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Many advanced dynamic Atomic Force Microscopy (AFM) techniques such as contact resonance,

force modulation, piezoresponse force microscopy, electrochemical strain microscopy, and AFM

infrared spectroscopy exploit the dynamic response of a cantilever in contact with a sample to

extract local material properties. Achieving quantitative results in these techniques usually requires

the assumption of a certain shape of cantilever vibration. We present a technique that allows in-situ
measurements of the vibrational shape of AFM cantilevers coupled to surfaces. This technique

opens up unique approaches to nanoscale material property mapping, which are not possible with

single point measurements alone. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4840116]

Many dynamic atomic force microscopy (AFM)1 techni-

ques involve a vibrating microcantilever in permanent con-

tact with a sample surface. Contact resonance (CR-AFM),2–6

force modulation (FMM),7,8 piezoresponse force (PFM),9–11

electrochemical strain (ESM),12,13 and AFM infrared spec-

troscopy (AFM-IR)14 are a few pertinent examples. These

techniques allow scientists to measure and map a variety of

properties including elastic, viscoelastic, piezoelectric, elec-

trochemical, and chemical properties of surfaces with nano-

meter scale resolution.

In typical AFM operation, the cantilever bending angle

at a single laser spot position is measured.15,16 The overall

cantilever vibration shape remains unobserved. This limits

many calibration and data processing techniques in AFM.

For example, calculating the optical sensitivity in all AFM

modes and calculating material properties in CR-AFM

assume a deflection or vibration shape for the cantilever.

When operating far from the sample surface the vibration

shapes are often well described by theoretical beam models

with boundary conditions of zero shear force and bending

moment at the cantilever tip. However, when operating in

contact, the boundary conditions at the tip depend sensitively

on local material properties as well as the operating fre-

quency, cantilever amplitude, tip-sample force, and contact

geometry. This injects great uncertainty into the theoretical

prediction of vibrating shapes. To resolve this, reliable

experimental techniques are needed to determine the

vibration shape of AFM cantilevers interacting with sample

surfaces.

Vibrational shapes of AFM cantilevers have been stud-

ied with interferometry,17,18 optical beams,19–21 and scan-

ning electron microscopy.22 This prior work has described

vibrating shapes out of contact with a sample or during an

intermittent contact situation. More importantly, most of this

prior work has required the use of an additional measurement

system such as an interferometer to measure cantilever

vibration. Here, we develop an optical beam method for

measuring the in-situ vibrational shape of an AFM cantilever

on a standard commercial AFM without interfacing an addi-

tional measurement system and used this method to study

CR-AFM techniques. This technique provides an important

tool for the visualization the vibration of AFM cantilevers.

Our method allows us to quickly and efficiently validate

the dynamics of models used to extract material properties

from AFM data. We compare the experimental and theoreti-

cal responses and observe a few interesting differences

between the predicted and actual response. These compari-

sons are used to validate existing CR-AFM modeling techni-

ques and provide insight into additional physics that could

be added to such models. Validation and improvement of

these models will lead to more accurate predictions of mate-

rial properties with CR-AFM.

A Cypher AFM (Asylum Research, Santa Barbara, CA)

with a standard 30 lm laser spot was used for AFM measure-

ments. Experiments were performed in a glove box with

controlled temperature and relative humidity. A Hitachi High-

Technologies Corporation (Tokyo, Japan) s-4800 field emis-

sion scanning electron microscope (SEM) was used to capture

SEM images of the cantilevers. AppNano (Santa Clara, CA)

FORT cantilevers, which have a first free resonance fre-

quency at about 70 kHz and a stiffness of about 2 N/m, and

Nanosensors (Neuchatel, Switzerland) NCLR cantilevers,

which have a first free resonance frequency of about 180 kHz

and a stiffness of about 40 N/m are the two cantilever types

used in the experiments. The actual cantilever stiffness was

determined using the corrected thermal method.23–25 The pho-

todiode sensitivity was determined from a force-displacement

curve on a stiff sample. The cantilever stiffness and photo-

diode sensitivity was used to compute the force applied to the

sample. For the NCLR cantilevers, a force of 1000 nN was

applied to the sample and for the FORT cantilevers a force of

100 nN was applied to the sample. These forces correspond to

about 30 nm of cantilever deflection.

Several additional parameters are needed for the com-

parison of experiment and theory. The evaluation of these

a)Electronic mail: raman@purdue.edu.
b)Electronic mail: Roger.Proksch@oxinst.com.
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parameters is described as follows. The cantilever dimen-

sions, tip dimensions, and tip location was determined based

on SEM images. The tip mass (mt) was determined by com-

puting the tip volume and multiplying by the density of sili-

con (2.3 g/cm3). The cantilever mass (mc) was determined

from the first free resonance frequency, cantilever stiffness,

and tip mass. The cantilever tilt angle ðhcÞ relative to the

sample of 11� was determined from the AFM manufacturer’s

specifications. After the experiments were finished the tip

radius of the AFM cantilever tip was measured with SEM to

be 220 nm for the NCLR cantilever and 90 nm for the FORT

cantilever. Silicon, with a modulus of 160 GPa and SU-8

polymer, with a nominal storage modulus of 5 GPa and a

nominal loss modulus of 50 MPa were used as samples. It

should be noted that the properties of SU-8 thin films vary

with both frequency26 and film thickness.27

The basic measurement technique is described as fol-

lows. First, the cantilever was brought into contact with the

sample at a constant normal load. Next, the cantilever was

held at the constant load for a few minutes to allow the AFM

system to come into mechanical and electrical equilibrium.

The feedback between the cantilever and the sample surface

was then turned off. The location of AFM laser spot position

on the cantilever was then scanned along the length of the

cantilever. The laser position was adjusted by standard com-

mercial laser positioning system that comes with the Cypher

AFM system. The positioning system works by using electric

motors to move the laser source, mirrors, and mounting of

the optical beam system. The system is controlled by the

Asylum Research AFM controller and software. The center

of the laser spot can be accurately and repeatability posi-

tioned within about 1 lm. At each laser spot position the

excitation frequency applied to a transducer below the sam-

ple was swept and the photodiode amplitude and phase

recorded. The photodiode amplitude and phase was then

plotted as a function of spot position and frequency. This

results in a “spectrogram” describing the shape of dynamic

response of the cantilever. The time it takes to capture a

spectrogram depends strongly on how many points on the

cantilever are measured and how fast the cantilever excita-

tion frequency is swept. For the data in this paper, it took

about 10 min to capture a single spectrogram. Because the

feedback between the cantilever and sample was turned off

there is some drift in the force applied to the cantilever. This

drift was monitored with a closed loop stage attached to the

Z-piezo. A schematic of the experimental setup is shown in

Figure 1(a). In contrast to earlier mode measurement

approaches, these measurements are fully integrated into a

standard commercial AFM system. The optical lever slope

sensitivity of the spectrogram measurement exactly matches

that of the AFM system since it is made using the same

detector.

To interpret the experimental results it is necessary to

understand the output of the AFM detection system. Most

AFMs use an optical beam deflection (OBD) system to

detect the cantilever response. In OBD, the voltage output of

the photodiode is approximately proportional to the slope of

the cantilever at the position of measurement.28,29 For the

dynamic AFM modes mentioned above a lock-in amplifier is

used to measure amplitude and phase of the photodiode

signal at the drive frequency; therefore, the resulting spectro-

grams are a measurement of the amplitude of slope (slope

amplitude, As) of the AFM cantilever as a function of laser

spot position on the cantilever and the excitation frequency

of the sample. In contrast, a similar experiment with an inter-

ferometer based system would measure the amplitude of the

cantilever displacement (displacement amplitude, Ad).17,18 A

sketch of the slope amplitude for the first two resonance

modes for a cantilever far from a sample surface are shown

in Figure 1(b).

To relate the experimental observed parameters, such as

resonance frequency, amplitude, and phase to material prop-

erties, such as elastic and viscoelastic modulus a model of

the cantilever response is needed. In CR-AFM, the predicted

material properties depend on which model is used to inter-

pret the data. Different models, with a variety of beam types,

boundary conditions, and fluid damping, can be used to pre-

dict material properties. We compared the measured spectro-

grams to theoretical spectrograms predicted by the uniform

damped Euler-Bernoulli beam model with mass, spring, and

damper boundary conditions.30 Tip mass (mt), tip inertia (It),

normal contact stiffness (kn), lateral contact stiffness (kl),

normal damping (cn), lateral damping (cl), and cantilever

excitation (u) are included as boundary conditions. The free

vibration solution to these equations gives a characteristic

equation, which provides a relationship between resonance

frequencies and boundary conditions. The forced vibration

solution to these equations can reproduce spectrograms for

comparison to experiments. The model for a surface coupled

AFM cantilever is shown in Figure 1(c). The normal contact

stiffness and normal damping was computed from the AFM

tip radius, the applied normal force, the sample storage and

FIG. 1. (a) Experimental schematic. The laser position is scanned along the length of the cantilever and the excitation frequency is swept. (b) Slope amplitude

for the first two modes for a cantilever far from the sample surface. (c) Schematic showing boundary conditions used in Euler-Bernoulli beam model of cantile-

ver. Lc is the cantilever length, hc is the tilt angle of the cantilever, w is the displacement of the cantilever, x is the position along the length of the cantilever, ht

is the height of the tip, kn is the contact stiffness normal to the sample surface, kl is the contact stiffness lateral to the sample surface, cn is the contact damping

normal to the sample surface, cl is the contact damping lateral to the sample surface, mt is the mass of the tip, and rg is the radius of gyration of the tip.
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loss modulus, and the DMT contact mechanics model.31,32

The lateral contact stiffness and lateral damping was

assumed to be 80% of the normal stiffness and damping.

This is true for an isotropic material with a Poisson’s ratio

of 0.3.

Experimental and theoretical spectrograms for two

cantilevers and two samples are shown in Figure 2. The

experimental parameters used to predict the theoretical spec-

trograms are given in Table I. The spectrograms plot spot

position on the y-axis, frequency on the x-axis, and cantile-

ver slope amplitude divided by sample excitation amplitude

or slope phase relative to the drive signal on the color axis.

In the slope amplitude spectrograms, the bright vertical lines

correspond to resonance frequencies and dark curves corre-

spond to the antinode frequencies and locations. In the slope

phase spectrograms, phase jumps are seen as resonance fre-

quencies and antinode locations change according to laser

spot position and excitation frequency. In Figures 2(a) and

2(i), there is a resonance at a frequency of 700 kHz. This res-

onance has a minimum in slope amplitude about halfway

along its length at its slope amplitude antinode. This mini-

mum in slope amplitude corresponds to a local maximum in

displacement amplitude. The antinode in slope amplitude

starts at a frequency of 400 kHz at the location of the tip and

moves towards the base of the cantilever with increasing

frequency.

Several interesting conclusions can be made by compar-

ing the experimental and theoretical spectrograms. Most

aspects of the theoretical and experimental spectrograms are

in agreement. For example, the shape of the slope amplitude

FIG. 2. Experimentally measured and theoretically predicted slope amplitude (log color scale) and slope phase spectrograms. (a) Experimental slope amplitude

for a stiff lever (NCLR, 40 N/m) on a stiff sample (Silicon, Force �1000 nN). (b) Experimental slope amplitude for a stiff lever (NCLR, 40 N/m) on a soft sam-

ple (SU-8, Force �1000 nN). (c) Experimental slope amplitude for a soft lever (FORT, 3.2 N/m) on a stiff sample (Silicon, Force �100 nN). (d) Experimental

slope amplitude for a soft lever (FORT, 3.2 N/m) on a soft sample (SU-8, Force �100 nN). (e) Theoretical slope amplitude for a stiff lever (NCLR, 40 N/m) on

a stiff sample (Silicon, Force �1000 nN). (f) Theoretical slope amplitude for a stiff lever (NCLR, 40 N/m) on a soft sample (SU-8, Force �1000 nN). (g)

Theoretical slope amplitude for a soft lever (FORT, 3.2 N/m) on a stiff sample (Silicon, Force �100 nN). (h) Theoretical slope amplitude for a soft lever

(FORT, 3.2 N/m) on a soft sample (SU-8, Force �100 nN). (i) Experimental slope phase for a stiff lever (NCLR, 40 N/m) on a stiff sample (Silicon, Force

�1000 nN). (j) Experimental slope phase for a stiff lever (NCLR, 40 N/m) on a soft sample (SU-8, Force �1000 nN). (k) Experimental slope phase for a soft

lever (FORT, 3.2 N/m) on a stiff sample (Silicon, Force �100 nN). (l) Experimental slope phase for a soft lever (FORT, 3.2 N/m) on a soft sample (SU-8,

Force �100 nN). (m) Theoretical slope phase for a stiff lever (NCLR, 40 N/m) on a stiff sample (Silicon, Force �1000 nN). (n) Theoretical slope phase for a

stiff lever (NCLR, 40 N/m) on a soft sample (SU-8, Force �1000 nN). (o) Theoretical slope phase for a soft lever (FORT, 3.2 N/m) on a stiff sample (Silicon,

Force �100 nN). (p) Theoretical slope phase for a soft lever (FORT, 3.2 N/m) on a soft sample (SU-8, Force �100 nN). The y-axis scale bar applies for all

subfigures.
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at the resonance frequencies, and the location of antinodes as

a function of excitation frequency all agree well between

experiment and theory. However, some differences between

experiment and theory can be observed. These differences

allow for analysis of model form uncertainty, which can be

an important source of uncertainty in CR-AFM measure-

ments. Including more complex damping models, a more

accurate model of the physical shape of the cantilever, or the

effects of finite laser spot size are potential model improve-

ments that could reduce model form uncertainty.

The first potential source of model form uncertainty is

the applied damping models. We have used a linear viscous

air damping model to model the fluid damping experienced

by the cantilever and a linear dashpot to model the damping

associated with the tip-sample interaction. This damping

model is not sufficient to capture all aspects of the cantilever

response. This can be seen by observing the maximum bend-

ing energy of the cantilever beam (BEmax ¼
Ð L

0
ðdAs

dx Þ
2dx33) as

a function of excitation frequency as shown in Figure 3(a).

In the experimental data, the potential energy of the cantile-

ver near the resonance frequencies decreases with increasing

frequency. In the theoretical data, the potential energy of the

cantilever near resonance is almost constant with increasing

frequency. This difference might be corrected by including

effects such as squeeze film damping,34 or frequency

dependent fluid,35 or sample damping.

A second potential source of model form uncertainty

is variations of the actual cantilever from that of ideal

Euler-Bernoulli beam. The physical shape of the cantilever

is different from a uniform Euler-Bernoulli beam in three

ways: a picket at the end of the cantilever, trapezoidal

cantilever cross sections, and variation in thickness along the

length of the cantilever from manufacturing imperfections.

These uncertainties could be addressed by applying a more

complex form of the Euler-Bernoulli beam equation or

through finite element modeling.36

A third potential source of model from uncertainty is the

effect of finite laser spot size on the experimental measure-

ments. It is known that the measured cantilever response is

affected by the finite size of the laser.29,37 This shows up in

the spectrogram data in two ways. First, the slope as a func-

tion of spot position is not exactly the slope at that position,

but rather an average slope computed over the size of the

laser spot. Second, near the end of the cantilever the laser

spot starts to fall off the edge of the cantilever. This reduces

the photodiode sum signal causes the sensitivity of the opti-

cal beam system to decrease. This effect can be clearly seen

in Figure 3(b), in which theory and experiment agree well

far from the end of the cantilever but diverge near the tip.

Using in-situ experiments on a standard commercial

AFM system, we have experimentally measured the shape of

the cantilever vibration in CR-AFM. In principle, this pro-

vides a pathway for validation of existing CR-AFM models

and deeper insight into the forces acting on the AFM cantile-

ver. We analyzed cantilever vibrational shapes for two canti-

levers and two samples. Agreement between experimental

cantilever shapes and those predicted with the standard CR-

AFM model is reasonably good, providing validation for use

of the discussed model. However, some details, such as

under-predicted resonance frequencies, point load effects,

and damping effects, were shown to be different between

experiment and theory. These effects might represent addi-

tional physics that could be added to existing contact

resonance models. It is hoped that this work will provide

motivation for the further development of surface coupled

cantilever modeling and a pathway towards the validation of

existing contact resonance modeling techniques.
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