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Time-Resolved Tapping-Mode Atomic Force
Microscopy

Ali Fatih Sarioglu and Olav Solgaard

Abstract Atomic force microscopy has unprecedented potential for quantitative
mapping of material-specific surface properties on the nanoscale. Unfortunately,
methods developed for local stiffness measurements suffer from low operational
speeds and they require large forces to be applied to the surface, limiting resolution
and precluding measurements on soft materials such as polymers and biological
samples. On the other hand, tapping-mode AFM, which is well suited to soft
materials due to its gentle interaction with the surface, cannot be used to recover
information on the tip–sample interaction (and hence, on the material properties)
due to limited mechanical bandwidth offered by the resonant AFM probe.

In this chapter, a technique, called Time-resolved Tapping-mode Atomic Force
Microscopy, designed for rapid quantitative material characterization on the
nanoscale is described. The technique is based on time-resolved measurement of
tip–sample interaction forces during tapping-mode AFM imaging by a specially
designed micromachined AFM probe. The probe has an integrated high-bandwidth
interferometric force sensor that is used to resolve tip–sample interaction forces
with high sensitivity and temporal resolution. In the first part of the chapter, the the-
ory, design, and fabrication of the probes are described in detail. Then quantitative
force measurements with microsecond time resolution in tapping-mode imaging are
presented. Finally, higher harmonic images based on the interaction force measure-
ments are presented for various samples, demonstrating the range of applications of
the technique.

1.1 Introduction

Atomic force microscopy (AFM) [1] is one of the main techniques for high-
resolution nondestructive measurement of surface topography. Its operation is based
on the mechanical interaction of an atomically sharp tip at the end of a flexible
cantilever beam with the sample surface. By raster scanning the sharp tip over the
sample surface and recording its displacement, AFM provides atomic scale reso-
lution [2] and can be employed in a variety of environments, such as air, vacuum
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and liquids, and over wide range of temperatures. The high resolution together with
such versatility makes this microscopy technique applicable over a wide range of
problems in various disciplines from biology to material science.

Beyond topography measurements, there is an increasing interest in the use of
AFM for force measurements and quantitative mapping of local elastic and vis-
coelastic surface properties. In fact, there are several AFM-based techniques already
developed for local mechanical measurements, such as nanoindentation [3], force
volume imaging [4], ultrasonic force microscopy [5, 6], pulsed-force microscopy
[7, 8], and force modulation microscopy [9, 10]. However, these techniques either
require excessive forces to be applied on the surface, limiting their use to stiff mate-
rials, or rely on the measurement of a parameter whose value is affected by several
processes other than the sample elastic properties, complicating the interpretation
of the results of these techniques.

Tapping-mode atomic force microscopy (TM-AFM) [11] is a dynamic imaging
technique, in which the probe is oscillated close to its resonance frequency and
contacts with the sample briefly once in every oscillation. The cantilever oscillation
amplitude is kept constant by the feedback loop, and the feedback signal to the
piezoelectric actuator is recorded as a topography image. One of the advantages
of the TM-AFM imaging is that it eliminates the continuous tip–sample contact
that leads to large frictional forces that may damage both the tip and the sample.
This makes this mode especially well suited for imaging of weakly immobilized
macromolecules, as well as soft samples such as polymer surfaces and biological
samples [12]. Consequently, this technique is one of the most widely used AFM
imaging modes.

In addition to being a popular technique for topography measurements, TM-AFM
can be used for compositional mapping of surfaces by recording the cantilever phase
[13, 14]. In fact, TM-AFM offers unique advantages for quantitative material char-
acterization. The dynamic interaction forces between the tip and the sample contain
important information on adhesive and elastic properties of the surface. Therefore,
measurement of interaction forces is a more direct method for material character-
ization. Measurement of tip–sample interaction forces have been demonstrated by
recording the higher harmonics of the cantilever oscillations [15,16]. Unfortunately,
these measurements suffer from low signal-to-noise ratio mainly due to the lim-
ited mechanical bandwidth of the resonant cantilever in TM-AFM. Recently, several
techniques have been introduced to increase the SNR in measurements of the higher
frequency components of the tip–sample interaction forces. These developments can
be summarized as engineering the cantilever frequency response by designing spe-
cial cantilever geometries [17, 18], driving the cantilever at its multiple eigenmodes
simultaneously [19], employing fast and wide-bandwidth membrane-based probes
[20, 21] and using specialized cantilevers with off-axis tip to utilize the higher fre-
quency torsional mode [22, 23]. In this chapter, we focus on direct measurement
of the nonlinear tip–sample interaction forces in TM-AFM using AFM probes with
integrated high-bandwidth interferometric force sensors that offer increased tempo-
ral resolution [24, 25]. These probes combine the advantages of TM-AFM imaging
and AFM force spectroscopy in a single device. They are unique in the sense that
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high temporal resolution in force measurements is contributed by the reduced mass
of the force sensor. In addition, the integrated differential interferometric sensor
enables independent measurement of cantilever motion and interaction force by
minimizing crosstalk between cantilever oscillations and tip motion.

The organization of the chapter is as follows: In Sect. 1.2, the tip–sample inter-
action forces are explained using analytical models (Sect. 1.2.1) and the mechanical
response of a typical AFM probe is discussed (Sect. 1.2.2). In Sect. 1.3, we intro-
duce an AFM probe that is developed to measure the interaction forces in TM-AFM
with an interferometric high-bandwidth force sensor. First, the dynamics of the
probe in TM-AFM is simulated using analytical models (Sect. 1.3.1). The design
and operating principles together with the details of microfabrication process is
explained in detail (Sect. 1.3.2–1.3.4). Next, the detection techniques, characteri-
zation results, and calibration procedures for quantitative force measurements are
presented. (Sects. 1.3.5 and 1.3.6) Finally, the section is concluded with the exper-
imental force measurement results (Sect. 1.3.7). In Sect. 1.4, the compositional
mapping of various surfaces by utilizing the higher harmonics of the measured
tip–sample interaction forces is demonstrated. Specifically, high-bandwidth har-
monic imaging results of a checkerboard test sample (Sect. 1.4.1), self-assembled
monolayer (SAM) of alkanethiols on gold surface (Sect. 1.4.2) and SBS triblock
copolymer film (Sect. 1.4.3) are demonstrated. Finally, the chapter is concluded with
a summary and discussion in Sect. 1.5.

1.2 Tip–Sample Interactions in TM-AFM

In the following section, first, the tip–sample interaction forces in TM-AFM are
explained using analytical models and the mechanical response of a typical AFM
probe under these forces is discussed.

1.2.1 Interaction Forces in TM-AFM

The tip–sample interactions in TM-AFM are dynamic in nature due to the oscillatory
motion of the probe [26]. When the tip and sample are close, but not in contact,
the tip is pulled towards the sample by long-range attractive forces. These forces
originate due to Van der Waals interaction and are relatively weak. On the other
hand, as the tip makes contact with the surface, the tip is pushed away by elastic
forces that arise due to surface indentation. Therefore, in every cantilever oscillation
period, the tip traverses both the attractive and repulsive force regimes.

In this chapter, to model the tip–sample interaction, we use the Dejarguin–
Muller–Toporov (DMT) contact model [27, 28]. In this model, the AFM tip and the
sample surface are modeled as a sphere and a flat half-space, respectively. At large
tip–sample distances, the attractive forces between the tip and the sample surface are
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derived from the Van der Waals energy. For the geometry of an interacting sphere
and a flat surface, the Van der Waals force is given by

Fatt D �HR

6z2
: (1.1)

In this expression, H is the Hamaker constant, R is the radius of curvature of the
AFM tip, and z is the distance between the tip and the sample surface.

As the tip approaches and contacts with the sample, repulsive forces emerge in
addition to attractive forces. These shorter range forces originate from Pauli and
ionic interactions between atoms. In the DMT model, Van der Waals forces between
the two bodies are assumed to be constant when the tip–sample distance is smaller
than a certain parameter referred as the intermolecular distance. In addition, the
repulsive forces are modeled as elastic forces occurring between two bodies due to
Hertz contact theory [29]. By combining these two effects, the total interaction force
in the repulsive regime is given by

Frep D �HR

6a2
0

C 4

3
E�p

Rd 3=2: (1.2)

In Eq. (1.2), a0 is the intermolecular distance, d is the sample indentation and E�
is the reduced Young’s modulus of the tip–sample contact. The reduced Young’s
modulus of the tip–sample contact is given by [29]

E� D
�

1 � �2
t

Et
C 1 � �2

s

Es

��1

; (1.3)

where Et .Es/ and �t .�s/ are the tip (sample) Young’s modulus and Poisson ratio,
respectively.

1.2.2 Cantilever Dynamics and Mechanical Bandwidth
in TM-AFM

In this section, we analyze the frequency response of an AFM probe when operated
in TM-AFM and discuss the limitations imposed by the probe mechanical band-
width on the measurements of tip–sample interaction forces. As mentioned before,
in TM-AFM the tip interacts with the surface repeatedly at a rate close to the can-
tilever resonance frequency. Therefore, in steady state, the tip–sample interaction
force waveform is treated as a periodic signal and can be expressed as a Fourier
series.

Fts.t/ D 1

2
a0 C

1X
nD1

an cos.n!t/ C bn sin.n!t/; (1.4)



1 Time-Resolved Tapping-Mode Atomic Force Microscopy 7

where the Fourier coefficients are given by

an D !

�

Z �
!

� �
!

Fts.t/ cos.n!t/dt; (1.5)

bn D !

�

Z �
!

� �
!

Fts.t/ sin.n!t/dt: (1.6)

In the Fourier series of the tip–sample interaction signal, the higher harmonics at
the integer multiples of the cantilever drive frequency are due to nonlinearity in the
tip–sample interaction discussed in the previous section.

It follows from the discussion above that time-resolved measurements of tip–
sample interaction forces in TM-AFM requires a mechanical bandwidth that covers
the higher harmonics of the interaction force at the integer multiples of the drive
frequency. However, the mechanical response of a resonant AFM cantilever is inher-
ently limited beyond its fundamental resonance frequency. This limitation can be
understood from an analysis of the cantilever transfer function.

Figure 1.1 shows the frequency response of a typical rectangular AFM cantilever
calculated using analysis (FEA). In this plot, the vertical axis is the displacement
gain, which is defined as the ratio of tip displacement amplitude to its DC response,
whereas the horizontal axis is the frequency. The peaks in the displacement gain are
due to fundamental and higher order flexural resonances of the cantilever. From the
plot, we see that below its fundamental resonance frequency, the probe has a flat
band response, whereas the mechanical response of the cantilever beam is signifi-
cantly reduced beyond its fundamental resonance frequency except in close vicinity
to higher order modes. As a result, higher harmonics of the periodic interaction
force signal are lost unless they are in the close vicinity of higher order resonances
and tip–sample interaction forces cannot be fully recovered from the cantilever
displacement.

Fig. 1.1 Simulated mechanical response of a typical rectangular AFM cantilever. The cantilever
is 300-�m long, 60-�m wide, and 2.5-�m thick and is made of single crystal silicon
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Note that the limited bandwidth of TM-AFM is a result of the cantilever being
driven on resonance. In fact, forces between an AFM tip and the sample surface can
be measured from the displacements of the cantilever when tip–sample interaction
force spectrum is band limited within the flat band of the cantilever. Therefore,
when the AFM cantilevers are used for force measurement applications, they are
either operated statically, or the dynamic interaction rate is kept well below the
cantilever resonance frequency. However, these techniques sacrifice the advantages
of a resonant probe such as speed, gentle tip–sample interaction, and tip-limited
spatial resolution.

1.3 AFM Probes with Integrated Interferometric
High Bandwidth Force Sensors

In the previous section, we discussed the potential benefits of measurement of tip–
sample interaction forces in TM-AFM. We also pointed out that measurement of
these forces remains a difficult challenge due to the limited mechanical bandwidth
of conventional AFM probes operated in TM-AFM mode.

In this section, we discuss a new type of AFM probe [24, 25] that can quantita-
tively measure the interaction forces between the tip and the sample surface during
TM-AFM imaging. This probe has an integrated high-bandwidth force sensor that
provides the necessary temporal resolution for time-resolved force measurements.
To gain insight into the operation of these probes, first the probe is modeled as
a coupled damped harmonic oscillator system. Using the tip–sample contact model
described in Sect. 1.2.1, the probe dynamics in TM-AFM operation is simulated, and
the design principles are explained. In particular, important aspects of mechanical
and optical designs are illuminated. In the following sections, the microfabrication
process used in realizing these probes is described. The finished probes are charac-
terized and procedures for calibration are explained. Finally, the section is concluded
by presenting time-resolved force measurements.

The geometry of the AFM probe with an integrated high-bandwidth force sen-
sor is shown in Fig. 1.2. The probe is mainly composed of a rectangular cantilever
beam and an interferometric force sensor. The force sensor is a diffraction grat-
ing at the end of the cantilever beam. The sharp tip resides at the very end of the
force sensor and is coupled to a stiff and small mechanical resonator that is a part
of the diffraction grating. This tip-coupled resonator is much smaller and stiffer
than the cantilever beam and therefore has a higher mechanical bandwidth than the
soft and massive cantilever beam. As a result, the resonator remains mechanically
responsive to the high frequency components of the nonlinear tip–sample interac-
tion forces where the response of the resonant cantilever is limited. Consequently,
the tip–sample interaction forces can be obtained through the relative displacement
of this resonator with respect to the cantilever beam.

This probe structure combines the advantages of TM-AFM imaging and
AFM force spectroscopy in a single device. Specifically, the resonant cantilever
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Fig. 1.2 A computer
drawing showing the
geometry of our AFM probe
with an integrated force
sensor. The probe is
illuminated with a laser beam
and the resulting diffraction
pattern is also indicated

component provides gentle tip–sample interaction and high resolution as in TM-
AFM, whereas the force sensor operated below its resonance can provide quantita-
tive time-resolved measurements of tip–sample interaction forces.

1.3.1 Model

Damped harmonic oscillator models have been widely used to describe probe
mechanics in TM-AFM [30–37]. When combined with a tip–sample contact model,
these models have proved to be useful in understanding basic characteristics of can-
tilever motion and tip–sample interactions. In this section, using similar models, we
show that with the addition of a high-bandwidth force sensor to an AFM probe, it is
possible to measure the tip–sample interaction forces with high temporal resolution.

The model to simulate the dynamics of the probes with high bandwidth force sen-
sors consists of two damped harmonic oscillators coupled to each other. A schematic
of the model together with the assumed coordinate system is shown in Fig. 1.3. To
simulate TM-AFM operation, the cantilever (the larger mass) is excited with a sinu-
soidal force at a frequency close to the system’s fundamental resonance frequency.
On the other hand, the forces due to periodic tip–sample interaction acts on the high-
bandwidth force sensor (smaller mass). The equations of motion for the system can
be written as:

mc
@2zc

@t2
D �kczc � �c

@zc

@t
� ks .zc � zs/ � �s

�
@zc

@t
� @zs

@t

�
C Fdr; (1.7)

ms
@2zs

@t2
D �ks .zs � zc/ � �s

�
@zs

@t
� @zc

@t

�
C Fts; (1.8)

�c D mc
!0c

Qc
; (1.9)

!0c D
s

kc

mc
; (1.10)
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Fig. 1.3 Coupled damped
harmonic oscillators used to
model the operation of a
probe with an integrated
high-bandwidth force sensor
in TM-AFM imaging

�s D ms
!0s

Qs
; (1.11)

!0s D
s

ks

ms
: (1.12)

In these equations, mc .ms/; zc .zs/; �c .�s/; kc .ks/ and Qc .Qs/ are the effective
mass, instantaneous position, damping coefficient, spring constant, and quality fac-
tor of the cantilever beam (force sensor), respectively. In addition, ! is the drive
frequency, while !0c .!0s/ is the fundamental resonance frequency of the can-
tilever (force sensor). Fdr is the driving force applied to the cantilever and Fts is
the tip–sample interaction force acting on the force sensor. In the calculations, the
tip–sample interaction forces are modeled using the DMT contact model described
in Sect. 1.2.1 and is given by

Fts D

8̂<
:̂

�HR

6.z0Czc/2 z0 C zc � a0

� HR

6a2
0

C 4
3
E�p

R .a0 � z0 � zc/
3=2 z0 C zc < a0

; (1.13)

By solving (1.7)–(1.13) using numerical methods, the cantilever and force sen-
sor positions are calculated as a function of time. Using these results, the
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Table 1.1 Parameters used for TM-AFM calculations for a probe with a high-bandwidth force
sensor

Parameter Value Parameter Value

mc 1 � 10�7 g Fdr 10�8 N
kc 10 N/m H 5 � 10�20 J
ms 1 � 10�9 g z0 3:5 � 10�8 m
ks 1,000 N/m R 10 � 10�9 m
Qc 100 a0 1 � 10�10 m
Qs 100 Et 1:29 � 1011 Pa
!0c 1 � 104 rad=s �t 0.28
!0s 1 � 106 rad=s Es 100 � 109 Pa
! 9:855 � 103 rad=s �s 0.3

Fig. 1.4 Calculated position of the cantilever with the integrated force sensor. The red dotted line
indicates the sample surface position

time-dependent interaction forces between the sensor and the sample surface are
calculated. The values of the model parameters used for these calculations are listed
in Table 1.1. Note from the table that the force sensor mass is assumed to be much
smaller than the cantilever mass, while the sensor spring constant is chosen much
larger than the cantilever spring constant. This ensures that the resonance frequency
of the force sensor is higher than the fundamental resonance frequency of the system
and results in a higher force sensor mechanical bandwidth.

Figures 1.4 and 1.5 show the calculated positions of cantilever and force sensor,
respectively after the system reaches steady-state for a single oscillation period. The
simulation results show that the force sensor closely follows the cantilever motion
for most of the oscillation period. This is due to the fact that the drive frequency
is well below the resonance frequency of the force sensor, and therefore, the force
sensor is in phase with the cantilever motion. However, a close-up of the response
of the system in the vicinity of tip–sample contact (shown in Fig. 1.6) shows that
this synchronization between cantilever and force sensor oscillations is lost dur-
ing the tip–sample interaction. This can be explained as follows. The tip–sample
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Fig. 1.5 Calculated position of the force sensor position. The red dotted line indicates the sample
surface position

Fig. 1.6 Calculated positions of the cantilever (black dashed line) and the force sensor at times
close to the tip–sample contact. The red dotted line indicates the sample surface position

interaction is nonlinear and therefore introduces higher frequency harmonics into
the system as we have discussed in Sect. 1.2. In the simulated model, these forces
act directly on the force sensor and are then transferred to the cantilever. Conse-
quently, designed with a higher resonance frequency, the force sensor can capture
a number of higher harmonics of the interaction force within its flat band spectrum
and displace in response to nonlinear interaction forces. In contrast, the resonantly
driven cantilever has a limited response at higher frequencies as we have discussed
before, and cannot respond to the interaction forces.

Simulation results show that the relative motion of the force sensor with respect
to the cantilever is sensitive to the interaction forces, so the differential motion
provides a way to recover the tip–sample force in TM-AFM. Specifically, the inter-
action forces can be found by simply multiplying the relative displacement of the
force sensor .zs�zc/ by the spring constant of the force sensor .ks/. Figure 1.7 shows
the simulated tip–sample interaction forces (black dashed line) together with the
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Fig. 1.7 Simulated tip–sample interaction force (black dashed line) and tip–sample interaction
force, estimated based on the force sensor displacement relative to the cantilever (blue line)

estimated force (blue) based on the differential sensor displacement. The estimated
force signal fits the actual tip-sample interaction force quite well, except that it adds
high frequency oscillations that are due to under-damped nature of the force sensor.
The oscillations are triggered by the interaction force high frequency harmonics that
are close to sensor resonance frequency. They are more pronounced with the increas-
ing quality factor of the force sensor. This result also indicates that the force sensor
acts as a mechanical amplifier for certain harmonics of the interaction force and this
can be utilized for higher harmonic imaging as will be discussed in Sect. 1.4. The
disadvantage of this ringing effect, however, is that it distorts the force measure-
ments and complicates calibration, so it should be corrected. This can be achieved
with the knowledge of the force sensor transfer function, as will be discussed in
Sect. 1.3.7.

To summarize, using a simple harmonic oscillator model, we have shown that an
integrated high-bandwidth force sensor on the cantilever solves the problem of lim-
ited mechanical bandwidth in TM-AFM and provides improved temporal resolution
to resolve the interaction forces.

1.3.2 Interferometric Grating Sensor

In the actual probe geometry (shown in Fig. 1.2), the large and small masses corre-
spond to cantilever beam and the tip-coupled force sensor at the end, respectively. In
order to measure the differential tip-cantilever displacement, an interferometric grat-
ing displacement sensor [38–40] is used. The grating sensor is designed such that
the tip is mechanically coupled to alternating grating fingers, while the rest of the
grating fingers are isolated from each other and remain free. Therefore, when there
is force acting on the tip, the tip-coupled fingers displace relative to the rest of the
fingers. To demonstrate the force sensor operation, the sensor response under the



14 A.F. Sarioglu and O. Solgaard

Fig. 1.8 Computer drawing
showing the response of the
force sensor when the tip
interacts with the surface

Fig. 1.9 Schematic of the
cross section of the
differential interferometric
grating sensor. The moving
(reference) fingers are
represented by bright (dark)
features

effect of a tip-sample force is depicted in Fig. 1.8, where the relative displacement
is exaggerated to clarify the concept.

In operation, the differential grating sensor is illuminated with a focused laser
beam and the reflected light forms a diffraction pattern. Modeling of the sensor oper-
ation requires the calculation of the diffracted light intensity pattern as a function
of relative vertical displacement between the moving and reference finger sets. For
this purpose, the sensor is treated as a two set of mirror surfaces that are vertically
displaced as shown in Fig. 1.9. For a grating that is composed of N identical fingers
of width w with a period of 2a, the wave amplitude at the far field is calculated using
Fraunhofer integral [41] and is given by

�.�/ /
�

sin.�w cos ˛ sin �=�/

�w cos ˛ sin �=�

� �
1 � exp.�i4�Na cos ˛ sin �=�/

1 � exp.�i4�a cos ˛ sin �=�/

�
: (1.14)

The first part of this expression gives the amplitude of the diffracted wave for a
single infinitely long finger of width w as a function of the diffraction angle, whereas
the second part is due to the interference of the reflected waves from the periodic
grating fingers. Note that, (1.14) also includes the effect of an incident angle ˛

along the grating fingers, since in practical implementation of optical lever, this
angle is never zero. The grating sensor can be considered to be formed of two such
gratings, namely the moving and reference gratings that are displaced in the vertical



1 Time-Resolved Tapping-Mode Atomic Force Microscopy 15

direction. Therefore, to calculate the total diffracted field �t, the diffracted wave
amplitudes from both moving fingers and reference fingers should be added. Note
that the reflected waves due to moving and reference finger sets are identical except
for the phase difference due to height offset between the two finger sets. Therefore,
the total diffracted wave amplitude can be expressed as

�t .�/ D � .�/ C � .�/ ei˝.�/: (1.15)

The phase difference ˝ is a function of the diffraction angle and it is calculated by
multiplying the wave number by the optical path difference between the two waves
and is expressed as

˝ D 2�

�
cos ˛ Œh C `12 C `23	 : (1.16)

where ˛ is the incident angle along the grating fingers and h is the vertical height
difference between the finger sets. `12 and `23 are the distances between points (1,2)
and (2,3) from Fig. 1.9, respectively, and are given by

`12 D h

cos �
; (1.17)

`23 D Œa � h tan.�/	 sin �: (1.18)

Substituting (1.17) and (1.18) in (1.16), the phase difference between the waves
reflected from moving and reference fingers is given by

˝ D 2�

�
h cos ˛ Œ.1 C cos �/ C .a=h/ sin �	 : (1.19)

The total diffracted wave amplitude is calculated using (1.14) and (1.15) and is
given by

�t.�//
�

sin.�w cos ˛ sin �=�/

�w cos ˛ sin �=�

� �
1� exp.�i4�Na cos ˛ sin �=�/

1 � exp.�i4�a cos ˛ sin �=�/

�
Œ1C exp.i˝/	:

(1.20)
The diffracted light intensity as a function of the diffraction angle is calculated by
the magnitude square of the wave amplitude given in (1.20) and is expressed as

I.�/ /
�

sin Œ.�w cos ˛ sin �/=�	

.�w cos ˛ sin �/ =�

�2 �
sin Œ.N�2a cos ˛ sin �/=�	

sin Œ.�2a cos ˛ sin �/=�	

�2

cos2

�
˝

2

�
:

(1.21)
In this expression, the first term is the light intensity due to single grating finger, the
second term is due to the interference of the reflected waves from multiple grating
fingers and the final term is due to the interference of the reflected waves from
the moving and reference finger sets. This formulation is compact and simple to
evaluate numerically, but the fact that ˝ is a function of � , makes it hard to interpret.
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For a formulation that separates diffraction angle and phase shift, and therefore is
easier to interpret, see Ref. [42].

Using (1.21), the diffracted light intensities as a function of diffraction angle
are calculated for a set of finger displacements. In the calculations, it is assumed
that the grating has three finger pairs. Both the moving and reference grating fin-
gers are 3 �m wide and the gap between the adjacent fingers is 3 �m. The grating
is illuminated with a plane wave with a wavelength of 670 nm with a 0ı incidence
angle. In Fig. 1.10, the calculated far-field diffraction patterns for three different val-
ues of finger displacement are presented. The light intensities are normalized to the
maximum intensity of the zeroth order. From these plots, it is observed that when
there is no vertical displacement between the two finger sets, the diffraction pattern
is composed of the specular reflection of the fingers as the dominant order (also
called zeroth diffraction order) together with higher order modes that are called
even modes. As one of the finger sets displaces with respect to another, some of the
light intensity is partially transferred to new diffraction orders which are referred
as odd orders. As the distance between the two finger sets reaches �/4, where � is
the wavelength of laser illumination, the light intensity at the odd orders are maxi-
mized whereas the light intensities at the even orders including the zeroth order are
minimized.

In order to calculate the light intensity of a particular diffraction order as a func-
tion of vertical finger displacement, the diffraction angles that correspond to the
even and odd diffraction orders are determined using

2a sin � cos ˛ D m�; (1.22)

where m is an even (odd) integer for even (odd) orders. Substituting (1.22) in
(1.19) and assuming a small diffraction angle, the phase difference between the
lights reflected from the moving and reference fingers corresponding to a particular
diffraction order can be expressed as

˝m D 2�

�
h Œ2 cos ˛ C .m�=2h/	 : (1.23)

Using (1.23) in (1.21), the relation between the light intensity of a particular diffrac-
tion order and vertical displacement between the moving and reference finger sets
can be expressed as

Ieven / cos2

�
2�

�
h cos ˛

�
; (1.24)

Iodd / sin2

�
2�

�
h cos ˛

�
: (1.25)

Figure 1.11 shows the calculated normalized light intensities in the zeroth and first
diffraction orders as a function of finger displacement for the grating of Fig. 1.10,
when the sensor is illuminated in normal direction. The light intensities in adjacent
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Fig. 1.10 Calculated far field diffracted light intensities as a function of diffraction angle (left)
for various relative displacements of grating sensor moving and reference finger sets (right).
Light intensity calculations are performed for three cases with (a) no relative displacement, (b)
a displacement of �/8, and (c) a displacement of �/4, with � being the wavelength of illumination
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Fig. 1.11 Normalized diffracted light intensities at the zeroth order (solid line) and at the first
order (dashed line) as function of vertical displacement between the grating finger sets. This result
is for a grating with 50% duty cycle, i.e., w=a D 0:5

diffracted orders change in opposite directions as a function of finger displacement,
so differential measurement of zeroth and first diffraction order light intensities,
together with the total intensity, enable measurement of relative tip displacement
with respect to the cantilever body.

An important design criterion for the differential grating sensor is its sensitivity.
In the grating sensor, the finger displacement is measured by recording the light
intensity at the diffracted orders using a photodiode. Therefore, the sensitivity of
the grating sensor can be defined as j@I=@hj (i.e., absolute light intensity change at
a diffraction order for a unit vertical finger displacement). Using (1.24) and (1.25),
the change in the intensity of even and odd diffraction orders are given by

ˇ̌
ˇ̌@Im

@h

ˇ̌
ˇ̌ / sin

�
4�

�
h cos ˛

�
; (1.26)

From (1.26), the displacement sensitivity of the differential grating sensor varies
with the finger displacement. Furthermore, the highest displacement sensitivity is
achieved when the fingers are displaced by an odd integer multiple of �/8. This
height offset also ensures that the sensor operates as linearly as possible sinceˇ̌
@2Im=@h2

ˇ̌
(i.e., the sensitivity change as a function of displacement) is minimized.

Consequently, to achieve force measurements with maximum sensitivity and lin-
earity, the grating sensor should have an initial one-eighth of a wavelength height
offset between the reference and moving finger sets. Considering the fact that we
use a 670-nm laser diode in our experiments and the cantilever is illuminated with a
10ı incidence angle in an AFM system with optical lever detection, we design our
interferometric grating sensors such that there is an initial height offset of 85 nm
between the reference and moving finger sets.

Another important factor in designing differential grating sensor is the separation
of diffraction orders so that the light intensities at each order do not interfere with
each other and can be measured individually. In order to ensure this, the separation
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of the diffracted orders and their optical-beam width on the observation plane should
be taken into account. We define the beam width of a diffracted order wdiff as the
distance between the first two locations with zero light intensity on each side of the
maximum intensity point. From (1.21), the beam width w� of a diffraction order in
angular space can be expressed as

w� D �

aN cos ˛
; (1.27)

where N is the number of finger pairs and a is the distance between two adjacent
reference and moving fingers. In addition, the angular spacing (i.e., angle difference
between the center locations with maximum light intensity) between the zeroth- and
first-order diffraction orders is given by

s� D �

2a cos ˛
: (1.28)

From (1.27) and (1.28), the ratio of spacing to beam width is given by

s�

w�

D �=2a cos ˛

�=aN cos ˛
D N

2
: (1.29)

For the diffracted orders to be well separated, the separation between the orders
should be at least as large as the diffracted order beam width. Therefore, from (1.29),
it is required that N � 2. In our probe design, we chose N to be 3 so that the
separation of the diffracted orders is ensured. The number of finger pairs is limited
due to mechanical considerations and lithography limitations of fabrication process.

1.3.3 Sensor Mechanical Response & Temporal Resolution

The temporal resolution of interaction force measurements with our probes depends
on the mechanical bandwidth, and hence, the fundamental resonance frequency of
the gating force sensor. In TM-AFM, the tip–sample interaction occurs periodically
at a rate close to the cantilever fundamental resonance frequency. Therefore, the
ratio of grating sensor resonance frequency to the cantilever resonance frequency
is an important design parameter that determines the relative temporal resolution
within the probe oscillation period in TM-AFM imaging.

As mentioned before, the tip–sample interaction force waveform strongly
depends on the elastic properties of the sample. Specifically, with increasing
Young’s modulus, the tip–sample contact occurs in a smaller fraction of the can-
tilever oscillation cycle. [30] Therefore, tip–sample forces on a stiff sample require
higher temporal resolution for interaction force measurements than a compliant
sample. This means that as the sample gets stiffer, the ratio of force sensor resonance
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frequency to cantilever resonance frequency should be increased for accurate force
measurements [43].

In our devices, the ratio of sensor resonance frequency to cantilever resonance
frequency can be tuned by changing the dimensions of the probe. The first-order
design rule is to reduce the tip mass as much as possible to get a high finger reso-
nance. In addition, we can tune the ratio of sensor resonance frequency to cantilever
resonance frequency by adjusting the ratio of grating force sensor finger length to
the cantilever beam length. As this ratio decreases, the ratio of sensor to cantilever
resonance frequency increases, and therefore, the relative temporal resolution is
increased. Moreover, modifying the length of sensor or cantilever does not com-
plicate the fabrication process and therefore it is the preferred way of tuning the
relative temporal resolution of our probes.

Increasing the relative temporal resolution by decreasing the length of the grat-
ing fingers, however, comes with a cost of increased stiffness, which reduces the
sensitivity of the force measurements. Due to this trade-off, sensor sensitivity and
its temporal resolution should be optimized for materials with different elasticity.
Therefore, we design our probes with a range of different sensor to cantilever beam
length ratios so that we can achieve optimum performance on different materials.

Calibrated measurements with the interferometric grating force sensor require
knowledge of its complete mechanical transfer function. Accurate measurements
and modeling of the spectral response are necessary for calculation of the tip–
sample interaction force from differential sensor signals. Therefore, we must know
the responses of both moving and reference fingers to the forces acting on the tip
and the cantilever beam. In the ideal case, the sensor grating fingers should move
relatively only when there is force acting on the tip. In reality, however, the flexural
oscillations of the cantilever couple to the differential grating signal. This mechan-
ical coupling is due to unequal responses of the moving and reference fingers to
the flexural cantilever oscillations. Specifically, the tip-coupled moving finger set is
longer and has a concentrated mass at the end, and therefore, has a lower flexural
resonance frequency than the shorter and lighter grating reference fingers. In order
to minimize the resulting differences in the spectral responses of the two, the outer
fingers of the tip-coupled moving fingers are shortened by incorporating thick sup-
port regions around the grating. This increases the stiffness of the moving part and
therefore decreases the difference between the resonance frequencies of the moving
and reference grating fingers.

The simulated frequency responses of the differential grating sensor with and
without balancing are shown in Fig. 1.12. From these figures, we see that balanc-
ing minimizes the effect of mechanical coupling of cantilever oscillations into the
differential sensor grating signal. The coupling is only significant around the flex-
ural resonances of the cantilever. Consequently, in the balanced case the spectral
response of the differential grating sensor can be approximated as a simple har-
monic oscillator. The balancing of the sensor has two advantages. First, it eliminates
antiresonances in the mechanical response which might cause information loss if
the displacement at that frequency is below the detector noise level. Second, it
simplifies the experimental characterization of the sensor response to obtain the
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Fig. 1.12 Simulated transfer function of the force sensor without (upper) and with (lower) the
support regions. The support equalizes the resonance frequencies of the moving fingers and the
reference fingers and minimizes coupling between the force sensor and the cantilever. Reprinted
with permission from [25]. Copyright 2009, IEEE

time-resolved tip–sample interaction force. The entire response can be estimated
with the measurement of sensor resonance frequency and quality factor.

1.3.4 Fabrication

The fabrication process is outlined in Fig. 1.13. The probes are fabricated in parallel
using optical lithography. The fabrication process starts with a silicon-on-insulator
(SOI) wafer (Fig. 1.13a). First, the height offset between the reference and moving
grating fingers to ensure maximum force sensitivity is created using Local Oxidation
of Silicon (LOCOS). In this process, an 80-nm-thick layer of stoichiometric silicon
nitride film is deposited using low pressure chemical vapor deposition (LPCVD)
following an oxidation step to grow a 40-nm-thick oxide layer (Fig. 1.13b). This
particular combination of film thicknesses ensures that the tensile stress on the sil-
icon nitride film is compensated by the compressive stress in the oxide layer. Next,
the silicon nitride layer is etched down to the underlying oxide layer using plasma
etching, and then a thermal oxidation at 1;000ıC is performed. During this oxidation
process, the dense nitride layer acts as a diffusion barrier for oxygen, and therefore,
oxidation of the silicon takes place only in the regions that are not covered by the
nitride film, i.e., the reference fingers (Fig. 1.13c). The duration of the oxidation step
to achieve the correct height offset is determined using the Deal–Grove model [44].
The advantages of using LOCOS instead of plasma etching to pattern the surface
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Fig. 1.13 Fabrication process for AFM probes with integrated interferometric high-bandwidth
force sensors

are that the LOCOS process provides more accurate etch depth control and also
preserves the low surface roughness of the Si wafer, which is crucial for the perfor-
mance of the interferometric grating sensor. Following the LOCOS step, the silicon
nitride film is etched in a phosphoric acid at 150ıC and the oxide layer is etched
using 6:1 Buffered Oxide Etch (BOE) (Fig. 1.13d).

Next, a double side polished Si wafer with a 1-�m-thick oxide layer is fusion-
bonded to the patterned device layer of the SOI wafer. The bonding is performed
initially at room temperature and is completed by a wet oxidation at 1;050ıC for 2 h
(Fig. 1.13e). The oxide layer grown during this step is used as a masking material for
the subsequent TMAH etching. First, the oxide layer on the substrate of the original
SOI wafer is removed using mechanical grinding and the substrate of the starting
SOI wafer is etched in a 20% TMAH solution in water at 95ıC. Following the etch,
the masking oxide layers are stripped using 6:1 BOE.

Note that at this stage of the process, the height offsets for the grating sensor are
buried at the interface between the device layer and buried oxide (BOX) layer of
the SOI wafer. Next, a 1-�m-thick oxide film is grown at 1;000ıC, followed by the



1 Time-Resolved Tapping-Mode Atomic Force Microscopy 23

deposition of 100-nm-thick silicon nitride film using LPCVD (Fig. 1.13f). To create
a masking layer for the tip and thick support regions around the grating sensor, the
nitride film and the underlying oxide films are etched using plasma etching and
in a 6:1 BOE solution, respectively. Following this, the tips and the thick support
regions are created by SF6 based isotropic plasma etching until the oxide/nitride
tip masks are released (Fig. 1.13g). Next, the tips are oxide-sharpened at 950ıC
for 2 h (Fig. 1.13h) [45]. The oxide layer grown in the tip sharpening process is
used as a masking layer for ion etching the Si device layer to create the cantilever
with the grating sensor (Fig. 1.13i). To protect the probe from the subsequent wet
etch, the surface is covered with a 1-�m-thick tetraethyl orthosilicate (TEOS) film
and then a 300-nm-thick low-stress LPCVD silicon nitride film is deposited as a
masking layer for the next KOH etch (Fig. 1.13j). Before KOH etching, the nitride
and oxide masking layers on the backside are patterned using plasma etching and 6:1
BOE, respectively. Next, the Si substrate is etched through the backside nitride mask
using a 30% KOH solution at 80ıC (Fig. 1.13k). Finally, the probes are released by
first etching the nitride layer on the front surface using a plasma etch and stripping
the remaining oxide masking films in a 6:1 BOE solution (Fig. 1.13l). An SEM
micrograph of the finished probe is shown in Fig. 1.14, and a close-up showing
details of the interferometric sensor, including the height offset at the base of the
reference fingers, is given in Fig. 1.15.

1.3.5 Detection Schemes

Bending of flexible cantilevers can be detected using various techniques, including
the optical lever [46,47], optical interferometers [48,49], and piezoresistive sensors
[50]. Due to its simplicity, the most popular is the optical lever, in which a collimated
laser beam is reflected from the back of the cantilever to a four-quadrant photodiode.
The position of the reflected laser spot on the photodiode changes due to flexural
or torsional bending of the cantilever beam. Resulting vertical and lateral changes

Fig. 1.14 SEM micrograph
of an AFM probe with
integrated interferometric
high-bandwidth force sensor.
Reprinted with permission
from [25]. Copyright 2009,
IEEE
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Fig. 1.15 Close-up of the
high-bandwidth force sensor.
Reprinted with permission
from [25]. Copyright 2009,
IEEE

Fig. 1.16 Alignment of diffracted orders (red circles) on the built-in AFM quadrant photodiode.
In this setting, the vertical position gives the cantilever displacement, and the total light intensity
gives the sensor displacement and force

in the laser spot position are obtained by measuring the light intensity difference
between the top/bottom and left/right halves of the four-quadrant photodiode.

There are two ways to operate our probes using a single focused laser beam and
the built-in four-quadrant photodiode in a conventional AFM system that employs
optical lever detection. In the first method, one of the diffracted laser spots is placed
at the center of the quadrant photodiode as shown in Fig. 1.16. The other spots can
either be left out of the active area if the size of the photodiode is small enough or
they can be blocked using an aperture. In this configuration, the flexural oscillations
of the cantilever cause the diffracted laser spot to move in the vertical direction
and are measured by tracking the position of the diffracted laser spot using the
vertical difference signal of the four-quadrant photodiode. For interaction force
measurements, the relative tip displacement with respect to the cantilever can be
simultaneously measured by changes in the total light intensity of the diffracted
spot by adding the outputs of all the individual cells of the four-quadrant diode.

The second approach requires the two adjacent diffracted laser spots to be placed
onto the left and right halves of the four-quadrant photodiode as shown in Fig. 1.17.
Note that the spots are placed such that they are vertically centered. In this set-
ting, the flexural oscillations of the cantilever can be measured by detecting the
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Fig. 1.17 Alignment of diffracted orders (red circles) on the built-in AFM quadrant photodiode.
In this setting, the vertical position gives the cantilever displacement, and the lateral difference in
intensity gives the sensor displacement and force

collective vertical displacement of the two adjacent diffracted spots. Similar to the
first method, this is accomplished by using the vertical difference signal of the four-
quadrant photodetector. On the other hand, the relative tip displacement with respect
to the cantilever is simultaneously detected by measuring the difference in the light
intensities of the two adjacent diffracted orders. This is simply achieved by using
lateral difference output of the four-quadrant phototodetector.

The power of these detection techniques is that they provide simultaneous mea-
surements of the flexural cantilever displacement and the relative tip–cantilever
displacement. Both the detection techniques are combinations of optical lever and
interferometry, yet they use AFM’s own laser diode, built-in four-quadrant pho-
todiode and already available standard output signals for common AFM operating
modes. In addition, both techniques enable independent measurements of the tip and
cantilever displacements because the positions and the intensities of the diffracted
spots are orthogonal parameters that do not affect each other.

Despite their similarities, the two measurement modes are distinct in terms of
their ease of use and noise performance. In particular, the first method that uses a sin-
gle diffracted laser spot is simpler to implement in practice since it does not impose
any extra limitations on the size of the photodiode. However, in this method, the
relative tip displacement measurements are affected by laser instabilities since the
intensity fluctuations of the laser diode output are directly coupled to the intensity
measurements of the spot. This issue is not as significant in the second method since
the differential measurement of light intensities of two spots minimizes common
mode noise due to laser diode intensity and wavelength instabilities. In addition, a
dark zone between the two spatially separated diffraction modes on the photodiode
eliminate possible crosstalk between vertical and lateral signals in tapping-mode
operation that might occur due to the misalignment between the cantilever and
photodiode axes. From practical point of view, the second method requires more
specialized design, because the four-quadrant photodiode must be large enough that
each lateral half can accommodate a single diffracted spot. This means that the
photodiode is designed for a specific probe-to-photodiode distance and cantilever
geometry.
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1.3.6 Characterization and Calibration

The fabricated probes are characterized in an AFM system by measuring the static
and dynamic responses of the grating force sensor. In these measurements, a focused
laser beam is positioned on the grating force sensor and the zeroth and first diffracted
spots are placed on the four-quadrant photodiode as explained in the previous
section.

To characterize the grating sensor response for large displacements and to con-
firm the initial height offset in the fabricated devices, we use a grating force sensor
test structure with 200-�m long interdigitated fingers directly attached to a sub-
strate. By driving the AFM piezoelectric actuator with a triangular waveform, the
tip of test structure is pushed in and out of a hard surface at a rate of 100 Hz and the
specular reflection intensity is recorded. In this experiment, the dynamic response of
the fingers can be neglected since the sensor resonance frequencies are much higher
than 100 Hz. Figure 1.18 shows the reflected light intensity modulation recorded in
one of the approach/retract cycles of the grating sensor test structure. In this mea-
surement, tip–sample contact occurs at t D 0:5 ms and the tip is pushed into the
sample until t D 2 ms. Then the tip is pulled away and it loses contact with the sur-
face at t D 3:75 ms. The asymmetry between the approach and retract phases is due
to hysteresis in the tip–sample contact, which is likely a result of a water meniscus
between the tip and sample. Specifically, from t D 3:3 ms to t D 3:75 ms, the tip
is pulled by the sample and the fingers are displaced in the opposite direction. This
effect is useful for characterization purposes, because it enables observations of the
optical response due to attractive forces. In Fig. 1.18, right after the tip-contact at
t D 0:5ms, the light intensity of the zeroth order decreases in an approximately

Fig. 1.18 Reflected intensity as the sensor is pushed down and pulled back from surface with a
piezoelectric actuator at a rate of 100 Hz. Reprinted with permission from [25]. Copyright 2009,
IEEE
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linear dependence on the finger displacement. This observation confirms the initial
height offset in the fabricated devices, because an unbiased grating sensor would be
insensitive to the grating finger displacements at the point of contact [from (1.24)].
Using the retract portion of the results in Fig. 1.18, the initial height offset in the
fabricated force sensor is found to be 93.2 nm. The calculated optimum bias that
includes the effect of 10ı cantilever tilt is 85 nm. Therefore, these results also con-
firm the initial height offset and show that the fabricated devices are biased close to
optimum.

Figure 1.18 also shows that the modulation index of the reflected light is decreas-
ing with the increasing finger displacement. This effect is due to curvature of the
grating fingers with the increasing tip displacement. This does not create a prob-
lem for our measurements, because under normal TM-AFM imaging conditions, the
sensor grating fingers displace less than a nanometer, given that the peak tip–sample
forces do not exceed a few of tens of nanonewtons.

To calibrate the photodetector output for force measurements, the probe is
engaged on a hard surface and the tip–sample force is modulated by modulating
the calibrated AFM piezoelectric actuator with a triangular waveform. The force
acting on the tip is calculated by multiplying the probe (cantilever and the force
sensor combined) spring constant and the piezoactuator displacement. In this pro-
cess, the probe spring constant is determined by the thermal tune method [51, 52].
To calibrate the photodetector output for quantitative force measurements, the out-
put signal is measured for a specific tip–sample interaction force and the conversion
parameter is calculated. Note that this parameter not only depends on the probe
properties but also depends on the specifications of the AFM photodetector, i.e., the
photodiode responsivity and transimpedance gain of the photodetector circuit.

Finally, to characterize the dynamic response of the grating sensor, we measure
its step response and determine its resonance frequency and quality factor. This is
achieved by recording the photodetector signal as the tip goes in and out of contact
with a sample. Under ambient conditions, sample surfaces are covered with a thin
layer of water, so the tip–sample rupture due to breaking of the capillary neck effec-
tively presents a force step function on the tip. From these measurements, the grating
sensor resonance frequency and its quality factor are calculated by measuring the
frequency and the decay time of the sensor ringing oscillations, respectively.

1.3.7 Time-Resolved Force Measurements

In this section, we demonstrate the operation of our probes in tapping mode and
present force measurement results. In these measurements, the probe is driven close
to its fundamental resonance by a piezoactuator from its base and the cantilever
oscillations and relative tip motion are measured by observing the location and
intensity of the two adjacent diffracted spots on a four-quadrant photodetector as
explained before.
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Fig. 1.19 Oscilloscope traces for tip (upper) and cantilever (lower) displacement. Reprinted with
permission from [25]. Copyright 2009, IEEE

Figure 1.19 shows oscilloscope traces of cantilever motion and relative tip
displacement signals measured as the probe periodically interacts with the same
location on a sample. The measurements clearly show that the tip–sample inter-
actions are time-resolved from the tip-displacement signal. Moreover, the force
measurements are in agreement with the cantilever displacement signal, because
tip–sample forces are measured only when the cantilever is close to the sample sur-
face as expected. Note that the time-resolved force signals also show hysteresis in
the tip–sample interaction due to larger adhesive force during tip retraction. The
measurements also show that the cantilever trajectory remains close to sinusoidal,
with small distortions due to the higher harmonics introduced by the tip–sample
interaction. In the specific probe of Fig. 1.19, the cantilever beam is 250-�m long,
60-�m wide and 2.5-�m thick, and the grating fingers are 70-�m long, 3-�m wide
and 2.5-�m thick. This geometry leads to a grating-sensor resonance frequency
that is approximately 18 times the cantilever fundamental resonance frequency. The
ringing oscillations present in the tip displacement signal are due to the vibrations
of the high-bandwidth force sensor with a frequency close to its fundamental res-
onance frequency. These are triggered by the higher harmonics of the tip–sample
interaction. The ringing decays very little between the consecutive tapping events,
indicating a high quality factor of the force sensor in air, consistent with the results
of our analysis in Sect. 1.3.1.

In order to perform quantitative force measurements, the grating sensor signal
should be processed to compensate the frequency response of the grating sensor.
For this purpose, the sampled grating sensor signal is filtered using the inverse of the
estimated transfer function of the force sensor in the previous section [15,16]. In this
process, a cut-off frequency is introduced in the calculations to prevent divergence
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above the resonance frequency. This inverse filtering cancels the effect of nonuni-
form mechanical gain of the grating sensor, and therefore removes the ringing due to
the resonance. However, after this step the processed waveform may still be distorted
due to several nonidealities such as nonlinear photodiode response and coupling of
cantilever flexural resonances to the grating signal. To remove these effects, we use
the assumption that the tip–sample interaction force should be close to zero except
at times close to the tip–sample contact. Therefore, the contributions of the nonide-
alities are approximated by using a curve fitting algorithm based on least-squares
method. For this curve fitting process, the harmonics of the cantilever drive signal
are used as the basis set. This procedure is only applied on the parts of the wave-
form, in which the tip and sample are not expected to be in contact. By subtracting
the estimated fit from the original, a corrected waveform is obtained. Finally, the cal-
ibration parameters measured with the procedures outlined in the previous section,

Fig. 1.20 Raw (top) and processed (bottom) force signals acquired during TM-AFM imaging of a
Si sample. Reprinted with permission from [24]. Copyright 2008, American Institute of Physics
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are used to convert the photodetector output into force values. Figure 1.20 shows the
interaction–force waveform before and after this signal processing has been carried
out. These measurements were performed on a Si sample in ambient conditions
using a probe with a force sensor that has 30 times higher mechanical bandwidth
than the cantilever.

1.4 Imaging Applications

In previous sections, we introduced and analyzed an AFM probe that can resolve
tip–sample interaction forces during TM-AFM imaging. We showed that these
probes can resolve tip–sample interaction with high temporal resolution and can
be used in standard AFM systems without requiring excessive modifications. In this
section, we use these probes to form images that are based on time-resolved tip–
sample force measurements. First, the imaging technique and experimental setup is
explained, and imaging results on composite surfaces, including block copolymers
and SAMs of alkanethiols are presented.

As discussed in Sect. 1.2.2, the spectrum of the periodic and nonlinear interac-
tion force waveform in TM-AFM contains harmonics at the integer multiples of the
cantilever drive frequency. Therefore, a simple way to create AFM images based
on the tip–sample interaction force information is to record the amplitude of one
of the higher harmonics of the quasi-periodic force signal [17, 53]. A schematic of
our imaging setup is shown in Fig. 1.21. Higher harmonic imaging experiments are
done using a commercial AFM system. The AFM’s built-in 670 nm laser diode and
the four-quadrant photodetector are used for detection of the diffraction spots that

Fig. 1.21 Schematic of experimental setup used for harmonic imaging
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are aligned on the photodetector as explained in Sect. 1.3.5. The cantilever oscil-
lation and the force signals are obtained from the vertical and lateral differential
channels of the photodetector. In operation, the feedback to the piezoelectric actua-
tor is set to keep a constant cantilever oscillation amplitude, and a lock-in amplifier
is used to measure the signal power of one specific higher harmonics of the force
signal. To achieve this, two signal generators sharing a common time base are used.
The first one is used to drive the cantilever close to its fundamental resonance fre-
quency. The second one is used to generate the reference harmonic signal for the
lock-in amplifier. The frequency of this signal is an integer multiple of the can-
tilever drive frequency. The specific imaging harmonic is simply chosen by adjusting
the frequency of the reference signal. In our experiments, we use the harmonic in
the vicinity of the grating sensor resonance in order to benefit from the improved
sensitivity due to resonance enhancement.

Harmonic imaging using our probes provides advantages over applying the same
technique with a regular AFM probe. In the cantilever displacement spectrum, only
harmonics that are close to flexural resonances of the cantilever are recovered [17],
whereas the force sensor signal can provide a full spectrum harmonics due to larger
mechanical bandwidth of the force sensor. Our probes provide freedom to choose a
specific harmonic from a range of harmonics to obtain the optimum material contrast
and enables simultaneous images of several harmonics.

1.4.1 Nanomechanical Material Mapping

To demonstrate the material mapping capabilities of our probes, we tested our
probes on a control sample that we prepared by using focused ion beam-assisted
material deposition on a Si surface. In this sample, 150 nm high 1 � 1 �m Pt and
TEOS islands are deposited in a 5�5 checkerboard pattern. In imaging this sample,
the probe is driven close to its resonance frequency at 44.16 kHz and the spec-
tral component at 441.6 kHz is recorded using lock-in detection to create the 10th
harmonic image.

Figure 1.22 shows the simultaneously captured topography, amplitude, phase,
and 10th harmonic images of the checkerboard test sample. In the 10th harmonic
image, the Pt and TEOS islands are clearly distinguishable so that the checkerboard
deposition pattern is revealed. The contrast in the harmonic image is due to the
fact that the tip–sample interaction waveform in TM-AFM is affected by the local
mechanical properties of the sample. From the conventional TM-AFM images in
Fig. 1.22, we see that the checkerboard pattern is also apparent in the topography and
phase image. However, the contrast mechanism of the topography image is the phys-
ical topographical properties of the surface. For this particular sample, the topogra-
phy image indicates that the Pt islands are higher in topography compared to TEOS
islands. The phase image contrast in TM-AFM is created by inelastic tip–sample
interactions [54]. Therefore, the phase image of Fig. 1.22 indicates that the average
dissipated energy on the two material surfaces is different. This shows that our imag-
ing modality adds information to that obtained by the traditional imaging methods.
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Fig. 1.22 Topography (upper-left), amplitude (upper-right), phase (lower-left) and 10th har-
monic (lower-right) images of the checkerboard test sample. Reprinted with permission from [25].
Copyright 2009, IEEE

1.4.2 Imaging of Molecular Structures in Self Assembled
Monolayers

The nanoscale structure of molecules has strong effects on their mechanical proper-
ties. In this section, we demonstrate that our probes can discriminate between two
distinct structural forms of the same molecule through changes in its mechanical
properties. In this experiment, the sample is a self assembled monolayer (SAM) of
C18 molecules on a gold-coated mica surface.

Formation of SAM alkanethiols on surfaces has been a subject of several studies
[55, 56]. These studies show that during the formation of alkanethiol SAMs, the
head groups adsorb on the surface quickly to minimize their free energy. These
molecules are initially in a noncrystalline state called the lying-down state. Over
time the molecules pack more closely to form a crystalline state called the standing-
up state. The ratio of the two structural states on the gold surface depends on the
time that the gold surface is exposed to the solution containing C18SH molecules
during sample preparation.

During sample preparation, the exposure time is adjusted such that the sample
is covered with both lying-down and standing-up states. A 500 � 500 nm area of
this sample is scanned as the probe is driven at 40.5 kHz and amplitude of the
18th harmonic of the force sensor signal is recorded to obtain the harmonic image.
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Fig. 1.23 Topography (upper-left), amplitude (upper-right), phase (lower-left) and 18th har-
monic (lower-right) images of C18 self assembled monolayer on gold. Reprinted with permission
from [25]. Copyright 2009, IEEE

Figure 1.23 shows the topography, amplitude, phase, and 18th harmonic images
of the gold surface covered with both vertical and horizontal C18 molecules. The
height difference between the two molecular states is too small to be clearly seen
in the topography image. The amplitude image, being sensitive to topography gra-
dients, shows the boundaries between the two states. From the harmonic image,
we see that the two different states of the C18 molecules are clearly distinguished.
This is an expected result since the structural properties of the molecules and their
packing density are closely related to their mechanical properties. Also note that
the results from harmonic image are in qualitative agreement with the phase image,
even though the contrast mechanisms are vastly different.

1.4.3 Imaging Microphase Seperation in Triblock Copolymer

We also used thin block copolymer films to demonstrate the nanomechanical map-
ping capability of our probes. AFM and its related techniques are widely used for
studying polymer surfaces [57]. Block copolymers are particularly interesting since
they are composed of different polymer subunits and they form nanostructures with
varying mechanical properties on the nanoscale [58].
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Fig. 1.24 Topography (left) and simultaneously acquired 17th harmonic image (right) of thin film
of SBS triblock copolymer (Scan size: 1 � 1 �m). Reprinted with permission from [24]. Copyright
2008, American Institute of Physics

Our sample in this experiment is a triblock copolymer, namely, SBS. This poly-
mer is formed by repeating polystyrene, polybutadiene, and polystyrene polymer
blocks, with a periodicity on the order of 40–50 nm [59]. At room temperature, the
polybutadiene blocks are above their glass transition temperature, and hence are in
rubbery state, whereas the polystyrene blocks are below their glass transition tem-
perature and are in glassy state. This contrast in the elastic properties of the polymer
blocks at room temperature makes the SBS polymer an interesting sample for map-
ping of surface elasticity. Figure 1.24 shows topography and 17th harmonic of the
sample. The 17th harmonic image clearly shows the microphase separation between
the two subunits. The bright and dark regions in the 17th harmonic image correspond
to stiff polystyrene and compliant polybutadiene blocks, respectively.

1.5 Conclusion

In this chapter we present a technique for quantitative nanoscale analysis of mate-
rials based on the time-resolved measurement of tip–sample interaction forces in
TM-AFM. The technique combines the advantages of TM-AFM imaging, namely
nondestructive, high resolution, and fast operation, with the quantitative force-
measurement capabilities of static AFM force measurement methods. This develop-
ment therefore transforms TM-AFM from a technique useful primarily for physical
topography measurements to a tool for quantitative material analysis with high
sensitivity and resolution, giving it the potential for solving a wide range of mea-
surement problems in material science, biology and medicine.
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