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Abstract: Technological activities to design, manufacture, and test new accelerating devices using
different materials and methods is under way all over the world. The main goal of these studies is to
increase the accelerating gradients and reduce the probability of radio-frequency (RF) breakdown.
Indeed, it is still not clear why, by increasing the intensity of the applied field, intense surface damage
is observed in copper structures, limiting the lifetime and, therefore, the practical applications.
A possible solution is represented by a coating of a relatively thick layer of molybdenum in order
to improve the breakdown rate. molybdenum can be reliably grown on different substrates with a
negligible strain and, for thicknesses up to 600 nm, with a resistivity <100-150-pQ) cm. Moreover,
Mo coatings with controlled composition, internal stress, and roughness may allow improving
thermo-mechanical properties reaching values not attainable by uncoated copper. Although the Mo
conductivity remains lower compared to Cu, a Mo coating represents a very interesting option for
high gradient accelerator components manufactured in copper.

Keywords: high gradient structures; breakdown; molybdenum coating; annealed films; transport
experiments; X-ray absorption spectroscopy

1. Introduction

New accelerators have to be developed to fulfill emerging applications in radiotherapy, biology,
energy and environment, cargo inspections, security, etc. To this purpose important technological
advances are needed to achieve high accelerating gradients in order to build compact accelerators [1,2].
New radio-frequency (RF) devices with an acceptable length and a sustainable cost, are also required for
high-energy physics accelerators, such as the future multi-TeV e* e~ collider. With the present materials
and manufacture technology, breakdown phenomena occur for accelerating gradients >100 MV /m,
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unavoidably damaging all devices. These accelerators will only be possible thanks to extensive and
challenging research and development [3].

The breakdown phenomenon, which takes place in a vacuum, depends on the material properties
and conditions existing at and /or adjacent to the surface of the device. In spite of the studies performed
and the technological efforts in manufacturing technology, since many competitive surface processes
are involved, the scenario in which a breakdown may occur is far from understood [4].

With the application of a high electrical field on a metallic surface we need to limit breakdowns
and control the field-electron emission, another important parameter of accelerator structures. It is,
therefore, essential to characterize the surface (and bulk) properties of all materials used with the
present manufacturing technologies. As an example, technological studies and tests of X-band
accelerating devices using soft and hard metal structures made with different materials and methods
are under way in many laboratories in Europe, Japan, and the U.S. [2,5-7]. The main aims are to
achieve the highest accelerating gradient with the lowest probability of RF breakdown, and to operate
RF structures with the highest reliability and the longest life. Actually, in spite of the large efforts
it is still not clear why increasing the intensity of the field of RF cavities’ different behaviors can be
observed and what phenomena have to be considered to minimize the material damage due to the
effects of thermo-mechanical fatigue induced by the cyclic applied stress [8]. In [9,10] a more accurate
discussion on the effect of pulsed heating on the breakdown rate in X-band structures is given.

To minimize breakdown events we need to understand what it is and how it happens. However,
after decades of studies, we are still looking for an electrically stable material, capable of sustaining
high electric fields with no, or low, damage and new accelerating structures should exhibit breakdown
probability as low as possible, at least in the order of 107 breakdowns/pulse/meter [4]. To understand
and predict the breakdown behavior for practical structures it is mandatory to select high-performing
materials [11]. Oxygen-free high thermal conductivity (OFHC) copper is widely used because it can be
easily machined and exhibits a good corrosion resistance. However, its strength falls above 200 °C and,
above 500 °C, its vapor pressure becomes significant [1]. New materials with comparable, or superior,
mechanical and chemical-physical properties, in order to tolerate the thermal stress (pulse heating)
induced by multi-megawatt electromagnetic fields, a high/moderate electrical conductivity and a
superior chemical inertness need to be identified and characterized. As an example, nano-crystalline
copper-tantalum alloys possess an unprecedented combination of interesting properties, such as high
strength combined with extremely high-temperature creep resistance, while maintaining excellent
mechanical and thermal stability [12]. The possibility to coat copper (and also other metals) with a
relatively thick film to improve and optimize breakdown performances of accelerating structures may
represent an interesting and competitive way to optimize the use of this metal. As discussed in [13],
a high-conductivity Mo metallic coating is an interesting option for high-performance accelerator
structures. Although the Mo conductivity is lower compared to Cu, looking at the results of the
breakdown rate of Mo, the application in high-gradient accelerating structures is promising [13-15].
The improvement of the performance of any accelerator structure also requires the understanding
and the limitation of the dark current due to the field emission from any metallic surface. Under
high-gradient fields, electrons in the conduction band of a metal may escape the surface barrier
potential through quantum-mechanical tunneling [16]. In terms of dark current generation, under
high-field gradients, it has been shown that Mo is superior to both Cu and stainless steel [17].

2. Results

In recent years several studies have been performed to characterize Mo films grown on flat
substrates undergoing different thermal treatments [13-15,18-21]. As underlined in the introduction,
molybdenum is an attractive coating material thanks to either its high thermal and electrical
conductivity, or its excellent mechanical properties. It also presents a good resistance to breakdowns
and exhibits a very low primary field emission current. However, it is necessary to investigate the
dependence of resistance to breakdown from various parameters, such as the melting point, heat of
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fusion, thermal conductivity, electrical conductivity, vapor pressure, surface tension, work function,
etc. Furthermore, within a defined geometry, ordering materials in accord to both AC and DC RF
experiments, and to the average breakdown field after conditioning, molybdenum appears one of the
best materials, comparable to chromium and surpassed only by vanadium, titanium, and stainless
steel, although these latter exhibit a higher electrical resistivity [22].

Data from [19] show the influence of substrate properties (e.g., roughness characteristics and
chemical composition) on the electrical resistivity of Mo evaporated on silicon-based substrates vs. film
thickness and post-deposition annealing temperatures up to ~900 °C. A resistivity around 80-90 puQ2-cm,
a value quite high according to the Fuchs-Sondheimer model [23], was obtained in these multiphase
films. In [20,21] other Mo films with a thickness of 500 nm showed an electrical resistivity in the range
8-23 pQ)-cm, quite a low value, close to the resistivity of Mo bulk (5.46 n()-cm) [20,21]. Taking into
account the different results, to optimize the transport properties of Mo metallic films, we had to
determine a reliable growing and post-annealing procedure. To analyze the chemical status of Mo in
metallic films, morphological, and structural characterizations through X-ray diffraction and X-ray
absorption spectroscopy have been performed before and after annealing. In [15] we presented and
discussed an accurate characterization of two Mo coatings grown with the RF magnetron sputtering
technique on an oriented sapphire substrate at room temperature and later annealed up to 600 °C.
Measurements show that in these films (310 nm and 1030 nm thick) structural and electronics changes
are associated to changes of the resistivity which, after annealing, remains higher than the Mo bulk, but
lower than MoQ;, the best conductive molybdenum oxide system [24]. These results clearly point out
that the combination of magnetron sputtering and a post-deposition treatment could be used to control
the properties of a Mo coating. Still a large amount of research and development is necessary to achieve
the enhancement of the properties required by accelerator applications in these complex multiphase
films characterized by percolation phenomena. In the following we will show the conductivity of
Mo films of different thicknesses, grown on a crystalline insulating substrate changes after thermal
treatments. Actually, both the thickness and the annealing procedure have to be tuned to achieve an
electrical conductivity comparable to that of copper.

2.1. Molybdenum Coatings

A set of different Mo films have been deposited using the RF magnetron sputtering on Al,O3 (0001)
substrates at the temperature of 20 °C, starting from a high purity (99.995%) Mo target pre-sputtered
for 30 min in order to remove any contamination layer. Sputtering is a physical vapor deposition
method that may achieve quite a uniform coating over quite large areas by controlling the surface
roughness and grain sizes [25]. The increased temperature of the surface during the process causes
an oxygen migration towards the Mo coating that, together with the vacuum conditions, may affect
the presence of the multiphase structure of the films. More details on sputtering parameters and
technical details of the procedure are discussed in [13-15,18]. After Mo deposition, to characterize the
morphology and chemical properties, these substrates having an area of ~1 cm? were sectioned in
four almost identical parts. One of the four was maintained as a reference while the remaining were
annealed in vacuum at different temperatures up to ~900 °C for one or two hours. The heating ramp
used for all samples was ~2-3 °C/min. After the thermal treatment, samples were sealed in plastic
bags that were open just before the experiments.

Conductivity Experiments

We measured the microwave reflection coefficient from the surface of each Mo film. More precisely,
the electrical properties of these flat coatings have been measured through the Corbino disk geometry,
probing the sample surface impedance vs. frequency. In this experimental layout, the film short-circuits
a coaxial cable connecting the sample to an Anritsu 37297D vector (Atsugi-shi, Kanagawa, Japan)
network analyzer. The connection between the cable and the sample is made through a double spring
method described in [26]. The Corbino disc geometry allows for a measurement of the impedance of the
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film as a function of frequency, over a relatively wide range of frequencies (in our case, roughly between
1 and 20 GHz). In this frequency range, the resistivity value should not vary, and the impedance
changes are due to geometrical factors and to the decrease of the skin depth as the frequency increases.
It is possible to calculate [27] the value of the impedance of the film as a function of frequency, once the
resistivity and thickness of the film are given. Due to systematic and random errors, partly due to the
incomplete calibration procedure, different values of resistivity must be used at different frequencies
in order to obtain the impedance values measured at different frequencies on the same samples. These
values are enclosed in the range delta (0max—0Pmin), Which is indicated in Table 1. More details on the
measuring techniques and related issues are available in [13].

Table 1. Parameters of the Mo films grown on Al,O3 (0001).

N D (nm) Tann (°C)  Holding Time (h)  p (uQ)-cm) sp1
1 300 0 0 25 5
2 600 0 0 70 30
3 900 0 0 70 30
4 300 300 2 45 3
5 600 300 2 85 35
6 900 300 2 300 30
7 300 0 0 45 15
8 300 0 0 90 5
9 300 300 1 65 15
10 300 600 1 47 7
11 300 900 2 47 32
12 600 0 0 100 50
13 600 300 1 130 50
14 600 600 1 110 50
15 600 900 2 120 50
16 900 0 0 150 60
17 900 300 1 150 50
18 900 600 1 155 65
19 900 900 2 110 40

1 5p is the error corresponding to the half-width of the difference (0max—Pmin)-

In Table 1 are listed the resistivity values measured at room temperature (RT) of the Mo films
grown on the oriented surface of this refractory ceramic oxide. The samples’ thickness ranges from
300 nm to 900 nm, the annealing temperature ranges from 300 °C to 900 °C, and the holding time is up
to two hours.

In Figure 1 we report the resistivity values as a function of the annealing temperature for different
thickness. The graph points out that the resistivity is typically lower for the thinner films. Moreover,
the annealing using higher temperatures does not show improvements for films with the lowest
thicknesses, while some variability for the thickest one (900 nm) is present. As listed in Table 1 the
lower resistivity values (40—45 pu()-cm) are achieved in films 300 nm thick. Still, reasonable values of
resistivity are obtained in pristine films of 600 nm and 900 nm. Looking at Figure 1, it appears that
temperature could be an important parameter only for thicker films and the lower values of resistivity
are always associated with samples with no thermal treatment. The same behavior is observed if we
change the holding time. The results of our study can be compared with the transport properties
measured by Madhavi et al. [28] on oxidized metallic molybdenum films growth on a glass substrate.
Madhavi et al. discussed the influence of the annealing temperature on the physical properties of
molybdenum films having a thickness of 920-980 nm. After deposition, their films were characterized
by an electrical resistivity of ~60 uQ)-cm while, after annealing in air for three hours at different
temperatures in the range of 473-673 K, a thermal oxidation occurred. The resistivity increased up
to 83 uQ)-cm at 473 K due to partial oxidation of Mo, and at 573 K it increased up to 200 pQ-cm.
The further increase of the annealing temperature to 673 K increased the resistivity up to 320 pQ-cm.



Condens. Matter 2017, 2,18 50f12

100 . . .
:E: 80 N e
= 0L 8 s R
Q i .

20 ‘ ‘

200 - PP PR e SRS
Tt 150
S
G 100 b P
@ 50
_ 300 - . e .
§ 3 3 1 :
§ D00 {F e {) rrrrrrrrrrrrrrrrrrrrrrrrrrrr % rrrrrrrrrrrrrrrrrrrrrrrrrrrrr
E 100 LT T e e P S FPRCRRET TERPPRTTTPPRLPPP A *

Tam [C]

Figure 1. Resistivity values as a function of annealin g temperature for films of different thicknesses,
(Top panel) d = 300 nm; (Middle panel) d = 600 nm; (Bottom panel) d = 900 nm. For Tann > 0, different
symbols represent different holding times (HT): empty dots, HT = 1 h; filled dots, HT = 2 h (data from
Table 1). Diamonds represent samples that did not undergo thermal treatment.

The low resistivity of the as-deposited metallic Mo films reported in [28] is comparable with
the values of our 900 nm thick films, including those annealed at 300 °C. On the contrary, at higher
temperatures the resistivity values in Table 1 are lower mainly because we annealed the samples in
high vacuum and, in this case, the transformation of the original metallic films to molybdenum oxides
is a negligible or slower process.

Summarizing, for Mo films sputtered on the Al,O3 (0001) surface, the lowest resistivity is obtained
for films ~300 nm thick. The thermal treatment in high vacuum may enhance the resistivity for a
factor of two or three at the temperature of 900 °C for one or two hours, although resistivity values
remain below 100 pQ)-cm. This behavior can be associated with the rich variety of nanoscale structural,
electronic, and magnetic phases coexisting in Mo films and in all transition metal films. The presence
of these phases is at the origin of the mesoscopic and macroscopic behavior of films where different
domains and, in particular, different oxide phases may occur. In our films the most important
molybdenum stoichiometric oxides phases are MoO3 and MoO,. Bulk MoOj is an insulating layered
material, while molybdenum dioxide, characterized by a rutile structure is a metallic oxide with an
electrical resistivity ranging from ~90 to 200 uQ)-cm. Looking at Table 1 the resistivity of all but one is
less than 200 uQ)-cm. Since Mo films are heterogeneous media constituted of metallic and insulating
domains, the percolation theory could be useful to calculate the relative resistivity [29] using, for
example, random resistor networks. Indeed, the macroscopic conductivity in heterogeneous films is
controlled by percolation phenomena. When the volume fraction ® of the conducting phases (in this
case Mo and MoQ,) increases, the conductivity of the system increases. When it overcomes a critical
value, called the percolation threshold (®.), a network of pathways through the sample is formed
and the conductivity tends to saturate. Accordingly, we may claim that these films contain limited
amounts of insulating Mo oxide phases. The assessment of the type and amount of poorly-conductive
phases in these films is challenging, but fundamental, to interpreting and possibly controlling the
transport properties of thick Mo films or coatings for real applications. To this purpose, in addition to
the transport experiments, we characterized our films also by X-ray absorption spectroscopy (XAS).
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2.2. X-ray Absorption Spectroscopy Characterization

In these heterogeneous films XAS data can be usefully compared with transport experiments that
return an average value at a definite temperature or the behavior vs. temperature. The behavior of
the resistivity vs. thickness showed in Figure 1 confirms that Mo films grown through the sputtering
process contain small amounts of insulating oxide phases. In the following we will discuss the
characterization of the samples listed in Table 1 using the XAS technique performing experiments at
the Mo K-edge. Consequently, to interpret the macroscopic behavior and to reproduce the effective
conductivity of these films, it is necessary to identify the amount of the insulating phases present in
each sample.

The XAS technique is a powerful method capable of investigating the local structural properties
at the atomic level, such as geometry and coordination numbers in ordered and disorder systems,
including surfaces, coatings, or interfaces, but also sensitive to the electronic structure [30]. XAS
measurements were carried out at B18, the core XAS beamline of the Diamond Light Source, the UK
synchrotron radiation facility operating at the electron energy of 3 GeV with a current of ~250 mA in
the top-up mode. Spectra were collected using a double-crystal monochromator equipped with two
Si (111) crystals and coupled to a Pt-coated mirror in the focusing mode illuminating the sample with
a spot of ~200 pm x 200 um [31]. This spot does not allow the resolution of a single phase domain,
but simultaneously probes thousands of small domains. Indeed, these Mo metallic films are complex
multiphase systems where molybdenum may exist in several oxidation states: Mo**, Mo®*, and Mo®*.
The thermal annealing in vacuum at moderate temperature does not affect the crystal structure, but
may trigger the motion of oxygen atoms changing the oxygen contents and the oxidation state of Mo
ions tuning the electrical conductivity. The acquisition of the Mo K-edge spectra has been performed
in the continuous scan mode using a nine-element Ge detector with XSPRESS-II acquisition electronics
in the fluorescence detection mode. XAS experiments have been performed at grazing incidence
to enhance the signal associated to the surface layers of the Mo coatings to probe their structural
composition. This approach was already discussed in a preliminary investigation of two relatively
thick Mo films where the combined analysis of transport experiments and structural data showed that
the amount of ordered phases play a limited role to the conductivity of these metallic films [15]. In that
case the annealing at 300 °C slightly increased the conductivity. Actually, the conductivity of a Mo film
may depend on the composition, the substrate, the morphology of the coatings, the oxygen content,
the local order, the grain size, etc., and differences in the resistivity can be correlated also to the ratio
between grain size and layer thickness [32].

Local Electronic Properties

XAS spectroscopy is a technique that, in addition to the local structure, probes the local and
partial empty density of states around the photo-absorber. At the Mo K-edge we excite 1s core level
electrons and, neglecting the possible correlation phenomena due to d electrons, the transition probes
the p-projected empty density of states at the Mo site because of the dipole selection rule. Looking
at the experimental spectra in Figure 2 and as discussed in [15] Mo K-edge spectra of these films
are similar to the Mo metal spectrum and the small differences observed at the rising edge of each
spectra points out tiny changes of the empty density of states of p character. In other words, the small
difference in the partial empty density of states implies a different number of occupied electrons and
a different hybridization [33]. In addition, the presence of a small shift of the K-edge points out a
concurrent shift of the Fermi level, a parameter that can be correlated to the transport properties.

To this purpose, the comparison among spectra in Figure 2 is extremely interesting. In the two
panels we compared the spectra of Mo films of different annealed thicknesses for one hour at 300 °C
(left panel) and at 600 °C (right panel). At first sight all spectra are similar, pointing out that the
local structure around molybdenum atoms is very similar. Weak changes appear only in the X-ray
Absorption Near Edge Structure (XANES) region for samples annealed at 600 °C. However, after a
careful normalization the differences among these spectra show a contribution near the edge that is
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correlated with the empty density of states of p and d character due to the contributions of dipolar
and quadrupolar transitions, respectively. Taking as a reference the thicker films (900 nm), the empty
density of states increases with thickness. The differences of the XAS spectra (green and brown curves)
are in good agreement with the differences in the resistivity show in Table 1 (Figure 2 left panel:
green > 20 uQ)-cm, brown > 85 uQ)-cm; Figure 2 right panel: green > 45 u()-cm, brown > 105 uQ)-cm).
In fact, for these films the spectra shows a negligible amount of insulating oxide phases. The differences
among the spectra demonstrates that the edge of the thicker films shifts slightly towards a lower
energy, corresponding to a change of the Fermi energy actually compatible with a weak contribution
of MoOs (see the bottom panel in Figure 3).

Absorption 300°C 1h Absorption 600°C 1h

T T

— 900nm — 900nm
e 600nm
—— 300nm

5 x diff(900nm - 600nm)

5 x diff(900nm - 300nm)

e 600N M
— 300nm 4
5 x diff(900nm - 600nm)

5 x diff(900nm - 300nm)

X-ray Absorption Spectroscopy (arb. unit)

L 1 1 L L 1 1 1

19980 20000 20020 20040 20060 20080 20100 19980 20000 20020 20040 20060 20080 20100
Energy (eV) Energy (eV)

Figure 2. (Left panel) comparison of Mo K-edge spectra of samples of 300 nm, 600 nm, and 900 nm
annealed at 300 °C for 1 h. The bottom curves are the differences between spectra of different thickness
(multiplied 5x); (Right panel) the same as in the left panel for the samples with the same thickness,
but annealed at 600 °C for 1 h.

As underlined above, the conductivity of Mo metallic films depends on many parameters.
For this reason, for large scale applications, not only for high-performance accelerator components,
is it important to characterize all properties: morphology, composition, structure and resistivity,
and substrate. As an example, on crystalline substrates we may grow oriented films with a negligible
strain and for thicknesses up to 600 nm with a resistivity <100-150 pQ)-cm. In this framework,
in recent years, modeling and simulation tools have become more and more important, being effective
alternatives to long and costly experimental tests. However, for improved RF devices, it is mandatory
to study the growth of Mo films not only on oriented surfaces of insulating or semiconductor substrates
as discussed above, but on metallic substrates, such as copper.

We deposited Mo films by sputtering on oxygen-free high thermal conductivity (OFHC) copper
surfaces with a high roughness (~700 nm). Atomic force microscopy (AFM, MSNL-10 of Veeco
Instruments, New York, NY, USA) images showed that the surface morphology of the Mo coatings
preserve the initial roughness, and even without annealing, the molybdenum layer may slightly
improve the original roughness. However, since Cu and Mo have different crystal structures (f.c.c. vs.
b.c.c.) and different thermal expansion coefficients, the Mo layer deposited on top of the Cu surface
changes with temperature and its structure above 900 °C. We investigated the deposition of thin Mo
layers sputtered on Cu surfaces annealed at 750 °C for 10 min [5]. A previous study pointed out that
a sputtering thickness of 180 nm is not suitable enough to obtain a homogeneous coating surface
and, due to the low contacting force and the intense thermal stress, this thin coating annealed at
600 °C for two hours shows a clear separation of the Mo layer from the substrate. Indeed, the thermal
expansion coefficients of Cu and Mo are quite different, i.e,, 16 x 107% and 5 x 107® pum/m/°C,
respectively. Rutherford backscattering spectrometry (RBS, 3.5 MeV Singletron accelerator, High
Voltage Engineering Europa B.V., Amersfoort, The Netherlands) experiments performed with a “He*
ion beam characterized the depth profile of Mo on the Cu substrates [5]. Data showed an inter-diffusion
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of the Mo at the Cu-Mo interface, a process that tend to form a homogeneous mixture at the interface
not observed for films growth on SiO; or Al,O3;. RBS also pointed out a Mo concentration lower
than a pure Mo film, a behavior compatible with the presence of oxide phases in the deposited film.
The non-uniform oxygen distribution and the resistivity, the latter higher by about two orders of
magnitude compared to a pure film of Mo, are also compatible with the presence of insulating oxide
phases [5].

—300 nm
— 600 nm
5 x diff.

X-ray Absorption Spectroscopy (arb. unit)

Mo
1\1002
1\1003

19980 20000 20020 20040 20060 20080 20100
Energy (eV)

Figure 3. (Top panel) comparison of Mo K-edge XANES spectra of two Mo films: 300 nm and 600 nm
thick grown on OFHC copper substrates. The blue curve is the difference between the two experimental
spectra multiplied by five to enhance the difference at the edge (see text); (Bottom panel) comparison
among Mo K-edge XANES spectra of Mo metal (black), MoO, (red), and MoOj3 (blue) simulated using
the full multiple scattering (FMS) theory (see text).

These Mo metallic films are more heterogeneous and disordered than those grown by magnetron
sputtering on Al,O3 substrates, as shown in Figure 3 (upper panel), where we compare the XAS
spectra at the K-edge of Mo of two films of ~300 nm and ~600 nm grown on a clean OFHC Cu surface.
The spectrum of the 300 nm film is characterized at the edge by a very broad feature, characteristic of a
strongly-disordered local structure, while the spectrum of the 600 nm film starts to show the typical
shape of Mo metal with a shift of 1.5 (£0.2) eV towards low energy, which points out a lowering of the
Fermi level with respect to the thinner disordered Mo film. The difference (blue curve) clearly points
out a significant enhancement of the empty density of states in the 300 nm disordered film, compatible
with a small contribution from insulating oxide phases.

To clarify the behavior of the XANES spectra of the Mo film grown on Al,O3 and copper substrates,
we simulated the Mo K-edge XANES spectra of Mo metal and of the two main oxide phases: MoO,
and MoOs. Spectra were simulated using the full multiple scattering (FMS) theory as implemented
in FEFF9.6 code [34]. The self-consistent field (SCF) method was employed for potential calculations
with Hedin-Lundqvist exchange and correlation potential. The radius of atomic clusters for SCF and
FMS calculations are, respectively, 5 A and 10 A. The crystallographic structures were adopted as
starting models. Neither an additional energy shift nor extra broadening convolution were applied in
all calculations. In Figure 3 (bottom panel) are compared to the simulated XANES spectra of the main



Condens. Matter 2017, 2,18 90f12

oxides phases (MoO; metallic and MoOj3 insulating). Both spectra are different from the spectra of Mo
coatings, in agreement with the description of these films: heterogeneous systems containing metallic
domains and negligible contributions of insulating oxide phases.

3. Discussion

As discussed in the introduction, new accelerator projects need improved RF structures for which
important research and development to reduce pulse heating effects and electrical breakdown is
required. A possible route is represented by the improvement of devices manufactured in OFHC
copper by deposition of suitable coatings, e.g., molybdenum, ruthenium, or other refractory material
with high electrical conductivity and good mechanical properties. Alternatively, alloys or multilayer
networks based on transition metal (TM) oxides whose microstructure, thermal behavior, and chemistry
are compatible with the long term operation of RF devices and their fabrication methods. References
are available, but the scenario of possible metal/metal combinations is limited. Only a recent work
deals with the case of TM oxides grown on transition metals, in particular Mo and TM oxides [35].

This study has focused on the development of innovative technologies based on Mo coatings on
copper in order to raise the discharge electrical threshold (i.e., the breakdown) and/or in alternative,
to reduce the damage due to breakdown phenomena.

The results we obtained point out that Mo coatings are multiphase metallic films with negligible
contributions of insulating oxide phases. The experiments show that the increased thickness electronics
changes can be associated with changes of the conductivity, whose values are better than the conductive
MoO,. However, as showed in Figure 3 (upper panel), Mo metallic films grown on a clean OFHC
Cu surface are more heterogeneous and disordered than those grown on Al,O3 substrates. Although
data show that the coating option offers suitable conductivity values and RF devices with Mo coatings
could be manufactured, a lot of research and development is still necessary to achieve the performance
required by operations at high power.

In addition to the electrical conductivity, to optimize the performance of high field gradient
devices, the reduction of field emission dark current from the metal surface is also important. Indeed,
in the worst case, the increase of the dark current is a marker of an electrical breakdown, and the start
of the degradation of performance. In the case of Mo, a deeper understanding of the field emission
from its surfaces, naturally-oxidized and/or heated, is required. Recently, Lagotzky et al. [36] showed
that well-polished Mo samples did not show parasitic field emission up to a field level of 50 MV /m,
while in situ heat treatments above 400 °C activated the field emission at lower field strength. However,
oxygen loading into the Mo surface partially weakens the emitters revealing the suppression of field
emission by native Mo oxides. Taking into account experiments that reported the decrease of the field
effect from a Mo oxidized surface and the formation of islands of MoOs3, the Mo oxide phase diagram
and the interaction in a metal /metal substrate pair, an interesting composition to investigate in the
future is the Cu/MoO;3 pair. Indeed thin “insulating” layers of MoO3; maintain a high work function
(~7 eV) while becoming conductive on a Cu substrate [35].

4. Conclusions

The design of RF devices suitable to minimize breakdown, which limits the high gradient
performance of these structures, depends on the materials, surface processing techniques, and also the
geometry. It is then necessary understand and predict the breakdown behavior of practical structures,
but at the same time investigate alternative highly-performing materials in terms of breakdown.
Actually, after decades of studies and experiments, dedicated studies, and a specific research and
development launched in this field in the linear-collider community, the high-gradient RF breakdown
phenomenon remains an open problem [37]. At present, depending on the properties of the surface
material, breakdown phenomena in vacuum typically occurs for accelerating gradients >100 MV /m.
The foreseen goal is to achieve accelerating gradients much higher than this value using standard
accelerating structures and practical operating conditions. To this purpose we attempted to identify
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new materials or alloys to improve the performances of copper using metallic coatings. Indeed, using
advanced manufacturing techniques combining precision electroforming and film deposition, new
possibilities for RF devices may open. Adding a Mo metallic layer, of which we may control the
composition, internal stress, mechanical properties, roughness, etc., properties of copper, like the
thermo-mechanical stability, may be improved, reaching values not attainable with uncoated copper.

With this research we characterized relatively thick films of Mo grown on copper to improve
and optimize performance. Compared to Cu, the Mo conductivity is lower, however, the relatively
high-conductivity of Mo metallic coatings and the higher Mo breakdown rate make its application
in high-gradient accelerating structures an interesting and useful option [13-15,38]. Moreover, we
show that, by using X-ray absorption spectroscopy, we can control the presence of insulating oxide
phases and correlate the electronic properties with the conductivity properties of these films. However,
due to the properties of transition metal oxides grown on metallic substrates, new ideas are emerging.
In particular, a large amount of interest is devoted to metallic molybdenum oxides due to their
mechanical resistance, good electrical conductivity, and low field emission.
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