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Abstract: Focused Ion Beam-Induced Deposition (FIBID) is a single-step nanopatterning technique
that applies a focused beam of ions to induce the decomposition of a gaseous precursor. The
processing rate of FIBID increases by two orders of magnitude when the process is performed at
cryogenic temperatures (Cryo-FIBID): the precursor forms a condensed layer on the surface of the
cooled substrate, greatly enhancing the amount of material available for decomposition. Cryo-FIBID
has been achieved so far by making use of liquid nitrogen-based cooling circuits, which require
the passage of a flowing gas as a cooling agent. Here, the Cryo-FIBID of the W(CO)g precursor is
performed using a coolant-free thermoelectric plate utilizing the Peltier effect. Performed at -60 °C,
the procedure yields a W-C-based material with structural and electrical properties comparable
to those of its counterpart grown in coolant-based Cryo-FIBID. The use of the thermoelectric plate
significantly reduces the vibrations and sample drift induced by the flow of passing coolant gas and
allows for the fabrication of similar nanostructures. In summary, the reported process represents a
further step towards the practical implementation of the Cryo-FIBID technique, and it will facilitate
its use by a broader research community.

Keywords: focused ion beam; nanofabrication; direct-write growth; tungsten—carbon nanostructures;
cryogenic nanolithography

1. Introduction

The research and development of improved and specialized nanofabrication proce-
dures is a perennial need in both industry and research fields. One example of a relevant
approach for the growth of nanostructures is Focused lon Beam-Induced Deposition (FIBID), a
direct-write single-step technique that exploits the interactions between a focused beam
of charged ions and a substrate to induce the decomposition of a gaseous precursor ma-
terial [1,2]. Relying on the direct deposition of the material via these interactions only,
without the usage of resists or any other intermediate process, FIBID represents a highly
flexible and reliable approach for the single-step patterning of different materials [3-7].

Conventional FIBID is performed by injecting a gaseous precursor material, containing
the element of interest, in close proximity to a substrate. Precursor molecules adsorb on
its top surface, constituting a molecular monolayer in dynamical equilibrium with the
vacuum system of the instrument chamber. The beam is then scanned on the substrate,
tracing a previously-defined pattern. The energy exchange between the ions in the beam
and the molecules in the substrate results in the emission of secondary electrons (among
other particles) near the point of irradiation, whose energy, when transferred to the ad-
sorbed precursor molecules, induces their dissociation into volatile and non-volatile parts.
The volatile parts are pumped away by the vacuum system of the instrument, while the
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non-volatile constituents permanently remain on top of the substrate, forming a deposit
with a shape that follows the path traced by the beam.

One of the most significant drawbacks of this technique is its serial nature—in FIBID,
the features to be grown are scanned sequentially and typically one at a time. Furthermore,
structures grown by FIBID typically find their maximum size in the hundreds of um,
with higher throughput techniques (e.g., optical [8] and electron-beam lithography [9])
being used for large-scale patterns.

The usage of FIBID is thus commonly limited to small features, due to the unfavorable
throughput and the risk of the appearance of growth artifacts related to instrument strain
over long operating times. It is not unusual for the exposed area to moderately drift in
time scales of minutes (due to ambient noise or focused beam instability), which is usually
negligible for short deposition times, but it can severely hinder the proper growth of
larger features.

Very recently, the usage of FIBID under cryogenic conditions (Cryo-FIBID) was re-
ported to yield an increase in the deposition processing time of two orders of magnitude [10].
By injecting the precursor with the substrate previously cooled below the condensation
temperature of the precursor gas, a thick layer of condensed precursor forms on the sub-
strate surface, providing a much larger amount of material available for decomposition
than the gaseous molecular monolayer would. The precursor overabundance allows
for the usage of reduced ion doses, which result in much shorter processing times [11].
A functionally similar approach that makes use of a focused beam of electrons instead
of ions has also been successfully demonstrated in the growth of platinum [12,13] and
copper [14] nanostructures.

The processing speed reportedly increases by two orders of magnitude for the Cryo-
FIBID of nanostructures based on tungsten [10], platinum [15], and cobalt [16]. Combined
with the fact that the ion interaction volume is mostly localized within the condensed
layer, the low ion dose employed in Cryo-FIBID processes also effectively nullifies Ga™
implantation and substrate modification, both of which are unavoidable (and usually
unwanted) features of conventional FIBID [17,18]. With the fundamentals of conventional
FIBID remaining the same, Cryo-FIBID is still a serial deposition process, yet such a drastic
increase in processing speed permits the growth of much larger features in a shorter time.

The aforementioned reports of Cryo-FIBID employ a liquid nitrogen-based cooling
system to achieve the required low temperatures (in the order of —100 °C). In such an
approach, cooled gaseous nitrogen is made to flow through rubber tubes near the sample
stage, cooling it down along with the sample. While effective for reaching the desired
temperatures, the coolant flow introduces unavoidable vibrations in the sample, which,
depending on the work dimensions and the required patterning resolution, can compromise
the quality of the final deposit. The relatively high cost of a cryogenic module might also
represent a deterrent for the technique.

In this work, a coolant-free approach to the Cryo-FIBID procedure for the deposition
of W(CO)s is presented. The control of the sample temperature is achieved using a com-
mercial Peltier effect cooling stage, fundamentally consisting of a thermoelectric plate. This
system does not require any cooling agents to operate and thus does not introduce the
associated disturbances during growth. With a deposition temperature of —60 °C (40 °C
above the previously reported value of —100 °C using liquid nitrogen), tungsten—carbon
nanostructures have been grown and characterized.

2. Materials and Methods

Si pieces with a 200 nm-thick thermally-grown SiO; layer on top were used as sub-
strates. A supporting Ti structure of contact pads, each 100 nm in thickness, was deposited
in the pieces by optical lithography before the growth of the nanowires.

Both the fabrication and electrical characterization of the samples were performed with
a Thermo Fisher Helios 650 NanoLab FIB/SEM microscope, fitted with a Ga™ ion column
and a gas injection system (GIS) for the W(CO)g precursor. The acceleration voltage, ion
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beam current, and dwell time were kept at 30 kV, 7.7 pA, and 200 ns, respectively, in all the
growth processes.

Apart from the temperature, two operating parameters are fundamentally different in
a Cryo-FIBID procedure when compared to conventional FIBID: the distance between the
sample and the GIS nozzle from which the gaseous precursor is delivered, and the ion dose.
The two are intertwined: on the one hand,, the GIS-sample distance coarsely determines
the amount of precursor that reaches the sample. In room-temperature FIBID, sub-mm
distances are typically used to ensure that a continuously replenished precursor monolayer
is maintained. Since in Cryo-FIBID precursor molecules reaching the substrate condensate
on arrival, larger distances are used, typically in the 5-10 mm range. On the other hand,
the ion dose required to decompose the condensed layer will in turn depend on the amount
of precursor available, but this will in any case be much lower than its room-temperature
counterpart. The GIS-sample distance was set at 10 and 7.5 mm, and the ion dose was
modified in the 10-500 uC/cm? range.

To properly achieve the condensation of the precursor layer on top of the substrate, its
delivery is performed in a different manner than that used in conventional FIBID: instead
of continuously delivering the gaseous precursor to maintain the dynamical equilibrium
in the adsorbed monolayer, the GIS nozzle is opened for a fixed amount of time of 10s,
during which the 20 nm-thick precursor condensed layer (estimated from FIB/SEM cross-
sectioning of deposited material) forms as the gaseous molecules arrive to the cooled
substrate, and is then closed during ion irradiation. The vacuum chamber of the FIB/SEM
instrument was kept at a base pressure of 3 x 10~® mbar, which reached pressure val-
ues around 8 x 107% mbar during the 10 s-long injection of the gaseous precursor into
the chamber.

The sample temperature was controlled and regulated using a Kleindiek Nanotechnik
Micro Heating Cooling Stage (MHCS) (Figure 1). For precursor delivery and deposition,
the temperature of the stage was set at —60 °C, which was reached after a 7 min-long
cooling period. The sample was reheated to 20 °C following a slower ramp of 5 °C/min
for 16 min, amounting to a total of 23 min for a complete cycle (the actual growth times are
negligible, only consisting of the 10 s of GIS delivery and the s/ms-long exposures).

Figure 1. Open chamber of the Helios 650 NanoLab FIB/SEM microscope with the MHCS mounted.

The composition of the samples was assessed by Energy Dispersive X-Ray Spec-
troscopy (EDX), carried out in a commercial Thermo Fisher Inspect 50 Scanning Electron
Microscope using an acceleration voltage of 5 kV. The electrical measurements were taken
with a Kleindek Nanotechnik commercial microprobe station mounted on the FIB/SEM
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microscope, equipped with four microprobes and connected by a chamber feedthrough to
a Keithley Instruments 6221 DC current source and 2182 A nanovoltmeter.

3. Results and Discussion
3.1. Growth

The capabilities of the technique were explored by simultaneously investigating the
effect that the ion dose and GIS-sample distance have on the nature of the nanostructures.
The ion dose D was calculated as the charge received per area, D = I -t/ A, where I is
the ion beam current, ¢ is the deposition time, and A is the area of the feature that is to
be patterned. The parameter was therefore easy to tune experimentally by modifying the
deposition time according to the dimensions of the pattern and the used ion beam current.
The standard value of D in previously reported studies for Cryo-FIBID of W(CO)g is 55
uC/cm?.

The effect of the dose was tested by growing four 4 x 4 um? W-C squares with a
fixed ion beam current of 7.7 pA and varying the ion dose between 10 and 500 uC/cm?
(Figure 2). All irradiation times are in the order of seconds, whereas growing one of these
squares at room temperature (with an optimized volume per dose of 0.082 um?/nC) would
require an estimated dose of 61,000 um?/nC, taking roughly 20 min.

Figure 2. W-C squares deposited with variable ion doses at a distance from the GIS of (a) 10 mm, and (b) 7.5 mm.
The deposition times are, for each square, and in order of increasing dose, 0.2, 1.0, 2.1, 4.2, and 10.3 s.

The 2.5 mm difference in the GIS-sample distance has a profound and evident effect
on the integrity of the samples—those grown further apart from the GIS appear to have
more holes, with areas where the lack of precursor results in the appearance of cavities. This
issue is overcome if the working distance is decreased to 7.5 mm, where the presumably
enhanced availability of precursor condensate allows for the deposit to be fully grown.
While 10 mm has been shown to be sufficient for Cryo-FIBID of W(CO)s at —100 °C,
the 40 °C difference appears to require a greater amount of precursor material.

For both GIS-sample distances, the lowest assessed value of ion dose yields a thin,
non-homogeneous layer of material, while the upper end of the studied range results in
the appearance of holes. Both effects can be attributed to the condensate layer’s under
and over-exposure, thus indicating an optimal value for this parameter in the intermediate
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region in the 50-200 nC/cm? range. Again, these values are comparable, yet slightly above
those retrieved in —100 °C Cryo-FIBID of W(CO)s.

The metallic content of the deposits increases with the ion dose used to grow them,
as revealed by EDX measurements performed in independent arrays of W—C squares
nominally identical to those shown in Figure 2b (see the Supplementary File). Even though
it is not possible to retrieve a precise figure of the amount of W using SEM-EDX only due to
the reduced thickness of the deposits, the results are compatible with an atomic W content
in the 20-30% range in deposits grown with ion doses of 50 uC/cm? and above.

3.2. Electrical Resistivity

The resistivity of the material was investigated by performing electrical measurements
in a 5 um-long, 400 nm-wide nanowire grown with an ion dose of 200 pC/cm?. Specifically,
current-voltage characteristics were retrieved in the aforementioned microprobe station,
using a four-probe configuration. The nanowires were joined to the lithographied Ti
pads using intermediate Pt-C contacts grown in situ by Ga™ FIBID (Figure 3a). The Pt-C
material is metallic [19] and is thus adequate for this purpose. Side effects arising from
the FIBID procedure are limited to the regions very close to the two central contacts (a
few hundreds of nanometers at most). The influence of these side effects to the overall
electrical behavior of the measured sample along the 5 pm-long current-carrying central
path of the nanowire (between the two voltage leads) is thus small [20]. Pt-FIBID-induced
ion implantation, amorphization, or halo deposition are therefore constrained to a small
sample volume and do not significantly influence the electrical measurement.
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Figure 3. (a) SEM image of a W-C Cryo-FIBID nanowire grown using an ion dose of 200 uC/cm?, joined to Ti pads by
Pt-FIBID contacts. (b) Current-voltage characteristics of the nanowire. The dashed line indicates a linear fit that yields a

resistance of 3.44 k().

The voltage drop across the nanostructure is linear with the current in the investigated
range (Figure 3b) and corresponds to an ohmic resistance of R = 3.44 k(). FIB/SEM
cross-sectioning revealed an elongated cross-sectional shape, with an average thickness
of 20 nm and a cross-sectional area A of around 9000 nm?. With a nanowire length of
L =5 um, the associated resistivity p = R - A/L is therefore estimated to be 620 pQ)- cm.

4. Conclusions and Outlook

A parallel approach to the conventional, coolant-based Cryo-FIBID of W(CO)g carried
out at —100 °C is presented: a thermoelectric plate can be utilized to perform Cryo-FIBID
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at —60 °C, maintaining the quality and properties of the W-C deposits. The deposition at
this temperature requires a slightly higher ion dose and a reduced GIS-sample distance
(200 uC/cm? and 7.5 mm, compared to 55 uC/cm? and 10 mm, respectively), yet the pro-
cessing speed is between two to three orders of magnitude above that of room-temperature
FIBID. A resistivity around 620 pQ)-cm is retrieved for the material deposited in these
conditions, which is comparable to but lower than that obtained in —100 °C Cryo-FIBID
(800-900 puO3-cm).

The relatively unexplored nature of Cryo-FIBID makes this approach an equally
appealing and unbeaten path, with an ample spectrum of experimental parameters to
investigate and optimize, which are not only limited to the ion dose and GIS—sample
distance presented here, but also include the ion beam current, dwell time, and precursor
type. The lack of vibrations induced by a cooling agent can also be exploited to explore
the resolution capabilities of this technique, which is expected to depend on the ion beam
current and acceleration voltage.

From a broader point of view, —60 °C Cryo-FIBID W-C (and in principle, other
materials, provided a growth optimization process is developed for the corresponding
precursor) represents an appealing merging of the flexibility and targeting capability of
conventional FIBID with the processing speeds and lack of sample damage of larger-scale
lithography approaches. As such, it can be utilized to fabricate electrical contacts on
nanowires and 2D materials without damaging them, as well as to grow deposits in sizes
out of the adequate range of conventional FIBID, with applications in circuit editing and
mask repair. In addition, installing a thermoelectric plate is faster, simpler, safer, and more
affordable than setting up a liquid nitrogen-based cooling system, which facilitates the
implementation of this technique by the industry and research communities.

Overall, the possibility of approaching Cryo-FIBID without the hassle of a cooling
agent flowing through the sample stage represents a highly promising step towards the
fabrication of advanced devices using this technique, and a further reassurance of its
latent potential.

Supplementary Materials: The following are available at https:/ /www.mdpi.com/2076-3417/11/2
1/10123/s1, Figure S1: Estimated dependence of the composition with the ion dose. Table S1: EDX
quantification of the studied interaction volume.
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