the effect of allowing for highly directed beams of atomic flux to be
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directed at a substrate, as well as ensuring-higla material purity, since sources are typically
5N+ purity elemental sources instead of precuraseg used in chemical vapor deposition

(CVD) or sintered pucks in the case of alloy growth using sputtering.

UHYV is defined by pressure lower th#@rbx10° Torr and requires significant effort to
attain and maintairf102], [103] Instead of sealing with Viton-@ngs as in most vacuum
systems, UHV systems rely on deformed copper gasketdiglititolerance stainless steel
flanges to contain UHV pressures. While tiyges ofdry vacuum pumps used are similar to
those used in high vacuum systems, in order to improve pressure from the high vacuum range
(7.5x10*to 7.5x10° Torr), lengthy baking of the growth chamber must be performed to increase
the outgassing rate obntaminants introduced when the chamber was exposed to air or
contaminant species native to material used within the chamber such as stainleBsesteel.
primary contaminant removed during baiet is water, whiclphysisorbe onto all exposed

surfaces

During baking of the chamber used in this thesis, the entire apparatus is shrouded in
thermally insulating blankets, with a heater that reaches an air temperature of 150 °C and a
temperature of over 100 0Gr the steel chamber. This temperature is maiethfor around a
week until the pressure inside the changtabilizes Figure20 showsa progress diagram for

one such bakeut.
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Maintaining UHV conditions with a properly baked chamber still requires high
performancezacuum pumps, which in most UHV systems is maintained by a combination of
cryogenic pumps and sputter ion pumps. The nitride chamber in this thesis is evacuated using
three pumps. The first is a Pfeiffer Highace 1200 turbo pump, which works well on the large
amount of nitrogen injected into the chamber during nitride growth. A large momentum transfer
pump such as the Pfeiffer enables very fast initial pump down timesh wain be helpful after
ventinga chamber for maintenance. Additionally, a Brooks €rgor cryopump is brought
online once the chamber pressisréess tharix10* Torr andfreezes contaminants onto a set of
vanes cooled using compressed helium. This pump is particularly effective at removing water
from the system, which is a large component of contamination introduced during venting of the
chamber. Lastly, a Gamma Vacuum jpump is used to maintain UHV pressures and is only
used once the pressure is well into the high vacuum range. Entrapment style pumps such as the

ion pumpexcel in trapping gases such asadd Q due to the reactive titanium cathode used in

the pumping cess.
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The mean free path
_ (27)

of particles in UHV is derived from an assumption that an atom or molecule with di&neter
follows a straight path approximated by a cylinder and catelminedrom kinetic theory
Here,'Yis the universal gas constaat,i s Av o g a d rQosdhe diameter ofehe particle
cross section, with the environmental varialesperaturg’Y and pressut@. For example, at
UHV conditionswhered = 1x10%° Torr, nitrogen molecuehave a mean free path of
approximatelyl10 km which is much greater than ttistance from the source to the substrate
For comparisonin normalatmospheric conditionshere P = 760 Torthe mean free path of
nitrogen moleculgis 100nm. To estimate theateof interaction otwo particlesthe average

velocity of particles in the chambisrdescribed by

[oV]0 Jp— (28)

where’Q s Bol t z ma fYis temperatore of thesparticle, andis the mass of the

particle.The collision rate can be determingsing

T (29)

o
For aroom temperaturaitrogen molecule in UHV, withraaveragevelocity oft x m/sand a

mean free path of 110 krthecollision rate isapproximately 15 collisions per hour

Three types of flow can be defined for a vacuum system: viscous, molecular, and

Knudsen and are differentiated with the dimensionless Knudserbegm , described by
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o - (30)

whereD is the diameter of the chambér.the viscous regime flow is less than 0.01n this

case, the flow can lairected,and its speed is greatly influenced by chamber geometry and
pumping speed. Molecular flow is only seen in high vacuum and UHVYamaents, where the
mean free path is such that interaction between particles in the confines of the chamber is
improbableandV is greater than 0.3o ordered flow is possible, and particles generally move

in straight lines until impacting the chamlveall or a piece of hardware. The intermediate

region, or Knudsen regime, is where particle movement is influenced by both wall collisions and
intermoleculainteractionandis defined as having between 0.01 and 0.B. simplified

diagramshowing diffeent flow regimes ishown inFigure21. [103]

= = B

(a) (b) (c)

FigZztea) Viscous, b) I'nter madapgted fcrddid efc:
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2.12 Sapphire Substrates for Nitride Growth

PAMBE growth on sapphire begins with rigorous cleaning of the bare wafers to remove
grease and comatmi nants from the manufacturing process
Kyocera are used as substrates for transition metal nitride growth. These watepaare
orientated sapphire which have been polished on one side, providing a roughderfdersase

of wafer handling. The hexagonatit cell substrate has lattice parametersoof 1& ¢ Band

@ p @ 1B, with abulk dielectric loss tangent &.3x108. [66] Sapphire is chosen for growth

of these materials due the low loss of these substrates during measurement of RF devices, as well
as its relative cost afttiveness when compared to materials such as SiC. Conveniently, sapphire

is much tougher than commonly used substrates such as silicon, makifigdhand fabrication

with these wafers less prone to breakage.

Cleaning of the wafers begins with sequdrigths of trichloroethylene, acetone,
methanol, isopropyl alcohol (IPA), and finally deionized water. The wafer is soaked in each bath
for one minute. In between soaks, the wafer is sprayed with the previously used bath chemical
from a clean squirt bottl& his removes any remaining contaminants adhered to the wafer from
the removal of the wafer through the top surface of the fluid. After the final deionized water

rinse, the wafer is rinsed with IPA abtbwn dry with filtered nitrogen

After cleaning, the wafers are loaded into a load lock usialybdenumand silicon
carriers which have been cleaned witBt AR HCL:HNG; acid etchanbefore their first uséor
one minute on each sidéhen ultrasonicated in deionized water for five masubefore being
dried with filtered nitrogenThe load lock is pumped down to the 1XIDorr range, then the
chamber is ramped to 200 °C. The load lock is baked for four hours, then allowed ftheool.

bake out in the load lock removes any residue fioenvwafer cleaning procedure and any
45



moisture from the atmosphere while waiting for the load lock pressure to staDiize.room
temperature has been reached, the pressure inside the load lock is in th&dxtange, and

the wafers are transferred into the growth chamber. Prior to each growth, the wafers are ramped
to 800 °C, held for 15 minutes, then ramped to 1000 °C. Once reaching 1000 °C, the wafer is
cooled back down to 800 °C and the growth commerfdésamps are performed at 2C/min.

The baking of the wafers once in the growth chamber further removes any contaminants on the

wafer before the growth begins.

2.13 Growth andAnnealing Process fadbTiN Thin Films

After wafer preparation and cleau, the sapphire substrates are loaded into the growth
chamber and NB'i1xN thin films are deposited on the substrate. After growth, the nitrogen
plasma overpressure is maintained at 500 W at a flow of 1.8 sccm while the substrate
temperature (d) is chamgedto the annealing temperatuehe sample is held at this temperature
for a time & until the substrate temperature is ramped down, nitrogen plasma generation is
stopped, and nitrogen is evacuated from the chamber. Anneal temperatures vary betw€en 650 °
and 1150 °C, with all samples being grown at 1000 °C. Anneal duration was investigated at

30-minutes, 2hours, and 4ours.Figure22 shows thegrowth scheme for the annealed samples.
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All the samples for the annealed,Nb.xN series start with a wafer cleaning process
involving a thermal desorb to 800 °C with a spike to 1000 °C before returning to 800 °C for the
two-hoursubstrate nitridation. Deposition occurs in the purple highligtggn inFigure22, in
which the substrate is held at 1000 °C. After depositiaomspleted, the substrate temperature is
adjusted to the anneal temperature indicated by the dashed lines. The sample is held under
nitrogen plasma overpressure for the duration of the annealaRusal, the nitrogen plasma is

shut off and the sample ¢®oled down to 200 °C.

For samplesvithout a posgrowth anneal, the greemnealing area iRigure22is
omitted, and the sample is cooled down ffbgnata rate of 20 °C/mimmmediately after

deposition.
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2.14 Plasma Cells

Nitrogen is incorporated intilve grown thin films using aadio frequencyrf) plasma
source. Plasma sourdesize the nitrogen gas excite and break apart gas molesuieus
generating a plume @dnizedmolecular and atomic nitrogelt.has beershownthat highema
dissociated fractiom the plasmas beneficial in both lowering defect density andreasing
growth rates[104], [105] The relativeamount of molecular nitrogen to various ionized spesies
affected by several engineering design parameters, including aperture size, gas flow rate, and RF

power applied to the cell.

Aperture size and gas flow largely determine the pressure in the ptasma producing
region of the cell, which needs to be raiseduoh a point that the mean free path in the cell is
decreased enough to cause a high rate of collisRirpower scales linearly with the number of
collision events, and typically is maximed within the constraints of the hardware to encourage
a higher atomic:ioic speciegatio. Figure23 showsanoptical spectrum taken of the nitrogen
plasma cell used in PAMBE at LPS to produce nitride material. A triplet of peaks is seen
corresponding to various ionized molecular speciesgaluith a single sharp peak from the

atomic nitrogen split from pl
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2.15 EffusionSources

The most commonly used source in MBE growth is the effusion cell, or thermal
evaporation cell. Effusion cells provide reliable, repeatable elemental flux in a beam facing the
deposition target. Inside an effusion cell is a crucible made of a keglmgnpoint, chemically
inert material. Source material witlhigh purity is placed inside the crucible, where a wound
filamentheatsthe crucible shown inFigure24. The cruciblas heated to the point where the

vapor pressure of the source material increases until the desired elemental flux is emitted from

the cell.[106], [107]
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This flux iscommonlymeasured using beam equivalent pres@iE). BEP is a
measure of the local pressure, typically directly in front of the substrate, created by a particular
elemental flux. This is used as a calibration for flux or growth rate, as BEP is directly

proportonal to elemental fluxand is describeds

0 TGP T -~ (31)

Theflux density U, is a function of the vapor pressure of the cell matgiiaheeffusion

aperture radiug , the distance from the sourde the cell temperaturéY and the molecular

weight of the source materjal . The prefactor & ¢p T A givesOtheunits of

BEP during MBE is generally taken before each growth to ensure accurate flux control,
since the elemeal flux can drift over time due to shifting of the source material within the

crucible or depletion adourcematerial.
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A shutter over the cell opening acts as a switch for flux control, covering the source to
stop the elemental flux while keeping tloisce hot for future use. In this fashion, deliberate and
precise control of layer thicknesses and heterostructure growth can be performed. The shutter can
be actuated in a fraction of a second, providing quick flux control for abrupt material transitions
during growth. With the DCA system used at LPS, the entire shutter system is coordinated by
computercontrolledrecipes, which can be mopeecisethan oldemanually operated growth

systems

2.16 Electron Beam Evaporation Sources

MBE is largely used to grow HV materials, which function well with effusion cells
operating under300 °C. For higher melting point material, such as transition metal nitride
growth, electron beam evaporators are required to generate appreciable elenxeiiikdditon
beam evaporators use several thousand imHlscelerate electrotisat are emitted frora
tungsten or tantalum filament. The beam of electrons is arcedpsinganent magnets and

adjustable electromagnets onto a pocket containing sourcdaahatsshown inFigure25.
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This pocket isn a hearthmade ofwatercooledcopperthatdissipats heat from the
system, while keeping the source material hot. This electron beaneaamaterialto over
3000 °C, which is sufficient tevaporate nearly any material includiagitalum or niobium.
This beam is rastered across the source material tomslblimate the charge evenlyo
prepare foagrowth, the Nb source is ramped to a powbout50 % higher than theeeded
growth power tabserve a melt poaln the source material, with the shutter over the source

closed then cooled down to the aj#ing power.

Determination of material flux and calibration of the source is performed using Electron
Impact Emission Spectroscopy (EIEBectrons emitted fronthe EIESfilament interact with
evaporated atoms from the source material, which exciteaagklectrons in the atoms passing
through the sensor. The excited electrons lose their energy and emit a characteristic wavelength
photon as a result. This photon is collected using a photomultiplier tube after being passed
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through an optical filter coesponding to the wavelength expected from the material being
evaporated. The intensity of this signal is indicative of the density of atoms passing through the
sensor, and functions similarly to the BEP measurement previously mentioned when calibrating
souces.A second sensor out of sight of the source is used to measure the background signal, and
is subtracted from the primary sensor sigatibwing for accurate flux measurement with a high

nitrogen background during a nitride growth.

2.2 Growth Mechaiags

During MBE growth, the ideglath of an atom starts in the effusion cell or electron beam
evaporatorOnce evaporated from the source material, atoms adsorb onto the substrate, and
migrate across the surface until a low energy site is found. Thénbkelithat these adatoms
either stick to the substrate surface or desorb is known as the sticking coefficient, p. As
atoms arrive on the surface, they willdergo surfacdiffusion at aratethatis determined from
acombination of factorancludingtemperaturef the growth surfagdocal surface energyand
topographic featureSome of hese factors also affect thhysisorption and chemisorption rate
as well as the desorption raMBE crystal growth is a kinetiprocess andan be categorized
into threedifferent growth mode<D layerby-layer growth or FrankVan der Merwe modg3D
mounded growth, ovolmer Weber growth modend the hybridbtranskiKrastanov growth

mode.[108]

TheFrankVander Merwe mode consists of smooth layers of deposited atods

nucleated atomic clustefor eachlayergrowinglaterally instead of upward$his creates a
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situation where atoms on the surface stick well and preferentially settle into low energy sites on

thesurface forming a complete layer before a second layer forms

In contrast, Volmer Weber gndh formsislands of atomghatminimize contact areavith
thesurface to reduce the total energy of the nucleated cl@tee adatoms have been adsorbed,
migrated across the surface, and nucleated into islands, these islands coalesce into larger and
larger areas until complete coverage is achieVetiner Weber growth mode typically results in

rougher surfaces with a distindexture.

StranskiKrastanov growth mode is a mix of the previous two, where an initial smooth
2D film changesnto 3D islands after a certain thickness is grown. Traissition is frequently
observed during the growth of strained thin fimowth. It occurs when the film can reorganize
from a smoothstrained filmto a rough partially relaxed film that increases therfacearea
(energy anddecreases th&train energyn order to achieve a lowenergy state-igure26

showsa simplifiedsketchof the different growth mode types.
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2.3 X-Ray Characterization

2.3.1Symmetrical XRay Diffraction

X-ray diffraction (XRD)data is collected using either a Panalytical MRD Pro or
Empyreardiffractometer Both systems use a coppey kray sourceThe incident bearmptics
for both systems is a hybrid;#unce Ge monochromator and mirror assembly. A proportional
detector and 1/4slit are used for the diffraction optios f -2 & s ¢ a n fIXcelwnfaginge a

detector is used for all space maps.

Diffraction of the irtident xraysoccur when atomic planes within a crystal cause
incident xray todiffract, forming a pattern ofonstructive interferencat specific angles of
incidencecorresponding to the spacing between crystal plgh@8] In the symmetric case, the
incident beam and diffracted beam are measured at equal angles from the sample surface normal

shown inFigure27.

Symmetric
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These peaks of constructive interfemaence occu

¢ _ Qi e (32)

where_is the wavelength of the incident photofss the spacing between the atomic planes in

the crystal, ang-is the angle of incidence from the sample surfHd9]

XRD is a nordestructive technique that allows for identification of crystalline phase,
orientations of those phases, and the structural properties of the material such as lattice strain,
composition, and thickness. Peaks found using a properly calibrated XRD td@ campared
to standard values for known materials, with deviations from the norm providing information

into strain of the material as well as subtle differences in atomic arrangement.

XRD Measurementsan becalibrated using the substrate that a thin film is grown on,
since the bulk substrate crysimknown ands not dfected by strain omhomogeneitiesFigure
28 showsa PAMBE grown sample of a NuTio.1éN alloy with a thickness of 100m on a

c-planesapphire substrate.
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With symmetric XRD, the preferred orientation of the film with respect to the surface
normal isinferred from the atomiplanespacingQin Equation 2. For this material, the [111]
crystal direction is the growth dirgen whenc-plane AbOs is used as a substrate. The
430-¢ mhick substrate produces a sharp, strong peak which is used as a reference for the rest of
the measurement. Tladloy film produces a peak in between the reference lines for the binary
constituents of the allayThe film peak is broader than that of the substrate becatise size of
the crystathat is diffracting the xays.For single crystal thin flmshe broadening increases

with decreasing film thicknesgL09]

The fringes observed on either side of the main film peak are thickness fatsges
calledPendellésundringesor Laue fringes[110] These fringes are indicative of the number of
complete, finite unit cells within the film, and occur when the area being measured contains a
large density of these identical cells throughout the measured volume. Generally, the presence of
these features peesents ainglecrystalfilm with good uniformity, good homogeneityjth
smooth surfaces and interfaces. In addition, the thickness of the film can be estimated from the
frequency of these fringes and is an accurate measure of the thickness spdotfindty

ordered crystah the film.

2.3.2Reciprocal Space Mapping

The eciprocal spaces a recording ofliffracted xrays at acrosa range of incident and
diffractedbeamangles. This allows for measurement of atomic plém&sare not parallel tihe
surface normal, allowing for measurement epiane and oubf-plane lattice constant¥he

advantage of usinthis methodor diffraction is thafeatures of atomic planes not parallel to the
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surface normal can be measyrasg well as information garding mosaic spread and strain of the

sample.

The relationship between omega and theta during measurement can be converted into

reciprocal lattice units, £and Q calculated using

— D& WE¢— (33)

C

and

— i Qi — 1 . (34)

C

where_ is the wavelength of-kays,—is the angle of the diffracted beaamd| is the angle of
the incident beanfrom these relations,-plane dimensions of the crystal lattice can be

examined wh changes in Q while out of plane dimensions can be determined using Q

While peak location is used tteterminghe inplane and oubf-plane lattice constant,
broadening of the pealkcan result from biaxial strain, variation in the lattice constant in the film,
and artifacts from thastrumentFigure29 showsan asymmetric RSMf the TiN p p and
Al203 p gw peaksof an annealed 00-nm-thick TiN film grown onsapphiresample that is

discussed in Chapter 3
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The TiN referencgoint indicates the expected peak for a relaxed TiN. fdnawing a
line from the reference peaks to thriégin shows the peak broadening that may be due to

changes in lattice constant through tiie film.

Several artifacts can be seen around the saatbgpeak, where the vertical intensity line is
due to the Panalytical PIXcel detector, and the more horizontal line is due to the monochromator
on the incident beam side of the measurement apparatus. More information on the applications of

RSMs can be fouhin ReciprocalSaceMappingby Paul F. Fewstef111]
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2.3.3Pole Figures

Pole figures are a measurement technique mainly used to investigate crystal texture, or
the rotation of grains within a sample. Theay diffractometer is positioned around an off
normal crystal plane&sample rotation(i, and tilt ¢ are varied so thdtigh intensitypeaks form
from the crystal plane wheBir a g g 6 s L a.Wheisanples ratationsamhgie ®tdted 360°
for eachsample tiltangle where a map is produced showing rotations ottistal planeFigure
30shows the pole figure from a @dm-thick TiN sample around th€&iN p p @lane, where

S

250 6 °O 35

L 4
=

¢ =180°

Fig8®ePole fi-gmrheTedN saanmpolOe r ot gtleaghreabges t hem(:
Granges from OA to 360A.
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Ideally, acubiccrystalsuch as thiFiN samplewould only possess three peaksha
pole figure, corresponding to the {113} family of planes 120° apart. Due to twinning in the
sample, some regions of the lattice are rotated 60° with respatieis forming a set of 6

peaks in the pole figurhatare created from two intermixedf@ld patterns

2.3.4X-ray Reflectivity

X-Ray reflectivity(XRR) is a technique where glancing angle incidenays reflect
from the interfaces withia sample composed of stacked thin films. Keissig fringes, or
oscillations from the reflections off each interface are caused by constructive and destructive
interference similar tinterference fringes in opticatultilayer dielectric mirrorsThe intensity
of these oscillations will decrease at angles greater thanthé aia | ¢ aadnisgdépendaiht on
the roughness of the interfaard relative indices of refraction aray wavelengths
Specifically, oscillation periodicity can be used to calculate a layer thickness, while the angle
dependence of the fringes can be used to extract density of the layer as well as roughness of the
surface Figure31 showsthe reflectivity data of a 160m NbTiN / 9-nm AIN / 25nm NbTIiN

heterostructure used for preliminary JJ fabrication.
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Thetop plot inFigure31 showsthe intensity as a function of angle during the reflectivity
measurement, with several distinct oscillation periods visible. The lasgdiations are formed
from thinner layers, such as the AIN barrier layer. The thicker NbTiN lagerse theshorter
period oscillations. Frorourier analysisvarious thicknesses can be extracted, with notable
values at Shmfor the AIN barrier, 102nm for thebottom NbTIN layer111-nm for thebottom
layer and AIN layer togetheand 124nm for the whole heterostructufd12] XRR is an
important technique for thin filrheterostructure growth if the samples are of high quality

with clearly defined interfaces.
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2.4 Atomic Force Microscopy

The surface topography of samples is measured using atomic force microscopy (AFM)
with a Bruker Icon system using conventional silicon cantilever tips. This techaiguportant
for analysis of surface features, and inspection of fabrication stepsdasbef wafebased
device creation. In AFM, a silicon tip is etched from a cantilever, which is attached to a
piezoelectric positioner for vertical and horizontal movemlenthis work, norcontact mode is
used exclusively, though there are other madexperationThe cantilever oscillates at a set
frequency in free space, which is altered when the tip encounters the sample surface. This
deflection is measured with a laser qnusition sensitiveletector which is used to form a 3D
image of the surfac®pographyFigure32 showsa simplified schematic of an AFM tool
scanning a sampl&he laser is reflected off the back of the cantilever into théopletector,

where the position is used to extract the vertiedlectionof the cantilever tip[113]
Light Source _

Position Sensitive Detector

, l Z Feedback

Fi g2 eAFM sallampateidc frlaeh r ef

The use of AFM allows the detailed imaging of surface features down to near nanometer
scalesFigure33 showsa NbN sample with various surface featusssociated withlifferent

orientations of the sample crystal structure.
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In Figure33, clustersof columnar structures, eaepproximately50 nm indiameterare
interspersed with smoother striated regions. These smoother regions have cledrosteps
15-nm apart. By usig AFM with the samples in this thesis, valuable surface roughness and

crystal phase information can be extracted.

For measurements taken in this thesisega® wi de scan was used to
pictureof the surface of each sample. This wider scagererally taken at a scan rate of 0.5
mm/sec, with PIDcontrolvalues (integral and derivative gain) set to values just prior to the
beginning of oscillations in the phase measurement. A more detailed scan is taken with a width

of 500 nmanda scan ratefd.5 mm/sea@t points of interest on the sample surface.
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2.5 Scanning Electron Microscopy

2.5.1Imaging

Scanning electron microscopy is a very common analysis and imaging technique used in
materials science, wherdausedbeam of electrons interacts with a sample. Various detectors
are used to masure the intensity from different interactions within the matéxizkiss Gemini
SEM is used with severaktectors that are positioned to measeadary electrons
backscattered electrarend characteristix-rays.Figure34 showsan SEM image taken witd
secondary electromLens detector of a cross section of a NsBmple used to measure the

thickness of the nitride layer.

Cursor Width = 884.3 nm

Vacuum

H3=1230nm Hi=1239nm H2=120.4nm

Sapphire Substrate
100 nm = : = ;
ag = 250420 K X Sean Speed = 6 EHT = 5.00 kV Signal A _InLens D.ate ..1 A.ug .2022
| ' Line Avg Count=2 WD = 2.1 mm Aperture Size =30.00 um  Time :12:54:28

Fi g4 eXSEM i magseanopfl ea sNhbo\wi ng t hi ckness me
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This particular sample wagproximately 120-nm-thick, and the contrast difference
between the upper and lower layers helps distinguish the sapphire substrate from the nitride
layer.Roughnesseen inFigure34 makeshanddrawnthicknessmeasurementgss precise than
other methods such as XRR, but averaging multiple measurements can help with precisely

reporting a layer thickness

Secondary electrons occur from interaction of an ingidittron and an electron in the
material. The interaction is inelastic, and the excited electron from the sample is ejected at a
lower energy, potentially makirgnexit from the sample into vacuurmhis excited electron is
detected. These electrons egkatively low energy (< 50 eV) and deliver valuable surface

topography information about the sample.

Backscattered electrons provide information from deeper within the sample, as primary
electrons from the beam interact wittomsin the material and arcattered elastically, retaining
much of their original energyhese primary electrons are deflectls to this interactign
potentially being ejected back into vacuubue to the higher energy, these electrons have a
longer mean free path within the material and can be used to image deeper than secondary
electrons. Additionally, due to the elastic scattering, backscattered electrons can be used to
identify atomic species the materiathrough Zcontrast The higher the atomic number of the
atomic species is, the higher the number of electrons the primary electron can interact with,
leading to variations in image brightness with high atomic number atoms appgwéghtg than

a species with a low atomic number.
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2.5.2EnergyDispersive Spectroscopy

EnergyDispersiveX-Ray SpectroscopyEDS)uses characteristicrays emitted by
electron transitions excited by themary electrons interacting with the sample to identify
atomic species in the material. p8maryelectrons excite and ejembreshellelectrons from the
atoms in the sampléhe resulting hole is filled by lasigherlevel electron. Thigransitionemits a
photon in the form of aX-ray of a wavelength corresponding to that atomic specids

particulartransition Error! Reference source not found.showsan EDS spectrum from a N

Al Ka Nb La Peaks <1 keV
1le4 — O Ka = 0.525 keV
SNbI::u N Ka = 0.392 keV
1000 s Ti Ka C Ka = 0.277 keV
g w4 /
3 100
o

10—

0 1 2 3 4 < 6 7 8 9 10
keVv

Fi g35eEDS spectra f or Aa NibpTe aNOss af mmpol nea sshheoewsi Lr
and Nb peakds nfrfarhn he

bTIN sample.

Peaks from the transition metals in the film can be seen at 2.2 and 4.5 keV, along with a
strong aluminum pealkom the substratat 1.5 keV. Theigjhter elements are at lowenergies
with peaks from oxygen, nitrogen, and carbon found. EDS measurememnisrasensitive to
heavier elements, allowing for accurat®y fractionanalysis of the niobium and titanium in this
sample. Unfortunately, lowwr at omi ¢ number materials (Z O
limiting accuratecalculation ofthe totalatomic percent in the samplend subsequently the

metatto-nitrogen ratio
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Thebackground in the EDS datadue to continuunx-ray productionwhich occurs
from a decrease in incident electron energy as they interact wiptos$itese nuclei of the
sampleThe interactions between the electrons tiedsamplarerandom, andhe electron may
loseits energy up to the original energy, resultinggimemitted photariThe mass production of

these photons forms theemsstrahlungor continuum backgroun{ll14]

In Error! Reference source not found, low intensitysatellite peaks can be seen on e
ither si de oafeprimardy thedsultlofSecopdargerergetic transitions due to

vacancies producedom ejected electras) or subsheltransitions[114]

In this thesis, an Oxford EDS system is used, with acatihg voltage of 10 keV. Using
doubl e the energy required to observe the hig
required to obtain appreciable intensity from higher energy peaks. A working distance of 8.5 mm
was used for all EDS measurents, set by theptimalgeometry of the tool. A live time for
detection of 2 minutes was used for all scans to ensure adequate time for collestiiciont

photons and testablish enough countsranimize noise in thealculatedcomposition

2.6 Rutherford Backscattering Spectroscopy

Rutherford Backscattering Spectroscopy (RBS) is a materials analysis technique
generally used to measure thickness and composition, where ions are launched at a sample and
are backscattered off nuclei within te@mple Since thenitial kinetic energy ofthe ion is
known, the energy of the backscattered ion will be at a lower energy dependent on the mass of
the target nucleuthat it is scattered fronThis energy is characteristic of a specific atomic
species, and the resulting spectra of various enectgrebenumericallyfit, and properties of the
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material extracted. In thisork, RBS measurements were performed by Dr. Hussein Hijazi in the
Department of Physics & Astronomy at Rutgersversity. In Figure36 below, thespectrum

from a NbTiN sample is showiihicker layers in the sample produce wider peeadsulting in
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plateaus for elements contained in the substrate, which is much thicker tharidbdiim

grown.

Peaks are fit using the SIMNRA software package, which extracts the thickness and
composition[115] The simulation used to create the fit begins with an environmental setup,
where the type of incident projectilele’) andenergy of the incident particl¢®.3 MeV) are
declared. The geometry of the apparatus is also set up, asittentrangle will affect the depth

of penetrationFigure37 showsa simplified geometry of the RBS setup.
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In Figure37, U a&ngle ofirtidence fortheparti cl es, b is the exit
d is the scatt er i negperamergal geometfy ttthe e ints. arrg@lre t
with thescatteringangled equaling 163°. The resolution of the simulated detector ke{8

while the calibration parameters, energy per channel and energy offset are set to near
1.4keV/channel and betweeRrl® keV, respectively. These parametersogtémized during

fitting and will generally settle to a constant value while the composition and thickness

parameters continue to change during the fit.

The simulated structure consists lofete layers foeach sample, an ADs substrate, a
NbxTi1xN layer, and a thin oxygen containing layer on top. Oxygen is set to a composition
fraction of 0.05 and allowed taary during thdit. Layersin SIMNRA are described in terms of

thicknessatomic density produgtvith units of 16° atoms/cm.
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Once the environmeims set up, and the target material stack is created, the fitting routine
is run. For the purposes of this thesis, the convergence value for the fitting was settd\tx10
foil or window was used in the environment creation. SIMNRA used the Simplesithig for

minimizing variation between the simulated fit and the measuremen{iE§.[116]

2.7 Cryogenic Characterization

2.7.1 AdiabaticDemagnetization Refrigerator

The adiabatic demagnetization refrigerator (ADR) used for the DC and RF measurements
in this thesis is a High Precision Devices Model 103 Rasyistem This type of cryogenic
refrigeration uses both a pulse tube refrigeratat an adiabatic demagnetization system to cool
samples and componentsiégs tharb0 mK. The pulse tube refrigerator consists of a remote
compressoto moveheliumin the system and is attached to a cold head where the helium
expandsAs theexpandinghdium absorbs heat from the environment, it is passed back to the

compressarThisclosed loopsystem provides constant cooling down to 3 K.

For further cooling, the ADR system usaagnetocaloric cooling wita 4 T
superconductinghnagnet along wittboth Gadolinium Gallium Garnet (GGG) and Ferric
Ammonium Alum (FAA) paramagnetic salt pills. An ADR uses these salt pills to convert
thermal energy to magnetic energy. Thereasingnagnetic fieldaligns the magnetidipoles of
the atomsn the salt pillsvhich decrease the materials magnetic entribgayheas the salt pill.
The salt pills ar¢hermally connected to the cold stage of the ABRugh & actuatabldeat
switch This heat is removedith thepulse tube refrigerator while the magnetic field is

maintained.The heat switch then decouples, amelmagnetic field iseducedcausingthe
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magnetionoments tale-align, which absorbs heat from the samplae two different salts have
different minimum temperatures, with the GGG salt cooling to 500 mK, and the FAA salt
cooling to 50 mK. Oncthe magnetic spinare randomly alignedhe salts cannot absorb any

more heat and the cyderepeated

The ADRrefrigerator usea series ofemperaturetages which become progressively

cooler from the top of the tool to the bottoamd a diagram ishown inFigure38. [117]

Hitch Plate Assembly

Pulse-Tube Refrigerator

300 K Plate
G10 Supports
60 K Jumper Cables

Vacuum Jacket 60 K Plate

3 K Jumper Cables

, {/////’ CS
60 K Shield —_SEINE " e

e

3 K Plate

3 K Shield ADR

Fi gB8eCutaway diagram of t hRe pHPdDd LADeRd aftréam e r

The cooling stages are encased in a series of vacuum and radiative shielding, which prevents the
transfer of heato the lowest stage$he stages for the 103 Rainier consist of a room temperature

stage, then a 60 Kagde, a 3 K stage, 1 K stageand a 50 mK stag@hesdasttwo stages are
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thermally isolated from the rest of the system by a KestlapensionThe three stages
mentioned are visible in the diagram, along with the helium pulse tube for refrigerationalow

3 K. The 1 K and 50 mK stages are contained in the section labeled ADR.

Figure39 showsan RF wiring diagram for the ADR as set up at the laboratory

Variable Attenuator

Electrical Network
Analyzer

Fixed Attenuator

LPF Low Pass Filter
DUT Device Under Test
f, ""“"', Cryogenic Isolator

Low Noise Amplifier

LNA

Cu Radiative Shielding
Mu Metal Magnetic Shield
Radiative Shield

Vacuum Shroud

Vacuum Shroud
Fi gB9% eAD®sonat or wieraisnug edrieangtr a m.

Theinputlines going down the left side of tideagram inFigure39 consst of a series of fixed
attenuators whickliminate thermal noise induced from warmer stages and the outside
environmentA low pass fiter is also present whigliminatesfrequencies above 13 GH2n

the output linesisolatorsareplaced at both the 50 mK and 1 K stages help eliminate frequencies

less that GHz andhigher tharl2 GHz, whichreducedow frequency noise from the
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environnent. Thelow noise amplifier built by Cosmic Microwave Technology ampdifiee
outgoing signal byapproximately30 dBto improve the signal to noise ratio and enable
measurement at low power levelRF wiring in this system consists of superconductingiNbT
wire between stagdselow the3 K stage. This is done to both reduce thercoaduction

between stages due to the low thermal conductivity of NbTi, and to reduce attenuation in the
outputlines. At the 50 mK stage, copper coaxial cables are used tovengirermalization of the

deviceundertest (DUT).

The resonator sample is packaged in a custmppercontainer. The package has boited
on SMA coaxial connectors which are soldere@®CB.The LPS designed PCB connects the
SMA connector to the coplanar waveguide on the device. The groundhplaia® any ofvias
to reduce asymmetric ground plamedes Figure40 showsone of the packages used to measure

resonators.

o

Fi gadeRF packagepmpmpade witdmPCB and copl anal

RF measurements gperformedusing an Agilent Technologie€£5072Aspectrum

analyzer, a variable attenuation unit, and DC power supplipswer the bias connection on the
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low noise amplifiersThevariableattenuation unit is used test the resonatoeg different

power levels and reathe single photon regime without introducing excessive noise.

2.72 Resonator Measurement and Fadition

Resonators arstructureghat exhibit standing waveshen the wavelengths match the
effective length of the structureesulting ina change in the transmitteddreflected signal.
These waves can be electromagnetic in nature, as radRRators, vibrational, as in phoron
based resonators, or mechanical, as in pendulums. In this thesis, coplanar waveguide resonators
are fabricated from superconductingxNia-xN thin films with radiefrequencyresonance
frequencies near 5 GHZhe resonace frequency is a function of the resonator inductancas

well as the capacitance, of the circuit, written as

Q — (35)

Resonatomeasurements the ADRare performed at base temperasupelow 100 mK
Resonatorrequencies are identified usiagoroad transmission sweep{Srom 3 GHz to
7 GHz. The numericatlerivative of the phase signal produces sharp peaks that are automatically
identified usinghe peak finding functions in MATLABSubsequerdgcanausinga tighter sweep
around eaclimdividual resonator anmeasured at varying photon powers by increasing the

attenuation applied to the incoming RF signal

For each resonator measuremém reabbnd imaginary parts of the:Sransmission are
fit using a circle fit taminimize measurement artifacts. A seven parameter fit is used to extract
theinternal and coupling quality factors as described in Chap{é@]L.The internapower

dependentjuality factor can bdescribed by the conventional TLS maqdel
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S (36)

Here,0 is the internal quality factor of the materiall power independent loss in contained
within 0 , and he TLS quality factor i§ . The average photon number in tesonator ig |

andis a fitting paramier to accommodate power dependencdel LS defects.

Careful fabrication of the resonator devices using superconducting NbTiN is important
for reliable, repeatable results. All resonator fabrication is performed in the LPS cleanroom, and
consists of wker precleaning, lithographypatterndevelopnent etching, and wafer post

cleaning processes with a totalmbre tharb0 individual steps.

Prior to fabrication, wafers are diced into 15 mm x 15 pices Each of these pieces
containsfour 5 mm x 5 mnresonatochips each with a central transmission line attached to 5
individual resonatodevicesF i g 4lshews two dsigns used for fabricatiomith the
frepeatabilitpy mask on the left and thevidth variatiord design on the rightThe first design,
denoted as t he Ar eesagapveidhiahdithe sesonatbrerace width whithe a t u
are identical at Wnter= 6 € mggpand ®m. The | ength oépardathe r es.
the center resonance frequencies from one ano
var i at inofeatiresdhe sameg length changes, btangesfrom2 m t-oem2 2wi t h
Wyapalways being equal to one half tbenterwidth. This mask was used to examine the
changes in quality factor with respect to the varying degrees of TLS interactiomevilettric
field, which can vary in strength based on changes in the gap and center conductoideidths
center frequencies and resonator lengths are shown aghhen F i g 41 rwhile the left

design shows the changing center widths and gap widths for each resonator. Lengths of
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resonators in the fiwidth variationde desi gn

repeatability design.

Repeatability Design Width Variation Design
R2 R4 R2 R4
L=6.0 mm L=56mm 4 Weenter = 6 UM Weenter = 16 um
f,=5.33 GHz f,=5.71 GHz W,,, =3 pm W,,, =8 um
chnter =6 pm
Wyp =3 um

R1 R3 R5 R1 R3 RS
L=6.2mm L=58mm L=54mm W nier =3 pm Weenter = 10 pm Weonter =22 pm
f,=5.16 GHz fy=5.52 GHz fy =593 GHz W, =1.5um W, =5pm W,,, =11 pm

CAIdMBwSaz2yl 62N RSaA3dy YIalaz o02G0K GKS NBLSH

Precleaning of the wafers involvegquentiaB-minute ultrasonication in room
temperature acetonmethanol, isopropyl alcohol, deionized water, then a rinsopropyl
alcoholbefore blow drying with nitrogen. These steps remove contaminants that are on the
surface of the sample after removal from the chamber. Micrographs are taken of the baee surf
to ensure no remaining contaminants are visible before a resist layer is spun on, where stuck
residue can significantly impact the uniformity and thickness of the resist layer.

The singleithographystepconsists of spinning Fujifilm OIR9G&0 resistat 3000 RPM

for 60 seconds, to a target -bakedatROréfers of 1.

60 seconds before the patterreigposed OiR90610 is a multipurposemid-UV sensitive
photoresistntended for higkresolution patterns with criticaimensiongreater thas00 nm.

The prebake removes most of the solvent and creates alsmhiresist layer, which preserves
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the resist polymer without significant crosslinking, contamination incorporation, and prevents
bubbles from forming during UV @osure. Exposure is performed using a GdiAe (365 nm)
stepper, with 48ns exposure time after an autofocus step is done.

After exposure, the sample is pastked at 120 °C for 60 seconds to finish the
crosslinking of the polymer initiated during exposure. The baked sample is developed in room
temperature OPD 4262 for 60 seconds with manual agitation to ensure consisteat cdmo
material and uniform development. The wafahisnsoaked in a deionized water battih
manual agitation tstop developmenMicrographs are taken to ensure the sample is

contaminant free, with no bubbles or defects in the remaining resisnpatter

Etching of the samples takes placemCxford PlasmaPro 100 Cobsystem, where the
sample is mounted to a thick sapphire substrate using thermally conductive vacuum grease. The
recipe used etches NbTiN at a rate of 2.4 nm/sec using a gas mixa2.&.dP.5BClz:.Clz, a
forward power of 400 Wand a sample temperature of°d® Thicknesses obtained using XRR
measurements are used to determine the total etchAftee etching the samples are cleaned
vacuum greasesing trichloroethylene arglvebs. The resist removed using bath of heated
Electronic MaterialdMicropositRemoverl165, an NMP based solvent solution. The bath is
heated to 80C, and the sample is soakfmt 10 minutes, then sonicated in that solution for
5 minutes.The soak andonicate steps are repeatsihgfresh 1165 to ensure mesist
contaminants aree-deposited on the sample. Sonication in deionized water is performed after

the cleaning to removal residual 1165, then blow dried.

After cleaningmicrographs artaken to ensure clean sidewalls and good depth of the

etch Figure42 showsa micrograph of one TiN samplélean edges around all features can be
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seenindicative of a successful fabrication procpagicularly evidenbn the smaller

perforations used to trap magnetic vorticegsich have sharper corners.

Fi g#4a2 eRepeatability type resonator devics.wiPthf
be seen in the zoomed view box which as

2.7 3 ExperimentaKinetic Inductance Measurement

Kinetic inductance o€ooper pairs in coplanavaveguideresonators can be calculated
from thedifference in measured resonant frequency and design resonant frecqaseewe}l as
the geometry of the resonatdio calculate the geometrisductanceof the resonator, which is
established by theross section ohe resonator, theharacteristitmpedancef each device

must be foundThe characteristisnpedances calculatedising
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A — (37)

where- s the effective dielectric constamadd ‘@ and0 Q are the completelgptic
integrals[118] For calculations in this work, an ideal geometry where the center resonator width
is twice that of the gap on eéhside is assumed, along with an effective dielectric constant of 10
for the sapphire substratdsing the calculatedeZthe geometric inductan@eof each resonator

can be calculated using
® Y ¢ Q0 (38)

Here,Yis zero due to the superconducting state of the resonatciQartkde resonant
frequency of each resonatfit19] This results in @haracteristic impedances agelometric

inductance for each resonatoosmm in Table?2.

Table2

Table2: Characteristic impedances and geometric inductances calculated for all resonators in the repeatability and
width variation designs.

The fraction of thekinetic inductancel , to the total inductanca), of the deviceis

defined as
—, (39)

and can be calculated frothe change in measured resonant frequency tsitti@ated

resonator frequencys
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o — . (40)

Here,"Q is the measured resonant frequency, &id theidealresonant frequenggssuming
only geometric inductance contributiofis20] Sinced 0 0 , Equation39 can be
rearranged téorm

J— (41)

This gives the total kinetic inductance of the resonatdienrys Toremove the geometry of the
resonator from consideration so that only the material properties are consideredyultiplied

by a geometric aspect ratio to give inductance per sowaten as
0 o 6 ) (42)

where0 is the width of theesonator center line, ands the length of the resonat¢t21]

2.7.4Calculation of Resonat@enter Frequency

The resonant frequency of each resonator can be calculatedhesggpmetry of the

mask design, as well as the effective dielectric constant using

o J— (43)

whered is the ength of the resonatdr, is the vacuum permeability is the vacuum
permittivity, and- is the effective dielectric constant between vacuum and sapphie

effective dielectric constam calculated using
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- — (44)

wherer is the dielectric constant of the substrate p 1 andr is the dielectric

constant of vacuum- 1). [122] This results in an effective dielectric constant of 5.5.
Ideally, the resonant frequency of each resonator should be identical between the two mask

designs, influenced only by nageometric losses in a physical device.

2.75 Resonator Simulatioaf Center Frequency

To ensure accuracy of the calculated resofraguienciessimulationof the resonators
from both mask designgas performed using Ansy922 Figure43 shows thestructure used to

perform theAnsys simulation with the repeatability mask design.

Resonator #1

Transmission
Feedline

" Perfect Conductor -
Surface

>

50 Q Port .

Fi g4B3eAnsys 2022 simulation structure featuring
for determination of resonant fr

Here,the entire chip with 5 coplanar quarter wavelength resoniatsh®wn inFigure43(a),
each with a different trace length and resoti@tiuency. The substrate in teal is modeled as

sapphire with a dielectric loss tangentof 1810 and a t hi c k smenghicktopf 430
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layer is added and is modeled as vacuum. To isolate each resonator and extract an accurate
resonant frequency, aksonators but the one being tested are removed from the model, shown

in Figure43(b). The sides, bottom and top faces are modeled as perfect caaduaicch

simulatea superconducting materiperfect groundng A 50 q port i s added

transmission feedline to provide the RF excitation and are shown in Feglire43(b).

Se1through resonator #1 is simulated gookted inFigure44.

Power (dB)
)

_10 1 & 1
5.16415 5.1642 5.16425 5.1643 5.16435
Frequency (GHz)
24/ I | T
=¥ Ry
g
9 2f
0
218 1
o
1.6 1
1.4 : - L
5.16415 5.1642 5.16425 5.1643 5.16435

Frequency (GHz)

FigaadeSi mul ated raemsodonhmdasd esqnanoy #1 i nd4ddhe

This resonance is simulated first in a broad sweep from 5 to 7 GHz, then refined until the
resonant peakontains more than 20 simulatedmis. The peak is then fit with a Bpe curve in

MATLAB, and the peak of the curve is used as the resonant frequency.
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Table3 liststhe simulated resonant frequency for each resonator for the device design

used for the NbTiN devices fabricated.

Table3: Simulated resonant frequencies fotlbdesigns used to fabricate resonators frogmNRN samples

Resonator Repeatability Simulated Width Variation Simulated
Resonant Frequency
Number Resonant Frequency (GHz)

(GHz2)
1 5.164 5.150
2 5.328 5.351
3 5.521 5.530
4 5.697 5.705
5 5.928 5.941

These results aotted inFigure45 for boththe geometrically calculated resonant frequencies
and the simulated values. Ideally, the resonances should follow a linear line with a slope of one,

but some variation exists in batkts of data.
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MHz difference.

Thedatain Figure45 follows with the ideal resonator behavior, where the resonant frequency
should be dependent only on the trace length and the dielectric constanats! with the
substrate and vacuum above the devites shows that the capacitive coupling to the
transmission line, as well as the cregstional geometry, does not impact the expected resonant

frequency.
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2.76 Direct CurrentV Measurements

DC resistanceneasurements asempletedvith adelta mode measurement system
consisting of &eithly 2182A nanovoltmeter to measure the voltage from the DC samples and a
6220 current source to supply a set current of 10 mA to the sahmgldelta mode system
sequentially applies positive and negative current biases to eliminate voltage offset aktifacts.
LPSdesigned, custoRCB with attached 2@in connector is bolted @ coppeplate, and wire
bonds are used to connect copper pads td thenx 4 mm squares cut from whole wafeféie
wire bonds deliver 40-mA current as the temperature of the AB&ies It was found that
warming up the ADR is a slower process than codtinigwn in the range dhterest folNbTIN
superconductivitf4 K < x < 17K). This slower process allows for more accurate measurement
of the superconducting critical temperature and is used for all measurements reported in this

thesis.

The critical transition temperatuoé many of theNbTiN films in this thesisareabrupt
For hese sampleshe sampling rate of the DC measurement appasatdisemperature ramp of
the ADR while warming establisdn upper bound on tiveidth of the superconducting
transition To extract T from superconducting samplee 90% and 10% resistancéshe
normal state resistance immediatabovethe superconducting transition are averaged the
corresponding temperature for that average resistance is reported a§X@8|T
Superconducting transition width is also reported from between the 90 ¥ &adesistance

thresholds[124] These are described with
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"Y 8 8 (45)
and
3Y "Yg Yy . (46)

The esidual resistance ratio (RRR) ig@alitative assessment of the ease that electrons

flow through a materiabdescribed by
YYY —, (47)

whereY i s t he ofestihse asnacnep|l e at Yriocso nm htee nmpoer rmeatl u rset ,a
resi st an c e Forinsaldtinganbterigldhe r@sistance of the samphlereasess

temperature is decreasede to the reduced number of electrons in the conduction band

resulting inY Y'Y p. For metalsa reduced temperature decreases phonon scattering resulting in
asmalletY and | aR.g eS nvaa Rl uesf'y “glsoindicatea lowerrelativecontribution

from phonon scatteringnd larger contribution from temperature independent features such as

impurities, defects, and grain boundaries.
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ChaptBarnadr:y TraNsBitidas Met al

To begin an evaluation of NbTiN alloy for adltride epitaxial Josephson junctions, the
binary compounds must be studied to form bounds on the properties that should be observed
with alloys of any composition. To this end, PAMBEscribed in Chapr 2was used to produce
TiN and NbN thin films on Gplane sapphire substrates. These films are evaluated with respect

to their structural properties, electrical characteristics, and surface morphology.

3.1 Titanium Nitride

3.1.1 Growth Details

TiN growth on sapphire begins with the wafer preparation process descridethids

section 2.12 before being loaded into the load loéktypical TiN growth isshown inFigure46.
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5 1000 | / Temperature a
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Nitridation Growth s
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Time (hr)

Figa6eTi N growth process showing the changes i
growt h, dawd scsobeps are reached.
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During substrate desorb, the source temperature is ramped to the operation temperature
for thatgrowth At the same time, the nitrogen plasma source is lit with arhifjlapurity
nitrogen flow of between 0.6 and 1.8 sccm, depending on the soiffiicger plate installednd
the cell geometryThese variables influence the backpressure within the cell, waughres a
specificpressure range to light the plasmihe substrate is held 800 °C under operational
nitrogen plasma flow for two hours to nitride the surface of the sapphire substrate. Nitridation of
c-plane sapphire substrates has been shown to form a thin layer®dfiAl@n the surface of the
substrate after just a few minata a nitrogen overpressuf&25], [126] Thisis shown inFigure
47, wherea sapphire substrate was held at 600 °C under nitrogengtassrpressure for 24

hours.[127]

Al,O; (1000) RHEED Pre-Nitridation Al,O; (1000) RHEED Post-Nitridation

Fi g&a7Y eRHEED patOdrl0o 0Df) tplad tAlrn pre and pobmangte
reproducefief2e6ome 1

After the desorb and substrate nitridation steps are complete, the titanium cell is at
operating temperature and the shutter over the Ti cell is opened and growth Tiegnsm flux
is generated with a DCA higiemperature effusion cell run betwes00 °C and 1900 °C
depending on the flux required and the age of the soonaterial.Figure46 shovs a growth
process for a TiN sample grown at 800 °C with a cell temperature of ~1700 °C. Typical growth
rates for TiIN samples are between 0.001 and 0.005 nm/second which has an upgietdied

by the high temperature effusion cell.
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Pressure during growth ranges from base pre¢stird 02° Torr) to 5x10° Torr when
ultrachigh purity nitrogen is flowing. Pressure changeligure46 aredue to several factors.
The initial rise and subsequent double spikes in pressure between hours one and two occur from
the heating of the bare substrate. Contaminants from the wafer are desogpddtine growth
surface. The small pressure drop at hour seven is due to the opening of the gate valve to the ion
pumpafter thegrowthis complete This valve is closed during growth to prevent the pump from

overheating due to a large influx of nitexg

Once the growth duration is finished, the cell shutter is closed, and the cell is cooled
down. The nitrogen overpressure is shut off and the substrate is ramped to 200 °C at 25 °C/min.
Once the pressure in the chamber has fallen below%kaf, RHEED is performed on the
sample before removal from the PAMBE chamiBenmping down the chamber pagbwth
before collecting RHEEDnayhelp optimize the image by reducing gwattering of electrons

from gas molecules left in the chamber by the nitrogesmpésource[128]

RHEED of the TiN sample shows a spotty pattern with distinct vertical lines, indicating a
highly crystalline material with a surface structure composed of mainly 3D features, typically
seen in VolmeiWeber crystal growthn Figure48, theAFM corroborates the spotty RHEED
pattern with a topogoalphy whrkifehried dcommes did | of
nodules. TiN samples with this topogrggpically have arootmeansquared roughnesR{) of

2-4 nm, dependent on the sample thickness and growth rate.
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3.1.2TiN Structural Properties

The symmetric XRD of TiN films show a single film peak corresponding to the (111)
orientation of the rock salt structure. Extendedseansr o s s t he har dwade | i mi
were performed and s h e2wialuesgure4®shdvs ag8enail at hi g

sampleVertical dahedreference lines are presdat both the substrate and TiN film.
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Figa9eSymmetric XRD of a 68nmehioNi sngmpled ewietnit ev
|l iterature. Thickness fringes are evi

Reference peak locations are calculated from bulk lattice values in litenaheee
@ T& o B.[80] Thickness fringes are evident on both sidethefTiN peak, indicating
high crystalline quality.

With a peak angle of 18.368°, this representative sample has a lattice constant &f 4.234
assuming no distortion in the cubbattice which is a 0.07 % changetime outof-planelattice
constant from a bulk lattice. A slight deviation of the TiN (111) peak from the reference value to
a | owar i vsdnincreaser the out of plane direction. This elongation could be caused

by several factors, namely growth stress from the therxparsion mismatch between the film
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and the substrate, mosaic spread from misfit dislocations, or compressive stress caused by

interstitial nitrogen.

Since lateral strain of the film is constrained by the substrate, growth stress causing out
of-plane distation for TiN films on sapphire can be estimated using their coefficient of thermal
expansion (CTE) mismatch. The CTE for sapphire is PX00", for TiN it has been shown to be

9.4x10 °[129] The growth stresis
., O 43 (48)

where the thermal stre§s ) is calculated from th difference in expansion from the change in
coefficient of thermal expansiqa- ) and difference between the highest temperature

experienced by the thin film and room tempera{a#). The strain due to thermal expansion is
-.The Youngb6s modulus, E, for Ti N is 590 GPa.
a growth temperature of 80C as inFigure49, thegrowthstress is 1.10 GPa, corresponding to

an in-planestrain of 0.186 %Calculating he lattice constant from several TiN samples as a

function of growth temperature resultsFigure50. TiN sample lattice constants show no trend

which may have been caused by thermal strain in the film.
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Pole figures of the TiNp p @eak reveal sifold symmetrythat is likelycaused by
twinning in the material130], [131]Figure51shows ths 6fold symmety at a 6 val ue

approximately380°, with the span fron25°< 6 < 35° to show theentiretyof the TiIN p p @eaks.
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Compositional analysis was performed using RBS, with fitting of the spectra done in
SIMNRA. Figure52 shows the TiN spectra, with strongpeak for titanium and weaker peak

for nitrogen. Plateaus in the spectra are seen for oxygen and alufnimarthe AbOs substrate
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A thin oxide lyer was added to the simulation and allowed to be fit for both composition
and thickness to better match the data. This oxide layer addition does not significantly affect the
composition calculated for the main TiN fili8ide to side shifts in the fit &en around the
nitrogen peak can be causeddhyanges in the energy scalinged to fit the datavhile still
maintaining an accurate peak shape and inter@itsnposition for the TiN filnwas determined
to be nitrogen rich at §ksNo.s5 To compare with stoichiometric TiMN simulation was run

forcing thecompositionof the sample to b&io.sNo.s, shown inFigure53.

96



3000 u . | . . .

® Experimental Data

Tip 45Ng 55 Fit

2500 —Ti _N__Fit 1
0.5 0.5

T

2000

T

1500

Counts

1000

500

960 980 1000 1020 1040 1060
Channel Number

Figbhb3eCompari KRB iheatnweuerh gsrée ak s hif omet r i € i TihEXT@eNdi
data al so shown, whirdl hmat antud sattetlde fn it

The simulation irFigure53 confirms that the nitrogen contesftange causesreticeable shift
in the titanium peakThe heterostructure used for fitting the experimental data is shown as a

schematiaen Figure54.
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Figb4deTi Oz hklmati c representing the virtui
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RBS simulation for the TiN sample converged to a thickness of 31.2 nm, wisichilar tothe

thickness calculated from-ky reflectivity data at 29.4 nnasshown inFigure55.
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3.1.3Superconducting Properties

TiN films produced with PAMBE display superconducting transition betwee K
and were fabricated into resonators to measure the quality factor and kinetic inductance of the
material.Figure56 shows thesuperconducting transition ofe8-nm thick TiN sample with an
abrupt transition at 4.K. The transition width for this sample is a maximum of 0.02 K. The
uncertainty in the transition width is due to the sampiimgrvalduring the meagement. RRR

for this sample was 2.79, indicating metallic character.
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Resonators are initially found using a broad survey of the frequency range, looking at the
Sp1 characteristics of the chip. Five-ptanar waveguide resonators are fabricated on each chip,
and so five resonances are found in the suiivigyure57 shows the frequency range from

3.3GHz to 4.3 GHz. Resonances are marked in red. Other less distinct features are found in the
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frequency sweepndare likely caused by package modesmperfecimpedancenatching of

the chip to the 5@ cables and connectors
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FigbhYeRF sweep of a Ti N chip featuring fi

Centering around a single resonator and decreasing the sweep range allows for finer
analysis of the resonance peblgure58 shows the circle fit fronthe real and imaginary parts
of the S1data. The resonator in the figureR& from a repeatability design mask as described in
Methods section 2.3. This fit was performed at 3B of applied attenuation at a temperature of

51 mK.
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Figbh8eR1 from a Ti N resonatdB samppliedwhat hagaa thih
shown.

As the attenuation increases to reach single photon levels, the noise from the system
starts to dominate and the resonator character begins to devigive59 shows the same
resonator at 66IB of applied attenuation and shows much more spread in the data as the

resonance peak loses intensity.
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Figbh9 eResonator 1 from a Ti N sabple at ¢

At low powers (attenuation 75 dB), the data generally cannot be fit properly due to excessive

noisein the data.
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Resonators fabricated from PAMBE grown TiN show huglwer internal quality factors
approaching 20 million but have a much lower internal quality factor of betweef(@00

thousand at the single photon level, indicated by the vertical lifgyure60.
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factors of over 20 million at high photon numbers.

Table4 shows the resonant frequency for the resonators fabricated on thialchip,

with the variables used to fit the power dependent data.

Tabd eVal uefsi tpsaettkert alependa,h iwir tets otntae oirnt tssri magll eq panloit toyn
during

internal

gual

power as well as the maxi mum power

Resonator fo (GHz) Qa QrLs a Nc Qi(n=1)
1 3.5238 2.11x108 4.01x10¢ 0.29 18.5 2.52x10°

2 3.6561 1.43x108 3.80x10¢ 0.30 29.2 2.65x10°

3 3.7795 1.54x10® | 2.52x10% 0.31 68.3 3.97x10°

4 3.9306 3.09x10¢ | 2.67x10° 0.29 69.1 3.76x10°

5 4.0727 9.40x10® 5.71x106 0.25 0.7 2.16x10°
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3.2 Impact of Annealing Titanium Nitride

3.2.1 Topographical Changes

TiN samples exposed to the anneal prodessibed in Methods section 2.1eXperience
a change in surface topography, evidenced by both RHEED and Rigie61 shows the
RHEED of two different TiN samples both grown at 1000 But with and without the anneal
step. The nofannealed samplea Figure6l(a)has t he trypdikc@al s irrfiavea mor
and possesses a sydRHEED patternin Figure61(c), expected for 3D growth. The sampie
Figure61(b) with the anneal step shows clear, smooth triangular domains on the surface, with
interspersegockets inthe surface. Thegecesseform deep channels, which are several

nanometersleep and cannot be accurately nuead due to the size of the AFM tip.

No Post-Growth Anneal With Post-Growth Anneal
Rq =1.9nm Rq =2.49 nm

Peak-to-Peak = 13.8 nm Peak-to-Peak = 22.3 nm

200.0 nm 400.0 nm

FigeteSurface modiaimpt¢at won hot h®i Mddition of
at 1150 AC.
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The RHEED pattern for the annealed sampleigure61(d) becomesnorestreakythan
the unannealed samplgith someweakspots. This change in surface structure is dramatic, but
due to thdrenchlike featuresthe film is not smoother than namnealed films. The pedk-
peak roughness increases with the anfdIS roughnestor the TiN samples increases from
1.9nm to 2.5 nm when thiegenchesare included. For the smoother triangular regionsRiM&
roughnesss lower at 1.3 nm. The step height between triangular domains on the surface is

approximatelyl nm.

RBS measurements of an annealed TiN sample $tterchange from the unannealed
sample, with a calculated composition of #8No.s4 Similar to the norannealed sample, TiN
grown using PAMBE produces a nitrogen rich TiN samipigure62 shows the RBS dataith a

simulated fit using the previously listed composition.
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3.2.2 Structural Changes

Annealing TiN results in morextensiveand more clearlgefined thickness fringes
compared to theonrannealed sampl&igure63 shows the symmetric XR®-2 d  doabbth
thenonannealed TiN and annealed TiN with the AFM showRigure61. The orangecolored

sample data ifFigure63 was annealed witlia = 1000 °C for a duration of 2 hours.

TiN(111).

—TiN with no anneal
—TiN with TA =1000 °C

Al,04(0006)

Intensity (A. U.)
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w-20 (degrees)

Fi g3 eXRD of annealed (in blue) and unan

Figure64 shows xray reflectivity data for the two TiN samples.
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The annealed sample in orangs & thickness of 67.1 nm, while the nannealed sample in
bluehas a thickness of 68.3 nNXRR oscillations may show a decrease in intensity for the
annealed sample due to the increase in surface roughness when compared to the unannealed

sample.

While the presence of thickness fringes on the-aonealed sample is evidence of good
crystal quality, the additional fringes seen in the annealed sample may be due to imprstetd
quality of the film. The norannealed sample possessed a lattice corstadt234 A, while the
annealed sample had an increase of 0.07 % over thammaled sample with a lattice constant

a=4.23A.

Investigating thd&RSM data collected from thenealed’iN (113) asymmetric peak
resultsin themap shown irFigure65. Themagenta line represents tsteeaking thatmight be
seen for &N sample withan undistorted cubilattice constant variation &fl %. The red line
represents thiorizontalshift that should be seen in a sample dugdsial strainfrom a
difference in coefficient of thermal expansion between the TiN film and the sapphire substrate

when grown withlT'c = 1000°C.
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asymmetric peaks are seen.

Taking the intensity cross section through the magentddimaoth the annealed amthannealed
sample shows the width of the peak, and variation in lattice constant between sBotples.
samples show similar spreading alpngowith minimal spreading along the thermal strain line.
The data of thisrosssection is fit with a Gaussian curween normalized and shiftsdthe

peaks are lined up with each other. This is showFignre66.
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Fi g eGaussian fits of the cross sectional R

The FWHM of the Gaussian fit shows a 17 % reduction for a TiN sample with the annealing

process.

109

















































































































































































































































































