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We study the origin of the strong difference in the resistivity of focused-electron- and focused-Ga-ion-beam-induced deposition
(FEBID and FIBID, resp.) of Pt performed in a dual beam equipment using (CHj;);Pt(CpCHj,) as the precursor gas. We have
performed in-situ and ex-situ resistance measurements in both types of nanodeposits, finding that the resistivity of Pt by FEBID is
typically four orders of magnitude higher than Pt by FIBID. In the case of Pt by FEBID, the current-versus-voltage dependence is
nonlinear and the resistance-versus-temperature behavior is strongly semiconducting, whereas Pt by FIBID shows linear current-
versus-voltage dependence and only slight temperature dependence. The microstructure, as investigated by high-resolution
transmission electron microscopy, consists in all cases of Pt single crystals with size about 3 nm embedded in an amorphous
carbonaceous matrix. Due to the semiconducting character of the carbon matrix, which is the main component of the deposit,
we propose that the transport results can be mapped onto those obtained in semiconducting materials with different degrees of
doping. The different transport properties of Pt by FEBID and FIBID are attributed to the higher doping level in the case of FIBID,
as given by composition measurements obtained with energy-dispersive X-ray microanalysis.
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1. Introduction

Focused-electron- and focused-ion-beam-induced deposi-
tion (from now on, FEBID and FIBID, resp.) of metallic
materials is one major application of “dual beam” systems,
which integrate electron and ion columns. FEBID and
FIBID allow local deposition in the targeted place with
controllable lateral size (typical size from 15nm to 10 ym)
and thickness (typically ranging from 10nm to 10um).
Amongst applications of FEBID and FIBID deposits, one
can cite the reparation of optical masks and integrated
circuits [1], fabrication of three-dimensional nanostructures
[2, 3], deposition of protection layers for lamella preparation
[4], creation of electronic nanodevices [5], fabrication of
nanoelectrodes and nanocontacts [6], transport studies of

nanowires [7, 8], and deposition of magnetic [9, 10] and
superconducting materials [11-13].

FEBID and FIBID involve a chemical vapor deposi-
tion process that is assisted by electron and ion beams,
respectively (for recent review articles, see [14-16]). Roughly
speaking, precursor gas molecules containing the material
to be deposited flow from an injector toward the substrate
and become adsorbed to it. The precursor gas molecules are
decomposed by the electron or ion beams, and the material
is locally deposited. More in detail, this growth technique
is based on three physical/chemical processes. The first
one is the substrate-precursor molecule interactions, involving
mechanisms such as diffusion, adsorption, and desorption.
The second one is the electron/ion-substrate interaction. A



primary beam of electrons/ions is focused onto the substrate.
Some of these electrons collide and are deflected from
their initial trajectory whereas other ones undergo inelastic
collisions transferring the energy to other electrons/ions. The
third one is the electron-precursor molecule interaction. The
probability that an electron induces the scission of a bond in
a precursor molecule depends on the electron energy and is
generally expressed as a cross-section (cm?). It depends on
the energy of the bonds within the molecule and, in general,
electrons with energy of a few eV are able to produce the
molecule dissociation. Besides, two clear deposition regimes
have been identified. In the first regime, coined electron-
limited regime, the growth is limited by the current density
and is independent of the gas flux. In the second regime,
coined precursor-limited regime, the growth is limited by
the number of molecules arriving at the irradiated area
[16].

The physical phenomena involved in the deposition are
thus complex, and models trying to explain the experimental
results take into account factors such as the electron flux
as well as their spatial and energy distribution, the cross-
section of the precursor as a function of electron energy, the
precursor residence time, the electron-beam-induced heat-
ing, etc. An important piece of information has been gained
through Monte Carlo simulations [14]. Those simulations
have highlighted the important role played by the generated
secondary electrons in the deposition rate and also in the
spatial distribution and resolution of the nanodeposits.

When the precursor molecules are organic, in general
they are not fully decomposed and, together with the metallic
component, a carbonaceous matrix is also present, which is
relevant for the physical and chemical properties exhibited
by the deposit. One of the most used metallic materials in
these deposits is Pt, which calls for detailed characterization
of the process and the deposited material. In previous studies,
the resistivity values of as-grown Pt nanowires grown with
FEBID and FIBID were found to be strongly dependent
on the deposition parameters but, in general, the FIBID
deposits showed lower resistivity values [17-21]. Different
conduction mechanisms have been proposed in these Pt
nanodeposits but a clear picture is not established yet, mainly
due to the important role played by the carbonaceous matrix.
The low percentage of Pt in the deposits compared to the
residual C is a handicap for their long-searched metallic
behavior.

In the present work, we study the transport properties of
Pt by FEBID and FIBID with in-situ real-time control of the
deposit resistance by means of electrical microprobes. One
advantage of the in-situ electrical characterization compared
to the ex-situ one is that spurious effects such as oxidation or
contamination under ambient conditions will not play any
role in the obtained results. These measurements are comple-
mented with more standard ex-situ transport measurements
in a cryostat. In order to give a satisfactory explanation
of the observed transport behavior, detailed transmission-
electron-microscopy (TEM) and energy-dispersive X-ray
microanalisis (EDX) studies have been performed. The set
of results allows us to propose a comprehensive explanation
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of the differences between Pt nanodeposits grown by FEBID
and FIBID.

2. Experimental

For the present experiments, a commercial “dual beam”
instrument (Nova 200 NanoLab from FEI) has been used. It
integrates a 30 kV field-emission electron column and a Ga-
based 30 kV ion column placed forming 52° with coincidence
point at 5mm away from the electron-column pole. For
Pt deposition, an automatized gas-injection system (GIS)
was used with (CH3);Pt(CpCHj3) as the precursor material.
The GIS tip was positioned about 150 ym away from the
region of interest in the z direction and about 50 ym away
in the x/y direction. The GIS was heated to about 40°C for
operation, and a 10-minute preheating period was realized
before deposition. The real temperature in the GIS can be a
bit lower (=1K) than the set point [12].

For the investigation of the composition, growth of Pt
by FEBID and FIBID was carried out in 5 X 5um? areas
on a Si substrate. After waiting for a few minutes in order
to allow most of the adsorbed precursor molecules to leave
the substrate surface, EDX microanalysis was performed by
means of a commercial Oxford INCA 200 EDX setup whose
detector is driven in the vicinity of the sample. Prior to
each EDX experiment, energy calibration by means of a
Co calibration sample was done. The volume per dose has
been calculated after doing cross-section inspections of the
deposits in order to measure the deposit thickness.

For the electrical measurements of the Pt deposits, we
designed experiments where the deposits close a 12 ym
gap between metal electrodes. The metal Al electrodes
were micropatterned on a SizNg (300nm)/Si substrate
following these steps: (1) the Si3Ny4 layer was grown with
a plasma-enhanced chemical-vapor-deposition equipment
(from Sistec Company) on a Si wafer in order to ensure
good electrical insulation from the substrate; (2) an optical
lithography lift-oft process was carried out via an image
reversal photoresist and metal deposited with an electron-
beam evaporator (from Edwards Company) and finally
acetone immersion. The mask design was done so that
contact pads for measurements of the electrical resistance in
2-probe as well as 4-probe were available.

Electrical microprobes (from Kleindiek) were used for
precise in-situ control of the deposit resistance [22]. These
conductive microprobes are connected via a feedthrough to
a Keithley 2000 multimeter located out of the dual beam
chamber, which allows measuring the deposit resistance by
two-probe measurements provided that its value is below
120MQ. A two-probe method is used to measure the
resistance applying constant current of value 700 nA and
continuous monitoring. The lead resistance was only about
13 Q, which guarantees no significant influence on the mea-
sured resistance of the deposit, which is at least two orders
of magnitude larger as will be shown later. In the current-
versus-voltage characterization and in the measurements
as a function of temperature, four-probe measurements
were performed with a 6220 DC current source-2182A
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FIGURE 1: SEM images taken after cross-section experiments performed in (a) a FIBID Pt nanowire and (b) a FIBID Pt square deposit. In
both cases, a layer of FEBID Pt is deposited on top of the FIBID deposits before ion milling in order to protect the area to be investigated and

to get higher image contrast for reliable thickness measurements.

nanovoltmeter combined Keithley system, which warrants
no influence of any contact resistance. For the measurements
as a function of temperature, microcontacting to a chip
carrier has been performed, and a closed-cycle refrigerator
has been used to cool down the sample.

The high-resolution TEM (HRTEM) study was carried
out using a Jeol 2010F equipment operated at 200 kV (point-
to-point resolution 0.19 nm) on Pt deposits either grown on
Cu TEM grids with a supporting carbon membrane or by
inspection of a typical thin lamella (<100 nm thick) prepared
after deposit growth.

3. Results

The results presented hereafter have been obtained in Pt-
based nanodeposits grown either in the form of nanowires
or in the form of square areas. In Figure 1, we show
typical cross-section SEM images of these nanodeposits. The
standard cross-section method for the imaging of the place
of interest involves: (1) the deposition of another material
on top of it for protection and high image contrast, (2) FIB
milling from the top and cleaning procedure at low current
or voltage, (3) sample tilting and SEM imaging.

As can be observed in Figure 1(a), our nanowires are
typically a few microns long, one micron wide, and a few tens
or hundreds of nanometers thick. The square nanodeposits
have typically & 5 X 5um? area as shown in Figure 1(b)
and thickness of some hundreds of nanometers. The shown
nanowire and nanodeposit correspond to Pt FIBID samples
which have been covered with a protective Pt FEBID layer for
the cross-section evaluation.

3.1. Volume per Dose of the Pt Nanodeposits. In order to com-
pare the transport properties of FEBID and FIBID samples
with similar thickness, the volume per dose (in ym?/nC)
has been first investigated. The procedure to calculate the
volume per dose consists in growing the nanodeposits in a
~5X 5 um? square area, measuring the thickness by standard

cross-section experiments with the assistance of FIB milling
and SEM inspection, and calculating the total amount of
charge received by the sample. The ratio of the nanodeposit
volume to the charge gives the volume per dose.

Pt by FEBID at several incident electron beam energy
in the range from 1kV to 30kV was performed. At each
fixed beam energy, several depositions of size ~ 5 X 5um?
have been carried out with five different beam currents in
the range 0.4-9.5nA. The electron beam current was found
not to have any significant influence on the volume per
dose. In Figure 2(a), the volume per dose is represented as
a function of the beam energy. Thus, for a fixed beam energy,
the average volume-per-dose value of all the investigated
currents is represented together with the standard deviation
(error bar). In every experiment, the nanodeposit thickness
is evaluated by the standard cross-section method. It can be
noticed that the volume per dose decreases as a function
of the beam energy, as previously found for FEBID of Pt
[23, 24]. The decrease is rather fast up to 5kV and flattens
above 15kV as previously found. At 30kV, the volume per
dose is four times lower than at 1kV. This dependence can
be explained by the decrease in the amount of secondary
electrons generated in the substrate and reaching the sample
surface [14-16, 23, 24]. The deposition rate, R, is governed
by the formula

Ey
R= jo F(E)ous(E)NAE (1)

where E; is the energy of the primary electrons, f(E)
and oyiss(E) are, respectively, the flux of electrons and the
electron-impact dissociation cross-section at given energy,
and N is the molecular density on the surface. o4iss(E) is
experimentally found to show a maximum at a certain energy
in the range of a few tens of eV (see the example of C;Hs in
[14], with maximum in ogjs at 18 €V). On the other hand, the
distribution of secondary electrons generated by the incident
electron beam is maximum in the same range of energy,
which favors that secondary electrons contribute largely
to the molecule precursor dissociation. As the secondary
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FIGURE 2: (a) Average volume per dose versus incident electron
beam energy in the investigated Pt deposits by FEBID; (b) average
volume per dose versus incident electron beam energy in the
investigated Pt deposits by FIBID. The inset shows the volume per
dose versus ion beam current in the investigated FIBID deposits at
fixed incident beam energy of 10 kV.

electron yield decreases with the incident electron beam
energy, the diminishment of deposition rate with increasing
beam energy is naturally explained.

Pt by FIBID at several incident ion beam energies in the
range from 5kV to 30 kV was performed with beam currents
from 44 pA to 2.6 nA. In sharp contrast with Pt by FEBID, in
Pt by FIBID the beam current modifies the volume per dose
at fixed incident beam energy. Figure 2(b) indicates that the
volume per dose slightly increases as a function of the beam
energy. This fact can be explained by a higher amount of
secondary electrons being generated at higher beam energy
and being able to reach the sample surface. In contrast to
electrons, the Ga ions, even at high energy of 30KkV, are
stopped in about 50 nm below the sample surface [23], which
allows the generated secondary electrons to reach more easily
the sample surface. As shown in the inset of Figure 1(b)
for deposits at 10kV, the volume per dose decreases as a
function of the beam current, which is explained by the
lack of full refreshment of the precursor molecules adsorbed
to the sample surface at high beam currents. Thus, a 50%
higher volume per dose can be obtained at 50 pA compared
to0 2.6 nA. This decrease of the volume per dose with the beam
current is also observed in deposits performed at different
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Figure 3: The image on the left top is a SEM picture of the
electrical pads patterned by optical lithography together with the
two microprobes contacted for in-situ control of the deposit
resistance. The image on the right top is a SEM picture of one
typical deposit closing the gap between the contact electrodes for
the measurement of the resistance. The shown results of resistance
versus time correspond to the comparison between several Pt
samples grown by FEBID and FIBID. Resistance monitorization
starts after 6.3 minutes in the case of the FEBID process and 1.5
minutes in the case of the FIBID process. The final deposit thickness
is approximately the same (160 nm) in all cases (see text for details).
For the sake of clarity, zero time is the starting point of the resistance
monitorization in all cases.

beam energies (from 5kV to 30KV, results not shown). As
a further example, at 5kV it is obtained that the volume
per dose decreases from 0.52 ym*/nC to 0.39 ym?®/nC with
the increase of the ion beam current from 70 pA to 1nA.
These results show that with those large ion beam currents,
the growth belongs to the precursor-limited regime, in sharp
contrast to the case of FEBID of Pt described above.

3.2. In-Situ Control of the Electrical Resistance during Depo-
sition and Comparison of the Transport Properties. The
possibility of in-situ control of the electrical resistance
during deposition, which is demonstrated in Figure 3, is
very interesting and has been previously reported with
different approaches in [12, 25]. In our case, by careful initial
positioning of the electrical microprobes with respect to the
contact electrodes and final adjustments with the help of
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the electron and ion beams imaging, it is possible to realize
in-situ good electrical contacts between the probes and the
contact electrodes [22]. Thus, if we locate the electrical
microprobes on a metallic electrode, we measure 13 Q, which
is the specified lead resistance. In our targeted experiments,
the electrodes are separated by a 12 ym gap, which is closed
with the FEBID or FIBID deposits (with size 1 X 20 um?).
After certain time, the deposit resistance is below 120 M,
and we start to monitor continuously how the resistance
decreases as the deposition time goes on.

In Figure 3 we compare Pt samples by FEBID and FIBID
with similar thickness in order to give evidence for the
success in the application of the method as well as the
strong difference in the resistance of the deposits. In all
cases a multiscan (several beam passes) process is used.
Three FEBID and FIBID deposits are shown to illustrate the
reproducibility of the results. In the case of the shown FEBID
deposits, we have used the conditions: beam current =
0.54nA, beam energy = 10kV, and dwell time = 1 us. After
6.3 minutes, the resistance reaches 120 M), and we start the
resistance monitorization. After additional deposition time
of 14.6 minutes, the final resistance is found to be 23.5 MQ.
In the case of the FIBID deposits shown, we have used the
conditions: beam current = 10 pA, beam energy = 30kV,
and dwell time = 200 ns. After 1.5 minutes, the resistance
reaches 120 M), and we start the resistance monitorization.
After additional deposition time of 10.7 minutes, the final
resistance is found to be 1 kQ). Even though the final thickness
of all the deposits is roughly the same (~160nm), the
resistance is four orders of magnitude lower for Pt by FIBID.
For these nanodeposits of thickness 160 nm, the resistivity
value in the case of the Pt by FEBID is about 107 uQcm
whereas it is about 800 yQcm in the case of Pt by FIBID, in
any case much higher than for bulk Pt, 10.8 yQcm.

In a homogeneous system with a certain resitivity, p, one
expects Ohm’s law to hold

[ 1

R= PS ™ thickness @
Assuming that the nanodeposit thickness is proportional

to the deposition time, one can represent the resistance ver-
sus the inverse of the thickness in order to investigate if this
behavior occurs in the FEBID and FIBID nanodeposits. This
representation is shown in Figure 4 for selected FEBID and
FIBID nanodeposits. In the case of the FEBID nanodeposit,
such scaling is not obtained but a slight decrease of the
resistivity with thickness. In the case of the FIBID nanode-
posit, the effects are dramatic. It is clearly observed that the
scaling of the resistance with the inverse of thickness only
occurs for thickness above ~100 nm. This means that the
nanodeposit resistivity is changing rapidly during the first
~100 nm and finally stabilizes at about 800 uQcm. A similar
behavior has been observed by Spoddig et al. in Pd-based
nanowires grown with FIBID [12]. It can be speculated that
as the nanodeposition starts and proceeds, the nanodeposit
composition changes as a function of the thickness due to
the “changing substrate” seen by the incoming ions. As we
have described in Section 1, the interactions between the
precursor molecules and the substrate as well as the incoming
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FIGURE 4: Representation of the resistance as a function of the
inverse of thickness for one selected FEBID Pt nanowire and one
selected FIBID Pt nanowire, which illustrates that the constant
value expected if the Ohm-law applies only occurs for the FIBID
Pt deposits above ~100 nm.

ions with the substrate is crucial for the physical phenomena
involved in the nanodeposition, and these interactions will
change with thickness during the first tens of nanometers. A
focused work on this interesting issue is currently in progress.
In Figure 5, again in-situ, we compare the four-probe
current-versus-voltage dependence after finishing the growth
of one FEBID and one FIBID Pt deposit of similar thickness
to those of Figure 3. As can be seen in the SEM image of
Figure 5, it is possible to place the four electrical microprobes
and the GIS in the area of interest. These measurements
have the advantage that any lead resistance or contact
resistance is eliminated, and the intrinsic resistance of the
nanowire is measured. Whereas the FIBID deposit, with
resistance about 1kQ (p ~ 800uQcm), shows a linear
dependence in the studied voltage range, the FEBID deposit,
with resistance about 50 MQ (p ~ 107 uQcm), shows a non-
linear dependence. The differences between both types of
behavior lie on the different content of the nanodeposits as
will be demonstrated later. The linear behavior of the FIBID
Pt is the expected response for a metallic or quasimetallic
system. On the other hand, the non-linear behavior observed
in the FEBID Pt deposit can be explained on the basis of
the relevant role played by the semiconducting carbonaceous
matrix. Interestingly, in the inset of Figure 5(b), the conduc-
tance of the FEBID Pt deposit is represented as a function
of the applied voltage. It is observed that the conductance
decreases up to =~0.6V and then starts to increase for
higher voltages. We interpret this result within the theoretical
framework developed by Van Lien and Shklovskii [26],
further studied with Monte Carlo simulations [27], and
experimentally observed in doped silicon [28, 29]. Basically,
in semiconducting systems with conduction via impurities
the application of electrical field can block the hopping of
electrons opposite to the electrical field direction, reducing
first the conductivity up to a certain electric field value, where
it starts increasing again due to hopping to the localized-
states band tail or the unlocalized states band. A deeper
discussion on this point will be elaborated in Section 4.
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FIGURE 5: In-situ four-probe current-versus-voltage measurements
of FEBID and FIBID Pt deposits similar to those of Figure 3. (a) The
measurements in the FIBID Pt nanowire indicate linear dependence
between current and applied voltage. The inset shows a SEM picture
where the 4 electrical microprobes and the Pt-based gas injector can
be located in the vicinity of the area of interest for the realization
of the current-versus-voltage measurements. (b) whereas those in
the FEBID Pt nanowire indicate non-linear dependence. The inset
shows the anomalous dependence of conductance versus voltage,
which is explained in the text.

We have subsequently studied the ex-situ transport
properties of the deposits by four-probe measurements in
a cryostat. This characterization is useful for two reasons.
First, it provides additional information on the conduction
mechanism. Second, if these nanodeposits are going to be
used at low temperatures, their transport properties must
be known. In Figure 6 the dependence of the resistance
with temperature for the same FIBID and FEBID deposits
as in Figure5 is shown. Whereas the resistance of the
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semiconducting dependence. The inset shows the analysis of data
in the form of In(G) versus T~ (see text for details).

FIBID deposit only increases very slightly with decreasing
temperature (a factor of 1.1 at 150 K compared to 300 K),
the FEBID deposit shows a strong semiconductor behavior,
and at T = 150K the resistance is of the order of 1 GQ,
the maximum resistance that our experimental setup can
measure (a factor of 5.5 compared to 300K). Further
understanding of the conduction mechanisms has been
obtained by the performed data analysis.

In the case of the FIBID Pt deposit, and in order to
study if the temperature dependence of the resistance is
compatible with a metallic or an insulating material, we use
the methodology proposed by Mébius et al. [30]. As shown
in the inset of Figure 6(a), w = d(In G)/d(In T) is represented
as a function of T'2. According to [30], if w tends to zero
at low temperature, it means that the compound behaves
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as a metal. In fact this is the tendency observed in our
measurements even though further measurements at very
low temperatures would be required to fully determine this
point. As a consequence, the FIBID Pt deposit has metallic
(or quasimetallic) conduction as would be expected if a
semiconductor matrix is highly doped so that an impurity
band or a percolation network builds up.

In the case of the FEBID Pt deposit, the temperature
dependence of the resistance is compatible with hopping
conduction in a band of localized states inside a semiconduc-
tor matrix [31]. In the inset of Figure 6(b), the representation
of In(G) versus T2 indicates that below 200 K the conduc-
tion mechanism fits the model of variable-range-hopping
with Coulomb interaction developed by Efros and Shklovskii
[32], where R o« R, exp(To/T)l/z. The same temperature
dependence has been previously found in FEBID Pt deposits
by Tsukatani et al. [33]. Above 200K, the thermal energy
is high enough to allow other electronic processes to be
involved such as hopping via thermal activation, leading to
a deviation from the T2 law.

These results stress the different transport behavior of Pt
by FEBID and FIBID. By changing process parameters such
as the beam energy or current within accessible ranges, we
do not find significant differences in the transport results, the
FEBID of Pt always being several orders of magnitude more
resistive than the FIBID one. In order to investigate possible
origins of such strong difference, we have carried out further
experiments regarding the microstructure and composition
of the nanodeposits.

3.3. Microstructure Investigated by High-Resolution Transmis-
sion Electron Microscopy. HRTEM experiments of FEBID
and FIBID Pt deposits grown at several energies and beam
currents have been performed in order to investigate any
difference in the microstructure. Two approaches have
been followed. First, several lamellae were prepared out of
the deposits grown on Si substrates. Second, the FEBID
and FIBID Pt deposits (thickness in the range 20-50 nm)
were directly grown on Cu TEM grids with a supporting
carbon membrane. Whereas the first approach produces
results representative of the samples studied in the transport
experiments, the second approach gives more clear TEM
images but are grown on a different substrate from the
samples studied in transport experiments. Both studies are
consequently shown in order to show that both types of
results are compatible.

From the EDX results to be shown in the next subsection,
we know that the main constituents of the deposits are C and
Pt. As Pt is a high-atomic-number element compared to C,
in HRTEM images it is expected that the Pt-rich areas appear
darker than the C-rich areas. However, the interpretation
of the TEM images can be tricky because the obtained 2D
image contains information of all the way traveled by the
electrons along the sample thickness (50-100 nm). This is
why it is not straightforward to reach conclusions just from
the black/white contrast observed in the images, especially
because the grains are small compared to the sample
thickness, and the transmitted electrons can meet several

grains in their path across the sample. The TEM images
obtained in the lamellae fabricated from FIBID and FEBID
Pt deposits are shown in Figure 7. The observed black/white
contrast is due to the inhomogeneous distribution of Pt,
and C in the deposits as previously reported [17-21] and
in principle can be roughly assigned to Pt nanoparticles
with size below 5nm immersed in the amorphous carbon
matrix. However, the lack of clear observation of atomic
planes is a drawback for the correct interpretation of the
images. On the other hand, the observation of atomic planes
in the deposits grown directly on the Cu grids permits
an unambiguous interpretation of the images. As can be
observed in Figure 8, the FEBID and FIBID Pt deposits
consist of ellipsoidal crystalline Pt grains embedded in an
amorphous carbonaceous matrix. The crystalline Pt grains
are easily identified due to the clear observation of Pt atomic
planes with the expected planar distances. Thus, fast-Fourier
transforms of the images give as a result the presence of
diffraction spots corresponding to the planar distances of
0.2263nm, 0.1960 nm, 0.1386 nm, and 0.1132nm, which
correspond, respectively, to the (111), (200), (202), and (222)
atomic planes of fcc Pt, with lattice parameter of 0.3924 nm.
An average size of Pt crystallites has been obtained from the
measurement of about 50 individual grains in each image
through the counting of the number of atomic planes. It is
found that no matter the used beam energy and current are,
in all the FEBID and FIBID deposits the average Pt crystallite
size is about 3.2+0.8 nm. In W nanodeposits by FEBID, it has
been found that by using very high beam energies (>200 kV)
it is possible to modify the nanocrystallite size [34]. To the
best of our knowledge, such high beam energy has not been
used to create Pt by FEBID.

Thus, from these HRTEM images, the microstructure of
the FEBID and FIBID Pt deposits is similar. We would like to
stress that the microstructures observed in both, the lamellae
and the TEM grids, are qualitatively similar. However, for
quantitative analysis only the deposits on the TEM grids can
be reliably used.

3.4. Composition of the Pt Nanodeposits. First, we checked
that the EDX results obtained on nanowires was equivalent
to those obtained on square nanodeposits of size =~ 5 X
5 um?, which are preferred for the EDX experiments. First,
we analyzed a FEBID Pt nanodeposit carried out at 10kV
incident beam energy. The nanowire composition found
by EDX was C(%) = 87.81 + 0.21, Pt(%) = 12.19 = 0.21
whereas the square area composition was found to be
C(%) = 85.46 + 0.69, Pt(%) = 13.47 + 0.40. Afterwards, a
FIBID Pt nanodeposit carried out at 30kV incident beam
energy was analyzed. The nanowire composition found by
EDX was C(%) = 71.80 = 0.22, Pt(%) = 17.40 + 0.22, and
Ga(%) = 10.80 = 0.21, whereas the square area composition
was found to be C(%) = 72.84 + 0.52, Pt(%) = 16.67 = 0.26,
and Ga(%) = 10.50 = 0.12. Thus, we concluded that the
composition could be extracted reliably from the EDX results
on the square samples.

In Figure 9(a) the average Pt content of FEBID of
Pt, as obtained with EDX measurements, is shown as a
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(a) FIBID Pt deposit (b) FEBID Pt deposit

Figure 7: HRTEM images obtained out of lamellae fabricated respectively from a Pt nanodeposit by (a) FIBID and (b) FEBID, in both cases
grown at 5KV beam energy.

(a) FIBID Pt deposit (b) FEBID Pt deposit

Figure 8: HRTEM images of a Pt nanodeposit by (a) FIBID and (b) FEBID, in both cases grown at 30 kV beam energy on top of a TEM
Cu grid covered with a thin supporting holey carbon membrane. One Pt grain has been selected in each case for magnification and clear

observation of the corresponding atomic planes. The Fast-Fourier-Transform of the full image gives diffraction spots that correspond to the
(200), (111), (222), and (202) atomic planes of fcc Pt.
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FIGURE 9: Average Pt atomic content (measured by EDX) versus the incident beam energy used for the growth in the investigated (a) FEBID

deposits and (b) FIBID deposits. In this last case the Ga content is also shown. An incident electron beam energy of 10 kV was always used
for the EDX experiments.
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function of the beam energy used for the growth of the
nanodeposit. The nanodeposit thickness is about the same
as that of the nanowires (=160 nm). The incident electron
beam energy for the EDX measurement was always 10 kV.
As the growth beam energy increases, the Pt content is
found to decrease from 17% down to 11%. Thus, the C
content in the deposit (the main remaining part, more than
80%) will be dominant. We did not find any significant
change of the deposition content as a function of the beam
current. The decrease of Pt content with the beam energy
can be due to the lower amount of secondary electrons
produced in the substrate reaching the sample surface and
being available for precursor gas molecule decomposition.
However, the interplay among primary electrons, secondary
electrons, and backscattered electrons in the dissociation of
the precursor molecules brings about a complex scenario
that calls for focused experiments and simulations to provide
a more complete picture [14-16]. Regarding the transport
properties, it becomes clear that the carbonaceous matrix
(more than 80% in any case) will play a crucial role in the
FEBID of Pt.

In Figure 9(b) the obtained average Pt and Ga content
in FIBID of Pt is shown as a function of the growth
beam energy. Whereas the Ga content is roughly constant
around 10%, the Pt content is found to decrease from
27% down to 17%. The C content in the deposit is still
significant (more than 60%) but the amount of Pt plus
Ga is now relatively high, which, as discussed in the next
section, can be responsible for the observed transport
properties.

4. Discussion

We argue hereafter that the obtained results can be explained
taking into account the important role played by the car-
bonaceous matrix together with the Pt inclusions, and Ga-
ion implantation in the case of the FIBID. Strong similarities
exist between these results and those obtained previously in
doped amorphous semiconductors [31]. In those studies, it
is typically observed that as the doping level and disorder
increase, there appear impurity states in the vicinity of the
Fermi level as well as a band tail of localized states separated
from the band of unlocalized states at the mobility edge. If
the doping level is low, the conduction mechanism at low
temperature is carried out via hopping amongst impurity
states and in the band tail of localized states, the compound
remaining insulating at the lowest temperatures. If the
doping level and disorder are high enough, the impurity
states can form a band at low temperature allowing metallic
(or quasimetallic) conduction, and the situation can be
mapped onto a problem of percolation theory of conducting
networks [35].

In these Pt nanodeposits, the matrix is amorphous
carbon, which is known to behave as a semiconductor with
a bandgap of about 2eV [36, 37]. Disorder and impurity
states arise from the Pt grains (with random position and a
certain size distribution), from Ga implantation, and from
defects created in the carbonaceous matrix. Pure metallic

behavior as a function of temperature is only expected in
systems with percolation of the metallic inclusions, which
will occur in nanodeposits with high metallic concentration,
as in the FIBID Pt deposits. This is first supported by the
room-temperature conductivity value found in our FIBID Pt
deposits, 0 = 1250 Q~'cm™!, which is around the minimum
metallic conductivity value reported by Mott and Davis [31].
The linear current-versus-voltage dependence, the quite flat
temperature dependence of the resistivity, and the observed
tendency of w to zero at low temperature further support this
hypothesis. Similar behavior has been observed, for example,
in the doping of amorphous semiconducting Ge with Fe
[31, 38] and in the doping of amorphous carbon films
with I [39]. The nonlinearity observed in [15] in Pt FIBID
nanowires with room-temperature resistance of about 20 kQ)
is not inconsistent with our results. A detailed study devoted
to explain the temperature dependence of resistance and the
current-versus-voltage behavior for FIBID Pt deposits as a
function of thickness is in progress and will be published
elsewhere.

By contrast, the FEBID Pt deposits will have lower
disorder and impurity states due to the smaller amount of
Pt grains, the absence of Ga implantation, and the lower
degree of disorder caused by electrons compared to ions.
Thus, the conduction mechanism in such compounds is
the typical one of a low-doped amorphous semiconductor,
with a low value of room-temperature conductance, ¢ =
0.1Q 'em™!, conduction via hopping, and strong increase
of resistance at low temperatures. Specially interesting is
the observed non-linear current-versus-voltage dependence.
In general, in the hopping conduction in semiconductors,
an increase in the conductance with the voltage occurs
[40]. However, in certain cases, as those reported in [26—
29], a negative differential conductivity is observed. It was
reported in situations with doping level in the order of
10'°-10'7 cm~3, where conduction takes place at low voltage
via the localized impurity states. The initial decrease in
the conductivity is ascribed to the charge trapping in
“dead ends” of the hopping network because the electrons
cannot hop in opposite direction to that of the applied
electric field. With further increase of applied voltage, the
band tail of localized states and the band of unlocalized
states above the mobility edge start to be involved in the
conduction mechanism and the conductivity increases. This
scenario can explain the behavior shown in the inset of
Figure 5(b).

5. Conclusions and Outlook

We have accomplished a study of the growth of Pt by
FEBID and FIBID in a dual-beam equipment, focusing
on the difference in the transport properties of the as-
grown materials. Owing to the real-time control of the
electrical resistance of the growing deposits by means of
electrical microprobes contacting metallic pads in a circuit
prepatterned by optical lithography, the resistivity of such
deposits has been determined without any influence of
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extrinsic effects such as undesired oxidation or contam-
ination. In the range of deposit thickness studied, these
measurements indicate that Pt by FIBID is four orders of
magnitude more conductive than the FEBID ones. Even in
the case of the FIBID of Pt, the resistivity is significantly
higher than in bulk Pt (around a factor of 100). In-
situ current-versus-voltage measurements on deposits with
thickness in the range of 160 nm indicate that whereas the
FEBID Pt ones show non-linear behavior, the FIBID Pt
ones show linear behavior at room temperature. Moreover,
the resistance of FEBID deposits increases strongly with
decreasing temperature in sharp contrast to a smooth
dependence in the case of the FIBID ones. These results
have been explained within the well-established theoretical
framework developed for doped amorphous semiconduc-
tors.

As determined by means of HRTEM experiments, the
microstructure of both, the FIBID and FEBID deposits,
consists of small crystalline Pt grains (average size about
3nm) embedded in an amorphous carbonaceous matrix. A
scenario has been proposed where the amorphous carbona-
ceous matrix is semiconducting and the Pt inclusions (and
Ga ions in the case of FIBID) act as impurities and give rise
to disorder, providing available states inside the gap either as
impurity states or a band tail of localized states. As measured
by means of EDX, the amount of dopants in the case of the
FIBID nanodeposits is significantly larger than in the case
of the FEBID ones (roughly 30-40% versus 10-20%, resp.),
which would explain the difference in the resistivity of both
types of deposit.

The obtained results clarify the reason for the difference
of resistivity of as-grown FEBID and FIBID of Pt. It is sug-
gested that the conduction is governed by the carbonaceous
matrix modulated by the presence of Pt and Ga. In the case
of FIBID of Pt, the nanodeposit is in the verge of metallic
percolation showing metallic (or quasimetallic) conduction.
However, the FEBID Pt deposits are far from metallic
conduction, showing features typical of doped amorphous
semiconductors.

Some positive side effects of the presented methodology
can be advanced. First, it will be possible to study the deposit
growth mechanisms by tracking the time dependence of the
electrical resistance of the deposits. Second, the correlation
between the measured in-situ and ex-situ electrical resistance
of the deposits can be tackled. Our methodology also allows
fast studies of how the deposit resistance depends on some
deposition parameter (energy, current, gas flow, substrate
temperature, etc.), which can be useful for optimized
resistance values in a wide range of applications. Besides,
Pt nanodeposits have been used to contact nanowires and
nanoparticles in order to study locally the electrical transport
of such nanostructures [7, 8]. The results of our work
indicate that Pt by FIBID seems a better choice for getting
lower contact resistance and, as a consequence, less noisy
and more reliable transport measurements. We hope that
our work will foster further studies aiming to understand
the fascinating properties of metallic deposits induced by ion
and electron beams, with application in several domains in
nanotechnology.
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