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b Warsaw University of Technology, Faculty of Mechatronics, Institute of Micromechanics and Photonics, Boboli 8, 02-525 Warsaw, Poland 
c Centre for Advanced Materials and Technologies CEZAMAT, Warsaw University of Technology, Poleczki 19, 02-822 Warsaw, Poland   

A R T I C L E  I N F O   

Keywords: 
Atomic force microscopy 
Microfabrication 
Cantilever 
Metal probe 
Friction 
Nanotribology 

A B S T R A C T   

Atomic force microscopes could be used in wide range of nanotribology experiments but probes available on the 
market are only made of silicon or silicon nitride with a stiffness in the range of 0.01–100 N/m, which signif
icantly limits the possible research. We strive to solve this problem by designing all-metal probes. The proposed 
fabrication method is characterised by the use of a copper substrate and electrodeposition in a mould prepared by 
indentation and photolithography. Prototype probes fabricated with this method were made of nickel with a 
stiffness of 20 N/m and 2800 N/m and were used for topography and friction measurements. Both the method 
and all-metal probes showed flexibility and great potential, especially in the field of nano/microtribology.   

1. Introduction 

Atomic force microscopes (AFM) are one of the most popular tools 
used for micro- and nanoscale research. Since the invention of AFM in 
1986 [1], their popularity has been growing. During the past several 
years, a great number of papers about new techniques, new probes, and 
improvements to hardware and software have been published. AFMs are 
most commonly used to measure the sample surface topography, but 
other numerous sample characteristics can be investigated, including 
electrical, magnetic, thermal, and tribo-mechanical properties [2,3]. For 
the latter, the most common are hardness, friction coefficient, wear 
resistance, Young’s modulus, and adhesion. Investigation of the me
chanical parameters presents unique challenges, as results are heavily 
dependent on the properties of the AFM probe, such as stiffness and 
material. Extension of the capabilities of AFM in material research 
would be particularly useful in the further development of micro/
nanotribology of MEMS [4–6] (micro-electro-mechanical systems) de
vices or triboelectric generators in which mechanical interactions are 
crucial for their operation [7–9]. Unfortunately, there is still a big gap in 
experimental tribology on the boundary between the nano- and micro
scale caused by a limited selection of tools for such measurements. 
Firstly, conducting an experiment with any chosen friction pair is 
challenging since the commercially available probes are usually made of 
silicon or silicon nitride. The use of a probe made entirely of any other 

material is problematic and a common solution is to attach a tip from a 
different material to a silicon cantilever [10] or to modify an existing tip 
[11,12]. In both cases, expensive Focused Ion Beam (FIB) is used, and 
the tip-cantilever bond and the fragility of cantilevers are still an issue. 
Additionally, the range of probes stiffnesses is limited, hence, normal 
loads possible to apply are usually between a tenth of nanonewtons up to 
several micronewtons. Milinewtons can be obtained but this requires a 
special approach [13] that can reduce the measurement sensitivity. 

Moreover, other sophisticated AFM experiments also require modi
fied or functionalized probes. For example, the measurement of elec
trical parameters requires conductive probes, and the measurement of 
magneticity requires magnetic probes [3]. These properties are typically 
achieved by coating tips or whole probes with thin layers of metals. 
These layers provide the required properties, but they simultaneously 
increase the tip radius, which decreases the imaging resolution. Another 
disadvantage of such coatings is their fragility. Thin layers can be easily 
damaged in contact modes, especially during the measurement of fric
tion or wear [14]. Hence, coatings in current use do not sufficiently fulfil 
the requirements especially of tribological research. All this problems 
could be solved by manufacturing all-metal probes. 

Methods of fabricating metal AFM probes already described in the 
literature can be divided into two categories – modifications of silicon 
probes and the creation of all-metal probes. Therefore, silicon probes are 
modified by incorporating metal tips to improve their different 
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characteristics. For example, Cespedes [12] used localised electrode
position of nickel on a previously prepared tip to achieve a high volume 
of magnetic material to improve magnetic force microscopy. A number 
of other authors fabricated nanowires at the end of the tip to increase the 
imaging resolution of the probe and the aspect ratio of the tip. Akiyama 
et al. [15] used a FIB to etch and sharpen a tungsten nanowire glued to a 
silicon probe. Tay and Thong [16] developed a method of growing a 
single nanowire at the tip end using the field emission growth technique. 
Walke et al. [17] attached chemically grown silver nanowires to the end 
of the silicon cantilever. These probes, although having some advan
tages over silicon probes, are not useful for tribological experiments, as 
the measuring tip is too flimsy for imaging in the lateral mode and would 
be damaged in a short time. 

On the other hand, the probes from the second group are made 
completely (at least the tip and the beam) of metal. For instance, 
Michałowski and Łuczak [18] developed probes made of beryllium 
copper with a submillimeter metal ball attached as a tip. They have been 
designed specifically for friction measurements between different fric
tion pairs. Unfortunately, their method does not allow full control of 

probe geometry and possible stiffnesses are relatively high. On the other 
hand, the probe can also be manufactured from a gold wire [19,20] due 
to the exceptional ductility of gold. The wire can be bent at one end to 
form a tip and flattened at the other end to form a beam. It should be 
noted that many other methods share a lot of similarities [21–23]. In all 
of them, a silicon substrate is used, in which a pyramid-like mould for a 
tip is etched. Next, a sacrificial layer is sputtered and then the main layer 
of the probe material is plated using sputtering or electrochemical 
deposition. Probes fabricated by these methods are usable in tribological 
experiments. Unfortunately, the methods alone have important draw
backs – they use costly and complicated procedures (plasma vapour 
deposition (PVD), precise silicon etching). Moreover, the number of 
obtainable tip shapes is limited mainly to balls glued to a cantilever or a 
pyramid resulting from silicon etching. 

This paper introduces a new, groundbreaking method of fabricating 
all-metal probes in which the number of steps and different processes is 
significantly reduced. Two features distinguish the novel method from 
the others. The first is the use of a metal substrate that allows direct 
electrodeposition of the probe material without any sacrificial layer. The 
second is the possibility of creating any convex tip shape due to the 
production of a mould for the tip by indentation. These innovations 
allow a relatively cheap production of all-metal probes with almost any 
geometry, adapted to the requirements of particular measurements. In 
this paper, the method is described in detail and probes with various 
stiffness are fabricated. The manufactured probes are then characterised 
and used in example tribological experiments. The coefficient of friction 
between various materials with a normal load on the micro-scale 
boundary was properly measured. Finally, the advantages and disad
vantages of the method are discussed. 

2. Experimental 

To avoid any misunderstanding caused by differences in the 
nomenclature used, in this paper names will be defined as follows. The 
AFM probe consists of three subparts: base, cantilever (beam), and tip. 
They are marked in Fig. 1 (part 8). The base is a thick, stiff part that is 
grabbed by tweezers and is mounted in a probe holder. The cantilever or 
beam is the part that defines the stiffness of the probe and is deformed 
during the measurement. The tip is the part that interacts with the 
imaged sample. 

The novel method of fabricating all-metal AFM probes is described in 
detail below, first for all-metal probes and then for probes with micro- 
balls as a measuring tip. 

2.1. General process for all-metal probes 

The illustration of the fabrication steps is shown in Fig. 1. The steps 
are shown as a cross-sectional side view. The entire method can be 
divided into seven main parts: substrate preparation (1), beam mould 
preparation (2), tip mould preparation (3–4), beam and tip material 
electrodeposition (5), base mould preparation (6), base material elec
trodeposition (7), and probe release (8). 

Metal compatible with subsequent processes is selected as a material 
for the substrate (1). It must be mechanically polished to a mirror finish, 
as the roughness of the substrate will greatly influence the surface 
quality of the fabricated probes. 

In step 2, photolithography is used to create a resist-mould defining 
shape of the beam, base, and all the supporting structures. A negative 
resist is preferably used, as it allows vertical sidewalls of the structures. 

In step 3, the mould for the tip is created with the diamond indenter, 
normally used for hardness tests. Step 4 in Fig. 1 shows the result of the 
previous step. 

Step 5 is the electrodeposition of the selected material to form the 
beam and tip. The flexibility of electroplating allows a wide variety of 
metals to be plated. The bath solution and plating parameters should be 
chosen to create as smooth a surface as possible and also to limit internal 

Fig. 1. Fabrication process. Consecutive steps of the method are schematically 
shown. colour should be used in print. 
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stresses in the created probes. 
Step 6 is the second photolithography process to create a mould for a 

thick probe base. The resist thickness obtained in this step should be at 
least 10% higher than the planned thickness of the probe base. 

Step 7 is the second electrodeposition to form the probe base. Our 
experience shows that the base should be at least 200 µm thick to allow 
easy manipulation with tweezers. For comparison, commercial silicon 
probes have 315 µm or 500 µm thick bases [24–26]. The same material 
as in the first plating is recommended, although different materials can 
be beneficial depending on the purpose of the probes. 

To obtain the probe shown in step 8, the unwanted resist and the 
substrate material must be removed. The resist should be removed with 
a compatible remover. The substrate should be chemically etched with a 
solution with high selectivity towards that specific material to ensure 
that the probe will not get damaged. 

The final result of the described process are probes interconnected 
with supporting structures. The probes can be easily removed with the 
help of tweezers and are ready for use in AFM. 

2.1.1. Details of the fabrication 
All the processes were conducted two times, first to obtain soft 

probes (with 10 µm thick beams) and second to obtain stiff probes (with 
40 µm thick beams). 

Technical grade pure copper was used as a substrate. Copper is a soft 
metal, therefore it will be easy to create indentations (moulds for tips) 
and it will lead to slow wear of indentation tip. Copper can also be 
selectively etched with various other metals (for example selectively to 
silver by FeCl3 [27]). Technical purity is enough as it will be completely 
lost and serves only as a substrate. Disks with a diameter of 51 mm 
(2 in.) were cut from the 0.5 mm thick sheet. One side of the disk was 
polished to a mirror finish with surface roughness parameter Sa at about 
5 nm. All the subsequent steps of the process were conducted on the 
polished side of the substrate. 

For the photolithography resist, AZ 125nXT supplied by Micro
Chemicals GmbH was used. It was dispersed on the substrate for 15 s at a 
speed of 5000 rpm (13 µm layer), 1000 rpm (80 µm layer), or 800 rpm 
(100 µm layer). Soft bake was performed on a hot plate at 120 ◦C for 
15 min. For super thick 200 µm layers, the process was repeated 2 times. 
Parameters were taken from documentation provided by the resist 
manufacturer with minor changes tailoring the process to devices 
available in the laboratory. 

The exposure was performed on the EVG6200NT mask aligner in the 
broadband mode. The dose was set at 500 mJ/cm2 (13 µm layer), 
2500 mJ/cm2 (80 µm layer), and 6000 mJ/cm2 (200 µm layer). The 
exposure was conducted in a soft contact mode through a foil mask 
manufactured by a local printing company in CTF (computer to film) 

technology. The resist was developed for 3–6 min in AZ 726 MIF 
developer supplied by MicroChemicals GmbH. Parameters were taken 
from documentation provided by the resist manufacturer with minor 
changes tailoring the process to devices available in the laboratory. 

The tip mould was prepared with a micro indentation tester from 
Anton Paar. A diamond Vickers indenter tip was used, which has the 
shape of a 4-sided pyramid with a tip angle of 136◦. Indentation was 
conducted with constant load and resulting indentation depth (and tip- 
mould depth, and later tip height) was around 8 µm. The substrate after 
this step is shown in Fig. 2a. 

Nanocrystalline nickel was selected as the material for electro
plating. The bath used for this process was a modified Watts bath. Ad
ditives such as saccharin and potassium chloride were used to minimise 
internal stresses in a plated layer [28,29]. A plating solution should be 
chosen, whether self-made or off-the-shelf, to create a bright deposit. 

During electroplating, the polished copper substrate was used as a 
cathode and the anode was made of a technical-grade pure nickel rod. 
The temperature of the solution was maintained within the range of 
55–60 ◦C by the hotplate with a closed-loop control. Agitation of the 
bath was achieved by using a magnetic stirring rod at a speed of 
200 rpm. Directly before plating, the pH was set to 4 by adding diluted 
NaOH or HCl. The current density was set at 1.8 A/dm2. Control of the 
bath parameters is crucial to create a flat surface and recreating the 
smoothness of the polished substrate. Therefore parameters should be 
closely recreated from documentation provided by the manufacturer, 
paper of other scientists, or set by own experiments to create a bright 
and stress-free layer. The plating lasted 15 min, 55 min, and 350 min for 
first layer of soft probes, first layer of stiff probes, and bases, respec
tively, resulting in thicknesses of 10 µm, 35 µm, and 220 µm, respec
tively. An example of the mould after the first electrodeposition is shown 
in Fig. 2b. 

The resist was removed with TechniStrip P1316 supplied by Micro
Chemicals GmbH. The sample was put in a remover heated to 70 ◦C for 
10 min. Then, two consecutive baths were performed to ensure the 
removal of all the residual resist. The copper substrate was fully 
removed with a selective etching solution. No deterioration in the tip 
sharpness was observed. 

2.2. Probes with balls as tips 

Using balls as the measuring tip of a probe is beneficial for tribo
logical experiments, as it allows direct comparisons with macro-scale 
experiments by closely recreating experimental setup at smaller scale. 
It is also convenient to use spheres in the modelling of contact and 
validation of such models [30–32]. Moreover, micro-balls made from a 
wide variety of materials are available on the market. Our metal probes 

Fig. 2. Optical microscope images of selected steps of the method. Imperfection visible on the right hand side is a result of mould damaged by indentation tip. a) a tip 
mould after the 4th step, b) the first layer of nickel after the 5th step colour should be used in print. 
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have an advantage over the classical silicon probes as a base for gluing 
balls. With the same stiffness, metal probes are larger; therefore, they are 
easier to manipulate and are more durable. It is then easier to use ad
hesives without destroying the probe. 

To showcase the flexibility and usefulness of probes fabricated with 
method described above, stiff probes with glass balls as a tip were pro
duced. The procedure was conducted as follows. The balls were soda- 
lime glass microspheres with a diameter of 41 µm ( ± 3 µm) obtained 
from Cospheric LLC. Two-component epoxy with a curing time of 
10 min was used as an adhesive. The balls were dispersed on the surface 

of the silicon wafer, and a drop of mixed epoxy was placed nearby. The 
microscope head allowed for vertical (Z-axis) motion, while the sample 
stage provided horizontal motion (X- and Y-axis). Firstly, the cantilever 
of the probe was positioned above the drop of glue and dipped in it. 
Then, it was moved above the empty silicon surface and touched it to 
remove excess epoxy. Lastly, the cantilever of the probe was moved 
above a single ball (Fig. 3a and b), lowered to make contact with the ball 
and left in contact for approximately 1 min to bond the ball to the beam, 
and then lifted as one. After an additional 10 min of curing the epoxy, 
the probe was ready to be used for measurements. A close-up picture of 

Fig. 3. Attaching balls to metal cantilever, a) top view from AFM camera, b) side view from AFM camera, c) SEM image of the probe with ball, d) another probe with 
a sphere with a diameter of 300 µm colour should be used in print. 

Fig. 4. FIB milling process – creating high-aspect-ratio tip from conical indenter.  
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the ball-tip is shown in Fig. 3c. Note that the image is slightly warped 
due to the charging of a non-conductive ball. 

Additionally, a 300 µm sphere was attached to a probe designed for 
different kind of experiment, which fall outside of the scope of this paper 
but the probe is shown as an example of the advantages of metal probes 
over silicon probes. It was prepared as described above with the only 
difference being the amount of glue at the cantilever. This probe is 
shown in Fig. 3d) and a big lump of epoxy is visible at the end of the 
cantilever, the cantilever has dimensions of 440 µm x 145 µm x 10 µm. 

2.3. Probe characterisation methods 

Numerous tools and methods were used in the characterisation of the 
probes. The size and shape of the manufactured probes were investi
gated by an optical microscope (OM) Olympus DSX500 and a scanning 
electron microscope (SEM) Zeiss Crossbeam 350. The atomic force mi
croscope used for the experiments was the Nanosurf FlexAFM. 

The normal stiffness of the probe is a crucial parameter for tribo
logical experiments; therefore, significant attention was given to proper 
determination of this parameter. Three methods can be used: geomet
rical [33], indirect from resonant frequency [34], and direct with the 
help of a nanoindenter [35]. Described of all the methods is given in 
Appendix 1. Our experiments showed that the best results are obtained 
from the direct method. It had the lowest uncertainty and takes into 
account all the imperfections of a probe that are omitted in calculations. 
Therefore, it was used for calibration in this paper. 

Additionally, the lateral force calibration constant (LFCC), which 
directly relates the lateral signal from AFM with the force on the end of 
the tip, was determined using a previously developed method [36]. It 
uses an ultra-precise device with a MEMS force-sensor on which the 
AFM-tip is positioned and moved in the lateral mode. As the calibration 
is done directly in AFM, it takes into account all parts of the system 
(probe shape and torsional stiffness, AFM detector sensitivity) and al
lows for a greater precision than the other methods. The authors re
ported an uncertainty of 3%, and this value is assumed in the 

calculations in this paper. For calibration of the thick probe force sensor 
in the calibration device had to be changed for stiffer, more rigid, and 
therefore less precise, which increased the uncertainty to 5%. 

2.4. Custom tip shapes 

Our novel approach allows for any convex shape of the probe tip to 
be easily produced. To showcase this feature, a small batch of tips with 
different shapes was created. Firstly, a commercial cube-corner inden
tation tip (supplier – Synton-MDP, Switzerland) was used and secondly a 
custom indentation tip with a high aspect ratio was created by FIB- 
milling a commercial conical indenter (supplier – Synton-MDP, 
Switzerland). 

The custom tip was prepared by FIB milling. All steps of the process 
are shown in Fig. 4, both as a schematic and the actual milled tip. Dia
mond with the shape of a cone with a 60◦ apex angle and a tip radius of 
1 µm was used as a base for treatment (step 1). Firstly, rough milling was 
done axially, looking from the apex, and the material was removed in 
the shape of a ring (step 2). After this step, a thin (0.5–1.5 µm in 
diameter) and long (around 4 µm) pillar was obtained. In the second 
step, milling was done perpendicular to the axis of the pillar and only at 
the apex (step 3). The purpose of this step was to precisely remove the 
material to form a sharp tip. Lastly, the pillar was rotated 90◦ around its 
axis to repeat the precise milling (step 4). The resulting indentation tip 
had a radius of curvature of 45 nm. 

The described indentation tips were used to make a mould in the 
copper substrate with the help of an Alemnis indenter. The substrate 
(and moulds) was then covered with nickel by electroplating, and then 
the substrate was chemically removed. 

2.5. Determination of coefficient of friction (COF) 

The coefficient of friction (COF) is one of the crucial parameters of 
two bodies in contact and in motion relative to each other [37,38]. 
Detailed description of COF determination with the use of AFM was 

Fig. 5. SEM images of the probe, a) cantilever with dimensions, b) side view of the probe, c) close-up of the tip.  
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given in a previous paper [39] and here is presented just a synopsis with 
the most important formulas. Basically, COF is defined as follows: 

COF =
FF

FN
(1)  

in which: FF – friction force [N], FN – normal force [N]. 
The formula used to calculate friction force FF from data obtained 

with an AFM is given below: 

FF = LS • LFCC (2)  

in which: LS – lateral signal [V], LFCC – Lateral Force Calibration 
Constant [N/V]. 

In the above equation lateral signal is measured by the AFM and the 
LFCC is determined as described in paragraph 2.3. 

The formula used to calculate normal force FN from data obtained 
with an AFM is given below: 

FN = k • s • SP (3)  

in which: k – normal stiffness of cantilever [N/m], s – sensitivity of AFM 
diode [m/V], SP – setpoint [V]. 

In the above equation, normal stiffness is determined as described in 
paragraph 2.3 and a setpoint is given in the AFM software by its oper
ator. The sensitivity of the AFM system (mainly photodiode) is not the 
property of the probe and it is determined directly before the mea
surement by the force-distance curve. A probe is pressed against hard 
substrate (sapphire crystal) and its deflection is measured. The ratio of 
the measured deflection to measured movement in Z-axis is then given 
as sensitivity in m/V. 

3. Results 

The probes fabricated and characterised with the methods described 
above were used in actual tribological experiments. Below, details on 
the results of their inspection, calibration, and testing is given. All-metal 
probes were used in topography imaging and also to determine the co
efficient of friction on silicon, nickel, and copper. A stiff probe with a 
ball-tip was used for friction experiments on silicon, steel, titanium, and 
titanium carbide (TiC). 

3.1. All-metal probe testing 

With the help of the OM and SEM, the appearance of the probes and 
their actual dimensions were investigated. The top surface of the base 
was rough and not perfectly flat; however, this was expected as a result 
of the long electrodeposition. The surface of the cantilever beam was flat 
and smooth, and its dimensions were in the range of error of the printed 
mask (shown in Fig. 5a). The sidewalls of the probes were perpendicular 
to the top and bottom (shown in Fig. 5b). The dimensions of the beam 
used later in the experiments were measured to be 105 µm x 590 µm x 
10.4 µm (width x length x thickness). Bending of the cantilever caused 
by internal stresses was negligible, as it was barely visible. The deposited 
material recreates the substrate surface and has a constant thickness; 
therefore, it creates a recess on the top surface of the beam above the tip 
mould (example in Fig. 2b). This limits the area on which the laser can 
be positioned in the microscope but does not influence the working 
principle of the probe. Due to the use of a standard Vickers indenter, 
which was previously used for other experiments, the radius of the tip 
end was relatively large. The measured radius was 350 nm (shown in 
Fig. 5c); nonetheless, the shape of the indenter tip was precisely 
recreated. 

The inspected probe was then calibrated and used in real-life 

Fig. 6. Results obtained with nickel probe, a) frequency response of cantilever, b) topography image of calibration sample (with marked profile), c) profile extracted 
from topography image, d) friction loop on a silicon wafer colour should be used in print. 
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imaging in AFM. It was mounted in the microscope, and the laser was 
positioned close to the centre point of the cantilever. The strength of the 
signal from the reflected beam was at the level of 18% (for a typical Si 
probe, it is 30%, while the operable minimum is 8%), as reported by the 
AFM software. Then, the “sensitivity” (or diode calibration constant) 
was determined by force curves performed on a sapphire substrate. The 
calculated sensitivity was 720 nm/V. Afterwards, a frequency response 
of the probe was investigated in the range of 10–100 kHz, and the ob
tained graph is shown in Fig. 6a (with the inlet showcasing a 
17–17.6 kHz range). The resonant frequency was determined to be 
17.3 kHz, while the frequency calculated from the dimensions of the 
probe was 23 kHz. Direct calibration of the normal stiffness with the 
nanoindentation tester gave the value of 20.88 ± 1.36 N/m. 

The calibrated probe was used to image the calibration sample in the 
contact mode. The obtained image is shown in Fig. 6b. The imaged 
sample was an HS-100MG grid manufactured by BudgetSensors. From 
this image, a single profile was extracted to better showcase the shape of 
the edges (Fig. 6c). Additionally, a measurement in the lateral force 
mode was performed on a silicon wafer, and a single friction loop 
extracted from it is shown in Fig. 6d, with other loops shown in the 
background. 

3.2. Friction with the all-metal probe 

The probe described in the previous paragraphs was used for the 
measurement of friction on three different samples: silicon wafer, nickel, 
and copper. The roughness of the samples was measured on 20 µm long 
profiles extracted from a levelled image. The coefficient of friction (COF) 
was measured using the lateral force mode. A single line of measurement 
was 20 µm long, and the speed of the tip was 20 µm/s. The normal force 
was set at 10, 20, and 50 µN. 20 lines were obtained in a single exper
iment. For the probe used in the experiment, the LFCC was 0.887 mN/V. 

Additionally, the same measurements were repeated with a 
commercially available silicon probe – NCL from Nano World, 
Switzerland. It had a stiffness of 46 N/m and LFCC was 0.061 mN/V. Tip 
radius curvature less than 8 nm, as declared by manufacturer. 

The results of both the roughness and friction are shown in Table 1. 
The uncertainty of the results is calculated as a combination of the un
certainty of the determination of the probe parameters and the standard 
deviation of the obtained results. 

3.3. Stiff probe with the ball as the tip – characterisation and testing 

A stiff probe with a glass ball as the tip was characterised similarly to 
an all-metal probe. The appearance of the probe and its actual di
mensions were investigated with the help of the OM and SEM. The 
bottom of the beam was perfectly flat with sidewalls perpendicular to it. 
The surface of the cantilever beam was concave along its long axis. The 

walls of the beam were thicker than its middle. Material is deposited 
faster where the density of the electric field is higher – in this case, at the 
edges of the mould. The difference is small, but the long process 
enlarged the effect. Bending of the cantilever caused by internal stresses 
was not observed. 

The stiffness, LFCC, and sensitivity were calibrated as described 
previously. An overview of the stiffness calibration process is shown in  
Fig. 7. The obtained stiffness of the probe was 2846 ± 66 N/m, the 
sensitivity was 1091 nm/V, and the LFCC was 54 mN/V. 

3.4. Friction experiments with a glued ball tip 

The probe described in the previous paragraphs was used for the 
measurement of friction on four different samples: silicon wafer, pol
ished steel, polished titanium, and TiC (titanium carbide) obtained by 
PVD (Plasma Vapour Deposition). As mentioned before, the tip was 
made of soda-lime glass. The roughness of the samples was measured on 
20 µm long profiles extracted from a levelled image. The COF was 
measured using the lateral force mode. A single line of measurement was 
20 µm long, and the speed of the tip was 20 µm/s. The normal force was 
set to 5 mN. 20 lines were measured in a single experiment, and it was 
repeated 3 times on various areas of the samples. The results of both the 
roughness and friction are shown in Table 2. The uncertainty of the 
results is calculated as a combination of the uncertainty of determina
tion of the probe parameters and the standard deviation of the obtained 
results. 

It is worth noting that a similar experiment was performed by Yoon 
et al. [40]. However, the main difference between our approach and 
their work is the use of AFM instead of a micro tribometer. In their ex
periments, the COF between the soda lime glass ball with a diameter of 
250 µm and the silicon substrate was close to 0.3 for a 5 mN load. This 
value is close to the here obtained value, which validates the results 
obtained in this preliminary study. Unfortunately, to the best of our 
knowledge, there are no other publications testing such friction pairs in 
this scale. 

3.5. Changing the shape of the imaging tip 

Our method is capable of producing AFM probes with any convex 
shape. In this paper, the tests of reproduction of custom shaped moulds 

Table 1 
Results of the friction coefficient measurement with the all-metal probe.   

Substrate type 

Silicon Nickel Copper 

Ra roughness [nm] 0.75 45.76 11.43 
Nickel probe, 10 µN load, COF: 0.215 

± 0.021 
0.293 
± 0.024 

0.287 
± 0.024 

Silicon probe, 10 µN load, 
COF: 

0.124 
± 0.008 

0.176 
± 0.026 

0.152 
± 0.040 

Nickel probe, 20 µN load, COF: 0.152 
± 0.012 

0.241 
± 0.014 

0.236 
± 0.014 

Silicon probe, 20 µN load, 
COF: 

0.133 
± 0.008 

0.129 
± 0.021 

0.125 
± 0.011 

Nickel probe, 50 µN load, COF: 0.127 
± 0.014 

0.219 
± 0.013 

0.230 
± 0.012 

Silicon probe, 50 µN load, 
COF: 

0.193 
± 0.011 

0.217 
± 0.076 

0.814 
± 0.054  

Fig. 7. Calibration of the stiff probe with the ball as tip.  

Table 2 
Results of the friction coefficient measurement with the probe with the ball as 
the tip.   

Substrate type 

Silicon Steel Titanium TiC 

Ra roughness 
[nm] 

0.69 3.7 1.46 2.17 

COF – 5 mN load 0.395 
± 0.041 

0.201 
± 0.021 

0.228 
± 0.023 

0.342 
± 0.035  
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were performed as the last experiment. Cube-corner and custom shaped 
high aspect ratio tips were used, as described in Section 2.4. In both 
cases, the electroplated material exactly recreated the shape of the 
indentation tip. The obtained tips are shown in Fig. 8. The measured 
radius of the cube corner tip was smaller than 40 nm, and the radius of 
the custom high-aspect-ratio tip was smaller than 50 nm. 

4. Discussion 

Discussion of the results described in the paper can be divided into 
three parts. The first part is the novel method of fabrication in relation to 
other methods. The second part is the advantages and disadvantages of 
the novel probes as a tool. Lastly, the results of the conducted tribo
logical experiments, although sparse, are analyzed and discussed. 

4.1. Method of fabrication 

The method of fabrication proposed by us changes the paradigm of 
AFM probe fabrication and design. Currently, only silicon probes are 
widely available on the market. Metal probes are available as a special 
order. The methods of fabrication proposed by other researchers did not 
lead to commercialisation but can be used for small-scale production. 
Most of them use silicon as a substrate. [21–23] Tips are created either 
by etching silicon to create a pyramid-shaped mould or by some 
complicated methods, such as FIB milling [15], gluing of wires [17], or 
multistep deposition. Changing the substrate from the most common 
silicon to copper allows direct use of electrochemistry, and no additional 
sacrificial layers are required. Therefore, it decreases the costs of 
fabrication, i.e., copper is much cheaper than silicon and electroplating 
is cheaper than PVD. It allows for the creation of probes from nearly any 
metal. Most metals and even some alloys can be electroplated. Addi
tionally, the thickness of the probe can be precisely controlled with only 
one parameter, the time of plating. Therefore, the creation of both thin 
and thick probes is possible, as showcased above. The use of indentation 
for moulds makes it easier to create custom-shaped tips. Even if FIB 

milling is required to create an indentation tip for moulding, then it 
could be used to create multiple probes, while traditionally, every probe 
would have to be milled [41]. 

The used substrate poses new challenges that can be regarded as 
minor disadvantages of the method. The preparation of the substrates is 
long, as it must be polished to a mirror finish. Fortunately, this task can 
be easily automated just like in the case of silicon wafers. Etching the 
substrate requires the use of a substantial amount of chemicals and re
sults in the creation of a large volume of chemical waste. On the other 
hand, the low cost of these materials outweighs the drawbacks. 

In general, the conducted experiments proved the concept of fabri
cation method as valid . All steps of the process worked well. Although 
some minor issues with the final probes are visible, it is mostly due to the 
used equipment and not the method. For example, the misalignment of 
the tip visible in Fig. 5a was caused by drift in the indentation device. 
Such problems are easily solvable and had no influence on the usability 
of the fabricated probes. Devices already present in the laboratory and 
the scale of production were limiting factors here. The yield of devices in 
low-scale production is expected to be low. 

4.2. Probes 

The resonant frequency of the probe used in the test was smaller than 
expected. Similarly, the stiffness was around 2 times smaller than the 
theoretical value. Although unwanted, this is a common problem with 
all AFM probes [42], as small imperfections and deviations in size lead 
to a big change in the properties. This was most probably caused by 
irregularities in the shape of the beam, the presence of a measuring tip, 
small dust particles on the beam, the small inhomogeneity and the 
presence of elements other than nickel in the deposited material [43]. 
Common silicon probes have an expected stiffness with an error even 
larger than 100%, and due to the irregular cross-section it is hard to 
precisely determine in AFM [44]; therefore, a 50% deviation for the 
all-metal probe is reasonable and certainly can be limited by fine-tuning 
all processes. 

Fig. 8. Measuring tips made with various indenter tips. a) top view of cube corner tip, b) side view of cube corner tip, c) side view of the custom tip, d) close-up of the 
custom tip. 
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Attaching a sphere to the metal cantilever was easier than attaching 
it to a silicon probe. Metal probes are less brittle and larger (than a Si- 
probe with the same stiffness), which makes them more durable. In 
both cases, probes were heavily strained during glueing, but the elas
ticity of the metal allowed it. Their high durability allowed to move 
swiftly and user of AFM did not have to worry about damaging the 
probe. No additional manipulator was required. 

Friction experiments were conducted with two probes with widely 
different stiffnesses and therefore with normal load in the range of 2 
orders of magnitude. In the literature, various forces are referred to as 
“high-load”, ranging from 1 µN [45,46] up to 150 µN [47]. In this 
publication, experiments were conducted with forces in the range of 
10–50 µN and also 5 mN. Even a lower range qualifies as a “high-load”, 
while 5 mN load was previously hard to achieve in AFM. 

A practical example can be given for the case of experiments per
formed by Wang et. al. [48] in which they tested the tribological 
behaviour of the nanodot-patterned surface. For experiments with high 
loads of 500 µN, they used a TriboIndenter, which is a precise nano
indentation device with possible lateral movement. Another example 
can be given in the by Karrupiah et. al. [49] in which they measured 
friction on mica. For loads under 50 µN, they used AFM, while for loads 
up to 8 mN, they used a micro tribometer. The use of high-stiffness 
probes would allow all the described experiments to be conducted 
with AFM. A single device could be used for both imaging and 
scratching. This would simplify and speed up the work while providing 
the same working conditions. Great results in using AFM with 
millinewton-range forces were reported by Garabedian et. al. [13]. In 
their paper probes were modified by attaching metal spheres at various 
places on the cantilever, which allowed a 5 mN normal load to be 
exerted in experiments. Although successful, this method also has some 
disadvantages when compared to the here described procedure. Spheres 
had to be attached by a custom micromanipulator, while here described 
metal probes allow glueing directly with the AFM. Moreover, the same 
modifications can be done with an ultra-stiff metal probe, increasing 
effective stiffness by another order of magnitude. Here described probes 
are a great base for attaching spheres as shown in the example in 
Fig. 3d). The ball with 300 µm diameter could not be attached to com
mon silicon probe, as it would be much larger than the cantilever. Epoxy 
would either have not enough contact with the ball to allow 
ultra-high-load experiments or completely cover the cantilever and 
render it useless. 

With our novel method, the stiffness can be fine-tuned and even 
higher values are possible. These results show that our probes can be 
used in previously impossible experiments. They will allow tribological 
experiments between various materials on the boundary between the 
nano-, micro-, and mesoscale in one device – an atomic force micro
scope. Previously, experiments with AFM were limited by the materials 
(Si, Si3N4) and parameters (probe stiffness 0.01–100 N/m). 

Moreover, all-metal probes fabricated as described can be used in 
other kinds of experiments, including magnetic (nickel is ferromagnetic) 
[50,51] and electrical modes (as metals conduct electricity). Such ex
periments are planned in the near future. 

The biggest disadvantage of the all-metal probes used in the exper
iments is the shape of the tip. As a Vickers indentation tip was used for 
making moulds, the tip angle is large. Therefore, these probes cannot be 
used for measuring structures with a high aspect ratio. Similarly, the tip 
has a large radius of curvature. The experiment with other indentation 
tips for moulds was successful, as the electrodeposited material filled 
them and exactly reflected the shape. The radius of these tips was still 
larger than that of a common silicon probe but comparable to probes 
with a metal coating. Also, FIB milling of indenters could be optimised 
for the tip radius rather than the aspect ratio. 

Last, a less obvious advantage of all-metal probes is their usability. 
Both the beam and base have vertical sidewalls. This makes it easier to 
grab them with tweezers. It is also easier to estimate the properties of 
beams with a rectangular cross-section than silicon beams with a 

trapezoidal cross-section. 

4.3. Results obtained with the novel probes 

Firstly, the topographical image of the calibration sample confirmed 
the SEM observation of the probe. The shape of the tip is regular and 
symmetrical. The obtained image of the calibration sample is clean, but 
on the edges of the structure, the effect of a large radius of curvature and 
large tip-angle is visible. They are not as sharp as those imaged with 
silicon probes. Nonetheless, the obtained image showed the proper di
mensions of the structure. 

Tribological experiments conducted in this study were meant to 
showcase the capabilities of the probes rather than being a thorough 
study. They can be treated as a prelude to an extensive investigation of 
friction across the scales with the help of AFM. For the all-metal nickel 
probe, the decrease in the coefficient of friction was observed with the 
increase in load. This behaviour was similar for all investigated mate
rials and is in good agreement with the theory of friction coefficient 
based on the Hertz theory. [52] Furthermore, nickel and copper 
exhibited nearly the same values despite being different materials and 
having different roughnesses. Results obtained by classical silicon probe 
show, as expected, different behaviour. COF also changes depending on 
normal load, but differently for each material-pair. On silicon COF in
creases with load, on nickel COF is going slightly down and then slightly 
up, and on copper it also goes slightly down to then increase dramati
cally. It is worth noting that COF for nickel probe on silicon and for 
silicon probe on nickel is different. Right now this difference is tenta
tively attributed to the difference in contact area caused by tip shape and 
sample roughness. To clearly determine the nature of these changes 
more thorough experiment must be conducted. 

For the probe with the soda-lime glass ball tip, the results also show 
interesting values of COF. Silicon had the highest value, probably due to 
the high adhesion and high real contact area (low silicon roughness). On 
the other hand, for the all-metal probe, the silicon substrate had the 
smallest COF due to the partial incompatibility, in the adhesive sense, 
between silicon and nickel [53]. It should be noted that the uncertainty 
of the results was around 10% for both types of probes. Hence, the 
calibration was performed well. 

The materials tested in both scales were different; therefore, the re
sults cannot be directly compared, but they can show the direction for 
further research. The obtained results are strong evidence that the scale 
of the experiments plays an important role in the friction experiments. 
This is also supported by many existing scientific publications. Experi
ments across the scales would help validate existing models for friction 
[30,54] and help create new ones, including thermodynamic behaviour 
[55]. This is also crucial in the case of MEMS (micro-electro-mechanical 
systems) design, working principle, and reliability [56,57]. 

For a deep understanding of the behaviour of materials, a meticulous 
experimental investigation must be performed that takes into account all 
of the conditions: material pair, load, roughness, speed, contact area 
[37,38]. The probes described in this paper will allow control over these 
parameters over a wide range in one device (i.e., AFM), opening new 
possibilities in tribology. 

5. Conclusion 

A novel method for the production of all-metal AFM probes was 
proposed and then conducted to prepare a series of nickel probes with 
various stiffnesses. The obtained probes had good reflectivity of the laser 
beam and were characterised by a high-quality frequency response. 
These probes were successfully used for experiments in AFM, including 
topography and friction measurements. Both the method of fabrication 
and the metal probes have many advantages over classical probes. This 
novel approach can broaden the scope of AFM use by providing probes 
with a wider range of stiffnesses and more diverse tip shapes and that are 
made of previously unavailable materials. 
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Appendix 1. On the determination of the normal stiffness of probes 

Below, description of the three methods that can be used for the determination of the normal stiffness of probes are given: geometrical, indirect 
from resonant frequency, and direct. 

In the geometrical approach, the stiffness is calculated based only on the measured dimensions of the cantilever using the following formula [33]: 

k =
P
δ
=

bh3

4 E
l3 =

Ebh3

4l3 (A.1)  

in which: k – stiffness, P – force on the tip, δ – deflection of the tip, b – width of the beam, h – thickness of the beam, l – length of the beam from base to 
tip, E – Young’s modulus. 

In the indirect approach, one of the dimensions was treated as an unknown, and it was subsequently calculated based on the resonance frequency of 
the probe determined by AFM [34]. The uncertainty of the length and thickness has the greatest influence on the result; therefore, it is most ad
vantageous to determine them from a precisely determined frequency. The first resonant frequency of a cantilever beam is given by the following 
formula: 
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in which: f – frequency, β – constant, E – Young’s modulus, I – second moment of inertia of the beam cross-section, ρ – density of the material, A – area 
of the beam cross-section, b – width of the beam, h – thickness of the beam, l – length of the beam from the base to tip. 

This formula can be transformed to calculate the thickness or length of the beam as follows: 
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As above, the calculated dimension can then be substituted into formula (1) to determine the stiffness of the probe. 
The direct method uses a nanoindentation device. The probe is mounted as a sample, and a flat-ended indenter-tip is used to push against the probe 

tip. It can be performed using in-situ SEM to allow accurate positioning of the indenter. The force used for the calibration should be in the same range 
as that used in the experiments. It is a precise method, as the nanoindenter directly measures the force and deflection. 

The stiffness obtained from each method is summarised in Table A1. The calibrated probe is a nickel cantilever with dimensions of 105 µm x 
590 µm x 10.4 µm. The same probe is used for the experiments in the paper. For the direct method with the nanoindenter, the Alemnis device was used, 
and procedure was repeated 6 times with various displacements. 

Table A1 
Stiffness determined by different methods.   

Used method of determination  

Geometrical Frequency 
(thickness as 
unknown) 

Frequency 
(length as 
unknown) 

Nanoindentation 
tester 

Stiffness 
[N/m] 

28.8 ± 2.4 12.4 ± 3.6 18.9 ± 3.8 20.88 ± 1.36  
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