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Abstract: Nanoprobes are one of the most important components in several fields of nanoscience to
study materials, molecules and particles. In scanning probe microscopes, the nanoprobes consist
on silicon tips coated with thin metallic films to provide additional properties, such as conductivity.
However, if the experiments involve high currents or lateral frictions, the initial properties of the tips
can wear out very fast. One possible solution is the use of hard coatings, such as diamond, or making
the entire tip out of a precious material (platinum or diamond). However, this strategy is more
expensive and the diamond coatings can damage the samples. In this context, the use of graphene
as a protective coating for nanoprobes has attracted considerable interest. Here we review the main
literature in this field, and discuss the fabrication, performance and scalability of nanoprobes.
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1. Introduction

Sharp probe tips with an apex radius <100 nm are widely used in many different fields of science
including electronics [1], physics [2], chemistry [3], biology [4] and medicine [5], as they allow local
characterization and manipulation of materials with a nanometric spatial resolution. Depending
on the equipment and application in which they are used, nanoprobes can have a wide variety of
shapes, material composition and prizes. One of the main problems of nanoprobes is that they can
lose their initial properties (e.g., sharpness, conductivity) after several experiments, leading to false
data collection and increases in the cost of the research (i.e., new probes need to be used). Therefore,
understanding the degradation process and the speed of nanoprobes during each experiment is
essential to ensure high quality, reliable and cheap data collection.

Scanning Probe Microscopes (SPM) are among the most advanced equipments for nanoscale
characterization and patterning, as they can achieve high spatial resolution both laterally (<0.1 nm)
and vertically (<0.01 nm) [6,7]. The nanoprobes used in SPMs consist of a cantilever with a sharp
tip at its end, which is the only part that contacts the sample being tested. The lateral resolution
of the data collected with an SPM in most cases depends on the sharpness of the nanoprobe at its
apex: the smaller the tip radius, the smaller the tip-sample contact area, and therefore the higher
the lateral resolution [6]. When using an SPM to analyze the morphological properties of a material
(e.g., topography, adhesion force) normally Si or Si3Ny nanoprobes are used, as they can be easily
fabricated by standard silicon bulk micromachining technology [8]. The tip radius at the tip apex can be
as small as ~2 nm. For electrical modes of SPMs, such as conductive atomic force microscopy (C-AFM),
electrical force microscopy (EFM) and Kelvin probe force microscopy (KPFM), the probes need to
be conductive, a capability that can be provided by coating the Si or Si3Ny nanoprobes with a thin
(~20 nm) conductive varnish [9]. The conductive varnish (normally a metal or doped diamond) should
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be thick enough to provide stable conductivity to the tips under high current densities and frictions,
and at the same time thin enough for not increasing the radius at the apex too much (this would
result in a loss of lateral resolution). Maintaining the initially high conductivity and sharpness of
conductive nanoprobes during several experiments is one of the main problems for the users of
electrical modes of SPMs [10]. It is worth noting that the contact area between the tip of an SPM and
the sample is typically <100 nm?, and that the minimum current that this equipment can measure
is ~1pA. Therefore, the minimum current that an SPM can detect is 1 A/cm?. This is already a very
high current density, but it can go even higher, up to 10° A/cm? if the currents detected with the SPM
increase into the milliampere regime [11]. According to the International Technology Roadmap of
Semiconductors [12], sub-10 nm resolution and a dynamic range of 10'~10?° A /cm? is required to
acquire electrical information in future nanoscale devices [13,14].

In the market place, one can also find conductive nanoprobes for SPMs made of solid metals
or doped diamond. However, these nanoprobes show many disadvantages: (i) much higher cost
(up to 10-times) due to the use of precious materials and hone techniques; (ii) very few suppliers and a
very limited range of spring constants, resonance frequencies and tip radiuses; and (iii) damage to
the samples due to high stiffness (for the diamond tips), which not only produces degradation of the
sample under test, but also abundant adhesion of particles to the tip apex and subsequent reduction of
its sharpness and conductivity. Table 1 summarizes the most used conductive nanoprobes for SPMs,
and classifies them into four categories depending on their material structure: metal varnished Si
probes, doped diamond varnished Si probes, solid metallic probes and solid doped diamond probes.
Despite the wide range of conductive nanoprobes available in the market, currently none of them
possess high spatial resolution, high conductivity, long durability and low cost at the same time.
Therefore the exploration of novel materials with high conductivity and wear resistance is necessary to
promote nanoscale characterization techniques.

Table 1. Specifications of the most used commercial conductive nanoprobes from different
manufacturers. The prices represent the cost given by the local distributors in Shanghai.

. . Tip . .
Tip Coating Bulk . Spring k Unit
Type Model (am) Materials R(:::II;S (N/m) Freq (kHz) Manufacturer Price (§)
SCM-PIC Ptlr n-doped Si 20+5 0.2 (0.1-0.4) 13 (10-16) Bruker 419
OSCM-PT Pt (20) Si 15 + 10 2(0.6-3.5) 70 (50-90) Bruker 51.2
SCM-PTSI Pt/Si n-doped Si 15+10 2.8 (1-5) 75 (50-100) Bruker 156.7
SMIM-150 TiW SisN, 50 + 10 8 (7-9) 75 (70-80) Bruker 139.8
MESP Co/Cr Si 35+15 2.8 (1-5) 75 (50-100) Bruker 116.7
Arrow CONTPT  Cr/PtIr (5/25) Si 33 £10 0.2 (0.06-0.38) 14 (10-19) NanoWorld 38
Metal CONTPT Cr/Ptlr (5/25) Si 30 £ 10 0.2 (0.07-0.4) 13 (9-17) NanoWorld 42.98
varnished ~ ATEC-CONTPT Cr/Ptlr (5/25) Si 33+£10 0.2 (0.02-0.75) 15 (7-25) Nanosensors 41.39
Si tip PPP-CONTPT Cr/Ptlr (5/25) Si 30 £10 0.2 (0.02-0.77) 13 (6-21) Nanosensors 46.11
PtSi-NCH Pt Si 30+ 10 42 (10-130) 330 (204-497)  Nanosensors 152.08
ACCESSS-NC-GG Au Si 30 113 330 App Nano 53.99
TiN-ACT TiN Si 70 37 300 App Nano 39.5
AC240TM Ti/Pt (5/20) Si 28+ 10 2(0.3-4.8) 70 (45-95) Olympus 35.94
NSC14/Pt Ptor Au Si <30 5 (1.8-13) 160 (110-220) w-Masch 403
Electri Tap 190-G Cr/Pt Si <25 48 (20-100) 190 + 60 Budgetsensors ~ 37.26
Doped .
CDT-FMR . Si 83 +17 2.8 (1.2-5.5) 75 (60-90) NanoWorld 143.66
diamond
Doped .
CDT-CONTR . Si 83+ 17 0.2 (0.02-0.77) 13 (6-21) Nanosensors 152.08
diamond
Doped CDT-NCLR d]?opedd Si 83+ 17 48 (21-98) 190 (146-236)  Nanosensors 152.08
diamond gmor‘;{l
varnished  DD-ACCESS-NC _ope Si 100-300 9% 320 AppNano 15448
Si tip diamond
DDESP-FM Doped Si 150+50  62(3-114) 105 (80-103) Bruker 132.8
diamond
AD-0.5-AS Single crystal Si 10+5 0.5 (0.1-1) 30 (10-50) Bruker 186.5
diamond
AD-0.5-55 Single crystal Si <5 0.5 (0.1-1) 30 (10-50) Bruker 279.6
diamond
Solid
metal RMN-12PT400B None Pt 15£5 0.3 (0.18-0.42) 4.5 (3.15-5.85) Bruker 74.5
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Table 1. Cont.

Tip

Tip Coating Bulk . Spring k Unit
Type Model (nm) Materials R(:i:)ls (N/m) Freq (kHz) Manufacturer Price ($)
. Bruker
SSRM-DIA None Diamond 5-20 3/11/27 - (IMEC) 372.2
Advanced
Solid P-CTIT2S None Diamond - 071 50 Creative 1050
doped Solution
diamond Technology
AFM tip Advanced
P-CTCRIS None Diamond ~ <10nm 035 35 Creative 950
Solution
Technology

Researchers have been working on designing prototypes of nanoprobes coated with specific
materials. For example, Dai et al. [15] modified conventional SPM probe tips by attaching multiple
walled carbon nanotubes (diameter of 5-20 nm and length of 1 um) to their apex using epoxy and
manual manipulation under optical microscope. Afterwards, the attachment method was improved
with the assistance of DC current flow [16]. Tay et al. [17] attached single metallic (tungsten or cobalt)
nanowires to commercial AFM tips, and successfully used them to profile a steep sidewall structure
with high resolution due to their tiny radius of curvature (1-2 nm) and high aspect ratio (length of
~100 nm, height of ~1.5 um). Bakhti et al. [18] grew a gold nano-filament with radius of <3 nm and
length of 10-100 nm on the apex of conductive SPM nanoprobes, and the resulting nanoprobe was
shown to be chemically inert with improved lateral resolution (observable from the topographic maps).
The emergence of two dimensional (2D) materials with superior properties (mechanical strength,
flexibility, transparency, thermal conductivity, chemical stability, among others) [19-22], has also been
attractive in the field of conductive nanoprobes engineering. Several works [23-29] have demonstrated
that graphene would be an ideal coating material to enhance the lifetime of a conductive nanoprobe,
as it can provide high conductivity and mechanical robustness without increasing the tip radius
(it is just one atom thick) and /or modifying the spring constant of the cantilever (its mass is negligible,
while hard coatings like diamond have a considerable mass that bend the cantilevers and alter their
mechanical and dynamic properties). Furthermore, graphene could be used to functionalize the surface
of the probes, providing additional properties like hydrophobicity and piezoelectricity. In this review,
we present a detailed summary of all the graphene coated nanoprobes developed, and describe several
characteristics including the fabrication technologies and performances.

2. Graphene-Coated AFM Probes Production

2.1. Direct Chemical Vapor Deposition of Graphene on AFM Nanoprobes

Chemical vapor deposition (CVD) is a widespread methodology used to produce high quality,
large area and continuous graphene films on the surface of different metal catalysts (e.g., Cu [30],
Fe [31], Ni [32]). To do so, the metallic substrate (typically a foil) is introduced in a tube CVD
furnace and heated at high temperatures (>850 °C) while the graphene precursor (typically CHy or
C,H50H) is introduced in the tube with the assistance of a carrier gas (typically Hy /Ar). Using this
approach, the precursor seeds (carbon-containing molecules) can precipitate at random locations on the
surface of the metallic sample, and they grow until merging into each other, forming a homogeneous
(but polycrystalline) graphene film—intuitively this process is similar to placing several ice cubes on a
flat table and waiting until they melt and form a homogeneous water film. By controlling the amount
of precursor in the chamber, the temperature and growth time, the properties of the graphene sheets
can be tuned (e.g., domain size, graphene thickness). As the growth takes place at all locations of the
sample simultaneously, the growth process is scalable.

Wen et al. [23] attempted to grow graphene on the surface of Au-varnished Si nanoprobes via
CVD. To do so, they inserted the nanoprobes (from Mikromash model CSC38/Cr-Au) in a tube furnace
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and ran the CVD process (Figure 1a). Co;HsOH was used to supply the carbon source and delivered to
the Au-coated nanoprobe by the mixed gases of Ar/H; for 5 min, under a flow rate of 100 sccm at
750-850 °C. The authors claim that, as the tips are varnished with Au (which can serve as a metallic
catalyst), the graphene would form on the surface of the Au and eventually cover the entire surface of
the nanoprobe. In order to demonstrate the correct growth of graphene the authors compare the Raman
spectra of the graphene films grown on Au electrodes and Au-varnished tips, and both showed peaks
at 1597 cm~! (Figure 1b). However, the scanning electron microscopy (SEM) images of the tip apex
shown by the authors reveal the material deposited on the tip apex appears to be very un-homogenous
and thick (Figure 1c), meaning that this carbon-rich material may not hold the genuine properties of
2D graphene sheets.

) ~——Graphene on Au tips
1600 ~——— Graphene on Au electrodes
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Figure 1. Direct chemical vapor deposition of graphene on metal-varnished AFM tips. (a) Schematic

Intensity (CPS)
%
8

representation of an Au-varnished AFM tip coated with graphene that is being used as top electrode
in a molecular junction; (b) Raman spectrum of the graphene formed on the Au electrode (red) and
Au-coated AFM tip (black line); (c) SEM image of the tip apex after the CVD process. The surface
appears to be covered by a discontinuous and thick layer, rather than atomically-thin continuous
graphene. Reproduced with permission from [23], copyright Wiley-VCH (2012).

It should be highlighted that the growth of 2D materials on metallic substrates has been normally
performed using metallic foils, not metal-varnished surfaces. The reason is that large amounts of metal
need to be available on the surface of the sample to avoid massive diffusion and de-wetting at high
temperatures >850 °C. Very few authors successfully achieved the CVD growth of graphene or any
other 2D material on metal-varnished samples (300 nm SiO, /Si) [33-35], and in all cases the thickness
of the metal was >500 nm. In Ref. [23], the authors used standard Au-varnished Si nanoprobes for
SPMs, on which the Au-varnish is <70 nm thick. They recognized discontinuous graphene growth due
to uncontrollable Au melting. Despite the authors showing that their graphene coated nanoprobes
achieved enhanced performance (90% yield) as a molecular junction, to the best of our knowledge
this approach has never been reproduced by these or other authors, and the graphene grown by this
method contains a large number of defects, which is indicated by the strong D peak. Therefore, this is
not an ideal methodology for graphene coating on the AFM tips.

2.2. Transfer of CVD-Grown Graphene onto AFM Probes

As the temperatures required for the CVD growth of graphene are very high, avoiding the use of
this method directly on the tips is necessary. One of the main advantages of CVD-grown 2D materials
is that they can be prepared on a substrate that ensures very high quality (e.g., Cu foils) and is then
transferred onto the target device. Lanza et al. [24] coated commercially available AFM probes with a
sheet of graphene previously grown on a Cu foil. During the fabrication process two samples were
prepared independently and merged (see Figure 2a). Single layer graphene was synthesized via CVD
approach on a 25 um thick Cu foil, using 20 sccm methane gas mixed with 10 sccm hydrogen in a
tube furnace working at a growth temperature of 1000 °C for 15 min. After that, the furnace was
cooled down to room temperature under the flow rate of 10 sccm hydrogen. During this process,
carbon-containing sources precipitated and eventually graphene films formed on both sides of the Cu
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substrate. After the growth, the graphene/Cu/graphene stack was introduced to an oxygen plasma
furnace to remove one side of the graphene layers. The resulting graphene/Cu stack was fixed in a
spinner and a drop of PMMA was deposited on top of the graphene sheet and spun at 1000 rpm for
1 min. Then, the sample was backed on a hot plate at 170 °C for 5 min until the PMMA became solid,
resulting in an average thickness of ~200 nm. The PMMA /graphene/Cu stack was deposited on the
surface of a FeCl; solution for etching the Cu substrate. After that, the PMMA /graphene stack was
fished and washed, first in a 2% HCI solution and later in deionized water. Meanwhile, a commercial
Ptlr-varnished silicon AFM tip was fully wrapped and glued on a cleaned piece of Si wafer. To do so,
the surface of the Si was first covered with a ~200 nm layer of PMMA (spun at 1000 rpm for 1 min
and baked at 170 °C for 5 min). Then, the tip was fixed manually simply by pushing and partially
immersing the chip containing the AFM tip in the soft PMMA substrate. Then the resulting sample
was covered again with PMMA. During this process, the cantilever of the AFM nanoprobe was bent
due to the weight of PMMA. The probe tip used was the CONTPt from Nanosensors, which has the
following main properties: tip radius = 10 nm, cantilever length = 450 um, spring constant = 0.2 N/m,
and resonance frequency = 13 kHz; the thickness of the PtIr varnish was 20 nm.
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Figure 2. Transfer of CVD-grown graphene onto AFM probe tips. (a) Step-by-step schematic of the
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process followed to transfer graphene (grown on Cu foils) onto AFM tips. Reproduced with permission
from [24], copyright Wiley-VCH (2013): (b) Experimental protocol used to fabricate graphene coated
tip arrays. Reproduced with permission from [25], copyright AAAS.

Once the tip is immobilized on the surface of the Si substrate by the bottom and top PMMA
layers, it is used as target substrate to pick up the PMMA /graphene sample prepared previously
(see Figure 2a), and the entire structure was dried at room temperature. Finally, all the PMMA was
removed via acetone vapor. This is the most critical step of this technique, as highlighted by the
authors [24]. Basically, a very ingenious method was proposed to remove the PMMA in this work,
that is, instead of liquid acetone, a large amount of PMMA was sufficiently removed by boiling
acetone vapor (~68 °C) for 30 min. A designed set up with two glass containers was used to keep
the AFM tip continuously exposed to the vaporized acetone, which effectively reduced the residual
of contamination on the AFM tip. As a result, the geometric shape of the tip was fully wrapped by
flexible graphene film and finally achieved the conformal graphene coated AFM tip.

This kind of transfer method was also used in the work reported by Shim et al. [25], in which a
10-20 layer thick graphene stack grown on a 4-inch Ni/Si wafer (Graphene Laboratories Inc., Calverton,
NY, USA) was used as graphene coating for scanning probe arrays. As usual, a ~70 nm thick PMMA
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layer was spin-coated on as-grown graphene/Ni/Si at 500 rpm for 10 s with a speed of 100 rpm,
followed by 5000 rpm for 60 s with a speed of 1000 rpm. The PMMA /graphene/Ni/Si stack was
preserved at room temperature for 24 h and dried naturally. Afterwards, small pieces (1 x 1 cm?) of
wafer were immersed into aqueous FeCls solution (1 M) for etching away the Ni film, which produced
the separation of the PMMA /graphene film from the substrate. Similarly, the PMMA /graphene
film was rinsed with deionized water and then fished with the target substrate. In this case the
authors designed a target substrate consisting on a transparent glass with 100 nm SiO, with more than
4489 pyramidal tips (without cantilever, see Figure 2b) arranged in a matrix distribution. This target
substrate was used to fish the PMMA /graphene stack, a process that was done by keeping a constant
angle of 40° with respect to the liquid surface. The sample was exposed 48 h to air atmosphere at room
temperature for natural drying, and the PMMA /graphene coated HSL tip array was immersed in
acetone for 2 h to remove the PMMA. Finally, the sample was cleaned again in ethanol.

2.3. Mold-Assisted Transfer of CVD-Grown Graphene onto AFM Probes

Martin-Olmos et al. [26] developed a different transfer method based on the use of a Cu mold,
on which the graphene was grown before being filled with SU-8 photoresist. The entire fabrication
process is displayed in Figure 3a.

(@) . (b))
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Figure 3. Schematic of graphene coated SU-8 AFM probes obtained by CVD graphene transfer
using a mold. (a) Fabrication procedure of graphene coated SU-8 AFM probes; (b) SEM images
of released graphene coated SU-8 AFM probes (top) and zoom in probe apex (bottom). Reproduced
with permission from [26], copyright ACS Nano (2013).

First, a 100 nm SiO, /Si wafer was patterned with circles of different sizes (a few micrometers)
via lithography. The sample was then immersed in potassium hydroxide (KOH) etchant to generate
the inverted pyramids with different sizes, which were used as the molds for AFM tips. Thermal thin
silicon dioxide (which served as a sacrificial layer) was grown on the patterned wafers, followed by
the deposition of a 500 nm thick high-purity copper film, which acted as a catalytic metal for the CVD
growth of graphene. In this case, the authors used a suitable metallic thickness that might be able to
withstand the thermal heating during the 2D material growth. The molded substrates were heated
in a tube furnace up to 800 °C under hydrogen gas flow of 5 sccm. Then, 35 sccm of methane (CHy)
was introduced into the chamber, which produced the decomposition of methane and formation of
monolayer graphene. The resulting graphene coated Cu mold was filled with SU-8 photoresist (10 pm)
by using a spinner. Finally, the SU-8 photoresist was patterned by lithography and the substrate
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was etched: first the etching of SiO, using KOH and then the Cu using FeCl3 (more experimental
details can be found in Ref. [26]). The SEM images of the released SU-8 graphene coated nanoprobes
(Figure 3b) show interesting and correct graphene coating on the SU-8 photoresist, which can be easily
distinguished by the characteristic wrinkles.

2.4. Direct Graphite-Like Thin Film Deposition on AFM Nanoprobes

Graphene can be also successfully deposited on the apex of standard nanoprobes without the use
of any CVD steps. Pacios et al. [27] reported the fabrication of an ultrathin graphite-coated AFM tip
using a sputtering deposition followed by in situ annealing. First, a 30 nm thick amorphous carbon film
was deposited on the as-received spherical Si/SiO; or rounded Si bulk AFM tips via radio frequency
(RF) sputtering. Then, a 100 nm thick platinum (Pt) catalyst film was directly deposited on the carbon
film, also via RF sputtering. The process is highlighted in Figure 4a. The tip is then annealed in a quartz
tube furnace under an argon atmosphere for 30 min at a temperature of 800 °C. This step produced the
spreading of carbon from the graphite film into metal catalyst due to the high solubility of carbon in
the Pt. When cooling down, the carbon separates and graphitic flakes are generated on the surface
of the Pt film (see Figure 4b). Cross-section TEM images exhibited the successful growth of layered
graphite film on the Pt-coated tips (Figure 4c,d). The thickness of the ultrathin graphite film obtained
by this method is around 20 nm (see Figure 4d). For this experiment, the authors used AFM tips with
different tip radiuses (ranging from 2 um to 90 nm), heights (typically 10-15 um) and force constants
(ranging from 48 N/m to 0.2 N/m).

(a) Sputtering-based ultrathin-graphite coating process

aC u

Film Thermal

degositign annealigg
~Pt

(b) The Mechanism

n =

Carbon difussion

Si0,/Si Cat/aC/SiO,/Si uG/Cat/aC/SiO,/Si

Figure 4. Ultrathin graphite growth on high aspect ratio features. (a) Schematic of the growth process
on a 3D shaped AFM nanoprobe; (b) Growth mechanism of thin graphite by thin film deposition
technology and thermal annealing; Cross-sectional TEM image of the resulting graphite coated AFM
tip in low (c) and high (d) magnification. Reproduced with permission from [27], copyright Springer
Nature Publishing Group (2016).

The advantages of this work are: (i) unlike thermal evaporation, in which carbon and Pt layers
are evaporated in two separated chambers, here sputtering can produce both layers in the same
run and the quality of the materials can be precisely controlled by the bias and pressure during the
deposition process; (ii) the changeable directionality of sputtering helps to achieve full coverage
for the irregular shapes of AFM tips; (iii) as a metal catalyst, platinum can provide better surface
morphology and homogeneity for the growth of high quality 2D materials due to its higher melting
temperature and lower thermal expansion coefficient; and (iv) Pt cannot be easily oxidized, in contrast
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with what happens to other metals (such as Ni or Cu), and its chemically inert property contributes
to decreasing surface irregularities and keeping its catalytic ability. Compared to traditional CVD
technology, the authors claim that this method is a clean, simple, less hazardous and reproducible
technique, which makes it possible for large-scale manufacturing. In Figure 4c,d a cross-section of the
graphitic film grown on the surface of the tip apex can be seen. Layered structure can be successfully
obtained, as observed from the high resolution TEM images.

2.5. Liquid Phase Graphene Flakes Coated AFM Probes

Although AFM probes coated with graphene can be achieved by using some of the above-
mentioned methodologies, complicated procedures are not advisable for the mass production needed
in industry. Recently, high quality solution-processed graphene was used to coat different kinds of
nanoprobes [28]. The graphene sheets were synthesized from graphite powder. Based on a series of
redox reactions, graphite powder (2 g) was firstly oxidized by the Hummers-Offeman method with the
assistance of H,SO4 (12 mL), K»S,05 (3.0 g) and P05 (3.0 g) at 80 °C for 5 h. Then, H,SO4 (150 mL),
KMnOy (25 g) and 30 mL H,O, were added to the resulting product in order to help to re-oxidize
it, and thin flakes of graphene oxide were successfully obtained after: (i) washing (in 1:10 HCI and
pure water), (ii) drying naturally, (iii) purifying (by dialysis for 1 week), and (iv) an ultrasonic bath.
The 50 mL graphene oxide solution (0.1 mg/mL) was reduced by mixing it with hydration hydrazine
(5 mL). The mix was then stirred for 24 h at 80 °C, filtered and dried, which resulted in a black powder
graphene. Finally, the graphene solution was prepared by mixing the black graphene powder (5 mg)
and pure water (1 mL), and sonicating at 50 W for 10 min. The resulting solution contained large
amounts of graphene sheets with an average thickness of 0.7 nm and size of <1 um. Currently there are
several suppliers that provide these types of graphene solutions at a very low price. However, when
selecting a graphene solution supplier one needs to verify that the solution really contains large area
atomically thin graphene sheets, not just thick graphite particles. One recent study analyzed the size
and thickness of the sheets in liquid phase exfoliated graphene from more than 20 different companies,
and it was concluded that only two were able to provide micrometer scale sheets with thicknesses
below 10 layers [36]. Also, several companies add polymers to the solution in order to stabilize it. It is
important to select graphene solutions that do not use these polymers, as they may fall between the tip
apex and the graphene flake, and result in a thick and non-conductive coating.

Once the solution is ready, coating the graphene tip is very simple, cheap and fast. In Hui’s
work [28], commercial AFM nanoprobes with a conductive coating of 20 nm Pt or Ptlr from different
manufacturers (Olympus and Bruker) were immersed in the graphene solution for less than one
minute (see Figure 5). By swinging the probe, the graphene sheets readily attached to the sharp AFM
tip by van der Waals forces. Van der Waals forces are much higher at very sharp morphologies [37],
which means that all the flakes tend to attach there (i.e., many other locations of the nanoprobes remain
uncoated, but very good conformal coating and high reproducibility is achieved at the tip apex). After
that, the graphene coated nanoprobe was left to dry naturally. Alternatively, the nanoprobes coated by
this method can also be dried using a N, gun at a very low gas flow. N, blowing also enhances the
adhesion between the graphene and the tip apex. Additionally, the amount of graphene sheets attached
to the tip apex can be tuned by adjusting the concentration of the graphene solution. This cost-efficient
methodology could be used to achieve high-yields of graphene coated nanoprobes and facilitate their
industrial production.
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Figure 5. Different commercial Pt-varnished AFM probes coated by solution processed graphene
flakes. SEM images of as-received OMCL-AC240 nanoprobe before (a) and after coating (b); (c,d) are
OSCM-PT and SCM-PIC AFM nanoprobes coated with low density of graphene sheets (respectively).
Reproduced with permission from [28], copyright The Royal Society of Chemistry (2016).

3. Perspectives on the Fabrication of Graphene Coated AFM Probes

Based on the above discussions, liquid-phase exfoliated graphene coating seems to be the most
promising methodology due to its low cost, fast coating process and excellent compatibility with
industry. Here, the possible manufacturing procedure based on the current technologies being used
by AFM tips manufacturers (such as Nanoworld) is proposed as follows [38]. The basic fabrication
process of standard tips is described in Figure 6. A piece of silicon wafer is oxidized on both sides
(Figure 6a). Then, a layer of photo resist is spin-coated onto the back side of the SiO, /Si/SiO, wafer,
and subsequently exposed to UV light using a mask (Figure 6b—c). Similarly, the front side is patterned
by the same method but using a different mask (see Figure 6d-e). The silicon dioxide on the front
side is removed by isotropic wet etching methodology (Figure 6f) and then the photoresist on both
sides is dissolved (Figure 6g). The formation of probes can be observed after the anisotropic wet
etching of silicon by KOH in the following steps, until the oxide shields falls off (as shown in image
Figure 6h,i). A silicon nitride layer is deposited to protect the tip side of the probe from the damage
through further wet etching of silicon, which defines the thickness of cantilever (Figure 6j,k). Finally,
silicon bulk probes are isolated by removing the silicon nitride layer. In order to obtain functional
coating probes, metallic or magnetic materials are required to be deposited on top of Si bulk probes
by specific methods, such as sputtering, atomic layer deposition (ALD) and/or E-beam evaporation.
This process is normally conducted on six-inch wafers (see Figure 7a), and after the process the chips
are patterned within the silicon wafer (Figure 7b). Then, they need to be removed and placed in sticky
boxes (using vacuum tweezers to avoiding scratches) for commercialization. The photograph of a
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wafer patterned with AFM tips, as well as the zoomed-in SEM images of the chips containing the
cantilevers and sharp tips are shown in Figure 7a,b, respectively.
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Figure 6. Schematic illustration of standard AFM probes manufacturing by Nanoworld. (a) Silicon

wafer with both sides of silicon dioxides; (b,d) exposure of the back and front sides to photoresist
through a mask; (c,e) development of the exposed photoresist; (f) isotropic wet etching of silicon
oxide; (g) dissolution of photo resist; (h,i) anisotropic wet etching of silicon by KOH and silicon oxide;
(j-1) deposition and isotropic wet etching of silicon and silicon nitride, res