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ABSTRACT

Over the last decade, the interstitial alloying of niobium has proven to be essential for
enabling superconducting radiofrequency (SRF) cavities to operate more efficiently at high
accelerating gradients. The discovery of “nitrogen doping” was the first readily accessible
avenue of interstitial alloying in which researchers saw an increase in cavity performance.
However, the serendipitous nature of the discovery led to additional research to fundamentally
understand the physics behind the increase in cavity performance. This knowledge gap is bridged
by materials characterization. Secondary ion mass spectrometry (SIMS) is a characterization
technique which has become a staple of SRF cavity characterization that details elemental
concentration profiles as a function of depth into the niobium surface with submicron resolution.

SIMS has been widely used by the semiconductor industry for decades but has found less
application in other fields due to the difficulty to produce reproducible data for polycrystalline
materials. Much effort has been given to reduce the uncertainty of SIMS results to as low as 1% -
2% for single crystals. However, less attention has been given to polycrystalline materials with
uncertainty values reported between 40% - 50% The sources of uncertainty were found to be
deterministic in nature and therefore could be mitigated to produce reliable results. This
dissertation documents the efforts to reduce SIMS method uncertainty which has been further
used to solve mysteries regarding the characterization of SRF cavities which include predictive
modeling of oxygen diffusion as well as the identification of contaminants resulting from cavity

furnace treatments.
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General Audience Abstract

Particle accelerators find many uses in society in which their complexity depends on their
intended purpose. These purposes vary from projecting an image as in cathode ray tube (CRT)
TVs, to creating high energy x-rays for life saving cancer treatments, to researching the very
fundamental principles of science and physics. The later uses particle accelerators which are very
large, spanning multiple miles, and run at extremely high energies. To keep operational costs
reasonable, these instruments need to run as efficiently as possible. Therefore, superconducting
radiofrequency (SRF) niobium cavities are used and are responsible for propulsion of charged
particles.

Although, niobium SRF cavities can pass incredibly high currents with very little surface
resistance, these high-end particle accelerators push the operational boundaries of efficiency. To
improve the efficiency of these cavities, an optimal concentration of impurities, such as oxygen
and nitrogen, are added to the niobium surface. The addition of an impurity level that is too high
or too low causes the resistance to increase which translates to higher operational costs.
Therefore, it is important to accurately determine the concentration of impurities within the
niobium and with high depth resolution.

Secondary ion mass spectrometry is a characterization method that uses a primary ion
beam to impact the surface of a material to remove atoms at the very surface. The ejected atoms
are then ionized into a secondary beam which can then be detected to determine the
concentration and to identify the species which was removed. Historically, this instrument has
yielded results with 40% - 50% uncertainty for polycrystalline metals, such as niobium, which do
not sputter evenly. With SRF cavity performance depending on accurate quantitation of
impurities, a more robust method is needed. Therefore, this dissertation identifies issues which
cause high uncertainties for polycrystalline materials and in addition offers mitigation strategies
to reduce uncertainty to below 10%. These methods were then applied to solve real problems

aimed to improve the production of niobium SRF cavities.
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Chapter 1: Introduction

Surface properties are important in the selection process of materials for various
applications. Consider a hypothetical base material used for boat construction. Ideally, it
would be strong, ductile, and cost effective, but perhaps the most significant attribute would
be its resistance to corrosion. Aluminum would be a logical choice as it satisfies these
requirements. Corrosion resistance in aluminum is the result of a naturally occurring oxide
layer at the surface which protects the metal from further oxidation by water, salts, and
most acids. Titanium and niobium are similar in that a natural oxide layer exists. Titanium
that has been anodized is useful in environments where abrasion is inevitable. Niobium is
an excellent superconductor. The recent discovery that the dissolution of the oxide layer
and subsequent diffusion of oxygen atoms beneath the surface will enhance the efficiency
of its superconductive properties make it the new standard in particle acceleration.

Materials can be further engineered to improve their surface characteristics, but this
requires accurate characterization of those properties. Techniques for analysis can vary
from visual examination to electron microscopy, measurement of surface roughness, or
determination of surface chemical structure with x-ray photoelectron spectroscopy (XPS) or
secondary ion mass spectrometry (SIMS). These methods are often complimentary and not
considered mutually exclusive. For example, XPS can be uniquely used to non-
destructively identify bonding characteristics of a surface, which can be useful for
determining oxide layer speciation (i.e. TiO vs. TiO2). However, x-ray beams are not easy
to focus, limiting lateral resolution. Additionally, the detection limit of this technique is

limited to roughly 0.1 atomic % or 1000 parts per million (ppm). Analysis via SIMS can



often be challenging and is generally a destructive technique. However, SIMS uses an ion
beam which can be focused and is capable of part per billion (ppb) detection limits.

This dissertation largely focuses on using SIMS to investigate the surface
concentration profiles of carbon, oxygen, and nitrogen in a niobium matrix. Particle
accelerators use niobium superconducting cavities to propel charged particles to high
energies. The superconductive properties of niobium allow efficient operation of the
accelerator. Oxygen and nitrogen can be alloyed with niobium at the surface in ppm-ppt
levels to improve the efficiency of these cavities, while carbon is often a contaminant which
can be detrimental to cavity performance. The enhancement is strongly dependent on the
concentration of oxygen and nitrogen, making the need for accurate and reliable SIMS a
necessity.

SIMS is extensively used by the semi-conductor industry to determine ppm
concentrations of impurities. Most commonly, semiconductors are comprised of high purity
single crystal silicon which has been doped with an impurity (such as arsenic) to improve
the conductive properties of the wafer. The concentration of the impurity can have a
profound effect on the electrical properties of the semiconductor. As a result, much research
related to improving SIMS is geared toward single crystal silicon matrices. SIMS
performed on polycrystalline materials adds complexity to SIMS quantification as
differences in sputter rates and ion yields must be considered.

This thesis will act as a comprehensive investigation into the sources of uncertainty
which cause inaccuracies in data output and instrument calibration for polycrystalline
materials. Although niobium was chosen as the principal material for observation, the

findings are intended to guide other materials scientists and SIMS users on the mitigation



steps to reduce the sources of error which propagate into attained concentration

quantification for polycrystalline materials, particularly metals.

1.1 Research Hypotheses

Trace level addition of impurities for material alloying is becoming progressively
significant for modern science and technology. As impurity concentrations reach ppm
levels, accurate and precise quantification of these values becomes increasingly difficult.
This proposal intends to provide a fundamental understanding to the causes of SIMS
uncertainty. We suggest the analysis of nitrogen and oxygen in niobium. Our hypotheses
are:

Hypothesis 1: Uncertainties have been deterministic in nature. It is hypothesized
that the cause of uncertainty is a result of grain orientation effects, sample topography and
instrumental artifacts. It is also hypothesized that these factors which add error to analyses

can be controlled to reduce the uncertainty.

Hypothesis 2: Oxygen and nitrogen in niobium are suitable for such a study. It is
hypothesized that once mitigation measures have been developed, SIMS can be used to
determine the concentrations of various conditions which affects the diffusion of oxygen

and nitrogen within the niobium lattice.

Hypothesis 3: Mitigation measures which increase the quantitative precision of ppm
detection of impurities can be used for real world applications. It is hypothesized that this
technique can be used to study the furnace environment to identify and quantify

contaminants during the nitrogen doping and oxygen alloying process.
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Chapter 2 Background

2.1 Intro to Particle Accelerators
Particle accelerators are an important class of instruments in which an electric field

is used to propel charged particles. These instruments find uses from radiotherapy and the
production of unstable isotopes for cancer treatments to real-time imaging of proteins. Most
of these instruments operate as normal conducting instruments as the desired purpose of the
equipment does not necessitate exceedingly high-power operation. However, the high
energy accelerators used for cutting edge physics research, such as the Large Hadron
Collider (LHC), the Continuous Electron Beam Accelerator Facility (CEBAF), the
European X-Ray Free Electron Laser (X-FEL), and Linac Coherent Light Source (LCLS II)
require operation as superconducting machines which employ the use of superconducting

radiofrequency (SRF) technology.

2.2 Evolution of Modern Particle Accelerators

In 1911, Earnest Rutherford’s “gold foil experiment” was performed which used the
emission of alpha particles to pass through a gold foil[1]. The experiment for the first time
showed that the atom was not one solid particle but existed as a very small positively
charged nucleus surrounded by much larger region in which negatively charged subatomic
particles (electrons) move. George Gamow’s 1928 discovery of nuclear decay via alpha
particle emission led Rutherford to believe that 500 MeV energy could be sufficient energy
to split a lithium atom, allowing further studies of the nucleus. Rutherford pursued this by

collaborating with Crockcroft and Walton to create a generator capable of 700 MeV, and
4



thus the birth of the first high energy particle accelerator[2-5]. This accelerator consisted of
metal biased tubes housed in a larger evacuated glass tube. The metal tubes were
discontinuous to allow for subsequent metal tubes to add to the accelerating power. In 1932,
this invention was used to split the lithium atom using a 400 MeV accelerated proton beam
and Crockroft and Walton were awarded the Nobel Prize in 1951[5].

In 1924 G. Ising proposed that a radio frequency generator could also achieve
particle acceleration by using a resonant radio wave to create an oscillating electric field to
propel particles[6]. Later in 1927 Rolf Widerde showed proof of concept and designed the
first rf particle accelerator but achieved only 50 keV accelerating gradient[7, 8]. The design
showed that sequential baffles in a hollow cavity would cause an additive effect to the
accelerating gradient. The scale needed to create a linear accelerator (linac) at this time was
difficult to achieve. Therefore, a cyclic version, called the cyclotron, was created by Ernest
Lawrence in 1931 to solve this dilemma[9, 10]. The design was improved to where 5 MeV
was achieved by 1935[5].

As the designs improved over the next several decades, it was realized that the
current technology had a limit. Further increasing the power of the accelerators led to power
losses and heat dissipation into the cavity walls, making higher gradient usage cost
prohibitive. In the 1960’s Stanford University experimented with using superconducting
radio frequency (SRF) cavities to replace copper RF cavities[11]. By 1977 Stanford
developed the first superconducting accelerator. The accelerator consisted of a 27 meter
linac using a series of seven-celled niobium SRF cavities. Since then, a worldwide effort to
improve niobium SRF technology was enacted to where now Nb SRF cavities are

approaching their physics limits.



2.3 Niobium SRF Cavities

Modern particle accelerators are comprised of a chain of SRF cavities which are
responsible for propelling the charged particles to high energies[11]. The cavities use an
injected radio wave at a resonant frequency to build up high electromagnetic field within
the cavity. Accelerator structures are typically designed such that the rf phase change
during the particle transit time through one cell corresponds to 180 degrees, so that
negatively charged particles always encounter positive electric fields, and thus gain energy.
An ionization source injects charged particles into the cavity in pulses corresponding to
arbitrary submultiples of the resonant frequency. Each cavity in the series provides an
additive increase in energy when all drive phases are tightly synchronized. Such linear
accelerators can be arbitrarily long as needed to suit the need, or folded on itself to
recirculated the beam several times through the same linac, as is done in CEBAF.

The performance of these cavities is described by the quality factor (Qo), which is
defined as the ratio of stored energy to energy lost in 1 RF period. The energy loss is
usually a result of power dissipated due to surface resistance of the cavities. Typical quality
factors for normal conducting copper cavities are ~ 10* [11]. Switching to niobium SRF
cavities, the quality factor can be improved to ~ 10 but requires operation at liquid helium
temperatures, (typically 2.0 - 4.2K). Even with the additional and substantial cryogenic cost
of operating at 2 K, niobium SRF cavities are more efficient and can operate at much higher
accelerating gradients than copper RF cavities. New models of linacs require continuous
wave (CW) operation, in which the cavities are always powered on as opposed to the XFEL
which uses high powered pulsed rf sources for higher gradient operation [12]. Economic
viability to run in CW increasingly requires the cavities have low loss, meaning less heat

loss into the cavity walls.



2.4 Superconductivity and Cryogenics of Nb SRF Cavities

Superconductors are a class of materials which are able to pass exceptionally high
electrical currents at the surface of the material when below some critical temperature (T¢)
and magnetic field (Bc). For niobium the T¢ is 9.3 K[13]. However, the performance
efficiency of the niobium SRF cavities is improved with even colder temperatures. The
target operational temperature for most Nb SRF cavities is 2 K[14, 15].

To maintain a temperature of 2 K, the niobium SRF cavities are housed in
cryomodules, in which the cavities are bathed in liquid helium. The liquid helium is
continually produced and cooled by a cryo-plant in which any helium boiled off in the
process is cooled back to its liquid state in a closed loop process. Production of liquid
helium is expensive and substantial cost is required to maintain the cryo-plants[16].
Therefore, scientists around the globe are collaborating on methods to reduce cost and to

increase the efficiency of particle accelerator operation.

2.5 Nitrogen Doping

By the 2000’s extensive progress to improve the performance of Nb SRF cavities
had been achieved. Methods to develop higher performing cavities with higher purity
niobium, with cleaner processes and with smoother surface finishes were all essential in
developing niobium SRF cavities which could operate at accelerating gradients of more
than 40 MV/m. However, operation at higher accelerating gradients causes the cavities to
operate less efficiently (Q-Slope), meaning a decrease in the quality factor (Figure 1). As a
result, the cavity wall heats up non-linearly leading to increased refrigeration costs. The
result is increased capital and operating costs for the required cryogenic system for such an

accelerator [16]. To further reduce operational costs a new material or other surface



modifications was needed, which led to the investigation of nitrogen doping of Nb SRF

cavities.
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Figure 1. Cavity performance plots for a state-of-the-art 1.3 GHz niobium cavity (red) and a
similar cavity having received nitrogen doping treatment cavity (blue). The nitrogen doped
cavity is capable of operating more efficiently (Qo) at higher accelerating gradients. (~66%

lower losses at 120 mT, for example) (Reproduced with permission from Maniscalco et. al
2017) [17]

Nitrogen doping is a process which was serendipitously discovered in 2013 at Fermi
National Accelerator Laboratory (Fermilab)[18-20]. Their researchers were investigating
the potential of using NbN as a surface treatment to improve cavity performance. The
nitride coating was found to be detrimental to cavity performance and the nitrides were
removed to repurpose the cavity. Following the nitride removal by shallow electropolish,
the performance properties of the cavity was reevaluated and found that the quality factor
improved by a factor of four[18]. This effect was then confirmed at Jefferson Lab (JLab)

and Cornell. By 2015 the Linac Coherent Light Source Il (LCLS I1) project was proposed



to construct a linear accelerator as SLAC which would utilize nitrogen doped cavities[12,
15, 21]. Construction of this accelerator is nearing completion.

Nitrogen doping consists of heating the cavities to a high temperature, typically
800C,in vacuum[20]. After several hours annealing time, a low pressure stream of nitrogen
gas is supplied while at 800C for a few additional minutes. Nitrogen reacts with the surface
niobium forming niobium nitrides and also diffuses a few microns into the surface. After
cooldown, the nitrides are subsequently removed via electropolishing, leaving behind
nitrogen which has diffused into the interstitial sites of the niobium lattice forming an alloy.
The depth to which it diffuses and with what concentration profile is dependent on the
doping recipe chosen and local conditions. This gradient in nitrogen concentration is
inversely proportional to the electron mean free path which is the distance an electron can
travel before it interacts with an impurity (Figure 2)[17]. The mean free path has another
relationship which states as you decrease the mean free path from the clean limit (no
impurities) the surface resistance of typical superconductors also decreases (Figure 3)[16].
This also agrees with the BCS theory prediction. However, increasing the impurity content
too much causes the resistance to increase after some critical concentration is reached.
Reducing the mean free path yields an anti-Q slope, which suggests that with increased
nitrogen content, cavities are more efficient when operating at higher accelerating gradients
(Figure 4)[17]. Therefore, these parameters are controlled by the nitrogen concentration
which can be tuned by removing the surface layer until the desired nitrogen concentration is
met.

The high temperature furnace environment provides an opportunity for other

unwanted contaminants to also adhere to the surface which can prevent nitride growth[22].



Other interstitials such as carbon are almost always present as contaminants in some form
and cause nitrogen to compete for interstitial spaces which makes tuning the overall
interstitial content difficult. Because the extent of contamination is unknown, performance
tests can yield poor results that appear mysterious to cavity production facilities. Over the
last decade the process has been continually refined to produce more and more cavities with
fewer failing specifications. However, the cause and the extent of contamination has not

been fully studied.
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Figure 2. Plot showing the inverse correlation of nitrogen concentration to the mean free

path. The addition of nitrogen into the niobium lattice reduces the distance an electron can

travel before it interacts with an impurity. [16]
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Figure 3. Dependency of the BCS surface resistance to the mean free path. The data
suggests that a critical nitrogen concentration exists which will minimize the surface
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2.6 Oxygen Alloying

Oxygen alloying is emerging as a promising technique which could replace nitrogen
doping as the new state of the art. Posen et. al. 2020 [23] reported that at lower temperature
baking oxygen could diffuse into the interstitial sites fed by an external source of oxygen.
The results showed an enhancement in the quality factor. However, the authors were unsure
of oxygen’s involvement in the increase in cavity performance. In Ito et. al. 2021 [24] KEK
determined cavity performances by varying the furnace baking of niobium up to 800°C. It
reported that lower temperature baking at 300° C resulted in higher quality factors in which
the authors hypothesized that oxygen diffusion was responsible. The quality factor
enhancement via oxygen diffusion was confirmed in Lechner et. al 2021 [25] where it was
shown that diffusion profiles could be simulated based on the furnace temperature and
baking time. We showed that oxygen migration at these low temperatures could be
predicted and modeled. SIMS depth profiles showed that the predictions could be replicated
experimentally.

Oxygen alloying is an attractive alternative to nitrogen doping because the technique
uses the dissolution of the oxide layer at temperatures from 120° C - 300° C to diffuse
oxygen into the interstitial sites of the niobium lattice. Oxygen (28 kcal/mol) has a lower
activation energy than carbon (34 kcal/mol) and nitrogen (39 kcal/mol). Therefore, by
keeping the temperature lower, the diffusibility of carbon and nitrogen is negligible which
selectively makes oxygen the primary diffusant (Figure 5). A major challenge with nitrogen
doping was the lack of control to selectively diffuse nitrogen into the bulk which makes
predictive modeling challenging. Fortunately, a model for oxygen dissolution and diffusion

was previously established.
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Figure 5 SIMS depth profiles of carbon, oxygen, and nitrogen for (a) an oxygen alloyed
sample processed at 300°C for 2.6 hrs and (b) an electropolished niobium sample without
additional heat treatments. The data shows the oxygen content can be selectively diffused

using the oxygen alloying process. (Reproduced with permission from Lechner et. al 2017)
[25]

Ciovati developed an oxygen diffusion model that included the effects of finite
source near surface interstitial oxygen as well as the niobium pentoxide diffusion and
dissolution[26]. The focus of this study was to investigate oxygen diffusion behavior at
temperatures between 90°C and 200°C. Lechner et. al. 2021 further refined the model to
include processing temperatures up to 350°C as well as to study the source term as it was
previously unexplored. The validity of theoretical modeling was verified by using SIMS to
experimentally observe the diffusion of oxygen at various baking conditions (Figure 6).
Well quantified SIMS depth profiles from different conditions could all be fit with a single

diffusion model with parameters substantiated by other works.
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Figure 6. SIMS depth profiles of oxygen alloyed as compared with the theoretical
modelling for the oxide layer dissolution and diffusion (black lines). (b) A series of
experimental baking procedures, with varied baking temperatures and times, were tested
resulting in a predictive model which allows for the concentration of oxygen to be tuned.
(Reproduced with permission from Lechner et. al 2017)[25]

2.7 Characterization of SRF Materials.

As mentioned in previous sections, the concentration of near surface impurities can
have profound effects on the performance of SRF cavities. Some impurities, such as
nitrogen and oxygen, are intentionally added in very low concentrations to improve SRF
cavity performance. Other impurities, such as carbon and metallic contaminants, can
prevent surface nitrides from forming, cause nitrogen and oxygen to compete for interstitial
space, form normal conducting pockets on the cavity (quenching), and other effects which
have not yet been fully studied. Thus, it is imperative to examine the surface concentration
of impurities and monitor the diffusional behavior as a function of depth. SIMS is perhaps
the most effective tool to monitor the impurity concentrations as the technique can easily

achieve ppm detection limits. Also, the depth profiling function allows for the concentration

14



to be monitored as a function of depth with nanometer depth resolution for dynamic SIMS
and sub-angstrom depth resolution possible for Time-of-Flight SIMS. These techniques are

covered in the next chapter in greater detail.
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Chapter 3 Secondary Ion Mass Spectrometry (SIMS)
3.1 Motivation for SIMS

Secondary lon Mass Spectrometry (SIMS) is a technique which uses the
bombardment of a primary ion source to erode the surface of a solid sample in a process
called sputtering[27, 28]. Much of the eroded material is ionized and extracted into a
secondary ion beam the contents of which are sorted by mass/charge ratio and then detected
using a mass spectrometer (Figure 7). The range of detection varies but for the
instrumentation used in this study runs from 1 amu to ~1000 amu, thereby making the
detection of all elemental species possible[29]. Additionally, SIMS instruments have some
of the best detection limits available with parts per billion (ppb) reported[29]. Due to the
very low detection limits, coupled with excellent depth resolution, the microelectronics and

semiconductor industries are the fields which most commonly utilize SIMS[27, 30, 31].

Figure 7. Diagram showing the sputtering mechanism during SIMS analysis. The impact of
the Cs* primary ions generates a collision cascade which causes some of the atoms at the
surface of the material to be ejected as secondary ions. The secondary ions are extracted

into a beam and detected by the mass analyzer.
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The sputtered material is ejected in the form of neutral atoms as well as negative and
positive ions. Biasing the extraction lens allows for the selection of the desired ionic
species[32]. This is an important fact as the probability of ion formation is not constant for
all species, depending on several factors including the chemical environment of the species
as well as the type of primary ion used for bombardment. For example, the probability of
ionization is increased, particularly for metals, when sputtering occurs from an oxide as
opposed to its metallic form. Therefore, metals are often best detected when using O>" as
the primary ion source[29]. Some elements, such as nitrogen, have inherently poor
ionization potentials as a monatomic ion. However, polyatomic ions such as CN™ have very
good ionization potentials and must be monitored to determine the nitrogen content.

SIMS instruments are often equipped with multiple ion sources, most commonly
Cs*, O2", and O to ensure sufficient secondary ion yield for a desired impurity species.
Choosing the proper source is crucial for guaranteeing adequate detection and
quantification impurities of SIMS. Figure 8 shows the sensitivities, denoted by the relative
sensitivity factor (RSF)[30], of various elements for Cs* and O." ion sources. Note that the
plots in Figure 8 are for impurities in a silicon matrix. Elemental sensitivity is affected by
the bulk sample matrix, commonly referred to as a matrix effect[33]. Therefore, a reference
material of a similar matrix must be used to determine the relative sensitivity factor (RSF)
used for subsequent quantification of an experimental sample. This topic is discussed in

Section 3.3 in greater detail.
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Figure 8. Plots show the relative sensitivity factors as a result of using a (a) Cs* primary ion

beam and an (b) O2" primary ion beam. Note carbon, nitrogen and oxygen are better

detected using a Cs* beam while most metallic species are better detected using an O2*

beam. Reproduced with permission from Stevie 2016 [29]

3.2 SIMS Sources

Although many types of ionization sources exist, O." and Cs* ion sources are the

most commonly used. This is largely because each of the chemical interactions which take

place during ion bombardment which can enhance the positive and negative secondary ion

yields respectively [29]. Another commonly used ion source is the liquid metal ion source
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which usually consists of gallium. These sources typically have a smaller interaction
volume via ion bombardment and provide lower secondary ion yield, making them much
more useful for imaging rather than the production of secondary ions. As such these sources
are more commonly found on focused ion beams (FIB) and ToF-SIMS for imaging and
mapping. The experiments presented in this dissertation were largely performed using the
CAMECA 7f geo, which is equipped with O2" and Cs" ion sources and these will be

described in greater detail.

3.2.1. Cesium Microbeam Source
The cesium microbeam source is commonly used in SIMS applications in which the

analysis of electronegative impurities is desired. The cesium is housed in a cylindrical
reservoir in the form of cesium carbonate (Cs2COs). Current is applied to a tungsten
filament to heat the Cs2COs to form Cs. The ionized portion of the frit consists of a high
work function tungsten frit which is heated to ~1000°C where the Cs vapor is ionized with
near 100% efficiency. Immediately following the ionizer, a potential is applied to an
extraction plate to collect the Cs ions into the primary ion beam. The primary ion beam is
then focused by a series of lenses and apertures which determine the beam current, beam
concentricity, and raster size prior to sample bombardment. An image of a Cesium

microbeam source is provided in figure 9.
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Figure 9. Cesium Microbeam Source.

3.2.2 Duoplasmatron Source
Plasmatrons are ion sources which convert gaseous atoms into an ion beam. In the

case of the CAMECA 7f geo, oxygen gas (O) is leaked at a low pressure into the interior of
a hollow cathode. A schematic is provided in Figure 10. The oxygen pressure is controlled
with a regulator. The duoplasmatron source degrades over time[29]. This occurs because
the nickel hollow cathode oxidizes and must periodically be cleaned to remove the oxide. A
strong electric field is formed between the hollow cathode and the anode which causes a
plasma to form[32]. The oxygen plasma is concentrated into a small beam by a magnetic
field produced by the intermediate electrode and the coil which also the basis of the name
“duoplasmatron”[29, 32]. Following the anode, a biased extraction plate collects the oxygen
ions and forms a beam which is directed through the primary column similar to the Cs* ion

beam. Both O" and O™ ions are generated but O2" is selected with a magnetic sector on the
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primary column because O2" has less equivalent impact energy and has significantly higher

ion current.

Coil : Anode

Hollow
cathode

Intermediate
clectrode

- Duoplasmatron with hollow cathode
- Beam constricted by shape of intermediate electrode and by
inhomogeneous magnetic field near intermediate electrode

Figure 10. Duoplasmatron Source. Reproduced with permission from Stevie 2016[29].

3.3 Dynamic vs. Static SIMS

SIMS instrumentation can be classified into two categories, static and dynamic
SIMS, in which the two most common mass analyzers for these are time of flight (ToF) and
magnetic sector analyzers respectively[27]. This classification is based on the damage each
of these techniques inflict on a surface during the analysis. Static SIMS uses a low ion
bombardment dose with the intent that no ion strikes a location that has already been

bombarded. The techniques were deemed capable of determining the “static” chemical state
21



of a surface. This technique yields fraction of a monolayer depth resolution and excellent
lateral resolution making this system ideal for chemical mapping. It is estimated that
between 10* - 102 jons/cm? is the dose for this analysis and is referred to as the static limit.
This can be further understood mathematically, and the time to remove a monolayer can be

calculated[27].

Where: tm is the lifetime of the monolayer, d is the dose of primary ions, Iy is the
primary beam current, A is the surface area in terms of atomic density, e is the charge of an
electron, and y is the sputter yield of the material. . Typically, static conditions can only be
maintained for a short period[27]. The minimal sputtering of atoms however comes at a
cost. The reduced number of ions sputtered limits the number of ions detected by the mass
spectrometer. In other words, static SIMS does not provide good detection limits.

Dynamic SIMS utilizes a continuous ion beam to bombard a surface. This results in
many more ions impacting the surface per analytical cycle, resulting in quicker erosion of a
surface. As a result, more secondary ions are ejected, subsequently increasing the number
of ions detected. Therefore, dynamic SIMS takes advantage of the destructive nature of the
continuous primary beam to increase the detection limit, making dynamic SIMS one of the
best analytical methods in terms of sensitivity[31, 34]. The faster sputtering rates allow for
analyses to be monitored as a function of depth. This is especially useful for understanding
diffusional behaviors of interstitial alloying elements. Although most analyses are a
micrometer or less, analyses exceeding 50 um have been reported making this technique

useful for sub-surface analysis as well.
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Time of Flight SIMS is the most common type of static SIMS and is named for the
type of mass analyzer attached to the instrument. The secondary column consists of an
extraction plate which is used to direct the secondary ions through a flight tube in which the
ions eventually reach the detector[29]. The ions are separated based on the time it takes for
the ions to reach the detector. The flight time can be mathematically expressed as:

t = d(m/2qV)/?

Where: t is the flight time, d is the length of the flight tube, m is the mass of the ion,
q is the charge of the ion, and V is the extraction voltage. Uniquely, this allows for all
masses to simultaneously be analyzed per each beam pulsation.

Magnetic sector analyzer SIMS are commonly used as dynamic SIMS instruments,
but tend to be larger and much more complex schematically than the ToF (Figure 11). For
this analyzer, the extraction plate directs the secondary ions through a series of apertures
and lenses in which electrostatic and magnetic sectors are used to filter unwanted masses
prior to the beam reaching the detector[27, 30, 35]. The beam passes through a flight tube
within the magnetic sector in which the magnetic field changes the trajectory of the beam
based on the mass to charge ratio of the ionic species. This is expressed mathematically as:

m/q = B*r?/2V
Where: m is the mass of the ion, g is the charge of the ion, B is the magnetic field, r is the
radius of curvature of the magnetic sector and V is the accelerating voltage of the secondary
beam. The desired mass is calibrated to allow the secondary beam to pass through the exit
slit. The varying trajectories of unwanted masses are blocked and unable to pass through the
exit slit. The exit slit is adjustable so that the width of the slit can be tuned to allow only a

certain range of masses to be collected and is therefore responsible for the mass resolution
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of the instrument. This makes the magnetic sector also very useful to differentiate between
species which may have mass interferences. However, only one mass can be selected at a
time which makes the collection of a mass spectrum more time consuming than ToF SIMS,

thereby making the analysis of the near surface challenging.
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Figure 11 Schematic of the CAMECA 7f Geo. Image courtesy of CAMECA.

3.4 SIMS Quantitation

The detection of the secondary ions is usually done with either a faraday cup or an
electron multiplier. Both detectors are necessary as they are responsible for detecting high
and low count rates respectively[29]. Both detectors detect ions from the incoming

secondary ion beam and display the signal in terms of counts or intensity. To convert from
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counts to concentration, a reference standard must first be analyzed to determine a

calibration factor called the relative sensitivity factor (RSF)[29].
RSF = (®CIL,t)/(zl)

Where @ is the implanted dose of the target species (here, N), C is the number of
data collection cycles, In is the intensity of the matrix species, t time per cycle, z is the
crater depth, and Is is the summation of the intensities from the reference species. To
convert to concentration, the ratio of impurity counts and matrix counts for an experimental

sample is simply multiplied by the RSF. See equation below[29]:

IS
Conc = I X RSF

m

Currently only 5 traceable reference standards exist and 3 are for silicon matrices
due to the semiconductor industries’ widespread use of SIMS. Therefore, reference
standards must be fabricated via ion implantation. This technique implants ions of a known
dosage in a matrix matching that of the experimental sample. The energy of the
implantation process controls the depth distribution at which the implanted ions will come
to rest. The concentration of the dose can sometimes be verified by Rutherford
backscattering spectrometry (RBS)[27]. However, the detection of light elements by RBS is

poor.

Uncertainty of RSF determination is an issue that has been extensively studied for
semiconductor materials. Wilson et al. 1991 [36] performed an eight-year study to
determine a variety of RSF values in single matrices, but also included multiple analysts,
multiple semiconductor type matrices, and varied instrument conditions. RSF variation up

to 60% was reported. The uncertainty was hypothesized to have resulted from non-
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uniformity of instrumental conditions (i.e. beam current, raster size, different analysts,
sample mounting). More tightly controlled experimental conditions were reported to
improve the RSF uncertainty between 20% - 30 %, though the exact mitigation measures
were often not reported. Laufer et al. 2011[37] investigated the RSF values of various
impurities for Cu20 matrix. Most impurities exhibited RSF uncertainties ~25%. However,
C, N and Si impurities exhibited uncertainties over 50%. It was suggested that impurities
with high secondary ion yields would exhibit less RSF uncertainty. However, a
comprehensive study in reduction of RSF uncertainty for polycrystalline materials has not
yet been accomplished. Tuggle et. al. 2017 [38] reported that uncertainty for RSF
determination for niobium SRF materials was approximately 40%.

Round robin studies of semiconductor implant standards have reported it is possible
to achieve RSF values around between 1-4% [39, 40]. These samples are implanted into
single crystal implant standards. Single crystal implant standards are ideal as they minimize
effects due to random grain orientations and sputter rate variations which can lead to
variations in secondary ion sputter yield. It is generally expected that RSF values can vary
between 20% - 60% for polycrystalline materials [36, 39, 41, 42]. However, a
comprehensive study regarding the cause and mitigation measures for the high uncertainties

has not yet been performed.

3.5 Applications for SIMS

SIMS instrumentation is not especially common when considering the availability
of other characterization tools. This is particularly true with dynamic SIMS instruments as

they tend to cost more than one million dollars. The semiconductor industry is the top user
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of SIMS instruments[31]. As a result, many research topics related to improving SIMS
methodology are geared toward semiconductor materials. Most commonly, semiconductors
are comprised of high purity single crystal silicon which has been doped with an impurity
(for example, arsenic) to improve the conductive properties of the wafer. The concentration
of the impurity can have a profound effect on the electrical properties of the semiconductor.
The world depends on semiconductors for electronic devices, particularly for chips used for
computers, integrated circuits and a myriad of other uses. Thus, it is no surprise that the
majority of topics related to SIMS research are related to the semiconductor industry.
However other fields also depend on SIMS. The geological field relies on its ability to
differentiate various isotope concentrations which can be used for dating purposes.
Recently the SRF industry has been using SIMS to analyze the surface of niobium materials
to correlate impurity concentrations to the performance SRF cavities for particle
acceleration.

SIMS usage in the SRF field is rarely quantitative. In a survey at the Tesla
Technology Collaboration meeting (TTC 2020)[43], the majority of SIMS users reported
that they did not use implant standards in their study. Some users cited the difficulty to
achieve reproducible results and at times the inability to detect implanted species as the
reason why implant standards were not used (Figure 12). Therefore, results are mostly
reported as a ratio of impurity/matrix counts. Recent discoveries, such as oxygen alloying,
depend on accurate reporting of concentration to test the validity of predictive modeling. As
such the industry has expressed a desire to reduce RSF uncertainty as much as possible,

ideally 10% RSD or below.
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Chapter 4: Research Topics

SIMS is currently used within the SRF community as a tool to be used to compare

data sets, which does not take full advantage of its use as an instrument for quantitative

analysis. This is mostly a result of the sources of RSF uncertainty being generally

misunderstood. Many of the improvements made for reducing RSF uncertainty are for

single crystal specimens due to the heavy usage of SIMS in the semiconductor field. As a

result, the effects of sputter rate variation and other grain orientation effects have not yet

been evaluated. This thesis aims to identify sources of uncertainty and provide solutions to

improve RSF uncertainty to make SIMS a viable tool for the identification and quantitation

of ppm level impurities and contaminants.

The topics considered for this study are:

1.

Determine implant standard quality and its impact on RSF variation.

Determine the effects of surface topography and its influence on RSF deviation.
Additionally suggest instrumental parameters which may mitigate topography as a
source of RSF deviation.

Investigate RSF variation as a function of working distance variation, resulting from
sample loading and its source of RSF deviation.

Determine if certain grain orientations generate differing RSF values.

Determine if SIMS can be used to Identify near surface contamination and to evaluate
the effectiveness of furnace caps for niobium SRF cavities.

Via use of SIMS determine if oxygen alloying is less susceptible to surface

contamination compared with nitrogen alloying (nitrogen doping).
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Chapter S: Advances in Secondary Ion Mass
Spectrometry for N-Doped Niobium

Published in Journal of Vacuum Science and Technology B (2021)[30]

Accurate SIMS measurement of nitrogen in niobium relies on the use of closely
equivalent standards, made by ion implantation, to convert nitrogen signal intensity to
nitrogen content by determination of relative sensitivity factors (RSF). Accurate RSF values
for ppm-range nitrogen contents are increasingly critical, as more precision is sought in
processes for next-generation superconducting radio-frequency (SRF) accelerator cavities.
Factors influencing RSF value measurements were investigated with the aim of reliably
attaining better than 10% accuracy in nitrogen concentrations at various depths into the bulk.
This has been accomplished for materials typical of SRF cavities at the cost of increased

attention to all aspects.

5.1 INTRODUCTION

Particle accelerators are an important family of research instruments which use a
microwave electric field in a resonant cavity to propel charged particles to GeV-range
energies. The leading machines rely on superconducting radiofrequency (SRF) technology
operating at 2 K to achieve optimal performance [11]. X-ray free electron lasers are a
current example. The first-generation machines European X-ray Free Electron Laser (E-
XFEL) and the Linac Coherent Light Source (LCLS) showed the potential to reveal

significant new information about bio-active proteins in situ. The prospective science that
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could be accomplished motivated a decision to build a next generation machine (LCLS-11)

currently under construction at SLAC National Accelerator Laboratory [12].

Fortunately, the discovery of nitrogen doping at Fermi National Accelerator
Laboratory (FNAL) occurred during the design phase of the LCLS-I1 [22]. It allows for
cavities to operate at a higher efficiency (increased Qo) resulting in reduced initial and
operating costs [19]. This led to the adoption of nitrogen doping technology for LCLS- Il
and a scale-up program was initiated. Despite favorable results in single cell cavities,
reproducing them in functional nine-cell cavities encountered difficulty [12]. An early area
of concern was the possibility of varying nitrogen levels in vendor-supplied materials. An
analytical method was needed that could quantitatively determine nitrogen contents to well
below 100 ppm. The semiconductor industry faces similar problems with doping and has

shown that dynamic SIMS could be developed for this purpose.

SIMS quantitation can be achieved by comparing the dopant signal intensities of
both an experimental and a known reference material. The reference material matches the
experimental matrix with a dopant concentration near that of the experimental. The
relationship of the measured signal intensity to the known dopant content (relative
sensitivity factor — RSF) affords a path to quantitation when the content is unknown. Using
this method, SIMS performed by JLab and Virginia Tech allowed for investigation of
vendor supplied LCLS-1I material. A major finding was that the as-received nitrogen

content of all the vendor- supplied material was within specification [38].

While the design of LCLS-II was underway, additional studies indicated that shorter
x-ray wavelengths would enable further unique experiments. Such x-ray wavelengths could

be obtained from a higher energy electron beam from the accelerator, obtained in turn from
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higher performance from the SRF cavities. Accordingly, an upgrade program was launched
— LCLS-II HE [21]. An experiment-based method for modeling cavity performance was
needed, requiring a more precise SIMS method. Previous quantitation found that the RSF
measurements could vary by as much as 50%; a value far more than the <10% target [38,
44]. Our objective in this study is to improve SIMS quantitation of nitrogen in niobium.
The issue is error in RSF values calculated from reference materials. Here we report
investigation of the factors which cause such RSF uncertainty and demonstrate a mitigation

strategy.

5.2 SIMS

The concentration of dopants, typically in the ppm range, affects the electrical
properties of a semiconductor. Accurately knowing their concentrations is important to
achieving the desired properties. For decades SIMS has been an invaluable semiconductor
industry tool to accurately quantify ppm levels of dopants [40]. Niobium SRF materials
offer several complications. The specimens are typically polycrystalline and may have
notable surface topography due to (e.g.) preferential etching of the grains during surface
treatments. Grain sizes range from ~ 50 um typical of vendor-supplied sheet stock to more
than 200 um after high temperature annealing. The relationship of feature size to primary
beam raster size must be considered. Furthermore, commercial and traceable reference
materials do not exist for niobium materials and must be fabricated by ion implantation. In
contrast to implanted silicon materials, implanted niobium standards cannot be cross-
checked by RBS due to poor RBS detection limits for light elements in heavy element
matrices. These are among the challenges that need to be addressed to achieve accurate and
precise measurement of nitrogen content in niobium matrices.
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To properly quantify the concentrations of dopants, the instrument must first be
calibrated with standards prepared by implanting known doses of nitrogen in a niobium
matrix. Analysis of the implant standards enables determination of the relative sensitivity
factor used to convert detected nitrogen signal intensity to nitrogen concentration [29]. The
formula is shown below, where ® is the implanted dose of the target species (here, N), C
the number of data collection cycles, Im is the intensity of the matrix species, t time per
cycle, z is the crater depth, and Is is the summation of the intensities from the reference

species.
RSF = (®CIL,t)/(zl5)
The crater is idealized as a constant depth with a flat bottom in a flat specimen surface.

A critical component of the RSF calculation is the crater depth measurement. The
quality of the instrument tune can affect the crater shape and is a property well understood
by SIMS analysts. Flat crater bottoms are required to precisely measure sputter rate.
Uncertainty in the sputter crater depth increases the uncertainty of the calculated RSF value.
Another factor which can affect the crater depth determination is the surface roughness of
the implant standard. Further, different Nb grain orientations may have significantly
different sputter rates, which motivates quantitative profiling of single grains.

A further topographical effect on the apparent secondary ion yield has been studied
in the context of the observed concentration of oxygen isotopes in geological samples [45-
48]. The difference in sample topography causes changes in the surface electrostatic field
which alters the trajectory of the secondary ions as they enter the column. Mitigation is
possible by adjusting the dynamic transfer contrast optics prior to data collection to center

secondary ions as they approach the entrance slit [49, 50]. Our previously reported SIMS
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experiments, which yielded 50% uncertainty of the RSF values, were performed without the
dynamic transfer optics correction. Here we report the effectiveness of use of this secondary

beam tuning correction for SRF materials.

5.3 EXPERIMENTAL

The SIMS measurements were performed on a CAMECA 7f Geo magnetic sector
SIMS instrument. A Cs* primary ion beam with an accelerating voltage of 5 kV was
rastered over the surface with a current initially starting at 100 nA. The beam current was
later lowered to 25 nA to increase the quality of the beam tune by reducing its spot size.
The beam was set to raster over a 150 um x 150 um area and data were collected from a 63
pm x 63 pum area in the center of the raster. *2C-, %07, ®*NbN-" secondary ions were detected
in conjunction with a ®*Nb- reference signal. NbN- was monitored as the indicator for N,
since the secondary ion yield for N™ is negligible. Experiments performed included the
analysis of polycrystalline, single crystal and bicrystal samples, and an investigation of the
sample holder geometry’s effect on RSF. Beam centering by alignment of the dynamic
transfer contrast optics (DTCA-X and DTCA-Y) was used only during experiments where

mentioned.

Following the SIMS data collection, a KLA-Tencor Alpha Step 500 stylus
profilometer was used to determine crater depths. The stylus was scanned in both axes of
the SIMS crater. The stylus was scanned at a rate of 50 um/s to acquire a 500 um profile.
Results from both axes were averaged to yield a net value. CAMECA WinCurve data
analysis software was used to determine the RSF and subsequently convert the depth profile

data from signal intensity to concentration.
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Crystal orientation was determined by electron backscatter diffraction (EBSD). An
FEI NanoLab SEM/FIB outfitted with an EDAX model TSL EBSD camera was used to
acquire the orientation image maps (OIM). The samples were mounted with a specimen
pre-tilt of 70°, at which the OIM maps were acquired with an electron beam voltage of 30

kV and beam current of 21 nA.

5.4 Samples

To ensure samples fit the CAMECA 7f sample holder with maximum efficiency, 10
X 6 mm coupons were cut by electrical discharge machining (EDM). Both polycrystalline
and large bicrystal or single crystal specimens were prepared. The specimens were polished
by a series of steps including buffered chemical polishing (BCP), nanopolishing (NP), and
electropolishing (EP) [51-53]. Experimental samples were nitrogen doped at the Thomas
Jefferson National Accelerator Facility (JLab) using recipes in Table 1. Following the
doping process, an additional 5 pm EP was performed to remove the surface nitrides. The
samples designated as implantation standards were sent to Leonard Kroko, Inc. where they
were implanted with carbon, oxygen, and nitrogen. Early implant standards such as NL 133
were implanted with all three target species. However, to avoid possible mass interferences
between NbN™~and NbCH »™ the implantation of carbon was dropped for L78, L79, and U52.

Shown in Figure 13 is a representative depth profile for the implantation standards.
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Table 1. Process history of implant standards and experimental samples.

Sample

Type of Sample

NL 133

NL 134

NL 136

NL 115

NL 140
NL 147

L 78

L79

U 52

Si# 2293

Implant Standard — 30 um EP, pre-annealed at 900C before cutting
2x10% atoms/cm? of carbon at 135 keV

2x10%° atoms/cm? of oxygen, at 180 keV

2x10% atoms/cm? of nitrogen, at 160 keV

Implant Standard — 30 um EP, pre-annealed at 900C before cutting
2x10% atoms/cm? of carbon at 135 keV

2x10% atoms/cm? of oxygen, at 180 keV

2x10%° atoms/cm? of nitrogen, at 160 keV

Implant Standard — 30 um EP, pre-annealed at 900C before cutting
2x10% atoms/cm? of carbon at 135 keV

2x10%° atoms/cm? of oxygen, at 180 keV

2x10% atoms/cm? of nitrogen, at 160 keV

N-Doped 3N60 inside the beam tube of EZ SSC-05 — 30 um EP, pre-
annealed at 900C before cutting, after doping hydrofluoric acid (HF) soak
for 9 hours total, 5 um EP

N-Doped 2NO inside KEKO04, pre-annealed at 900C before cutting,

N-Doped 3N60 inside HE-353, no pre-annealing performed. No EP
following doping

Niobium Implant Standard — 30 um BCP
2x10%° atoms/cm? of oxygen, at 180 keV
2x10% atoms/cm? of nitrogen, at 160 keV

Niobium Implant Standard — 30 um BCP
2x10% atoms/cm? of oxygen, at 180 keV
2x10%° atoms/cm? of nitrogen, at 160 keV

Niobium Implant Standard — 50 um EP nanopolish
2x10%° atoms/cm? of oxygen, at 180 keV
2x10% atoms/cm? of nitrogen, at 160 keV

Silicon Implant Standard
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Figure 13. Representative NbN" depth profile of an implantation standard. Depicted above

is implant standard U52 which contains 2x10*° atoms/cm? of nitrogen dosed at 160 keV

into a niobium matrix.

5.5 RESULTS AND DISCUSSION

5.5.1 Polycrystalline Materials

Our previous SIMS measurements of polycrystalline N-doped specimens reported
an apparent concentration difference between grains of different crystallographic
orientation [38]. Specifically, a large difference in atomic parts per million (ppma)
concentration was observed between [001] and [111] orientations on the same sample [54].
In addition, the sputter rates varied from grain to grain. Therefore, investigation to
understand the cause became necessary. To determine the effect of grain orientation on the
instrument calibration or nitrogen uptake, EBSD was performed on the specimens to

identify the surface normal grain orientations.

As a first step, orientation image maps (OIM) were acquired from locations
covering more than several square millimeters on the surface of a nitrogen-implanted
polycrystalline specimen (NL 133) and combined to obtain a single OIM of the sample

surface (Figure 14 a.) SIMS data were collected at the locations indicated by the squares.
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An RSF was calculated for each (Figure 14 b.) However, no correlation between grain
orientation and RSF was observed. Further, the RSF was observed to vary substantially,
yielding a 40% RSD (relative standard deviation). Replicate implant standards were
analyzed and found to vary 16% and 14% for NL 134 and 136 respectively (Figure 15).
Though samples NL 133, NL 134 and NL 136 were electropolished as a final
preparation step, grain height variation was noted. Electropolishing when performed under
optimal conditions will yield a sub-100 nm finish [51, 55, 56]. Differential surface removal
has been observed in previous studies and achieving an ideal surface is non-trivial [57].

Continual improvement is the subject of further investigation.
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Figure 14. a) EBSD OIM map of the NL 133 Implant Standard. Locations where SIMS

analyses were performed are noted. b) NoN" RSF was calculated for each data point and

plotted as a function of grain orientation. No discernible correlation was found.
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5.5.2 Single/Bicrystal Implant Standards
To gain further insight into the effect of grain orientation on RSF, single and

bicrystal samples were analyzed. Due to the pristine and flat nature of the single crystals,
reproducible and consistent RSF values could be established when compared to
polycrystalline samples (Figure 15). To better understand the effect of sample positioning
on the RSF, single crystal implant standard U52 was rotated in 90° increments in the sample
holder. It was observed that the sputter rate changed as a result of sample rotation, but the
RSF was unaffected. Though the analysis time and sputter depth are variables which affect
the RSF calculation, this suggests the nitrogen and niobium intensities adjusted to
normalize the change in sputter rate.

Implant standard U52 was found to have the most reproducible RSF values
compared to the L78 and L79 large grain implant standards, as a result of U52 having a
superior surface finish (Figure 16). Accurate crater depth determination is reliant on the
crater bottom being flat and parallel to the sample’s external surface. Poor instrument
tuning or rough standard finishes introduce error into the crater depth determination which
propagates to the RSF determination. Figure 17 shows a comparison of profilometry scans

between L79 and U52.
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Figure 15. Plot depicting RSF values per analysis. Each column shows analyses run for a

specified sample. Changing from polycrystalline standards to single crystals yielded more

precise RSF values. Further increasing the surface quality to the smoothest finish (U52)

increased the precision.
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Figure 16. Representative profilometry scans of the single and bicrystal implant standards.
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Figure 17. Comparison of profilometry scans for single crystal implant standards. The
surface finish for U52 was observed to be much smoother which yields accurate crater

depths and minimizes the propagation of error for RSF determination.

5.5.3 CAMECA Sample Holder- DTCA Effectiveness
It was observed that the U52 implant standard yielded consistent RSF values.

However, in the experiment, the specimen was loaded into the sample holder in the same
location and analyses were taken given the same sample loading conditions. Peres et al.
(2011) observed that the topography effect on the reproducibility of SIMS analyses is not
limited to the sample but includes the sample holder [58]. As a result, the CAMECA 7f Geo
specimen holder was investigated to uncover effects which may change the RSF. This
holder is capable of loading 1-4 specimens approximately 5 mm x 5 mm loaded
individually or to full capacity (Figure 18a). The specimens are held in place by springs that
apply a flexural load to the thin faceplate of the sample holder (Figure 18a). To determine if
the loading force variation may result in a change in RSF, SIMS analysis was performed on
implant standard U52 in which the sample holder contained 2 specimens and repeated with

4 specimens. The results showed a clear change in RSF because of the loading force change
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(Figure 18 b,c). The impact of changing the loading force was observed by monitoring the
niobium matrix signal. The results showed a signal change as a function of loading force
(Figure 18 b). These findings suggest that the loading force can change the working
distance of specimens, which can in turn cause a trajectory change of the secondary ion
beam as it approaches the secondary column, resulting in signal change and alteration of the

system calibration.
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Figure 18. Depiction of a loaded CAMECA 7f Geo sample holder. Samples are placed into
position and held in place by compressing copper springs between the sample and the
backing plate. The force applied can cause deflection of the face plate resulting in an

observable change in b) the niobium matrix signal and the ¢) RSF.
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Topographical variations of the sample itself are expected in addition to working
distance changes caused by sample loading. Therefore, to better understand how the RSF
may change as a function of position on a sample holder, a silicon implant standard denoted
as Si-N 2293 was fractured and loaded into three of the four slots of the sample holder. The
remaining spot was loaded with a different Si-N implant standard with the same dose but
different implantation energy to determine reproducibility between implant standards.
Figure 19 shows the SIMS analysis locations. A proposed method for mitigating these
topographical effects is to center the beam by using the dynamic transfer contrast apertures

(DTCA).

The DTCA consists of two sets of deflection plates located in the transfer optics
region of the secondary column and is purposed with centering the secondary ion beam in
the contrast aperture. Height variations in SIMS samples can cause the secondary ion beam
trajectory to become off centered causing the contrast aperture to filter essential beam
signal, thereby, tampering with the ratio of matrix and impurity signals and thus leading to
uncertainty in the RSF calibration. The DTCA can be adjusted in two dimensions in which
the aperture is scanned in both the X and Y axis. The beam centering function scans on both
lateral dimensions of the beam to correct the trajectory of the secondary beam as it enters
the column, which maximizes the signal intensity. Although automation of the beam
centering function is possible, it was observed that the automation was inconsistent in
finding the signal maximum if the matrix intensity was relatively low. For niobium, the
matrix intensity consistently yielded values below where this feature could be automated.

Therefore, manual adjustment was made prior to each analysis.
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To compare the effectiveness of using this method, the experiment was performed
with and without use of the DTCA. The results (Table 2) show that without the beam
centering correction, the RSF varied 47% by only varying the analysis location. By using
the beam centering parameter and adjusting the DTCA prior to each analysis the RSD was
reduced to 1.5%. Points A and B were dosed the same as D through H but were from a
different parent sample. Use of the DTCA revealed that the derived RSF was inherently
different. This suggests that although implant standards may be nominally dosed the same,
some variation may arise that translates into calibration error. Unlike many of the standards
used in the semiconductor field, RBS cannot be used as a quality control for nitrogen
implanted into niobium. This issue is noted, and the mitigation will be discussed in a future
report. Without a secondary method, such as RBS, to check the dose, we are relying on the
number provided by the implanter and that can be affected by mass interferences and by
effects such as sample charging. One solution is to implant a piece of silicon at the same

time and compare the result with prior implanted samples.

Figure 19. A map of the SIMS analysis showing location of RSF values as a function of

sample position. Corresponding data are located in Table 2.
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Table 2. Data from the RSF location mapping. Locations correspond with Figure 19. The
analysis was performed with and without the DTCA beam centering function. The results
clearly show an improvement in RSF reproducibility as well as matrix intensity, which are
noted by the bolded values. Note: as the beam centering function increased the overall
counts of the analysis, the matrix signal was changed from 2Si to 2Si, to prevent damage
to the electron multiplier.

Without Beam With Beam Centering
Centering
SiN Depth  2Si3 RSF Depth  2Sis RSF
AVG Intensity (atoms/cm?) AVG Intensity (atoms/cm?)
2293 (nm) x10* x102 (nm)  x10* x102
A 879 476 8.11 801 37.8 0.75
B 875  56.6 8.70 770 32.2 0.75
Average 877 52.1 8.41 738 35.0 0.75
StDEV 2.8 6.36 0.4 84 3.96 0.01
%RSD 0.3% 12.2% 5.0% 11.4% 11.3% 1.8%
C 876 98.4 17.9 772 335 1.34
875 4.12 5.75 748 33.2 1.33
E 870  4.76 6.42 753 34.4 1.38
F 863 21.6 11.8 762 34.9 1.38
G 865 9.27 8.66 752 331 1.36
H 859 82.3 16.6 739 34.7 1.37
Average 868 36.7 11.2 754 34.0 1.36
StDEV 6.8 423 5.2 11 0.79 0.02
%RSD 0.8% 1151%  46.2% 15% 2.3% 1.5%
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5.5.4 Practical Applications- DTCA
The implant standards previously tested were reanalyzed with the beam centering

function. NL133, for which an RSF variation of 40% had been measured, yielded the most
notable change in precision as the uncertainty was reduced to 9.7%. Reduction in
uncertainties was observed for all other implants with the values noted in Figure 20. As was
the case in the previous experiments, the RSF precision was superior for the single crystal

and bicrystal standards.

Previous SIMS analysis of N-doped samples appeared to show variation in nitrogen
content as a function of grain orientation. However, at the time of analysis, effects of
surface topography were not accounted for. A profilometry scan of a SIMS analyzed [111]
grain adjacent to [001] grains showed that the grain height could vary as much as 1.5 pm
(Figure 21), which is sufficient to alter the trajectory of the secondary ion beam. Additional
SEM analysis performed on sample NL 115 showed the presence of surface features on
[111] grains that were absent from [001] grains (Figure 22), If these are nano-nitrides as
some have suggested, then the nitrogen content of the [111] grains surface may be higher
than the [001] grains, not the opposite. Therefore, sample NL 115 was re-analyzed with
DTCA beam centering to determine the effectiveness of this method on such a sample. All
scans showed an increase in nitrogen content versus previously reported, which is
apparently a result of correcting the secondary beam trajectory. Additionally, the [111]
grains now reported nitrogen content higher than that of the [001] grains, which is
consistent with the notion that the observed features are indeed nano-nitrides (Figure 23).
“Nano-nitrides” were also observed on sample NL 140, therefore the experiment was

repeated to determine if the observation could be reproduced. This sample was also
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observed to have higher nitrogen content in grains with a [111] normal surface orientation

(Figure 24).

Reduction of method uncertainty was deemed essential to providing reliable and
reproducible data to correlate SIMS data and cavity performance. The cavity co-doped with
Sample NL 147 was found to perform outstandingly well in rf testing (Figure 25). SIMS
was performed on the sample without removal of the surface nitrides by EP. The data
showed a sharp decline in nitrogen content over 1.5 micron from approximately 50% to ~
1000 ppma (Figure 26). A further modest reduction in the nitrogen content was also
observed after this nitride layer was removed followed by a return to ~1300 ppma.
Understanding in detail how this nitrogen content and its variation by doping process
conditions contributes to the corresponding SRF cavity performance is a matter of great

interest and ongoing analysis. These process conditions are not yet optimized.
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Figure 20. Comparison of RSF variation of implant standards. The plot shows that precision

of RSF values improved for all tested implant standards when DTCA was used.
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Figure 21. Profilometry scan of N-doped sample NL 115 in a region where a [111] grain is
adjacent to [001] grains. The scan shows a height difference of roughly 1.5 pm between
[111] and [001] grains. The [111] grains were observed to be especially rough due to the
presence of “nano-nitrides” in the grain. SIMS was performed on this specific grain and the

crater is noted.
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Figure 22. SEM image of N-Doped sample NL 115. The image shows particles

hypothesized to be “nano-nitrides” present on near [111] grains but absent from [001]

grains.
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Figure 23. Comparison of SIMS data with and without beam centering. a.) previously
reported results showed that the nitrogen content was unexpectedly lower in the [111]
grains. b.) By centering the secondary beam with the DTCA aperture prior to the analysis
the signal intensity increased resulting in an apparent increase of nitrogen content. [111]
grains now show a higher nitrogen content, consistent with the roughness observed on the

[111] grains being nano- nitrides.
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Figure 24. SIMS data for sample NL 140, an N-Doped sample with small particles observed
on the surface. As was the case for sample NL 115, the NbN- concentration was higher for

near [111] grains.
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Figure 25. Resonance quality factor (QO0) vs. effective accelerating gradient for cavity HE-
353, co-processed with sample NL 147. The performance requirement of the LCLS-11 HE

accelerator project is noted.
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Figure 26. SIMS depth profiles for sample NL 147. The data show a sharp decline in
NDbN- concentration which reaches a local minimum at the interface between the nitride
layer and the bulk niobium. The concentration of the N increases in the bulk before

beginning diffusion-limited decay into the bulk.

5.6 SUMMARY AND CONCLUSIONS

Accurate and precise quantification of nitrogen of N-doped niobium has previously
proven challenging. Our previous work reported that the RSF value may deviate up to 50%
by changing implant standards or simply changing the grain. This level of uncertainty is

unacceptable for SRF applications and method improvement is critical.

Previous reports of nitrogen content deviation as a function of grain orientation
should be examined carefully to be sure that topographic effects are adequately accounted
for. Analysis of polycrystalline materials may yield different concentrations for different
grains or grain combinations. This may be a result of different grain height with respect to
the mass spectrometer, effectively changing the working distance. As a result, the beam

may become off-centered as it passes through the secondary column, altering the baseline
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signal and instrument calibration. The instrument calibration obtained with use of the
polycrystalline implant standard NL 133 yielded RSF values that varied drastically from
grain to grain. Furthermore, the sample holders themselves were observed to cause the
working distance to deviate as a function of holder position. Additionally, the loading force
to hold the samples in place was observed to cause a change in the working distance which
resulted in a deviation in RSF values. All these geometrical challenges to the precise
location of the sampled surface can be mitigated by centering the beam with the DTCA-x

and DTCA-y apertures.

The influence of the DTCA apertures is immediately seen in the RSF variability.
The RSF reproducibility was observed to have been improved from 40% to 9.6% RSD for
the polycrystalline implant standard NL 133. Using a single grain implant standard, such as
U52, further reduces the uncertainty to 2%. All other implant standards showed an
improvement in precision when beam centering was performed. The impact of this change
was further observed by analyzing the N-doped NL 115 cavity sample. Previous results
were affected by surface topography and incorrectly showed a reduction of nitrogen content
within the [111] grains of these samples. SEM analysis showed that the [111] grains
uniquely contain a higher nitrogen content than is expected, consistent with nano-nitrides.
The phenomenon was reproduced and observed by analyzing NL 140 in which the presence
of ‘nano nitrides” were also noted. An observable difference in the average nitrogen content
was noted when comparing the previous data set to the current. The lack of DTCA
adjustment prior to each scan can account for some deviation. However, two separate

implant standards were used for each analysis. As an absolute and traceable implant does
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not currently exist for nitrogen in niobium, further work is needed to refine analysis to

establish excellent quantization results regardless of the implant standard used.

Improvement of the SIMS analytical methods was a critical step to performing
routine analysis of SRF materials. Due to superior cavity performance associated with
sample NL 147, understanding the pathway from doping to performance became a high
priority. SIMS was found to be a critical step for understanding the material science of the
cavity surface preparation. The nitride layer was determined to be 1 pum followed by a
minimum in nitrogen concentration at the interface. The concentration of nitrogen was
observed to then increase before presumably decaying within the diffusion layer to typical
bulk concentrations of ~60 ppma.

Considering all factors, we conclude that if care as described above is taken, an
uncertainty of < 10 % in local nitrogen concentration with depth is reliably attainable using

dynamic SIMS, for niobium materials in SRF applications.
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Chapter 6: Improved quantitation of SIMS depth profile
measurements of niobium via sample holder design
improvements and characterization of grain
orientation effects

Published in Journal of Vacuum Science and Technology B (2022)[59]

The importance of SIMS analyses for “N-doped” impurity alloyed niobium and other
surface-alloyed materials continues to increase. A major hurdle is the uncertainty of
instrument calibration due to changes in sample height either from sample surface topography
or from the sample holder itself. The CAMECA sample holder design allows for many types
of samples to be analyzed. However, a drawback is that the holder faceplate can bend,
contributing to relative sensitivity factor (RSF) uncertainty into the SIMS results. Here we
describe an improved sample holder having a reinforced faceplate to prevent deflection,
reducing uncertainty. Simulations show that the new design significantly reduces deflection
from 10 um to 5 nm. Sample measurements show a reduction of RSF uncertainty from this

source from 4.1% to 0.95%.

Grain orientation has long been suspected to affect RSF determination as well. A
bicrystal implant standard, consisting of a randomly oriented and [001] grains, was
successively rotated 15° between analyses. It was observed that 20% of the analyses
performed on the randomly oriented grain exhibited anomalously high RSF values as well as
slow sputter rates. These features were associated with the changing of the grain normal
orientation with respect to the primary Cs* beam. The grain orientation associated with the

rise in RSF was simulated and determined to be the [101] crystallographic plane, thus
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indicating that ion channeling was responsible for the significantly increased RSF. FIB
analysis confirmed slower sputter rates for the cardinal crystallographic orientations,

indicating that ion channeling would be evident for each.

6.1 INTRODUCTION

Progress in related materials science and engineering is an important chapter in the
history of progress in accelerator science and technology. Milestones such as the switch
from copper to niobium that enabled superconductive radiofrequency (SRF) and, improved
processing including buffered chemical polishing (BCP), electropolishing (EP), and
vacuum baking have incrementally improved performance, now approaching niobium’s
physics limits [11]. In the last decade, Nb surface modification has come forward as a
deployable technology. Incorporation of trace quantities of interstitials into the RF active
layer enables increased energy efficiency (Qo) [15, 18-20, 60-62] several-fold higher than
the incumbent technology, an advantage so compelling that “nitrogen doping” was chosen
for the newest major continuous wave accelerators (LCLS-Il and LCLS-I1 HE) [12, 21, 63,
64]. Opportunities are aplenty in tuning interstitials for SRF applications to optimize Q and

Eacc [17, 65-69] for the desired application and simplifying processing steps [23-25].

It is not an overstatement to say that progress is not only rapid, but is accelerating. A
significant share of the responsibility for this is the introduction of materials science and
engineering from the microelectronics community in processing and characterization,
especially the latter [30, 56, 70-72]. As a near-surface phenomenon, SRF performance is
greatly sensitive to near surface composition and its variation with depth in the RF-active

layer [19].
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Following its success in microelectronics, the SRF community has turned to
secondary ion mass spectrometry (SIMS) [38].A discussion of issues encountered in
reliably obtaining results in the uncertainty range needed for doping/alloying process
development with practical SRF cavity materials has just appeared [54]. A discussion of the
unresolved issues reported there, and others that are newly emerged, appears below.
Producing cavities to accurately achieve a desired surface alloy state is costly and time-
consuming [20]. Diffusion modeling may help in shaping an impurity profile to optimize Qo
and accelerating gradient for a tailored application [25]. Accurate determination of the
interstitial content via SIMS has proven to be vital for predictive modeling [73, 74]. Method
uncertainty for quantitative SIMS analysis has been improved to roughly 10% uncertainty
for polycrystalline niobium samples. However, inexplicably inconsistent data points
continue to plague occasional SIMS analyses. These data points are suspected to be a result
of grain orientation effects. Seemingly random crystallite orientations have been found to
exhibit RSF values which deviate up to a factor of five compared to a baseline RSF value
for a polycrystalline niobium material. The same phenomenon can cause seemingly random
grains to appear to exhibit misleadingly low impurity concentrations for experimental
samples. It is important to identify the conditions which cause these variations to prevent
the misrepresentation of impurity concentrations for niobium SRF materials.

The varying surface topography of polycrystalline grains can affect the RSF
determination and subsequently the quantitation of SIMS data [46, 47]. This effect can be
mitigated by adjusting an aperture (the CAMECA dynamic contrast aperture) between
analyses to correct the beam trajectory error resulting from the varying surface topography

[50]. Changes in the working distance can also result from flaws in the sample holder
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design [58]. The design and construction of existing standard SIMS sample holders permits
more deformation than the dynamic transfer contrast apertures (DTCA) can in some
circumstances correct. In this work we describe a rigid sample holder that mitigates

working distance variations.

6.2 EXPERIMENTAL
The manufacturer-provided holder for the CAMECA IMS 7f Geo, shown in FIG 25,

is constructed of stainless steel and contains a 25 mm cavity with a 0.1 mm tantalum
faceplate. The tantalum acts as a high strength foil to limit deflection when pressure is
applied to hold the sample. However, the faceplate is only supported around the
circumference, thus, deflection is inevitable. Additionally, the force applied to the faceplate
can vary depending on the number of samples in the holder thereby making the working
distance inconsistent between loads. A new sample holder (Figure 28) was designed to
maximize the number of [our standard] samples that can be analyzed, while supporting the

faceplate to resist deflection.

—

Set Screw

Backing Plate >

Spring__‘/

Figure 27. Loaded CAMECA 7f Geo sample holder. Samples are placed into position
shown and held in place by compressing copper springs between the sample and the

backing plate. The force applied can cause deflection of the faceplate resulting in an
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observable change in the niobium matrix signal and the RSF. (Reproduced from J. Angle et.
al. 2021) [30].

Our typical Nb samples provided for analysis are 6 mm x 10 mm and 3 mm thick.
The 7f Geo has a maximum stage travel of ~ 23 mm x ~23 mm. Using these constraints, we
designed a new holder in with 2 mm support ribs to stiffen the holder. The support ribs are
offset into the holder to allow the backing plate to rest and compress the springs with
constant force. A tantalum faceplate with a thickness of 0.1mm was spot welded to the

holder face to contain the samples within the holder.

Tantalum

Figure 28. Depiction of the newly fabricated SIMS sample holder for our standard niobium
samples. Each sample is individually supported by structural ribbing to prevent the
faceplate from deflection due to sample loading. The individual ribbing also ensures that

constant force is applied independent of the number of samples loaded.

The holder was designed using the computer aided design (CAD) software
Autodesk Fusion 360. A major advantage here is that static loading of component parts can
be simulated. Therefore, to determine the significance of using a new sample holder, the

standard CAMECA design was modelled in parallel with the new one. The materials
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database did not include tantalum, so the properties of 404 stainless steel, which has a
similar elastic modulus [75, 76], were substituted. To determine the loading force, an MTS
30 kN load frame was used in compression to measure the force applied to the faceplate
using the CAMCECA copper loading springs depressed to 12.5 mm. It was found that the
four springs combined would apply no greater than 2 N of force to the faceplate. This value
was used as a maximum value to simulate the force exerted onto the faceplate of each
holder. The static stress simulator of Autodesk Fusion 360 was used to calculate the
displacement of the faceplate of each holder using 2 N of total applied force. The results
indicated a maximum deflection of 10 um for the standard CAMECA design, with the new

design deflecting only 5 nm (Figure 29).

6.3 RESULTS AND DISCUSSION

6.3.1 Effect of Increased Rigidity
The new holder was tested to determine RSF variance as a function of position on

the holder. A silicon wafer ion implanted with 2x10*> atoms/cm? nitrogen at 160 keV was
fractured into six segments which were then loaded into the sample holder. To remove any
debris from the fracturing process, the surface was rinsed with ethanol and blown dry with
nitrogen. The sample holder was then loaded in to the CAMECA 7f Geo and allowed to
evacuate overnight. SIMS was performed using a Cs* primary ion beam with an
accelerating voltage of 5kV and an impact energy of 8 keV utilizing a beam current of 25
nA. The beam was rastered over an area of 150 um x 150 um area and data were collected
from a 63 um x 63 pum area in the center of the raster. 28Si**N- secondary ions were detected

in conjunction with a 28Sis” reference signal.
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Figure 29. Static stress simulations of the a.) standard CAMECA 4 slot sample holder vs.
the b.) newly designed 6 slot Nb SRF cavity sample holder. Simulations of the new design
showed that sample deflection could be reduced from 10 pm to 5 nm.
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Table 3. SIMS results for N-Doped Si Implant Standard.

CAMECA New
Holder Holder

Spot 28Sj, RSF 288, RSF

Counts x102 Counts Xx1020

x10° x10°
A 217 1332 3.37 1.024
B 1.86 1.347 3.45 1.002
C 1.78 1.455 350 1.007
D 206 1.328 3.32 1.017
E 194 1386 3.82 1.001
F 195 1.295 3.26 1.002
Avg. 196 135 345 1.008
StDev 0.14 0.06 0.20 0.01
%RSD 71 41% 57 0.95%

SiN™ was monitored as the indicator for N, since the secondary ion yield for N™is
negligible. As the objective of this experiment is to evaluate the effect of the holder, the
DTCA was not adjusted between runs. The results, summarized in Table 3, show that the
new sample holder design presents a significantly reduced %RSD in agreement with
reduced simulated deflection. It was further observed that matrix signal counts increased
and RSF values decreased for the new holder. The RSF for the new six-sample holder was
found to exhibit an uncertainty 0.95% RSD for single crystals installed with common

orientation.

6.3.2 Effect of Grain Orientation
SIMS analyses are performed on experimental samples with grain sizes ranging

from 200 um - 500 pum. They tend to be preferentially oriented near the [111] or [001]
crystal orientations with respect to normal. An extensive study in Angle et al. 2021[30],
showed that higher RSF uncertainty existed for polycrystalline niobium versus single

crystals, exhibiting 12%, and 2% variability respectively. While the increase in variability
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when using polycrystalline niobium is expected, the cause is still unknown. SIMS analyses
of cavity witness samples have shown that certain grains may exhibit uncharacteristically
higher matrix signals, which appear to cause a reduction in the values obtained for nitrogen
concentration (Figure 30) if common RSF values are assumed. Additionally, these grains
typically are associated with low sputter rates. The effect appears to occur randomly and
appears to occur in grain orientations away from major crystallographic planes.
Additionally, the effect can be uniquely observed in a single grain through analyses
performed on grains of matching orientations. Therefore, it was hypothesized that rotating
the sample about normal causes certain grains to yield higher count rates (orientation

dependent secondary ion yield), causing the RSF to change.
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Figure 30. SIMS Depth profile of an oxygen alloyed specimen which was tested in
triplicate. Analyses were performed on differing grains. Note that replicate 2, as indicated
in plot above, exhibited a higher matrix signal and a slower sputter rate which resulted in an
apparent oxygen concentration. It is thought that the RSF used is incorrect for this specific

grain orientation.
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To explore the grain orientation effect, an experiment was created in which grain
orientation is varied in 15° increments around the normal. It also makes possible the ability
to probe the impact of specimen holder deformation. To rotate the sample in the SIMS, a
further new holder was created from a standard CAMECA holder with a 16 mm sample
window (Figure 31). A custom disc insert was cut to allow for a 16 mm circular portion to
rest in the sample window. A 6 mm x 12 mm rectangular chamber with 0.75 mm lips was
machined to allow the sample to be loaded at the proper working distance. Markings were
scribed every 15° to define specific rotations (Figure 31a). The sample insert was rotated
with a pair of tweezers and locked into place with a setscrew. The sample was held into
place with a copper spring and a backing plate with approximately 2 N of force applied.
Though made of stainless steel, the faceplate material for this holder was much thicker
(0.35 mm) and more rigid than the 4-hole style holder. To ensure that holder deflection
would not factor into the RSF determination, a static stress simulation was also performed
for this holder. The simulation suggested the holder would deflect 0.47 nm; therefore,

holder effects are assumed to be negligible (Figure 31b).
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Figure 31. A.) Diagram showing the rotational sample holder with the bicrystal implant
standard. The holder insert is rotated and locked in place by a set screw. B.) Color plot of
deflection from the static stress simulations of the rotational holder presenting negligible

deflection.

6.3.3 SIMS Performance
A bicrystal implant standard denoted as HL 24 with one random and one [001]

normal grain orientation was chosen for this experiment. The implant standard was dosed

with 2x10%° atoms/cm? of oxygen and nitrogen at 180 keV and 160 keV by Leonard Kroko
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Inc. respectively. SIMS was performed using the same analysis conditions as earlier: a Cs+
primary ion with an 8 keV impact energy and 25 nA of beam current. Following each
analysis, the sample holder was removed, and the crater depth was determined with a
Tencor AlphaStep 500 stylus profilometer. The insert containing the implant standard was
then rotated 15° and the holder was then returned to the SIMS. Prior to the next analysis,
the sample holder was held in the intro chamber for 1 hr with gentle heat from a heat lamp
(no greater than 60° C) to remove adsorbed water This cycle was repeated until one full
revolution was complete. The RSF was calculated at each rotation with results shown in
Figure 32. The results show that sample rotation had no effect for the [001] crystal. The
random crystal orientation was found to have a 75° window in which the nitrogen RSF
value was observed to increase. This indicates that ~20% of arbitrary rotational scenarios
would risk a deviation in nitrogen concentration quantification. Excluding the 75° window,
the nitrogen RSF was determined to remain generally constant with a value of 5.2 £ 0.8

x102°, The maximum value for the 75° window was found to be 20 x10%.
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Figure 32. Plots showing the rotational analysis of the bicrystal implant standard for the a.)
[001] and b.) a randomly oriented grain. The plots show the nitrogen (black) and oxygen
(red) RSF measured for each arbitrary rotation.

Oxygen was found to exhibit an increase around the same ~75° window and the
RSF value was similarly affected. Excluding the 75° window, the RSF average was found
to be 2.4 + 0.6 x 10'° with a maximum increased value of 4.9 x10%°. The relative RSF
variation with rotation outside of the 75° window for oxygen was observed to vary more

than nitrogen, exhibiting values of 30% and 13% respectively.
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6.3.4 Determination of orientation effects
The rise in RSF was found to correlate to a particular sample orientation with

respect to the primary ion beam. Specifically, the rise was observed when the primary beam
was tilted 23.9° along the equatorial axis of the sample. Therefore, it was hypothesized that
the crystal orientation normal to the primary beam was likely the cause of the increased
RSF and reduced sputter rate.

An FEI NanoLab 600 SEM/FIB equipped with an EDAX TSL EBSD detector was
used to determine the crystallographic orientations of all the faces of the bicrystal implant
standard. Since the specimen was electropolished, no further sample preparation was
needed. Data acquisition was performed using beam conditions of 30 kV/ 21 nA, which
yielded an average confidence interval of 0.93. The EDAX OIM software was used to
generate inverse pole figures as well as show the lattice orientation for each crystal
orientation (Figure 33). The orientation responsible for increasing the RSF was determined
to lie 23.9° offset between the normal and axial face of the implant standard. Using this
information, the orientation was simulated in Autodesk Fusion 360. The lattice orientation
as defined by the EBSD software was used as endpoints to elucidate the 90°
transformational path from the normal face to the axial face. Once the transformation
direction was determined, the lattice orientation was rotated 23.9° to determine the
orientation with respect to the primary beam, which was found to be the [101] plane (Figure
34). From the grain orientation simulation as well as the low sputter rates associated from
the phenomenon, it was determined that the higher RSF values are a result of ion beam

channeling.
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Figure 33. A diagram showing the crystal orientations of the bicrystal implant standard HL
24. The colors found on the sample faces correspond to a grain orientation indicated by the
colorized IPF triangle. The low indexing blue grain illustrated above is the grain which was
found to have a higher-than-expected RSF value when the sample was loaded so the Cs+

primary beam was rotated 23.9° along the equatorial axis of the sample.

lon beam channeling is a well-known phenomenon in which ions traveling
perpendicular to a major crystallographic plane will penetrate much deeper into a material
compared to a generic orientation [77]. The alignment of atoms along a major
crystallographic plane creates ‘channels’ of interstitial space which allows the ions to
penetrate more deeply before collisions happen. As the collisions are occurring deeper into
the material, less material is removed in the sputtering process, resulting in slower sputter
rates [78]. The change in sputtering mechanics also changes the fractionalization of
secondary ions. Since both RSF and concentration of impurity atom determinations are
dependent on the ratio of matrix to impurity secondary intensities, this deviation causes
these values to be inaccurately measured when ion channeling conditions are inconsistently

present.
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Figure 34. Shows the EBSD orientation image maps of the analysis surface (face-up) and

the side face of the grain yielding high RSF values. The two faces represent the defined

endpoints of a transformation that can be simulated to determine the crystal orientation at

23.9° offset from the analysis surface. The orientation which was offset 23.9° was found to

be the [101] plane.

To verify this phenomenon in niobium and to evaluate the overall sputter rates for

niobium, the FEI NanoLab 600 focused ion beam (FIB) was used to sputter craters on

selected niobium grains. Prior to sputtering, EBSD orientation image maps were acquired

on the niobium substrates to select varying grain orientations for analysis (Figure 35). The

substrates were then tilted so that the Ga* ion beam was normal to the substrates. Sputtering
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was performed using an accelerating voltage and beam current of 30 kV and 21 nA
respectively. The Ga* ion beam was rastered over a 75 um x 75 um area for 15 minutes.
Crater depth measurement via stylus profilometry was used to determine the sputter rates
for the various niobium grains. The sputter rate data was then imported in Origin 2021b to
generate a contour plot for the sputter rates.

It was observed that all three major crystallographic planes exhibited slower sputter
rates than those with a random intermediate orientation, albeit the effect was less evident

for the [101] plane. This suggests the ion channeling might also increase the RSF for the

[111] and [001] planes as was evident for the [101] plane rotating sample SIMS study.
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Figure 35. A.) EBSD orientation image map (OIM) of a niobium substrate. A Ga+ ion beam
was rastered over a 75 um x 75 um area to generate craters in select grains to determine the
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sputter rates of a wide array of orientations. B.) The inverse pole figure with the FIB
locations annotated. C.) The sputter rates for each orientation were used to generate a
sputter rate contour plot. The sputter rates nearing the major crystal planes were observed to

be much slower than intermediate oriented grains due to ion channelling[38].

6.4 SUMMARY AND CONCLUSIONS

Ongoing SIMS studies showed that working distance variation, if substantial, cannot
be resolved by adjusting the DTCA between sample analyses. The changes in the working
distance are caused by the deflection of the faceplate on the sample holder which ultimately
adversely affects the calibration of the instrument and quantitation of the SIMS results. To
mitigate this effect, JLab and Virginia Tech designed a new sample holder, specific to hold
6 mm x 10 mm x 3 mm niobium Nb samples. Support ribs were added to prevent faceplate
deflection. Static stress simulations suggest this addition substantially reduced deflection of
the faceplate from 10 pum to 5 nm. Single crystal N-doped silicon wafers were analyzed to
determine RSF variation due to the sample holder. It was determined that switching from
the CAMECA standard SIMS holder to the improved sample holder could reduce RSF

uncertainty from 4.1% to 0.95%.

Grain orientation effects were investigated by rotating a bicrystal implant standard
in 15° increments and recording the nitrogen RSF. It was observed that the [001] grain,
with respect to normal, results remained unaffected by sample rotation, while the randomly
oriented grain saw a five-fold increase when rotated to a particular critical configuration.
This is attributed to the primary Cs* beam interacting 23.9° offset from the normal vector of

the sample surface. Using EBSD to determine the orientation of the analysis surface and
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side surface of the specimen, the grain orientation offset 23.9° was simulated and found to

be the [101] grain orientation.

Since the ion beam is interacting with a major crystallographic plane, ion channeling
was determined to be the cause of the anomalous increase in RSF. Convincing evidence that
ion channeling was occurring was the drastic reduction in sputter rate and significantly
increased secondary ion to matix yield. This change in the secondary ion fractionization
changes the RSF for impurity species. To experimentally verify ion channeling and a
reduction of sputter rate for the [111], [001], and [101] crystallographic planes, FIB was
performed on a variety of grain orientations to compare sputter rates. As expected, the three
cardinal orientations exhibited a reduction in sputter rates. This suggests there might be
significant RSF variations for all three cardinal directions with respect to the SIMS primary

ion beam.

Associating ion channeling with an increase of RSF for niobium matrices suggests
that the researcher should conduct experiments to avoid ion channeling. It is difficult to
predict which off-axis grain orientation would experience ion channeling prior to the
analysis. It is more practical to perform EBSD prior to the SIMS analysis to select grains
with normals very near the major crystallographic planes, since rotating these grains 23.9°
degrees will not approach an alternative major crystallographic plane, thus avoiding ion
channeling. This method would generate the most accurate and consistent results and avoids
inaccurate instrument calibration.

It was observed that the oxygen RSF also increased at the same critical channeling

rotational configuration, but not as drastically as the nitrogen RSF. For other rotational
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configurations the relative oxygen RSF was found to vary more than nitrogen, yielding RSF

variations of 30% and 13% respectively.
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Chapter 7: A SIMS Approach for the Analysis of Furnace
Contamination

Detection of surface contamination for SRF material is difficult due to the miniscule
quantities and near atomic depth resolution needed. Inspection of samples known to have
experienced surface contamination were found to have inconsistent nitride coverage after
nitrogen doping, with EBSD analysis suggesting that nitride suppression tends to be most
prevalent when deviating from the [111] and [001] normal grain orientations. XPS was first
chosen to survey contaminated samples to see if identification was possible. Peaks
indicating contamination were observed in the spectra, however the intensity was
marginally above the baseline suggesting an alternative technique with greater sensitivity
was needed, pointing to SIMS.

Typically, furnace caps are used to prevent contamination from reaching the interior
surface of the cavities during the high temperature vacuum bake that leads into exposure to
nitrogen gas. Although to date little is known about the effectiveness of these caps, SIMS
analysis was performed on samples exposed to the furnace environment and protected using
furnace caps. The results showed that furnace caps were very effective in limiting
contamination from the furnace environment. However, especially “dirty” furnaces could
still allow contaminants to reach the interior of the cavities. These furnaces were cleaned
with the results showing minimal contamination for samples exposed to the furnace
environment.

SIMS analysis was also performed to compare the cleanliness of samples fully

prepared by nitrogen doping with those prepared by oxygen alloying. Carbon contamination
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was found to be nearly 10x higher for protected nitrogen doped and electropolished
samples. However, both preparation techniques mostly showed sub part per million (ppm)
levels of metallic contamination with the oxygen alloyed still exhibiting in most cases less

metallic contamination.

7.1 INTRODUCTION

Superconducting radiofrequency (SRF) cavities are at the heart of advanced particle
accelerators, where they propel charged particles to relativistic energies essential to probe
the most fundamental properties of matter[11]. Currently, niobium cavities cooled to 2 K
are used for these applications. Next generation machines, like SLAC’s LCLS-II HE,
demand increased performance[12, 21, 74]. Researchers at Fermilab have reported a
process to obtain a new level of energy efficiency with (Q, = 3.5 x 10'° at 16 MV/m)
“nitrogen doping” [18]. It is achieved by heating niobium SRF cavities in vacuum to
roughly 800°C, and then flowing a low pressure stream of nitrogen gas inside the cavities
for a brief period. The surface becomes decorated with lossy nitrides which subsequently
must be removed by electropolishing[52, 60, 70, 79]. The final result is a low concentration
of nitrogen which has thermally diffused into interstitial sites of the niobium cavities’
crystalline surface (properly termed “surface alloying”™).

These “N-doped” niobium cavities are processed with meticulous attention to detail to
avoid a premature reduction in efficiency with increasing power (‘“quenching”)[17].
Avoiding contamination throughout the fabrication process is critical. To guard against this,
cavities are capped during heating(see Figure 36) to prevent contaminants from reaching

the interior cavity surface since these may limit the performance of the cavities[22].
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However, mitigation of furnace contamination by capping the cavities solves the
contamination issue prophylactically, rather than seeks to understand it.

Furnace caps are now widely used by SRF cavity manufacturers. Surprisingly, little
mention of their use is made in the literature. Even less is known about the effectiveness of
using furnace caps as a preventative measure for contamination. To the best of our
knowledge, the first mention of using a protective shield was mentioned by A.V. Eliutin et.
al. (1991) [80]. The authors made use of a titanium shield to act as a barrier and to purify
niobium as a getter. Since then, baking with titanium has been avoided as the titanium
itself can act as a source of contamination[22]. Fermilab used niobium end caps and
niobium foil to limit the transfer of unwanted gasses as well as to prevent line-of-sight
contamination in the furnace[22, 81]. RF tests showed that using the furnace caps improved
cavity performance, although the sources of contamination were never identified.

Cavity contamination is difficult to prevent for the nitrogen doping process due to the
high temperature requirement of the process. Oxygen alloying is a new alternative to
“nitrogen doping” and has the potential to be a cleaner and more cost-effective process.
This process bakes the SRF cavities at a much cooler 300°C and does not require an
external source of oxygen[24]. Rather, the native oxide layer is dissolved and diffused into
the surface’s interstitial sites, which achieves the same increase in cryogenic load
efficiency[25, 82]. As a result, an electropolishing step is not required to remove any
unwanted surface material. The 300°C temperature is sufficiently high to allow for oxygen
diffusion, yet low enough to prevent diffusion of carbon and nitrogen. It is also
hypothesized to be less likely to allow for deposition of metallic contaminants, which is

investigated in this article.

77



Characterization of the contaminated cavities may lead to further understanding of the
doping process and act as a quality assurance check to prevent costly loss of materials. An
ultra-sensitive means of surface composition measurement is required. This is accomplished
by SIMS, a surface characterization method which uses a primary ion beam to impact the
surface of a sample in which the surface is sputtered at a very controlled rate[31, 34, 38].
The sputtered material is then ionized, and a secondary ion beam is formed. The secondary
ion beam is directed through a magnetic sector which separates the ions according to their
mass-to-charge ratio (m/q) before being monitored by either a Faraday cup or an electron
multiplier. Predetermined m/q ratios can be detected as a function of time and depth,
(“depth profiling”) to monitor specific elemental concentration profiles. Alternatively, the
magnetic sector can scan over a range of m/q ratios to acquire a mass spectrum, which is
better suited for identifying unknown species. Both of these SIMS techniques are capable of
monitoring elemental concentrations in the part-per-million (ppm) to part-per-billion (ppb)
range. Although SIMS is most commonly used for semi-conductors and microelectronics, it
has become increasingly important to the SRF field[35]. Method improvements in
quantification of polycrystalline materials have enabled impurity content analysis of
niobium to be reported in the ppm range with less than 10% uncertainty[30, 83]. In this
study, we take advantage of the versatility and sensitivity of SIMS to identify contaminants
arising from processing niobium SRF cavities at high temperatures in vacuum, investigate
the protective measures of using furnace caps, and compare the contamination potential of

nitrogen doped and oxygen alloyed samples.
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7.2 EXPERIMENTAL

7.2.1 Furnace Cap Design and Procedure
Furnace caps are designed to not be gas tight, as the inside cavity surface must be

allowed to absorb significant gas (~160 std. cc of N2 in the case of an LCLS-1I HE 9-cell
cavity) quantity during the few-minute doping process. RRR grade niobium was machined
to include thru-holes to allow for gas transfer conductance but to block line-of-sight
contamination from hot furnace surfaces from which there might be metal evaporation. The
holes are designed to be small in diameter with respect to their depth which results in
multiple wall collisions to prevent contaminants from reaching the interior cavity surface.
Two holes on the edge of the caps are also included to attach the caps to the cavities with
molybdenum bolts. Prior to assembly, all hardware associated with the caps is precleaned

by buffered chemical polishing (BCP).

Figure 36. Depiction of a 9-cell cavity with furnace caps attached, loaded in N-doping

furnace.
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7.2.2 Witness Sample Preparation
Rather than sacrifice entire cavities to obtain process specimens, witness samples are

used to perform representative cost-effective characterization of the cavities. Cavity grade
niobium sheets 2.8 mm thick were heated to 900 °C for 3 hours in a vacuum oven. This was
done to ensure adequately large grains so that each SIMS sputter profile is fully within a
single grain. 6 mm x 10 mm specimens were electro-discharge machined (EDM) from this
sheet stock for XPS, SEM and SIMS investigation. A 50 um chemical removal was
performed via buffered chemical polishing. Samples were subsequently “nano-polished” to
yield a surface finish smoother than 200 nm Ra. The final preparation step is a few micron
electropolish, presenting a surface quite analogous to that of a prepared Nb cavity.

One specimen is placed inside of the cavity protected by the furnace cap (Figure 37)
with another specimen placed outside the cavity exposed to the furnace environment. The
cavities, as well as the witness samples, were subjected to various duration nitrogen doping
protocols. The witness samples are then placed in concave diaphragm boxes where only the

corners of the specimens touch any other surface prior to characterization.
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Figure 37. Shows a witness sample placed just inside of a cavity prior to nitrogen doping.

7.2.3 Cavity Preparation
High purity RRR grade niobium sheets are placed into dome shaped dies to press and

form half cells by deep drawing. Several sets of these half cells are electron beam (EB)
welded to generate the 9-cell cavity shape used for many current cavity designs. Potential
defects and contaminants generated during fabrication are removed by buffered chemical
polishing (BCP). Prior to cavity insertion into the doping furnace, the witness samples are
placed just inside the cavity and furnace caps were applied. Detailed studies of cavity
preparation are available[20].

Nitrogen doping was performed in three different furnaces to determine the extent of
contamination. Each furnace followed the 3N60 doping procedure detailed below, among
others. The materials (the cavities and witness samples) were loaded into a vacuum furnace

and heated to 800 °C for 3 hours in 107 torr vacuum conditions. Nitrogen gas was bled into
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the furnace to sustain 25 mTorr for 3 min, re-evacuated, and held for 60 min. Then all heat
was turned off and the furnace was cooled to ambient. Following the heat treatment, the

materials were removed from the furnace. Where noted, electropolishing was performed to
remove the surface layer containing nitrides. The cavities were then cleaned of particulates
with a high-pressure rinse (HPR) of ultrapure water, evacuated, and the low temperature rf
properties were tested. SEM-EDS and EBSD were performed at JLab, with XPS and SIMS

performed at Virginia Tech.

Table 4. Process history of experimental samples.

Location in
Sample  Furnace Furnace Type of Sample

NL 108 Vendor3 Protected N-doped, 2NO, Sum EP to remove Nitrides
NL 109 Vendor3 Exposed N-doped, 2NO, Sum EP to remove Nitrides
NL 147 Vendor1 Protected N-doped, 3N60, Nitride Layer Intact

NL 148 Vendor1 Exposed N-doped, 3N60, Nitride Layer Intact

NL 149 Vendor1 Protected N-doped, 3N60, Sum EP to remove Nitrides
NL 150 Vendor1 Exposed N-doped, 3N60, Sum EP to remove Nitrides
NL 159 Vendor2 Protected N-doped, 3N60, Nitride Layer Intact

NL 160 Vendor2 Exposed N-doped, 3N60, Nitride Layer Intact

NL 166 Vendor2 Exposed N-doped, 3N60, Nitride Layer Intact

NL 479 Vendor1 Protected O-alloyed, 280°C/ Ohr hold, furnace cooled

NL 486 Vendorl N/A Unbaked Niobium
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7.3 RESULTS AND DISCUSSION
7.4 Initial Characterization: SEM, XPS

Previous researchers reported[52, 84] irregular decoration of the niobium surface with
nitrides following N-doping. Therefore, SEM was performed using a TESCAN SEM at
JLab. The 6 mm x 10 mm coupons were mounted onto aluminum SEM pin stubs using
carbon conductive tape. Imaging was performed at 5 kV accelerating voltage and 6 nA
beam current at a working distance of 10 mm. Examination of the surfaces showed
differences between witness samples doped inside the cavity vs. samples exposed to the
furnace atmosphere. The exposed samples showed a decrease of niobium nitrides formed on
the surface (Figure 38a). The extent of this “nitride suppression” varies from sample to
sample. Electron backscatter diffraction (EBSD) was also performed on samples where
nitride suppression was observed (Figure 38b). Nitride suppressed grains from the SEM
images were cross-referenced to determine if nitride suppression correlated with specific
grain orientations. The grains oriented nearest to the [111] or the [001] cardinal axes
appeared to be the most free from nitride suppression. More statistics in a latter study are
needed.

To understand the nitride suppression in more detail and to identify potential
contaminants of the surface of these samples, XPS was performed at Virginia Tech on a
Physical Electronics Quantera SXM. The XPS was chosen as a screening tool since it is
non-destructive and has near atomic depth resolution, providing chemical information of
approximately the top 10 nm of a surface. Spectra were acquired using an aluminum x-ray

source with data collection at 280 eV pass energy and a 45° take-off angle. The scan range
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was swept from 0-1100 eV with a 0.5 eV step size. To enhance the signal-to-noise ratio to
detect low concentration contaminants, 100 sweeps were summed on each sample.

The survey scans showed differences between samples. The samples protected by
the furnace caps appeared to be free of metallic contamination, whereas the samples
exposed to the furnace environment were observed to have Sn present. However, the Sn
observed in these scans was found to be in very low quantities with the concentration
nearing the limit of detection (0.1 at.%) for XPS (Figure 39). For this reason, XPS can be
used strictly as a qualitative screening technique for such contamination. Once it was
discovered that contamination could be detected, a more sensitive technique was needed to

confirm the presence of Sn as well as to search for any additional contaminants.

N- Nitride Coverage
W- Weak Nitride Coverage
R- No Nitride Coverage

Figure 38. Image shows a composite SEM image of a contaminated sample with varying
degrees of nitride coverage. B.) EBSD was performed. It was found that nitride suppression

tends to be most prevalent when deviating from the [111] and [001] zone axes.
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600 100 600 100
a.) Binding Energy (eV) b.) Binding Energy (eV)

Figure 39. XPS survey scans for niobium witness samples which were a.) protected by
furnace caps and b.) exposed to the furnace environment. The main observation for these
scans was the presence of Sn found for the exposed sample. This signal was nearing the

limit of detection (0.1 at. %) for this technique.

7.5 SIMS Mass Spectra: Furnace Cap Effectiveness
7.5.1 Nitrogen doped (nitrided surface)

Secondary ion mass spectrometry (SIMS) was performed at Virginia Tech using a
CAMECA 7f Geo in mass spectral mode to further investigate the furnace contamination.
While detection of all elements is possible by SIMS, the probability of ionization varies for
all elements and depends heavily on the type of primary ion chosen for bombardment.
Metallic elements are best detected in the presence of oxygen, thus an O2" primary beam
yields the best results (Figure 40 a,b). Conversely, electronegative elements, such as carbon,

nitrogen, and oxygen, are best detected with a Cs™ primary ion beam (Figure 40 c,d).
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Therefore, a comprehensive investigation must include both beam conditions to identify all
possible sources of contamination.
To determine the concentrations of impurities, the ratio of impurity to matrix counts

is multiplied by the relative sensitivity factor (RSF) and is describe in the equation below.

Ig
Conc = I X RSF

m

Ideally, an implant standard would be tested prior to the experimental samples to
determine the RSF most accurately for each impurity. However, at the time of this study,
the identity of the contaminants was unknown and an implant standard with these impurity
species did not yet exist. Therefore, a semiquantitative analysis was performed using RSF
values listed in Stevie (2016)[29]. Though the actual concentrations are likely to differ from
the reported values, each set were quantified the same, making the data in this study useful

for comparative purposes.
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Figure 40. Example SIMS mass spectral analyses from a nitrogen doped sample exposed to

the furnace environment (NL 150). Plots a) and b) show spectra at two different scales

acquired with an oxygen source, with metallic species exhibiting stronger signals, where c)

and d) show spectra acquired with a cesium source with the light elements being more

present.

The protected and the exposed samples were analyzed using Cs* or an O2" primary

ion beams with an impact energy of 8 keV (5 kV source/ -3 kV sample) and a beam current

of 25 nA. The beam was rastered over an area of 150 um x 150 pum with an analysis

window of 63 um x 63 pum. The mass/charge was varied from 10 amu to 205 amu, which
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ranges from carbon to Nb2O", using a step size of 0.2 amu with each step analyzed for 1
second. The average sputter rate for niobium samples typically ranges from 0.5-0.8 nm/s at
25 nA of beam current. Therefore, to limit the analysis depth to <100nm, scan ranges were
limited to 15 amu per analysis. The beam location was then moved 350 um from the
previous analysis and a new 15 amu scan was performed. This was repeated until the entire
10 amu to 205 amu window was surveyed which resulted in a 12 scan compilation ranging
over 1400 pum x 1050 um area of the sample surface. The total time for each scan was 78
seconds yielding a 40-60nm depth for each analysis. The first 5 seconds (top 1-5 nm) was
found to show false high intensities for a given cycle. For example, scanning from 25-40
amu would yield a substantial peak at 25 amu regardless of whether the signal was real. To
mitigate this, a sacrificial 1 amu scan was performed immediately prior to the 15 amu scan.
Comparison mass spectra for Cs™ and O* primary ion beam sources are shown in Figure
40.

Clear differences were observed by examining the spectra between the sample
protected by the furnace caps and those exposed to the furnace environment. Representative
mass spectra appear in Figures 41 and 42. Multiple data sets were acquired, and the results
are summarized in Table 5. The results suggest that the furnace caps were effective in
reducing carbon and oxygen as well as most metallic contamination on interior surface.
However, calcium and potassium were found to be present on these samples regardless of
the furnace caps used. It is hypothesized that this contamination may be a result of
handling. Many laboratory gloves contain calcium stearate as well as other metallic
stearates which act as a releasing agent during production. It is well known that this

material may transfer when in use.
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The overall effect on nitrogen uptake for NL 147 and NL 148 appears to have been
minimal, yet NL 148 was noted to have higher light element content compared with the
protected NL 147. The furnace used for NL 159 and NL 160 appears to have been more
heavily contaminated, resulting in a strongly inhibiting effect on nitrogen uptake for the
exposed NL 160. This is evidenced by monitoring the NbN" peak located at 107 amu. The
NbN- peak was notable smaller than the other spectra, exhibiting less than 10% NbN- signal
compared to the other exposed sample. This suggests that usage of furnace caps is

imperative if a furnace is suspected of being ‘dirty’.
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Figure 41. SIMS mass spectral analysis using O2" primary beam for metallic content a.), c.)

protected by furnace caps and b.), d.) exposed to the furnace environment. Note that several

more peaks are observed for the sample exposed to the furnace environment, indicating that
the furnace caps used blocked metallic contamination.

90



a.) NL 147, N-Doped, Protected b.) NL148, N-Doped, Exposed
100000 100000 .
B NbN" C5|l CN° Nb
CN :
80000 800004
i) w CNO®
=2 60000+ 2. 60000+
2 z , NbC”
= & 0
5 400001 5 40000+
= =
— O— f—
20000 + 7 20000 + NG
clc,| NO Nb “ll | NbC>
0 | I i o 0- . i | e
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Mass/Charge [a.m.u.] Mass/Charge [a.m.u.]
c.) NL 159, N-Doped, Protected d.) NL 160, N-Doped, Exposed
100000 ol lew NN 100000 .- -
O CN™
80000 80000 -
0 2
2 600004 2. 60000+
z 2z
w 1721
§ 40000 § 40000 - -
- = o
= & NbC™ = ) NbC,
20000 1 20000 1 Oy NbNy
(o Nb i
0- 1L l IL 0- Ll L N.b Ll
0 20 40 60 80 100 120 0 20 40 60 80 100 120

Mass/Charge [a.m.u.]

Mass/Charge [a.m.u.]
Figure 42. SIMS mass spectral analysis using Cs* primary beam for electronegative

elements a.), c.) protected by furnace caps and b.), d.) exposed to the furnace environment.

Note that several more peaks are observed for the sample exposed to the furnace

environment, indicating the use of furnace caps blocks contamination.
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Table 5. SIMS results for N-Doped sample with the nitride coating still present. Analyses
performed prior to electropolishing.

Semi-Quantitative Summary
(Combined Cs* and O,* data)
Spectra at ~30 nm Depth
Conc. (ppma)

NL 147 NL 148 NL 159 NL 160
(N-Doped) (N-Doped) (N-Doped) (N-Doped)
Protected Exposed Protected Exposed

C 1900 12000 4600 230000
N 240000 180000 340000 17000
(0] 1900 1200 7900 210000
Al 30 39 67 430
Si 1.4 86 5.0 350
K 11 750 544 700
Ca 713 2900 350 3900
Ti 2.2 6400 1.6 120
Fe 112 10000 8.5 11000
In 0.52 16 0.004 15000

In both cases, the concentrations of metallic contaminants were found to be much
smaller for the protect samples (NL 147 and NL 159). The concentrations of titanium, iron,
and indium were found to be several orders of magnitude higher than their protected
counterparts. The furnace caps were found to also be effective at reducing light element
contamination, especially carbon. However, the concentrations were still observed to be
substantial, indicating that some gaseous contamination can still reach in the interior surface

of the SRF cauvities.

7.5.2 Post Electropolishing
The nitrogen doping process results in surface coverage of niobium nitride (NbN>)

which is highly detrimental to cavity performance. Therefore, the nitrides must be removed

before the cavities can be placed into service[20, 55, 79]. To achieve a smooth removal of

material, the Nb is electropolished. Electropolishing is a surface finishing technique that
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relies on the dissolution a metal by eliminating microroughness and suppressing
crystallographic etching. For niobium substrates, it is often performed with a 9:1 solution
of sulfuric acid (96% H2504) and hydrofluoric acid (48% HF), while applying a ~10-20V
potential between the anode (Nb cavity) and the cathode (high purity aluminum)
producing a current density between 10-100 mA/cm?P> 85 881 The process is temperature
controlled to maintain temperatures of ~6-20C.

Ideally, electropolishing would not only remove the surface nitrides but also
facilitate the removal of surface contamination. To determine if the contaminants survive
the electropolishing step, SIMS mass spectra were acquired using the same method as in
Section B.1. Results indicate that the protected samples NL 108 and NL 149 showed less
overall contamination (Figures 43 and 44) (Table 6). However, a substantial Ti peak at 48
amu was noted for NL 108 as observed in Figure 43a. The samples exposed (NL 109 and
NL 150) were found to have more metallic elements present and in higher concentrations of
metallic contamination indicating that the furnace caps reduce the impurity content of the

final product.
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Figure 43. SIMS mass spectral analysis of electropolished witness samples using O2*

primary beam for metallic content a.), c.) protected by furnace caps and b.), d.) exposed to

the furnace environment.
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Figure 44. SIMS mass spectral analysis of electropolished witness samples using Cs* primary

beam for electronegative elements a.), c.) protected by furnace caps and b.), d.) exposed to

the furnace environment.
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Table 6. SIMS results for N-Doped samples which have been electropolished to removed
nitride coating.

Semi-Quantitative Summary
(Combined Cs* and O,* data)
Spectra at ~30 nm Depth
Conc. (ppma)

108 protected 109 exposed 149 protected 150 exposed
(N-Doped, EP) (N-Doped, EP) (N-Doped, EP)  (N- Doped, EP)

C 2900 750 18000 5400

N 1100 3400 1100 1300

0 5400 30000 4300 2000

Al 0.38 4.0 0.019 220

Si 0.091 2.5 0.160 64

K 0.078 2.3 0.580 630

Ca 1.0 1.7 15 1400

Ti 61 47 0.006 0.003

Fe 0.76 1200 0.180 190

In 0 48 0.350 0.350

In general, the SIMS results for electropolished samples less contamination when
compared to the contamination levels listed for samples with the nitride layer still intact.
Both protected samples were observed to have notable concentrations of carbon with 2900
ppm and 18000ppm of carbon reported for NL 108 and 149 respectively. Oxygen content
was similarly high with concentrations of 5400 and 4300 reported for NL 108 and 149
respectively. However, the electropolishing appeared to be effective at removing metallic
contamination with the protected sample showing metallic content mostly below 1 ppm.
Results from NL 108 showed 61 ppm of titanium present even though the sample was
protected from the furnace environment, indicating that contamination may at times be

present even after taking precautions to limit it.
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7.5.3 Furnace Cleaning
Cavity production for the LCLS II-HE project is a collaborative effort of several

different laboratories. The cavities produced must be capable of reaching accelerating
gradients of 21 MV/m and have a Qo of at least 2.7x10%°. One reason cavities may exhibit
high residual resistances are from furnace contamination[21]. One vender that experienced
a trend of cavities failing specifications carried out an extensive cleaning process to remove
sources of contamination by replacing multiple furnace components. While this effort led to
successful production of cavities, it was unknown which contaminants were removed as a
result of the cleaning process. Identification of troublesome contaminants may assist other
producers in determining if their furnaces would also benefit from furnace cleaning.
Therefore, exposed witness samples N-doped before and after the furnace cleaning (NL 160
and NL 166) were characterized with SIMS to evaluate the effectiveness of the furnace
renovation as well as to identify contaminants which may have led to cavities that failed
specification. The data are presented in Figure 45 and Table 7. The results show that
cleaning the furnace had a profound effect on the contamination left on the samples. Figure
45c¢ and d both show that light element contaminants, found between 12-32 amu, and

metallic contaminants, located at 27- 92 amu, were nearly eliminated by furnace cleaning.
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Figure 45. SIMS mass spectral analysis using both Cs*and O" identify all possible
contaminants. A.) b.) showing a contaminated furnace environment prior to cleaning and c.)

d.) showing the furnace nearly absent of contamination. Analysis of NL 166 showed the
cleanest N-doped samples to date.
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Table 7. SIMS results to detect contamination levels of N-doped samples before and after a
doping furnace was cleaned.

Semi-Quantitative* Summary
(Combined Cs* and O,* data)
Spectra at ~30 nm Depth
Conc. (ppma)

NL 160 NL 166
(doped, exposed) (doped, exposed)
Prior to cleaning Post cleaning
C 230000 570
N 17000 230000
(o) 210000 2600
Al 430 <0.001
Si 350 0.008
K 700 0.59
Ca 3900 0.097
Ti 120 1.6
Fe 11000 8.5
In 15000 0.004

The two samples, which were doped in the same furnace, showed drastically different
contamination levels prior to and after the furnace was refurbished. The sample doped after
the furnace renovation clearly produced a surface with high nitride coverage as indicated by
monitoring the NbN™ peak at 107 amu. Conversely the sample tested before the furnace
refurbishment, was noted to have a weak NbN~ signal. Numerically, the nitrogen
concentration was found to be nearly 15 times higher for sample tested after refurbishment.

Metallic contamination was almost eliminated by the refurbishment reporting
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concentrations approaching 10ppm or better, even when exposed to the furnace

environment. Analysis of NL 166 showed the cleanest N-doped samples to date.

7.6 SIMS Depth Profiles: Influence of Contamination on
Nitrogen Doping

SIMS depth profiles were obtained to determine if the contamination negatively
influenced nitrogen diffusion. In theory, light elements, such as carbon and oxygen, may
compete for interstitial space which prevents nitrogen diffusion, while metallic contaminants
can inhibit the formation of nitrides. The instrument conditions were kept the same as the
mass spectra work. However, specific masses were monitored as a function of depth. NL 159
and NL 160, N-doped and nitride coated sample were tested for this experiment with 12C",

%Nb- and 1°’NbN- secondary ions were monitored.

Previous works have indicated using the beam centering function available to the
CAMECA 7F Geo can increase the accuracy and decrease the uncertainty between
measurements [30]. As a result, the dynamic transfer contrast apertures were adjusted
between analyses. The crater depth must be determined to convert the x axis of the depth
profiles from time to depth. Crater depth determination was performed using a Tencor
Alpha Step 500 stylus profilometer using a scan speed of 50 um/s. Scans were performed
on both axes of the crater and the average value was used. Conversion from counts to
concentration is made possible by using an implantation standard prepared by Leonard
Kroko, Inc. The niobium standard, first polished as the experimental samples, was dosed
with 2x10'® atoms/cm? each of oxygen and nitrogen at 180 keV and 160 keV respectively.

The depth profiles revealed significant effect on both nitrogen and carbon diffusion

associated with surface contamination. The sample protected by the furnace caps had a
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baseline nitrogen content of 1320 + 200 ppm whereas the content of the sample which was
exposed was reduced to 200 + 40 ppm of nitrogen (Figure 46 a). Conversely the carbon
content was found to increase from 90 + 80 ppm to 120 + 20 ppm for the protected and the
exposed samples, respectively. The carbon content was also found to diffuse more deeply
for the exposed sample, reaching baseline at 870 £ 100 nm compared to 450 + 120 nm for

the protected sample (Figure 46 b).
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Figure 46. Depth profile of protected and exposed samples NL159 and NL 160. a.) shows a
reduction in nitrogen uptake because of exposure to the furnace environment. Additionally,
b.) shows that carbon had a higher concentration on the surface which diffused deeper into

the bulk as a result of the exposure.
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7.7 Nitrogen Doping compared with Oxygen Alloying

Oxygen alloying for optimum SRF properties is emerging as a promising technique
which could replace nitrogen alloying (commonly referred to as “nitrogen doping”) as the
new state of the art technique. A major advantage of oxygen alloying is that the process
requires lower temperature baking. Ito et. al. determined that the quality factor improved for
cavities baked around 300°C[24]. This was later confirmed in Lechner et al. to be a result
of surface oxygen dissolution and diffusion into the niobium lattice[25, 82]. Additionally, it
was shown that at 300°C that the oxygen is the sole species which diffuses, indicating
opportunity for greater control in achieving a desired oxygen concentration without having
to compete with carbon and nitrogen for interstitial space. This suggests that the method is
less susceptible to contamination than nitrogen doping. Therefore, SIMS mass spectra were
acquired to compare witness samples (NL 149 and NL 150) from the nitrogen doping
process to the oxygen alloying process (NL 479). Both sets of witness samples from the
nitrogen doped and oxygen alloyed experiments were examined in a fully prepared state.
Therefore, the nitrogen doped samples were electropolished to remove the top 5 um of the
surface. Electropolishing is considered unnecessary for oxygen alloying. An unbaked
niobium sample (NL 486) was also tested to further explore contamination sources. The

results are shown in Table 8.
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Figure 47. SIMS mass spectral analysis using an O>* primary beam for metallic content: a)
N-Doped protected by furnace caps with post electropolishing step b) N-Doped exposed by
furnace caps with post electropolishing step c) O-alloyed sample and d) unbaked Nb
specimen.
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Figure 48. SIMS mass spectral analysis using an Cs* for C, N, and O content analysis: a) N-
doped protected by furnace caps, with subsequent electropolishing step b) N-doped exposed
to furnace , with subsequent electropolishing step c) O-alloyed sample and d) untreated Nb

specimen.
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Table 8. SIMS results comparing nitrogen doped, oxygen alloyed and unbaked niobium.

Semi-Quantitative* Summary
(Combined Cs* and O,* data)
Spectra at ~30 nm Depth
Conc. (ppma)

149 150 NL 479 NL 486
(N-Doped, EP) (N- Doped, EP) (O Alloyed) (Nb, EP)
Protected Exposed

C 18000 5400 210 180
N 1100 1300 55 52
0] 4300 2000 1100 780
Al 0.019 220 0.026 0.009
Si 0.160 64 0.045 0.012
K 0.580 630 0.067 0.028
Ca 1.5 1400 9.4 304
Ti 0.006 0.003 <0.001 <0.001
Fe 0.18 190 0.490 0.038
In 0.35 0.35 <0.001 <0.001

The light elements (C, N, O), which occupy interstitial locations, were found to have
higher concentrations in nitrogen doped specimens than the oxygen alloyed sample
analyzed. For both the protected N-doped sample and O-alloyed sample the concentration
of metallic contaminants was found to be below 1 ppm with the exception of calcium.
Though both samples had sub-ppm concentrations, the total metallic contamination levels
were less for the oxygen alloyed sample. Calcium contamination was found to be also
present on the unbaked EP niobium as well as the oxygen alloyed sample. This strongly

supports the presumption that this contamination is a result of handling.

7.8 Summary
Contamination has been an ongoing problem for SRF cavity production and is

aggravated since the advent of nitrogen doping due to the technique’s high processing
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temperatures. The impact of contamination on niobium surfaces is apparent by the absence
of surface nitrides by SEM. In certain cases, nitride depletion appears to be grain specific.
EBSD was performed in conjunction with the SEM analysis. Grains were tabulated and
categorized by the extent of nitride suppression with the EBSD data superimposed. This
revealed a correlation with the [111] and [001] grains closest to the zone axis being most
resistant to nitride suppression. Limited statistics are available at the present time.

The identity of the surface contamination is difficult to determine due to the
contamination layer being less than 100 nm thick. With its non-destructive nature and
surface sensitivity, XPS was performed to screen for possible contaminants. Sn was
observed to be qualitatively present on samples which were exposed to the furnace
environment. However, when detected, the signal was marginally above the limit of
detection. Later SIMS analysis did not agree with the detection of Sn. Though it was
possible that the XPS results indicated some form of contamination, the low signal made
accurate identification difficult.

SIMS was performed on N-doped witness samples protected or exposed to the
furnace environment. A substantial increase in contamination was observed on the samples
exposed to the furnace environment. The additional carbon and oxygen diffused into the
exposed sample and generally led to a decrease in the nitrogen content. This also affected
the nitrogen diffusion, as the samples heavily contaminated with carbon were found to have
carbon diffusing more deeply and decreasing the baseline nitrogen content.

The furnace caps were also effective in preventing metallic contaminants from
reaching the interior of the cavities. This appeared to be crucial as heavily contaminated

specimens appeared to have increased metallic content even after 5 um electro polished
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surface removal. The protected specimens, which showed some contamination, had most of
the metallic contaminants removed by the electropolishing step. The light elements (C, N,
0O) mostly survived the electropolishing indicating that cavities heavily contaminated with
these elements would need further removal of the surface to repurpose a cavity. Recovery
of a very “dirty” furnace was found to be possible when the contaminating components
were replaced. The exposed sample tested in such a newly cleaned furnace found almost no
contamination.

The oxygen alloyed sample NL 479 showed lower levels of light element
contamination as well as metallic contamination. The protected N-doped sample showed
higher levels of light element contamination compared to the O-alloyed sample. Both the
protected and electropolished N-doped sample and the O-alloyed sample showed mostly
sub-ppm levels of metallic contamination. However, the O-alloyed sample was still found
to have less metallic contamination.

In general, SIMS analyses showed that the post EP removal of protected samples
showed limited contamination remaining for nitrogen doped samples, which is both good
and to be expected. However, the experiments performed here showed the presence of
contamination on the nitrided surfaces to greatly complicate, even significantly impede the
effective “nitrogen doping” of the cavity surface. This variability between details of various
furnaces used and even the variability of conduction paths produced by different capping
methods presents a significant challenge to reproducible process control needed from

reliable production methods for “N-doped” niobium SRF accelerator cavities.
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Chapter 8: Conclusion and Future Work

SIMS is a versatile technique, capable of detecting every element on the periodic
table. Additionally, its ppb-ppm sensitivity makes this a truly powerful technique. However,
the acquisition of accurate and quantitative results for SIMS instrumentation has proven to
be difficult for many years. Secondary ion yields for various impurities are strongly
dependent on the matrix in which the impurities exist. Therefore, there are nearly an infinite
number of combinations to determine RSF values. As a result, traceable implant standards
exist for only the most common of SIMS applications. Other standards must be created by
ion implantation. In general, the RSF uncertainty for polycrystalline implant standards has
ranged from 20% - 60%. This thesis investigated sources of RSF uncertainty for niobium
implant standards and proposed mitigation measured to limit known and newly discovered
causes that affect the RSF determination. The research topics proposed in Chapter 4 were

addressed in the following ways with the findings reported below.

8.1 Investigate implant standard quality and its impact on RSF
variation.
The calculation to determine the RSF depends on the known dosage of an impurity,

the ratio of impurity and matrix counts, the analysis time, and the sputter rate. Most of the
values are fixed; the dosage is a value obtained by the ion implanter, the impurity and
matrix counts are data outputs, and the analysis time is an instrument parameter with an
exact value. However, the crater depth is the average height difference between the crater

and the unsputtered surface. As a result, the crater depth determination is not an exact

108



value, which can be a source of measurement uncertainty that propagates to the RSF
determination. Multiple factors were determined to increase the uncertainty of crater depth
determination and subsequent RSF measurement:

1. Grain size: Grains of differing crystallographic orientations sputter at different
rates. Therefore, if the average grain size of a material is smaller than the raster of the Cs*
primary beam, the crater bottom will not be flat. Thus, the standard deviation of the crater
depth value is increased. As a result, single crystal implant standards produce the most
consistent crater depth values and thus sputter rate determination for a specific profile
acquisition.

2. Surface preparation and surface roughness: The flatness of the initial surface is
just as important to reducing uncertainty as the flatness of the crater bottom. This surface
roughness for a material can be controlled by ensuring the implant standard is polished to
yield nearly atomically smooth surfaces. For niobium, electropolishing generated the
smoothest surface finishes which correlated to the RSF values with the least uncertainty.

3. Instrument set-up and beam tune: The primary beam must be properly tuned to
ensure a concentric beam interacts with the sample surface. If beam astigmatism is present,
this leads to uneven sputtering in the crater which results in a rounded crater bottom and
poor depth resolution. Additionally, apertures will erode over time and can cause flares in
the beam shape that cannot be resolved by tuning. In this case, inadequacies in instrument

set-up and maintenance can distort the crater and affect the RSF value and uncertainty.
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8.2 Determine the effects of surface topography and its influence

on RSF variation. Additionally, suggest instrumental parameters

which may mitigate topography as a source of RSF deviation.
Magnetic sector SIMS instruments rely on consistent working distances to make

sure that the secondary ion beam remains tuned between analyses. Topographical variations
are often a result of differing etch rates for various grains during the polishing process.
Therefore, polycrystalline materials are more likely to experience topographical variations
compared to single crystals. Inconsistencies in working distance cause the extraction yields
to change due to the shifting distance from the immersion lens on a CAMECA instrument,
which collects the sputtered secondary ions and directs the beam through the secondary
column. The change in the working distance causes a deviation in the beam trajectory
which affects the detection of the secondary ions. For analysis of implant standards, this can
result in variations in ratio of impurity/matrix counts and affect the RSF determination.
Recent CAMECA SIMS instruments have accounted for the trajectory deviation by adding
dynamic transfer contrast apertures (DTCAS) to the secondary column to realign the beam
as it passes through the contrast and field apertures. This addition is very useful for

polycrystalline materials.

8.3 Investigate RSF variation as a function of working distance
variation, resulting from sample loading.
The DTCA is useful to correct minor topographical differences, such as grain height

variation, but extensive working distance variations cannot be resolved by adjusting the
DTCA. Generic sample holders provided by the manufacturer are intended to be versatile
and to allow for many different specimen geometries. These sample holders use a large

hollow cavity which has a thin faceplate to allow the sample to be mounted. Samples are

110



held in place by compressing springs between the sample and a backing plate. The analysis
of single crystal implant standards showed that the RSF value would change depending on
the number of samples loaded, which suggested that variations in the force applied to the
faceplate caused the RSF to change.

Static stress simulations of the CAMECA style holder showed that the faceplate
could deflect up to 10 um by the sample loading force, subsequently changing the working
distance between the sample and the extracting plate. Therefore, to obtain the most
consistent RSF values, sample holders should be designed to allow for minimum faceplate
deflection. By adding structural support to the faceplate, it was simulated that faceplate
deflection could be effectively nullified. SIMS using the newly designed and reinforced
sample holder confirmed that the RSF variation could be reduced by preventing faceplate

deflection.

8.4 Determine if certain grain orientation generate differing RSF
values.
Grain orientation has been hypothesized to affect RSF determination but the exact

cause of its influence has been unclear. It was observed that some grains would exhibit
values atypical to the majority of grains on a polycrystalline niobium sample. When this
phenomenon occurred, three affects were usually observed. They had very low sputter rates,
the matrix counts were nearly an order of magnitude higher than expected, and the impurity
signal was lower than expected. If observed in an implant standard, these abnormal grains
produced much higher RSF values. EBSD performed on these anomalous grains determined

that the grain orientations appeared to be random with respect to normal. Therefore, it was
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hypothesized that understanding the grain orientation with respect the primary beam was
critical to determining the cause of the grain orientation effect.

An experiment was devised to perform SIMS depth profiles on bicrystal implant
standards, determining the RSF values at 15 degree rotational increments. EBSD was
performed prior to the analysis and it was determined that a [001] grain and an off axis
grain, with respect to normal, could be identified and tested. The experiment showed that at
some critical rotation, the RSF value was increased by a factor of 5 for the off-axis grain.
The loading alignment of this critical rotational configuration was noted and it was
determined the primary beam was offset 23.9 degrees equatorially on the implant standard.
Mathematical simulations showed that the grain orientation with respect to the primary
beam was the [101] grain orientation. lon channelling was determined to have caused the
increase in RSF for these anomalous grains. FIB confirmed ion channelling was possible

for all three cardinal grain orientation.

8.5 Determine if SIMS can be used to identify near surface
contamination and to evaluate the effectiveness of furnace caps
for SRF cavities. -

Contamination resulting from high temperature baking during the nitrogen doping

process has proved to be difficult to avoid. To prevent contamination from the doping
process the SRF community uses niobium end caps to place a barrier between the furnace
environment and the interior cavity surface. Prior to this study, the effects of these furnace
caps have not yet been evaluated and their use scarcely mentioned in literature. XPS survey
scans were first acquired of the witness samples both protected from and exposed to the
furnace environment. The results showed a very small signal increase where Sn would be

found for samples exposed to the furnace environment. Although it is likely that the signal
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increase is due to contamination, subsequent SIMS analysis showed that Sn was not present
on these samples and indicted that XPS is not sensitive enough to detect furnace
contamination.

Magnetic sector SIMS are typically used to generate depth profiles in which a
specific mass/charge is monitored as a function time or depth. In this case, the species
which are monitored are known to be present. However, these instruments can also vary the
mass/charge as a function of time to survey for unknown species in a mass spectrum. The
detection sensitivity of non-metals and metals differ according to the type of primary ion
beam used to ionize the sample. Therefore, to comprehensively survey a sample all possible
unknown species, an O," beam and a Cs* beam were used for metals and non-metals
respectively.

Mass spectra were acquired on N-doped witness samples which were protected and
exposed to the furnace environment. Initially, samples were tested with the nitride coating
intact. The results showed a reduction in carbon and oxygen contamination as well as a
reduction in metallic contaminants for samples protected with the furnace caps. To
determine if the contaminants would survive the electropolishing process, the experiment
was then repeated on samples where the nitride layer was removed. It was found that the
metallic contamination was mostly removed via electropolishing. However, carbon and
oxygen were found to survive in high concentrations. This was due to these elements ability
to diffuse through the interstitial sites of the niobium lattice. Depth profiles showed that
carbon contamination would diffuse deeply and reduce the interstitial nitrogen content that
would otherwise be produced by the intended process uncontaminated. This study

indicated that furnace caps were not only effective, but their use is likely crucial to
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producing a high performing SRF cavity. Additionally, the magnetic sector SIMS was
found to be an effective tool to identify contaminants which result from the nitrogen doping
process with superior sensitivity of this technique allowing for the detection of

contaminants in the part-per-billion range.

8.6 Determine if oxygen alloying is less susceptible to surface
contamination via SIMS. (IN PROGRESS, SIMS ANALYSIS
TO BE PERFOMRED)

Oxygen alloying is emerging as a possible processing technigue to replace nitrogen
doping as the new state-of-the-art. In this technique, the natural occurring oxide layer is
dissolved by heating the cavity to roughly 300°C allowing the oxide to dissociate and
diffuse into the bulk of the material. At this temperature, the diffusivity of carbon and
nitrogen are less than oxygen. This information in based on research done by Power et al.
(1959) which reported oxygen diffusion coefficients to be 2 to 3 orders of magnitude higher
than carbon and nitrogen[87]. The lower furnace temperature also offers less opportunity
for metal contaminants to volatilize and deposit on the surface of the niobium. It is for these
reasons that oxygen alloying has been theorized to be a cleaner production technique than
nitrogen doping.

Using the SIMS mass spectral analysis methods used for detecting furnace
contamination, samples which were oxygen alloyed were compared to samples which were
nitrogen doped and electropolished. These surfaces were prepared to simulate cavities
which were ready for service. The nitrogen doped sample was observed to be mostly free of
metallic contamination, having been removed by electropolishing. However, the nitrogen

doped sample was found to have high levels of carbon contamination. In general, the
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oxygen alloyed sample exhibited lower light element and metallic contamination levels
compared to the nitrogen doping sample. This data supports the claim that oxygen alloying

is a cleaner processing technique than nitrogen doping.
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