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Abstract: Due to its rapid popularity increase within last three decades, with particular focus on submicrometer quantitative
surface’s properties imaging, atomic force microscopy (AFM) is still a subject of development and research in terms of both
better understanding and efficient utilization of various measurement techniques. Quantitative and comparable measurements at
nanoscale are a significant issue, as both: science and industry desire reliable results, allowing to perform repetitive experiments
at any time and location. Therefore a numerous analysis and research projects were carried out to provide metrological approach
for those techniques in terms of providing the traceability and the uncertainty estimation. In this paper an overview of various
methods and approaches towards quantitative determination of the normal spring constant of the AFM probes is presented.
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1. Introduction

Since its development, [ 1] atomic force microscopy became
very popular measurement method, providing a wide range of
micron and submicron - scale diagnostics of the surface. The
application range of various AFM techniques very quickly
covered wide range of science and technology, as the diversity
of the information can be obtained [2—4]. Taking into account
the sample preparation simplicity and possibility of
performing the measurements in wide range of the conditions
such as vacuum [5], air [6], various gases [7] and liquids [8] a
rapid growth of research using AFM was observed. As the
consequence, this progress caused traceability demand, as one
desires a quantitative approach allowing to compare the
results acquired using various instruments, by different
research groups or industrial entities. A number of attempts
were performed in order to develop a suitable instrumental
and procedural methodology allowing to calibrate the
measurement setups and establish the description of specific
properties of nanoworld basing on SI units system. As
different properties of the surface can be measured with AFM,
the variety of the approaches was observed regarding to
specific measuring techniques: scanning thermal microscopy
in terms of measuring local temperature as well as the thermal

conductivity of the surface [9, 10], scanning capacitance
microscopy [11], conductive probe AFM [12], magnetic force
microscopy [13], electrostatic force microscopy [14], Digital
pulsed force imaging [15], Kelvin probe force microscopy
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Fig. 1. The force spectroscopy measurement procedure in terms of the
tip-sample distance changes and specific interaction forces acquisition.

So far however, as one of the first AFM measurement
modes, the force spectroscopy is commonly applied in
quantitative fashion, as a number of works provided reliable
calibration solutions. This technique bases on the observation
of the probes response on the tip-sample interaction while the
distance between the tip and surface decreases until contact is
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obtained, and increases in order to retract the tip to the
distance where no any interaction with the surface is observed
[17]. Figure 1 illustrates the force spectroscopy measurement
process and its simplified outcome (force curve in time
domain and force-distance curve). One has to be aware of the
simplifications of presented interaction diagram and forces
curves, as only general impression of the method is shown.

It should be underlined, that due to selective tip-molecule
contact, one can obtain a unique information about
investigated object, as no other method is able to provide such
an outcome [18]. One has to be aware, that due to the
complexity of the tip-sample interactions, the specific results
of the measurement may vary in terms of the experiment
outcome, the tip-sample distance control and the interpretation.
Some of the examples of practical utilization of the force
spectroscopy covering various scientific areas are listed
below:

* physics: the investigation of the physical principles of
the adhesion changes due to varying the tip-sample
distance changes speed [19], the measurements of the
physical bond of the fullerene [20],

* biology: the measurements of the mechanical properties
of the cells and tissue [21] or the proteins unfolding
observation [22],

* chemistry: the investigation of polyazomethine
compound provided an insight in the mechanical
interaction between the scanning tip and submicron
features, revealing their wear while the pressing cycles
are repeated [23], the observation of the interaction
between two poly(benzyl ether) dendrons in terms of
observation of the rupture force, which indicated
thermodynamic pulling property [24],

* material science: the deterioration of the material’s
surfaces due to the environmental conditions may be

observed and quantified with much higher sensitivity
than in case of traditional methods defined by standards
[25],

» forensics: distinguishing of various types of adhesive
tapes by the measurement of the adhesion force and
adhesion energy [26], the determination of the blood
spots age by the determination of the Young modulus
[27],

* nanotribology: the investigation of various materials in
terms of the resistance for mechanical wear [28].

Also unique applications of the AFM probes can be found.
Serrel et al. developed the microfabricated setup allowing to
measure the force applied uniaxially to an adherent fibroblast
until de-adhering of the cell was observed [29]. The
micromechanical force detector was calibrated using AFM
probe, with determined 8% spring constant error. It allowed to
obtain approximately 10% of the standard uncertainty of
complete setup.

It should be underlined, that in abovementioned examples,
the range of the measured forces is wide. Therefore one has an
insight into the complexity of the calibration issue. In many
cases the developed measurement technique is useful only
when the probes revealing specific mechanical properties are
used. In particular, the spring constant of probes is an essential
factor, as it determines the response of the cantilever to a
certain force. Although the spring constant of commercially
available probes can be easily found in the product
specification, the range that this factor can vary, may reach
even two orders of magnitude (tab. 1), therefore the AFM
operator has to perform the calibration procedure. It should be
underlined, that one can also purchase probes, where due to
the technological process and the construction design, much
smaller variations of the spring constant are declared [30].
This is, however, a small fraction of the market.

Table 1. Short comparison of the typical parameters of the several AFM probes, including the spring constant and resonance frequency ranges.

Dimensions k [N/m] f... [kHZz]

producer model mode material Uwit| m| T T ik Yip [nm]

Bruker RTESPA sch Si (Sb) 0.01 — 0.025 Qcm 125/35/3.75 20/40/80 200/ 300/ 400 8

Bruker PR-CO10 C Si(Sb) 0.01 —0.025 Qcm  450/50/2 0.02-0.2-0.77 6/13/21 7
120/25/0.6” 0.175/0.35/0.7 50/ 65/ 80

3 . 205/40/0.6” 0.06/0.12/0.24  16/23/28

Euisy NP-010° ¢ SizNy 120/20/0.6 0.12/0.24/0.48  40/56/75 20
205/25/0.6” 0.03/0.06/0.12  12/18/24

NT-MDT NSGO1 SC Si (Sb) 0.025 Qcm 125/30/2 1.45/5.1/15.1 87/150/230 10

NT-MDT CSGO1 C Si (Sb) 350/30/1.0 0.003/0.03/0.13  4/9.8/ 17 6

MicroMasch ~ NSCI15 SC Si (P) 0.01..0.05 Qcm 125/35/4 20/40/80 265/ 325/ 410 10
250/35/2 0.3/0.8/2 30/ 40/ 55

MicroMasch ~ CSC37 C Si (N) 0.01..0.025 Qcm 350/35/2 0.1/0.3/0.6 15/ 20/ 30 8
300/35/2 0.1/0.4/1 20/ 30/ 40

NanoWorld NCST SC Si 150/27/2.8 3/7.4/16 120/ 160/ 205 8

NanoWorld CONTSC C Si 225/48/1.0 0.02/0.2/0.7 0.2/23/39 8

Nanosensors ~ CNT-NCH SC Si 125/30/4.0 10/ 42/ 130 204/ 330/ 497 1.2%

Nanosensors ~ PPP-CONT C Si 450/50/2 0.02/0.2/0.77 6/ 13/ 21 7

Bruker FASTSCAN-AY SC SizN, 27/33/0.6” 10/ 18/ 25 800/ 1400/ 2000 5

Olympus OMCL-AC55TS" SC Si (n) 55/31/2.35% 38/ 85/ 184 850/ 1600/ 2500 7

'contact mode (C) semicontact/ noncontact mode (SC)

%4 probes integrated with one chip

*the carbon nanotube is used as the scanning tip (SNT 1, 2 nm/ DNT 2,4 nm)
“the probes designed for the fast scanning AFM’s (high resonance frequency)
*V-shape probe
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Complete calibration of the AFM system in terms of
quantitative force measurement contains two major steps: the
determination of the probe’s bending detection sensitivity and
establishing the spring constant of the cantilever. The first
parameter is relatively easy to find, as the changes of the
output electrical signal is acquired while the cantilever tip is
pushed against a hard surface. The spring constant
determination, on the other hand, is the process, where a
number of issues can have an influence on the final result.
Therefore, a diversity of the approaches was developed and
described in papers within last three decades, as one desires
simple, robust quick and high accuracy calibration technique.

2. The Principles of the Force
Measurement Using AFM Technique

The AFM setup contains three main elements allowing to
measure the force: the probe, the probe’s deflection detection
system and signal processing hardware/ software unit,
including precision sample positioning setup. Each of the
components should be considered in terms of the final
outcome of the measurement procedure if mechanical
properties of the surface in general or the tip-sample
interaction force in particular are considered. In following
sections the principle information concerning main parts of
the measurement system is provided.

2.1. The Properties of the Scanning Probes

In general, the probes are made of the silicon or silicon
nitride. The spring constant variety in range from 0.001 to 100
N/m is provided as the thickness, length and width of the
cantilevers varies. If necessary, also very stiff, tuning
fork-based probes, up to 2000 N/m can be utilized [31, 32].
Moreover, one can purchase custom-made special probes
made of sapphire with 10000 N/m spring constant [33]. Before
the experiment, the certain type of the probe with specific
spring constant should be selected in order to provide the best
possible surface imaging conditions as well as other properties
investigation. Also the covering of the probe with specific
materials may be essential, if complex measurements are
planned, such as requiring functionalized tips. Figure 2 shows
the essential dimensional parameters of typical AFM probe.

SEMHV: 3000/ SEM MAG: 10.00 kx
VEGAN TESCAN gy WD: 9.7774 mm Det: SE Detector

SEMHV: 30.00KV  SEM MAG: 1.00 kx
WD: 9.7992 mm Det: SE Detector 100 pm

10m VEGA\ TESCAN

Fig. 2. The SEM view of the AFM probe with the most important dimensions
marked where: [ — length of the cantilever, t — thickness of the cantilever, w —
width of the cantilever, r — radius of the tip s apex, YA, VB, W — front, back and
side angles of the tip respectively, h — height of the tip.

According to the Hook’s law, the probe’s bending is
proportional to the force acting on the tip. Therefore, a local
interaction of the tip with the surface may be easily calculated
in a quantitative fashion, using equation 1:

F=kxAz (1)

where F is the force, k is the spring constant and Az is the
displacement of the probe form the 0 force distance (attractive
and repulsive forces equilibrium). This relation is shown in
figure 3.
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Fig. 3. The relation between the force acting on the probe and its bending.
2.2. The Probe’s Deflection Detection Systems

Despite the variety of developed solutions allowing to
detect the deflection of the probe, the most popular is the
optical setup known as OBD (Optical Beam Deflection),
basing on the measurement of the electrical signals ratio
change from the four-section photodiode, while the cantilever
is illuminated with a laser beam, which is reflected to the
photodiode (fig. 4) [34].
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Fig. 4. The idea of the probe’s deflection detection using optical beam
deflection setup.

The current values for each part of the photodiode can be
calculated from following formulas:

(Fa-ax)Gb+ay)

i1 = anP~% b 2
by = app G206 3)
iy = app E)G) )
iy = app EG) 5)

ab

where: o — is optical setup efficiency factor, /7 — quantum
efficiency of the detector, P — total power of the light emitted
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by the laser, a and b — size of the laser beam on the surface of
the photodetector, Ax and Ay — the position changes of the
laser beam.

One should be aware, that presented formulas describe an
ideal case, while the nonlinear behavior of the photodiode
should be taken into account, in particular, when the shift of
the laser beam in respect to the central part of the photodiode
is used to calculate the probe’s displacement. The approach
aiming at solving this limitation was reported by Xie et al. [35].
The nonlinear calibration of the optical setup was performed
for normal and lateral forces detection, after the spring
constant for both directions was determined. Once the original
force/position-voltage responses for the normal and lateral
force calibration were acquired, the force/position-voltage
responses to voltage-angular sensitivity responses were
transformed. As a next step, the nonlinear fit voltage-angular
sensitivity responses were employed to obtain continuous
functions of and then calculate the angular sensitivity. Finally,
the angular deflection could be calculated, enabling applied
normal and lateral forces calculation. The procedure allowed
to reduce the sensitivity error of the setup from 200% to 3.6%.
Also Nieradka et al. showed the method allowing to minimize
the impact of the nonlinear response of the split photodiode
[36] by utilizing simple function correcting unwanted
detection distortion:

u = Aarctan(Bx3+C)—D 6)

where: u is the detector’s output voltage, x is the laser spot
position, and 4, B, C, and D are the model parameters. The
determination of the model parameters was performed by
moving the laser spot over the surface of the photodiode and
acquiring its response. Once the model was established, it
allowed to perform the forces measurement in static mode
with wide range of the forces and high sensitivity.

Due to the interest increase with the multi-probe systems,
the solution based on extended OBD was implemented based
on a single laser diode and set of two photodetectors [37]. It
allowed to detect simultanecously the deflection of two probes
without unwanted crosstalk.

A number of various issues must be considered while OBD
is utilized. The stability of the laser beam, including the noise,
is the major component limiting the detection sensitivity. In
order to improve the light reflectivity (the most popular
wavelength in optical detection systems is 640 nm), the probes
are covered with reflecting films (Al, Au) in a thickness range
0f20-60 nm. The drawback of such a films is the change of the
probe’s mechanical properties (which has to be considered in
case of theoretical and experimental calibration methods) [38]
and in addition may introduce unwanted bending force due to
different thermal expansion factors. This impact was
discussed by Sader at al. [39]. Gibson et al. claimed however,
that the film thickness up to 100 nm doesn’t change
significantly the mechanical properties of the cantilever [40].

It should emphasized, that optical detection method may
also be a source of the unwanted modulation of detected signal,
while the force spectroscopy measurements are carried out,
and the probe is away from the surface. It is caused by the

interference phenomena of the beams reflected from the
cantilever and the surface. There are however commercially
available setups with the lasers emitting the IR radiation (1300
nm) to reduce an impact of such an issues [41]. Additionally,
the limitations of the force detection have to be taken into
account, in particular when measurements of very small forces
are planned. A number of noise sources must be considered in
case of OBD: shot noise of the photodetector, resistance
Johnson-Nyquist noise in the I/U converter, electronic circuits
noise, laser instability noise, thermal noise of the probe.
Efficient optimization of the system allows to improve the
performance of the setup. Rode et al. presented the results of
the modification of Bruker MultiMode V with Nanoscope V
controller [42]. Obtained reduction of the deflection sensor
noise density was approx. 1 order of magnitude (from 100
fm/VHz to around 10 fm/\Hz).

The major advantage of OBD setup, is the simplicity in
terms of fabrication and adjustment as well as relatively low
cost of the probes due to the simple construction. The other
optical  detection technique, providing quantitative
information about the probe’s deflection, is the interferometry
[43]. By utilizing optical fiber- based setup, one can relatively
easily determine the deflection of the probe, however for the
sub A/2 travel, where A is a wavelength of radiation used in the
setup, one should adjust setup in order to use the linear area of
the detection signal in order to obtain the best possible
detection dynamics and avoid the signal misinterpretation. For
the travel larger than A/2, a special solution allowing the
interference fringes count must be used. Such a setup requires
a stable single-mode laser. The direct electrical readout of the
probe’s bending is relatively rare solution due to the costs of
the probes caused by the complex fabrication process. Such a
probes contain piezoresitors enabling the Wheatstone’s bridge
based deflection measurement [44, 45]. A series of successful
implementations of the 1-D or 2-D matrix multi-probe setups
were presented, enabling increased scanning trough output of
the AFM [46, 47]. Moreover, such a probes can work in dark
environment, therefore the advanced investigations of the
optical-electrical properties of the material can be
investigated.

Fig. 5. The U-shaped polymer probe [48].
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The implementation of the tensometer based detection was
also implemented [48]. The changes of the resistance of
chromium or gold deposited on the polymer microstructure of
the probe. According to formula (7), the resistance changes
are proportional to the elongation of the conducting paths:

1 Ap
cp

k= + (14 2v) @)
where &=A4I/[, | — length of the structure, p — material’s
resistivity, V— Poisson’s constant. Two types: V-shaped and
U-shaped probes (fig. 5) were developed and successfully
tested.

Nanosensitive mechanical microprobes with CMOS
transistors, inverters, inverter cascades and ring oscillators
were presented by Lysko et al. [49]. As some of developed
transistors were located in the area of the highest tension of the
probes, the piezoresistive effect caused the changes of the
resistance of the channels. Therefore the parameters of
developed circuits were force-sensitive. High deflection
sensitivity (1.2-1.8 mV/nm) and force sensitivity (2.0-2.4
mV/nN) was obtained. Cascade arrangement of the inverters
bases on transistors, allowed to acquire the deflection
sensitivity up to 40 mV/nm. For ring oscillator probes, 5-8
Hz/nm deflection sensitivity was determined. Such a solutions
are compact and robust in terms of the application as the
detectors for chemical or biological sensing.

One should also mention a unique solution of
electromagnetically actuated probe with optical detection
presented by Kopiec et al. [50]. The Halbach array providing
approx. 330 mT magnetic field allowed to cause the normal
force acting on the probe, when the current was flowing
through the conducting lines developed along the sides of the
microstructure. This solution was used for detection of the
SAM (Self Assembling Monolayers) presence on the surface
of the probe. By the control of the current flowing through the
electromagnetic actuating system, the deflection of the probe
was maintained at that same position, while SAM was
covering the surface of the probe. Therefore the driving
current was proportional to the force caused by the SAM
presence. The force acting on the probe for full coverage of its
surface was 4 + 0.48 nN. The major advantage of this solution
is, that the maximum sensitivity of the setup is provided at all
times, as the laser beam is aligned at the center of the four
section photodiode. Moreover, the thermal drift can be
compensated using that same control fashion.

Also other techniques were demonstrated as efficient
methods for the detection of the probe deflection, such a
capacitance measurement [51] and tunneling current
measurement [52]. However, due to a complicated handling,
no practical utilization was recently reported.

2.3. Positioning Systems, Data Acquisition and Processing

In order to obtain the quantitative information about the
tip-sample distance change, piezoactuators-based positioning
systems with feedback are desired, as piezoactuators suffer a
number of issues. A variety of displacement sensors is used:
tension,  capacitive,  optical/intensity = and  optical/

interferometric [53—55]. One should be aware, that only the
last one provide the distance readout directly. The other
techniques require the calibration.

The final component of the setup is the signal A/D, D/A
conversion and processing unit. It includes hardware (DSP,
FPGA or other microprocessor-based) solutions with
advanced A/D and D/A converters [56, 57] and software
[58—60]. The recent progress in terms of the development of
electronics as well as programming enables simple, efficient
and high-resolution data acquisition systems. One of the
highest priorities taken into account during the system
development is its stability and flexibility, as users demand
reliable measurements as well as possible upgrading without
physical modifications of system’s construction. High quality
A/D, D/A converters provide the noise reduction, higher
resolution and measurement performance. Also advanced
laser control features may increase the stability of the data
acquisition procedure [61].

2.4. Force Spectroscopy Technique and Related Methods

As mentioned earlier, the force spectroscopy technique is so
far the most popular and common method applicable for the
determination of the mechanical properties of the surface or
investigation of the behavior of nanometer-scale objects. As
the tip-sample distance decreases, the attractive and repulsive
forces are experienced by the probe. The approach is
continued until certain force is measured or distance travelled.
In terms of the protecting the tip and sample against damages,
the force limit feature should be used. Once the curve is
acquired (fig. 6), a set of information can be obtained
regarding to the experiment and tested object: the stiffness
(R1), snap-in force (F1), snap-off (adhesion) force (F3), peak
force (F2), energy dissipation for the tip-sample separation
(E2), energy dissipation for the surface deformation (E1),
elasticity, unbinding force, unbinding length and so one. The
obtained information variety is very valuable in terms of the
analysis of complex phenomena at nanoscale.

A
F [nN]

A1 = d [nm] _

A%y R2 R3
F1

E2

F3

Fig. 6. The typical shape of the force spectroscopy curve.

It should be underlined, that single curve may be considered
as very fragile in terms of random noises and unwanted events,
therefore a series of few tens, hundreds or even thousands is
typically acquired in order to provide the statistical outcome.
It is however, still, the information concerning specific spot,
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which may be insufficient source of the information, as the
spatial distribution of the properties and homogeneity must be
often investigated. As the measurement is the time-consuming
process, one has to consider carefully any speed increase in
such kind of measurements, as some tip-sample interactions
are speed-sensitive. This particular phenomena may be used
experimentally in order to distinguish specific interaction
mechanisms [19, 62].

In order to perform the mapping of the surface’s
mechanical properties, the Force Volume mode was
developed [63, 64], enabling the acquisition of a series of the
force spectroscopy curves at the nodes of grid covering
previously scanned area. It was presented as efficient tool in
investigation and was successfully utilized in investigations
of biological or chemical samples. The major drawback of
this approach is the imaging speed, as the time necessary to
acquire the data with the resolution 512 x 512 would reach
even dozens of hours. Therefore typically, this technique was
used for imaging the mechanical properties with the
resolution of 32 x 32 points. On the other hand, Jumping
Mode Scanning Force Microscopy [65, 66] and Digital Pulse
Force Mode [15, 67] were also proposed as techniques
allowing to investigate the mechanical properties of the
surface, however the mapping speed was still insufficient. To
compensate the drawbacks mentioned before, another
approach, described following section, was developed in
order to provide high speed mapping of the mechanical
properties of the sample.

Legleiter et al. presented Scanning Probe Acceleration
Microscopy (SPAM) [68], where the oscillation signal of the
probe working in semicontact was processed in order to
extract the tip-sample interaction information, leading to
determination the maximum interaction force, providing
insight into the stiffness maps. However due to necessary
processing time, the single scanning procedure could take up
to several hours.

2.5. Time-Resolved Tapping Mode Basing Techniques

Unlike in force spectroscopy requiring specific approach/
retract ratio of the tip (typically in range of 10-1000 nm/s),
which significantly limits the imaging trough output as well
as abovementioned techniques, the time-resolved tapping
mode approach bases on the high-ratio sampling of the
tip-sample interaction. In this group of techniques the
cantilever oscillates as in the intermittent contact regime,
with the frequency in range from few kHz (Peak Force QNM
mode from Bruker [69], QI from JPK [70] to tens of kHz
(Harmonix [71, 72], NanoSwing [73, 74]). The force curves
acquired with the speed of few thousands per second must be
filtered, fitted, quantified and recorded by the data
processing unit. Obtained information may contain: stiffness,
Young modulus, adhesion force, energy dissipation for the
tip-sample separation, energy dissipation for the surface
deformation and peak force. Due the complexity and
diversity of abovementioned methods, no detailed
information about the acquisition and processing method is
provided here. In general, various approaches were utilized:

analysis of the torsional oscillations of the T-shaped probe
(fig. 7), the longitudinal oscillation excitation at the
frequency of few kHz, significantly below the resonance
frequency, or advanced phase shift and resonance quality
processing. As obtained maps of specific properties are
expected to contain quantitative data, both: the mechanical
properties of the probe and tip-sample interaction model
have to be determined. In general, due to the data acquisition
and processing complexity, the calibration is performed
using the reference samples provided with specific system.

It should be underlined, that T-shaped probe, used for
time-resolved tapping mode, was also tested in terms of the
lateral forces measurements. In order to obtain the quantitative
data, Reitsma et al. presented the method of determination the
torsional spring constant using designed support edge
allowing to apply the torsional force at various distances from
the symmetry axis of the probe [75].

longitudinal bending torsional bending .. *

resonance frequencies
60

]

2
0
2

module [dB]
module [dB]

T T T T T T T T T T T T
5 10 15 2 2B W B 0 45 N B
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0 5 10 15 D B W B N0 & N & 0
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Fig. 7. The idea of utilization of torsional oscillations with T-shaped probe to
detect wide bandwidth signals.

2.6. Interaction Models

The final step of the measurement process is the
quantification of investigated parameters. In terms of
determining of the mechanical properties of the surface, the
force spectroscopy curve must be analyzed according to
specific interaction model covering specific tip-sample
interaction phenomena, present in certain case. There are five
main models commonly used in the data analysis: Hertz, DMT,
JKR, M-D and Bradley [76]. For the majority of the samples,
DMT model is sufficient to determine for instance the Young
modulus [77, 78]. However, one should carefully consider the
experiment conditions and the outcome, in particular: the
elasticity and the adhesion as the calculation results are
strongly correlated to used model [79-81].
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3. The Probe’s Spring Constant
Determination Methods

Various approaches developed in order to determine the
spring constant of the probes can be grouped in three main
categories proposed by Clifford et al.: dimensional
(theoretical), experimental static and experimental dynamic
[82], Matei et al. used following classification: thermal, load
and dimension [83]. Gibson et al. on the other hand used four
categories [84]: dynamic, theoretical, static response and
indirect methods.

A number of criterion has to be considered in terms of
practical applications of the calibration method: accuracy,
standard AFM setup compatibility, additional equipment
demand (SEM, nanoindenter, micromanipulators, advanced
software), procedure time consumption, user’s expertise
demand. Table 2 summarizes the key simplified factors of
described below calibration solutions.

Table 2. The short summary of the spring constant calibration method.

Method Uncertainty "rl“ils[l)(damage Complexity
Theoretical model 2-11% None Low
Finite model analysis 3-5% None High
Thermal noise 10% None Low
Added mass - static 15-25% High High
Added mass - dynamic 10% High High
Sader method 10-15% Low Low
Vibrometry/ FEA 2% Low High
Nanomtentatlon 50, Medium It E
instrument

Precision balance 1% High High
Cantilever on cantilever 2-10% High High
Calibration structures 3%-10% High Low

Ml croforc.e sensing 3.2% Medium High
micromanipulator

Micropipette 10% High High
Dynamic viscous 4% Medium Eey
response

Material reference 50% High Medium
Indirect method 10% None Low

It should be emphasized, that the continues progress in
development and application of scanning probe techniques
allowed to achieve the level of maturity, which enabled
international standards activity in order to provide specific
conduct rules for the industry and science. The technical
committee ISO/TC 201, sub-committee SC9, already
provided standards concerning a basic issues of the scanning
probe microscopy utilization such as: definition and
calibration of the lateral resolution of a near-field optical
microscope [85], measurement of the drift rate [86],
calibration of measuring systems [87], and procedure for in
situ characterization of AFM probe shank profile used for
nanostructure measurement [88]. The issue of normal spring
constant determination is recently under development and the
document ISO/DIS 11775 [89].

3.1. Theoretical Model

In order to provide the easy and nondestructive method

allowing to determine the spring constant basing on the
specific parameters provided by the producer, one can
calculate the spring constant basing on the physical dimension
and the Young modulus. Several approximations of parallel
beam approximation (PBA) were developed and tested
[90-92]:

-2

Et3w b2
k=" {1+5) ®)
__ Etw
=25 ©)
Et3w 4a®) L
k=22 -{1 + b—3} (10)

Sader et al. developed following formula for V-shaped
probes [39, 92, 93]:

Et3w
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k =

aw3 -1
cos@{l +bl3(3 cosH—Z)} (11)
while this formula basses on the assumption, that the force is
applied to the end of the probe, simple equation allows to
correct the outcome, taking into account the real point of the
load (the tip location) [39, 92]:

k. = k(l/(l - AD)? (12)

where E is the Young’s modulus, ¢ is the thickness, w is the
width and / is the length, b is the total width of the base of the
cantilever, d is the width of single arm of the cantilever, is and
Al is the distance between the tip and the end of the cantilever.
The approximation error of presented models in formulas §, 9,
10 and 11 is, respectively: 25%, 16%, 13% and 2% [92].

For rectangular probes formula 8 can be simplified to
following form (Bernoulli beam equation):

k=5 (13)

Also in this case the correction formula (eq. 12) should be
applied.

It should be underlined, that the main limitation of this
method’s accuracy is the Young’s modulus determination
precision. Also, the models assume shapes uniformity, as in
case of the thickness, as critical parameter — it was shown that
it may introduce a significant error [94, 95]. The model taking
into account this particular issue was presented by Fretrup and
Allen, where effective thickness t.; provides that same
outcome that nonuniform probe where thickness profile is 4(x)
[95]:

__ Etdw
k=2 (14)
101 (R(x-1) ,., 11
to = _5[ INIS ;’“@; dxdx] (15)

Additionally, the complexity of the probes (deposited layers)
has an impact on the calculation result in terms of presence of
additional mass [39, 40]. Moreover, the issue of stress
introduced by multilayers can have an influence on calculation
results [96].
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The development of the theoretical models was presented
by Neumeister and Ducker [97]. In mentioned study, the
methods for calculation lateral/torsional, longitudinal and
normal spring constant for V-shaped probes were presented.
The accuracy of this approach was approximately 11%.

3.2. Finite Elements Analysis (Finite Elements Method)

The theoretical approach requires a specific knowledge of
the probe's dimensions. In order to acquire such an
information, the optical microscopy as well as the electron
microscopy may be utilized. Such a choice is always the
question of the compromise between the procedure’s time
consumption and accuracy of the measurement. Anyhow, the
FEA method is considered as rather time consuming due to the
calculation process. Additionally, any non-homogeneity of the
shape of the cantilever or the material, leads to a significant
error presence, which is difficult to fit, in particular, when
various levels of the modeling complexity may be
implemented. It should be underlined, that a number of
approaches was developed, and different levels of accuracy
were obtained. Clifford et al. [98] showed the modification of
the solution proposed by Neumaister and Ducker [97] where
match level of 1% was obtained. Also Chen et al. developed
this particular approach [99]. They presented the impact of
various factors on the calculation uncertainty such as: Poisson
factor, the cantilever’s thickness variation, mass of the tip, the
tilt angle and presence of the non-axial mass causing torsional
forces. Such an insight is useful in case of experimental
techniques, as it allows to estimate the contribution of setup
and conditions- related issues. The simulation outcome
provides a knowledge allowing to develop the conduct of
performing any experimental method in order to reduce
possible calibration error.

Georgakaki et al. performed the calculation of the spring
constant of the probes utilized for intermittent contact
measurements [38]. Due to the fact, that typically such a
cantilevers are relatively stiff (in range of 20-100 N/m), some
of alternative techniques, such as thermal method are not
suitable here. For modeling, various shapes of the cross
section of the probe were implemented (rectangular,
trapezoidal) and compared with the measurements performed
using Sader method [39, 93]. The modeling was carried out
basing on the Cleveland’s formula [100]. Approximately 7%
combined uncertainty was declared. Additionally, the impact
of Al reflective coating in thickness range from 0 to 50 nm
was taken into account. The calculations showed possible
changes of the spring constant due to the metallic film
presence up to 3.9%.

Certain level of the model development and calculating
essential phenomena, allows to use the FEM in practical
applications in order to design the AFM probes according to
specific applications. Gotszalk et al. presented [101] the

development process of piezoresistive detection- based probes.

During the modeling process the unique shape of the probe
was optimized in terms of the specific application, and spring
constant of the probe was determined. Also the location of the
piezoresistors was optimized in terms of maximal sensitivity.

The Finite Elements Analysis was also performed by Loizeau
et al., in order to predict the result of implementation
additional V-grooves in the cantilevers, as the aim of the work
was to increase the spring constant up to two orders of
magnitude [102]. The essential factors development error was
assumed to maintain below 5% level.

3.3. Thermal Noise Method

Recently the thermal noise method is probably the most
popular technique utilized during routine measurements. As
no additional equipment is necessary and AFM control
software often provides such functionality, the user can
perform the operation without effort within just few minutes.
The thermal noise method presented by Hutter et al. bases on
the acquisition of the vibration of the cantilever caused by the
thermal fluctuations. The Hamiltonian formula describing this
phenomena is presented below [103]:
mwiq?
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(16)

where ¢ is the displacement of the oscillator, p is its
momentum, m is the oscillating mass and (Y is the resonant
angular frequency of the system. Furthermore, concerning
equipartition theorem, the average value of each quadratic
term in the Hamiltonian is given by kz7/2, where T is the
temperature and &z is the Boltzman’s constant. Therefore:

(Gmwia”) =S ksT (17)

Knowing that w3 = k/m, the spring constant can be
determined from the mean-square displacement of the probe:
k = kpT/{q?)

At room temperature the probe of 0.05 N/m will oscillate
thermally with the amplitude of 0.3 nm, which is relatively
easy to detect if sufficient amount of data is acquired.
However, due to presence of unwanted noise, the analysis of
the signal in the frequency domain is necessary in order to
provide efficient data filtering. By analyzing the power
spectral density of acquired signal and approximation of
obtained distribution with the Lorentzian curve, one can
calculate the area of the power spectrum of the thermal noise,
enabling the determination of the spring constant of tested
probe:

k = kgT/P (18)

The main limitation of this method is the range of the spring
constant, as for stiffer probes (k>10) it is difficult to detect the
thermally induced oscillations. This limitation was noticed in
other publications.

Butt and Jaschke verified the outcome of the thermal noise
method, using various detection methods [104] such as optical
interferometry, tunneling current they proposed the formula
describing the thermal noise and the oscillation amplitude for
rectangular cantilever:

V@@ = [ = [

(19)
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They also introduced the virtual deflection parameter (g *)
as the result of the measurement using optical system, as they
pointed out the drawbacks of this setup in terms of the
measurement of real oscillation amplitude, such as detection
of the angle of the end of the cantilever instead of the real
vertical movement. The impact of this drawback increases for
higher oscillation modes. Additionally, Butt and Jaschke
provided the formula describing the virtual deflection for i-t4
vibrational modes [104]:

«2\ _ 16 kgT  sina;sinha; |,
<qi ) T2k aiz sin a;+sinh ocl-) (20)
while the real oscillation amplitude is:
2\ _ 12kgT
(qi ) R agl. (21)

Levy and Maaloum proposed utilization of I and II
oscillation modes in order to increase the accuracy of the
method [105]. As the virtual height had to be taken into
account, following formulas were used to determine the spring
constant:

KT
k= 0.82@ (22)
kT
k =0.25 = (23)
for first and second oscillation mode respectively.

Additionally, Levy and Maaloum compared the results
obtained using the analysis of first and second oscillation
mode as well, as the Sader’s method. As six rectangular
probes from the same wafer were tested, a significant variation
of the spring constant could be also noticed. The outcome of
the procedure varied in range: 16.8-22.9; 16.0-22.9; 18.0-22.7
N/m for first, second oscillation mode and Sader’s method
respectively. According to the manufacturer’s documentation,
20 N/m was the nominal value.

Allen et al. performed the experimental work focused at
verification of the impact of the mass of the tip on the
accuracy of the thermal noise method [106]. The extended
models revealed a significant differences of the oscillation
shapes of 1%, 2™, 3 and 4™ oscillation modes for various
probe/ tip mass ratios. Finally, the table of leading constant
was provided, in order to use appropriate correction factor. In
such a case, however, the knowledge concerning tip/
cantilever mass ratio is necessary.

Proksch et al. proposed further improvement of the method
by taking into account the position of the laser spot along the
cantilever [107]. They showed, that this factor may introduce
the variation of the spring constant calculation up to 15% for
short probes (60 pm) and 50% for long probes (225 pm). They
also confronted the spring constant determination results with
the method developed by Sader and Cleveland. The results
systematically disagreed by 50% and 25% for short and long
probes respectively. They proposed a new model taking into
account the diameter and position of the laser spot, and as the
result, the differences between used methods was reduced
down to 10%. In order to calculate the ODB setup sensitivity,

one can use on-line calculator [108].

Heim et al. presented the utilization of the thermal noise
method for determination of the spring constant of the
colloidal probe cantilevers [109]. They used tipless bare
probes as well as V-shaped -cantilevers. Although the
signal/noise ratio was lowered due to the added mass, no
influence was found in terms of the accuracy. In the ideal cases,
the spring constant agreed within 5% with the bare tipless
cantilevers used for the preparation of the colloidal probes.
However, the off-axis particles location could cause
bare-colloidal probe difference increase up to 20% on average
and up to 50% in worst cases, as the harmonic oscillator model
becomes more complex in such a cases.

Boudaoud et al. verified the impact of the ground vibrations
and acoustic noise on the thermal method, as it is very
sensitive technique and presence of certain noise may be a
source of significant fraction of error [110]. They showed, that
at the temperatures 22°C and higher, the acoustic waves have
more significant impact on the soft cantilevers (k<0.1 N/m),
than the ground movement in particular, in noisy environment,
where the acoustic noise exceeds 30 dB level at the 1 kHz- 20
kHz bandwidth. Additionally, they presented the utilization of
acoustic excitation of the cantilevers in terms of the spring
constant determination. The error of the calculation increased
from 2.42% (k=0,0087 N/m), to 7.32% (0.03 N/m), therefore
one can conclude, that acoustic excitation can be used as
supporting one to the thermal method for soft probes.

Practical utilization of thermal method was presented by
Norrelykke and Flyvbjerg [111]. In this work, the AFM probes
and optical tweezers (OTs) were analyzed in terms of
recognition of practical similarities and differences, as the
approach developed for the cantilevers could not be adapted
straightforward to the OTs.

3.4. Static Displacement with Added Mass

Adding a mass to the end of the cantilever causes its
deflection due to the gravity forces. It requires then very small
objects, allowing to be placed easily on the top of the probe
with high precision. Used object should be very regular in
shape in order to calculate its volume, and made of the
material (optimally single element) chemically stable, as its
mass must be calculated with high degree of confidence.
Senden and Ducker presented this method [97] and tested
using 10-50 pm tungsten spheres. The formula allowing to
calculate the spring constant was as follows:

8mR3
k= Pg
30X

24

where: Q1is the deflection calibration, g is the acceleration due
to gravity, © and R are the density and the radius of the
microsphere. X is the distance of the probe’s deflection, which
in this case was doubled for the gravity, as the scanning heat
was rotated 180 deg. This component of the equation
introduces the largest uncertainty contribution: approx. 10%.
Bonaccurso and Butt presented the solution, where the
water drop on the surface of the probe is used in order to cause
a set of various forces [112]. It allowed to observe few kinds of
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interactions: the weight of the drop placed at the free end of
the probe provides its static bending proportional to the
gravitational force. The kinetic energy of falling water drop
provided the oscillation excitation, therefore the resonance
frequency of such a setup could be determined. Moreover, the
water drop placed next to fixed end, caused the probe’s
bending due to surface energy. The vaporizing of the water
enables changed its mass and forces acting on the cantilever,
therefore if the size/ volume of the drop was monitored with
sufficient accuracy, the determination of the spring constant is
possible. Basing on the formula presented by Cleveland at al.
[113], the mechanical parameters of the probes could be

determined.
-1 /#
= 21 A| m;+0.243M—at (25)
PN
f=f+ pyald (26)

where O is the initial evaporation rate in kg/s. As the
evaporation continues, the resonance frequency increases. By
monitoring this process, one can extract the linear slope in

3
order to calculate % component. The water drop size was
controlled with optical microscope, however precise
calculation of its shape and generated force, requires
consideration of few wetting phenomena.

3.5. Added Mass Method / Dynamic

Cleveland et al. presented approach basing on the analysis
of the resonance frequency of the cantilever due to additional
mass attachment to its end [113]. The formula describing the
spring constant of the cantilever with rectangular cross is
presented below:

__ Et’w
e

@7

where E is the elastic modulus, ¢ is the thickness, w is the
width and / is the length. For a uniform cantilever of a
rectangular cross the effective mass is m *=0.24m;, where m,, is
the mass of the beam. When an end mass M is added, the
resonant frequency is given by:

w 1 k
9="=—

2w 2w M+m*

(28)

Therefore the spring constant may be determined using
following equation:

My

— 2
k= n-am (29)
and effective mass is described with following equation:
c= My 30
m = 1 v%—v% ( )

where v, and »; are resonant frequencies without additional
load and with added mass M, respectively. In order to
determine the resonance frequency no external excitation was

used, as thermal noise provided large enough oscillations of
the probe (approximately 1 nm of amplitude).

When a series of the measurements is performed for various
1

(2mv)?
also used for V-shape probes, as in such a case it can be
considered as the set of two parallel cantilevers.

The technique suffers however a major drawback: it
requires the micrometer-size particles and micromanipulator
with stereoscope allowing to place precisely the mass on the
cantilever. The issue of attaching the mass the probe was
solved by the natural adhesion (capillary forces) if the setup
meets certain conditions (temperature, humidity and
materials). On the other hand, Sader et al. could not relay on
the capillary forces, and in order to stabilize the additional
mass, glued it to the probe with the wax [39].

The main sources of the uncertainty are: the mass of the
particles determination when both: weight or size estimation is
used and the particle positioning precision. In total the
accuracy of the method was estimated to 10%.

Another solution was described by Gibson et al. [40]. By
adding the thin gold film on the probe, the resonance
frequency change was observed. The formula used in order to
calculate the spring constant was as follows:

is linear. This model was

added masses, the plot k& vs

0.24-1'Ww-tgy PAu
1.02v4]72-[1.02v,] 72

ky = (2m)% (31)
where 0.24 is the a correction factor required since the gold at
the base of the cantilever contributes less to the effective mass
than the gold at the end of the probe, ¢4, is the thickness and Au
is the density of the gold film and 1.02 is the correction factor
taking into account the air damping in case of V-shaped
probes.

In terms of the area of the additional mass location, Tseytlin
developed kineostatic model of spring constant ratios with end
extended mass [114]. Proposed approach allowed to perform
the calculations for V-shaped probes at lower complexity level
than FEA methods. It can be used in particular in case of the
analysis of the higher modes of oscillations.

Piezoresistors

Fig. 8. The optical microscope view of AF M probe with piezoresistive bending
detection and gold microsphere placed as added mass for spring constant
determination [115].

Added mass method was used by Jozwiak et al. for
determination of the spring constant of the square- shape
cantilever with piezoresistive bending detection system [115].
Despite complex construction and used materials diversity, the
uniform mechanical properties of the microlever were
assumed (silicon: p = 2.329 g/em™, E = 185 GPa). As an
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added mass object, the gold microsphere was used (fig 8). The
mass of the microsphere was determined basing on the
diameter measured by means of optical microscopy.

In general approach, added mass is removed after the spring
constant calibration procedure is finished. Kopiec on the other
hand presented the solution, where the resonance curve was
measured before and after the golden microsphere was
permanently attached as spherical probe [116]. Its diameter
was measured using scanning electron microscopy. Obtained
37.46 pm in diameter allowed to calculate mass 531.2 ng, and
determine the spring constant of the probe to be 22.43 N/m.
Additionally, EDS technique was used to verify the chemical
purity of the microspheres, as the rapid melting of golden wire
was used in the fabrication process. Due to the fact, that the
microsphere was permanently attached to the probe in order to
provide electrical conductivity, its position was stable and
durable (fig. 9). As the result, the quantitative response of the
electrostatic forces changes were observed, as various vapor
phases such as: acetone or toluene were introduced to the
spherical probe- surface setup.

Au microsphere

conductive

HV wr | magEl WD det  dwell | tit
M 5.00kv 14nA 1305 40mm ETD 10ps 57°

Fig. 9. The SEM view AFM probe with gold microsphere placed its surface as
the probing feature as well as added mass for spring constant determination

[116].

Bowen et al. presented the study, where the spring constant
determination of various commercially available cantilevers,
including SiO, colloid probes, was performed by means of
reverence cantilever and Sader method. In order to provide
additional load, the probes were laminated with 3 and 8§ nm
thick Titanium and Chromium films by electron beam
evaporation technique [96].

On the other hand, Woszczyna et al. performed the
calibration of complex structures of the cantilever with
integrated actuator and deflection detector [117] by removing
some part of the probe by means of FIB (focused ion beam).
The mass of removed tip was estimated to 1.31 ng. Such an
approach may provide more accurate results, as the added
mass position and mass-probe contact quality, as well as the
added mass estimation (basing on the dimensions) can be
determined with lower precision. Figure 10 shows the probe
and its corners after the material was removed.

Fig. 10. The SEM view of the probe with removed corners by means of FIB
[117].

3.6. Sader Method

The method basing on the acquisition of the resonance
curve was proposed by Sader et al. [39, 93]. This approach
allowed to reduce two major sources of uncertainty: the Young
modulus and thickness of the cantilever. In order to measure
mechanical response of the probe, the parameters of the
environment, determining the behavior of the cantilever,
should be known. Therefore, the measurements should be
performed in the fluid, where complex hydrodynamic function
I'(w)is determined.

k= 0.1906pfb2LQfFi(a)f)a)]3 (32)
where pf is the density of the fluid, @ is the quality factor
of the fundamental oscillation mode in fluid, Tj(ws) is the
imaginary part of the complex hydrodynamic function I'(w)in
fluid, L and b are the length and width of the cantilever and w¢
is the resonance frequency in fluid. I depends on the
Reynolds number

Re = prwb?/4n (33)

where 71 is the viscosity of the surrounding fluid. This
approach should provide the accuracy of the order of 10-15%.
Additionally, Sader analyzed significance of the presence and
thickness (up to 70 nm) of the reflective layer.

It should be noted, that due to simplicity of this method,
relatively high accuracy and low tip damage risk, a number of
works aimed at both: spring constant methodology
determination development and measurement of mechanical
properties of various samples were published [38, 84,
118-121]. Additionally, this approach was successfully
utilized in air.

3.7. Combined Method: Scanning Vibrometer and FEA

A hybrid solution was presented by Mendels et al. basing on
the analysis of the probes oscillations profiles, acquired with
vibrometer at base and higher resonance frequencies in the
vacuum [122]. Obtained data was combined with finite
elements modeling, in order to resolve the physical properties
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of the probe. The profiles of the oscillation amplitude,
acquired along the main symmetry axis of the probes as 3D
maps. This approach allowed to obtain not only information
about the longitudinal oscillations, but also about the torsional
bending. Filtered data was correlated with FEA results. The
tabulated properties of the silicon were adjusted in order to
obtain certain level of correlation between the calculation and
the measurement. The correction of the mechanical properties
of the material in range of 0.5-0.01% increased the quality of
simulation results. Finally, obtained agreement between all
resonant frequencies was better than 1% with the FEA model
and 2% with Timoshenko equation. Despite the fact that the
effectiveness of the method was demonstrated in the vacuum,
it may be however also applied in both: liquid and air.

3.8. Nanoindentation Instrument

Utilization of the well developed and easy to calibrate
devices to determine the spring constant of AFM probes has a
major advantage in terms of the traceability providing.
Holbery and Eden presented the application of
nanoindentation machine allowing to perform relatively easily
direct unit transfer to the cantilever, as nanoindenters are
equipped with precise force and displacement sensors [123,
124]. 1t should be underlined, that the calibration range is
limited by the smallest measured forces of used equipment.
Holbery and Eden obtained the accuracy better than 10% for
the spring constant greater than 1 N/m. As typically utilized
tips in nanondetation machines are too large to precisely apply
the force to the cantilever, a etched tungsten wires can be used
instead. It has to be underlined, that the precision location of
applied force is an issue and it may introduce a significant
error component.

Cliford and Seah demonstrated the uncertainty reduction
while the nanoindentation device is utilized for spring
constant determination, by performing the calibration
procedure at few spots of the cantilever in order to be able to
acquire the probe’s response for various load forces [82]. They
demonstrated that the total uncertainty may be reduced down
to 5% if the force calibration of the nanoindenter is better than
1%, and the calibration is performed at two spots on the probe
at a distance 50 and 120 pm, and at each point 20
force-distance curves should be measured.

3.9. Precision Balance

Development of electrostatic balance, as the tool for
calibration of the AFM probes (nano force calibrator — NFC)
was presented by Kim et al. [125, 126]. As electromagnetic
force compensation bases on basic physical phenomena, one
can relatively easily provide the SI traceability of developed
system. Direct force and distance control allows to perform
direct unit transfer. The calibration setup allows to perform the
procedure in wide range of the spring constant: lower than 0.1
N/m and higher than 10 N/m. Another advantage of presented
solution is the uncertainty, which was declared to be smaller
than 1%. In order to confirm unique metrological properties,
long term measurements were performed revealing its high

stability and repeatability. The setup was tested with various
probes: piezoresistive cantilever as well as standard probes for
contact and semicontact techniques.

3.10. Calibration Cantilever (COC — Cantilever on
Cantilever)

The cantilever, once its mechanical properties are well
defined, can be used as the reference object to calibrate AFM
probes. Therefore, by using complex and sophisticated
method, a cantilever can be calibrated with high accuracy to
transfer the unit. Gibson et al. [127] proposed utilization of the
cantilever of known spring constant to determine the
parameters of unknown probe. As static load of one probe
against the other was applied, their bending due to the acting
forces allowed to transfer the mechanical properties to the
unknown cantilever. The spring constant of the reference
probe (V-shaped lever) was determined using Butt equation.
The absolute accuracy was in range + 20-30%.

Gates and Pratt presented extremely uniform cantilevers
providing the reference allowing to calibrate the AFM probes
or other micromechanical devices [128, 129]. The variety of
the spring constant in range from 0.02 to 0.2 N/m was
obtained by fabrication of set of the cantilevers of different
length from 300 to 600 pm. The structures were developed
using SOI (silicon on insulator). In order to calibrate
fabricated features, the electrostatic force balance (EFB) was
used. It allowed to obtain the uncertainty better than 2% for
the spring constant 0.02 N/m. The calibration outcome
obtained during the procedure was compared with the
calculations made using Euler Bernoulli equation. The
agreement was within 3%.

Slattery et al developed the cantilevers allowing to protect
the tips of calibrated cantilevers against the risk of wear during
the calibration procedure [130]. As the reference cantilever
was equipped with the tip and probe being -calibrated
contained the nanomarkers fabricated using FIB (focused ion
beam), it was possible to perform the surface imaging of the
calibrated probe with the reference cantilever in order to
locate the nanomarker and perform the procedure at this
specific location. Although, in case of V-shaped probes, one
can set the load point at the arms intersection, therefore no
additional topographical features are necessary. As the result,
the major uncertainty source related to the load positioning
issue could be minimized. The formula allowing to calculate
the spring constant of the calibrated probe can be expressed as
follows:

ktest(L(L - AL)_1)3 = krigid (SALSP?L - l)COSZC{ (34)

where L is the length of the cantilever from the base to the tip,
AL is the distance from the end of the calibrated probe to the
point of the load applying, S,; is the sensitivity of the
cantilever at the position AL, Sy is the deflection detection
sensitivity and « is the angle between the planes of reference
and calibrated cantilevers.

Another approach was presented by Shaw et al. [131]. By
using advanced methods such as indenter machine and
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electrostatic force balance (EFB), the spring constant of the
reference probe was determined. This approach enables
traceability of the AFM system, as the unit can be transferred
from the devices present in the SI unit system metrological
chain. The accuracy may be as good as 2%, and it is mostly
limited by the positioning precision of the reference and
calibrated cantilever against each other, as the load point has
major impact on the outcome. Additionally, the tip of
calibrated probe may wear during the procedure. Moreover,
the reference cantilever should have similar spring constant as
the calibrated one, unless the design of the reference probe
allows to perform the procedure at different its lengths.

One of the methods in terms of the transferring the force
standards using static method for the spring constant
determination was presented by Langlois et al [132]. The COC
technique was extended, as the reference cantilever was
equipped with piezoresistive force detection system.
Therefore, once it was calibrated using EFB device, it was
possible to correlate certain load force with the electrical
response of the detection system connected to the probe. In
order to confirm the performance of used method, seven
cantilevers were calibrated using developed feature and
compared to the results of the calibration performed using
Sader method, thermal noise technique, nanoindetation and
EFB. The range of nominal values of spring constant was from
0.2 to 40 N/m. The accuracy of presented method was
estimated to be in range £5% to £10%. It could be noted, that
for soft probes the obtained values were in good agreement,
but for stiff probes (40 N/m) the outcome obtained with
presented technique as well as thermal method deviated
significantly from other results, proving limited range of
application.

Cumpson et al. developed the 1.6 mm long and 150 pm
wide cantilever designed specifically for the standard transfer
[133]. The specific features of C-MARS (cantilever
microfabricated array of reference springs) allowed to place
calibrated probe at specific positions due to the presence of
binary markers along the C-MARS. Therefore one of the
major uncertainty sources have been minimized. The access to
26 points along the feature, enabled the possibility of
utilization reference spring constant in range from 0.0324 to
26.9 N/m. Additionally, the piezoresitors structure have been
developed near to the base of the cantilever, which allows to
monitor its bending or/and vibrations. Due to specific design,
a limited range of calibration methods were available in order
to calibrate C-MARS. Authors determined its spring constant
using Euler-Bernoulli equation, finite element analysis and
performed the calibration with Sader method in vacuum. Both
theoretical methods delivered similar outcome (0.041 and
0.042 N/m), however experimental approach gave
significantly smaller value 0.032 N/m. As the thickness of the
cantilever is essential in terms of accuracy of theoretical
calculations, it is likely that real value was 8% smaller than
assumed 3 pm, therefore experimentally obtained value
differed so much. The equation allowing to calculate the
spring constant of tested probe k. using C-MARS, is as
follows:

(AVstiff
ke AZstify
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where ZLW is the slope of the force spectroscopy curve
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acquired on the rigid surface, W is the slope of the
C-MARS

force spectroscopy curve acquired on the C-MARS structure,
ke is the spring constant of the C-MARS structure at the
location the calibration is performed and 6 is the angle of the
calibrated cantilever in respect to the surface.

Despite the fact, that one can avoid the risk of the tip wear
during calibration procedure, the sensitivity of detection
system has to be determine in the first place. The procedure
bases on pressing the tip against rigid surface, while the
response of the detector is acquired. Tourek et al presented the
solution, basing on the sharpened tungsten wire, allowing to
avoid the contact of the tip with the surface [134]. One has to
be aware, that the changes of the support point of the
cantilever has an impact on its bending, therefore the
sensitivity at the location of the tip S, can be calculated from
following formula:

sa=[ i

wf(Zaflf—l%)] SW (36)

where S, is the sensitivity measured at the contact point of the
tungsten tip and cantilever, a,is the position of the tip, wyis the
tungsten wire contact point and //is the laser beam position. It
was shown, that presented approach may introduce the
sensitivity determination error up to 12%.

3.11. Calibration Structure

A similar approach to the COC, is the method basing on
utilization of specifically designed calibration structures
allowing to determine the spring constant of the AFM probe
with high accuracy, but easier than in case of the reference
cantilevers.

Cumpson et al. developed compact feature providing the
traceable unit transfer [135, 136]. The device called MARS
(microfabricated array of reference springs) is a complex,
spring-like, planar feature made using micromachining
processes, including chemical vapour deposition (CVD), wet
etching, deep reactive ion etching. The set of the structures
provided the spring constant references in range from 0.16 to
11.10 N/m. The accuracy of the spring constant determination
provided with this approach is better than 5%. However, due
to small diameter (50 pm) of the tip-feature contact area,
practical utilization of presented solution requires a certain
experience.

The micromechanical device, called T-MARS (torsional
MARS) providing the reference spring constant in range from
0.01 to 4 N/m was presented by Cumpson et. al [137]. The
design of the feature bases on the suspended torsional spring
structures. The advantages of T-MARS is relatively large
surface of AFM tip landing, low resonance frequency and
approximately 10% precision of the spring constant
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determination. Therefore the drawbacks of MARS were
eliminated. The formula allowing to calculate the spring
constant of calibrated probe is shown below:

AVstiff
__ kgsech AZstiff _
ke =255 | s = 1 (37)
AZT_MARS
AVstiff .
where ﬁ”ﬁ is the slope of the force spectroscopy curve
stiff
. . AV .
acquired on the rigid surface, ——248S i5 the slope of the
AZT_MARS

force spectroscopy curve acquired on the T-MARS structure,
kg is the local spring constant of the T-"MARS structure at the
location the calibration is performed, d is the distance of the
tip-structure contact point from the rotation axis of the
structure and 6 is the angle of the calibrated cantilever in
respect to the surface.

Wagner et al. presented the method of determination of the
effective spring constant using suspended silicon microbridge
feature, in terms of utilized the probes in contact resonance
AFM (CR-AFM) measurements [138]. In this technique the
tip oscillates in this eigenmode while it maintains in the
contact with the sample. Therefore the effective spring
constant of the bridge is the essential parameter to determine.
The data was obtained using two techniques: static
force-distance curves acquisition and CR-AFM. The stiffness
of the microbridge was calculated using Euler-Bernoulli
model:

3
(%) = G ¢
where L,, I, and L, are Young modulus, bending moment of
inertia and length of the bridge. Additionally, the optical
detection performance of the probe’s oscillation was verified
in terms of the laser beam positioning on the probe. Moreover,
performed experiment provided a practical guidance in terms
of the resonance frequency adjustment.

Ekwinska et al. presented calibration features developed at
millimeter-scale, providing the resistance to the
unprofessional handling [139] (fig. 11). The utilization of the
calibration features is relatively easy and does not require any

complex procedure or additional equipment.

Fig. 11. The view of the calibration feature [139].

The operator has to acquire the force spectroscopy curves
on the stiff surface (for instance the silicon) and on the
calibration structure. As the mechanical properties of the
structure are known (metrological traceable), the force
constant can be calculated using the software provided by the
producer [140-142]. It should be emphasized, that in order to
obtain the highest possible accuracy, one should use the
calibration feature with appropriate spring constant. In general,
following rule should be fulfilled: 0.3 k<k,<3 k, where k; is
the spring constant of the calibration feature, and the k,,, is the
spring constant of the probe. Complete procedure takes
typically less than 10 minutes. The uncertainty of the spring
constant determination using those features can be lower than
+3%.

3.12. Microforce Sensing Micromanipulator

Unique approach of utilization of micromanipulator as the
load for calibration AFM probes was described by Li et al.
[143]. Presented micromanipulator was rectangular cantilever
beam made of monocrystalline silicon and a tungsten
cylindrical bar. In the silicon cantilever the piezoresistors were
implemented providing the force sensing. Due to the size of
the silicon bar: 0.95 mm, 0.15 mm and 5.0 mm in width,
thickness and length respectively, the sharpened tungsten wire
allowsed to operate with such small objects as AFM probes. In
order to obtain quantitative force-electrical response
correlation, the interferometric techniques have been utilized,
as the displacement sensor, while the load was applied to the
end of the tungsten wire. Once the microsensing manipulator
was calibrated, it could be used to characterize the AFM
probes.

Two microforce sensors have been developed and tested:
37.3 nN/mV and 705.4 nN/mV. The tests allowing to perform
the spring constant calibration of AFM have been carried out
for three various cantilevers in range from 0.46 N/m to 23.3
N/m. Covering such wide range of spring constant reveals
large potential of demonstrated micromanipulators. The
uncertainty of described method is 3.2%.

3.13. Micropipette

Utilization of hydrodynamic pressure as the controlled
force source was presented by Liu et al. [144]. The method
called micropipette aspiration technique (MAT) bases on the
utilization of the setup containing the micropipette with fitted
closely spherical object such as polystyrene bead or
cylindrical cell and fluid filling the micropipette. According to
the fluid mechanics principles, a certain pressure acting on the
sphere corresponds to a free motion velocity, under which the
force is equal to zero. It provides piconewton precision,
therefore it is suitable for the AFM probes calibration. Once
the tested cantilever is aligned in order to touch the
microsphere with the tip, the force is controlled by the liquid
speed, and the deflection of the probe is measured optically,
with support of two-dimensional nanotracking algorithm. The
spring constant can be calculated using following equation:
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k= (39)
where: a is pressuring rate, D, and D, micropipette and
transducer diameter respectively, L is the time derivative of L
and it represents the cantilever-tip velocity. For described
approach, the uncertainty is 10%. In the experiment,
successful calibration of the set of 33 probes was performed.
In order to verify its performance, it was compared to the
results of thermal noise method outcome. For the spring
constant in range from 0.01 to 0.5 (nominal), the agreement
between MAT and TN was better than 36%.

3.14. Dynamic Viscous Response

One of the unique solutions of the cantilever’s spring
constant determination is utilization of the hydrodynamic drag
force [145]. In order to determine the mechanical properties of
the probe, its response to the forces acting on attached
colloidal particle was observed. The particle was exposed to a
oscillatory motion of a flat plane in a fluid medium. Therefore
one should be aware, that this approach is limited to the
colloidal probes 5 pm in diameter or greater. The experimental
setup was arranged using commercial AFM, after performing
a number of modifications. The experiment was carried out as
follows. After the probe approached the surface, it was
covered with thin film of liquid placed in piezotransducer.
Once the sinusoidal signal was applied to the transducer
(typically 2-10 nm, 1 kHz) the drag force caused by the
hydrodynamic interaction could be detected with typical ODB
system.

The spring constant was calculated using the equation:

1
1 A -2
k==12n2Rp (2 - 1] ? (40)
In order to determine A4, following formula was used:
A =4 — x,e%| (41)

where: 7 is solution viscosity, D is the mean particle-surface
separation, R is the particle radius, v is the frequency of
oscillation, 4, is the drive amplitude, 4 is the amplitude of the
gap separation, x, is the amplitude response of the probe and
0 is the phase shift between the drive signal and the measured
oscillatory response. The practical utilization of presented
method in terms of the calibration of AFM probes was also
demonstrated. The accuracy of this method was estimated to
maintain in range of 4%.

3.15. Material Reference

Utilization of the material samples for the calibration of the
AFM instrument in terms of quantitative imaging of the
mechanical properties of the sample is very useful in terms of
the techniques, where the signal acquisition and processing
complexity utilized in used mode is too advanced for average
user. Therefore, once the sample is scanned and its parameter
is provided, the software adjusts the calibration factors in
order to enable appropriate imaging. At least two various
materials are necessary in order to provide required calibration

accuracy [146]. It should be underlined, that due to
uncontrolled ageing process and material non-homogeneity,
the accuracy of this method is very difficult to estimate. It is
however possible, to perform the verification of the properties
of the reference material, using typical force spectroscopy
[142]. It should be underlined, that adhesion forces measured
with time-resolved technique and force spectroscopy method
can’t be compared, as this phenomena is speed related and
obtained results may naturally differ due to physical
phenomena [19]. The accuracy of this approach is related to
many factors, however it unlikely may reach level better than
50%.

3.16. Indirect Method

Indirect method is, as a matter of fact, a combined approach
of any experimental technique, basing on an assumption of
high repeatability of the parameters of the cantilevers
fabricated during single process (same wafer). Gibson et al.
presented indirect method basing on the assumption, that in
case of utilized multiprobe chip, the material properties and
the thickness of the probes in that chip are identical [147].
Therefore the calibration of one cantilever would provide
sufficient data to calculate the spring constant of the other
cantilevers with accuracy of the order of 10% or better.
However, the work presented by Frentrup and Allen showed
that the thickness of the probe may vary along the probe,
introducing a significant error while the determination bases
on the assumption of perfect shapes of the probe [95].
Moreover, as presented by Webber et al. the probes fashioned
from that same wafer may differ even by factor of two [148],
as the 101 V-shaped probes made of silicon nitride was
measured using thermal spectrum method proposed by Hutter
and Bechhoefer.

4. Further Issues

Practical utilization of a number calibration methods,
requires maintaining specific regime, providing the
measurement conditions suitable to the assumption and
simplification of the model used for the specific formula
development. When any deviation from the optimal
conditions occurs, one has to take into account the appearance
of the unknown error of the spring constant determination.
One of the factors, that one can easily overlook or be unable to
optimize, is the scanning tip-surface angle. An interesting
analysis of the influence of the complexity of the forces acting
on the tilted scanning tip, causing the torque, presented Scott
et al. [149]. As the perfect alignment the axes of the tip and
normal to the surface is very difficult, some unwanted
component forces can appear. Therefore one has to aware their
influence on the effective spring constant, which may be
increased or decreased. This conclusion extended the previous
study’s outcome [150], where only the enhancement of the
effective spring constant was considered. Scott et al. provided
the set of correction formulas for both: sharp tip and sphere
ended probes, in order to take into account the impact of the
analyzed phenomena on the final outcome. Although in



Nanoscience and Nanometrology 2016; 2(1): 8-29 23

typical conditions the value of correction factor may be barely
negligible, in case of 45 degrees skewed sphere probe, it may
reach 20% of the final value.

Once the variety of various spring constant determination
methods was developed, one is interested in the outcome,
when certain group of probes is calibrated using several
methods. One has to keep in mind, that it is essential to
provide specific conditions, allowing easily compare the
obtained values.

The non-uniformity of the cantilevers was analyzed by
Frentrup and Allen [95]. As theoretical calibration approaches
assume the certain level of the regularity of the shapes of the
cantilever, it can lead to a significant spring constant
estimation error. In particular, the thickness deviations along
the main symmetry axis of the probe may be significant (even
few hundreds of percents of nominal value), therefore the
oscillation modes may have different shapes than in the
theoretical considerations. As the consequence, the ratios
variations /Wy, /W, and wy/w; may reach 17%, 21% and
24% respectively. On the other hand, when the thickness
profiles of the cantilever are known, it is possible to correct the
models in order to perform the spring constant calculation
with the accuracy of few percent. Authors showed, that for
Sader method, the typical non-uniformity influence can be
rather small when the first vibration mode is utilized, but
correction approach is effective up to fourth mode. On the
other hand, for thermal tune method the non-uniformity has a
serious impact, therefore one should not rely on the higher
modes, as the correction formula is ineffective. The obtained
errors for various correction methods are presented in table 3.

Table 3. The results of the spring constant determination obtained by
Frentrup and Allen [95].

Sader’s metod

ks Mode ! Mode2 Mode3 Mode4
Uniform No Tip - Measured -2.22%  2.62% 6.24% 14.23%
Uniform + Tip - Measured 2.71%  4.14% 1591% 25.38%
Linear and Lumped - Measured -0.06%  5.91% 10.52% 15.43%
Linear and Lumped #2 - 022%  600%  9.66%  14.09%
Measured

Thermal tune method

ks Model Mode2 Mode3 Mode4
Uniform No Tip - Measured 1531%  72.79% 160.93% 287.70%
Uniform + Tip - Measured 22.53% 71.88% 134.93% 214.03%
Linear and Lumped - Measured 6.32% 13.82% 35.79%  73.20%
Linear and Lumped #2 - 4.64%  8.87%  2821% 63.07%
Measured

Ohler performed the tests in order to compare the outcome
of various methods, using the laser Doppler vibrometry (LDV)
in order to improve the detection of the oscillations of the
probes [121]. Three cantilevers: 400 pm, 200 um and 100 pm
of length were tested using thermal tune technique, frequency
scaling and Sader method. Detection of the probe’s oscillation
was carried out with commercial AFM and LDV for Sader
method and thermal tune. Tested probes allowed to compare
the obtained spring constant values in range of two orders of
magnitude (0.36 to 36 N/m). For the soft cantilevers, obtained
results agreement was at the level of few percent. On the other

hand for the stiff probe (100 pm in length), the differences
between obtained values were significantly bigger. As the
major reasons, Ohler listed: insufficient sensitivity of AFM
optical detection system in case of thermal tune method, as the
oscillation amplitude of the cantilever reaches approximately
12 nm, and the L/w ratio being below the limitation of the
Sader method.

Also Gates and Pratt used the Doppler vibrometry in order
to measure the oscillations of the cantilever in terms of
improving the thermal noise method [151]. Due to unique
sensitivity, such an approach allows to analyze both:
longitudinal and torsional oscillations of the cantilever. Basing
on the Euler-Bernoulli model and utilization of electrostatic
balance technique providing SI standards traceability,
complete calibration procedure can be performed.

Another attempt of the comparison between various
calibration techniques was presented by Kim et al. [152]. In
this experiment, following methods were utilized: the nano
force calibrator (NFC), Euler-Bernoulli formula, thermal
noise method, Sader method and cantilever on cantilever
technique. Commercial probes for contact (0.9 N/m nominal)
and semicontact (42 N/m nominal) were calibrated. Obtained
results revealed good agreement between NFC, COC and
thermal noise method for soft probe. Sader method delivered
significantly lower spring constant values, the outcome of
theoretical calculations on the other hand, was significantly
higher. For the stiff probe, COC and NFC showed good
correlation, theoretical calculations delivered significantly
higher values, and for Sader method, the spring constant
values were lower.

In order to verify the accuracy of certain measurement
devices, the round robin procedures are carried out as standard
metrological procedure. Due to advanced development level
of the determination of the spring constant of the AFM’s such
a practice was also introduced. The results presented by te Riet
et al. [120]. Various probes (rectangular and V-shaped) were
used in order to perform the procedure. Thermal noise an
Sader method were utilized in the comparison. 10 AFM
systems were involved: 2 custom built (including on base of
Asylum MFP-3D, JPK NanoWizard I, Agilent 5500 and 6
systems basing on controllers Multimode Nanoscope Illa, IV,
IVa and V. Obtained results showed good correlation of
obtained results, however some issues in terms of systematic
errors were revealed for few setups. It was also concluded, that
Sader method allowed to obtain uncertainty 3% to 7% for
single AFM and average value respectively. On the other hand,
for thermal noise method, the uncertainty reached 6% to 15%
likewise.

5. Summary and Outlook

In this work the most popular and interesting methods of the
AFM probes spring constant determination were presented. In
addition, practical utilization examples were also shown. The
increasing demand of the quantitative AFM forces
measurements, caused development of many techniques
offering various levels of complexity and accuracy. Although
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easy, cheap, quick, reliable and high accuracy calibration
methods are desired, also sophisticated and requiring
advanced equipment ones were also implemented and
described in many papers. The diversity of approaches
provides an insight into the progress of understanding the
phenomena of various aspects of atomic forces microscopy, as
well as the rapid technology development. During last three
decades, a plenty of solutions have been implemented and
improved, and some of them become worldwide popular and
commonly used. One has to keep in mind, that despite the fact,
that some of the methods are easily accessible in commercial
AFM setups and require a very little effort to perform, their
application range is limited. In addition, for each technique a
certain steps must be taken in order to reduce the error sources
as much as possible. It was also shown, that the utilization of
few methods for selected group of probes, providing
correlation of the outcomes, allows to obtain an insight into
the potential weaknesses of specific procedures performed in
the lab.
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