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Abstract:

DC reactive magnetron sputtering was used to deposit few-nanometer-thick films of niobium
nitride for fabrication of superconducting devices. Over 1000 samples were deposited on a
variety of substrates, under various chamber conditions. Sheet resistance, thickness and
superconducting critical temperature were measured for a large number of samples. Film Tc was
improved by changing the way the samples were heated during the deposition, by ex situ rapid
thermal processing, and in some cases by the addition of an RF bias to the substrate holder
during the sputter deposition. These improvements to the deposition of NbN have enabled the
production of superconducting nanowire single photon detectors whose quantum efficiency
saturates and was the starting point for work on the superconductor-insulator transition.

Thesis Advisor: Karl K. Berggren

Title: Professor of Electrical Engineering






Acknowledgements:

I would like to thank the following people for their help in making this thesis possible:

Professor Karl Berggren, for all of his help and support.
Jim Daley and Mark Mondol who work tirelessly to keep the NSL running smoothly.

The students of the QNN group, especially the SNSPD team: Francesco Bellei, Adam
McCaughan, Faraz Najafi, Kristen Sunter and Qingyuan Zhao.

The Dane, Lu and Lonsdale families.

Thank you!






Table of Contents:

1. Introduction 1
2. Superconducting and material properties of NbN 3
a. Historyand Uses of NDN 3
b. Normal-Metal Properties of NON 4
c. Superconducting Material Properties Review . 5
d. Critical Temperature of NON_ 9
e. Penetration Depth of NDN__ 11
f. Coherence Length of NON 12
g. Methods of Producing NbN films___ 13
h. Optical Properties of Sputtered NN~ . 13
Lo REIIENCES 14
3. Sputtering Basics 22
A Plasma BasiCS 22
b. DC SPUIING 28
C. Magnetron Sputtering 30
d. Other Sputtering Conditions. 33
B RE SPUREIING 34
f. Reactive SpUttering. 38
g. Structure-Zone Models 41
h. Stressin Sputtered Films 43
o BIaS SPULIING. 45
Jo CONCIUSIONS 46
K. RETOIENCES 47
4. Methods 51
a. Substrate Preparation 51
b. DC Reactive Magnetron Sputtering.___ 53
C. Sheet ResiStanCe 56
d. Measuring the Superconducting Critical Temperature . 57
e, TranNSMISSOMeIIY 59
f. X-ray Reflectivity 59



g. Rapid Thermal Processing 60

5. Experimental Results and Discussion 61
a. Reproducibility: Short-Term, Among Substrates, and Long-Term______ 62
b. Tcof NbN on SiNX and SiOz 63
c. Long-Term Reproducibility 65
d. Design of EXperiments 69
e. Improving the Substrate Holder 74
f. Backside ADSOIDer 75
0. Bias SpUttering 78
h. Rapid Thermal Processing 80
I Xeray RefleCtiVity 86

j. Rapid Thermal Processing of Room Temperature Deposited Nb and NbN_ 88
k. References 95

6. Conclusions 98

a. References 100



Andrew Dane Chapter 1: Introduction

Chapter 1

Introduction:

Niobium nitride (NbN) has a bulk superconducting transition temperature (T¢) close to 16 K, however the
T, of thin films of niobium nitride suitable for applications is often suppressed, and for few-nanometer
thick films, the thinner the film, the lower the T.. This means that superconducting devices that benefit
from being made thinner must do so at the expense of T, and at a fixed operating temperature this means
lower critical currents, lower critical fields and more dissipation for dynamical signals. Additionally,
reproducibility of the properties of sputtered NbN has been limited, hampering device engineering. In this
thesis we attempted to maximize the T, of ultrathin film NbN deposited by DC reactive magnetron
sputtering onto silicon based substrates by varying the sputtering conditions and using ex-situ rapid

thermal processing. We also characterized the reproducibility of the T, of the films produced.

Before discussing the results of this work we first review some basic superconductivity concepts
as well as properties of superconducting Niobium Nitride in chapter two. Important superconducting
length scales are emphasized and some basics of the microscopic BCS theory and phenomenological
Ginsburg landau theory are presented. Experimental work on NbN is highlighted to give interested parties
a full picture of what is known; a great deal of literature has been published, and continues to be

published, on NbN since its discovery as a superconductor in 1941.

Chapter three goes into detail about basic plasma physics, DC, RF, and magnetron sputtering.
Reactive sputtering is discussed as it is essential for creating high quality NbN. Reactive sputtering of

NDbN from a high purity Niobium target minimizes impurities in the resulting film and allows for control
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over stoichiometry by varying the reactive gas flow and pressure. Plasma environments without reactive
gases are complex; the addition of a reactive gas can make the chamber conditions and the effect on the

deposited film difficult to predict or control without knowledge of the basic processes.

Results are summarized in chapter five, and are based on the methods described in chapter four.
Over 1000 few-nanometer-thick NbN films were deposited by DC reactive magnetron sputtering on a
variety of substrates under a variety of conditions. Transport measurements were made at room and low
temperature, with the film superconducting temperature being one of the focuses of our efforts to develop
a reliable material system. The main results of this work include: (1) establishing the conditions for
reproducibility in the properties of our films, an issue that plagued us in the past but seems significantly
improved when using amorphous substrates, (2) improvement of film T. by direct heating of substrates
with the halogen lamp heaters inside of the deposition chamber, (3) improvement of film T, through the

use of rapid thermal processing.

This work on NbN deposition has enabled the fabrication of NbN superconducting nanowire
single photon detectors which exhibit saturating internal quantum efficiency, as well as other

superconducting nano-devices. These will not be discussed in what follows.
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Chapter 2
Superconducting and Material

Properties of Niobium Nitride:

The interpretation of the results of this thesis and their use in designing and fabricating useful
devices rely on knowing some basics of superconductivity. Many of the useful properties of
superconductors are not experimentally accessible as process control variables that would make
sense for engineering purposes. For instance, the superconducting gap of a thin film can be
measured directly, either by measuring the differential conductance of a tunnel junction
fabricated from the material or by taking scanning tunneling microscopy measurements of the
film. Knowledge of the gap can then be employed to estimate the size of the quasiparticle cloud
created after a photon is absorbed by a superconductor, which can enable the design of efficient
superconducting nanowire single photon detectors, for instance. However, both of the
aforementioned avenues for measuring the gap are costly and effort intensive, especially when
reproducibility is an issue and large numbers of samples need to be measured. Instead of
measuring the gap of the superconductor directly, it will suffice to measure the T of the material

and relate the Tc to the superconducting gap through well-known relations from BCS theory.
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Similar statements can be made about device kinetic inductance which can be estimated using

the T¢ and resistivity, as will be mentioned below.

History and Uses of NbN:

Niobium nitride was first discovered to be a superconductor in 1941 [1]. World War 11
made it difficult for early discoveries involving NbN to be communicated widely [2]. It had the
highest known T until 1953, when it was supplanted by VsSi [3], which has a T¢ of about 17K,
which was itself surpassed by NbsSn, which has a maximum T. of 18.3K, a year later [4].
Original reports of NbN’s T¢ were conflicting and contradictory until, in 1952, Rogener [5]
showed that the T of NbNj is highly dependent on the relative amounts of Niobium and
Nitrogen in the compound. Since Rogener’s discovery, it has been recognized that the electrical
and superconducting properties of NbN are dependent on a number of factors including:

composition, crystal phase, and crystallinity.

NDbN has been used to make a variety of superconducting devices including hot electron
bolometers [6], superconducting nanowire single photon detectors [7], Josephson junctions [8],
SQUIDs [9], a variety of RSFQ circuits [10], as well as three terminal superconducting
transistor-like devices [11]. NbN has also been used in a variety of resonators [12], RF cavities
[13], delay lines and other electrical circuits [14] which benefit from the low loss of a

superconducting component as well as the kinetic inductance of thin film superconductors.

Normal-Metal Properties of NbN:
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The bulk normal properties of NbN can be summarized as follows. NbN is a metallic
gray compound with a bulk resistivity in the neighborhood of 60 to 80 pOhm*centimeters [15].
The mean free path of an electron in NbN is about 4 Angstroms, estimated using measured
resistivity and a free electron model. The crystalline phases of NbN have been difficult to
establish experimentally due to the large number of crystal phases. Numerous different phases
exist at different temperatures and nitrogen to niobium ratios and within a phase the ratio of non-
metal to metal is associated with different crystal lattice constants [16]. The delta phase of NbN,
also referred to as B1 or NaCl-type crystal lattice, has the highest Tc among NbN polymorphs
and among B1 type superconductors [17]. The band structure of NbN has been calculated using
linear combination of atomic orbitals (LCAO) and augmented plane wave methods [18] to
determine a density of states at the Fermi energy (N(0)) to be 0.54 states/(eV*m®);
experimentally determined values have been shown that corroborate this number, however others
have values almost half as much. The difference is attributed to the samples being non-

stoichiometric.

Superconducting Material Properties Review:

The superconducting critical temperature is the temperature at which an ideal
superconducting material loses all resistance and it is one of, if not the key, superconducting
material property. In the presence of thermal fluctuations, the transition from normal metal to
superconducting as the temperature is reduced is not immediate. Instead, the transition will have
a measurable width. In measurements of resistance versus temperature, the critical temperature is
usually defined by convention as the temperature at which the resistance has fallen to some

fraction of its normal state resistance. The critical temperature is one of the most important

5
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properties of a superconductor, especially for applications, since the necessary cooling system
can vary significantly in cost depending on the temperature needed. Bardeen-Cooper-Schrieffer
(BCS) theory explained superconductivity by showing how electrons in a crystal lattice could
form pairs of non-scattering charge carriers via electron phonon interaction. At high temperature,
thermal energy and increased scattering prevents pairing, but at low enough temperature the
formation of these Cooper pairs gives rise to superconductivity. The predictions of BCS theory
have explained a wide variety of the behavior of low temperature superconductors including the
isotope effect which confirms the role of phonons in pairing. BCS theory gives us the following

relationship for Te:
kgT, = 1.13hwpe”Y/NOV

Here wy, is the Debye frequency, N(0) is the density of states at the Fermi level and V is the
electron-phonon coupling constant, all for the material being considered. This formula is valid in

the weak coupling limit where N(0)V << 1.

The superconducting energy gap is the gap that appears at the Fermi energy in the density
of states of a material that is superconducting. It describes the energy of the bond between
electrons in Cooper pairs and can be used to determine the condensation energy of the
superconductor, that is, the thermodynamic free energy difference between the sample in the
superconducting state and the normal state. The sample will superconduct when the
superconducting state minimizes the free energy of the system. For typical low temperature
superconductors without magnetic impurities, the gap is zero at Tc and maximal at zero
temperature. Once again, BCS theory gives us an expression for the gap in terms of electronic
and phononic properties, and in the weak coupling limit, the gap expression is the same as the

above expression for kg T, to within a numerical constant of order unity. At zero temperature, we

6



Andrew Dane Chapter 2: Superconducting and Material Properties of NbN

have % = 1.764, where A(0) is the gap at zero temperature. Interestingly, it is in fact possible

Bic

to have superconductivity even when the gap is equal to zero. The addition of magnetic
impurities or other “time-reversal noninvariant perturbations” [19] can suppress the gap to zero

while the material continues to superconduct and have zero resistance.

While the critical temperature is an extremely important material property, two additional
properties that account for a great deal of a material’s superconducting behavior are the
coherence length (&) and the penetration depth (1). Both of these lengths appear in the BCS
theory as well as the phenomenological Ginzburg Landau theory, and, confusingly, are
mentioned without reference to which theory is being used. In BCS theory, the coherence length
describes the length scale over which electrodynamic effects are correlated; the relationship
between an electric field and the resulting current density is nonlocal. The BCS coherence length
is given by the following expression:

_ hvp hvg
- mA(0)  1.764mkgT,

8o

Where vr is the velocity of electrons at the Fermi level. The BCS coherence length can be related
to the GL coherence length assuming a free electron model. This yields the following formula for

the GL coherence length:

0.74%,
e (T) = T
1=,

The penetration depth is a measure of how far into a bulk superconducting material

applied magnetic fields are able to penetrate. Once again, BCS theory allows us to calculate the
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value of this parameter. In the local approximation, the case appropriate for NbN, the penetration

depth is the same as the London penetration depth to within a numerical constant, c:

m
A=c

pHone?

For NbN, c is approximately 3. This value of the penetration depth can be used to give a

temperature dependent expression for use in the Ginzburg Landau theory:

Ao (T) = i
GL - 5[ 1
Te
The above description of penetration depth and coherence length is correct in the clean limit,
which assumes that the mean free path of electrons in the metal is much longer than the
coherence length. For many practical superconductors, the mean free path is much less than the

coherence length. In this case, known as the dirty limit, the two lengths can be approximated

with the following prescription: £, —» /¢,land A — A\/% where | is the mean free path. The

coherence length becomes the geometric mean between the BCS coherence length and the mean

free path, while the penetration depth is scaled by \/%

Depending on the relative lengths of the penetration depth and coherence length, the
behavior of a given material in a sufficiently strong magnetic field can vary greatly. Type 1
superconductors are those that expel magnetic field completely, until some critical field is
reached, at which point superconductivity breaks down. Type 2 superconductors behave like type
1 at low magnetic fields, but above a material dependent field, admit quantized amounts of
magnetic flux to penetrate into their bulk. These lines of magnetic flux are surrounded by

8
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circulating current and are referred to as vortices. As the field is turned up, more of these vortices
enter the material until at some point superconductivity again breaks down. It can be rigorously
shown that for superconductors where € > ~/2), it is energetically favorable for the material to
enter the normal state rather than support a vortex, while in the complementary case,
superconductivity with vortices is energetically favorable. The former class of materials is type

1, while the latter is type 2.

Since we are mostly interested in thin films of superconducting material, it is worth
noting here that the penetration depth for magnetic field perpendicular to the film plane in films
whose thickness is much less than the bulk penetration depth is modified. Due to the

confinement that the thin film provides, the penetration depth is effectively lengthened to what is

known as the Pearl length: A, = );—there d is the film thickness [20]. Additionally, this change

in the effective length of the penetration depth may contribute to type 2 like states in thin films of
type 1 materials [21]. This regime, in which there may be radical changes in superconducting
behavior due to size effects, was recently described as a “largely unexplored field of mesoscopic

type-1 superconductors.” [22].

Critical Temperature of NbN:

The relatively high superconducting critical temperature of Niobium Nitride has led to
considerable interest and research into its superconducting properties. The bulk superconducting
properties of NbN are summarized below. The bulk T¢ — though highly dependent on chemical

composition, crystal phase, and defect density — is generally considered to be about 16K [23].
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The effect that the ratio of nitrogen to niobium in a sample of NbNy has on the T, was
first explored in 1952 [5]. In most studies, it is claimed that a one-to-one ratio of niobium to
nitrogen yields the highest Tc, however other results indicate that deviations from stoichiometry
increase T¢; in particular, ref 24 showed that a composition of NbNo.g3 had a T¢ about 400 mK
higher than NbNo.g9. Nb(CN) has been shown to have a higher T than NbN; the addition of
contaminates such as carbon can enhance the T, of NobN compounds, further complicating this

determination [25].

The effect of vacancies on the T, of NbN was probed by irradiating various niobium
compounds, including NbN, NbCN, and NbC with a varying dose of 1MeV neutrons. [26]. At
the highest dose tested, 1.5 x 102°/cm?, the midpoint T. of the NbN sample was reduced by
only 8%, from 15.5K, compared to up to 26% for the other compounds and up to 80% for the
high Tc A15 crystal phase superconductors, like NbzSn. In a different study, it was shown that
neutron bombardment could lead to an order of magnitude increase in NbN critical current in the
presence of a range of magnetic fields, likely due to the creation of pinning centers [27]. The
reduction in T¢ agrees with a proposed model relating vacancies in the Niobium and Nitrogen
sublattices to the T, via the number of valence electrons per atom [28]. These results are similar
to those for other low-temperature superconductors with the B1 crystal structure, such as TiO.
The superconducting critical temperature is a strong function of the number of vacancies in the
crystal lattice [29]. Stoichiometric samples were treated with high temperatures (up to 1650 °C)
and high pressures, up to 90 kbar, to remove vacancies from the crystal lattice. While initial
samples had 15% vacancies in all lattice sites and T close to 0.8K, samples with 0% vacancies
had T¢ of 2.3K. Interestingly, the lower the concentration of vacancies, the greater the lattice

parameter of the TiO sample, indicating that the vacancies require less space in the crystal than a

10



Andrew Dane Chapter 2: Superconducting and Material Properties of NbN

titanium or oxygen molecule. This also shows that in the TiO system there is a strong correlation

between lattice parameter and T, similar to what has been observed in NbN.

The Tc of bulk or thick film niobium nitride is well predicted by the strong coupling
McMiillan formula, which takes into account higher order interactions beyond the simple BCS

expression:

1.04(1+N(0)V)
kpT. = il(:g e_(N(O)(V—UC[1+0.62N(O)V]))

where wp, is the Debye frequency, N(0) is the band structure density of electron states, V is the
electron phonon interaction parameter, and U is the screened coulomb interaction parameter
[30]. The McMillan formula predicts that increasing wp, V and N(0) will increase Tc. NbN’s

large Tc in this framework is a result of its large V and wp, [17].

It was theoretically predicted, using a modified McMillan formula, that the T of niobium
nitride would increase under pressure [31]. The predicted increase in Tc is due to an increase in
the Debye frequency as well as an increase in the electron-phonon coupling. Intrinsic stress in
sputtered NbN films has been measured [32], and while compressive stress seems generally
associated with higher T¢ films, it does not appear to be the leading contribution. This conclusion
in thin films is further bolstered by explicit measurements of the critical current of a NbN sample
versus strain, where no variation of the critical current was found up to 0.7% strain in a variety of
magnetic fields [33]. NbN’s tolerance to stress and strain is unfortunate because stress can be
widely varied by changing the deposition pressure while sputtering [34] or adding ion

bombardment [35].

11



Andrew Dane Chapter 2: Superconducting and Material Properties of NbN

The effects of film thickness on T¢ of NbN is nicely summarized in [36] and [37]. The
dominant mechanism by which the T¢ is suppressed is still being explored. The effect of disorder
on the T¢ of NbN films appears is connected to the thickness and sheet resistance related

suppression of Tc and the superconductor insulator transition.

Penetration Depth of NbN:

Measurements of the penetration depth in 540 nm thick films of NbN yielded a zero temperature
penetration depth of 194 nm [38]. This value for the penetration depth is in contrast to earlier
measurements, which concluded that the zero temperature penetration depth was almost twice as
long, 385 nm [39]. While the film from the earlier measurement was 800nm thick, its T was
15.3K, whereas the film used by Komiyama et al had a T, of 16K. The difference in penetration

depth is likely resolved by the differences in the film resistivity and T, since the effective
penetration depth can be expressed as a function of both [40]: A, = 1.05 X 107° % (cm),
where pp is the normal state resistivity in micro-ohm centimeters.

The penetration depth in relatively thick films of NbN has been estimated from the T,
resistivity, and the strong coupling parameter [41] to yield a value of 176nm at zero temperature.

A particularly helpful relation for the GL penetration depth in the dirty limit as a function of

temperature is given in ref [42]: A5, = 6.42 X 10‘6\/’7—”L where A, is in centimeters, and

T, , T
c 1_T_C
the resistivity is in micro-ohm centimeters. It is unclear where the numerical error between this

and the former relation for the penetration length originates. Penetration depths have also been

estimated for superconducting films with a variety of lumped resonator methods [43].

12
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Surprisingly, while this study of the penetration depth versus thickness of Nb film incorporates
effects due to the resistivity, no mention is made of the effective lengthening of the penetration
depth when the film thickness is less than the bulk penetration depth, a situation elucidated by

Pearl [20].

Coherence Length of NbN:

The GL coherence length of thin film NbN can be inferred from measurements of H¢2 at

zero temperature, as was done in ref [44]. The relevant relation is:

S = 2L, (0)

Where @, is the magnetic flux quantum, and H_,(0) is the upper critical field at zero
temperature. The GL coherence length found with this method varied between 4nm and 8nm as
the T of the measured film varied between 16K and 3K. In the same work, the BCS coherence
length was calculated using the BCS relation for the coherence length in the dirty limit, but it

was found to be about twice the GL value for a given film.

NbN Superconducting Gap:

The superconducting gap is estimated from tunneling experiments and the Fermi velocity and
can be inferred by measuring the density of conduction electrons in a Hall conductivity
experiment, assuming a free electron model [45]. Scanning tunneling measurements of the gap

for NbN films demonstrate that the ratio of the gap to the superconducting temperature is

13
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reduced as the film thickness is reduced and the superconductor to insulator transition is
approached [46]. Since the ratio of the gap to the T. is fixed for a simple BCS superconductor,

this is referred to as unconventional superconductivity.

Methods of Producing NbN films:

Thin films of niobium nitride have been prepared by a variety of methods, including: DC
[47] and RF [41], reactive magnetron sputtering, by nitridization of niobium films during rapid
thermal processing [48], chemical vapor deposition [49], and atomic layer deposition [50]. For
most methods of thin film NbN deposition or growth, a greater substrate temperature results in a

lower resistivity film.

Optical Properties of Sputtered NbN:

The optical properties of sputtered NbN films can vary depending on how they are
deposited. In addition to the stress being greatly variable depending on the pressure, the optical
reflectivity is also greatly variable [34]. While the Tc of NbN depends on the stoichiometry, the
optical properties do as well. Ellipsometry was used to measure Psi and delta of thick NbN films
that were deposited under a variety of conditions [51]. Here, it was noted that psi was a good
indicator of the T. as a result of the film fitting well to a simple expression for the reflectivity;
the higher the T, the lower was the plasma damping coefficient in a simple Drude model, with
the conclusion being that the T. decreases as the scattering from defects and disorder increases.
More complex optical models have also been used [52] to describe the optical properties of NbN
thin films.

14
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Chapter 3

Sputtering Basics:

“The plasma is like a tornado in a garbage dump”

-Professor Henry Smith.

Recounting John Coburn’s description of plasmas in thin film processing, which contain a bevy
of particles: electrons, neutrals, excited neutrals, positive ions, negative ions, fragments of the

gas, and a variety of radicals.

The large number of inputs to the sputtering process, and the interrelation between these inputs
can make it difficult to correctly interpret the results of experiments to optimize and control the
properties of sputtered NbN films. For instance, a common method of optimizing the chemistry
of NbN films is to vary the nitrogen flow rate between depositions, keeping all else constant, in
order to measure the Tc as a function of nitrogen flow rate. However, sputtering yield and thus
film deposition rate, is a function of the surface state of the sputtering target, which is itself a
function of gas flow rates, target size and vacuum pumping speeds. For NbN, higher nitrogen
flow rates and pressures are associated with lower sputtering yield. As a result, a plot of Tc
versus nitrogen flow rate for ultrathin films will underestimate the optimal nitrogen flow because
films deposited at higher nitrogen flow will be thinner and thus have a lower T¢ , while films
deposited at lower nitrogen flow rates will be thicker and have a higher T¢, due to size effects.
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Understanding the basics of sputtering is therefore necessary in order to correctly determine how
to improve and optimize ultrathin superconducting NbN films. The purpose of this chapter is to
review the basics of sputtering and highlight issues relevant for the sputtering of ultrathin NbN
films. We will review basic plasma physics, DC, RF and magnetron sputtering, zone growth

models and stress in deposited films.

Plasma Basics:

Sputtering is a physical vapor deposition technique where ions produced in a plasma are used to
bombard the surface of a metallic target in order to deposit a thin film of that metal onto a
substrate. Sputtering is often used instead of other deposition methods when the desired film is a
compound or alloy. For instance, evaporation of alloys can often lead to non-stoichiometric films
since melting can often lead to phase separation of the constituent elements and large differences
in vapor pressure can lead to films being deposited that have different composition than the

source. Sputtering is one of a variety of thin film technologies that relies on plasmas.

A plasma is a fluid that contains a large number of mobile negatively and positively
charged particles. A plasma can be initiated or sparked by applying a potential across a parallel
plate capacitor configuration, where the space between the capacitor plates is filled with a dilute
neutral gas. If the applied potential is large enough that one of the gas molecules can become
ionized, the separated ion and electron will be accelerated towards opposite plates. These
accelerating particles will collide with inert gas molecules at a rate determined by the mean free
path in the gas, which is determined by the pressure and the scattering cross section of the gas

species present. If the accelerating particles gain sufficient energy between scattering events, the
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scattering can lead to ionization of additional gas. This process can lead to an avalanche, such
that a significant fraction of the gas becomes ionized. The current density that results between

the two plates is given by the well-known Townsend equation:

ead

o 1- Ve(ead - 1)

i =

Here, a is the probability per unit length that a collision between a gas atom and an electron will
result in ionization, d is the distance between the parallel plates, and y, is the Townsend
secondary electron emission coefficient. When positively charged gas ions strike the negative
electrode surface, they have a chance to cause the emission of electrons, known as secondary
electrons. The Townsend Secondary electron coefficient tells us how many secondary electrons
are created per ion incident on the cathode surface. These electrons contribute to the total current
between the capacitor plates and, as we’ll see, the effects of secondary electrons can be more

important in reactive sputtering than non-reactive.

The probability per unit length that a collision between a gas atom and an electron will
result in ionization («), depends on the ionization potential of the gas species, the mean free path
in the gas, and the potential applied to the electrodes. This can be combined into an arrenhieus-
like rate equation, where the ionization potential is a barrier that must be surmounted by the

energy gained by the electron between scattering events:

G

Where A is the mean free path between scattering events, V; is the ionization potential of the gas
in electron volts, q is the electron charge, and E = V/d is the electric field between the capacitor

plates.
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Breakdown of the gas into a plasma is taken as the limit which the current goes to infinity, or
equivalently, that the denominator of equation 1 goes to zero: 1 — y,(e** — 1) = 0. If we
combine this with the formula for a we can get an expression for the voltage required to sustain

a plasma given all of the relevant parameters, the breakdown voltage Vs:

1t

n (4) = in (Zn (Yey_jl))

VB:

Since the mean free path varies inversely with the system pressure P, 1 « %, this expression for

the breakdown voltage can be re-written into its better known form as Pashen’s Law:

APd

Vs = In(Pd) + B

where A and B are fitting coefficients that account for the relationship between the mean free
path and the pressure P as well as the effect of secondary electron yield at the cathode. Paschen’s
Law correctly predicts that there is a minimum in the breakdown voltage versus the product of
the pressure and the electrode distance. At low Pd, there are relatively few collisions between
energetic electrons and gas molecules so the breakdown voltage rises. Upon increasing Pd, Vg is
reduced, until the mean free path in the gas makes it such that a greater electric field is required
for electrons to gain enough energy to ionize gas molecules between scattering events. Thus Vg

rises with increasing Pd.

The initial stages of plasma formation is known as Townsend discharge, but once the
breakdown voltage is reached and plasma becomes self-sustaining through impact ionization and

secondary electron yield, we enter the normal glow regime. Here the plasma is sustained at
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higher current and lower voltage and gives off a characteristic glow due to photons generated by
recombining electrons and ions. During the normal glow, the current through the plasma is
almost independent of the voltage. As the power through the plasma is increased, we enter the
abnormal discharge regime, where current and voltage increase together. This is the regime used
for sputtering. If the power is increased further, heating of the electrodes and thermionic

emission will contribute to arcing and low voltage current transport.

Common laboratory plasmas, where roughly 1 in every 10,000 gas molecules is ionized,
exhibit a few non-obvious behaviors related to their degree of ionization and method of creation.
Laboratory plasmas are often cold or non-thermal, meaning that the electron, ion, and gas
subsystems are not in thermal equilibrium. Power from the source sustaining the plasma is most
effectively coupled to heating of the electrons [1]. As a result, the effective temperature of
electrons in non-thermal plasmas is orders of magnitude larger than the temperature of ions or
neutrals. Characteristic temperatures of electrons, ions, and neutrals in non-thermal plasmas are
20,000K, 500K and 293K respectively. The result of this is that electrons in the plasma have
velocities three orders of magnitude higher than the ions do. lons and electrons both randomly
impinge on the plasma container walls, however the higher electron velocity (and lower mass /
high mobility) means that surfaces immersed in the plasma receive more electron current than
ion current. This causes the container to develop a potential that is lower than the bulk of the
plasma, or in terms of the container being grounded, the plasma self-biases to a positive
potential. This self-biasing encourages ion current and stops further charging of the chamber

walls. A DC plasma will self-bias to a voltage given by the following formula:
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Where Te is the electron temperature in kelvin, ky is Boltzmann’s constant, me is the electron
mass and mgq is the gas atomic mass. For the above quoted electron temperature of 20,000K with

argon gas, the plasma potential is approximately 8 volts.

The transition region between the plasma and the lower potential wall (or the powered
cathode) is referred to as the sheath. The sheath width is related to the Debye length, which is the
screening length for isolated charge in a plasma and is given by:

g kgT

An =
P n;q?

The temperature T is the effective temperature of the species doing the screening, so in the case
of a fixed positive charge inserted into the plasma, the screening occurs due to relatively high
concentration of electrons that develop around the charge, so T=Te. The density of ions is given
by ni. The sheath width can be calculated from the following expression:

3
d. = EA <2q(Vp — V)>Z

s D —kBT

I is the voltage of the relevant surface. The sheath width is derived self consistently with the
Child-Langmuir equation, which correctly predicts the current voltage relation of DC plasmas at
low pressure, when the mean free path in the gas is longer than the distance between electrodes.
The edge of the glowing plasma and the electrode effectively form parallel plates separated by a

distance d,. The current that flows between a powered electrode and the (negative) voltage V, is

4¢
9d2j7( P - V)Z
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1 is the total current, A is the electrode area, g is the electron charge and m is the mass of the
charge carrier. This equation gives us the form of the IV curve in the abnormal glow regime
where sputtering typically takes place. For higher pressures, when the sheath width is greater

than the mean free path, a quadratic relation between current and voltage is observed: I o V2,

DC Sputtering:

The creation of a self-sustaining plasma is typically the first step in DC sputter deposition.
Consider the same parallel plate arrangement as discussed above, but now replace the cathode
with a plate of some metal, which we desire to deposit in a thin film and which we will
interchangeably call the target. At the anode, we place a substrate onto which we will collect the
metallic film. The sputtering chamber is filled with a sputtering gas, usually argon. A plasma is
established by applying DC power to the electrodes during the sparking phase. The pressure at
this point is usually kept higher than the pressure used during sputtering, which shifts the
sputtering gas’s breakdown voltage down into a range accessible by common laboratory power
supplies. This behavior can be understood through Paschen’s Law. After sparking, the gas
pressure is reduced and sputtering takes place at the cathode. The voltage or the current can be

varied, with the other responding appropriately.

Sputtering of material from the cathode occurs in the following way. Gas molecules in
the glowing region of the plasma become ionized by colliding with high-energy electrons. When
these ions encounter the sheath between the plasma and the cathode, they are accelerated towards
the cathode. lons start off in the plasma at some potential V), are accelerated through the sheath,
and arrive at the cathode at potential V (assumed to be negative), gaining energy q(V,-V). The

ion impinging on the surface of the target will transfer some of this energy to target atoms at the
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surface. The atomic weight of the target atoms, crystallinity of the target, total ion energy, angle
of incidence, and other factors can affect what happens next, but generally some number of
target atoms will be dislodged from the target surface and be sent flying into the chamber, where
a portion of those atoms will collect on the substrate and become the desired thin film. The

sputtering yield is defined as the number of sputtered atoms per incident ion.

Sputtering yield is affected by the details of the impinging ion and target. Generally, there
is a lower threshold energy that the ion must have in order for sputtering to occur. This energy is
approximately an order of magnitude greater than the heat of sublimation or surface binding
energy of the target material, typically in the few to ten electron volts range [2]. At low ion
energies, yield increases with increasing ion energy, approximately proportional to the square
root of the ion energy (see Principles of plasma discharges...). For a wide range of elemental
targets, yields are between 0.5 and 1 for 600eV argon ions [3]. Yields continue to increase until
ion energies approach ~10keV. As the ion energy is increased further, yield levels off and even
drops as the sputtering ions begin being implanted into the target and are unable to transfer their

energy to surface atoms to help them escape the target [4]. Yield is also a function of the angle at
which the ion impacts the target, roughly following ﬁ where 0 is the angle between the ion

velocity and the normal to the target surface. Finally, the energy distribution of material
sputtered from the target is a function of the surface binding energy, with a maximum at half of
the surface binding energy but is not dependent on the ion energy [1]. The energy of the
sputtered material follows the Thompson formula [5]. Increasing the voltage used for sputtering
can increase the yield — but the energy of the sputtered material seems to be insensitive to ion

energy.
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One issue with DC sputtering is the high pressure needed for reasonable deposition rates.
The pressure that optimizes deposition rate in DC sputtering is on the order of 100 mtorr. At 100
mtorr, the mean free path of a particle is approximately 400um (estimated using kinetic theory
assuming argon gas, molecular diameter of 4 Angstroms, at room temperature). High pressure
can lead to undesirable effects since the sputtering ions and the sputtered material may have their
velocities randomized and energy lost in scattering with neutral gas. If the cathode sheath width
is greater than the mean free path in the sputtering chamber, then ions will lose energy by
scattering off of neutral gas on the way to the target, reducing yield. Similarly, sputtered material
will also lose energy and move more diffusively about the sputtering chamber. This result can
contribute to less ideal film morphology as well as reduced deposition rates due to material
diffusing away from the substrate. Lastly, the higher the pressure during deposition, the more
sputtering gas impinges on the surface of the depositing film, and the more gas is incorporated

into the final product.

Reducing the pressure during DC sputtering will alter the plasma dependent on how it is
being powered. If the voltage is being held constant, the current will drop when the pressure is
reduced, because for a fixed accelerating voltage there are fewer interactions between electrons
and neutral atoms leading to ions and electrons for conduction. The reduced current will result in
reduced deposition rates. On the other hand, if the current is fixed, then the voltage will rise to
accommodate the reduced probability of electron neutral interaction. DC sputtering below 30

mtorr is not usually feasible [6].

Magnetron Sputtering:
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In order to address the high pressure required for DC sputtering, magnetron sputtering was
developed. In magnetron sputtering, a magnetic field is applied that is perpendicular to the
electric field between the cathode and anode. Due to these perpendicular fields, electrons that
would otherwise simply accelerate towards the anode execute cycloid motion, with the net
motion perpendicular to both fields. This increases the likelihood of impact ionization by
effectively trapping the electron near the cathode. The result is that at a given pressure and target
voltage, greater current density flows between the electrodes. Alternatively, magnetron
sputtering allows the same current to flow at lower gas pressures. DC magnetron sputtering at a

few mtorr allows sputtered material to arrive at the substrate with more of its initial energy.

The IV curve of a DC magnetron sputtering source has been proposed to have the
following form [7]:

I= BV -1,

V, is the minimum voltage for maintaining the discharge. In order for the glow discharge to be
self-sustaining, every electron emitted from the cathode must produce sufficient ions to create
one additional electron at the cathode. This minimum voltage is given by the expression:

kY,
B regige

o

V; is the ionization energy of the sputtering gas, I, is the effective secondary electron yield, ¢; is
the ion collection efficiency, and &, is the ion generation efficiency [8]. k may be regarded as a

fitting constant.

Due to the magnetron, the secondary electron yield from the target is effectively reduced,
since secondary electrons captured in the magnetron have a pressure-dependent chance of being
recaptured by the cathode, unlike without the magnetron [9]. At sufficiently low pressure, the
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cycloid motion of a free electron that starts at the cathode surface with zero velocity will cause
the electron to return to the cathode surface where it can be recaptured. Without the magnetron it
would move towards the anode unambiguously. The reduced effective secondary electron yield
is clearly compensated for by the increased number of ions produced per secondary, due to the
increased plasma densities and deposition rates made possible by magnetrons. This result does
suggest however that a sufficiently strong magnetic field could actually increase the plasma

impedance.

The value of g is correlated with the strength of the magnetic field of the magnetron and
is roughly a measure of the magnetron efficiency. g changes with pressure depending on the

magnetic field strength and changes with secondary electron yield [7].

Other workers have put forth different dependencies of the current on the voltage and noted that
the increased ejection of high-energy material from the cathode can change the local gas density
at the cathode [10]. They note that the 1V relation in DC magnetron sputtering is generally I o

V™, but n is a function of sputtering gas type, pressure, and target material.

While most of our above discussion has assumed that the anode and cathode have a
parallel plate geometry, many sputtering tools employ the sputtering gun geometry, which is
slightly more complicated but should not materially affect the present discussion. The design of
the magnetron and the shape of its field has received due attention, for instance in the design of
unbalanced magnetrons which promote bombardment of the growing film. One substantial issue
in magnetron sputter guns is target erosion. As the target gets thinner, the magnetron trap is
effectively strengthened, since the permanent magnets which form the magnetron are located
behind the target. This causes the sputtering voltage to drop over time if the current is held

constant because the increased confinement leads to fewer electrons lost from the plasma and
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greater ionization [11]. This was tested more directly in ref [7] where the target was composed of
a stack of 1 mm thick Cu targets in the same magnetron. By progressively removing targets, the

voltage dropped by 50% with current and pressure being kept constant.

Other Sputtering Considerations:

One of the reasons sputtering is frequently used to deposit alloy films is that unlike other
deposition mechanisms, the deposited film will have the same stoichiometry as the target. During
sputtering the bulk of the source material remains solid, and limited amounts of diffusion occur
at the surface. Also, the sputtering yields for different elements for the same ion energy and
conditions are usually not too different, but in extreme cases may vary by 100%. When
sputtering from an alloy target, the material with higher yield will sputter more readily, but this
causes a form of negative feedback. The surface becomes enriched in the low yield material, and
equilibrium is reached when the surface state has shifted so that the sputtered material has the
stoichiometry of the original target. This stands in stark contrast to evaporation, where alloy
melts change in stoichiometry continuously due to large differences in evaporation rates of

different metals without corresponding negative feedback.

During sputter deposition, the following cause the substrate to heat: bombardment by all
gaseous species including the sputtered material, electrons, ions, and neutral atoms reflected
from the cathode and the heat of condensation released by sputtered material that incorporates
into the film. We can estimate the maximum rise in the substrate temperature due to each of
these effects by ignoring any heat loss mechanisms such as heat conduction through the substrate

holder or radiation. During deposition this will then give the following:
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d(H. + Ex + E,) .

T(t) = 2.67 x 1072°
© 6 0 pcdl)

Where H,, E}, and E,, are the heat of condensation, kinetic energy of the deposit, and average

kinetic energy of all other bombarding species from the plasma, each in eV/atom. d is the
deposition rate in angstroms per minute. p, ¢, d, and Q are the film density in g/cm?, the heat
capacity in J/gC, the substrate thickness in cm, and the volume per atom of the sputtered material
in cm®/atom. Ref [12] discusses substrate heating further and contains relevant numbers for a
range of target materials. Using the above formula for an aluminum target, with a deposition rate
of 1000nm/min on a standard 500um thick silicon substrate, the maximum temperature increase
is around 150C after 60 seconds. Note that the addition of substrate biasing can substantially

increase the E,, term.

RF Sputtering

All of our preceding discussion has assumed that it is possible to drive a DC current through the
target material. This is true for metallic targets, but if we want to sputter some type of insulator,
we cannot practically use direct current; driving 100mA through a SiO2 target (circular with a

diameter of 2 inches and a thickness of 0.25 inches) would require more than 10% volts.

In order to sputter from insulating targets, RF sputtering must be used, although it is not
entirely obvious how RF sputtering works. A common misconception is that RF sputtering works
like DC sputtering, and that every half cycle sputtering occurs at the cathode and on the other

half at the anode. For simplicity, let’s once again imagine a parallel plate configuration, where
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one of the plates is made from a material that we wish to sputter. The electrodes are immersed in

a dilute gas.

First, a plasma must be sparked, similar to a DC plasma, which requires that a few
electrons and ions, formed spontaneously or via the absorption of an energetic particle, gain
enough energy to cause further ionization and precipitate an avalanche process. A zeroth order
approximation of how an RF source can spark a plasma is to estimate the energy gained by an
electron in an oscillating field and equate that with the ionization potential of the gas. Calculating
the maximum Kinetic energy of a free electron in an electric field of strength E with angular
frequency o yields: E;, = (qE)?/(2m,w?). Assuming the frequency is 13.56 MHz (a radio
band reserved by the FCC for scientific and industrial equipment), the electron energy will equal
the energy needed to ionize argon when the electric field is ~11.5V/cm. Although this analysis
ignores scattering of the electrons before reaching this energy, it turns out that RF fields are more

efficient at transferring energy into the electron system, and as a result plasmas spark readily.

Once the plasma is established, as in the case of the DC discharge, the plasma will self-
bias to a potential slightly higher than those of the electrodes/chamber walls. This potential is on
the order of 10 Volts, not enough to cause sputtering, and as in the DC case, this is due to the
high mobility of the electrons far exceeding that of the ions. Fast-moving electrons bombard
surfaces exposed to the plasma until the potential of those surfaces has fallen enough that the

induced ion current stops further charging.

A DC voltage large enough to give ions enough energy to cause sputtering is induced by
the application of an RF potential. Assume that a plasma exists between the electrodes, one of
which is the target. When the potential at the target is positive, it draws electrons towards it

easily due to their high mobility. On the other half cycle however, it collects very few ions. The
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result is that the target builds up a negative DC voltage that encourages ion current. In steady
state, the DC voltage of the target drops until the number of ions and the number of electrons
collected each cycle is equal. This equality can be used to determine the amount of time that the
total potential (RF+DC) of the target spends above zero volts, if we know the electron and ion
velocities and secondary electron yield. The result is that the total potential is positive for about
0.1% of each cycle. Another way to look at this is to make the approximation that Vpc = -Vrr,

where Vgr is the amplitude of the applied RF signal (with peak to peak voltage of 2Vrr).

All of the above arguments for how the target builds up a negative DC voltage also work
for the other electrode. A DC voltage will develop between it and the plasma to balance ion and
electron currents, and if the voltage is sufficiently large, sputtering will occur. Sputtering from

anything other than the target can be a major source of contamination.

Sputtering from only the target in an RF plasma can be ensured by making the surface
area of the target sufficiently smaller than that of the other electrode. This is not difficult, since
in most deposition chambers, the other electrode is tied to the chamber wall and to ground. In
order to see how this is possible, we can model the plasma between the electrodes as series
capacitors, where one capacitance is between the target and the plasma glow region, and the
other capacitance is between the glow and the counter electrode. Each capacitor is proportional
to the electrode area, and inversely proportional to the sheath widths between each electrode and
the plasma. If we apply an RF voltage across these series capacitors, we can determine the ratio

of the voltages that drop across each sheath:

Vtarget _ Cother _ Aotherdtarget

Vother Ctarget Atargetdo ther
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where Vi, Ci, Al, and di are the voltage, capacitance, electrode area and sheath width for the
appropriate electrode. We can now use Child’s law to relate the voltage across each sheath, to its
width. As a reminder, Child’s law relates the current density to the voltage across parallel plate

electrodes with a collisionless (mean free path greater than ds) discharge in between:

i _ 4¢, Z_qV%
A 9dZ |m
A;
di =C TVL

where ¢ combines all of the constants in Childs law not relevant to the present discussion. A4; is

If we rearrange this we get:

Bl w

the area of the electrode and I is the total current flowing between the electrode and the plasma,

and Vi is the voltage across the sheath. The ratio of the target sheath to the other sheath is:

3
de Ag (Vt>Z

dy |4 \V,

We can now plug this into our earlier relation for V¢/Vo:

3
Vi Ay |A (Vt>1 4 (Vt)
Vo o AiJAo\Vo) T Ac\V,

3
1

Finally we get:
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when Ao >> Ay, Vi >> V. In other words, the majority of the RF potential drops across the target
sheath. The DC voltage bias develops at the target and the other electrode in accordance with our
discussion on self-biasing due to the electron mobility being much greater than the ion mobility,
however the bias voltage at the counter electrode should be low enough that effectively no

sputtering occurs.

2
Note that the above relationship, % = (%) , Is not what you will find in textbooks. No
o t

4
less than two texts ([13] and [1]) state the relationship as% = (%) . However, the derivation in

o t

[13] assumes that the current density at each electrode is constant. This seems like a bad
assumption when we are also assuming that one of the electrodes is significantly larger than the
other. It implies that one electrode is drawing significantly more current, despite being connected
in series with the other. By assuming that the total current is equal | get the quadratic expression.
There may be something to this, where, as reference [1] points out on page 432, the

experimentally relationship appears to be close to % = (@

o t

n
) with n < 2.5. While he proposes a

solution, it relies on assuming collisions in the sheath — a regime that is not valid if Child’s law is

used.

Once the DC bias is established due to the application of RF power, our knowledge of

DC sputtering can be applied.

Reactive Sputtering

Creating a compound target of high purity with a desired stoichiometry is a difficult task. As a

result, it is often easier to sputter from a metallic target, while fostering the conditions necessary
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for the desired compound to form at the surface of the target, in the plasma, and on the
depositing film, resulting in a compound film of high purity. This is the basis of reactive
sputtering, and causing the reaction is usually as simple as flowing a reactive gas into the
chamber while sputtering. However the chamber conditions, as complex as they can be from

simply maintaining a plasma, are made more complex by the reactive gas.

The central difficulty with reactive sputtering is balancing hysteretic 1V behavior, film
stoichiometry, and deposition rates, which are all affected by the flow of reactive gas.
Compounds that can be formed with reactive sputtering, including a variety of oxides, nitrides,
carbides, sulfides and combinations thereof, generally have different secondary electron emission
coefficients and different sputtering yields than their metallic constituents. As we have seen, the
secondary electron yield has a dramatic effect on the plasma behavior. It is not hard to imagine
that the current-voltage behavior of a plasma can be very different based on the details of the

reactive gas pressure, flow, and history.

Hysteresis in reactive sputtering can be understood in the following way. Assume that we
start in a state where there is no compound on the target surface, but we have established a
plasma and sputtering and we are holding the voltage constant. As we begin the flow of reactive
gas, compound will form at the target surface, but relatively little gas will fill the chamber.
Assuming that the compound has a lower secondary electron emission coefficient, the current
will fall, which can be seen as an increase in the plasma impedance due to the lower secondary
yield. This reduction in current means that fewer ions reach the surface and cause sputtering
relative to the number of reactive gas molecules that reach the target and form the compound. As
the flow rate of the reactive gas is increased, the target surface becomes increasingly covered by

the compound, until at some flow rate the positive feedback described above (lower secondary
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yield - lower current - fewer ions per gas molecule) results in a large drop in current and a
target surface that is almost fully covered in the compound. This drop in the current is
accompanied by a rise in the reactive gas pressure in the chamber, since it is no longer being
fully consumed by the target. At this point, when the flow rate of reactive gas is reduced, a much
lower gas flow rate is needed before the plasma switches back to the original high current
regime, since an over pressure of the reactive gas exists to maintain a poisoned target. Similar
hysteretic behavior can be observed when the current is held fixed and the reactive gas flow is
changed. The IV curve in such a system has a characteristic ‘S’ shape that can be fully traversed

in current control mode, but remains hysteretic in voltage control mode.

An important thing to keep in mind with reactive sputtering is that the reactive gas flow
rate does not determine the pressure of the reactive gas in the chamber. This is because the
reactive gas is consumed by the target and the film. This result should make it clear that the
deposition rate is changed by the flow of reactive gas, both by changing the sputter yield at the

target, and by encouraging more or less compound to form at the target.

Berg’s model is a simple analytical model that can be used to understand the effects of a
wide range of process variables that determine reactive sputtering results [14]. The main result of
Berg’s model is the prediction of hysteretic effects in reactive sputtering due to the nonlinear
relation between reactive gas flow rate and reactive gas pressure, as well as conditions under
which hysteresis can be reduced or eliminated. The model has been used to predict that the
following factors can affect hysteresis: target material, type of reactive gas, vacuum pumping
speed, and the sizes of both the target and the total collecting area (some small percentage of

which will be the substrate).
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According to Berg’s model, hysteresis can be eliminated if the pumping speed of the
vacuum is sufficiently high [15]. For a given material system and deposition chamber, it is likely
that pumping speed is the only possible remedy for hysteresis since all of the other factors are
likely fixed, but many deposition chambers allow throttling of the vacuum. Unfortunately, the
maximum pumping speed is fixed by the pump, so this option is only available if the vacuum
was being throttled or is inefficiently coupled to the chamber. Increasing the pump speed can
eliminate hysteresis because a sufficiently high vacuum speed causes the total reactive gas

consumption to be monotonic with gas pressure.

Improvements on Berg’s model have been implemented. Berg recently published work
on adding the effect of ionized reactive gas implantation in the target and sputtering of
compounds as separate species [16]. Another model added the effect of secondary electron

emission of both the target material and the compound [17].

Experimental work has been done to show that the effective secondary electron yield of a
target is an average of the secondary electron yield of the component materials of the target,
weighted by the area of those materials [18]. These experiments where done with a target made
up of wedges of copper and aluminum, assembled in different areal ratios, and it was shown that

the secondary electron yield followed the expression:

Ye = Ycubcu + VAI(]- - GCu)

where y, is the secondary electron yield of copper, y,; is the secondary electron yield of
aluminum, and 6, is the fraction of the total target area that was copper, with the remainder
made up of aluminum. This appears to be true for targets that are partially covered in compound

during reactive sputtering as well and can explain well known increases or decreases in discharge
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voltage depending on the state of the target surface [19]. Reference [19] also gives expressions
for the secondary electron yield as a function of the ion energy and metal work function, a

consideration not frequently mentioned.

Structure-Zone Models

In order to understand and classify film morphologies that are observed from sputter deposited
films in varying conditions, a variety of models have been developed. The zone structure model
of Thornton [20] attempts to delineate film morphologies as a function of the homologous
temperature and the sputtering pressure. The homologous temperature is the temperature of the

substrate divided by the melting temperature of the film being deposited.

Thornton’s model classifies films into four different categories or zones, based on the
dominant mechanism growth mechanism. The first zone is dominated by shadowing effects and
is roughly what is expected at low temperatures and high pressures. Material that arrives at the
surface of the film sticks wherever it first lands. High points in the film tend to collect more
material than low points because the material flux arrives at the surface at oblique angles due to
scattering off of gas. This leads to columnar grains, anisotropic structures, and voids. At higher
temperature, zone two is defined by surface diffusion effects. Sputtered material that arrives at
the surface of the film can move until it is incorporated. Grains are larger and voids are absent.
Finally, zone three is defined by high homologous temperature and bulk diffusion in the film.
Grains are larger and equiaxed. Thornton’s main contribution was to recognize a transition zone
between zones one and two. At low temperature, when the material flux is normal to the

substrate surface, a film will form that is denser and not voided compared to the zone one film.
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The transition zone may be thought of roughly as the zone of low homologous temperature and

low pressure.

Without recourse to the deposition specifics, we can describe the various zones in the
following way. Zone one structure is dominated by the transport of the sputtered material to the
surface. Zone two structure is determined by surface diffusion, and zone three is dominated by
bulk diffusion. The transition zone between one and two is due to the increased surface diffusion
arising from various effects. Transition zone films are considered to be made up of the same kind

of material as zone one, but denser and without voids.

Other structure zone models have been proposed as well. Messier’s revised structure zone
model replaces the pressure axis of Thornton with the net bombardment energy form sputtered
material, reflected neutrals and ion bombardment [21]. Messier argues that this is a more
fundamental model, since the bombardment energy encompasses the effects of higher pressure,
but also allows for considerations like intentional bombardment. Recently, yet another extension
of Thornton’s model was proposed, wherein the axes considered are the effective temperature,
the kinetic energy of bombarding particles, and thickness [22]. The effective temperature is the
homologous temperature plus an increase in temperature due to potential energy sources
including the heat of sublimation and heat released by ions joining the film and capturing
electrons. The kinetic energy axis is as it was in Messier’s model, while the thickness axis

accounts for resputtering from the film.

Stress in Sputtered Films
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An important issue in sputter deposition of thin films is the stress that can develop within the
film as a result of the deposition specifics. Intrinsic stress in sputtered films can be either tensile
or compressive depending on the deposition parameters. In metallic films there is an association
between tensile stress and zone one microstructures, and between compressive stress and
transition zone microstructure [20]. Films whose intrinsic stress is tensile tend to have higher

resistivity and lower optical reflectivity when compared to films with compressive stress.

A universal feature of intrinsic stress in thin metallic films is the transition from tensile
stress when deposited at high pressure (~30 mtorr), to compressive stress when deposited at low
pressures (~1 mtorr), along with a transition from low reflectivity to high reflectivity [23]. This
behavior is explained by the bombardment the growing film receives from ions that capture
electrons at the target and are reflected with a high percentage of their initial energy towards the
film. This energetic bombardment mechanism is supported in at least two ways. By changing the
sputtering gas species it is observed that heavier sputtering gases induce the stress transition in
sputtered films at higher pressure for the same target material. Reflected neutral heavy gas
molecules arrive at the film surface with greater momentum than lighter sputtering gases, at the
same pressure and sputtering voltage. Additionally, by changing the target material with the
same sputtering gas, it is observed that the stress transition pressure is linear with the target
atomic mass. Impinging ions are more likely to be reflected by heavier target atoms, leading to

greater bombardment.

While the stress transition at low temperature is universal, the intrinsic film stress is a
more complex function of bombardment energy. As Thornton alludes to, and recent work
inspiring Messier’s and Ander’s structure zone models indicate, it is often necessary to include

the effects of all sources of energy that deposit on the developing film, including the kinetic
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energy of the deposit material itself. In fact, once the bombardment energy is high enough,
plastic deformation of the film can occur, reducing the compressive stress [24]. Lastly, none of
these captures the effect on entrapped gas. The amount of sputtering gas that becomes entrapped

in the deposited film produces additional stress mechanisms.

A variety of different models have been proposed to explain intrinsic stress. A thorough
review by Windischmann details some of these theories, in addition to everything else related to
stress in sputtered films [24]. Ohring’s text (ref [13]), section 12.5.5, also gives a good overview

of possible origins of intrinsic stress.

An additional mechanism that produces stress in thin films is mismatch between the
coefficient of thermal expansion of the film and the substrate. When films are deposited at
elevated temperature and then used at lower temperature this stress is typically tensile and can be
substantial. In the limit that the substrate is much thicker than the film, the thermal stress is:

(as — af)(T — TY;
1-— Uf

a(T) =

Here, a is the coefficient of thermal expansion of the film or substrate, T, is the temperature of
the film and substrate during deposition, Y; is the young’s modulus of the film, vy is the
Poisson’s ration of the film, and T is the temperature. If T; > T, and as > as, this formula predicts
a positive, tensile stress in the film. This is usually the case for thin metal films on insulating

substrates. The total stress in the film is the sum of the intrinsic stress and this thermal stress.

Intrinsic stress itself is a function of substrate temperature during the deposition. As the

homologous temperature is increased, the characteristic curve for stress reversal shifts to lower
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bombardment energy [25]. The maximum stress in the film is reduced, as we would expect in an

unstressed film at high temperature.

Bias Sputtering:

Bias sputtering is sputter deposition where the substrate is held at a negative voltage to
promote ion bombardment. The bias can be applied as a DC or an RF signal, with the net result
being an increased difference between the plasma voltage and the substrate voltage. lons are
accelerated across the resultant sheath, gaining energy proportional to the bias voltage. lons
bombarding the surface of the film lead to a variety of effects. lon bombardment has been shown
to affect the following properties of sputter deposited films: grain size, intrinsic stress,
crystallographic orientation, resistivity, reflectivity, effective deposition temperature, surface

roughness, adhesion, defects, and film density.

The effect of bias sputtering can be best understood in the case of adding bias sputtering
to a film at low homologous temperature that would otherwise develop a type one film structure.
Such films have voids and sparse columnar grains as a result of being dominated by shadowing
effects. In exactly the same way that high points in films like this tend to receive more material
flux, the addition of the film bias means that high points in the film are likely to be struck by an
energetic ion. This can cause sputtering away from the film, or forward sputtering where
dislodged material is moved into voided or sparse regions. Thus, the addition of substrate bias
helps transform type one films into transition-type films, which tend to have a host of improved

properties.
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It has been shown that the amount of sputtering gas trapped in the bias sputtered films of

amorphous metal alloys is proportional to the bias voltage squared [26].

Conclusions:

The plasma environment used in sputter deposition is complex, and many if not all of the
expressions stated above are greatly simplified. Most of the important parameters used to
describe the plasma, such as the secondary electron yield, are not constant, but rather, are
functions of some other plasma variable. The secondary electron yield is a function of the ion
energy, which is a function of the sheath voltage, which is related to the plasma impedance and
the secondary electron yield. Of course, determining what matters in a given scenario is

necessary and simplifying assumptions will have to be made.
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Chapter 4

Methods:

Accurate determination of the properties of few-nanometer-thick superconducting films is an
essential part of establishing a material system for device fabrication or for fundamental studies
of the properties of thin film superconductors. This chapter details the methods and equipment
used to deposit and characterize ultrathin niobium nitride films that are examined in this work.
Films approximately 4nm thick were deposited by reactive DC magnetron sputtering varying the
sputtering pressure, process gas flow rates and substrate temperature and conditions. Sheet
resistance, superconducting critical temperature, and thickness were measured on almost all
films produced. Some films were measured using x-ray reflectivity as a way to determine
thickness and gain some information about film density. These methods can be directly applied

to other thin metallic films and superconductors.

Substrate Preparation:

Substrate preparation and cleanliness have a large impact on the material properties of
films that are only a few nanometers thick. The substrate should be free of hydrocarbons and

other adsorbed materials that can interfere with the deposited film by affecting morphology or

51



Andrew Dane Chapter 4: Methods

contributing to impurities. Substrate roughness must be substantially less than the intended

thickness of the film otherwise film continuity may not be possible.

Silicon dioxide (SiO2) and silicon nitride (SiNx) thick films were prepared by thermal
oxidation or low pressure chemical vapor deposition (LPCVD) on 100 mm diameter, 500
micrometer thick, boron doped, <100> orientation, double side polished silicon wafers. The
supplier, Silicon Valley Microelectronics, provided the following information about the wafers
used in this work: roughness less than 2 angstroms, resistivity between 11 and 16 Ohm-
centimeters, total thickness variation less than 9.3 micrometers, bow of -3.4 to 4.4 micrometers
and warp of 3.8 to 11.6 micrometers. Thermal oxide was grown to a thickness of 255 nm, while
the deposited nitride was 172 nm. Each of these thicknesses on silicon form antireflection
coatings for 1550 nm light and were useful for efficient coupling of light to devices patterned out

of the NbN.

One centimeter square samples were prepared for deposition by die sawing the prepared
oxide and nitride wafers. Four inch wafers of SiO or SiNx were first spin coated with S1813
photo-resist at a speed of 3000 rotations per minute for 60 seconds, and then baked at 85 °C for
three minutes to drive off solvents. These photoresist protected wafers were then cut into 1 cm
by 1 cm samples by a die saw in a shared circuit packaging area. Cuts were aligned to the flat of
the wafer such that the silicon crystal orientation of each sample could later be determined if
necessary. Each sample was marked with a small arrow scratched into a corner on the backside
of the sample with a diamond scribe, with the arrow head pointing towards the direction of the
wafer flat. This arrow also served to distinguish which side of the sample was the back and
which was the front, the front being the side where the NbN would eventually be deposited. In

the case of the thermal oxide, the front was simply chosen as the side with less particulates on
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the surface before dicing. In the case of the nitride, the front was taken as the side that was face

down in the vertical tube reactor during the LPCVD.

Samples were cleaned with solvents and with a 100W oxygen plasma before deposition.
Samples were sonicated in acetone for three minutes at maximum power to remove the
photoresist, then spray cleaned with acetone, methanol and isopropyl alcohol before being blown
dry with nitrogen gas. Samples were then placed inside of a vacuum chamber where a 100W
oxygen plasma was ignited to clean off any remaining organic materials from the surface. The
plasma was maintained for 3 minutes. Samples cleaned in this way were then stored inside of a
nitrogen dry box and used as needed. The storage time varied between less than an hour and

weeks.

DC Reactive Magnetron Sputtering:

Films were deposited by DC reactive magnetron sputtering inside of an AJA Inc ATC
Orion sputtering system. The system is equipped with a load lock and maintained at a base
pressure of approximately 5 x 10~ torr by an Oxford Instruments CryoPlex 8 cryopump, with a
pumping speed of 1500/4000/2500/1200 liters per second of air/water/Hydrogen/Argon and an
unmeasured ultimate pressure. The load lock was used to ensure that the system could be kept at
high vacuum without interruption for loading samples into the chamber, thus minimizing the
presence of residual gases during deposition. The loadlock was pumped by a Pfeiffer model
TMHO71P turbomulecular pump with pumping speed 60 liters per second of nitrogen and an
ultimate vacuum of less than 7.5 x 10~7 torr. The chamber was equipped with two 1000W

halogen heat lamps which were used to heat the substrate holder and substrates to a maximum of
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800 °C during deposition. A two inch diameter, ¥ inch thick 99.95% niobium target from Kurt J
Lesker was used inside of a shuttered magnetron sputtering gun. Argon was flown into the
source, while nitrogen was flown into the chamber near the substrates. The flow rate of each gas
was controlled by mass flow controllers manufactured by MKS Instruments. The base pressure
of the system was monitored by an ion gauge manufactured by Granville Phillips, model 274,

while the pressure during the deposition was monitored by a capacitive manometer.

The process for depositing NbN films followed this general procedure. Cleaned
substrates were loaded into shallow pockets in an Inconel substrate holder, and held in place by a
thin Inconel plate. The plate both held the samples in place, and openings in the plate defined the
areal shape of the resulting film, acting as a shadow mask. The plate was fixed in place by 12
stainless steel screws. Once the samples were loaded into the holder and the mask was screwed
down, the surface was blown with ultra high purity helium to dislodge any dust or particulate
that had developed during the loading process. This gas was used for convenience and could be
replaced with nitrogen. The substrate holder was then placed face down into the loadlock, onto
the transfer arm. The loadlock was then closed and pumped down for approximately 20 minutes.
After the loadlock was pumped down, the substrate holder was transferred to the column
connected to the heater assembly. The transfer arm was withdrawn, gate valve closed, and the
substrate holder and heater assembly was lowered into place above the sputtering source before
being rotated at a speed of one revolution every three seconds. Argon was then flown into the
sputtering source, while nitrogen was flown into the chamber near the substrate holder. The flow
rates were controlled by flow controllers. The system pressure was maintained by an automated
gate valve that throttled the cryopump. Argon was flowed into the system at a rate of 26.5sccm

to a pressure of 30mtorr. At these settings, a pre-deposition test spark of the plasma was run to
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test whether the system was operating as normal, as judged by the voltage that developed across
the source. The DC power supply was turned on in current control mode to 400mA, and the
resulting power dissipated at the source was recorded. Once this was done, the power supply and
argon flow was turned off and the cryopump gate valve was fully opened to reduce the system
pressure. At this point, the substrate heaters were turned on and the substrate was heated to 800
°C in vacuum. The temperature of the substrate holder was inferred by a thermocouple located
inside of the heater assembly. The mapping of the thermo couple temperature to the temperature
of the substrate holder was done at the manufacturer. Once the substrate holder reached 800 °C,
the temperature was maintained at this level for an additional 20 minutes. The ion gauge pressure

after 20 minutes of heating at 800C was roughly 2E-8 torr.

The deposition took place after the 20 minute heat soak. First argon was flown into the
system at a rate of 26.5 sccm to a system pressure of 30mtorr. At this point the DC powerssupply
connected to the source containing the Nb target was turned on to spark the plasma. Once the
plasma was initiated, the pressure was reduced by opening the cryopump gate-valve (done
automatically), to 2.5 mtorr. At this pressure, the mean free path of gas inside of the chamber is
approximately 1.7 cm. After approximately 180 seconds of sputtering at low pressure, nitrogen
was introduced into the system, usually at a rate of 8 sccm. After 180 more seconds of sputtering,
now NDbN, the shutter on top of the sputtering source was opened to allow deposition of NbN
onto the heated substrates and holder. Once sufficient time has passed to deposit a film of the
desired thickness, the source shutter was once again closed. At this point, the heaters and gases
were turned off and the cryopump gate valve was fully opened to return the system to base

pressure. The substrate holder was then left in the vacuum chamber for at least five hours to cool,
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often overnight, before the loading process was reversed and samples were removed from the

system for testing.

Sheet Resistance:

Sheet resistance measurements were made on a Remington LLC four point probe, connected to a
Keithley 2400 source meter operated in four point mode. The sourcemeter was used to source
100uA of current through the outer pins of the Remington probe, while voltage is measured
across the inner pins by the Keithley. Since films were only 9 mm diameter, relatively small
compared to the spacing of the four point prove pins, a geometric correction must be made to the
standard formula for converting the measured resistance to sheet resistance. The diameter of the

probe pins is not accounted for.

Due to the finite size of our samples we multiplied the standard sheet resistance
calculation (4.53* V/I) by a correction factor (Co). This accounted for the fact that the samples

are not of infinite extent:

" In2°I
S\2T\
Co = 1+11112*1n 1+3(§)2
1-3(3)

Here s is the spacing of the 4 point probe pins and d is the diameter of the sample. For the
Remington four point probe, s = 62.5 mils. Our samples have diameter of 9mm. As a result the

correction factor C, is equal to 0.7873.
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Measuring the Superconducting Critical Temperature:

Measurements of resistance vs temperature were made inside of a Sumitomo Gifford
McMahon cryostat capable of a base temperature of approximately 3.9K. The temperature was
monitored by a Lakeshore model 34 temperature controller connected via four wires to a NIST
traceable calibrated silicon diode temperature sensor with an error of +/- 12mK at 10K. The
temperature sensor was screwed down firmly with a brass 4-40 screw to the OFHC copper pieces
which make up the sample holder. The sample holder was constructed from multiple ¥% inch
thick OFHC copper sheets which were cut in a water jet cutter and assembled using brass 4-40
screws. Two small copper blocks were the only thermal connections between the cold head and
the sample holder, providing thermal resistance between the coldhead and the samples. This was
done in order to thermally low-pass-filter the sample holder, reducing the amplitude of
temperature variation at the sample stage relative to the cold head. Six 1cm by 1cm samples
could be loaded onto the sample holder at once, and connected to the outside of the cryostat via
twisted pairs of 36 AWG phosphor bronze wire. Each of the four wire connections was wound
tightly around a heat sink bobbin that was attached to the base of the sample holder. Apiezon
grease was applied to the heat sink bobbin / wire assembly to improve thermalization of the wire.
These 24 wires were connected to a 32 pin vacuum feed through along with the four wires
connected to the temperature sensor, and two wires used to power the heater attached to the
bottom of the sample holder. Six samples could be loaded into the sample holder at one time.
After closing the 40K radiation shield, the outer vacuum jacket can be installed and the system

pumped down to ~8e-5 torr before being cooled down to base temperature.
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Resistance of the samples was measured in the following way. A 10 microampere
constant current source, along with two 16 bit analog to digital converters were multiplexed to
one sample at a time. The multiplexers used were Analog Devices part number ADG707BRUZ
which have low on state resistance of 2.5 ohms and a very low leakage current of 100pA. A
labjack data acquisition board connects to a PC via USB and provided both the ADCs as well as
the control logic that drives the multiplexors. Measurements of resistance vs temperature for the
six samples was fully automated. After loading the samples and initiating the custom Python
software, the cryostat was turned on. The resistance of each of the samples was recorded at 5
second intervals from room temperature down to ~4K. Once the cryostat reached a designated
temperature, the multiplexor was set to one channel (switching between all channels ceases) and
the resistance was recorded continuously at a sampling rate of approximately 5Hz while the
temperature of the coldhead was ramped up to >20K, typically over the course of 10-60 minutes.
Resistance was also monitored as the heater was slowly turned off and the temperature returned
to the base temperature. Measurements while ramping the temperature up and down were
checked for hysteresis to ensure the accuracy of the T. measurement. The superconducting
critical temperature was taken by convention to be the temperature at which the sheet resistance
was 50% of its value at 20K. This value, along with the 90%-10% resistance width, known as
delta-Tc, and the residual resistance, which is the resistance at room temperature divided by the
resistance at 20 K, was recorded. The compressor was then turned off and the heater turned on to
return the sample holder to room temperature. A small amount of helium gas was usually added
to the chamber to increase heat exchange between the cold parts of the system and the 293K

outer vacuum chamber.
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Transmissometry:

The thickness of few-nanometer-thick metallic films is necessary information for calculating the
film resistivity and for analyzing the behavior of devices fabricated from this film. A home built
optical transmissometer was used to estimate the thickness of NbN films on MgO substrates. By
measuring the amount of light transmitted at normal incidence through the film and substrate, the
thickness of the film can be estimated by fitting to an optical model using known optical
constants. The matrix transfer method is used to estimate the thickness based on the
experimentally observed transmission, taking into account sufficient internal reflections in the

film such that additional rays do not change the derived thickness.

X-ray Reflectivity:

Our home built optical transmissometer relies on assumed optical constants, which are known to
vary based on how NDbN films are deposited, so thickness measurements based on x-ray
reflectivity were used to confirm the thicknesses estimated with the transmissometer. X-ray
reflectivity measurements were made using a Rigaku SmartLab in a shared facility. Copper Ku
alpha x-rays were generated with a 9kW rotating anode x-ray source and directed towards the
surface of the NbN thin films. By varying the angle of the incident beam and recording the
intensity of the reflected beam at the same angle, an interference pattern can be observed due to
the reflection from the NbN /air interface interfering with the reflection from the NbN/substrate
interface. The resulting interference pattern can be fit to a model using known indices of
refraction in order to determine the thickness and density of the NbN film. The software

GlobalFit was used to create a model to fit the recorded data.
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Rapid Thermal Processing:

Rapid thermal processing can be used to increase the Tc of NbN films. A rapid thermal processor
was used to heat NbN films from room temperature to 1000C in less than 60 seconds. The
temperature is monitored by a pyrometer inside of the chamber. The samples were loaded onto a
silicon wafer and the chamber closed. Argon or nitrogen was then flowed into the chamber. The
samples were then heated to ~1000C, held at this temperature for three minutes and then cooled
back to room temperature as quickly as the system would permit. The chamber temperature

would drop quickly initially, but would require about 15 minutes to reach 20C.
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Chapter 5

Experimental Results and Discussion:

In order to engineer superconducting devices based on reactive DC-magnetron-sputtered
ultrathin-film niobium nitride (NbN), we require the ability to deposit high-quality material with
properties that are predictable over time. The quality of the material is judged primarily through
its superconducting critical temperature (T¢) at a desired thickness. The T. of thin films of NbN is
affected by variables that include: film thickness [1], chemical composition [2], crystal structure,
and defect concentration [3]. These variables are strongly influenced by the deposition
conditions. However, due to the complex interplay between the system inputs and the resulting
film, the conditions which optimize the T of thin film NbN must be determined empirically.
This chapter summarizes the results of our efforts to increase and control the T of ultra-thin
NDbN films by controlling the system deposition parameters as well as methods used to increase

Tc beyond the system’s optimum.

While a substantial number of these films were deposited on crystalline MgO and Al203,
our initial experiments on MgO proved to have poor reproducibility. This, combined with
success fabricating SNSPDs on silicon based substrates, led us to focus our efforts on NbN

deposited on amorphous silicon nitride and silicon dioxide on silicon. Therefore, the results
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presented here refer almost exclusively to NbN on SiNy and SiO», with the biggest exception

being optical thickness measurements made on NbN films deposited on MgO.

Reproducibility: Short-Term, Among Substrates, and Long-Term:

In order to draw conclusions from experiments meant to improve the T of NbN thin
films, we must first characterize the short and long-term variability of the properties of the films
deposited under nominally identical conditions. Short term refers to depositions done within days
of one another, typically in sequence with no other processing done in the chamber between

depositions, while long term refers to everything else from weeks to months or longer.

Figure 5.1 shows the results of resistance versus temperature measurements of six NbN
films deposited in three identical depositions onto thermally oxidized Si substrates. These
depositions took place over the course of three days and were the only processes undertaken
during that time. The T of the film is taken by convention to be the temperature where the sheet
resistance has fallen to 50% of its value at 20K (see methods). The mean T, for these films was
11.57K with a standard deviation of 51.6mK. These values allow us to quantify the likelihood
that an observed T¢ value of an NbN film is due to uncontrolled variation in the system or
whether it is due to our experimentation. For most of the results that will be illustrated, a series
of films were deposited for the purposes of fabrication before an experiment was performed.
Films deposited for fabrication thus had a dual role: the raw material for device fabrication as
well as the control samples to compare with experimental ones. T. measurements from
experiments will be contrasted with a short term baseline in order to judge the effect of the

experiment.
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Figure 5.1: Resistance vs temperature measurements of six ultrathin NbN films deposited on

thermally oxidized Si. Films (SPE078, 079, 081, 082, 084, 085) were deposited in three sequential

runs (391, 392 and 393) of two films each, with identical deposition parameters over the course of

three days. Each deposition also included an MgO substrate which was used for optical thickness

estimates.

Tc of NbN on SiNx and SiOz:

In order to facilitate fabrication of different types of devices, some of our experiments

with NbN were performed on thermally oxidized Si substrates, while others were performed on
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chemical vapor deposited SiNx. SiNx and SiO both have amorphous structure, however it is not
obvious beforehand that NbN deposited on these two substrates will be the same. For instance,
differences in interfacial mixing, chemistry and intrinsic strain of the SiNx or SiO> layer could
lead to differences in the resulting NbN. Differences in material properties due to substrate
differences could influence the design of subsequent devices. We therefore investigated whether
NDbN films grown on these two substrates have the same Tc. As it turned out, answering this
question also made it easier to determine how consistent the system is over long periods of time
since the substrate was often dictated by the needs of fabrication and thus long periods of

growing on one substrate or another were common.

Figure 5.2 shows that NbN films deposited on SiNx and SiO> have identical transition
temperatures when deposited separately with the same deposition parameters. These two
depositions were done approximately eight days apart with two intervening depositions. Each
deposition included one MgO substrate that was used for optical thickness measurements. These
thickness measurements were 4.5nm and 4.56nm for the SiO2 and SiNx deposition respectively.
The room temperature resistance measured with a standard four point probe of these two batches
of films was slightly different, the mean (standard deviation) being 430(3.4) ohms and 465(0.9)
ohms for the films on SiO2 and SiNy respectively. The SiNy layer was measured by ellipsometry
to be 336nm while the SiO2 was measured to be 229nm. These thicknesses were in use prior to
switching to 172 nm and 255 nm. Both substrate types were prepared with the same cleaning

process (see methods).
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Figure 5.2: Resistance vs temperature measurements of NbN on SiOz (blue, run # 345) and SiNx
(red, run # 348). The mean T. of the films on SiO, was 10.83K with a standard deviation of
49.9mK. For the films on SiNx the mean T, was also 10.83K with a standard deviation of 48.6mK.
An unidentified additional source of electrical noise was present for the T. measurement of the

films on SiNx that was not present during other measurements of the T on either substarte.

Long-Term Reproducibility:

Figure 5.3 illustrates the difficulty with comparing identical depositions done more than a
few weeks apart. Resistance versus temperature measurements from figure 5.1 are reproduced in

red, while measurements from six films created in identical depositions done in sequence
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(depositions 416, 417 and 418) six weeks later are shown in blue. Not only has target erosion
caused the deposition voltage to drop by ~9%, but a noticeable wobble of the substrate holder
developed in the interim, which we believe caused the additional spread and bimodality in both
Rs and T.. This issue with the substrate holder wobble developed at the end of this work. Most of

the discussed data was taken prior to this development.
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Figure 5.3: Long-term stability of T. on SiO- substrates. Curves in red are reproduced from figure
1. Curves in blue are from three sequential depositions onto two SiO; substrates each, with
identical depositions parameters to those shown in red. The resistance offset of the red curves was

reduced by improving the signal chain used to measure voltage across the films (see methods).

Long-term reproducibility as judged by the thickness measured with the transmissometer
(see methods) seems more consistent than T measured on films on Si based substrates. In most

depositions, an MgO substrate was included to collect NbN for use with the optical
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transmissometer. These films are referred to as ‘sisters’ to the films that were used for
fabrication. Figure 5.4 shows the thickness of sister MgO chips measured over the course of a
month, along with the T of SiNx and SiO- films deposited at the same time. For identical
deposition parameters, the thickness of the resulting films were the same to within 1.7
Angstroms or about 4.7% of the mean thickness of the films measured. Tc for the SiNx and SiO02
sister films varied by 8.7%. The dashed line in figure 5.4 indicates when the Nb deposition
target was changed. This change resulted in the deposition voltage rising by about 13.2% (as
judged by the pre-deposition spark power). We have reason to believe that the change in
deposition voltage as a result of target erosion can change the T of the deposited film by
changing the energy of reflected neutral atoms that bombard the growing film and affect the film
microstructure, which may be the cause of the 300mK rise in the mean Tc after changing the
target. Also, it is possible that the deposition rate is higher when the target is eroded, because the
angle at which the impinging argon ions meet the target is effectively reduced below 90 degrees.

As noted in chapter 3, for the same ion energy, sputtering yields are higher for smaller angles.
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Figure 5.4: Thickness of NbN films on MgO deposited at the same time as films on SiNx and SiO>
with T¢ of SiNy and SiO- films. All of the displayed runs were nominally identical. After run 389
the niobium target was changed causing the deposition power to rise by 13.2% in run 391. The
mean T of NbN on SiNx deposited in runs 386-388 was 11.3K with a standard deviation of 83mK,
while the mean T¢ of NbN on SiO: deposited in runs 390-394 was 11.6K with a standard deviation

of 61mK.

The above results set the stage for us to experiment with the deposition process in order
to improve the T¢ of thin NbN films and understand what sputtering conditions yield films with

desired properties. The improved degree of reproducibility that the T of NbN films on SiO- and
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SiNx exhibit over short time scales allows us to make conclusions that were previously

impossible to make when depositing films on MgO.

Design of Experiments:

Prior to this work, our group did not regularly heat silicon-based substrates in our
deposition system due to the potential for violent reactions that can occur between the nickel in
the substrate holder and silicon at elevated temperatures [4]. We observed this reaction when
trying to deposit at 800 °C on a bare silicon wafer; the wafer shattered and the substrate holder
became covered in reaction products. In order to avoid this, we coated all surfaces that could
potentially come into contact with the substrates with 100s of nanometers of NbN. This coating
allowed us to safely heat silicon-containing substrates to high temperatures without the risk of

compromising our deposition chamber.

Prior to this work, we only deposited on SiNx at room temperature. Heating to 800 °C
was a substantial change to how we deposit on SiNy, we therefore conducted a brief design of
experiments to try to determine the optimal deposition parameters for NbN grown on SiNx
heated to 800 °C. We decided on a few parameters to vary while keeping all other process
variables constant. The variables that we decided on were the nitrogen flow rate and the total
pressure during the deposition. The parameters held constant were: the temperature, which was
fixed at 800C for all depositions, the Argon flow rate, which was kept at 26.5 SCCM, and the
deposition time, which was held at 90 seconds. The variables and results are summarized in

Table 5.1.
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Measured
M2 Flow Chamber Deposition
Rate Pressure  Voltage Thickness R_sheet

Sample Run # (sccm)  (mTorr) (V) (nm}* (a) To (k)  aTc (K) RER
SPDB55 265 B 3.5 455 5.3 299 11.0 1.07 0.72
SPDE60 266 8 25 458 51 352 11.3 1.19 0.73
SPDEBS 267 8 4.5 463 42 539 9.4 1.62 0.67
SPDE6E 268 4 4.5 440 71 389 6.7 0.72 0.83
SPDET1 269 4 25 440 10.5 301 4= 0.99

* Average thickness of three NbM on MgO sister chips in same run
** Estimated from R vs T curve that was beginning to transition when lower temperature limit was reached

Table 5.1 Design of Experiments on SiNx. The substrate temperature was held constant at 800C
for all runs. The Argon flow rate was constant at 26.5 SCCM and the deposition time was always

90 seconds.

Qualitatively, the results of the DOE are consistent with a simple interpretation of how
we can maximize the T¢ at a given thickness: by depositing a film that is as close to being mono-
crystalline as possible with the right ratio of niobium to nitrogen. Depositing such a film can be
understood in terms of the revised structure zone model (RSZM) of thin film growth [5]. While
the original zone growth model of Thornton [6] predicts that film structure will largely be
determined by the reduced temperature (which is the substrate temperature divided by the
melting point of the deposited material) and pressure, the RSZM includes the effect of
bombarding the substrate with energetic particles as they will deposit energy into the growing
film, increasing the mobility of deposited species and reducing the likelihood of voids and other
non-idealities. While the effect of bombardment energy was probed by directly applying a DC
bias to the substrate holder during sputter deposition in ref, other workers have concluded that
the voltage used during sputter deposition will determine the distribution of energies of both

sputtered material and reflected neutral gases that will bombard the surface of the growing film
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[7]. Therefore, the accelerating voltage used during the deposition is almost as important as the

temperature during the deposition.

While the target voltage is important due to the bombardment energy that it can add to
the nascent film, we typically do not operate in a voltage mode during the deposition. This is
because voltage biasing during reactive sputtering is not stable for partially reacted targets—in
voltage mode, the only stable states are a target surface that is fully unreacted or fully ‘poisoned’
or covered by the compound. This prevents us from tuning the film stoichiometry. See Sputtering

theory section for more.

One other fact necessary to understand the results from table 5.1 is the effect of the
chamber pressure. It can be understood as a mechanism for both sputtered material and reflected
neutrals to lose energy on route to the substrate by scattering off of gas molecules. Higher
chamber pressure means less bombardment energy to promote diffusion on the surface of the
film. On the other hand, higher pressures mean a more conductive plasma and a greater amount

of material sputtered form the target.

Finally we can see that the film with the highest Tc form the design of experiments,
SPD660, (though not necessarily optimal) resulted from a low chamber pressure and a high
nitrogen flow rate. The nitrogen flow rate helps determine the sputtering voltage, which in turn
affects the bombardment energy. As seen in Figure 5.5, the target voltage is a monotonic
function of nitrogen flow rate. Though SPE665 was deposited with the same nitrogen flow rate,
the high chamber pressure results in lower bombardment energy and may also be responsible for
the reduced thickness of the film, as the higher chamber pressure may have caused the sputtered
material to assume more diffusive movement towards the substrate, expanding the solid angle of

the material flux and thus dropping SPE665’s thickness.
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Comparing film thicknesses derived from our optical measurement transmissometer
should be done with caution as it is unclear how different the optical constants of films grown
under different conditions will be and there is evidence that film reflectivity may vary by three
times for films deposited at different pressures [8]. For example, n and k will vary as the nitrogen
flow rate is changed. In ref [9] NbN was deposited at different nitrogen flow rates and the optical
constants were measured by ellipsometry. This ellipsometriuc data can be converted into n and k.
By varying the nitrogen flow rate of NbNx films deposited at room temperature, n varied
between 1.8 and 3.1 while k varied between 2.3 and 3.2. If the optical properties of our films
vary in a similar way, this could induce an error in the transmissometer measurement of the
thickness of up to 25%, enough to make it difficult to distinguish T differences due to chemistry

and those due to size effects.
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Figure 5.5: Target voltage vs nitrogen flow rate. This data was collected in a current-controlled

mode with i=400mA with the shutter of the sputter gun open. The Argon flow rate was fixed at

26.5sccm and the chamber pressure was maintained at 2.5mtorr. Nitrogen was introduced into
the system in steps of 1sccm per step. At each step, the flow rate was maintained for 2 minutes to
account for any thermal effects that could arise due to increased power dissipation at the gun. No

hysteresis was observed upon reducing the nitrogen flow rate back to zero.

Due to the difficulty in disentangling the thickness contribution to the measured T from
the microstructure and stoichiometry, other workers depositing NbN thin films have simply
varied the nitrogen flow rate while keeping all else fixed. However, this is often incorrectly

interpreted as finding the optimal film stoichiometry. In reality, doing such measurements allows
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one to find the optimal balance between film stoichiometry and microstructure, as the reactive
gas will change the target voltage, changing the bombardment energy and thus the film

microstructure.

While further optimization is likely possible, films deposited with the same conditions as
SPD660 showed promising results when fabricated into detectors, and, as a result, we keep these

deposition settings while performing further experiments.

Improving the Substrate Holder:

The original substrate holder was comprised of three Inconel parts screwed together: a 4”
diameter, 0.25” thick circular base that could interface with the deposition system such that the
entire substrate holder could be held suspended upside down above the sputter guns in the center
of the vacuum system; a plate, also 4” diameter circular piece, ~0.2” thick which contains
pockets into which 1cm by 1cm substrates could be placed and can be screwed into the base; and
finally, a face plate that would serve the dual role of preventing the substrates from falling out of
the assembly during loading and deposition as well as acting as a shadow mask in order to

deposit circular films with a 9mm diameter.

We noticed during depositions that the plate and face plate that the substrates were
sandwiched between would remain dark and grey in appearance, even when the base was
glowing red and the system thermocouple was reading 800 °C. This coloring indicated that the
samples were not getting as hot as possible which is important in the zone structure model of

film growth.
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In order to remedy this failure to heat, the base was machined to include six pockets just
large enough to fit 20mm by 10mm by 0.5mm samples into. In addition, large holes (~1cm
diameter) were drilled into two of these pockets to provide a line of sight path between the heat
lamps and the substrates loaded into these pockets. We refer to these as the ‘open’ slots in the
substrate holder, while the other four are ‘closed’. Typical Tc measurements from open and
closed slots are compared in Figure 5.6 in blue. Films grown in the open slots have substantially
higher T and lower resistance than their closed slot counterparts despite being deposited at the
same time. In Figure 5.6, the closed-slot film SPE024 has a T of 10.7K and room temperature
sheet resistance of 505.6 Ohms/square, while the open-slot film SPE025 has a T of 11.8K and a

sheet resistance of 412.1 Ohms/square.

Backside Absorber:

The improved T. of films deposited in open slots is likely a result of increased substrate
temperature due to being heated directly from the heat lamps, instead of being heated by the
Inconel substrate holder which is heated by the lamps. Of the possible heating mechanisms,
convection, conduction or radiation, only radiative heating is substantially changed from a closed
slot to an open slot, with the same deposition parameters. It may be possible to increase substrate
temperature during deposition by enhancing the absorption of radiant heat with a layer of NbN

deposited on the back of the substrate.

Conductive and convective heating are not likely to have influenced the difference in T
between films deposited in the open and closed slots. All of the substrates are held loosely by the

holder, such that the only mating force between the substrate and the Inconel is the weight of the
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substrate. Thus, the thermal boundary conductance between the Inconel holder and the substrate
is likely vanishingly small, and as a result, the conductive heating should be negligible. Further,
the faceplate/substrate/holder, when installed into the deposition system, is oriented such that the
substrate is being suspended by the faceplate and out of contact with the other Inconel surfaces.
The faceplate is the same for each of the slots, except for very small notches cut into each
opening, so that the shadowing creates identifying marks in the resulting films. Thus, any
conductive heating should be the same in both open and closed slots. Convective heating should
be close to the same as long as the gas pressure is kept the same. However, having less 800C

Inconel in close proximity may mean less heating in the open slot due to convection.

We attempted to further increase the effectiveness by which substrates were radiantly
heated by depositing a small amount of NbN onto the backside of SiNx substrates to act as a heat
absorber. The thickness of this absorbing layer was chosen to be 9nm, slightly thicker than the
optimal thickness for absorbing 1550nm light for unpatterned NbN on SiO2 without an optical
cavity [10]. The effect on T of adding this backside absorber layer is shown in red in Figure 5.6
in order to compare with the no absorber case for both open and closed slots. SiNy substrates
with a 9nm layer of NbN on the backside of the films showed a decrease in Tc by 600mK for the
film in the closed slot and about 300mK for the film in the open slot. In addition their sheet

resistances were slightly reduced.

It is unclear why the backside absorber would reduce the T of the film; however, it may
simply be that at the substrate temperature that results from the absorber, the Tc must be re-
optimized with respect to the nitrogen gas flow rate, as is often done for different operating

pressures [2]. This is consistent with a shift in chemistry due to improved heating, the films with
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the backside absorber had a lower sheet resistance and a lower Tc, which could be expected if

the NbNx film is nitrogen deficient.

Lastly, while the addition of a backside absorber onto SiO2 substrates may require
optimization of the nitrogen flow rates in order to show improvement in the maximum T¢
possible, results on MgO were less ambiguous. By adding an absorber onto an MgO substrate,
we were able to achieve a T higher than 16K with a film approximately 30nm thick. Previous

films of similar thickness had lower Te.

T [ [ [ T T [ [ [ T
600 ‘ .
iplosi A s
500 .
400 - .
g
(]
8 00 ~ ]
S
X
g ool SPE032, run 375, i
open slot, 9nm absorber
SPEO031, run 375,
100 - closed slot, 9nm absorber B
SPE024, run 372,
closed slot, no absorber
0 SPEO025, run 372, _
open slot, no absorber
e S s o
-100 [ r r r r r r r r r 7]
6 8 10 12 14 16 18 20 22 24

Temperature (K)

Figure 5.6: Open (magenta and green) and closed (red and blue) slots, with (red and magenta) and
without (blue and green) ~9nm backside absorber. Resistance curves for films from the open slots

always exhibit higher T¢ (11.5K and 11.8K vs 10.7K and 10.1K) and lower sheet resistance (390
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and 412 Ohms vs 487 and 586 Ohms) than films deposited at the same time in closed slots. Here,
films from run 372 are shown in blue and green. Films from run 375 had approximately 9nm of
room temperature NbN deposited on their backsides before being deposited in an identical manner

to the films shown in comparison, including slot number.

Bias Sputtering:

Our deposition equipment allows us to apply an RF bias to the substrate holder which can be
used to spark a plasma and sputter from the substrates. This process can be used to sputter clean
the samples prior to deposition as well as allowing us a means of adding ion bombardment to the
growing film during deposition. Based on the RSZM, it would seem that the application of this
bombardment would improve crystal microstructure. This result appears to be the case for films
in the closed slots of the substrate holder, as the addition of 40W of RF power increased the T of
films in the closed slots. However, for films in the open slots, the opposite was observed. These

results are shown in Figure 5.7.
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Figure 5.7: 40W RF Bias Sputtering experiment. Films (all on SiO2) from run 357 had no bias
sputtering and are shown in blue, while films from run 358 had a 40W RF bias applied during the
entire deposition process, both depositions were otherwise identical. Notice for both blue and red
curves there is a central grouping with one curve that is split off from the rest. In both cases this
split-off curve is the film grown in the open slot. The T. of the open-slot film without bias was
11.7K, however when the bias was applied in the next run, the open slot T¢ fell to 10.7K, below
the average T of the films from closed slots. The bias improved the mean T of the closed slots
from 10.8K with a standard deviation of 101mK to a mean of 11.1K with a standard deviation of
25mK. Reflectometer measurements of thickness on a sister MgO film were 4.14nm and 4.34nm

for runs 357 and 358 respectively.
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It is possible that the reduction in T¢ in both the case of the added backside absorber as well
as the open slot film with bias are related to increased effective heating and that some shift in the
ideal amount of nitrogen contained in the film is necessary to realize a global increase in T..
Determining the change in the maximum T, would require repeating the design of experiments
with only the nitrogen flow rate as a variable with bias sputtering and/or backside absorbers added
as constants across the experiment. However, since this is a lengthy process and uncertain to yield

improved T¢, this avenue was not explored.

Rapid Thermal Processing:

Without large scale infrastructure upgrades, the Tc of films deposited in our system seem
to be as high as we could expect and comparable to the highest Tc s recorded for 4-5nm thick
NDbN [11]. However, it is natural to wonder whether we can easily increase the T¢ of our films
beyond the system limits in some ex situ process. Rapid thermal processing (RTP) was
previously explored as a means to increase the T of 20nm NbN and NbTiN on Al203 [12], but
attempts on SiNy substrates were not successful [13]. Rapid thermal processing is a technique
used commonly in semiconductor manufacturing to heal minor structural damage due to ion
implantation. We explored using RTP to improve the T of 4-5nm films of NbN deposited on

SiNx.

We used the RTP to heat films to ~1000C in a matter of seconds in various gaseous
environments for varying lengths of time. The hold time at high temperature, the gaseous
environment, and the speed with which the samples were heated and cooled was varied. In

general, most films had their T increased to close to 13K regardless of starting point. This
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translates into a 1K increase for our highest T films, and 2-3K increase for suboptimal films;
even greater increases are seen for films deposited at room temperature (see below). Resistance

vs temperature measurements before and after RTP is illustrated in Fig 5.8.
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Figure 5.8 RTPing NbN on SiNx to improve T.. Films SPE020 and 025 were deposited together
initially but from closed and open slots respectively. Both were then RTPed using the same
recipe: while flowing 10SLPM of N2, ramp temperature from room temp to 1000C in 90s, hold
at 1000C for 3 minutes and then ramp back to room temperature in 45 seconds. The T, of both
films increased dramatically; the T, of SPE020 increased by 2.3K to 13.1, and SPE025 increased

by 1.4K to 13.2. Both films showed marked increases in sheet resistance, though this was later



Andrew Dane Chapter 5: Experimental Results and Discussion

shown not to be reproducible (note: the y-axis here must be multiplied by 2.3 in order to get real

Rs).

We used Argon in place of Nitrogen during RTPing in order to determine whether the
RTPing process was increasing film T¢ by shifting the Nb/N ratio. We found a similar increase of
Tc to close to 13K using both gases. This is shown in Figure 5.9. One thing to note here is that
the same experiment was repeated later, using our now standard RTP recipe with Argon and then
Nitrogen gas on films that were grown together and started off almost identical. The dramatic
increase in Rs that is shown in Figure 5.9 was not observed later; rather, a reduction of Rs by
24% was later seen while RTPing in Argon. It appears that while the RTP may reproducibly
increase T¢ to ~13K, the change in Rs is dependent on the preceding use of the machine. When
the RTP was only used for these experiments the eventual result after multiple runs was that the
film Rs would drop in addition to increasing T¢ as one would expect from studies of
superconductor Tc as a function of dislocations from exposure to high energy neutrons. However
the jJump in film Rs in addition to increased film T provides an interesting test case for any

theory regarding the superconductor to insulator transition.
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Figure 5.9: Process Gas effect on RTP results. SPE020 and 024 were deposited together and
measured to have near identical properties. After RTPing with our standard recipe in Argon and
nitrogen, both exhibited T¢ slightly higher than 13K. The large increase in Rs observed in both
films was not repeatable and appears to be linked to prior use of the RTP tool. After several
uninterrupted uses of the RTP, samples continued to improve in T¢ to close to 13K while sheet
resistance increase slowly lowered and finally became negative (decreased sheet resistance). These

results show that the RTP was not affecting the film chemistry by adding nitrogen to the film.
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We attempted to determine the origin of the Tc increase by taking AFM measurements of
the surface roughness, as well as material analysis by Auger electron and x-ray photoelectron
spectroscopy. AFM measurements of RTPed film SPD908 shown in Figure 5.10 yielded the

same surface roughness over a 10 micrometer squared area as a film that had not been RTPed.

Roughness Analysis

Image Statistic

10.0 pm

Figure 5.10: roughness analysis of SPD908 after RTPing. The RMS surface roughness of SPD908
was essentially identical to a film that was AFMed as grown. This indicates that the increase in T¢
is not due to large scale conglomeration of NbN material on the surface, though other workers did
notice a slight reduction in surface roughness by AFM from 0.13nm to 0.109nm.[14]. Our results

are likely limited to the achievable resolution of AFM used.
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Auger and XPS measurements made on RTPed films show the presence of Silicon on the
film surface that is not seen on films that have not been RTPed. However, it is unclear whether
this silicon diffuses up from the SiNx substrate or whether it comes from the silicon wafer used to
hold the samples during RTP. Auger measurements of an RTPed and as grown film are shown in

figure 5.11.
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Figure 5.11: Auger electron spectroscopy for SPE024 and SPEQ30. These films are nominally
identical except that SPE024 was RTPed using our standard process. Counts are observed for
SPEO024 near 80keV and 1600 keV that have been matched to silicon. The peaks are much less
prominent or non-extant in the film that was not RTPed. It is still unclear if the mechanism of
increased T is directly related to the presence of Si, or if it just happens to be coincident with
another Tc increasing mechanism such as strain relief, reduction of dislocation, and general

improvement of crystalline quality.
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X-ray Reflectivity:

The odd results of these RTP experiments further increase our need to find a non-
destructive way to measure the thickness of the deposited films when other more common means
fail. One method that we investigated is x-ray reflectivity (XRR) measurements, which rely on
the interference of reflected x-ray beams from the top and bottom surface of epitaxial films in
order to measure film thickness. In Figure 5.12, we see the counts versus angle of the incident x-

ray beam for our RTPed film in 5.12(a). Results of XRR measurements on a film on MgO is

shown for comparison.
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Figure 5.12: XRR measurements of NbN on SiNx (SPE024) (a) and MgO (SPE022) (b) along with
calculated XRR profiles material model. Here we can see the result of performing XRR analysis
on the RTPed film on SiNx SPE024, as well as a film on MgO that was deposited at the same time.
The reflectivity profile is significantly degraded in the silicon nitride case, whereas the film on
MgO shows multiple interference fringes. The best fit model for SPE024 is 4.1nm thick NbN with
two nanometers of oxide on top, while the film on MgO is was best modelled as 4nm of NbN with
0.9nm of oxide. The surface roughness of the SPE024 model was fixed as 0.4nm to match the
AFM data. The data fit for SPE022 was significantly worse if the oxide layer was removed from

the model.

The XRR data is not the only data that suggests that our films have a cap of oxide on
them. We re-measured a set of films on MgO (Rs, T, thickness) after up to 10 months of being
stored in a nitrogen box. We observed varying degrees of increased sheet resistance, but based
on the initial sheet resistance and thickness, we were able to accurately predict the new sheet
resistance by simply assuming a small portion of each film had converted into a nonconductive
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oxide. The remaining non-oxidized films were assumed to keep their initial resistivity, and a new
sheet resistance was calculated based on an effect reduction in thickness, indicating a uniform

oxide layer across different films:
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Figure 5.X Sheet resistance after up to 10 months of aging for films ranging in thickness from
2.4nm to 7.9nm. All but one of the final Rs values can be predicted by a reduction in thickness of
0.4nm, with the remaining film keeping its initial resistivity. This plus the XRR fitting give us a

good idea that we have a small layer of oxide on top of our films.

Rapid Thermal Processing of Room Temperature Deposited Nb and NbN:

While the NbN that we have been able to deposit has state of the art T for ~4nm thick
films [11], we are able to achieve this in part due to a dedicated system that can heat substrates to
800C and incorporate nitrogen for reactive sputtering. Without such a system, would we still be

able to achieve these good results? We did some preliminary tests of using the RTP to nitridize
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NDb films, as well as NbN films grown at room temperature. The results of nitridization is shown
in Figure 5.13. Our initial experiments failed to yield good films when attempting to nitridize
them using the RTP, despite the fact that this has been shown to work in thicker films. For some
samples (not shown), the result of the RTP was total obliteration of the film such that there was
no discernable difference between the resulting film and leaving the sheet resistance

measurement system open.
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Figure 5.13: all films were deposited for 69 seconds without any nitrogen at room temperature.
The resistance vs temperature for film SPE096 (blue) was typical for these Nb films before RTP.
None of these Nb films uperconducted down to 6K. The RTPed films do not superconduct in the
range of temperatures measured, except for SPE119 which was RTPed with a 1.5 minute hold at
1000C instead of 3 minutes in th standard process. SPE118 and 120 were RTPed to a maximum
temperature of 500C for 3 and 1.5 minutes respectively. Note that the very flat curve of SPE119

above ~8.5K is an artifact of the measurement system; with a constant current being driven into a
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high sheet resistance, the signal was too large after amplification and had saturated to the maximum

voltage of the measurement system.

Although nitridization of Nb films in the RTP did not in general yield superconducting
films, a very interesting result came from RTPing an NbN film that was deposited at room
temperature and was measured before and after RTP, and is shown in Figure 5.14. The initial film
did not superconduct down to less than 8K, but after applying our standard RTP recipe, this film
had a T¢ of ~12.9K. While it appears that starting with a higher- T material will result in a higher-
Tc end product, the results of RTPing NbN films of a range of different T¢ s are films that end up
close to the neighborhood of 13K Tc. One plausible explanation to this uniformity is that RTPing
is always creating NbSiyNy. If this material has a short enough coherence length then perhaps we
are always creating a 3D structure out of a 2D one by scaling the coherence length (with overall

crystal structure unchanged). Further work will be necessary to make any conclusions.
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Figure 5.14: RTPing NbN grown at room temperature. SPE113 and 114 were deposited for 69
seconds similar to most of the films reported on in this work. RTPing SPE113 with our standard
1000C process ielded the surprising result of a film with 12.9K Tc. This suggests some underlying
uniformity among all films that come out of the RTP as they all result in T¢ s close to 13K despite
starting with T¢ s ranging from less than 8 to more than 11. SPE114 was RTPed in a process given

in the literature but produced inferior results.

Since NbN and other Nb based superconductors are useful for a range of practical
applications, annealing and RTPing of thick (~100nm) films and bulk samples has been
thoroughly investigated. Most literature suggests that improved crystallinity is the cause of the

increase of T¢, likely due to increased free electron density [15].
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RTPing of the films has shown itself to be a successful way of increasing film T
whatever the mechanism, but it still requires another processing step in a different tool, which is
in a shared facility and outside of our control. It would be better if we could heat treat our films
in the deposition chamber we already use, which is UHV and highly controlled. We attempted to
anneal our films in situ after deposition, mimicking the RTP profile somewhat: heating to 800C
as quickly as possible, holding for 3 minutes, and then cooling down as quickly as allowed by
the system. The results are shown in Figure 5.15. In situ annealing resulted in films with lower T
with respect to the baseline. It appears that the culprit may be the slow rate at which the
substrates cool inside of the deposition system, cooling from the nominal temperature of 800C to
room temperature over the course of approximately 5 hours. This is further backed by the
literature, which suggests that at elevated temperatures, delta phase NbN (which has the highest

Tc among polytypes) is converted into lower T nabla phase NbN below 1370C [16].
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Figure 5.15: In-situ annealing of NbN films on SiNx. Curves in red and magenta correspond to
films that were grown in identical conditions to those in blue and cyan except with the addition of
an RTP mimicking annealing step. These films likely have a lower T, due to additional time spent

hot enough to encourage delta phase NbN to convert to less ideal (lower T¢) phases.

The conversion of high Tc NbN to a lower Tc crystal phase after the deposition may also
explain why we were previously able to increase film T¢ by flooding the deposition chamber with
nitrogen after deposition [17]. This flooding of the chamber likely increased the rate at which the
samples cooled, suppressing growth of non-ideal crystal phases. We repeated this in a somewhat
modified form—instead of venting the chamber to atmospheric pressures with nitrogen gas from

a potentially dirty source (a common laboratory nitrogen line feed by high pressure liquid
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nitrogen dewar), we flowed the reactive nitrogen to a pressure of 30mtorr for one hour after the
deposition. The result was that we did not see a difference when adding this cooling step, though

likely because this cooling was ineffective. The results are summarized in Figure 5.16.
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Figure 5.16: Quench cooling. Four films were deposited in two identical runs, except those films
in blue and cyan had an additional processing step wherein the chamber was filled with nitrogen
up to 30mtorr for one hour. This attempt at cooling had no effect on the film Tc. Previous attempts
were done with extreme flow rates of Nitrogen that would require basically venting the entire

chamber. We wished to avoid this.

Lastly, we attempted to make many NbN films on SiNy at once by depositing on a 4 inch

wafer (the same that are normally cut into 1cm by 1cm samples prior to their use), then dicing
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this wafer and testing the resulting films. This method did not yield good films. Figure 15.17
demonstrates that films from around the wafer have a low average T¢ and it is quite scattered.

Because this result was so poor, no additional tests were made on whole wafers.
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Figure 5.17: Depositing on a whole wafer. NbN was deposited for 69 seconds onto a 4 inch
wafer of SiNy on Si. The process used was identical to the baseline on Figure 5.16 and was
expected to yield films with Tc close to 11K. However, we can see that that was not the case. It is

unclear if this result is due to poor heating or different strain conditions.
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Chapter 6

Future Work:

A number of open questions remain after the completion of this work, they include: (1) what is
the origin of the excess resistivity in NbN on amorphous substrates relative to its bulk form, (2)
how can rapid thermal processing be used to understand the relationship between resistivity and
Tc, (3) can we modify Berg’s model to adequately predict IV curves observed during the reactive
sputter deposition of NbN, (4) what is the interplay between crystallinity, chemistry and
deposition parameters for NoN and how do we quantify their effects on film Tc, (5) can we

establish a nanoscale structure zone model that is generally useful.

Resistivity in thin films of a material is often higher than the bulk resistivity and a variety
of models have been put forth to capture the size effects that are important. Chronologically, the
first such model included the effect of electrons scattering off of the surfaces of the film (Fuchs
and Sondheimer model), later scattering from grain boundaries was added (Mayadas Model), and
later still the shape of the films surface was included (Nambu Model) [1]. Since the mean free
path in NbN is only 4 Angstroms, making the FS model unlikely, and since the resistance of thin
films tends to rise in response to lowering the temperature, the conclusion is often that weak
coupling between grains is the culprit for increased resistivity at low thickness. This has not be
adequately explored in few nanometer thick films, nor has surface morphology’s contribution to

resistivity. Additionally, while it appears that bulk resistivity is reached in lattice matched films
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on MgO of sufficient thickness, the resistivity of our films on SiN and SiO2 is a few times higher
at the same thickness. While it’s easy to say that this is the result of highly disorder dead layers
at the interface, it is less easy to quantify the effect of these dead layers on the Tc of the film.
Thus studies of disorder’s effects on NbN Tc do not include grain boundary scattering and
typically assume a free electron model when attempting to derive the useful parameters of the

system [2].

Recently, annealing of amorphous NbSi films was used to explore the separate effects of
thickness and sheet resistance on T¢ [3]. Annealing was done for short periods of time and at low
enough temperatures that the amorphous NbSi did not crystalize, as shown by x-ray diffraction
and surface morphology. By varying the anneal temperature, a variety of sheet resistances could
develop from the same initial film thickness and Tc and it was argued to be a tuning parameter
for disorder in the film (along with the chemical composition). At a given thickness, sheet
resistance was adequate to fully explain different Tc, but it was not for changing thicknesses.
This is interesting to compare with our RTP’d NbN films. For both, composition has been argued
as a tuning parameter for disorder. For NbSi, annealing at higher temperature increases Rs and
reduces Tc. On the other hand, RTP of polycrystalline NbN leads to an increase in Tc with the
possibility of increased or decreased Rs. The mechanisms responsible may be completely
different, but nonetheless an avenue for changing resistivity and Tc exists for both and likely
others, and may help disentangle their relationship. Another major, and perhaps the most
important difference in the case of NbN, was that RTP’d films that started off with a variety of
compositions ended up with a Tc of 13K, rather than a spectrum of values depending on initial
conditions. This increase of the film T¢ to 13K after RTP is corroborated by existing studies of

RTP on NbN.
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It has been observed frequently in sputter deposited NbN films that the maximum Tc is a
function of nitrogen flow and total pressure, with the maximum Tc rising as the system pressure
is dropped, and a clear maximum in Tc developing as nitrogen flow is varied. While we can
likely call these deposition parameters proxies for the film stoichiometry and the film
crystallinity, an adequate description of the various Tc vs Nitrogen flow and system pressure is
still absent. It may be possible, as in the case of neutron damaged NbN films, to quantify this
relationship in the form of valence electrons per atom as determining the film Tc. There is likely
a more general and useful theory that can be used to explain this behavior and help illuminate the

role of disorder on Tc in general.

A simple but useful extension of Berg’s model is the inclusion of a varying secondary
electron coefficient to model the deposition voltage at fixed current and varying reactive gas
flow rate. A use of a model like this is to predict the IV curves seen during NbN deposition at
different Nitrogen flow rates and power levels, thus characterizing the plasma impedance for a
given deposition system. This modeling and the relevant parameters that fall out of it could help

make process transfer among system easier.

Lastly, while incredibly useful in a qualitative way, the structure zone models are
generally formulated and concerned with films that are thicker than those studied here. An
extensive study of NbN films at a few nanometers thickness with TEM could allow the

development of a useful nanoscopic structure zone model of general utility.
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