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Abstract

A single-photon detector (SPD) is a device able to register events at the single quanta level.
One type of SPD is the SNSPD (Superconducting Nanowire Single-Photon Detector). These are
the ones under development in this master thesis. The key detection element in SNSPDs is a thin
and long nanowire (approximately 100 nm wide or less), made of an ultrathin superconductor film
(less than 100nm thick) and several microns long. They present unique and fast photoresponsive
properties’.

Conventional SPDs are commonly based on photomultiplier tubes (PMTs) or avalanche
photodiodes (APDs). SNSPDs have overcome other traditional SPDs due to their numerous
singular characteristics and advantages®>. They show a lot of benefits for single-photon detection
because of their high quantum efficiency* and their high sensitivity in a broad spectral range*®®.
SNSPDs are promising for future quantum technologies ’. Nevertheless, their operation is restricted
to very low temperatures (T<2.4K) increasing their operation cost and complexity®. They have
limitations related to the latching or reset time which originates from thermal conductance and
kinetic inductance, which increases jitter and decreases operation bandwidth®. Their detection
frequency band is also limited by the materials' superconducting bandgap.

To overcome these limitations, we propose a new approach based on the fabrication of hybrid
systems based on tungsten carbide (WC) and graphene. This works aims to demonstrate how we
can take control over not only the geometry but also the composition of the WC nanowires with
nanofabrication techniques. The nanowires are produced via Pulsed Focused Electron Beam
Induced Deposition (PFEBID) onto SiO«/Si substrates. To our knowledge, this is the first time this
fabrication scheme has been employed for the development of similar practical devices®.

The main objective of this project is to characterize them by Scanning Electron Microscopy
(SEM), Atomic Force Microscopy (AFM), micro-Raman spectroscopy, electrical IV measurements
(two-probe method), and reflectance images. Here, we report our preliminary results based on these
experimental measurements. We have fabricated nanowires with a high aspect-ratio. The
experimental results obtained by Raman spectroscopy show peaks corresponding to amorphous
carbon in the region of tungsten carbide deposits. The resistivity values vary from 1.15-10% Q-cm
to 3-10° Q-cm depending on the deposition parameters, indicating there is probably a low tungsten
content.

We hope this work contributes to establishing growth protocols using Focused Electron Beam
Induced Deposition (FEBID) that results in superconducting materials with a sharp transition into
the superconducting state and reproducible properties. We expect that our research will contribute
to the development of quantum technologies, for example, for its use as a single-photon detector in
quantum key distribution experiments.



Resumen

Un detector de fotones individuales (SPD) es un dispositivo capaz de registrar eventos a nivel
de un Unico cuanto de energia. Un tipo de SPD es SNSPD (Superconducting Nanowire Single-
Photon Detector). Estos son los que se encuentran en desarrollo de esta tesis de master. EIl elemento
clave de deteccion en SNSPDs es un nanohilo largo y estrecho (de aproximadamente 100 nm de
anchura o menos), fabricado a partir de una ldmina superconductora ultrafina (menos de 100 nm
de espesor) y de varias micras de longitud. Presentan propiedades de fotorrespuesta rapidas y
Unicas'.

Los SPDs convencionales estdn basados comumente en tubos fotomultiplicadores (PMTS) o
fotodiodos de avalancha (APDs)®. Los SNSPDs han superado a otros SPDs tradicionales debido a
sus numerosas Y singulares caracteristicas y ventajas®®. Presentan numerosos beneficios para la
deteccion de fotones individuales debido a su elevada eficiencia cuantica* y su elevada sensibilidad
sobre un amplio rango espectral*>®. Los SNSPDs son prometedores para las futuras tecnologias
cuanticas’. Sin embargo, su operacion esta restringida a temperaturas muy bajas (T<2.4K)
aumentado su complejidad y coste de operacion'. Muestran limitaciones relacionadas con el
latching o reset time que se origina a partir de la conductancia térmica e inductancia cinética, lo
cual aumenta el jitter y disminuye el ancho de banda de operacion®. Su banda de frecuencia de
deteccion estd también limitada por el bandgap superconductor.

Para superar estas limitaciones, proponemos una nueva aproximacion basada en la fabricacion
de sistemas hibridos basados en carburo de tungsteno (WC) y grafeno. Este trabajo tiene como
objetivo demostrar cbmo podemos controlar no solo la geometria sino también la composicion de
nanohilos de WC mediante técnicas de nanofabricacion. Los nanohilos son fabricados mediante
Pulsed Focused Electron Beam Induced Deposition (PFEBID) sobre sustratos de SiO./Si. Para
nuestro conocimiento, esta es la primera vez que este tipo de fabricacion se emplea para el
desarrollo de dispositivos practicos similares®.

El principal objetivo de este projecto es caracterizarlos mediante microscopia electronica de
barrido (SEM), microscopia de fuerza atomica (AFM), espectroscopia micro-Raman, medidas
eléctricas IV (método de 2 puntas) e imagenes de reflectancia. Aqui, mostramos nuestros resultados
preliminares basados en medidas experimentales. Hemos fabricado nanohilos con un elevado
aspect-ratio. Los resultados experimentales obtenidos mediante espectroscopia Raman muestran
picos que se corresponden con carbono amorfo en la region de los depositos de carburo de
tungsteno. Los valores de resistividad varian desde 1,15.10% Q-cm hasta 3.10° Q-cm dependiendo
de los parametros de deposito, indicando que probablemente hay un bajo contenido de tungsteno.

Esperamos que este trabajo contribuya al establecimiento de protocolos de crecimiento
utilizando técnicas de deposito inducido por haz de electrones focalizado (FEBID) que resulte en
materiales superconductores con una pronunciada transicion superconductora y propiedades
reproducibles. Esperamos que nuestro trabajo contribuya al desarrollo futuro de tecnologias
cuénticas, por ejemplo, su utilizacion como detectores de fotones individuales en experimentos de
distribucion de claves cuanticas.



1. Background and theory

This chapter reviews the state-of-the-art of superconducting nanowire single-photon detectors,
some photodetectors terminology, their mechanism of photodetection, as well as an introduction to
superconductivity and properties of tungsten carbide.

1.1 Single Nanowires Single-Photon Detectors (SNSPDs)

The photodetection phenomenon consists of the conversion of the light absorbed into a
measurable signal®. One of the contributions of Einstein to modern physics was the affirmation
that light was composed of individual packets of energy which are known as photons?. In particular,
a single-photon detector (SPD) is a device that can register these quantum objects one by one®.

In 1996, Kadin et al. proved that superconducting devices could be employed to develop SPDs.
By solving the heat flux equation, it was predicted that a path to develop SPDs would be possible
if a superconducting film with a size in the nanoscale was used*. This turned into reality with a
nanowire of NbN at T=4.2 K in the year 2001*%. The interest in these detectors has increased over
the last few years®. Moreover, it is expected it continues increasing because of the intention in
improving the security as well as their potential applications in quantum optics'2.

There are several types of SPDs such as photomultiplier tubes (PMTs) or single-photon
avalanche photodiodes (SPADs)!. PMTs can detect single photons but with low efficiencies in the
visible and in the telecommunications band where communication technology and quantum
information are being developed®. Silicon APDs and many PMTs are insensitive to A>1um™. In
the IR range, some InGaAs or Ge APDs may have reasonable detection efficiencies but suffer from
afterpulsing and high DCR. These terms are introduced below.

1.1.1 Photodetectors terminology
Some specific terms, which are very common in detectors research, are introduced in the following
table:

Table 1. Photodetectors terminology definition

Recovery time or The time interval after the absorption of a photon when the detector is

detector dead unable to record another photon reliably*>5! This limits the maximum

time (torty) rate of photons that can be measured®.

Timing jitter The temporal resolution of a detector. It measures the uncertainty or
fluctuation in the delay time between the absorption of a photon and the
instant at which a photodetection pulse is recorded®.

Dark Count Rate The rate of the response pulse that is not due to signals from the incident

(DCR) photons. It depends on factors such as the superconducting material readout
mechanism, electronics or the experimental set-up®.

Detection The probability of detecting a signal produced by a photon once it has

Efficiency or entered the aperture of the detection system®.

System Detection

Efficiency (SDE)

Afterpulsing The generation of several electrical pulses for each single photon detected®.

Sensitivity Relative efficiency of detection of a signal, as a function of its frequency™®.




1.1.2 State-of-the-art

Before exploring the state of the art of single-photon detectors, we must review what
superconductivity consists of. Superconductivity means that for a metallic material there is no
electrical resistance below a critical temperature, electrical current, or magnetic field. If the
temperature, electric current, or magnetic field exceeds a critical value the superconductivity state
is lost and a state of finite electrical resistance appears. According to the BCS theory in honor to
John Bardeen, Leon Cooper, and John Robert Schrieffer®®, the origin of superconductivity is the
interaction between the electrons mediated by the phonons in a solid.

In a superconducting state, charge carriers are formed by coupled pairs of electrons called
Cooper pairs. They are pairs of electrons that experience an attraction potential larger than the
Coulomb repulsion, which is mediated by the phonons in the solid®. This attraction is possible
because the electrons in the metals go very fast (at vz~10'¢As~1), this speed is huge and the
relaxation time of the lattice is S0 1oW (w;4¢tice retaxation~10"13s 1) therefore the electrons coming
behind see the lattice strained and they can interact with the phonons. In this way, a Cooper pair is
created, as a bound state between two electrons exchanging a phonon. In the superconducting state
a forbidden energy gap opens, known as the superconducting gap. The energy E required to break
a cooper pairis E = 2 A, being Ay= 1.76kgT..

One type of superconducting detector is SNSPD, whose mechanism of photodetection is
described in section 1.3. In them, the photodetector element is a nanowire with a width of
approximately 100 nm that is obtained from a superconducting sheet with a thickness of 5 nm*°.
One of the advantages over other detectors is its sensitivity over a high spectral range, as well as a
low DCR and low jitter*>®. The materials used for this type of detectors are NbN, NbTiN ,MgB,,
YBa,Cu,0 , MoGe, MoSi, Nb and W, Si,_,'"8 The first two have been used due to their high Tc
and Jc'®. NbN has been used as the material of choice due to the possibility of being able to be
deposited on a sheet with a thickness of around 4 nm?*®. However, these deposits have limitations
such as the need to grow on substrates with lattice coupling! or that they are very sensitive to
external conditions and can oxidize and degrade the performance of the detector®. An interesting
approach is to manufacture devices with tunable composition. For example, it has been seen that
pure W has a critical temperature (Tc) ~ 15 mK!' but in sheets with tunable composition, an
increase in by more than two orders of magnitude has been observed'’. Likewise, other amorphous
sheets such as Moo.7sGeo 25 present Tc around 5 K8,

1.2 Properties of tungsten carbide (WC)

Due to the physical and chemical properties of carbides, such as their extreme hardness, high
melting point, and chemical stability?, they have attracted interest in the electronics industry.
Tungsten carbides exist in different phases, being WC the most stable of them?!. Concerning its
electrical properties, both the density of electronic states (DOS) and its electronic band structure
confirm its metallic nature?*. Therefore, there is no gap between the bands. However, the bond
between W and C is not only metallic but is also comprised of covalent contributions due to
hybridization between W and C atoms as well as ionic contributions due to charge transfer between
them?L.

Regarding its superconducting properties, it has been seen that Tc depends on the material
crystallographic phase®. In this theoretical study®! using the linear orbital muffin tight-binding
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method (LB-LMTO method) the computed value for WC Tc was 9.23 K?. Growing technique
influences superconducting properties, as will be discussed in later sections. In nanowires with
lateral width and thickness ~ 200 nm, the Tc was approx 5.1 K and in ultra-narrow W nanowires
the T'c was between 4.2 and 4.8 KZ. As mentioned in the previous section, while in pure and
crystalline W it has a Tc = 0.01 K in nanodeposits of W of an amorphous nature and whose
composition was W: 40% at, C = 40% at, and Ga = 20% at, they showed a T'c of approx 5.2 K.
Besides, it has been observed that amorphous films of W by different techniques have a similar
Tc®,

1.3 Mechanism of photodetection in SNSPDs

The photodetection mechanism in SNSPDs devices consists of a combination of the
superconducting properties, which depend on the material, but also on the width, length, thickness,
and geometry of the wire 2*. As can be seen in Figure 1, when a photon hits the active region of the
detector, the absorption of this photon breaks the Cooper pairs forming a "hot-spot” where the
superconducting gap is suppressed'®. This induces a transition in the nanowire from a
superconducting state to a resistive state®%. For this to be possible, the thickness of the nanowire
must be comparable to the size of the hot spot that originated after the absorption of the photon*®,
The hot-spot produces a voltage pulse along the transmission line?. Finally, the current is diverted
from the nanowire towards the reading electronics, which allows it to dissipate the energy provided
by the absorbed photon and return to the initial superconducting state to be able to detect another

photon*®24,
Figure 1. Extracted from (11). Detection

cycle.
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2. Experimental methods

In this chapter, the experimental fabrication and characterization techniques along with the
instrumentation used are described.

2.1 Device fabrication
Firstly, we explain the fabrication technique used to fabricate our devices.

2.1.1 Pulsed Focused Electron Beam Induced Deposition (PFEBID)

The diffusion of boundaries between physics, chemistry, and biology makes the need for a
manufacturing technique that is simultaneously accessible, versatile, and flexible®®. Controlling the
matter at the nanoscale by fabricating artificial structures can lead to new properties?’. Previously,
WC nanostructures have been manufactured using different methods such as traditional
carbothermal synthesis?, sputtering®®, hot wire chemical vapor deposition (HW-CVD) using a W
and CF4 filament® or decomposition of tungsten hexacarbonyl 600-800 °C?. In particular, using
a focused ion or electron beam has attracted significant interest because of the ability to deposit
material with high spatial precision®2. It provides an excellent tool for nanotechnological
applications®3?,

As it is a direct manufacturing technique unlike other lithography techniques, process steps are
saved. A novel approach to fabricate nanomaterials is Focused Electron Beam Induced Deposition
(FEBID)?. This is a one-step technique used to prepare nanostructures in one, two, or three
dimensions®?’. FEBID is a direct-write lithographic technique whose lateral resolution competes
with advanced electron lithography**3. For instance, the resolution of state-of-art of electron beam
lithography (EBL) reaches a resolution between can reach approximately 3 - 5nm?%, FEBID has
also a nanometric resolution but it has the advantage of avoiding all the steps of the lithography
process. This resolution is of great interest for the fabrication of superconducting nanowires. It is
important to highlight the role of the surface-to-volume ratio on the superconductor’s phase
boundaries®. On one hand, for bulk samples are determined by the material itself as a consequence
of the very small surface-to-volume ratio®. On the other hand, in nanostructures this ratio is large
and the shape imposes specific boundary conditions playing a fundamental role in controlling the
spatial development of the superconducting state. Another advantage of FEBID is the possibility
it offers to fabricate suspended structures singly and simply, without a substrate to support them.

It has been suggested that this technique has the potential to become not only the basis of
electron beam controlled technology but also the control of chemistry at the nanoscale®. The
observation of the deposition of individual organic molecules® and its high resolution has placed
this technique in the same spatial regime as bottom-up chemistry*®. It provides a tool for electron-
controlled chemistry in a nanometric space regime®?. Despite this, the development of surface
chemistry using this method is still in its infancy®2. FEBID uses the molecular decomposition
induced by electrons®. It can be considered as chemical vapor deposition (CVD) assisted by a
focused electron beam?. It serves both to deposit and to etch materials®. The process involves the
introduction of a precursor gas that contains the desired material into the vacuum chamber inside
of an electron microscope®-*2*° or dual-beam?%, A gas injection system (GIS) injects the precursor
gas directed to the substrate through a nozzle that is close to the focused beam and it is adsorbed
onto the sample’s surface®**. This molecular precursor adsorbed on the surface is dissociated by a
highly energetic focused electron beam (1-200 keV)* that breaks the molecules losing of carbonyl



ligands in metal carbonyl coordinated compounds®. By varying the distance between the nozzle
and the sample it is possible to control the effective flow of precursor reaching the surface of the
sample of interest?®32,

Figure 2 shows a set-up for this technique. The electron beam is scanned on the surface of the
sample to generate the desired pattern, using a pattern generator?’3132 This beam settles on each
point for a determined dwell-time®®. Dwell-time is the total time in which each particular position
is irradiated by the electron beam during which it remains constant®®3?. After completing the
irradiation following the desired pattern, the process is repeated over a predefined number of
loops®>33,

focused
optional laser  e-beam &= By Figure 2. Set-up system for Focus
Electron Beam Induced Processing.
(A) to Extracted from (33).
IL (A) Pulsed IR-laser
©) & : (B) In-situ electrical characterization
N g (C) Gas injection channels
L) L . .
gas injector 2 ® ¥ gas injector (1)Pf_1y3|so_rpt|0n
: 1 9l 3 @ (2)Diffussion
4\_0 * 'se0ene & 88 _ (3) and (3”) Desorption
| (4)Dissociation and desorption
substrate ‘
mT'r\w optional heater
(B) ,/—_\I" opfional in-situ ,/'A ‘[
'g / measurement ' J

The residence time of the precursor is different on the substrate than on the material already
deposited®. The precursor gas is decomposed into volatile and non-volatile components?’3134, The
last leave a residue known as a deposit®®2”3*. This deposit grows at an interaction point between
the incident beam and the substrate®*. The volatile fragments must be desorbed to avoid being
included into the deposit?3. The deposition is a complex process where electrons, the sample, the
adsorbed precursor, and the surrounding atmosphere come into play*®.

In the same way as any chemical reaction, this process is characterized by a reaction rate®. As
the surface influences opening or modifying reaction channels, this process becomes more
complex®. During electron irradiation, the highly energetic primary electrons (PEs), when
interacting with the substrate, generate low energy secondary electrons (SEs) (<500 eV) and back-
scattered electrons (BSE)?%® and there is an equilibrium between them?:34,

SEs are produced as a result of inelastic collisions with outer shell electrons®. As a
consequence, the deposited material is irradiated continuously during the writing process® and
electrons are generated on a surface that is continuously modified during the deposition process®.
In the absence of aberrations, the radial distribution flux of electrons on the surface has a Gaussian
shape?®3? and the spectrum of the secondary electrons depends on the properties of the substrate?,
The shape and size of the interaction region under the beam depends on the angle of incidence and
the acceleration voltage of the beam, as well as on the nature of the substrate?®. The resolution of
this technique is determined by the diameter of the electron beam in the convoluted focal area with
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the secondary electrons (SEs) leaving the surface®. The writing process is governed by parameters
such as the energy of the primary beam, the beam current, the dwell time, the pitch or the distance
between nearby dwell points, the number of loops, or the time in which the writing pauses between
two successive loops known as replenishment time (t,)>32. The novelty of our technique and that’s
the reason why it receives the name of pulsed is that we stop the beam current when we finish
fabricating a line of nanowire for 50 ms. As a consequence, there is always a precursor available
that reaches the surface.

Although it has been seen that the integral metal content is usually higher using ions than using
electrons by employing the same precursor®, it is generally preferred to use electron-induced
deposition over ion-induced deposition because ion contamination, etching or induction of
redeposition of material in an undesired way are avoided®*. Despite this, one of the main limitations
of the technique that uses electrons is the control of the purity of the final product®.

More specifically, metallic nanostructures manufactured using organometallic precursors have
levels of organic contamination, mainly carbon or oxygen that affect their properties®*. However,
if process conditions for maximum metal content are used it results in metallic deposits®, as it has
been possible using precursors such as Coz(CO)s or Fe(CO)s*.

In this project, the nanowires have been fabricated by PFEBID in a Carl-Zeiss SEM microscope
(Auriga Cross Beam) inside a class 100/1000 cleanroom. We have used a W(CQO)s precursor. As
in similar works by other research groups, the electron beam was controlled via a Raith Lithography
system®L. The deposition parameters we selected were 2.5 keV and a beam current of 0-2-0.22nA.
The electron dose was between 220 puC/cm? and 4.10° uC/cm? depending on the dwell time
(between 0.1 ms and 0.001 ms) and the number of loops (between 1 and 2000). Some samples of
nanowires were grown onto SiOy / Si substrate, with a thickness of 285 nm/525 um and without
pre-patterned electrodes. Other samples were grown onto similar substrates with pre-patterned
electrodes made of Cr/Au, with a thickness of 10/70 nm. The metal electrodes have been fabricated
using UV lithography, subsequent metal evaporation and lift-off?"3,

2.1.2 Decomposition of the precursor

The nature of the precursor influences the process of its decomposition under the beam?. The
precursor we have used is tungsten hexacarbonyl (W(CO)s). It has been anticipated that this
precursor does not decompose in W since under electron irradiation organometallic compounds
rarely decompose into pure metallic species?®>?. It has been speculated that secondary reactions
between volatile fragments of precursors could give rise to less volatile organic species that could
be included in the deposits®. The resulting material consists of precursor ligands that have not been
removed by electrons®. To obtain details of the dissociation process, the structure of the chemical
bond is highly relevant®,

Generally, when organometallic precursors are used, structures with low metallic content are
obtained®. Some studies have affirmed that after the adsorption of W(CO)s, the initial step is the
desorption of multiple carbon monoxide ligands®***” so partially decarbonylated tungsten species
are formed®’. Afterward, as can be seen in Figure 3, these species lead to ligand decomposition
producing oxidized tungsten that is incorporated in a carbonaceous matrix®’. Moreover, SEs seem
to be responsible for these reactions?®%’. These can induce not only the dissociation of precursor
molecules but also of polluting species in the environment?® as hydrocarbons introduced by
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lubricant oil, vacuum grease, or photoresist, that are present for instance in silicone oil or
polyepoxides®®. However, contributions from high-energy electrons® cannot be excluded.
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Figure 3. The decomposition process of W(CO)s on a surface. Extracted from (37).

2.2 Characterization techniques

In the section of this chapter, morphology aspects are analyzed with atomic force microscopy
(AFM) and scanning electron microscopy (SEM). The compositional analysis will be carried out
by Raman spectroscopy and electrical properties by two-probe electrical IV measurements in a
probe station at room temperature (RT).

2.2.1 Atomic Force Microscopy and Scanning Electron Microscopy

The scanning probe methods can create 3D images of surfaces with nanometric resolution. One
type is Atomic Force Microscopy (AFM) in which the magnitude of the force between the tip and
the surface atoms of the sample is monitored®“%4!, This is a probe microscopy technique with
very high resolution which does not require either an expensive and energetic source of radiation
or vacuum chambers or complex installations. In AFM a tip is held under a cantilever whose
mechanical deflection is used to obtain information about the topography of a surface. The short-
range forces between the atoms of the sharp tip and the sample cause the deflection of the cantilever.
It is based on a balance between attractive VVan der Waals-like forces and electrostatic repulsive
forces between the tip and the surfaces and the relation between the cantilever and the applied force
is described by the Hooke’s law3%4%*!, This is based on the deviation of the optical signal from the
laser on the top surface of the cantilever by the mechanical deflection into a photodiode*®*t. The
resolution depends on the curvature radius and the sharpness of the tip, the surface geometry of the
sample, and the scanning mode*2. The typical resolution in XY is around 10 nm and below 1 nm in
Z. We have carried out these measurements in contact mode. As in this method, the tip is
continuously touching the sample, it is riskier than other scanning modes. However, if the samples
are nearly plane, this problem is avoided and it usually provides topographic images with a better
spatial resolution®. Moreover, samples with hard surfaces such as tungsten carbide are
appropriated for AFM analysis in contact mode®.

In this project, the thickness measurements of the WC nanowires were performed using an NT-
MDT NTegra Prima AFM* with a 100 um scanner and a universal head where the cantilever, the
laser, the photodiode, and the sensor are located*?. To cancel the external vibrations, the microscope

7



is on top of a vibration isolation table*2. We have used HA_CNC high accuracy contact composite
probe with a silicon body, polysilicon lever, and silicon tip from NT-MDT*#, The cantilever
length was 224 + 2 um and the force constant was 1.0 = 20% N/m. The total tip height was 9 to 16
pum and the tip curvature radius was <10 nm.

As the measurement of the width of the nanowires by AFM depends on the tip, we have also
determined it by SEM. This is an electron probe method where a high energy electron beam is
originated from an electron gun and accelerated by a set of collimators and magnetic lenses. The
electrons' interactions and the secondary effects of these interactions are detected and transformed
into images “0*°.

2.2.2 Micro-Raman spectroscopy

When light interacts with matter the main part of scattered light does not change its energy
(Rayleigh scattering) However, a little part of the incident photons is scattered towards frequencies
different from the frequency of the incident light*®. Raman Spectroscopy is based on the Raman
effect that is a scattering phenomenon based on the inelastic interactions of photons with the
vibrational modes of a sample. The scattered photons can gain or lose energy. Stokes lines are
generated when these frequencies are lower than the excitation frequency of the Raman laser. The
opposite happens in anti-Stokes scattering*>*°.
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Figure 4. (a) Structure of the system. Adapted from (47). Compressed air is connected to
pneumatic vibration isolators of the cryo-optical table. The cold head compressor, cooled by
water, provides helium to the cryostat set-up. It contains the pumps and valves, cold head, and
cold plate. (b) Vacuum diagram system extracted from (47). It consists of a turbo and a primary
pump, two valves, and a nitrogen supply.
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Our experimental set-up is comprised of attoDRY800 system including a closed-cycle cryostat
integrated into an ultra-low vibration optical table positioned on the floor with pneumatic isolators
to minimize mechanical disturbances. The vibration level is lower than 5 nm*’. The temperature
range of the system varies between 3.8 and 320 K and the temperature stability is lower than 10
mK. The base pressure in the sample chamber is ~ 1.10"° mbar*’. The motion of the sample is carried
out by a set of positioners and scanners. They are controlled by piezo motion controller ANC-350%
and piezo positioning electronic ANC300%. The linear z-, x-, and y-nanopositioners have a travel
range of 5 mm, 6 mm, and 6 mm, respectively. The fine linear positioning range is 5 um at RT*"
% The sample is placed on a stack of positioners and it is connected to the positioner adapter by a
thermal link.



There is also an optics holder positioning in which is mounted the objective LT-APO/V1S/0.82
with a clear aperture of 4.7 mm, a focal length of 2.87 mm, a numerical aperture (NA) of 0.82, and
a working distance of 0.65 mm. The range travel at RT of the scanner XY is 50x50 um whereas
the scanner z is 24 um*C, The cryostat has vacuum pumps, a cold plate, and control electronics.
A helium compressor cools the cold head and the cold plate in which is mounted the sample (Figure
4(a)). It includes the thermal shield, the vacuum shroud, and positioning arrangements*’*°. The
pumps and valves arrangement (Figure 4(b)) consists of a primary membrane pump, a turbo-
molecular pump, a pressure gauge, and three valves (pump valve, sample valve, and break vacuum
valve). The break vacuum valve is used for venting the system with nitrogen to flush the vacuum
chamber during sample exchange*’.
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Figure 5. Micro-Raman optical set-up. Consists of a 488 nm laser source, a set of mirrors and beam
splitters to guide the beam, a 488 nm line filter, a dichroic mirror, a white LED, an objective to
focus on the sample located on the XYZ piezo stage, a photodiode, a camera, a razor edge filter
and an Andor Shamrock 500i spectrometer. Inside the spectrometer there is a grating turret and a
CCD.

Powermeter

PHOTODIODE
|
il
[l

This research was performed at RT with an optical set-up (Figure 5) with a 488 nm wavelength
argon-ion laser at 1 mW power. Several mirrors are used to control the beam direction. A roulette
which regulates the intensity and output power light of excitation. Firstly, the laser beam passes
through a line filter which selects the 488 nm wavelength blocking light with different frequency.
The laser beam passes through a Semrock LL01-488-12.5 line filter which blocks all non-laser
signals. The laser beam is guided following the optical path and it finally reaches a dichroic
filter*?®!, After that, it enters inside a covered region to block ambient light, and after passing
through a beam splitter enters into the cryostat set-up.

White light provided by a LED follows the same optical path of the laser beam until it reaches
a 90° flipping beam splitter near a camera. In this system, we can simultaneously look at the sample
and the laser spot*2. The laser beam passes through a Semrock LL01-488-12.5 Filter and a Dichroic
mirror. When the laser enters into the cryostat set-up, goes through the objective that focuses the
beam in the perpendicular direction to the surface sample to analyze*?. On the top part of this
system, there is a photodiode that receives the light reflected from the sample after being
illuminated by the laser beam. Both Raman signal plus LED white light go out of the cryostat
system and returns to the dichroic filter which has a cut-off at 488 nm when the beam is
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transmitted*>®!. The Raman signal finally passes through a lens and razor edge filter® to enter into
the spectrometer. This contains a rotating turret. There are three different diffraction gratings with
different groove spacing. As a consequence, the angle of the diffracted light will be different so the
bandwidth varies*.

In this case, the measurements were carried out with the Grating 2 with a bandwidth of 169 nm
and 300 lines starting from 488 nm. Translating this into Raman shift (cm™) the wavenumber range

spans from 0 to 5271 cm™.#

Finally, the diffracted light is guided by a set of internal mirrors to a charged-couple device
(CCD) camera that converts the optical signal into an electrical signal. This signal is processed by
the Andor Solis software and give us counts of intensity*?. Data treatment is performed in R scripts
that | have programmed using Rstudio. This script gives a video which provides information about
the regions of the sample that are more or less emissive at different Raman shift with the spatial
resolution because we can correlate the optical image of the camera together with the reflectivity
map and the micro-Raman mapping. Several coordinates in the (XY) plane help us to identify
regions to extract spectra with high spatial precision.

2.2.3 Electrical characterization

Two-probe electrical measurements have been performed at RT in a probe station (Figure
6) over the samples corresponding to nanowires over SiOy/Si substrates and Cr/Au electrodes. For
the measurements, a Keithley 4200-SCS was used to apply a bias voltage between a different range.

Figure 6.

(a)Probe Station set-up.
Zoom of the XYZ stage.
Extracted from (53)

(b)Probes contacting
electrode pads.

(c)Optical microscopy image
of a nanowire.
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3. Results and discussion

In this chapter, we present a list of the samples fabricated and their deposition parameters. In
the following sections morphology, composition, and electrical properties will be discussed.

3.1 Sample list

In Table 2 there is the sample list with the deposition parameters. Samples 4,, A;, B, and
B, are used to study their electrical properties. The first three ones only differ in their length
and/or the number of nanowires. The sample B, has been fabricated with the same length and
beam current than By, but they have a different number of nanowires as well as a different
number of loops, dwell-time, step size and line spacing. The samples from AFM#1 to
AFM#2000 are arrays of 4 nanowires 1 um length used to study their morphology by AFM
technique. They differ from each other just in the number of loops. The samples Square#20
and Square#50 are used to study their composition by Raman spectroscopy. They have been
fabricated with the same deposition parameters than the AFM samples but instead an array of
4 nanowires they consist of an array of 4 squares, with 20 and 50 loops, respectively. The dose
is charge per unit area and its formula is: Dose = Loops - Beam current - Dwell time.

Table 2. Sample list with deposition parameters.

NAME Description  Length ~ Beam Loops  Dwell Dose Step Line
(um) CLérr]rAe)nt time (uClem?) (s;:rz:) spacing

(ms) (nm)
Ay 5 nanowires 15 0.2 50 0.1 4-10° 5 5
Aq 1 nanowire 20 0.2 50 0.1 4-10° 5 5
By 1 nanowire 25 0.2 50 0.1 4-10° 5 5
B,p 5 nanowires 25 0.2 2500 0.001 5.5-10° 10 10
AFM#1 4 nanowires 1 0.22 1 0.001 220 10 10
AFM#5 4 nanowires 1 0.22 5 0.001 1.1-10° 10 10
AFM#10 4 nanowires 1 0.22 10 0.001 2.2:10° 10 10
AFM#20 4 nanowires 1 0.22 20 0.001 4.4.10° 10 10
AFM#30 4 nanowires 1 0.22 30 0.001 6.6-10° 10 10
AFM#700 4 nanowires 1 0.22 700 0.001 1.54-10° 10 10
AFM#1000 4 nanowires 1 0.22 1000 0.001 2.2:10° 10 10
AFM#2000 4 nanowires 1 0.22 2000 0.001 44.10° 10 10
Square#20 4 squares 1x1 0.22 20 0.001  4.4.10° 10 10
Square#50 4 squares 1x1 0.22 50 0.001 1.1-10% 10 10
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3.2 Morphology discussion

The AFM images are not so easy to interpret due to many possible artifacts as well as surface
contamination, electrostatic forces, and heterogeneous surfaces that can impact the action of the
probe®*L. The images had to be flattened and corrected with step line correction due to line artifacts
mainly produced by the parallel scanning to the nanowires. To study the evolution of geometry of
the deposits with different deposition parameters such as the number of loops, we have analyzed
the mean height profile of several arrays composed of four nominally-identical nanowires. Each
array was fabricated under a different number of loops. All the images were equally treated with
Gwyddion imaging software.
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Figure 7. (a) AFM image of sample AFM#700 obtained in contact mode. This is an array of 4
nanowires 1 um length fabricated with 0.22 nA, 1us dwell-time and 700 loops.

(b) Height profile of a nanowire of AFM#700 sample. Experimental data (black line) and
Gaussian fitting (red line) show the mean height of this array ~32.7 nm

(c) Height versus the number of loops (axis on logarithm scale). Logarithm fitting (blue line).
Error bars (red color) show the standard deviation (o) of the measurements.

(d)Width versus the number of loops (axis on logarithm scale). Error bars (red color) show the
standard deviation (o) of the measurements.

As we can observe in Figure 7(c) there is a fast growth of the height with a lower number of
loops but when the number of loops increases the slope of the curve decreases. This provides us
very useful information not only to take control over geometry with more precision and also to
obtain empirical recipes but it also allows us to study different steps in the nanowire fabrication
process such as the nucleation, followed by growth and coalescence of the material®**. The
information we can extract from the figure is that there is linear growth above 30 and below 300
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loops approximately. The observed uniformity seems to indicate that there is no presence of
anomalous halo produced by the SEs®. The results of our measurements are shown in Table 3.

Table 3. Height profile measurements mean values and standard deviation (o) for arrays of
nanowires from AFM#1 to AFM#2000.

Sample AFM AFM AFM AFM AFM AFM AFM AFM

#1 #5 #10 #20 #30 #700 #1000 #2000

Loops 1 5 10 20 30 700 1000 2000
Height (nm) 0.4 11 18 2.8 37 32.7 385 50.4
o(nm) 0.1 0.2 0.2 0.1 0.6 35 5.2 85

The AFM is a standard technique to determine the height of grown deposits®2. Information
provided by previous research showed that the shape of the deposits changes with growth, as well
as the size of the interaction volume of the secondary electrons?. As we saw in the previous section,
the electron flow in this technique incorporates the contribution of secondary electrons®, which
have been seen to play a dominant role in the dissociation process®. The radial distribution density
and lateral range of these electrons are what mainly limits this technique. Furthermore, an insulating
sample can be charged if more or fewer electrons are injected as PEs than SEs are emitted
depending on the balance between them?®. This situation creates an electric field that could ionize
or polarize the precursor molecules and drive them towards the irradiated spot®.

Some models where possible interactions between adsorbed molecules are rejected indicate
that the growth rate is a function of dwell time®2. In similar studies using the precursor W(CO)s it
has been observed that if the residence time on the deposit was longer than on the substrate' this
resulted in a higher probability of dissociation and a higher growth rate once the deposit had
formed®. The longer the residence time, the greater the probability of dissociation?. The growth
process depends on the adsorbed molecules and the growth speed depends in turn on the residence
time of the same?. Likewise, a higher growth speed could prevent the incorporation in the deposits
of contaminant species?®. The opposite situation has been observed previous experimental research
in which nanodeposits of W superconductors grown by a focused ion beam where the growth rate
of W on SiO, was much higher than the growth rate on the already grown substrate?. The growth
of W per ion beam began with the nucleation of W particles when a low ion dose was used®. As
the dose increases, the particles grow until they melt, creating a continuous film. Here it was
observed that once the continuous film was formed, the growth was linear concerning the dose of
electrons used?,

Comparing with our experimental data we could affirm that the rapid slope of the initial curve
could indicate that the residence time is also greater on the first nucleated deposits than on the Si
substrate. It must be taken into account that as soon as the growth process begins, the surface goes
from being the substrate to being the deposit?®. As we can see in Figure 7(c), the relation between
the height and the number of loops is not linear and there is a logarithm trend. If we represent the
graphic on a logarithm scale we can see a sigmoidal curve that is normally observed in sigmoidal
growth Kinetics®*®>. In our case, in these samples, the difference is only the number of loops. So
the greater the number of loops, the higher is the total time and the dose of electrons. However, as
our fabrication approach is pulsed in our case it is different because the loops are between the lines.
That's why we have shorter dwells compared to literature. We go from one end of the thread to the
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other. Then we go to the extreme, stop for 50ms, and start the next loop. What we can say is that
there is an initial induction period that is attributed to the nucleation regime and when the stable
nuclei are formed there is a fast linear growth period and finally the growth slows down®>*®°,
Nucleation, growth and coalescence are processes that depend in turn on many factors such as the
residence time. As we commented before, this parameter varies continuously since the surface is
being continuously modified during this process. Additionally, the secondary electron yield is
different on the SiOy surface than when there is metal deposited. The presence of a certain amount
of deposited metal may influence the amount of precursor decomposed.

In similar studies, it has been pointed out that if the size of the deposit is small enough, the
amount of material deposited is not linearly proportional to the time during which they are exposed
to the electron beam but is determined by the statistics of the dissociated molecules®. The presence
of charging effects might be possible after reaching a determined height and receiving a determined
electron dose. This could spread the focus of the e-beam, or induce a lower dissociation of W(CO)s
and hence a slower growth. It must be taken into account that the growth process through FEBID
is produced by a set of complex physical phenomena influenced by a high number of factors such
as electron density and radial energy distribution, residence time, or the heating produced by the
beam?,

Figure 8. SEM images. (a) Sample A,: Five 15 um-long nanowires fabricated using a dwell-time
of 0.1 ms and 50 loops. (b) Sample A;: A 20 um-long nanowire fabricated using a dwell-time of
0.1 ms and 50 loops. (c) Sample B,: A 25 um-long nanowire fabricated using a dwell-time of 0.1
ms and 50 loops. (d) Sample B,j: Five 25 pm-long nanowires using a dwell-time of 0.001 ms and
2500 loops.



Despite using an amorphous SiOx substrate®®, SEM images obtained in situ during fabrication
show very narrow nanowires (Figure 8). The mean width varied between 38 nm and 64 nm
depending on the deposition parameters. We also observe a general trend for the creation of wider
deposits when the exposure time is increased due to a higher dose of electrons®. The information
provided by the SEM images about the width and the height information provided by AFM permits
us to make sure that high-aspect ratios can be achieved. Furthermore, the possibility of high
reproducibility in the growth of these nanowires would be a great advantage, since, as other groups
have done, this would allow obtaining samples with very similar transport properties®.

3.3 Composition discussion

The results of Raman spectroscopy allow us to correlate the deposition parameters, the
microscopic configuration of C clusters present, as well as the physical properties®. In WC sheets
grown by CVD or physical vapor deposition (PVD), compositional analysis indicates the presence
of a mixture of different phases of tungsten carbide and oxides of different stoichiometries®®. The
material grown in FEBID is normally composed of the metallic element, C, and O that comes from
the precursor or contaminants (oxygen, hydrocarbons, and water vapor)?® as previously shown in
Figure 3. The microstructure of materials obtained by FEBID can be amorphous,
nanogranular/nanocomposite, or nanocrystalline®>. Among the amorphous and polycrystalline
structures are nanogranular systems that consist of nano-crystallites embedded in a matrix rich in
C3. Depending on the microstructure, the physical properties vary substantially®2,

Ramanshift ~506 cm™!

Counts
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Figure 9. Square#50 and Square#20 samples 1 um length fabricated with a beam current of 0.22
nA, dwell-time of 0.001 ms, 50 and 20 loops respectively. (a) SEM images (b) Reflectance map
provided by the photodiode. (c) Raman map at 506 cm™ Raman shift (1% order of Si peak). The
map is 15 x 15 um. Spectra of points S1, S2 and S3 are shown in Figure 10.

We have used samples Square#20 and Square#50 to study the composition by Raman
spectroscopy. Each of them consists of a set of 4 squares with sizes of 1 um x 1 um (Figure 9(a)).
We also carried out this technique over an array of nanowires. However, the peaks there could not
be clearly distinguished as the brightness of the electrodes masks the Raman map and may reflect
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a lot from the laser. Gold has a reflectivity of r ~ 0.7 around a wavelength of 550 nm®’ and in this
energy range, chromium also has high reflectivity®®. The reflectance map (Figure 9(b)) shows
regions more reflective inside the deposits.

In the regions outside the deposits only Si Raman peaks are observed (S1 spectra in Figure
10(a)). Inside them we can see more contributions (S2 and S3 spectra in Figure 10(a)). This can
also be observed in Figure 11. Although we can see in Figure 10(b), both peaks D and G due to
the deconvolution of the Gaussians the signal-to-noise ratio (SNR) is low .This SNR could probably
be due to errors in the alignment of the laser in the optical path of our experimental set-up. In any
case, the presence of both peaks is intuited. According to this research®®, the D-peak and G-peak
were only present for samples with a carbon content greater than 50 % at®®. This is an indication
that the atomic composition of C in our deposits is high.
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Figure 10. Square#50 and Square#20 samples (a) Raman spectra zoom of points S1, S2, and S3.
(b) Smoothed spectra in S3 point and deconvolution of Gaussian peaks.

The use of Raman spectroscopy in the study of tungsten carbide nanostructures and its
microstructure has already been used by other groups?°5*° as it is shown in Table 5. This Table 5
assembles data from several research of Raman peak positions and their associated modes. Besides,
we have found in the literature that peaks at higher wavenumbers (1200-1850 cm™) could provide
information on the amorphous carbon matrix?”>® and changes in the phase of nanostructured WC
sheets®, basing on the position and full width at half maximum (FWHM) of the carbon
fingerprints?®6,
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(a) Figure 11. Square#50 and Square#20 samples

(a) Raman Map at 528 cm™ Raman shift. Map is
15 x 15 pm in area.

(b) Raman spectra of colored points 1 to 5. Region
outside FEBID deposits.

(c) Raman spectra of colored points 6 to 10 a
constant displacement of 400 counts in intensity.
Regions 6 and 8 are inside FEBID deposits where
C fingerprints appear. Regions 7 and 9 are nearby
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The analysis of different C phases by Raman spectroscopy is complex?. The intensity of the
lines provides a measure of the relative abundance of C while the width is more related to the size
of the cluster, the order within it, and its distribution®. The structure of the carbonaceous matrix
could be determined by analyzing the positions of the D and G peaks and their ratios of relative
intensities?’. Typically, the increase in the I /I, ratio implies that the number of nanocrystalline
graphitic inclusions increases?®.

In the literature we have found that the narrowing of the peak D and G>® were stated to be
consistent with an increase in the matrix order of the sp, matrix -C attached®®. The increase and
sharpening of the D and G peaks correspond to a progressive crystallization of the initial phase of
amorphous C towards nanocrystalline graphite®. This is opposite to our experimental results so it
seems that there is an important contribution of amorphous C. If we compare with other research?’:%
this seems to be congruent with our experimental results. Our Raman spectroscopy measurements
indicate the existence of an amorphous structure.

Furthermore, our experimental results do not show us clearly the WC peaks. Although there
seems to be a peak in the low-frequency range around 200 cm™ (Figure 10(a)), the number of
counts is very small. The SNR is not high enough to be able to affirm it. It might be masked by
the contribution of other different Raman peaks with higher intensity or by the reflection of the
laser. Despite integrating a longer time (2 seconds per point) the SNR did not improve much more.
In these circumstances, it is very difficult to determine the peaks associated with the WC or the
relative intensity of the C peaks. Even though the results obtained do not allow us to identify the
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WC peaks, the laser reflection together with the reflectance map seems to indicate the presence of
some metallic composition within the deposits. This information will be complemented with ex-
situ electrical transport measurements in the next section.

Table 5. Summary of Raman peak positions from different research.

Raman Peaks positions (cm™) Associated mode
690 and 860 685-805 Stretching modes WC?'®
803, 704 and 127 WC oxides modes®
200-400 O-W-0 bending modes®®
675 and 810 W-O stretching modes®®
960 W = O modes®®
Wide peaks in 600-900 Different phases of carbides and oxides®®
709 and 806 272, 716 and WC30

807
1280 1298 and 1335 D-band (sp3-hybridized
diamond-like C)?"30%°

1343 1350 D-ling?"28:30.56
1580 1585 G-ling?'-306
2300-3300 broadening Vibrations of C-H bonds and D and G mode of

the graphitic C planes in the free C

Apart from problems with the alignment and focus of the laser beam, the low SNR may be due
to the small width of the nanowire compared to the diameter of the laser?®. We also have to take
into account that as the compositional analysis has been carried out ex-situ, there is the possibility
that the composition of the deposits has been modified by external agents?®. Even in situ
contamination of the samples is also possible since residual gas could also affect, acting as a second
precursors?,

To clarify the elemental composition, additional research is needed. If the problem with these
samples is derived from the small amount of material, we could fabricate samples with a greater
surface area and / or thickness. We could also integrate for a longer time during the measurements
or analyze its composition using another spectroscopic technique, as have other groups such as
XPS®®, energy-dispersive x-ray spectroscopy (EDX)%3%2% reflection absorption infrared
spectroscopy (RAIRS)** or high-resolution energy loss spectroscopy (HREELS)?34,

On the other hand, it has been found in other studies that by using spectroscopic measurements,
a relationship of the composition with the time of irradiation of the electron beam and that the
incident electrons could produce atomic displacements of oxygen and carbon at particular
energies®.. At higher current densities the C content in an electron beam induced deposition (EBID)
reservoir frequently decreases®. For instance, a significant decrease in C has been seen after
annealing since due to the partial pressure of oxygen it can be effused out®. That is, the D and G
bands decrease due to the elimination of C>® and new peaks appear at lower frequencies that indicate
incipient oxidation of the WC phases mixed with the carbides®™. It has also been seen that the lower
the pitch was the more amorphous was the matrix of carbon?’. Moreover, the dwell time can be a
decisive parameter that varies the composition of the material significantly. It would be interesting
for us to do more research in this direction for future experimental work.
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3.4 Electrical properties discussion

The final goal of this project is the fabrication of nanowire single photon detectors based on
hybrid superconducting materials so these measurements are of high relevance. In similar
studies?’13 it has been observed that the deposition parameters and the conditions for a given
precursor have a significant effect in the microstructure of the resulting deposits. The
microstructure is intrinsically related to its electrical properties. In particular, in FEBID structures
using W(CO)e*?, the metallic content can be modulated by electron beam parameters. Despite this,
the interpretation of electrical properties is complex as changes in the content of the sample modify
the microstructure itself*2. For instance, in an array of 2D WC nanodots, it has been observed that
the variation of the energy of the electron beam current or the raster constant can modulate the
electrical properties®”.

From the current-voltage (I-V) curves and the dependency of the electrical conductivity with
the temperature, several electrical transport mechanisms can be studied?’. For electrical conduction,
3 regimes have been distinguished: metallic, a transition from metal to insulator, and insulator?®,
In granular metals, depending on how is the relation of the conductivity and the temperature,
transport can be metallic, tunnel type, or it can be thermally activated associated with variable-
range-hopping (VRH)?32 with an Arrhenius type conductivity and a large energy gap in agreement
with an insulating regime®32, In granular metals, the electrical transport properties depend on the
tunnel conductance between neighboring grains and the fluctuations of chemical potentials between
grains due to charged impurities in the matrix®. As a consequence, they can have a metallic, partial-
insulating or insulating behavior®?,

In Pt-C FEBID structures it has been found that it is possible to modulate the system through
the metal-insulator transition by irradiating the post-growth deposits®2. The four orders of
magnitude increase in conductivity were identified as being due to a change in structure from an
amorphous C to nanocrystalline graphite®. In similar studies using the precursor W(CO)e* it has
been observed that this transition could be controlled by the beam step size. In this research?’ the
nanostructures with the highest pitch were in the insulator region and the samples with the lowest
pitch were in the metallic region?’. In this case, the deposits were homogeneous enough so that the
Gaussian profile of SE could overlap?’. For large pitches, they found an Arrhenius-like behavior®.

The electrical resistivity (p) in samples manufactured by FEBID has been found to depend
strongly on the metallic content in the microwires?®. Different research has shown p at RT in
nanowires of Fe with values from 186 uQ-cm to 3,84.10° uQ-cm as a function of Fe content®,
Values of p>103 pQ-cm are far from the metallic conduction regime and values from p>10*
pQ-cm at RT usually indicates insulating behavior?,

We measured samples A,, A, B, and B,, in the probe station by two probe method. Their size
and deposition parameters are specified in Table 2 and Figure 8. The electrical resistance of
nanowires is expressed as R=p,, L, where L is the length of the wire. In those samples formed by
arrays of parallel nanowires (samples 4, and B, ) instead of a single nanowire, the resistance of
the nanowire was obtained from the calculation of equivalent resistance of all the nanowires in
parallel. We can see these results in Table 6.

19



Table 6. Electrical resistance and resistivity values measured from samples 4,, 4,, B, and
B, at RT by two-probe method.

SAMPLE Electrical resistance (2) P1p(Q.cm)
Ay 1.10-10° (total array) 3.70-108
5.60-10° (one nanowire)
Ay 1.25-10° 6.24-108
B, 7.50-10° 3.0-10°
B,p 5.8-10* (total array) 1.15-108

2.89-10° (one nanowire)

The resistivity results at RT for samples 4, and 4, were 3.7-108 Q-cm and 6.24-10% Q-cm,
respectively. These are values much higher than those found by other groups (p = 2500 uQ-cm)
but they used a dose of electrons greater than ours®. In this other study making reference to other
research they reported nanowires fabricated by electron beam induced CVD (EBICVD) using
W(CO)s as a precursor with a resistivity of 600-200,000 pQ-cm at RT3, Analyzing our samples
B, and B, although the dose of electrons is lower in B, than in B, the shortening of the dwell-
time and the increase in the number of loops provide a higher conductivity value for B, . Sample
B, fabricated with the same deposition parameters as A, and A, but with twice the diameter but
longer, has a higher resistivity than A, and A;. In any case, all these values are in the limit between
insulating and semiconductor materials.

A possible explanation for our high resistance value in addition to the contact resistance could
be due to the existence of a possible lower W content and higher C content and / or due to an
amorphous structure. Due to the scattering of electrons in amorphous materials, the free path
electron medium is greatly reduced®. This could also be responsible for an increase in Tc, as it
seems to indicate in amorphous nanodeposits of W grown by FIBID?. Furthermore, in FEBID it
has been observed that organometallic precursors tend to form mainly amorphous deposits®. It is
important to take this into account because it has been proven that above a certain impurity
concentration the material could not become superconducting at low temperature (LT)3L.

Moreover, in Figure 12(a) we can see that at low range voltage sweep there is ohmic behavior
but at high voltage, there is a bending typically related to tunneling electric transport®®-62 (Figure
12(b-e)). This is congruent with the high resistivity values, as well as the big contribution of
amorphous carbon observed in Raman measurements.

The amorphousness of our samples should be corroborated by transmission electron
microscopy (TEM) measurements, although the thickness of the samples should be less than 100
nm?. 1t might be possible to modify this amorphous structure through post-irradiation treatments
as has been demonstrated in Co-Pt*2. Much research is still needed in this field as beam-induced
chemistry is still neither well understood nor well-controlled®. Beam-induced chemical reaction
pathways are very complex®2,

Before making a definite statement additional work is needed. To check if they have a metallic
behavior, we would have to study the evolution of I-V curves as we decrease the T. In FEBID
metallic structures using W(CO)s is expected a good conductivity with increasing values if the
temperature is lowered®. Performing four-probe electrical measurements under cryogenic
conditions are expected.
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Figure 12. I-V curves of sample B, at a different range of sweep voltage.

4. Conclusions and remarks

Nanowires with high aspect-ratio have been fabricated by PFEBID as it is corroborated by both
SEM and AFM images. Likewise, the fabrication of nanowire arrays shows that using this
technique it is possible to manufacture structures with a meander-shaped geometry, as has been
carried out in other research on SNSPD but with the EBL technique'*>#1°, The relation between
the height and the number of loops is not linear and this allows the creation of empirical recipes
with better control on the nanofabrication process. Additionally, the nanowires with equal
deposition parameters show a good logarithmic fit that is included within the uncertainty interval
defined by their standard deviation of height. This seems to indicate that this technique provides a
reliable way of fabrication nanowires not only in their width and length but also in their thickness.

Regarding its composition and microstructure, the experimental results obtained by Raman
spectroscopy do not show clearly the peaks associated with tungsten carbide. This may be due to
masking by the contribution of other peaks with higher intensity, to background noise, or laser
reflection by the deposits themselves. However, Raman peaks D and G corresponding to
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amorphous carbon are intuited in the region of the deposits. The G peak is clearly present. The
presence of amorphous carbon would be congruent with similar studies from other groups using
FEBID. Nevertheless, additional research is required to clarify the elemental composition. It might
be necessary to perform different spectroscopic techniques such as EDX.

Furthermore, electrical measurements show the ohmic behavior of the nanowires at RT. The
resistivity values vary from 1.15-10® Q-cm to 3.10° Q-cm depending on the deposition parameters.
Its correlation matrix is shown in Figure 13. These values are several orders of magnitude higher
than others found by other groups employing FEBID3. The possible lower tungsten content could
explain the higher resistivity and this would be consistent with the literature since we have used a
much lower total dose of electrons. The contact resistance has not been taken into account in the
calculation of the electrical resistance of the nanowires and it is known that their influence in one-
dimensional materials is extremely important. Besides, the possible presence of organic
contaminants in the region contacted with the electrodes could also affect. These results indicate
that there is probably a semiconductor or insulating material, however, to check if there is metallic
behavior or a superconducting transition it needs to be measured at low temperature. Further
electrical measurements at low temperatures inside the cryostat are expected.

S

Figure 13. Correlation matrix between
resistivity and deposition parameters.
The intensity and size of the circle are

- proportional to the correlation factor.

e The larger the circle, the greater the correlation
between variables. The blue color indicates a
positive correlation. The red color indicates a

04 negative correlation.

A deeper understanding is required at the molecular level of the interactions between the
substrate, the electrons, the adsorbed precursor molecules®, as well as the accompanying bond
break events and the deposition process2. It would also be interesting to investigate how to provide
a suitable chemical environment to fabricate optimized deposits by this technique®2. One could also
study the effect of some heat treatment for purification. Further optimization of the nanofabrication
process will be performed to improve the metal content. Future research related to their photo
responsivity is also expected.
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