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ABSTRACT

All-graphenic carbon morphologies grown on individual carbon nanotubes (CNTs) consisting of
short-fiber segments bearing sharp micro-/nano-cones at both ends were mounted as new probes
for scanning probe microscopies (SPM). Three mounting procedures were tested, two based on
focused ion and/or electron beam processes operated in scanning electron microscopes, and
another based on an irradiation-free procedure under an optical microscope. The benefits and
drawbacks of all the methods are described in details. The extent to which the structural integrity
of the carbon material of the cones was affected by each of the mounting processes was also
investigated using Raman spectroscopy and high-resolution transmission electron microscopy.
The carbon cones were found to be sensitive to both ion and electron irradiation to an unusual
extent with respect to structurally-close nano-objects such as multi-wall CNTs. This was assumed
to be due to the occurrence of a large number of free graphene-edges at the cone surface. The
suitability of such carbon cones as SPM probes is demonstrated, the characteristics of which make

them potentially superior to Si-, diamond-, or CNT-probes.
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1. Introduction

Scanning Probe Microscopy (SPM) is one of the most important characterization tools in
material science for the last two decades [1]. It corresponds to a wide and still growing family of
techniques based on the pioneering work carried out by G. Binning and H. Rohrer in the 80’s,
allowing to map the surface topography, to analyze the structure, and to measure the material
properties at the nanoscale by using a scanning probe. In spite of their respective specificities,
SPM modes share the need of a probe able to detect atomic-scale interactions. The probe
characteristics determine the resolution, the analytical scope of the SPM [1,2], as well as the
possible imaging artifacts. Therefore, developing new probes with, e.g., improved resolution,
better wear resistance and durability, low chemical reactivity, high aspect ratio, less sensitivity to
undesired interactions with the probed material or others (e.g., adsorbed water), and better
electrical conductivity (for conducting modes), remains a recurrent challenge [2].

SPM probes consist basically of a cantilever equipped with a tip at one end, the other end
being attached to a sub-millimeter-large chip which allows the probe to be handled and secure in
the microscope probe holder. Tip-sample interactions are then measured either by a direct
determination of the cantilever deflection by a laser in the case of a contact mode, or by
monitoring the amplitude or vibration frequency changes of the cantilever in so-called tapping
mode during which the cantilever is put in oscillation. For this reason, cantilevers are, most of the
time, metal-coated to enhance the back-surface reflectivity for the laser. Cantilevers are defined by
their geometry such as length, width, thickness and mechanical properties such as the constant
force (otherwise named "spring constant") and resonance frequency. The constant force and
resonance frequency parameters are adjusted to the material and SPM mode requirements, but also
define the quality factor and hence, the range of sensitivity allowed during the measurement [2].
On the other hand, the probe tip is defined by several parameters related to its dimensions: its apex
radius or apex half-angle, length, and the so-called aspect ratio corresponding to the ratio of the tip
length over the apex radius. The chemical nature, i.e., the type of material which the probe is made
of can also be an important parameter in some cases, although a vast majority is made of silicon,
possibly doped to make it electrically conductive, or possibly functionalized for other SPM
techniques such as chemical force microscopy [3].

The most cost-effective fabrication processes of SPM probes use a top-down approach based

on lithography processes, which allow a scaled-up and single-step integrated-fabrication as well as
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excellent reproducibility. However, this is valid only for Si-based materials, and, for most of
cantilevers on market, probes are pyramid-shaped, exhibiting a low aspect ratio and a relatively
large apex radius (Fig. 1al-a2).

As a matter of fact, one of the biggest challenges for a SPM technique such as Atomic Force
Microscopy (AFM) is to obtain a reliable image of sample surfaces with high roughness and steep
topography variations. For such a purpose, a tip with both a small apex radius and a high aspect
ratio is necessary. For overcoming the limitations of lithography-based processes in this regard,
post-lithography microscale processes can be applied onto primarily-formed tips, for instance
electrochemical etching, in order to lower the tip apex radius (Figs. 1b1-b2), or focused ion beam
etching, in order to increase the aspect ratio (Figs. lcl-c2). However, as a ceramic material,
silicon is brittle, which affects the probe durability (wear resistance, breaking event) as more as
the tips are sharper [4,5]. Furthermore, even if silicon can behave as a conducting material thanks
to doping, metal coating steps (e.g., with gold) are needed to enhance the electrical conductance

for several SPM conducting modes.

OTESPA-R3 ( ail ) TESP-SS ( b1 ) TESPA-HAR ( C1 )

\ f;
|

Fig. 1. SEM images showing the morphology and the apex of different silicon probes from the market. (al-
a2) A standard silicon probe of 7-10 nm apex radius (OTESPA-R3). (b1-b2) A "Super-sharp" Sb-doped
silicon probe with a 2-5 nm apex radius, sharpened by electrochemical etching (TESP-SS). (el-¢2) A
"high-aspect-ratio" Sb-doped silicon probe with a 10-15 nm apex radius, sharpened by ion milling
(TESPA-HAR).
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More recently, a bottom-up approach was also considered, for taking benefits of low
dimensional objects presumably exhibiting the appropriate characteristics for being excellent SPM
tips in their as-prepared form, such as carbon nanotubes (CNTs) [4-10]. CNTs exhibit excellent
physical properties indeed: high mechanical strength and Young modulus [11,12], good wear
resistance [5,6,9], and good electrical conductivity [6]. Diamond tips are also used for specific
modes [13], but they exhibit two major drawbacks, namely mechanical brittleness and very low
electrical conductivity. The bottom-up approach then mostly consists in either growing such a
single CNT or diamond rod or cone at the suitable place on the cantilever, or growing it apart and
then fixing it in a way or another at the right place, usually the apex of a silicon tip [4-10]. Both
are quite difficult to achieve in a reproducible and robust way, specifically for CNTs as they are
few-nanometer large individual objects. Therefore, either controlling accurately the growth

direction or handling and positioning the tip is highly challenging (Fig. 2).

Fig. 2. SEM images of carbon probes obtained by bottom-up techniques. (a) A 300 nm-long CNT tip
obtained by an in-SEM electron beam-assisted process, consisting of, first, welding the CNT onto an AFM
tip by the electron beam-promoted deposition of amorphous carbon, and then shortening it by the focused
electron beam [14]. (b) to (d) Commercial probes: (b) high-resolution carbon nanotube tip coated with a
polymer for enhancing rigidity from CDI company; (¢) from NanoScience company (no longer on market);
(d) Diamond-like carbon probe from NT-MDT company. All show poor alignment, except in (a), but the
positioning procedure makes the alignment poorly controlled anyway, and a perpendicular view would be

needed to ascertain that the alignment is correct.

In addition, the relative flexibility of CNTs may generate imaging artifacts [15], compared to
conical or pyramidal shapes. Generally speaking, a trade-off on the tip length must be found: a
short length will limit the analysis of deep roughness, whereas a long length will impact the
mechanical rigidity of the tip (hence likely to generate breaking, deformations, thermal vibrations,
sensitivity to electrostatic forces, etc.). This trade-off is strongly dependent on the tip material.
According to [16] for a cylindrical tip such as a CNT, a length in the range 0.5-1 um is suitable in

order to reduce excessive lateral flexibility and related image artifacts.
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In this paper, we report the fabrication of a new type of SPM probes based on unique carbon
cone-bearing graphenic micro-objects [17,18]. Many examples of carbon cones have been already
reported in the literature (see Chapter 1 in [19]) but only few exhibit similar texture, nanotexture,
and structure as ours, and none, as opposed to ours, are part of an overall, complex carbon
microsized object which makes the cones actually able to be manipulated, mounted, and used for
applications. As a matter of fact, very few graphene-based carbon cones were tested as SPM
probes in the literature [20-21], and their characterization was quite limited regarding the carbon
cone structure and texture resulting from the probe processing. The carbon cones used in the
following are expected to combine the valuable characteristics of CNTs (high aspect ratio, wear
resistance, electrical conductivity) thanks to their graphenic nature and high-rank nanotexture
[22,23], and the valuable characteristics of Si or diamond tips (mechanical stability) thanks to their
conical morphology. In addition, their unique as-grown association with a micro-sized carbon
support (Fig. 3) makes them much easier to manipulate than CNTs in view of a bottom-up
fabrication principle. Such a combination offers promising perspectives for their use as probes for

a variety of SPM modes.

2. Starting materials for fabricating the probes

Carbon cones were obtained using a Time-of-Flight CVD process starting from a feedstock of
CH4 and H,. The synthesis procedure followed that reported in [17,19]. The carbon micro-/nano-
cones actually consist of a complex morphology made of a rough-surface microfiber segment
extended at both ends by sharp cones with smooth surface (Fig. 3), which is grown onto a single
CNT as support (not visible in Fig. 3). This is an important detail to know, because the alignment
of the cones with respect to the microfiber segment which wears them strongly depends on the
straightness of the supporting CNT.

The microfiber segment length, in the range of 10-20 um, will allow the object to be easily
handled and positioned during the mounting process onto the cantilevers. The cone length L is in
the range of 2-8 um and the width W at the base can reach 0.7-1 um. The apex is characterized by
an angle noted 2a. As an example, considering W = 700 nm and L = 6 um leads to a 2« value of
~7°, which makes the apex quite sharp. However, this way of measuring the apex angle is mostly
indicative, as the cone angle may change along the cone (for instance, some exhibit a kind of
double meniscus shape [24]). The whole object forms as such all at once, with no additional
process of etching or machining of any kind. Details on the formation mechanisms can be found in
[23-25].

In the following, the whole object will be designated as "CnC" (for Carbon nano-Cone).



Cite as Cours et al., Ultramicroscopy 245 (2023) 113667

Fig. 3. From (a) to (¢), SEM images of a whole carbon micro-/nano-cone morphology (CnC) at increasing
magnification. In (a), the framed area indicates the location of image (c); note that, if the left-hand cone is
well-aligned with respect to the microfiber segment axis, the right-hand cone is not; such a misalignment is
not rare in the current production, and can be worse than illustrated. In (b), geometrical characteristics with

the length (L), width () and apex angle (2a).

The texture of the cones (i.e., the arrangement of the graphenes within the cones) is similar to
that of concentric-type multi-wall CNTs, although with the difference that the concentric graphene
shells are turns of scrolls instead being individual graphene cylinders nested as in Russian dolls

[23]. The graphenes involved are quite straight, suggesting that they are nearly defect-free (Fig. 4).

Fig. 4. High resolution transmission electron microscopy (HRTEM, aberration-corrected FEI TITAN Cube,
80 keV) image of a portion of a cone, showing the high-rank nanotexture, and the single-graphene steps

responsible for the conical shape, and which provide the cone surface with atom-scale roughness.
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Specific chip-supported tip-less cantilever beams ended by a cylindrical part of ~10 um in
height, carved out with a groove of few um in both width and depth, were designed by us and then
fabricated by AppNano (CA, USA) by lithography and then ion milling techniques (Fig. 5).

Overall view of the whole device, consisting in a cantilever beam supported by a chip, in this way strictly

similar to that of regular AFM probes. (b) Closer view of the beam part. (¢) Enlargement of the tip-less

cantilever beam termination (Typel), showing the groove dedicated to receiving a CnC.

This design with a groove was intended to allow controlling both the orientation angle and the
protruding length of the CnC during the mounting process. The cantilevers are made of silicon
doped with antimony without any coating. The beam part is 115 um in length and 35 pm in width.

Two different cantilever batches were manufactured, the characteristics of which are gathered and

compared in Table 1.

Table 1. Main characteristics of the two types of support-cantilever used in this work.

Sn-doped Si cantilever Type 1 Type 2
Nominal thickeness (um) 4.5 um 0.5-1

Nominal spring constant (N/m) 40N/m 25N/m

Nominal Resonance frequency (kHz) 200-400 90-180
Quality factor (Q) 700-800 275

Electrical resistivity

00.1 - 0.025 Q.cm

3. Mounting processes

3.1. Gluing process
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In this process, the assembling is conducted by means of a three-axis micromanipulator (from
Micromanipulator, Inc.) under an optical microscope. CnCs are scrapped from their growth
substrate so that they fall down onto a few-centimeter-large piece of silicon wafer, afterwards put
under the optical microscope. Subsequently, a cantilever-chip is attached to the micromanipulator
rod by using a tiny piece of adhesive film. Then, a small droplet of an ultraviolet (UV)-curable
single-component optical adhesive resin (Norland NOA 68) is deposited onto a glass plate. A tiny
quantity of resin is transferred by capillarity into the cantilever groove (Fig. 5c) by carefully
touching the resin droplet surface with it using the micromanipulator. The resin transferred this
way to the cantilever will allow retaining and attaching a CnC. Few minutes are needed to search,
select, pick-up a well-aligned cone (with respect to the overall CnC axis) and grab it by the
cantilever groove, thanks to the sticking force of the resin glue. The whole operation is monitored
under a CCD camera visualizing the micromanipulator rod tip through the x100 objective lens of

the optical microscope.

Micromanipulator

rod ( a )
g%l;esuve CnC mounted
onto a
— —) — cantilever
(optical #mage)
[ ¥ e
UV-curable 1
resin on Sigrl}lc);sct)rgte onto the
glass-plate cantilever

Fig. 6. (a) Sketch of the gluing mounting process of a CnC onto a cantilever. As a CnC always exhibits two

cones, the one oriented towards the cantilever backside is useless. (b1) to (b3) SEM images of a carbon
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probe right after the gluing mounting method. In this example, the cone is fairly well aligned with respect

to both the short-fiber-part axis and the groove axis.

The resin is then cured under an ultraviolet lamp (12 W, specimen at ~5 cm distance, 2 hours
with a 350-380 nm wavelength range). Such a wavelength is not in the adsorption range of CNTs
[26], hence it is assumed that it is not harmful to the concentric graphenes making the cones either.
The whole mounting process takes 15-20 min when performed by a trained operator. The
mounting steps are sketched in Fig. 6. Finally, SEM characterization is conducted to verify the
alignment and orientation of the cone tip with respect to the cantilever groove, as shown in Fig. 6.
Since the UV resin employed is not electrically conductive, the probes made by this method can
only be dedicated to non-conducting SPM modes.

The interest of the process is its speed, and the relatively low cost of the equipment involved.
On the other hand, because of the limited magnification power of the optical microscope, the lack
of 3D view, and the "capturing" effect of the CnC by the resin once both are put in contact,
subsequently correcting any misalignment of the cone axis with respect to the cantilever, either
intrinsic to the morphology selected or resulting from the picking-up and gluing step, is not
possible. However, once getting trained with the procedure, only few (~10%) fabricated CnC

probes revealed to be non-usable.

3.2. Welding processes

3.2.1. Fully or partly using focused ion beam (FIB)

A Thermo Fisher HELIOS NanoLab 6001 FIB equipped with a rod-like micromanipulator
(Omniprobe), and a gas injection system (GIS) was used. The GIS spreads organometallic
precursor molecules (here, (CH3);Pt(CpCHs) for platinum or W(CO)s for tungsten) that are
decomposed and ionized by a focused beam of Ga ions. The metal atoms, released by the
interaction of the precursor and the Ga ion beam, deposit on the part of the substrate onto which
the Ga ion beam is focused. This is the principle of focused ion beam-induced deposition (FIBID).
The focused Ga ion beam can also be used to cut and trim by etching specimen parts (FIB-
etching). CnC probes were prepared by adapting an all-FIB-based procedure (FIBID + FIB-
etching) previously developed for mounting a CnC as an electron emitter [27]. A CnC is selected
from the growth substrate and then first welded to the micromanipulator rod by the FIBID of Pt or
W (Fig. 7a). Then the CnC is moved until reaching the cantilever, placed in the cantilever groove
(Fig. 7b), welded by FIBID again, and then released from the micromanipulator by removing the
welding material by FIB-etching (Fig. 7c¢).
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Fig. 7. Various steps of the mounting process using FIB. (a) the selected CnC is welded to the
micromanipulator rod by FIBID. (b) The micromanipulator brings the CnC into the cantilever groove. (c)
The CnI is welded to the cantilever by FIBID, and then released from the manipulator rod by FIB-etching.

(d) enlarged view of (c) showing the CnC, the cantilever, and the welding material.

After several tries during which standard high currents were first used, we ended by using the
same low currents for both the FIBID and FIB-etching steps, typically 7 pA at 30 keV, in order to
avoid a visible alteration of the cone morphology due to irradiation damaging (see Sections 5.1
and 5.2). And then, to tentatively limit even further the damaging effect by ion irradiation, the first
two FIBID steps were replaced by focused electron beam-induced deposition (FEBID) steps for
which beam conditions were milder (2 keV, 170 pA and 2 keV 700 pA, for the rod/CnC welding
step and the CnC/cantilever welding step, respectively). And finally, to limit even further the risk
for irradiation damages, the mounting was finally made using FEBID only and no etching step, as

described in Section 3.2.2.

10
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Besides, although the deposited metal exhibits facetted shapes suggesting it is crystallized
(Fig. 7d), it also contains a significant amount of carbon (from the precursor) which may affect the
electrical conductivity. Therefore, W was finally preferred over Pt because the resulting electrical

conductivity of the welding deposit is better [28].

3.2.2. Focused electron beam-induced deposition (FEBID)

The principle of FEBID is the same as for FIBID, except that a focused electron beam is used
instead of a focused ion beam. A ZEISS 1540XB FIB Dual Beam was used, where the
micromanipulator consists of microsized clamps (Fig. 8) that allow the CnC to be grabbed,
moved, and then released merely by actioning the tweezers. Therefore, the electron beam (2 keV,
200 pA) is used only once, for welding the CnC to the cantilever groove, yet over long deposition
times (several tens of minutes) in order to deposit enough W to secure the welding as far as

possible.

) [ | Focuslon
l:l;ctron Beam
eam :
¥ FIB
P i

Micromanipulator
-
(clamps) iia)

where nanocone
sample is placed

Substm(c: holder \‘* :
Hi

Fig. 8. Configuration of the ZEISS SEM equipped with a cross-beam system used for FEBID. The
configuration for the Helios SEM is similar. The various insets on the right show details on the clamps and

the spatial relationships between the clamps, the GIS, and the cantilever holder.

The benefit of using a micromanipulator equipped with clamps instead of a single rod is to
limit the possible interactions of the CnC with the Ga ion beam, whereas such interactions occur
1-3 times with the procedure described in Section 3.2.1. Also, the tweezer branches can somewhat
protect the CnC from the electron beam [29]. Indeed, because of the light weight of carbon atoms
(Z = 6), specifically when compared to the heavy weight of Ga atoms (Z = 31), irradiation
damaging can always be suspected, in spite of the strong C-C bond in graphene (~600 kJ/mole).
For the same reason, using electrons as in FEBID instead of heavy ions as in FIBID is also
supposed to lower dramatically the effect of irradiation damaging. The drawback is that the metal
deposition rate is lower. This is not a major issue when the object to weld is nanosized, such as

CNTs [30], but it is more an issue for much larger objects such as ours. It could make possible the

11
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attachment to be loose (Fig. 9), resulting in a non-standard behavior, imaging artifacts, or even the

subsequent loss of the CnC during the resonance frequency measurement step or in operation.

Fig. 9. Example of a FIBID-prepared CnC-probe showing a probably-loose attachment with (a) poorly

adhering welding material on one side, and (b) no welding material on the other side.

The whole mounting procedure using FIBID or FEBID welding techniques takes about 3
hours from the time the CnC is being selected onto the growth substrate to the time a probe is
ready (slightly shorter processing times are possible when using the Omniprobe micromanipulator,
the use of which is less tricky than that of the clamp micromanipulator). The expected advantage
of the welding techniques was that the resulting probes could be used for both non-conducting and

conducting SPM modes.
4. Characterizing the probes
4.1. Resonance frequency

The effect of the mass added to the cantilever by welding a CnC was evaluated by measuring
the resonance frequency of the cantilever with and without a CnC mounted. The effect appeared to
be tiny, in the range of a 2 kHz downshift (Fig. 10a) with respect to the nominal values (in the

range of 250-350 kHz for Typel cantilevers and 90-180 kHz for Type2 cantilevers), rising the

question whether such a slight change was significant or not.

12
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(a) Resonance frequency before and after mounting process (b) Double resonance phenomenon
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Fig. 10. (a) Example of cantilever resonance frequency recorded before (left) and after (right) mounting a

CnC. (b) Example of a double resonance phenomenon evidenced sometimes after mounting a CnC.

In order to figure out, the weight of a typical carbon morphology such as shown in Fig. 3a
was estimated, considering it to be made of a cylinder (with length L, = 15 um and radius 1y =1
um) added with two cones (with L. = 5 um and base radius . = 0.4 um). As the fibrous part with
rough surface (i.e., the cylinder) is porous with the average pore width in the range of few nm
[22], we gave to it a density similar to that of glassy carbons, i.e., 1400 kg/m’. As the cone parts
are dense, made of perfect graphenes, highly packed as in graphite, but with mostly a turbostratic
structure [23] (which means that the intergraphene distance is ~0.34 nm instead of 0.335 nm as in
genuine graphite), we gave to them a density slightly lower than that of graphite, i.e., 2000 kg/m’.
As a result, the total calculated weight is ~69 pg.

On the other hand, by applying principles similar to that developed in papers such as [31,32],
we deduced the weight added to the cantilever tip so that it induces a 2 kHz downshift of the
resonance frequency. As a result, the calculated weight is ~67 pg.

Therefore, yet of a small extent, the change in the resonance frequency of the cantilevers after
being attached a carbon morphology at their tip is definitely significant and can be used to
estimate the weight of the carbon object added [31,32]. The detail of the calculations is provided

as Supplementary Information.

An experimental feature of the resonance curves, which was observed several times for the
CnC probes but was unusual for regular Si probes, is the occurrence of an effect of resonance
oscillation as a double peak (Fig. 10b). This could be a consequence of a loose mounting as

discussed at the end of the previous section.

4.2. Tip alignment and geometry

For analyzing surfaces with large topography variations, the alignment of the tip axis (here the

cone axis) with respect to the symmetry plane of the cantilever (the one which contains the groove

13
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axis in our cantilevers) should be known and, if possible, should be the same for each probe. This
alignment can be defined by two deviation angles, i.e., the out-of-plane angle € and the in-plane

angle ¢ between the cone axis and the groove axis, as depicted in Fig. 11.

(a) Out-of-plane tilt (b) In-plane tilt (C)

groove
nanocone

7 q) : nanocone
y < (0] p: 4
Ca—— _ &/ 7
& |

\ [,

nanocone 'Y X groove
cantilever cantilever 2 um cantilever
(front-view) (side-view) —_—

Fig. 11. Sketch of the geometric angles of interest using the example of a CnC probe. (a) Front view; & is
the out-of-plane deviation angle (with the reference plane being the symmetry plane (x,z) of the cantilever,
which contains the groove axis). (b) Side view; @ corresponds to the in-plane deviation angle formed by the

cone morphology axis and the Z axis. (¢) The various axes reported onto a real probe.

To achieve the best imaging performances, @ should be as low as possible, tending to zero,
while ¢ should ideally tend to 11-13° in order to compensate the standard tilt angle of the
cantilever holder. A SEM control of ~130 CnC probes fabricated using either the gluing or the
welding processes showed a large variability of these angles (Fig. 12), both due to (i) the lack of
accurate positioning of the CNC into the cantilever groove, and to (ii) the variability of the CnC
morphology for which the cones are not always well-aligned with respect to the short microfiber
segment wearing them (Fig. 3, and related comments).

Because of the chances for more or less severe probe tip misalignments, this first-generation
CnC probes are poorly suitable for analyzing substrates with high amplitude of abrupt topography
variations, unless special care is taken with selecting well-aligned ones through SEM
investigation. However, this limitation will be able to be overcome by growing CnC onto perfectly
straight CNTs. This (i) would fix the problem of cone axis versus fiber segment axis
misalignment, and (7i) could dramatically lower the risk of misalignment during the mounting. The
literature shows examples of such isolated, perfectly straight, and parallelly-aligned free-standing

CNTs [33].

14
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Fig. 12. SEM images showing various examples of as-prepared CnC probes showing more or less severe

deviations of the #and/or @ angles with respect to standards.

5. Characterizing the carbon from the probes

5.1. Morphology analyzis by SEM

As said previously, carbon-based materials are likely to be sensitive to irradiation damages,
that welding techniques were suspected to generate. Although SEM is not able to discriminate
whether a material is crystallized or amorphous, cones from CnC were shown to exhibit
morphological changes (buckling) in the vicinity of the apex after welding, specifically when
using FIBID, suggesting that some structural change happened. Fig. 13 confirms that the
morphological change after the FIBID procedure is actually due to the interaction with the focused
Ga ion beam because it did not happen — with very seldom exceptions - when using the ion-free
mounting procedure described in Section 3.2.2, and never happened when using the gluing
procedure. Furthermore, it seems that the tip buckling is proportional to the total ion dose received
(i.e., the number of ions received over the cumulated exposure times), although this statement
could not be otherwise than qualitative. Indeed, a CnC extensively welded onto a Cu substrate

aiming at preparing a cross section by FIB ablation exhibited the largest deformation of all (Fig.
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13a), followed by a CnC mounted as a probe using an all-FIB procedure (i.e., FIBID + FIB-
etching, Fig. 13b), to be compared to Figs. 13d-f where a combined FEBID + FIB-etching

procedure was used.

500 nm

Fig. 13. From (a) to (f): Examples of decreasing buckling induced to the cone tip of CnCs due to the
presumably decreasing effect of the focused beams during the welding and/or etching steps. Left images:
as-prepared CnC, on the growth substrate, before any contact with focused beams. Right images: the same,
after welding onto a cantilever. (a) morphology selected and then extensively welded by FIBID onto a Cu
support prior to preparing a longitudinal cross-section of it by FIB-etching. (b) and (c¢): CnCs mounted as
probes using both FIBID and FIB-etching. (d) to (f): CnCs mounted as probes using FEBID combined with
FIB-etching.

5.2. Raman spectroscopy

Raman spectroscopy is a common analyzis technique to investigate the structure and
nanotexture of graphenic carbons, in particular through the measurement of the intensity ratios of
the D band (which reveals the occurrence of various types of defects) over the G band (which is
associated with the perfect graphene lattice, as the 2D band is) [34]. A Jobin-Yvon Horiba,
Labram HR EVO Raman spectrometer was used, coupled to an AFM plateform TRIOS, with the
following conditions: laser 4 of 632.8 nm, laser spot size of 0.5 um, power of 0.7 mW, exposure

time of 200 s. In order to record the D, G and 2D bands at the same time, a 76x76 mm grating with
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600 gr/mm was used to get the spectral range required. Raman spectra were then obtained on CnC
probes to evaluate the effect of each of the mounting techniques (i.e., gluing, FEBID, FIBID) on
the final structural quality of the probes (Fig. 14). For this, the CnC probes were mounted on the
holder and characterized locally thanks to the nano-positionning facilities. Raman maps were
obtained in the XY plane and in the XZ plane with an integration time of 10 s. The spatial step is
200 nm. By interpolation, the location of the tip was determined with an accuracy of about 100
nm. Long acquisition times in different places were possible due to mechanical stability. In this set
of experiments, the laser probe was focused far from the apex, on the junction between the fiber
segment and the cone base, thereby partly overlapping both, so that the Raman laser will probe
about the same volume of carbon material for each probe, as far as possible.

As the carbon tip is in air, there is no electric field enhancement by substrate effect.
Consequently, no heating effect was observed. This is ascertained by the stability of the
amorphous carbon part under the laser beam: upon a time increase from 10 to 200 s, no
modification of the Raman band shapes was observed.

Fig. 14 shows significant differences between the CnC welded by FIBID (bottom spectrum),
that welded by FEBID (middle spectrum), and that merely glued by the UV-cured resin, hence not

subjected to any ion or electron irradiation step (top spectrum).
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Fig. 14. Raman spectra (with the fitting as the black solid and dotted heavy lines) recorded on the
cone/short-fiber junction of three different CnC probes mounted by the three different procedures described
in Section 3: top (blue spectrum): glued with a UV-cured resin; middle (red spectrum): Pt deposited by
FEBID; bottom (yellow spectrum): Pt deposited by FIBID and then release of the Omniprobe by FIB-
etching. In the top-left part of the Table are provided the /p/I; band intensity ratio as well as the linewidths
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of the D band for the glued or the FEBID-mounted CnC only. These parameters could not be calculated for
the FIBID-mounted CnC since the related spectrum (bottom) no longer exhibits the regular D + G + 2D

bands typical of graphenic carbon materials.

The Ip/I; ratio (0.45) of the gluing-mounted CnC probe may serve as reference, as the related
CnC was never subjected to any electron or ion irradiation. For the FEBID-mounted CnC
(middle), the graphenic nature is obviously maintained as the G and 2D band intensities remain
unchanged, as well as the G band linewidth (~20 cm™), but an increase of defects is observed as
revealed by the significant increase of Ip/I (from 0.45 up to 0.85) and a slight increase of the D
band width (from 24 to 27 cm™). According to Cangado et al. [35], this reveals a concentration
increase of point-defects (e.g., interstitial atoms, substitutional atoms, vacancies) preferably to line
defects (e.g., screw or edge dislocations, grain boundaries), which is consistent with an effect of
irradiation damages. Finally, the spectrum for the FIBID-mounted CnC (bottom) shows a dramatic
change and is now typical of amorphous carbon, where the D and G bands merge to form a broad
band, and where the 2D band is no longer observed.

Considering that 87% of the Raman signal comes from a depth d = 1/(4 n.x), where A is the
incoming wavelength (here, 632.8 nm), and « is the extinction coefficient which depends on the
wavelength, the estimated laser probe penetration ranges from ~40 nm if the material is graphenic
carbon (for which x ~1.35 [36]) to ~80 nm is the material is amorphous carbon (taking x ~0.8 as a
plausible value [37]).Therefore, the spectra obtained are mostly representative of the surface state
over few tens of nanometers, not of the bulk. Only the use of focused Ga ions (FIBID) heavily
amorphizes the carbon material surface, whereas the use of focused electrons (FEBID) mostly

increases the surface concentration of defects.

5.3. Transmission electron microscopy

The cone apices of as-prepared CnCs were investigated by HRTEM (FEI Titan Cube,
aberration-corrected TEM equipped with a Schottky electron source and operated at 80 kV). Two
examples are shown in Fig. 15. A comprehensive study of them can be found in [23]. HRTEM
imaging allows roughly estimating the apex radii R1 and R2 of the cone tips at 2.2 and 3 nm,
respectively, making expect that CnC probes will be able of high resolution when used in AFM
mode. Moreover, depending on the surface characteristics to be investigated (for instance, a
surface with a roughness below 1 nm) smaller morphological features of the apex surface other
than the overall cone shape may prevail in the interaction with the substrate, such as the protruding
detail arrowed in Fig. 15a, which may provide the probe with even higher resolution, as such an

apex is likely to be efficient in revealing atom-scale details in roughness-free substrate.
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Fig. 15. (a) and (b) HRTEM images (80 keV) of two cone apices from as-prepared CnCs. Modified from
[23].

In order to check the extent of the irradiation damages evidenced by the Raman investigation
(see Fig. 14 and related comments), FIBID-mounted CnC probes were investigated by HRTEM. A
special TEM specimen holder was purposely modified by us so that a whole CnC probe could be
put into the TEM (Fig. 16a). In order to serve as dimensional reference, the HRTEM image of the
as-prepared cone apex provided as Fig. 15a is reproduced here as Fig. 16b. The structural integrity
of the tips appeared to be systematically affected for the FIBID-mounted CnC probes (Figs. 16c¢-
f), but also, surprisingly, for a gluing-mounted CnC probe (Fig. 16g). This apparent contradiction
with what was expected from the gluing mounting process (which does not include any electron or
ion irradiation step) and from the Raman results requires a closer look.

An extensive yet variable degree of amorphization of the carbon material over lengths of
several hundred nanometers up to 1-2 micrometers away from the apex, and a dramatic increase of
the apex radius of the tip were observed for all the FIBID-mounted CnC probes investigated (Figs.
16¢-f). Rapidly, for cone diameters above ~100 nm, it cannot be said whether the amorphization
affects the bulk or only the cone surface, and if so, how deep, because of the 2D-projection effect
and the penetration limit of the electron beam. In some cases (Fig. 16d), the amorphization of the
cone tip appears to be surface only, but we must remember that what is seen is only what remains
from the tip. The dramatic increase of the tip radius systematically observed is then mostly due to

the shortening of the cone because of the loss of the thinnest portion of the cone end, added to a
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swelling effect resulting from the structure change (from graphenic turbostratic to amorphous).
This is somehow consistent with the literature, as FIBID Pt deposition was acknowledged to
provoke higher disorder and impurity content than FEBID by the presence of a higher
concentration of Pt grains in the material as well as possible Ga ion implantation [38].
Furthermore, a heavy ion beam was found to be able to break C-C bonds and change the structural
properties of graphenic carbon materials [39,40]. For instance, the amorphization of MWCNTs,
which are structurally close to our carbon cones, was reported by using Ar ions (with an

irradiation dose of 4x10'® ions/cm?) at an energy as low as 3 keV [40].

brass holder

2 mm cantilever

Fig. 16. (a) Detail of the modified TEM specimen holder used to investigate carbon cones when mounted
as SPM probes. (b) HRTEM image of the apex of the as-prepared carbon cone already shown in Fig. 15a,
for dimensional comparison with images (c) to (g) which all are at the same scale. (c¢) to (f) HRTEM

images of FIBID-mounted carbon cone apices; dark spots are assumed to be gallium atoms or clusters, or
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possibly nanoparticles from the welding material (Pt or W). (g) A cone apex from a gluing-mounted CnC
probe. Images in (b) to (¢) were taken with a FEI Titan Cube operated at 80 kV. Images in (f) and (g) were
taken with a FEI Tecnai operated at 100kV.

An important statement is that, in spite of the relatively low TEM electron beam energy (80
keV for the images provided as Figs. 16¢c-e, and 100 keV for the images given as Figs. 16f-g), the
carbon material from the CnC probe tips (either FIBID-mounted or gluing-mounted) was quite
sensitive to the electron beam and amorphized rapidly. It was then impossible to determine which
extent of the amorphization was due to the mounting process and to the TEM observation,
respectively. This high sensitivity of the carbon cones, especially at their apex, to electron
irradiation in the energy range used (80 or 100 keV) during our TEM investigation was
unexpected, as it is atypical for carbon nano-objects with very similar texture and nanotexture
such as arc-prepared concentric multi-wall CNTs (MWCNTs), and even for single-wall CNTs
(SWCNTs). For instance, an electron energy threshold of 86 keV was calculated for a safe TEM
investigation of SWCNTs [41], although they are even more sensitive to electron irradiation than
MWCNTs [42]. The reason for this behavior discrepancy between CNTs and carbon cones is
likely to relate to the occurrence of a high number of specific defects affecting the graphenes in
the cones such as free graphene-edges and other defective terminations such as "loops" and "zips"
[23] (Figs. 4 and 15) which do not exist in SWCNTs and arc-prepared concentric MWCNTs.
Generally speaking, defective carbon lattices have been shown to exhibit an increased structural
sensitivity to irradiation in the literature. This was observed for instance in SWCNTs increasingly
altered by chemical treatments [43], and for carbon lattices involving undercoordinated carbon
atoms [44]. This might explain why cones previously damaged by FIBID steps cannot withstand a
TEM 80 keV electron beam (Figs. 16c-e) without altering further, whereas cones not previously
subjected to any electron or ion beam are able to withstand the impact of a TEM electron beam of
80 keV (Fig. 15) but not of 100 keV (Fig. 16g).

A consequence of the observations above is that the TEM technique appears to be useless for
assessing the extent of damages brought by the irradiation episodes during the mounting processes
because it is itself destructive, even when operated at voltages in the range 80-100 kV, i.e., around
the limit or below the energy needed to promote C-C bond breaking and knock-on atom
displacements [40-42]. Carrying out quality control of the probe apices before use would only
make sense by using HRTEM with electron beam energy not higher than 80 keV.

Generally speaking, the observations and related comments reported in current Section 5 point
out the need to check the structural state of the carbon probes when they are prepared by means of

processes involving etching mechanisms, e.g., plasma [20] and electrochemistry [21].
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6. Preliminary test of the suitability of CnC probes for AFM

Examples of AFM images from preliminary tests aiming at verifying the suitability of CnC as
probes for SPM are provided in Fig. 17. A series of samples with different topographies was
chosen to assess the performances of CnC probes over a wide range of roughness values, from

sub-nanometric to hundreds of nanometers. The tapping mode was used in all cases.
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Fig. 17. AFM topography images and profiles (except el - sketch) of various substrates. (a) Regular Si
wafer surface, obtained with a FEBID-welded CnC-probe. (b) HOPG surface, obtained with a FIBID-
welded CnC-probe. (c) Structured Si surface. (d) Standard Si surface calibration substrate with a step. (e)
TGX1 calibration substrate. Images from (c) to (e) were obtained with glued-type CnC-probes. All AFM

images and profiles were obtained using a Nanoscope [1la AFM from Bruker.
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Fig. 17a shows a regular aspect of a Si/SiO, wafer surface. The image exhibits a very good
lateral resolution as evidenced on the four nanosized impurities which appear as white dots. The
rms roughness of the image is 0.36 nm, which is in the expected range for such a surface.

Fig. 17b shows two steps from a HOPG substrate (Bruker), one (step #1) with a height of ~2
nm, the other (step #2) in the range of 0.6-0.7 nm. Considering that a graphene is 0.34 nm thick
[36], the steps may correspond to stacks of 6 and 2 graphenes, respectively. However, the
literature has shown that the thickness value determined by tapping mode AFM can be largely
influenced by the operating parameters [45], as well as by the presence of a water film [46,47]
although this may depend on the type of substrate. Therefore, the number of graphenes here given
should only be considered tentative. Tentatively refining the measurement, for instance by using
peak-force AFM along with specific high force setpoint [47], would have been possible, but it is
out of scope here, as the purpose of Fig. 17 is merely to provide examples and a proof of concept.
It is worth noting that the CnC probe used in the case of Fig. 17b was welded by FIBID.
Therefore, despite the broadening of the cone apex resulting from the ion-irradiation damages
makes them poorly suitable when lateral resolution is needed, such probes may still be used for
substrates with limited topography variations.

Figs. 17c1-c2 provide a 3D topography image of a Si surface structured with a variety of steps
with various heights (c2), along with a related topography profile across the steps over a length of
2 um (cl). The CnC probe resolves nicely both the steps with sub-nanometer height and large
ones as high as 20 nm.

Figs. 17d1-d2 illustrate a step with a 200 nm-high vertical rise of a standard calibration Si
substrate (d1). The related profile obtained across the step (d2) shows an offset with respect to
verticality (angle 71° +/- 1°) which reveals the aspect ratio of the CnC probe.

Figs. 17el1-e2 illustrate the topography of a TGX1 calibration substrate (from NT-MDT) and
its dimensional characteristics (el), and provides a typical topography profile of one of the
depressions between two square plots (e2). The inverse top-hat shape of the profile illustrates the
high aspect ratio of the CnC probe. The slight dissymmetry between the left and right "vertical”
parts originates from the equipment, not from a misalignment of the CnC with respect to the
cantilever axis. The bottom of the depression is well seen over its whole length in spite of the large
depth (600 nm). This last example shows that the structure and rigidity of the CnC probes allow
imaging samples with very large rugosity.

A whole campaign of investigations comparing CnC probes and standard Si-probes, and
eventually CNT probes, for a variety of SPM modes including non-conducting (AFM, peak-force

quantitative nano-mechanical AFM) and conducting ones (conducting AFM, Kelvin force
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microscopy) was carried out. The related results will be disclosed in a series of forthcoming
dedicated papers, which will demonstrate that CnC probes, among other benefits, are more

versatile than Si probes and can be used as genuine multimode SPM probes.

7. Conclusions

New carbon probes for scanning probe microscopy (SPM) were introduced, based on unique
all-graphenic cone-bearing carbon micro-objects (CnC). Among the various procedures
investigated for mounting a CnC onto a doped-Si cantilever support, the most cost-efficient one
was to glue it with a UV-curable single-component resin using a micromanipulator under an
optical microscope. A specific drawback of this technique, however, is that the resin is not
electrically conductive, making the CnC probe unsuitable for conducting SPM modes. This
problem will be fixed as soon as a conductive glue will be available, for instance by adding
conducting nanoparticles, preferably as elongated nanorods instead of round grains so that to favor
the percolation at lower loading rate. Indeed, conducting glues on the market involve conducting
microsized components (e.g., silver flakes) which are definitely non-suitable for fixing objects the
dimensions of which are smaller.

Welding the CnC with W (preferably than Pt) was explored as a possible alternative for
providing CnC probes conductive enough for being suitable for conducting SPM modes.
However, any process involving ion beam-related steps (such as FIB-etching or FIBID) has to be
discarded, because of the severe structural damages brought to the carbon structure. Such a
statement is general, and makes a warning regarding any ion-beam-based microtechnology
process involving carbon objects for which maintaining their textural and nanotextural integrity is
essential.

A compromise can be to use a FEBID process to produce CnC probes of an acceptable quality
suitable for both conducting and non-conducting SPM modes. However, this comes with several
specific drawbacks, i.e., processing times ~8 times longer than the gluing technique, probe surface
amorphization, and risk for loose CnC attachment.

Similar to ion irradiation but in a much lesser extent, an unexpected sensitivity of carbon
cones to electron irradiation in TEM was revealed, making them damaged even under electron
irradiation conditions (100 keV) which usually do not significantly affect structurally-close
graphene-based nano-objects such as CNTs. This sensitivity is attributed to the high number of
structural defects related to graphene terminations specific to the carbon cones with respect to

CNTs, namely free graphene-edges (hence, under-coordinated carbon atoms), and highly
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constrained graphene terminations, as both certainly increase significantly the energy of the
system.

This first generation of CnC probes reported here suffers from the frequent misalignment of
the cone axis versus the CnC axis in the as-grown state itself. Further work is needed in this
regard, and the problem will be dramatically reduced by growing the carbon cones onto straight
and perfectly aligned carbon nanotubes (instead of randomly-grown CNTs as it is so far). It is
expected that such an achievement should also allow a much better control of the alignment to be
achieved during the mounting process.

The morphological, structural, textural, and nanotextural characteristics of the cones strongly
suggest that their performances as SPM probes could overpass that of the current Si probes on
market regarding, e.g., resolution, reactivity to surrounding conditions (humidity, for instance,
thanks to the hydrophobicity of carbon), wear resistance, durability, and SPM mode versatility.
More specifically, CnC probes are expected to be much less fragile than sp’-C-based (diamond)
probe, and less flexible than CNT-based probes. In addition, the chemical nature of the cones
(graphenic carbon) provides access to organic chemistry processes for tailoring the probe tip with
a variety of chemical groups at will, for instance for use as probes for chemical force microscopy.
Many of these aspects were actually investigated already, demonstrating the superior
performances of CnC probes over standard Si-probe (and eventually CNT probes) in several
instances. The results will be published in forthcoming articles. As a large variety of SPM modes
were tested (atomic force microscopy (AFM), peak-force quantitative nanomechanical AFM,
conducting AFM, Kelvin force microscopy), one of the valuable benefits of CnC probes appears

to be their versatility, which allows considering them as multimode SPM probes.
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Supplementary Information

Details on Calculation-1 regarding the weight of a CnC object based on its nature and
dimensions

In order to estimate the weight of a typical microsized carbon object (CnC) as those used in this
work and shown in Figures 3, 6, 7, 9, 11, 12 and 13 of the main paper, we considered a model
object consisting of a central cylindric part added with two cones, with the following dimensions:

Cylinder:

Length L,= 15 um

Radius /=1 pm

- Volume Vy=mnx 77 x Lr=3.14 x (1 x 10°)* x (15 x 10°) =47.1 x 10"* m’

The graphenes making this part of the object exhibit a good-grade nanotexture (i.e., they are
barely distorted) but with short L, of few nm [1]. The overall texture is porous (few-nanometer-
wide pores), which generates the rough surface [1], and makes it similar to a carbon obtained from
non-graphitizable precursor such as glassy carbon. We therefore considered the density similar to
that of a glassy carbon, i.e., pr= 1400 kg/m’ [2].

- Weight Py of the cylinder part: prx V= 1400 x 47 x 10™"® = 6.58 x 10™* kg (65.8 pg).

Cone:
Length L,=5 um

Radius .= 0.4 um

- Volume V= (txr’ x L) /3=3.14x (04x 10%)?x (5x10°)/3=0.84x 10"* m°

The graphenes making the cones are perfect (high-grade nanotexture) and well-packed, generating
a dense, pore-free texture (regardless of the inner cavity of the central CNT) similar to that of
genuine graphite (see [3] and Figure 4 in the main paper). The intergraphene distance, however, is
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larger (0.34 nm) than that in genuine graphite (0.33 nm) because of the turbostratic stacking
induced by the concentric display of the graphenes, which prevents the superimposed lattices to
ideally match. We therefore considered the density slightly lower than that of genuine graphite,
i.e., p.=2000 kg/m’.

> Weight P, of a cone: p. x V. =2000 x 0.84 x 10"® = 1680 x 10" =~0.17 x 10" kg (1.7 pg)
Therefore, the weight of a typical CnC is: P+ (2 x P.) = 65.8 + (2x 1.7) =~69 pg

Details on Calculation-2 regarding the weight of a CnC object based on the resonance
frequency downshift of the cantilever

The nominal resonance frequency f of the cantilever used in Figure 10a was 157 x 10° Hz. This
corresponds to a Type2 cantilever, the spring constant £ of which is ~2.5 kg/m (or 25 N/m, as
written in Table 1 of the main paper).

After a CnC is mounted at the tip of the cantilever, the resonance frequency exhibits a
downshift 4/ =2 x 10’ Hz.

There is a relation between the oscillation frequency of a spring positioned vertically and the
mass attached to it through the spring constant 4. It is admitted to extrapolate this relation to the
case of an oscillating cantilever of mass m. However, as opposed to the case of a spring, a
cantilever is horizontal and its oscillation is only maximum at its tip. Therefore, a correcting factor
has to be applied to the mass m so that to obtain a kind of "spring-equivalent" mass called the
"effective mass" m; On the other hand, a CnC added to the cantilever tip corresponds to an
additional mass Am which does not require a correcting factor to be applied since actually added
to the tip only [4]. However, calculating m, is not necessary here, as Am, f, and k are related by
the following equation [4]:

Am = kx (1/f," = 1/fi?) | @)

where fj is the initial resonance frequency of the cantilever, and f,, is the resonance frequency of
the cantilever after the mass Am (the CnC) is added.

Am=2.5x[1/(157 x 10°)* = 1/(155 x 10°)*] / (2 x 3.14)* = -6.67 x 10'* kg (~67 pg)

Therefore, because the agreement between the result from Calculation-1 (69 pg) and that from
Calculation-2 (67 pg) is fairly good, it can be said that the 2 kHz downshift of the resonance
frequency of the cantilever is significant and induced by the added weight of a CnC object to the
cantilever tip.
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