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SUMMARY 
 

The atomic force microscope (AFM) is a powerful instrument to image topography, 

mechanical, electrical, and magnetic properties of surfaces at nanoscale. This dissertation 

focuses on quantitative subsurface and mechanical properties imaging potential of AFM 

probes. In this work, extensive modeling of AFM probes is presented for thorough 

understanding of capabilities and limitations of current techniques, these models are 

verified by various experiments, and different methods are developed by utilizing a force-

sensing integrated read-out active tip (FIRAT), which is an active AFM probe with broad 

bandwidth. These recently introduced methods aim to provide more accurate topography 

imaging and more sensitive elasticity mapping by AFM on composite materials. 

 For quantitative subsurface imaging, a 3-D FEA model of AFM tip-sample contact is 

developed and this model can simulate AFM tip scan on nanoscale-sized buried 

structures. The 3-D FEA contact model is verified experimentally by employing 

ultrasonic AFM methods. The simulation results show that one can detect the presence of 

nanometer-sized subsurface structures by utilizing sensitive elasticity imaging at the 

nanoscale. 

FIRAT, which is active and broadband, is utilized for interaction force imaging 

during intermittent contact mode and the mechanical characterization capability of this 

probe is investigated in this dissertation. Analytical and Simulink models are used to 

study several parameters such as dynamics and material properties. According to the 

simulation results; probe dynamics, stiffness, stiffness ambiguity, the assumed contact 

mechanics model, and noise are important parameters that determine the error rates on 

the measured mechanical properties. 



 xiv

In intermittent contact mode AFM, lowering contact force may result in instability in 

the imaging and users don’t have direct control over the contact forces. To solve this 

issue, the active nature and high bandwidth of FIRAT probe are utilized and an active tip 

control (ATC) method is introduced. An experimental set-up for ATC is designed and 

experimental studies that verify the increased accuracy in topography imaging are 

performed.  

Accuracy of elasticity measurement by AFM highly depends on the probe stiffness 

and it decreases when the surface stiffness does not match probe stiffness. This 

constitutes a challenge on the samples with different stiffness regions, such as nanobeads 

on polymers. A combined ultrasonic AFM and interaction force imaging method is 

introduced to solve the reduced elasticity measurement sensitivity on stiff materials. An 

experimental set-up is built to test this idea, the calibration steps for quantitative analysis 

are determined, and the increased elasticity sensitivity of the combined operation is 

verified. 
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CHAPTER 1 

INTRODUCTION 
 

Atomic force microscopy is a scanning probe technique that can image topography 

[1] and characterize the mechanical, electrical, and magnetic properties of the surfaces at 

nanoscale. The quantitative and non-destructive nature of the atomic force microscope 

(AFM) makes it a prominent tool that can guide researchers through nanotechnology, 

microelectronics, and life sciences.  

This thesis focuses on mechanical property imaging during the topography 

mapping at nanoscale by analyzing the AFM tip-sample interaction. The sample of 

interest for characterization can be a biological specimen like DNA [2, 3] or a cell [4-6], 

ultra-thin polymers [7], nano-structures like nanowires [8], or zinc oxide belts [9], which 

are hard to analyze without damaging the sample. Different AFM techniques can be 

utilized or modified to achieve the sensitive characterization of these samples while 

extensive modeling and experimental studies are required to understand the limitation 

and capabilities of these techniques. In this thesis, analysis techniques for subsurface 

structures and mechanical property imaging are introduced, as well as improved AFM 

probes and different techniques for AFM imaging.  

1.1 Atomic Force Microscope 

In 1986, Binnig et al. proposed the AFM [1], which employs a mechanical probe 

with a sharp tip to scan and detect the surface. The most common AFM probe is a 

micromachined cantilever beam with a sharp tip – a radius of curvature of 4-20 nm – on 

the free end. The integration of the AFM probes with accurate x-y-z piezos provides 
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topography imaging with high resolution [10] while optical microscopes cannot measure 

structures smaller than a few hundred nanometers due to the diffraction. Although there 

are other microscopes that can image larger areas than AFM, the high resolution of height 

mapping makes the AFM useful for many applications. During the two decades following 

its introduction, the AFM has been for imaging, characterizing, and manipulating [11] 

surfaces at nanoscale.  

A basic schematic of the AFM is depicted in Fig. 1 (a) and an SEM image of a 

regular AFM cantilever is shown in Fig. 1 (b). The AFM cantilever in Fig. 1 (a) is placed 

on a holder at an angle and the deflection of the cantilever is detected by the photodiode. 

The scanner consists of three independently controlled piezoelectric transducers (piezos) 

that are combined as a tube. The x and y-piezos provide lateral scanning while the z-

piezo extends and retracts to follow the topography. The controller uses the photodiode 

output and aims to keep the tip-sample distance constant by actuating the z-piezo. The 

signal used to actuate the z-piezo also provides height information of the sample on the x-

y mapping.  

 

Figure 1 (a) Schematic of AFM. (b) A regular AFM cantilever by Veeco Instruments [12]. 
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Although there are several AFM modes, basic topography imaging can be summarized 

by three modes that utilize different phases of the tip-sample interaction force. Non-

contact, contact, and intermittent contact mode are the most common topography imaging 

modes of the AFM. As the AFM tip comes close to the surface, it is attracted by the 

surface due to the capillary and van-der-Waals forces. The non-contact mode AFM 

utilizes this attractive force regime and measures the topography by detecting the 

vibration amplitude or the resonance frequency affected by the attractive forces without 

contacting the surface (Figure 2(a)). When the tip approaches the surface further, tip-

sample contact occurs and the interaction force becomes repulsive. The contact mode 

AFM performs in the repulsive force regime by keeping the contact force between the 

soft cantilever and the sample constant during the scan (Figure 2 (b)). While these two 

modes are used in either attractive or repulsive force regimes, intermittent contact mode 

performs in both force regimes. In this mode, the cantilever tip (during tapping mode) or 

the sample is vibrated close to the contact where the probe tip is attracted by the surface, 

contacts the surface lightly and then lifts off (Fig. 2 (c)). Depending on the requirements 

of the sample, one of these basic modes can be selected.  

 

Figure 2 (a) Non-contact mode (b) Contact mode (c) Tapping mode. 
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1.2 Nanoscale Elasticity Measurement 

 
Nanoscale and non-destructive elasticity measurement is desirable for understanding 

and improving microfabrication, measurements on biological specimens, and 

nanotechnology. For example, the elastic modulus of a microfabricated material may 

define its quality and changes with the fabrication process as seen in the oxidation of the 

silicon. If a wet oxidation process is applied to the silicon, the elastic modulus of SiO2 

becomes 57 GPa while dry oxidation process results in more reliable SiO2 with 67 GPa 

elastic modulus [13]. Mechanical properties imaging studies on cells and DNA will 

provide insights on the mechanism behind these structures but it is hard to achieve 

nanoscale elasticity measurements on these specimens in a non-destructive manner. 

Recent studies by employing AFM show that live metastatic cancer cells have different 

stiffness than the benign cells [4, 5] and it is thought that the stiffness of the cancer cells 

affects the way they spread. In addition to these, the ever shrinking sizes achieved in 

nanofabrication require the mechanics of the materials at nanoscale to be investigated. 

One example is carbon nanotubes (CNT), in which elasticity depends on the dimensions 

and affects the reliability of the applications with CNTs [14]. 

Nanoindentation is one of the methods that can be used to achieve elasticity 

measurements [15] by moving an indenter to the surface of the material and measuring 

the force and the displacement [16]. This method is attractive to many users since the 

user interface calculates the elasticity modulus and the hardness (resistance to plastic 

deformation) automatically by analyzing the force-displacement curves [16]. 

Nanoindentation can apply up to a few hundred mNs of force with 75 nN resolution. The 

displacement can be measured with 0.1 nm resolution [16]. For accurate mechanical 
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properties measurement, the penetration depth should be at least 20 nm, which may result 

in plastic deformation. Analyzing the force-displacement curves of the indenter is slow 

due to the highly controlled load rate [16]. Although dynamic improvements are 

introduced and scanning capability is added [16, 17], this sensitive tool applies high loads 

to the samples, can be destructive, and has low force and lateral resolution.  

On the other hand, AFM has high lateral and force resolution, can image profiles, 

and the tip-sample interaction can be quantified for material characterization. Force-

distance curve measurement by AFM is a broadly used method to measure elasticity [10, 

15, 18]. In this measurement, cantilever deflection is monitored while the z-piezo is 

modulated and cycles of contact and non-contact regimes appear. In Fig. 3, cantilever 

deflections versus the z-piezo movements –force-distance curves– on different materials 

are plotted. In this figure, the region A represents the non-contact area since there is no 

deflection on the cantilever even when the z-piezo moves. The region B is the contact 

region, where the z-piezo moves the cantilever tip into the sample and the cantilever 

deflects. 

 

 

Figure 3 Force curves on silicon, chromium, and aluminum. 
 
 

A 

B 
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Accurate z-piezo movement and cantilever deflection measurements provide 

sensitive force-displacement data that can be used to determine the mechanical properties 

of the sample. Basically, a lower slope in the force-distance curve means a softer sample 

since the tip indents the sample and this indentation decreases the measured cantilever 

deflection. This measurement technique is easy to implement and is used for many 

applications, such as characterizing micro and nano-fabricated structures, measuring 

bonding forces of biomolecules [19] and the elasticity of the cells, and analyzing multiple 

layered polymers [20]. Force modulation microscopy (FMM) [21] and pulsed-force mode 

[22] are similar to force curve measurement in principal with an additional scan 

capability. The cantilever tip is kept in contact in FMM [21] whereas the tip leaves the 

contact in pulsed-force mode [22], while the z-piezo is modulated.  

One of the requirements for sensitive measurements with this technique is 

comparable tip-sample contact and cantilever stiffness. Spring constant of contact 

stiffness, k*, is a function of the AFM tip radius, R, the applied contact force, F0, and the 

reduced equivalent Young’s modulus of the substrate and the tip, E*; 

3 2*
0

* 6 REFk  .       (Eq. 1.1) 

One can model the mechanism of the AFM force-displacement curves by two 

serial springs; the cantilever and the contact. Since the user measures the deflection of the 

cantilever in the force-displacement curves, this deflection should differ in a detectable 

amount on different materials for sensitive material characterization. However, for high 

E* materials, k* increases rapidly with the contact and becomes much higher than the 

cantilever stiffness.  
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The force-distance curves shown in Fig. 3 were obtained using a 20 N/m 

cantilever on three different materials; aluminum (E=70 GPa), chromium (E=279 GPa), 

and silicon (E=150 GPa).  When the cantilever deflects 5 nm for this case, the tip-sample 

contact is deformed by 4.9 Ao, 3.1 Ao, and 3.9 Ao for aluminum, chromium, and silicon. 

Since the differences in the indentations are low, the sensitivity depends on the noise 

levels. As plotted in Fig. 3, the slope of the force-distance curves are nearly same for 

these different materials, which means that the sensitivity of the measurement may not be 

capable of elasticity imaging of these three distinctly different materials.    

To increase the sensitivity of the k* measurement on stiff materials, one can increase 

the cantilever stiffness, kc, but this approach decreases the force resolution. A more useful 

approach is to vibrate the cantilever in its higher resonances while it is in contact and to 

detect these resonance frequencies [23, 24]. The cantilever has a higher effective spring 

constant when it is operated in high contact resonances and, as a result, the sensitivity is 

increased for stiff materials. In the following figure, the normalized resonance frequency 

versus normalized contact stiffness is plotted for different flexural modes of a cantilever. 

According to these calculations, the resonance frequency of the first contact mode shifts 

for k*/kc values less than 20. However, the resonance frequency of the second mode 

becomes sensitive when the first resonance mode is not responding to higher k*. Higher 

contact resonance modes provide stiffer probes and become more sensitive as the k* 

increases. One can select the suitable contact resonance mode for the range of the contact 

stiffnesses to be measured.   
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Figure 4 Resonance frequency variation of the different contact modes versus stiffness [25]. 
 

Vibrating the cantilever probes at high contact resonance modes for sensitive 

mechanical properties imaging is called ultrasonic methods of AFM. Ultrasonic methods 

of AFM are valuable techniques for material characterization [26, 27] and subsurface 

imaging [28]. In ultrasonic methods of AFM, contact mode AFM is used and the 

cantilever [26] –or the sample [29]– is vibrated at ultrasonic frequencies, while tip and 

sample are in contact with a DC force. By calibrating the cantilever and employing 

analytical expressions, one can calculate the contact stiffness on a surface from the 

contact resonance frequencies. The accurately measured k* makes it possible to obtain E* 

by applying Eq. 1.1 with known F0 and R.    

1.3 Methods for Subsurface Imaging at Nanoscale 

Noninvasive imaging of the subsurface at nanoscale is a critical task for many 

applications. With such a capability, one can analyze the embedded structures in micro 

and nano-fabricated materials [30] and detect the defects that occur during and after the 

fabrication such as bonding defects between layers [31] or electromigration defects [32]. 
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In addition to this, non-invasive subsurface imaging on biological systems can provide 

significant insights on sub-cellular  phenomena [33, 34].  

Subsurface imaging at nanoscale may have a significant contribution to the 

microelectronics and fabrication since it can increase the reliability and repeatability of 

the fabrication processes. However, common subsurface imaging techniques suffer lateral 

resolution limitations due to diffraction and cannot provide subsurface images at 

nanoscale. Many tools have been developed to achieve subsurface images with 

nanometer resolution and each of these tools has advantages and disadvantages.  

While the materials in semiconductor technology are mostly opaque to the light, these 

materials are transparent to acoustic waves [35]. As a result, scanning acoustic 

microscopy (SAM) is an option for imaging interior of the samples; layers and defects in 

the semiconductor circuits have been imaged by this technique [35]. In SAM, a sapphire 

lens is used to focus acoustic waves via a coupling fluid into the solid sample [36]. The 

negligible attenuation of the acoustic waves in semiconductors makes it possible to image 

structures embedded under hundreds of micrometers of material [35]. However, the 

lateral resolution is limited by diffraction.  

Another method for subsurface imaging is scanning near-field optical microscopy 

(SNOM) [37, 38]. Optical microscopes suffer from the diffraction limit while imaging 

and their resolution is around a few hundred nanometers. However, SNOM is not 

diffraction limited since the light goes through a small aperture of 10-20 nm radius and 

becomes evanescent [39]. Subsurface imaging at nanoscale is possible with SNOM when 

the sample is transparent and thin, such as polymers used in microfabrication. Due to the 

transparency requirement, SNOM cannot be used on microelectronic circuits. 
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Scanning transmission x-ray microscopy (STXM) is one of the tools that can image 

the subsurface of different materials and does not require extensive sample preparation. It 

has been shown that it can measure electromigration defects in microelectronic devices. 

The wavelength of x-ray is between 0.01 nm and 10 nm, but the lateral resolution is 

limited by the focused beam size that is around 200 nm [32, 40]. By using x-ray 

tomography, it is possible to image the organelle structure inside a cell [41].  

It is shown that AFM can become a sensitive tool for elasticity measurements by 

employing ultrasonic methods. If subsurface structures are present in the volume indented 

by the AFM tip-sample contact, the elasticity measured on the surface is also affected 

[42, 43]. As a result, subsurface structures close to the surface can be detected by 

measuring the surface elasticity. However, to analyze the subsurface imaging capability 

of AFM, valid models of AFM tip-sample contact are required. 

1.4 Interaction Forces Imaging in Intermittent Contact Mode AFM 

 
Although ultrasonic methods of AFM can provide sensitive mechanical property 

mapping, they have some drawbacks, such as scan speed, tip-wear related errors, 

complex modeling, calibration steps needed for extracting information, and the sample 

deformation. In addition to these drawbacks, contact mode may not be used in imaging 

some soft samples, which can be damaged by the lateral forces. If the aim is to perform 

material characterization on soft samples while performing an image scan, a different 

mode of AFM, intermittent contact mode, should be used.  

Tapping mode (TM) AFM or intermittent contact mode (tapping mode is a commonly 

used type of intermittent contact mode) is the preferred mode of operation in imaging soft 

samples. In TM AFM, the cantilever is vibrated by a piezoelectric transducer attached to 
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the cantilever substrate, and the vibration amplitude is monitored. This mode has less 

friction on the sample since it taps the surface intermittently. Utilizing TM AFM for 

mechanical property mapping makes it possible to characterize soft samples. Imaging the 

phase [44] and measuring the harmonics [45, 46] during TM AFM are some of the 

methods that have been used by exploiting the dynamics of the commercial AFM 

cantilevers. Due to the dynamical limitations of the commercial cantilevers, it is 

necessary to introduce different AFM probes for material characterization by TM AFM. 

The approaches for designing a new probe include modified cantilevers, such as 

harmonic cantilevers [45], torsional harmonic cantilevers [47] and cantilevers with 

integrated sensors [48, 49], and a force sensing integrated read-out and an active tip 

(FIRAT) [50]. Some of the mentioned probes can measure the time-resolved 

displacement caused by the tip-sample interaction forces during TM AFM, and this 

information can be used to extract the surface energy and Young’s modulus of the 

sample. 

 FIRAT is a recently developed AFM probe that is based on a micromachined 

membrane pressure sensor with electrostatic actuation and interferometric detection [50, 

51]. A sharp tip is added to this pressure sensor to make it capable of interaction force 

sensing. Its broad bandwidth provides time-resolved interaction force sensing without 

mathematical reconstruction. It has been showed that analyzing interaction forces 

obtained by FIRAT probe can be used to determined elasticity, adhesion, and hysteresis 

on the samples [52].  

One of the problems encountered in intermittent contact mode AFM is the instability 

caused by attractive forces during the taps. To overcome this instability, one has to apply 
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higher oscillation amplitude, which may cause tip wear or sample deformation due to 

higher repulsive forces, or use stiffer AFM probes [53] that reduce the force sensitivity. 

For AFM cantilevers, which are passive sensors, there is always a trade-off for selecting 

the cantilever stiffness. However, if an active sensor such as a FIRAT probe is used, the 

operation of the probe can be controlled during each tap to avoid higher repulsive forces 

while being stiff against the attractive forces that cause instability.  

Another problem for material characterization during intermittent contact mode AFM 

is the reduced sensitivity on the stiff materials. Although interaction force imaging during 

TM AFM can provide sensitive elasticity measurements on compliant samples, it has 

reduced sensitivity on stiff materials because of high contact stiffness. This reduces the 

range of the materials that can be characterized by this mode. On nanocomposites or 

biological specimens with different stiffness regions, mechanical properties mapping 

during topography imaging is particularly challenging. A solution to this problem can be 

dynamical stiffening of the probes in ultrasonic frequencies while obtaining interaction 

forces.   

1.5 Research Goals 

 
In the course of this research, the aim is to analyze the capabilities and limitations of 

the AFM for quantitative material characterization and to improve mechanical properties 

imaging by the AFM. This requires understanding the shortcomings of current 

techniques, constructing finite element and Simulink models for analyzing the current 

methods, performing experimental verifications, and introducing solutions to existing 

problems.  
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Ultrasonic methods of AFM have been used to obtain mechanical properties of 

samples and it has been shown that the presence of subsurface structures can be detected 

by using these methods. A 3-D finite element analysis model of AFM tip-sample contact 

is constructed and this model can determine whether a subsurface structure is detectable 

or not by means of elasticity measurement. The 3-D FEA model is then verified by using 

an ultrasonic AFM technique and a special sample with known substructures. 

FIRAT is a recently developed AFM probe that can image the tip-sample interaction 

forces during intermittent contact mode of AFM. These interaction forces can be used to 

analyze mechanical properties of the samples. A Simulink model is developed to study 

the effects of probe dynamics and material properties on the taps. The Simulink model 

and associated experimental studies are used to analyze the error sources on the 

mechanical properties data obtained by FIRAT probe. The results of this study can guide 

researchers for AFM probe designs. 

Indentation on compliant materials and nanocomposites during TM AFM cannot be 

controlled if a passive AFM probe is used. The active nature of the FIRAT probe is used 

in this study to improve intermittent contact imaging on soft samples and provide more 

realistic topography data. While intermittent contact mode imaging is improved with this 

application by actively controlling the FIRAT probe, the interaction forces are recorded 

for mechanical property imaging. As a result, non-abrasive nanomechanical imaging is 

provided in soft samples. 

The sensitivity of the elasticity measurement by intermittent contact mode (force-

displacement curves, pulsed-force mode, TRIF, torsional cantilevers) highly depends on 

the cantilever stiffness (Table 1). This constitutes a problem for characterizing composite 
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samples with different stiffness regions by the same probe. To solve this issue, we 

introduced interaction force imaging with dynamic stiffening at ultrasonic frequencies so 

that one can measure the elasticity of a broad range of samples with high sensitivity. 

 

Table 1. Different AFM methods for elasticity measurement. 

 Cantilever 
Stiffness 

(N/m) 

Sensitive elasticity 
measurement 

range 

Adhesion 
measurement 

Capability 

Mode of 
operation 

Force-
displacement 

curve 
0.5 
4 
40 

200 

<20 MPa** 
5-500 MPa** 

0.2-2 GPa 
1-20 GPa 

Yes 
Intermittent 

contact (max 30 
Hz) 

Pulsed-force 
mode Yes 

Intermittent 
contact (max 5 

kHz) 
TRIF by 
FIRAT 10-40* 0.05-10 GPa Yes 

Intermittent 
contact (max 5 

kHz) 
Torsional 

cantilevers 1-5 0.01-10 GPa Yes 
Intermittent 

contact (TM)  
(max 50 kHz) 

Ultrasonic 
AFM 1-5 >2 GPa No Contact 

*The spring constant can be decreased by using electrostatic spring softening. 
**The measurements should be performed in fluid (water, buffer solution) for pulsed-force mode. 
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CHAPTER 2 

MODELING OF THE AFM TIP-SURFACE CONTACT FOR 
MATERIAL CHARACTERIZATION 

 
 

Material characterization in micro and nanoscale is desired for better understanding 

of substrates, improving microfabrication processes, and advancing nanotechnology. 

While friction, adhesion, and wear are critical properties to characterize surfaces [16], 

elasticity and hardness of bulk materials are important parameters for fabricating reliable 

MEMS/NEMS devices [36]. In addition to measuring the mechanical properties of the 

samples, it is desired to image the structures situated below the surface. Layer 

thicknesses, adhesion between boundaries, and embedded impurities can be evaluated by 

nanoscale subsurface imaging. The high resolution probing capability of AFM makes it a 

good candidate for nanoscale subsurface imaging, since it can detect the presence of 

subsurface structures by means of the changes in the surface elasticity.  

As the AFM tip contacts the surface, both the tip and the surface deforms and this 

deformation is a function of the elasticity of the materials, the applied force and the tip 

radius.  The deformation due to the force can be modeled as a spring and the spring 

constant is the contact stiffness. The measured contact stiffness on a surface will differ 

from the measurements on the bulk material if there are subsurface layers, structures, 

grain boundaries and defects. In this chapter, it is assumed that AFM can measure contact 

stiffness with high sensitivity and the focus is on modeling contact mechanics and the 

effects of subsurface structures on contact stiffness. Techniques to utilize AFM for 

nanomechanical properties are discussed in third, fourth and sixth chapters. 
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2.1 AFM Tip Contact with Halfspace 

 
The theoretical model for the contact of two elastic axisymmetric bodies was 

introduced by Hertz in 1882 [54].  This model has been a very valuable tool for analyzing 

the effects of the applied force and the radius on the contact deformation. It can also be 

used to calculate the reduced Young’s modulus from the contact stiffness measured by 

the AFM on the different half-space materials. The assumptions for this model can be 

summarized as the following [15, 54]: 

 Continuous and non-conforming surfaces; 

 Small strains; 

 Elastic and homogeneous bodies; 

 Frictionless surfaces.  

For an elastic sphere with the radius R, like the AFM tip, in contact with a flat and 

elastic surface, the contact region will be circular. Although both the surface and the tip 

will have roughness and contact will occur on these asperities, these asperities are 

assumed to be much smaller than the contact radius in Hertzian contact theory. According 

to this theory, the contact radius is: 

3
*4

3
E
FRa           (2.1) 

where F is the applied load, R is the tip’s radius of curvature, and E* is the equivalent 

Young’s modulus. The equivalent Young’s modulus, E*,  is derived from the Young’s 

modulus, E1, E2, and Poisson ratio , υ1, υ2, of two bodies by using following equation: 
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The mutual approach of two bodies –the maximum deformation–, δ, and the contact 

stiffness, k*, are shown as: 

3
2*

22

16
9
RE
F

R
a

         (2.3) 

and 

2
3* Fk           (2.4).   

Hertzian contact theory is widely used in micro/nano tribology to calculate the 

elastic modulus from the AFM or nanoindentation measurements. In addition to this, 

Hertzian theory is used in verifying simulation or analytic based methods on contact 

mechanics. Sneddon extended the contact theory developed by Hertz to any axisymmetric 

tip geometry pushed into an elastic half-space. As a result, tip can be defined by a 

parabolic function instead of a perfect sphere and the generalized formula for the elastic 

contact of half-space materials is: 

,         (2.5) 

where a and b are specific parameters.  

 These models are valid for low loads that do not cause plasticity. In addition to 

this, the adhesive forces are either assumed very low or as an offset. Specific models 

should be applied for high loads that cause plastic deformation.   

2.2 AFM Tip Contact with Layered Material 

Hertzian contact theory provides a routine calculation for analyzing AFM tip-

substrate contact when the sample is half-space. However, the samples of interest are not 

only bulk materials; samples with thin layers are also used in many applications and have 

to be investigated. The layered media can be thin films in microelectronics, compliant 
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coatings, polymer brushes or biological tissues [20, 55]. To study the data obtained by 

probing these samples, one should have a model that explains the contact on layered 

media. One critical point for these models is that the effective Young’s modulus –the 

modulus measured on the surface– is a function of the tip radius and the applied force, 

while it is a constant for the bulk material case. As a result, the models on the layered 

media provide the effective Young’s modulus for a given applied force and this value is 

substituted in Eq. 2.2 of the Hertzian theory. 

When the layers are compliant, such as polymer coatings, the models should 

explain the deformation of the multiple layers and the stiff substrate. Several models have 

been improved for single [7] and multiple [20, 56] polymer layers with different 

conformation parameters and these models have been validated by using AFM force-

distance curve experiments. A simple expression for the composite elastic modulus of a 

single layered sample is shown as: 

   th
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1111    ,      (2.6) 

where Ef and Es are the elastic moduli of the film and the substrate, t is the total film 

thickness, h is the indentation, and α is the conformation parameter [20]. According to 

this expression, if the indentation is too small, one can only measure Ef. As the 

indentation gets higher, the substrate will affect the measured elastic modulus. To analyze 

a force-distance curve for film thickness measurement by using this model, one should 

know the elastic moduli of the materials and then calculate the unknown parameters. The 

conformation parameter, α, usually represents the transition region between two 

materials.  
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(a)                                                                   (b) 

Figure 5 (a) Schematic of deformation in polymer layers (b) Elastic modulus distribution into a 
polymer-stiff substrate sample [20]. 
 

These expressions for layered materials are helpful for high indentation, 

compliant layers, and transition regions. However, these models cannot be used for stiff 

layers and small indentation, since it depends on the deformation of the layers. For these 

cases, one can model the contact by using the radiation impedance method. The radiation 

impedance of the mechanical radiators on the layered materials has been studied by 

several researchers [57, 58]. The work on mechanical radiators can be used to explain the 

AFM tip-sample contact when the contact area is actuated at an ultrasonic frequency for 

contact stiffness measurements. Since the contact radius, a, is much smaller than the 

wavelength, λs, at that ultrasonic frequency; the generated waves into the solid are 

inhomogeneous waves and the quasistatic approximation is valid [55]. One can calculate 

the surface stiffness, ks, from the effective radiation impedance seen by the tip on the 

contact area.  

ss Zj
ntdisplaceme

contacttheonforcenormalk       (2.7) 
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where Zs is the mechanical impedance and ω is the angular frequency. Given that the 

waves radiated from the contact are inhomogeneous, the radiation impedance is 

imaginary and the contact is a lossless spring.  

The radiation impedance method can be used to calculate the surface stiffness, 

while Hertzian contact theory is needed for contact stiffness calculation. Yaralioglu et al. 

improved an iterative algorithm, called contact stiffness algorithm (CSA), by combining 

these two methods [55]. CSA guesses a contact radius, calculates the surface stiffness for 

this radius, and compares the radius related to this surface stiffness with the initial guess. 

It is possible to verify this algorithm for half-space substrate and to extend CSA to 

layered media. The calculations for layered media can only be validated by finite element 

modeling [55] and the experiments [59]. CSA has been used to calculate the contact 

stiffness on the thin films and comparing these contact stiffness values with experimental 

data will provide the film thicknesses.  

 

Figure 6 (a) Contact stiffness on aluminum and photoresist layers deposited on silicon versus film 
thickness. (b) Contact stiffness on tungstem layer deposited on silicon substrate [55].  
 

CSA is used to characterize AFM tip-sample contact for layered samples. In 

addition to this, it is possible to incorporate interface boundary problems into CSA, such 

as voids or slippery bonds between layers [31].  Bonding problems are costly issues for 
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semiconductor technology that decrease the yield immensely. By using CSA, one can 

evaluate the boundary conditions of an interface by comparing the CSA results with 

experimental data. The contact stiffness testing with CSA is non-destructive and valid on 

defects much larger than the contact area. 

 

Figure 7 Contact stiffness on oxide layer with and without a bonding defect [31]. 
 

2.3 2-D Finite Element Analysis of AFM Tip Contact 

In addition to Hertzian contact theory and CSA, numerical methods like finite 

element analysis (FEA) can evaluate the contact stiffness for the multilayered media and 

the half-space material [55, 60]. Contact analysis of FEA can be used to calculate contact 

stiffness as the contact stiffness measurement by ultrasonic AFM is quasistatic.  

The previously mentioned methods are for handling the contact mechanics of the 

half-space materials, the layered materials and the samples with boundary defects. In all 

of these cases, the sample or the subsurface structure is much larger than the AFM tip-

sample contact. However, it is not possible to use these methods for analyzing the effects 

of finite-size subsurface structures on the contact stiffness. One can build a 2-D FEA 

model to investigate the AFM tip-sample contact when the sample has a finite size 

embedded structure.  
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A 2-D FEA model of the AFM tip-sample contact is easy to construct and the 

computation time is not excessive. To build an appropriate 2-D FEA model, axisymmetry 

should be exploited. The spherical tip geometry is suitable for axisymmetry already, so 

the substrate also has to be modeled with axisymmetry. The 2-D FEA calculations are 

performed in ANSYS 11.0.25. The tip and the sample are meshed with axisymmetric 2-D 

element PLANE42. Since the y-axis is the axis of the axisymmetry, a lateral 

displacement boundary is assigned to this axis. The lines of possible contact are assigned 

contact elements; TARGE169 and CONTA172. Axisymmetric 2-D FEA models impose 

limitations on the structures and cannot be used to simulate an imaging scan. 2-D FEA 

models have been used to verify algorithms like CSA and to determine the feasibility of 

subsurface imaging on finite size structures by AFM. The geometries and the meshed 

regions are shown in Fig. 8. The small part on the top part of the model is the AFM tip, 

while the larger section is the substrate. One can model axisymmetric subsurface 

structures like spherical voids (Fig. 8) by using a 2-D FEA model. 

 

 

Figure 8(a) Meshed geometry of AFM tip and substrate. The substrate has a spherical cavity. (b) 
Displacement distribution for AFM tip-sample contact when there is subsurface void. 
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2.4 3-D Subsurface Imaging Model  

 
AFM is capable of measuring the contact stiffness on different materials with high 

sensitivity and imaging the effects of the subsurface on the mechanical properties. The 

quantitative and sensitive contact stiffness results are encouraging for determining the 

size and the shape of the subsurface structures. However, adequate analytical or 

numerical models are required for interpreting experimental contact stiffness 

measurements. In most of the studies, FEA models have used axisymmetry while 

evaluating the contact stiffness of the AFM tip-substrate contact [55, 61, 62].  

There has not been a validated model for the effects of finite size nanoscale 

subsurface structures on the contact stiffness. A 3-D FEA model of the AFM tip-sample 

contact can quantitatively characterize the effects of various subsurface structures with 

arbitrary shape and lateral position relative to the AFM tip. The experimental contact 

stiffness results can be analyzed for subsurface imaging by using this 3-D FEA model. To 

provide all these capabilities, a 3-D finite element subsurface imaging model is 

constructed in this research. 

2.4.1 Implementation of the 3-D Finite Element Model 

 
To perform contact stiffness analysis for an AFM tip scanning over a substrate 

with a finite size subsurface structure, it is necessary to create a fully 3-D FEA model 

which does not rely on axisymmetry. In analytical or FEA models of the AFM tip-

substrate contact, the AFM tip is mostly spherical with a 10-250 nm radius. For a 

spherical tip and half-space sample, researchers use Hertzian contact theory [54], which 

explains the contact of spherical surfaces [63, 64]. Effective Young’s modulus, E*, radius 
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of curvature, R, and applied force, F0, are the parameters for contact stiffness and contact 

radius according to this theory [54]. E* is calculated by using reduced Young’s moduli of 

the tip, TM , and the sample, SM . 

ST MME
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*  , where       (2.8) 
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 .     (2.9) and (2.10) 

SE , TE , S , and T  are Young’s moduli and Poisson ratios of the tip and the 

substrate.  R is the radius of the AFM tip, since substrate is smooth and has infinite radius 

of curvature.  

 

Table 2: Elastic constants of the materials used in the calculations. 

    Mechanical Properties 

Material Young’s Modulus Poisson Ratio 

Silicon 127 GPa 0.278 

Silicondioxide 75 GPa 0.17 

Copper 110 GPa 0.33 

Tungsten 411 GPa 0.28 

    

Although 3-D FEA models are capable of simulating AFM tip-sample contact for any 

geometry, it consumes too much computational resources. Both the tip and the sample 

should be much larger than the contact radius and the contact area should be finely 

meshed. As a result, the number of the elements is high. On the other hand, the aim of 

this simulation is to calculate the effective Young’s modulus of the sample and using a 

smaller tip will decrease the computation time immensely. 
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 In the presented 3-D FEA model of the AFM tip-substrate contact, MS is of interest 

since MT can be calculated by using the mechanical properties of the silicon tip in Table 

2. Moreover, simulating the AFM tip with its real elastic parameters leads to the 

excessive computation time. This problem can be avoided when an infinitely rigid tip 

material is assumed in the simulations instead of the actual MT, because in this case the 

elastic parameters of the tip do not affect the results anymore [43, 61]. The effect of the 

deformation in the AFM tip can be included later analytically to calculate the actual 

contact stiffness, k,* values as discussed below. In other words, in this model the AFM tip 

is simulated as a rigid indenter. This configuration gives the opportunity of using a 

smaller tip structure since the tip does not need to be a half-space any more.  

For an infinitely stiff tip (MT → ∞), E* is simply given by MS according to Eq. 2.8. 

Consequently, Eq. 2.11 below provides surface stiffness, kS, assuming Hertzian contact: 

.
2

3 0
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FkS 

         (2.11) 

where h is the deformation of the surface and F0 is the contact force [55]. Note that, this 

equation is different from Eq. 2.4 since that equation is computed for the contact 

stiffness. 

In order to obtain k*, three more steps are required. First, MS is calculated using 

the following equation; 
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         (2.12) 

By substituting MS of Eq. 2.12 into Eq. 2.8 and using actual MT, E* is obtained. 

Contact stiffness of Hertzian contact can be evaluated using the relation: 
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3-D FEA calculations are implemented by ANSYS 11.0.25. The 3-D structural solid 

element (SOLID92) is used to mesh the tip and the substrate. In addition, the possible 

contact area is meshed with 3-D contact elements (TARGE170, CONTA174). The scan 

direction is on the x-axis and the substrate is symmetric over the y-axis, since the aim is 

scanning a substrate with a finite size subsurface structure as shown in Fig. 9. Although 

symmetry on the y-axis is not necessary, one more surface in the middle of the geometry 

provides better meshing. Note that, it is always possible for this model to use a non-

symmetry condition with more complicated subsurface structures. Spheres, cylinders or 

rectangular prisms can be subsurface structures in this y-symmetric model. Also, more 

than one structure can be present. The bottom of the tip is spherical and always touches 

the center of the substrate which is a cylindrical volume with at least 2 µm radius. 

Convergence studies show that any smaller sized substrate does not agree with Hertzian 

contact validation for half-space case because of the close boundaries.  To simulate a 

scan over the surface, the subsurface structures are relocated to different positions and the 

contact stiffness is calculated for those positions. 



 27

 

Figure 9 The computational grid on the Y surface [65].  
 

One of the drawbacks of the 3-D FEA contact model is the computation time, which is 

mainly determined by the nonlinear contact analysis and the number of nodes. The 

number of nodes should be high for more accurate results, but a high node number leads 

to excessive computation time. The SMRTSIZE command of ANSYS can be used with 

medium size to control the distribution of the elements on whole volume. This command 

provides coarse meshing. However, fine meshing around the contact, especially around 

the contact elements, is necessary. Thus, it is suggested to refine the meshing around the 

contact by using NREFINE command. Accordingly, the 3-D model of AFM tip-substrate 

contact with an acceptable number of nodes can be obtained. Each simulation run takes 

approximately 15 minutes on average on an Intel P 4 3.0 GHz. 

Convergence analysis of the 3-D FEA model of the AFM tip-substrate contact for the 

half-space material is performed since Hertzian contact theory can be used for 

comparison in this case. According to the convergence analysis, the simulated contact 

stiffness for a half-space converges to values obtained from Hertzian contact theory with 

less than 1% difference for different materials. Although this result verifies the FEA 
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approach, it does not provide a comparison for the simulation of the finite size subsurface 

defects. For this purpose, ultrasonic AFM experiments have to be performed. The 

verification studies are explained in detail in the third chapter. 

2.4.2 Imaging Simulations of Finite Sized Cavities 

 One of the advantages of the 3-D contact model is the capability of the scanning 

simulation. To demonstrate this capability, the effects of a spherical cavity on the contact 

stiffness for a surface scan are simulated. The cavity under investigation has 300 nm 

radius and the center is 500 nm under the silicon surface.  The contact force of 1 µN and 

100 nm tip radius are used during the scan.  The contact stiffness distribution on the 

surface of this case is shown in Fig. 10. The silicon half-space causes the contact stiffness 

of 1427 N/m in the simulations for the given parameters. The lowest contact stiffness 

resulted by this spherical cavity is 1411 N/m, while an infinitely long cylinder with the 

same radius and depth has 1395 N/m of contact stiffness on the softest spot.  

 
Figure 10 The contact stiffness simulations for an embedded spherical cavity [65]. 
 
 The 3-D contact model also provides information on the effects of the multiple 

subsurface structures. As an example, two cylindrical subsurface cavities in a silicon 
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substrate are simulated using 100 nm radius tip and 1 µN contact force. Both of these 

cavities are infinitely long and their height axis is parallel to the surface while their radius 

is 300 nm. The centers are 500 nm under the surface as depicted in Fig. 11 (b) and the 

distance between the centers of the cylinders is varied between 800 nm and 1.2 µm. 

According to the simulation results in Fig. 11 (a), the distance between the centers of the 

cylinders should be more than 1.2 µm so that the subsurface structures can be modeled as 

independent objects. Note that it is difficult to define a general rule for lateral and depth 

resolution since the distribution of the contact stiffness is a function of depth, width and 

material of the subsurface structure as well as the force and tip radius. 

  

Figure 11 (a) Contact stiffness on a silicon substrate with two cylindrical cavities. (b) Schematics of 
the sample. 
 
 

The tip radius and tip material have significant effect on the lateral resolution and 

depth in ultrasonic AFM applications [62]. However, the observed effects of subsurface 

structures on the contact stiffness depend on many other variables, such as contact force, 

material properties of the substrate, and the properties and shape of the subsurface 

structure. Because of this, it is easier to examine the effects of one variable while keeping 

the rest of them constant. First, how different force levels change the contrast of the 

(a) (b) 
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contact stiffness image is investigated. For this purpose, we apply 200 nN, 1 µN and 2 µN 

forces to the geometry depicted in Fig. 11(b) with a 800 nm distance between centers. 

Fig. 12 shows the normalized contact stiffness (k*/ksi*) results for this geometry, where 

ksi* for each curve is the contact stiffness of silicon halfspace for that particular applied 

contact force level. When 200 nN of force is applied, normalized contact stiffness 

changes 1.5% (12.5 N/m for ksi* = 835 N/m) as the tip scans over the cylindrical cavities. 

Thus, for example, these defects would barely be detectable in an ultrasonic AFM set-up 

with a 200 nN force assuming a minimum detectable Δk of 10 N/m. Higher forces 

provide better lateral resolution and contrast, because penetration depth is increased to 

the cylindrical cavities [65]. However, one should optimize the force carefully depending 

on the substrate and detection system since higher forces can be destructive while 

providing better subsurface images. 

 

Figure 12 The normalized contact stiffness of the substrate with two cylindrical cavities with 
different forces [65]. 

2.4.3 Practical Example: Formation of an Electromigration Void 

Electromigration in interconnects is one of the challenges for reliability of integrated 

circuits. To understand the formation mechanism of electromigration defects researchers 
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commonly use X-ray [32, 40] or FIB imaging [30, 66]. While the spot size of X-ray 

creates resolution problems, using FIB is destructive, and thus does not allow in-situ 

imaging. Therefore, subsurface imaging by AFM as a tool for in-situ observation of 

electromigration voids is investigated.  

For these calculations, copper (Cu) lines with a 300 nm square cross section embedded 

under 100 nm of SiO2 are simulated. X-ray techniques would have difficulty in detecting 

electromigration voids on 300 nm lines because of the larger spot size. However, AFM 

may provide better lateral resolution by making use of the small contact radius. To model 

the formation of the electromigration defects, we place a half-spherical void on the upper 

side of the Cu line as depicted in Fig. 13 (b). Then, contact stiffness on the surface is 

calculated for different radii of half-spherical cavity, simulating the growth of a void. In 

addition, the same calculation is done for a Cu line with a rectangular electromigration 

defect with a base of 300 x 300 nm and which completely breaks the electrical 

connection resulting in what is called a fatal defect. All calculations are done by 

assuming 100 nm of tip radius and 1 µN of force. The results are presented in Fig. 13. As 

shown in Table 2, Cu is slightly stiffer than SiO2. Since these two materials do not have 

much contrast in their elastic properties, scan on flawless Cu line indicates a slight (4 

N/m) increase in stiffness. With the electromigration void in the Cu line, a reduction in 

contact stiffness is observed depending on the size of the defect. If the void has a 50 nm 

radius, the reduction is about 6 N/m. The slight increase in contact stiffness on either side 

of the 50 nm radius void is the result of having the stiffer Cu layer under the SiO2 layer. 

When the radius of the defect becomes 70 nm, the simulation shows 18 N/m of contact 

stiffness change. More contrast on contact stiffness results as the defect is enlarged. The 
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stiffness change is 65 N/m for the fatal defect case, when the diameter of the void reaches 

the width of the line. 

 
 
Figure 13 (a) The calculated contact stiffness on a Cu interconnect line with a electromigration 
defect.(b) The geometry of the simulated electromigration defect. 
 

The results show that ultrasonic AFM is expected to provide better performance than 

X-ray during the electromigration void monitoring in thin Cu lines [65]. One of the 

shortcomings of ultrasonic AFM is the low penetration depth of the method. Although 

higher forces will provide an increase in the penetration depth, it may be destructive. 

Therefore, the material on the interconnect lines may need to be thinned down to about 

100 nm. In addition, AFM cannot be used to detect electromigration defects under a via, 

since the necessary via height causes the defect area to be far from the AFM probe. 

2.5 Chapter Summary 

To be able analyze the elasticity of samples, proper modeling of AFM tip-sample 

contact is necessary. Previously analytical and finite element models are used by 

researchers to analyze half-space substrates and substrates with layers. In this study, a 3-

D subsurface imaging model by finite element analysis is implemented. This model can 

(a) (b) 
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simulate scan of AFM tip on a sample with finite size nano-scale subsurface structures. 

The resolution on embedded structures, the effects of subsurface structure materials and 

shapes, and practical cases are investigated by employing this 3-D model.  
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CHAPTER 3 

EXPERIMENTAL VERIFICATION OF THE 3-D FINITE ELEMENT 
ANALYSIS MODEL 

 

3.1 Ultrasonic Methods of AFM 

The sensitivity limitation in the force curve measurements can be eliminated by using 

ultrasonic AFM methods. Ultrasonic methods of AFM rely on the dynamic stiffening of 

the cantilever in frequencies higher than the first resonance order. Several ultrasonic 

AFM techniques, such as atomic force acoustic microscopy (AFAM) [23, 25, 29, 67, 68], 

ultrasonic atomic force microscopy (UAFM) [26, 55, 69], and ultrasonic force 

microscopy (UFM) [28, 70], have been developed during the past decade.  Most of these 

techniques use higher flexural or torsional vibration modes of the cantilever, which are 

detected by a photodiode while the cantilever tip is in contact with the substrate. In these 

techniques, the AFM tip and the sample are in contact with a well-known force, and the 

sample (or the cantilever) is vibrated in an order higher than first resonance frequency. In 

UFM, the vibration frequency is away from the cantilever’s any resonance and the 

amplitude of the vibration is modulated so that the tip jumps off the contact periodically. 

In AFAM and UAFM, constant small vibration amplitude near the contact resonance 

frequency is applied to the AFM tip-sample contact by vibrating the sample or the 

cantilever. UFM can be used for understanding multiple surface properties but encounters 

problems when quantifying them, while AFAM and UAFM can provide sensitive 

elasticity information. In this work, AFAM is used as the material characterization 

method.  
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AFM cantilevers exhibit multiple resonance modes. The behavior of the cantilever 

beam in high frequencies can easily be determined by using well-known analytical 

expressions or finite element analysis (FEA) [71, 72]. Fig. 14 shows the shape of the 

cantilever for different contact stiffness, k*, and cantilever stiffness, k, ratios in higher 

resonance modes. When the contact resonance mode is sensitive to a k*/k value, the 

change on the cantilever vibration shape is the maximum. For example, first contact 

resonance mode is sensitive for k*/k around 10 since the cantilever shape deviates from its 

free form. But when k*/k is as high as 100, the first mode shape is nearly same as the 

fixed end. This means that, when k*/k is 100, first contact mode cannot differentiate it 

from infinite stiffness. For k*/k as high as 1000, the third resonance mode is the most 

sensitive of three orders. Since stiff materials like silicon (Young modulus of 135 GPa) 

and the contact force of 1 µN results in around 1500 N/m of contact stiffness, someone 

interested in the sensitive elasticity measurements and subsurface imaging on the stiff 

materials should monitor the higher resonance orders.  
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Figure 14 Calculated local vibration amplitudes along a cantilever with rectangular cross section for 
mode n=1, 2, and 3 (from left to right) for different values of k*/kc  (from top to bottom). 

 

The analytical expressions for the flexural and torsional resonances of a cantilever 

beam have been discussed by several authors [23, 72]. In these expressions, an infinite set 

of flexural modes are defined with wave number kn and frequency fn. The relation 

between kn and fn is: 
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where cB is the characteristic cantilever constant, E is the Young modulus, ρ is the mass   

density, b is the width, and L is the cantilever length [25]. Although the repulsive and 

attractive forces are highly non-linear to the tip-sample distance, the contact spring can be 
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approximated as linear for small amplitudes. The simplified model of the cantilever in 

contact is shown in Fig. 15. In this model, cantilever has the length L, the tip is placed at 

position L1,and  L’=L-L1. The lateral stiffness of the tip-sample contact and damping 

coefficients are ignored in this simple model. 

 

Figure 15 The simplified model for cantilever in contact. 
 

The characteristic equation of the simplified model (Fig.15) for a contact stiffness 

k* is [23]: 
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.  

Since L, L1 values and the thickness of the cantilever differ even in cantilevers 

from the same batch, a calibration step is required for each cantilever. First, the free 

resonance frequencies are measured and cB is calculated using the free resonances. Then, 

contact resonances of the cantilever for two different contact forces on a well-known 

material have to be obtained. These two different forces will create two different k* and 

fn’s; by substituting those values into Eq. 3.3, one can solve the unknowns; L1 and L. 

Although, L1 and L values also can be measured by using SEM image of the cantilever, 

finding these values accurately is essential for the contact stiffness measurements. After 
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this point, since L1, L, and cB are known, observing the contact resonance frequency on 

any surface is enough to calculate k*. As a result, one can calculate elasticity of a surface 

from k* by using Hertzian contact theory: 

3 2** 6 RFEk  ,        (3.4) 

where E* is reduced Young’s modulus (calculated by Eq. 2.8), R is the radius of the 

indenter and F is the contact force.    

 AFAM can evaluate k* by detecting the flexural mode resonance frequencies. Since 

the value of k* is a function of the mechanical properties of the substrate [26, 73], these 

methods offer the ability for material characterization [63, 64]. Not only the material type 

of the substrate but also the presence of the nanostructures in the penetration depth 

changes the contact stiffness [43, 59, 68, 74, 75]. To carry out subsurface imaging 

experiments, an AFAM setup is implemented. The AFAM setup is depicted in Fig. 16.  

 

Figure 16 Schematic of the AFAM setup. 
 

The AFAM setup can be constructed by modifying a commercially available AFM 

system. In this setup, the substrate is bonded to a piezoelectric transducer that generates 

out-of-plane vibrations while the cantilever tip and the surface are in contact with a DC 

force. A function generator synchronized with the lock-in amplifier excites the 



 39

piezoelectric transducer with a sinusoidal voltage, which in turn vibrates the sample. The 

feedback system of the AFM keeps the contact force constant; while the vibration of the 

surface is coupled to the cantilever and the cantilever bending is detected by the bi-cell 

detector. The lock-in amplifier measures the RMS value and the phase information of the 

photodiode output at the ultrasonic excitation frequency. The lock-in amplifier output is 

acquired and the frequency response on each pixel of surface can be obtained from this 

output. One can obtain contact resonance frequencies on each pixel and eventually 

calculate the contact stiffness.  

Different materials cause different contact stiffnesses for the same contact force (Eq. 

3.4) and these stiffness changes create shifts in the contact resonance frequencies. The 

frequency spectra on silicon and photoresist presented in the work of Crozier et al. [59] 

are shown in Fig. 17. Since photoresist is softer than silicon substrate, the contact 

stiffness and the contact resonances are lower. The presence of the substructures and 

layers may change the stiffness on the surface compared to the bulk media and AFAM is 

capable of detecting even minor changes due to the high quality factor of the cantilever.   
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Figure 17 Frequency response of an AFM cantilever while it is in contact with photoresist and silicon 
[59]. 

 

3.2 Ultrasonic AFM Experiments for the Verification of the 3-D FEA Model  

For experimental verification of the 3-D FEA contact model, an ultrasonic AFM 

set-up and a sample with a well-known finite size subsurface structure are needed. 

AFAM set-up described in Fig. 16 is implemented. The resonance frequency of a selected 

contact mode is measured at each point of the scan and the data is stored in the computer 

for further processing. The x-y piezo of the AFM is used to move the cantilever laterally 

to scan the sample. The lines of 2.8 µm with 50 data points are scanned in the presented 

experiments. A commercial AFM cantilever with 3 N/m stiffness and free resonance 

frequency of 42.4 kHz is used for conducting experiments. Because of the lateral forces 

AFM tip radius may change during the scanning, so the tip is blunted intentionally before 

running the set-up. To extract stiffness information from the contact resonance frequency 

data, parameters depending on the cantilever dimension and the tip location on the 

cantilever are obtained before the experiments. The calibration data is used to interpret 

the resonance frequency shifts by using analytical models. According to these models, the 
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steps of 500 Hz in the frequency sweep cause 8 N/m steps in stiffness measurement and 

this step size provides enough sensitivity for subsurface imaging. MATLAB 7.4 

Instrument Control Toolbox is used for programming of instruments and data acquisition 

[76].  

In the AFAM experiments carried out on this sample, frequency sweep range is 

determined to be around 1.21 MHz for a 1 µN contact force. Third contact mode appears 

around 1.21 MHz, which is not affected by the lateral forces as much as the lower modes 

[72], so the possible effects of lateral forces are ignored in this work. According to the 

extracted contact stiffness data, the AFM tip and half-space silicon contact has 1702 N/m 

stiffness for 1 µN contact force. With these values, assuming a spherical tip and the 

mechanical properties shown in Table II, the tip radius is calculated as 173 nm by 

Hertzian contact theory. Since the SEM image of the AFM tip shows approximately 245 

nm radius of curvature for the tip, the calculated value is acceptable for further analysis.  

 A suitable sample is as important as the experimental set-up to verify the 3-D 

FEA model. The sample should have a smooth surface, well known material properties, 

and well-defined subsurface structures. A simpler method than previous works [62] is 

followed to fabricate the test sample and focused ion beam (FIB) (Nova Nanolab 200) 

system is used for fabrication. Conical shaped cavities are milled from the side of a 

silicon piece at different dimensions and depths from the surface. The conical cavity used 

for the experiments here has 500 nm radius at the widest point (base) located under 

approximately 50 nm silicon and the estimated height is 3 µm.  
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Figure 18 (a) SEM side view of the substrate used in the experiments. (b)  Schematic of the 
subsurface cavity structure. 

 

Although topography creation is avoided with this sample fabrication procedure, some 

particles are unintentionally located around the area of interest.  These particles limit the 

imaging area for contact stiffness measurement. During the experiment, the contact 

stiffnesses of 3 different lines are measured after taking the AFM image of the substrate 

(Fig. 19). According to the calculations, at the lines represented as A, B, and C, holes 

have radii of 315 nm, 350 nm, and 465 nm while their centers are 550 nm under the 

surface. The typical topography on these lines is plotted in Fig. 19(b). The maximum 

topography is 6 nm on 1 µm scan. 

 

Figure 19 (a) AFM topography image of the substrate. Scan size is 2 µm x 2 µm. Arrows A, B, and C 
in (a) represent the lines where the measurements are performed. (b) Cross section of sample surface 
on line C, showing maximum 6 nm height difference. 
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The experimental and simulated contact stiffness results obtained on the lines A and B 

are shown in Fig. 20 (a) and 20 (b). The observed tilt from the line A to the line B in 

experimental data can be either a result of the shift in the lateral piezo position or the 

direction of subsurface structure. For the line C, the cantilever tip is moved closer to the 

entrance of the cavity. At this location the subsurface cavity has an approximately 465 

nm radius. The experimental and simulated contact stiffness results of line C are 

presented in Fig. 20 (c). For comparison, the simulation results are plotted on the 

experimental data. 

 

Figure 20 Comparison of experimental and simulation scan data for (a) 315 nm, (b) 350 nm, (c) 465 
nm radius of cylindrical cavities [65]. 
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Note that in the FEA simulations, there are no fitting parameters except for the estimated 

tip radius, cavity radius and cavity depth. The contact force is measured and silicon 

material properties (see Table 2) are used. Given these conditions, the agreement of the 

measured and simulated contact stiffness values are remarkable for all cases. Maximum 

difference from the contact stiffness on bare silicon surface is around 3% for Fig. 20 (c). 

For Fig. 20 (a), experiment suggests a 1670 N/m contact stiffness at the center of the 

cavity while the simulation gives 1678 N/m for the same point. Also note that, according 

to the calculations, there is a 235 nm silicon layer over the smallest cavity and this 

structure is still detectable through the contact stiffness measurement at the surface. In 

Fig. 20 (b) and 20 (c), the simulated contact stiffness changes more rapidly than the 

experimental results. The reason can be that either the cavities are not perfect as the 

constant radius cylinders assumed in FEA, or additional thinning on the substrate 

occurred on these lines, which are closer to the entrance of the cavity. Nevertheless, 

given the experimental uncertainties and possible errors, these results justify the use of 

the 3-D model for analyzing other types of defects and subsurface structures on the AFM 

tip-substrate contact [65].  

3.3 Application of the 3-D FEA Model and Discussion 

In the second chapter, the 3-D FEA model is used to predict the effects of several 

defect geometries, as well as imaging parameters such as contact force on ultrasonic 

AFM. In addition, since this model can evaluate the effects on the contact stiffness 

caused by multiple subsurface structures with more complex geometries, the resolving 

power of ultrasonic AFM for certain types of defects is investigated. A practical example 

of subsurface defect such as electromigration voids in microelectronics interconnects is 
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also presented in the second chapter. After the experimental verification of the 3-D FEA 

model, it can be concluded that the results presented in chapter 2 are validated. 

 According to the experimental data, the particular AFAM set-up developed can detect 

10 N/m or more of contact stiffness change. Thus, the minimum detectable contact 

stiffness change, Δk, is 10 N/m. If the simulation results are analyzed with this 

information, one can decide on what kind of subsurface structures are detectable. For 

example, when there is a spherical cavity of 300 nm radius under 200 nm silicon 

material, the contact stiffness change is 16 N/m on the softest spot, which is barely 

detectable by the current set-up (Fig. 10). However, if a cylindrical cavity of the same 

radius and position is imaged, the contact stiffness change is 32 N/m and this cavity can 

be detected much easier.  

 According to the model, an electromigration void creates 18 N/m contact stiffness 

decrease under 100 nm SiO2 when its radius reaches 70 nm (Fig. 13). It means that the 

early stages of an electromigration defect can be detected on a very thin interconnect in a 

non-invasive manner. 

3.3.1 Effects of Elastic Properties of Subsurface Structures 

One interesting parameter to investigate is the effects of the elastic properties of 

the substructures on the detection limits.  For this purpose, long cylindrical inclusions in 

silicon made of SiO2 and tungsten as practical materials (see Table 2) are simulated. To 

simulate the limiting cases, the results for a cylindrical cavity or a perfectly rigid 

inclusion of the same shape are generated. A contact force of 1 µN and tip radius of 100 

nm are used in the simulations. As mentioned before, the minimum detectable contact 

stiffness change, Δk of 10 N/m is calculated for the constructed AFAM set-up. In Fig. 21, 
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the minimum defect size and depth required for the detection of these subsurface defects 

are plotted. Each line shows the depth and the radius of the corresponding inclusion that 

results in Δk of 10 N/m in contact stiffness. For each material, the region to left of the 

contours shows the detectable range of the cylindrical defect radius and depth. According 

to Fig. 21, when there is higher contrast between substrate and structure, smaller 

inclusions can be detected. As expected, subsurface structures with mechanical properties 

with large contrast as compared to silicon can be detected easier at larger depths. 

Consequently, the lines corresponding to rigid structure and void defects are the 

rightmost curves. Similarly, the tungsten inclusion generates more contrast than a similar 

silicon dioxide structure. Rigid inclusions can be detected easier than the voids of similar 

size when they are close to the surface. The steep increase in detectable rigid cylinder 

radius shows that the penetration depth for this type of defects is limited to about 280 nm 

regardless of its size for this particular tip radius, tip and substrate material. In contrast, a 

void located deeper in the substrate can still be detected if it has large enough diameter. 

Note that although the results in this figure are valid for this particular example they can 

serve as a guideline for subsurface detection. 
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Figure 21The detection limit contours for the cylindrical defects in silicon substrate [65]. 
 

3.4 Chapter Summary 

Ultrasonic AFM methods provide sensitive contact stiffness measurements even on 

stiff samples and have been used by researchers for quantitative contact stiffness imaging 

on heterogeneous materials. In this research, an ultrasonic AFM method –AFAM– is used 

to verify the 3-D subsurface imaging model presented in second chapter. An AFAM set-

up is constructed and a special sample with well-known subsurface structure is 

fabricated. The verified 3-D model can be employed for predicting the contact stiffness 

images of samples and also for determining the detection feasibility of the subsurface 

structures [65]. The results presented in this thesis are focused on AFM tip-sample 

contact and they can be used as guidelines for subsurface imaging by AFM. 
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CHAPTER 4 

MECHANICAL PROPERTIES IMAGING BY MEASURING TIME-
RESOLVED INTERACTION FORCES 

 
 

Intermittent contact mode is the preferred mode of topography imaging by AFM 

when the lateral forces and the friction on the surface have to be avoided. In this broadly 

used mode, interaction forces between the probe tip and the sample are minimized and 

the tip taps the surface lightly. Tapping mode (TM) AFM is the most common 

intermittent contact mode of AFM. In the TM AFM, an AFM probe is vibrated with an 

AC signal –usually in the vicinity of the probe’s resonance– and the contact of the tip 

with the surface decreases the vibration amplitude. The feedback control keeps the probe 

base-sample distance constant by using the vibration amplitude as a parameter and 

follows the topography. During the TM AFM, the tip interacts with the surface 

periodically and this interaction contains crucial information about mechanical and 

chemical properties of the sample [36, 77, 78].  

4.1 Methods of Material Characterization by Tapping Mode AFM 

4.1.1 Imaging the Phase 

When the AFM tip scans the surface with TM, the vibration amplitude is kept 

constant by using the feedback circuit. Another component of the vibration is the phase 

of the taps, which is not controlled by the feedback. The phase shift in the detection 

signal leads to the high contrast images of relative material properties and can be used to 

determine different materials deposited on a surface [44]. Since the phase shift is 

associated with attractive-repulsive state transition, viscoelastic properties, adhesion 
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forces, and friction; it can be considered as a map of dissipated energy during the taps 

[44, 79] and the quantitative interpretation of the phase shift in terms mechanical 

properties is not trivial [44, 77, 79, 80].  

 Quantitative expression of the phase shift has been studied by several authors. In 

addition to this, researchers have introduced different TM AFM methods that utilize 

phase data as the material characterization tool. One of these methods is called bimodal 

AFM, in which the probe is vibrated with the first and the second flexural vibration 

modes [81]. While the amplitude of the first mode is used to image the topography, the 

second mode is not controlled by the feedback mechanism and the phase of the second 

mode shows high contrast due to the surface properties [82, 83]. 

4.1.2 Harmonic Imaging 

The detected taps on the surface during the TM AFM are time-dependent periodic 

signals. Imaging the harmonic content of the detection signal can be used for  material 

characterization by TM AFM hence the impact with the surface gives rise to higher 

harmonics. However, the frequency spectrum of a regular AFM cantilever is complicated 

with multiple resonance modes and obtaining mechanical properties of the sample 

requires extensive mathematical modeling and data processing [45, 78, 84]. Since the 

amplitudes of the harmonics are influenced by the resonance frequencies of the frequency 

spectrum, the acquired tip-sample interaction forces are hard to analyze as shown in Fig. 

22 [78]. The attractive and repulsive forces occur in the small time duration of a tapping 

period but the complex dynamics of the cantilever moves the tip even when the tip does 

not interact with the surface.  
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Figure 22 (A) The reconstructed interaction force and photodiode outputs. Free oscillation is shown 
in (i), whereas (ii) is the attractive force region. (iv) Repulsive forces become dominant and exceed 
200 nN. (B) Taps on different materials [78]. 
  

One of the methods that exploits the dynamics of the regular AFM cantilevers is to 

actuate the cantilever by a submultiple of the fundamental resonance frequency and to 

measure the harmonic at this fundamental resonance [46, 85]. Sahin et al. proposed 

another method called harmonic cantilevers (Fig. 23) in which an AFM cantilever is 

tailored to have a resonance frequency in a higher harmonic [86]. Observing the 

harmonics is helpful for elasticity imaging but obtaining time-resolved tip-sample 

interaction force signal is still necessary for extensive material characterization since the 

attractive forces have an impact on the harmonic content.  

 
Figure 23 SEM image of a harmonic cantilever [86]. 
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The flexural frequency response of the cantilever shows multiple higher-order modes 

around the higher harmonics while the torsional frequency response has one resonance at 

a very high frequency. Torsional harmonic cantilevers (THC) are based on this property 

and they are designed with a tip that has an offset from the axis of the cantilever as shown 

in Fig. 24 [47]. The cantilever is still vibrated in the first flexural mode while the 

interaction forces cause torsional vibrations in the harmonics of the first mode. 

Correcting the coupling from the flexural modes will provide the time-resolved 

interaction forces through the reconstruction of the harmonics.  

 

Figure 24 (a) SEM image of a torsional harmonic cantilever. (b) An illustration of the THC while it is 
tapping [47]. 
 

4.1.3 Time-resolved Interaction Forces Imaging 

Measuring the harmonics of the taps is actually a way for constructing time-

resolved interaction forces, which are valuable for material characterization. It is also 

possible to obtain interaction forces without mathematical reconstruction of the 

harmonics. One of the methods is to modulate the z-piezo at a frequency much lower than 

the resonance of the cantilever while the cantilever is resting. As the modulated piezo 

causes contact of the tip and the surface at a low frequency, deflection of the cantilever –

interaction forces– can be measured in a time-resolved manner.  The jumping mode [87], 
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pulsed-force mode [5, 22, 88], and peak-force AFM [89] are the examples of this method. 

Actually, these methods are more similar to force curve measurements than TM AFM 

since the z-piezo is modulated and the probe is kept still until it reacts to the interaction 

force. However, they are much faster than the usual force curves and they can image the 

mechanical properties of a surface while obtaining the topography. Although the z-piezo 

modulation frequency is lower than the first resonance frequency of the cantilever, 

ripples with that frequency occur in the tap due to the high Q of the probe. These 

additional ripples are usually removed by filtering while processing the data. For 

sensitive operation, one should select the appropriate probe that matches the contact 

stiffness during the operation. While using a soft cantilever for soft samples (softer than 

500 MPa), the first free resonance frequency of the cantilever is close to the operation 

frequency and the results are not reliable due to the high Q of the cantilever (Table 1). 

Because of this, one should submerge the cantilever in fluid to create more damping and 

lower Q. 

4.2 FIRAT Probes 

Cantilever beams are known to have high Q with complex frequency spectrums. 

Imaging the time-resolved interaction forces is difficult with such a frequency response. 

To solve this problem, a micromachined pressure sensor based novel AFM probe with 

high bandwidth is introduced by Degertekin group in 2005 [51]. This probe has 

integrated interferometric optical detection and electrostatic actuation. It is called force 

sensing integrated read-out active tip (FIRAT) and in earlier designs a circular membrane 

or a doubly supported beam are used instead of the traditional AFM cantilevers. FIRAT 

probe consists of two parts; a micromachined electrically conducting beam fabricated on 
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a transparent substrate and a focused ion beam (FIB) deposited platinum tip (Fig. 25) [50, 

90]. As seen in Fig. 25, electrically conducting gratings are deposited on the transparent 

substrate. The grating provides the diffraction of the light into different orders while the 

intensity of the orders depends on the gap height. The gratings are used for not only 

optical detection but also the actuation of the beam and biasing the beam to an optically 

sensitive point. Since the substrate is transparent, the laser goes through the substrate and 

reflects from the beam and the gratings. FIRAT has high bandwidth, interferometric 

optical sensitivity and electrostatic actuation capability and it can be used for fast 

imaging and time resolved interaction forces (TRIF) imaging.  

 

Figure 25 Schematic of the FIRAT probe and the diffraction based optical detection [50]. 
 

In the current TRIF mode of FIRAT set-up, the beam is biased electrostatically to an 

optically displacement sensitive position and the z-piezo of the AFM system is vibrated 

at 2 kHz (Fig. 26). This configuration is similar to the pulsed-force and peak-force AFM. 

The tip-sample interaction forces cause displacements in the beam and the laser intensity 

of the orders changes due to the displacement as the tip taps the surface.  
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Figure 26 Schematic of the TRIF mode set-up.  
 

FIRAT probe is designed to have a low quality factor and high cut-off frequency, so 

there is no ringing on the tap signals as in cantilevers [22, 49]. Recently, the real-time 

material characterization by TRIF mode of FIRAT probe has been demonstrated on 

different materials (Fig. 27) [52] without any complicated mathematical reconstruction 

[49, 91]. The tap signals clearly indicate attractive and repulsive forces. The repulsive 

force region provides elasticity of the sample while the attractive force peaks show the 

surface energy and the hysteresis of adhesion. 

 

Figure 27 Experimental TRIF signals on different materials [52]. 
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4.3 Modeling of the FIRAT Probes 

4.3.1 Dynamics of FIRAT Probes 

The deflections on the beam during imaging are small and the bias voltage is 

constant, thus it is possible to model the probe dynamics with mechanical elements. The 

FIRAT probe structure has stiffness and mass while the squeezed film between the probe 

and the substrate causes damping. One can use the electrical conjugates of these 

mechanical elements and create an equivalent circuit to examine the probe dynamics. The 

electrical conjugates of the force and the velocity are the voltage and the current in a 

circuit [92]. The equivalent circuit of the FIRAT probe is shown in Fig.28.  

 

Figure 28 Spring-mass-dashpot model using a squeezed-film damping element [92]. 
 

In this equivalent circuit, the beam stiffness, k, is represented by a capacitor since 

it is also associated with the stored potential energy, while the mass, m, is added to the 

circuitry as an inductor. Damping may occur due to the loss in the beam structure and this 

loss will be the main source of damping when the probe is placed in vacuum. However, 

the mechanical loss in the beam structure is much smaller than the squeezed film 

damping caused by the small gap between the beam and the quartz substrate. The 

squeezed film damping, b, is added to the equivalent circuit as a resistor. The damping of 

the film dissipates energy as a resistor does and decreases the quality factor of the system. 
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Both a resistor and a capacitor are required for the modeling of the squeezed film since 

there are both damping and stiffening effects of the film. For the frequencies much lower 

than wc, only the damping component will be effective. When the film is vibrated at 

higher frequencies, the impedance of the film capacitor will increase and cause stiffening. 

The cut-off frequency wc is calculated by using the following equation: 
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  .           (4.1) 

In this equation, h0 is the gap height, P0 is the ambient pressure, η is the viscosity, and W 

is width of the beam. The transfer function between the force, F, and the displacement, x, 

is shown below: 
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         Although it is possible to simplify this equation for different cases, the non-

simplified version is applicable to a wider variety of probes. For very low frequencies, 

only the stiffness of the probe will be effective. As the frequency increases, the behavior 

of the probe becomes more complex. Fig. 29 shows the measured frequency spectrum of 

a FIRAT probe and the frequency spectrum of a matching equivalent circuit. 
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Figure 29 The measured and simulated frequency response of a FIRAT probe.  
 

Quality factor (Q) of a regular FIRAT probe varies between 0.3-4 and is highly 

dependent on the gap height. The gap can be adjusted by applying a DC bias voltage and 

the probe dynamics can be tailored for the desired response. Meaning that, one can apply 

high DC bias and have a lower cut-off frequency or low DC bias voltage and obtain 

higher Q. In addition to the changes in the loss, the beam will be softer due to the spring 

softening effect when the DC bias is increased [92, 93]. The frequency spectrums of the 

FIRAT probe with 3 and 2.5 µm gaps are calculated by Eq. (4.2) and demonstrated in 

Fig. 30. In this figure, it is assumed that the gap is decreased by applying higher DC bias. 

Due to the softening effects, the spring constant of the probe is 0.6 times smaller than the 

higher gap case [93]. By decreasing the gap 0.5 µm, the cut-off frequency is reduced 

from 225 kHz to 65 kHz.  
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Figure 30 The frequency response of a FIRAT probe with two different gap heights. 
 
 

As the z-piezo is actuated by a sine wave at 2 kHz close to the tip-sample contact, 

the probe tip goes through non-contact and contact regions of the tap periodically. The 

interaction forces between the tip and the surface cause deflection in the beam and this 

deflection can be monitored by using the PD output (Fig. 31). The tips of the current 

FIRAT probes are fabricated in a serial manner by FIB and they are not as reliable as the 

silicon tips. So, for testing purposes tipless FIRAT beams are used and the material to test 

is deposited on top of the beams. A silicon cantilever is placed to the z-piezo and used as 

a sample. Pentacene (a p-type organic semiconductor) [94, 95], which can be deposited in 

room temperature and ambient conditions, is imaged by this sample tip as well as the 

aluminum  beam (Fig. 31).    
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Figure 31 The experimental set-up of TRIF mode of FIRAT with a sharp tip. 
 

The experimentally obtained time-resolved tap signals of one period are shown in 

Fig. 32 (a). The blue line represents the tap of a silicon tip on aluminum while the red line 

represents the tap of the same tip on pentacene. Although the tips are the same, the taps 

show different characteristics because of the material properties of the samples. One can 

clearly observe that the attractive forces are much higher when the taps are obtained on 

the pentacene sample. Another evident difference is the slope of the taps. In Fig. 32 (a), 

the taps are plotted in a time-dependent fashion. However, plotting the interaction forces 

versus the z-piezo movement is also helpful for analyzing material properties and the taps 

are plotted as force curves in Fig. 32 (b). As explained before, the slope of a force curve 

can be used to calculate the elasticity of a sample. In the Fig. 32 (b), it is obvious that 

pentacene is much softer than aluminum since the slope of the force curve is smaller. 

Note that, if a sample stiffer than aluminum was imaged instead of the pentacene, the 

force curves would not be as distinct as Fig. 32 due to the decreased sensitivity.  
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Figure 32 (a) Taps versus time. (b)Taps versus z-piezo movement. 
 

4.3.2 Simulink Model of the FIRAT Probe 

The interaction forces depend on the stiffness of the surfaces and the surface 

forces. Understanding these forces requires proper modeling, in which probe dynamics, 

material properties, and different operation possibilities can be studied. In addition to 

these, one can test data analysis accuracy by using model generated data. In this work, 

Simulink is used to model the TRIF mode operation of the FIRAT probes.   

The experimental set-up for the TRIF mode of FIRAT probe is shown in Fig. 26. 

In this set-up, interaction forces will cause deflection on the beam depending on the 

probe dynamics. It is possible to model TRIF mode operation by using the block diagram 

shown in Fig. 33.  

(a) (b) 
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Figure 33 The block diagram of the taps on the probe. Sample properties, probe dynamics, and 
detection system is included in this model. 

 

In this block diagram, the z-piezo moves at f0 frequency with Y1 amplitude and Y0 

offset distance from the surface. The piezo movement is defined by the following 

equation: 

001 )2sin()( YtfYtZ   .       (4.3) 

In the current experimental set-up, f0 is 2 kHz, Y1 is 57.5 nm. The tip-sample distance is 

used as a parameter for the interaction force calculation and different contact mechanics 

models can be applied for the interaction forces block. Depending on the tip-sample 

distance, either non-contact or contact model will be selected. The tip-sample distance, 

d(t), is the sum of the probe deflection and the z-piezo movement. 

)()2sin()( 001 txYtfYtd   .      (4.4) 

The deflection, x(t), is calculated by the transfer function in Eq. 4.2. To simplify the 

calculation of the tip-sample distance, one can compute x(t) as F(t)/k [52]. As the z-piezo 
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pushes the sample to the tip, the beam deflects. Since the probe is not a perfect spring and 

it has loss, the deflection is obtained after using the transfer function of the probe 

mechanics in the Simulink model. This transfer function can be calculated by using the 

probe dimensions. Experimentally obtained x(t) and Z(t) are plotted in Fig. 34. 

 

Figure 34 Experimental Z(t) and x(t) measured on the sample. 
 

One factor that has not been accounted for in this model is the variation in the 

probe dynamics. The interaction between the tip and the surface can be linearized as a 

spring for the small signals. The addition of this spring changes the response of the probe 

and this change can be calculated after complicated analysis. For the FIRAT probe, the 

cut-off frequency increases during the repulsive force region while for the cantilevers 

fundamental resonance frequency is shifted. This property is not included in the current 

Simulink model.  

The diagram shown in Fig. 33 is the basic Simulink model. It is possible to extend 

this model for the taps on the layered media, hysteresis, and different operation 

possibilities. This Simulink model will help to understand the effects of different probe 

dynamics on the obtained interaction forces. As an example, taps by two different probes 
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are simulated and shown in Fig. 35 (a) and (b). The first probe has a 143 kHz resonance 

frequency and a Q of 180, while the second probe has a 130 kHz cut-off frequency and a 

Q of 0.43. When the probe has a high Q and low resonance frequency, the interaction 

forces may require post-processing and this may alter some of material characterization 

results. Similar cases are studied with FIRAT probes (Fig. 35 (d)) and AFM cantilevers 

(Fig. 35 (c)).   
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Figure 35 Taps simulated for a high Q (a) and low Q (b) probe. Taps measured by using a cantilever 
(c) and FIRAT probe (d). 
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4.3.3 Theoretical Modeling of the Interaction Forces 

4.3.3.1 Surface Forces during the Non-contact Region 

When two bodies are brought together, surface forces are always present but these 

forces become more apparent at small scales. For characterization of materials at the 

nanoscale, the surface forces are valuable and a part of the characterization process.  

In TM AFM, TRIF mode of FIRAT probe, and nanoindentation, the probe tip 

approaches to the surface, makes contact with it and then it is separated. This cycle is 

called advancing/receding or loading/unloading. Although repulsive forces dominate 

during the contact region of this cycle, both attractive and repulsive forces occur while 

the tip and the surface are approaching and separating. These surface forces can be 

present both in vacuum and in solutions –like air–. In this section, the focus is on the 

surface forces that appear during the operation of the FIRAT probe in air.  

The following figure shows the schematic of the force law between two bodies. In 

Fig. 36, one of the bodies is attached to a non-stationary base by a spring while the 

second body is fixed. This schematic can also be applied to FIRAT probe. The upper base 

is the z-piezo and it is actuated at 2 kHz. As the bodies approach, interaction forces 

become effective and the spring deforms. If the deflection of the spring can be measured 

and the vibration of the base is well-defined, one can calculate the distance, D, and the 

force, F. A typical force law curve is shown also in Fig. 36. Please note that, in Fig. 32 

(b) force versus D is plotted while in Fig. force versus D0 is plotted.  
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Figure 36 The schematic of the force curve; two bodies, one is connected to the non-stationary base 
by a spring. Second body (sample) on the z-piezo.  
 

The force curve shown in Fig. 36 (b) has an attractive approach region near 

contact, a repulsive contact region when the tip indents the sample and an attractive 

separation region after the contact. When the tip approaches the sample, the tip may not 

follow the interaction force curve and find an equilibrium point by following the dashed 

line and the body #2 jumps into the contact. As a result, one may not be able to measure 

the real adhesion force between two bodies during the approach curve [15]. Similarly, as 

the bodies are separated from the contact, the probe cannot balance the interaction forces 

with the probe stiffness. Thus, it experiences the highest adhesive force point and then 

jumps out of the contact in the separation curve. When the probe jumps out of the 

contact, a cantilever will fall into an instable regime and follow the dashed line in Fig. 36. 

The slope of this line is equal to kc in slow rate operations by AFM cantilevers, where 

damping is assumed to be zero. Stiffer probes will follow the interaction forces with less 

instability, so they are used for measuring the surface forces or imaging in TM AFM. 

Due to the high damping in FIRAT probes, FIRAT probes follow a damped version of 

the dashed line which shows a smaller slope than kc. The experimental data on pentacene 
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is shown in Fig. 37; kc is 18 N/m while the slope of the retraction is 15.74, slightly lower 

than kc.  

The adhesion force is 350 nN for silicon tip-pentacene contact in this 

measurement. The extraction curve has much lower slope than the retraction curve on 

pentacene that shows that probe instability does not occur in the extraction curve. As a 

result, the maximum attraction force for extraction curve is calculated as 140 nN. 
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Figure 37 Interaction force versus tip-sample distance measured by FIRAT probe on pentacene. 
 

A FIRAT set-up has to be used in ambient conditions since the damping of the 

squeezed film is required for the low quality factor. Electrostatic and van-der-Waals 

forces are the two main long range interaction forces in air. Water vapor in air causes a 

surface layer of condensed water and organic molecules around the contact; this capillary 

condensation makes the attractive forces stronger. In addition to these, FIRAT probe 

measures interaction forces between the tip and the surface by a dynamic operation so 

hydrodynamic and viscous forces may become effective [15, 16].   
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As discussed above, adhesion hysteresis arises with the interaction of the tip and 

the surface. It can be a result of probe instabilities, wetting angles, viscoelasticity and 

chemically inhomogeneous systems. However, one should not think of adhesion 

hysteresis as an imperfection of the system. Even after correcting the probe instabilities, 

using purely elastic homogenous materials in vacuum, one can observe adhesion 

hysteresis. Because of the chemical and mechanical changes in the tip and the sample 

after the contact, surface roughness and chemical heterogeneity will be induced and this 

will result in adhesion hysteresis.   

Fig. 37 is the force-displacement curve obtained from the taps on the pentacene. 

Taps on the pentacene exhibit high adhesion and adhesion hysteresis without probe 

instability in the extraction curve. It means, the adhesion hysteresis is due to the losses –

wetting, viscosity, lubricity, ext. – and changes that appear during the contact. While 

modeling the non-contact force regime, the patch-charge model with 1/(1+D/Z)2 

dependence is used where Z is the distance between the charge to the tip end.  This non-

contact force region has the best fit for the materials imaged.   

4.3.3.2 Contact Mechanics Models for AFM Tip-Sample Contact  

As explained in previous sections, attractive forces exist and become effective on 

small enough scales. The force that keeps two surfaces together after contact is higher 

than the initial attractive forces and it is called adhesion force. The contact mechanics 

require more complicated models than Hertzian contact model since attractive forces are 

present for small scales.  

 The details on Hertzian contact theory are presented in section 2.1. When the 

contact forces are high and the surface forces are low, Hertzian theory is valid as in 
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UAFM experiments. On the other hand, one should use loading and unloading curves of 

the taps –or force curves– to characterize different mechanical properties and these 

curves have both low and high contact force regions. Accordingly, Hertzian theory 

cannot be applied to the taps. The relationship between the force and the deformation is 

explained by the following equation, 

5.05.1 RKF  ,         (4.5) 

where F is the force, δ is the deformation, and R is the tip radius. K is the reduced 

Young’s modulus and is calculated as: 
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in which  is the Poisson ratio and Etip and Esample are the Young’s modulus of the tip and 

the sample.  

 Another model that can be used is DMT (Derjaguin, Muller, Toporov) mechanics, 

which is usually used for rigid systems, low surface forces, and sharp tips [16]. This 

model is quite similar to Hertzian theory with an adhesion offset. As with Hertzian, DMT 

also does not suggest hysteresis in the loading and unloading curves. In DMT mechanics, 

the tip-sample contact starts with a negative adhesion force and then behaves as a 

Hertzian contact model: 

wRRKF  25.05.1  ,       (4.7) 

where  is the work of adhesion at contact. DMT is used to analyze the taps for FIRAT 

system and pulsed-force mode measurements. It is not necessarily the best fit for 

modeling tip-sample contact for AFM since it suggests a discontinuous slope for the start 

of the contact. However, it is preferred over other methods due to its simplicity.  
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 BCP (Burnham, Colton, Pollock) was introduced after DMT to provide a better fit 

for the force curves. During the taps, the probe tip is attracted by the surface before the 

contact, and then a transition region appears between the initial contact and the high 

contact force.  In BCP mechanics, it is assumed that sample surface will bulge out to the 

tip with the effects of attractive forces before the contact. Thus, deformation is negative 

at initial contact [16]. BCP mechanics is more complicated than DMT, so although it is 

more realistic to use BCP for modeling the taps, DMT is used while extracting data for 

material characterization. The equations for BCP mechanics are: 
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where a is the contact radius.  

BCP mechanics do not have hysteresis, meaning that if the cantilever is infinitely 

stiff and attractive forces of the surface do not change during the contact, loading and 

unloading curves will follow the same pattern. 

 Another model that can be used for analyzing force-displacement data is the 

JKRS (Johnson, Kendall, Roberts, Sperling) mechanics. JKRS mechanics is suitable for 

high tip radius, high adhesion forces, and soft materials. One of the assumptions of the 

JKRS mechanics is that the attractive forces exist only when the tip and the sample are in 

contact and these forces are short-ranged [16]. As the tip is retracted from the sample, a 

connective neck is created and then broken as a rupture. This model has hysteresis but it 
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is not suitable for the FIRAT probes since it underestimates the attractive forces before 

the contact. The force and deformation equations are more complex than before: 
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In 1992, Maugis improved a contact mechanics model that is more complex but 

more accurate and applicable on a wider range of tip-sample combinations. When using 

Maugis mechanics model, one does not need to use any assumptions about the material 

types or the geometry. Maugis mechanics employs a key parameter, λ, in the governing 

equations: 
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In this equation, ε0, is the interatomic equilibrium distance. This key parameter, λ, 

helps to decide which mechanics model to apply [16]. If the λ of the system is much 

smaller than 1, DMT mechanics is applicable. If the λ is close to infinite, JKRS 

mechanics is a good fit for the system. BCP mechanics is used for moderate λ values.    

For a typical FIRAT probe measurement, tip radius is 15-80 nm,  is 0.5-1, and K 

is 0.1-200 GPa. As a result, λ value is between 0.5 and 5. For these values, BCP and 

DMT can be used.  According to the experimental data, samples like silicon, chromium 

fit well with DMT contact mechanics while BCP is a better fit for soft polymers.  

To simulate the taps in Simulink, DMT and BCP contact mechanics are used. 

Both of these models do not include hysteresis while the actual taps have high adhesion 

hysteresis. As explained before, this hysteresis is not due to the probe mechanics. Since 
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DMT and BCP contact mechanics models do not include hysteresis, a variable surface 

energy block has to be added to the Simulink model (Fig. 33). By the help of this block, 

the surface energy that keeps the bodies together will increase during the contact and 

cause adhesion hysteresis as in the experiments.  

To demonstrate the difference of the both models, taps on a sample with a 1 GPa 

Young’s modulus are simulated by using BCP and DMT models. While DMT model 

suggests a sharp transition region, BCP model shows a smoother transition from non-

contact to contact region, which is consistent with measurements on compliant materials. 

DMT is much easier to analyze and extract the stiffness data. Because of that, DMT has 

been used to analyze the taps both in FIRAT [52], torsional cantilevers [47], and pulsed-

force mode [88] experiments.  
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Figure 38 Tap simulated by using DMT and BCP mechanics. 
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4.3.4 Inverting the Taps for Material Characterization 

The taps obtained by the FIRAT probe are examined, fits to different models are 

studied and possible taps are simulated by using Simulink. These studies give us the 

capability of inverting the taps for quantitative material characterization. When one can 

analyze the tap data quantitatively, the surface energy and Young’s modulus on the 

sample can be mapped in nanoscale resolution. 

 

Figure 39 FIRAT probe interacting with the sample surface. Material properties can be extracted 
from the taps [52]. 
 

The expression needed for tip-sample distance, d(t), is stated by Eq.4.4. DMT 

contact model uses d(t) to calculate the interaction force, F; 

wRdRKdF 2)()( 5.1   for d<0,     (4.13) 

where K is reduced Young’s modulus calculated by Eq.4.6.  

To obtain the reduced Young’s modulus from the taps, one can assume a value for 

K, and calculate Y0 (offset of the z-piezo movement signal) by: 

   kFRKFFYY on /)/( max

3/2

max10  ,     (4.14) 
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in which Fmax is the maximum tap force and Fon is the force in initial contact. Then, the 

expected tap force can be simulated using the calculated value of Y0, assumed K, and 

measured Fon: 

onFktFtfYYRKt  2/3
010 /)()2sin()(  .    (4.15) 

The error,   )(/)()( tFtFt , is computed for different values of K and the 

error is minimized for the correct K value. With this calculation, one can obtain K and Y0 

on the surfaces in nanoscale. In addition to this, it is possible to analyze taps generated by 

Simulink with the same method and address different error sources. These error sources 

can be the low cut-off frequency of the probe response, and ambiguities in the probe 

stiffness and the tip.  

4.4 Sensitivity of the Elasticity Measurement by FIRAT Probe 

4.4.1 Dependence of the Sensitivity on the Probe Dynamics 

The FIRAT probes are highly damped low Q structures. The simulated and 

measured frequency responses of a FIRAT probe are shown in Fig. 29. The response is 

nearly flat until the cut-off frequency (Fig. 29) and it is possible to tailor the cut-off 

frequency by changing the gap (Fig. 40 (a)). To investigate the effects of the frequency 

response of the probe, the Simulink model shown in Fig. 33 is used. The cut-off 

frequencies between 10 kHz and 200 kHz are assigned as the probe response in the 

model, while K values of 1 and 5 GPa are used. Different taps with these configurations 

are generated without adding noise and then analyzed by using the analysis method. 

Since analysis method works with flat response assumption (losses and cut-off 

frequencies are ignored), calculated K values are not same as the assigned K values. The 
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error caused by frequency response is demonstrated in Fig. 40 (b) and according to these 

results; the cut-off frequency should be more than 40 kHz to provide error less than 5%.  
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Figure 40 (a) Frequency response of the probe for different gaps. 3 µm gap provides 200 kHz cut-off 
frequency while 2.5 µm gap provides 70 kHz cut-off frequency. (b) Error in the Young’s modulus 
calculation for different cut-off frequencies. 
 

4.4.2 Effects of Experimental Uncertainties on the Elasticity Measurement 

Sensitivity 

Another error source is the ambiguity in the probe stiffness. Although AFM users 

usually know the range of the probe stiffness, calibration is required to find the exact 

probe stiffness. Even after the stiffness calibration, the calculated probe stiffness may 

have up to 20% error.  This error margin will cause inaccuracy in K calculations. The 

(a) 

(b) 
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following figure shows how the error in probe stiffness affects the results for a 20 N/m 

probe. Users should be aware of this error margin while analyzing the results. 
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Figure 41 The error in measured Young’s modulus due to the ambiguity in probe stiffness. 
 
 

 One of the problems of material characterization analysis by interaction force 

imaging by AFM is the validity assumption of DMT mechanics. DMT mechanics is the 

preferred analysis model since it is much easier to extract the mechanical properties. 

However, samples like soft polymers with high adhesion show contact characteristics 

similar to BCP mechanics as shown in Fig.38. To analyze the error due to the modeling, 

taps on a material with 500 MPa Young’s modulus are simulated by using BCP 

mechanics. Then, the mechanical properties on this material are extracted from the taps 

by using DMT. The elasticity calculated by DMT is 280 MPa, which is much lower than 

the assigned value. It is important to know that when soft polymers are imaged by any 

probe with interaction force imaging capability, the data analysis with DMT method may 

provide K values lower than the real K value of the sample. 
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4.4.3 Effects of the Noise and Probe Stiffness on the Elasticity Measurement 

Sensitivity 

The FIRAT probe has diffraction gratings that create multiple orders and the 

intensity of these orders change with the displacement of the beam. Differential detection 

of these orders can decrease the noise to the shot noise level by eliminating the intensity 

noise. However, only the first diffracted order can be detected with the current FIRAT 

set-up and it results in high intensity noise, approximately 4 nNrms for a 100 kHz 

bandwidth. Material characterization sensitivity highly depends on the noise level.  

To understand the effects of the noise and probe stiffness on the elasticity 

measurement sensitivity, the Simulink model shown in Fig. 33 is used. In that model, a 

white laser intensity noise is added to the probe deflection output resulting in 1.5 Aorms 

displacement noise. The laser intensity noise does not depend on the probe stiffness, 

deflection, or dynamics. For a typical FIRAT probe, such a laser intensity noise results in 

4 nNrms force noise. To analyze the elasticity measurement sensitivity, different probe 

stiffnesses with 100 kHz cut-off frequency are computed for each stiffness value. Then, 

the resulting taps are examined by using the algorithm outlined in the previous section. 

Computed K values with less than 12% error for each probe stiffness value is depicted in 

Fig. 42 and the lines represent the sensitive regime. According to this graph, there is no 

magical probe stiffness that can be used on a broad sample elasticity range. When the 

elasticity is too low, the tip indents into the sample and the probe barely deflects, causing 

the noise to dominate. On the other hand, for stiff materials the indentation into the 

sample becomes less than the noise level. Obviously, less noise on the system can 

provide wider error bars. In addition to this, one can use tips with a higher radius of 
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curvature (the simulated radius of curvature is 50 nm in this figure) to be able to analyze 

softer materials than the error bar limits. Basically, a higher tip radius will shift the bars 

down. This figure is not only a guideline for the FIRAT probes, but it can also be used for 

pulsed-force mode and torsional cantilevers that utilize interaction forces to calculate the 

elasticity. 

 

Figure 42 The elasticity values that can be measured accurately for different probe stiffnesses. 
 

To enhance the sensitivity, one can apply averaging on the data. The force noise 

after averaging is shown in Fig. 43. The reduced noise levels can help to provide 

elasticity data with more accuracy but high averaging requires slow scan rate. It has been 

shown in Degertekin group that making an AFM head for differential detection will solve 

this problem without averaging and provide fast material characterization capability [96, 

97]. The ideal AFM head has a laser source, split photodiodes and a circuitry for 

differential detection. A similar structure is built for imaging biomolecular forces by 

micromachined membrane based active probes [97].   
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Figure 43 Force noise RMS versus number of averages. 
 

4.5 Inversion of the Taps for Layered Media Characterization 

TRIF mode of the FIRAT probe can provide mechanical properties on the surfaces 

by measuring the interaction force curves. Until now, bulk materials are used in the tap 

simulations. However, the sample may contain subsurface layers and structures. The 

reduced Young’s modulus is constant on a half-space substrate while it changes as a 

function of the contact force when the sample has subsurface layers. This difference 

causes variations in the taps.  

Although the basic Simulink model for TRIF mode is constructed for constant K, it 

is possible to compute K(d) for the layered material. K(d) means K values are dependent 

on the indentation of the sample and the methods to calculate K(d) values are explained 

in Chapter 2.  

For a soft 4 nm polymer layer of 100 MPa Young’s modulus on 30 GPa substrate, 

the effective Young’s modulus increases from 100 MPa to 5 GPa with the indentation. In 

the following figure, taps are generated for the substrate with and without the soft top 
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layer. According to the simulations, one can easily observe the parts of the sample with 

and without soft top layer.  
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Figure 44 (a) The effective elasticity on the surface changes with the indentation. (b) The taps show 
differences for bulk material and the layered material. 
 

4.5.1 Mechanical Properties Imaging on the Layered media 

The current method for calculating K simultaneously solves the two unknowns; 

Young’s modulus, K, and offset, Y0. To do so, the whole repulsive force region is used. 

However, the existence of the subsurface structures causes modifications in Fmax and the 

slope. As a result, the previously introduced tap inversion method cannot be applied for 

the layered media.  

To resolve this issue, a different tap inversion algorithm is introduced for layered 

media. In this method the initial contact of the tip with the surface (Fon location Fig. 39) 

is used to calculate Y0. 

    onon FktFtfYYRKtFF  /2cos)( 000100     (4.16) 

 and 

  kFtfYY on /2cos 0010   .       (4.17) 
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After obtaining the offset value, one can analyze an individual tap by computing K 

versus indentation. The subsurface composition can be obtained by using this data. The 

Simulink generated tap on the layered material is examined by this inversion algorithm 

and the results are plotted with the assigned Young’s modulus values. 
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Figure 45 The taps simulated for layered material is then analyzed and the calculated values and the 
real values are plotted. 
 

As seen in Fig.45, the calculated K values are higher than the assigned K values. 

Since the probe has loss due to the squeezed film effect, the probe responds to the 

interaction forces with a delay. This delay causes error in t0 and consequently in the Y0 

calculations. The probe simulated in this example has a 200 kHz cut-off frequency and 

probes with lower cut-off are not suitable for characterizing the layered media with this 

algorithm.  

The method proposed for layered media can also be used for the half-space 

materials. Nevertheless, since this method relies on one force point instead of the whole 

curve, the calculated K results have higher error rates than the previous method.  
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4.6 Chapter Summary 

Although intermittent contact mode is the preferred mode of operation for 

compliant samples, it is challenging to obtain interaction forces between AFM tip and 

surface while imaging because of the cantilever dynamics. Various methods like imaging 

the phase or harmonics have been introduced as well as modified cantilevers. In 2005, a 

membrane based active probe with interferometric detection scheme was developed by 

Degertekin group and elasticity imaging capability of this probe is demonstrated by 

applying an inversion algorithm. In this research, the effects of probe dimensions on the 

probe dynamics are examined and a Simulink model of intermittent contact mode 

imaging with the probe dynamics and different contact mechanics models is 

implemented. The interaction forces simulated by this model is investigated by the 

inversion algorithm and the effects of the different parameters, such as cut-off frequency, 

probe stiffness, and assumed contact mechanics model, on the measured elasticity are 

observed. In addition, the previously demonstrated inversion algorithm is extended to 

substrates with subsurface structures. The results and models presented in this chapter 

guides the future AFM probe designs and determines the error rates on the experimental 

analysis.   
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CHAPTER 5 

ACTIVE TIP CONTROL OPERATION OF FIRAT PROBES 
 

The instability of the taps and the high repulsive forces have been two contradicting 

problems in the intermittent contact mode. The instability [98] is caused by attractive 

forces of the surface; the probe tip jumps into the contact due to the attractive forces 

while it is approaching the surface and can’t leave the contact until it jumps out of the 

contact. The instability increases with higher attractive forces so it is observed clearly 

while examining the taps of the FIRAT probe. To overcome this instability, one may 

apply higher oscillation amplitude, or use stiffer AFM probes [53] which may cause tip 

wear or sample deformation due to higher contact forces. In addition to this, a stiffer 

probe may reduce the force sensitivity. Softer AFM probes provide better material 

characterization sensitivity on the compliant samples [91], however these probes are 

more susceptible to the instability. An ideal AFM probe for the soft materials should act 

as a soft probe while the tip is in contact with the sample to limit repulsive forces, and as 

a stiff probe against attractive forces for stable operation. Since regular AFM cantilevers 

are passive force sensors, one needs to compromise force sensitivity for stability and 

sample deformation.  This trade off can be overcome if one can change the probe 

characteristics during individual tapping events, requiring an active and fast AFM probe. 

5.1 The Working Mechanism of FIRAT Probes with Active Control  

The FIRAT probe is an active AFM probe which is “active” due to its integrated 

electrostatic actuator. The “active” nature of the FIRAT probe can be used to control the 

interaction forces during a single tap and removing the trade off in TM imaging. This is 
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achieved by using active tip control (ATC) circuitry which is activated to retract the tip 

while it is still in contact with the sample surface and consequently reduce the tip-sample 

interaction force only when the interaction force exceeds a certain threshold during a 

single tapping event. The ATC circuit is switched off when the tip is not in contact. Using 

this capability, one can control the repulsive forces on the tip as well as indentation into 

the soft sample regions while avoiding instability due to attractive forces during TM 

imaging. Tip wear and high indentation into the soft samples can be decreased, more 

accurate topography imaging becomes possible and attractive forces do not affect the 

repulsive forces.  

 The FIRAT probe can measure TRIF signals while tapping on the sample surface 

and different phases of these TRIF signals can be used to interpret nanomechanical 

material properties of that sample [52]. A typical TRIF signal in absence of ATC is 

shown in Fig. 46 (a). During phase I and phase II, the tip is attracted by the sample as it 

approaches the surface, the contact occurs and the repulsive force causes deflection of the 

FIRAT probe. As the FIRAT probe is brought closer to the surface, the repulsive force 

and the indentation to the sample will increase (phase III). The aim of ATC is to reduce 

the repulsive force during phase III by applying the FIRAT control signal (Fig. 46 (b)) to 

retract the tip and limit the indentation.  
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Figure 46 The shape of the FIRAT probe and the indentation on the sample during different phases 
of intermittent contact mode. Phase III is depicted with and without active tip control. When ATC is 
employed in phase III, less indentation of the sample occurs. 
 

As the tip scans the surface and taps, both the tip and the sample get deformed. 

Especially for the soft samples, sample deformation may affect the topography 

measurement. Depending on the material and the applied force, this deformation can be 

significant, more than a few nanometers, and may cause the loss of crucial information. 

According to the Hertzian contact theory, the deformation due to contact is a function of 

the equivalent Young’s modulus of the materials in contact, E*, the radius of curvature of 

the tip, R, and the applied contact force, Fc. The maximum deformation of the contact, h, 

is formulized as following: 

3
2*

2

16
9

RE
F

h c .         (5.1) 

Decreasing Fc is a trivial solution for better topography measurement. Fc can be 

reduced by changing the setpoint while it may result in insufficient contact time and 

consequently cause instable operation. On the other hand, ATC can alter the maximum of 

the contact force without decreasing the duration of the contact as depicted in Fig. 45. 
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During the phase III of Fig. 46, probe tip is retracted by ATC signal for avoiding the 

higher indentation into the surface. The indentation decreases because Fc is the difference 

of the total mechanical force resulted from the probe deflection, Fprobe, and the 

electrostatic force applied to the probe to retract the tip, Fe; 

eprobec FFF  .        (5.2) 

When ATC is not employed, Fc is equal to Fprobe since the deflection in the tip is only 

caused by the tip-sample interaction. On the other hand, some deformation is needed for 

the mechanical property measurement. By controlling Fe, one can adjust the sample 

deformation to a level so that mechanical property information can still be obtained with 

minimum effect on topography measurement [99].  

5.2 Experimental Set-up for the Active Tip Control 

The experimental set-up used to implement this scheme is shown in Fig. 47. A 

multimode AFM is modified to obtain time-resolved interaction forces (TRIF) during the 

topography imaging in this set-up. Note that in this setup a peak detector is used instead 

of an RMS detector in the loop controlling the z-piezo, since individual tap signals can be 

captured by the FIRAT probe.  With this configuration, the maximum repulsive force in 

each tap is kept constant while attractive forces change during scan. Consequently, 

attractive force differences on the surface will not cause unruly contact forces, which may 

lead to tip wear or severe indentation of the sample. For the ATC implementation, the 

probe deflection is compared with a threshold value by the precision rectifier (also known 

as super-diode) and an output signal is generated and amplified for only the part of the 

signal over the threshold value. This output signal is added to the bias voltage and applied 

to the probe. Since the FIRAT probe has a high cut-off frequency, the tip responds to the 
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fast actuation signal and moves up to reduce the force applied to the surface. To obtain 

the real interaction force when ATC is in use, the calibrated tip deflection caused by the 

ATC is subtracted from the PD signal. Calibration of ATC is achieved by applying a sine 

wave to the electrostatic actuator and monitoring the resulting PD output. 

 

Figure 47 Experimental set-up integrating FIRAT probe with AFM system and ATC circuitry. Peak 
detection of PD signal is used for controlling Z-piezo. ATC signal is generated from PD signal and is 
used to retract the FIRAT probe when the contact force exceeds a threshold value. 

 

5.3 Results  

Typical tap signals observed during the imaging experiments with and without ATC 

are shown in Fig. 48. The particular signals are obtained on a 20% mass fraction of 

Polyisoprene (PI) and 80% mass fraction of Polystyrene (PS) polymer mixture [100] 

residing on a silicon (100) substrate. The measured TRIF signal without ATC is shown in 

Fig. 48 (a). The maximum of the Fc is 740 nN and this force is applied to both the 

polymer surface and the tip. The tip is retracted by the signal shown in Fig. 48 (b) with a 

peak of 23 nm. The signal is applied to the tip and it changes the tap into the signal 

shown in Fig. 48 (c), the photodiode output is represented as dashed line while the real 
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force signal is shown as the solid line. Although the repulsive force is decreased by 400 

nN in Fig. 48 (c), the contact time is same. As a result, less repulsive force and 

consequently less indentation without decreasing the contact time and causing instability 

is provided [99].  

 

Figure 48 (a) Individual tap signal without the active tip control. (b) Active tip control signal to the 
FIRAT probe. (c) Force on the FIRAT probe and real interaction force signal. 

 
To demonstrate the advantage of the reduced repulsive force for accurate 

topography imaging of soft samples, a PS (E=2-5 GPa)/PI (E=1-3 MPa) [101] polymer 

mixture on a silicon (E=150 GPa) substrate is used as a test sample and 250 nm thick 

patterned chromium (E=279 GPa) layers on silicon [50] as a control sample. The force 

curves by an AFM cantilever on different points of the samples are shown in Fig. 49 (b) 

and (d). According to these measurements, in the polymer sample (Fig. 49 (a)) the low 

topography indicates higher force curve slope and consequently stiffer surface while the 

rest of the surface is coated with softer thick polymer. The force curves on the control 
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sample (Fig. 49 (d)) have the same slope, showing that the stiffness of these materials is 

higher compared to the polymer mixture.  

 

Figure 49(a) Topography of the polymer sample. Point A and B indicates lower and higher regions of 
the sample. (b) Force curves on point A and B. (c) Topography of the grating sample. (d) Force 
curves of different materials on the grating sample. 

 

 The blue straight line in Fig. 50 (a) indicates the topography of the polymer 

sample on the white line of Fig. 49 (a). To see the effect of the force levels on 

topography, first the same line on the sample is scanned with peak force of 400 nN. Then, 

the peak force is decreased to 150 nN by employing ATC. The topography difference 

between regular and active tip controlled TRIF mode is shown as the red dashed line in 

Fig. 50 (a). Note that with the exception of spikes around the edges of the topography, 

there is significant difference (~1nm) over the flat sections of the polymer layer whereas 

negligible difference is observed on the lower regions (~0.3nm). As a control experiment 

to demonstrate that sample indentation causes topography difference, the patterned 

chromium sample is scanned with the same peak force levels. The results are shown in 

Fig. 50 (b). Except for the spikes in the transitional regions, the smooth silicon and 
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chromium surfaces have negligible (0.1 nm) topography difference. In contrast to the soft 

sample, the reduced force by ATC on the stiff sample does not change the indentation 

and consequently the measured topography remains unchanged.  

 

Figure 50 Topography and the topography difference observed by employing ATC on a (a) PS/PI 
polymer mixture and (b) patterned chromium on silicon [99]. 
 

5.4 The Applied Forces to the Surface during ATC 

While operating TRIF mode of FIRAT probe with ATC capability, the user 

observes the deflection of the FIRAT probe through the PD output. Some of this 

deflection is the result of the tip-sample interaction force while the rest is the electrostatic 

force. Although a calibration procedure is applied before the operation to obtain applied 

voltage-deflection ratio, more simulations are necessary to understand the applied force 

to the sample. The results shown in Fig. 48 (c), are not accurate since the calibrated ATC 

signal is directly subtracted from the measured deflection. However, the ATC signal 

calibration requires including a scaling factor for the electrostatic forces and the delay. 

One of the most important parameters for ATC signal analysis is the probe 

response. Because, subtracting the ATC signal from the probe deflection assumes a flat 

frequency response while FIRAT probes can have cut-off frequencies between 40 kHz 
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and 300 kHz. To analyze the effects of the probe dynamics, the previously generated 

Simulink model of FIRAT probe operation is modified. The modified scheme is shown in 

Fig. 51.  

 

Figure 51 ATC block is added to the Simulink model shown in Fig. 33. 
 
 

In this model, a block for ATC operation is added. This blocks works similar to 

the current experimental set-up. When the tip deflection is detected, it is compared with a 

threshold and then an ATC signal is generated from the high contact force regions. This 

force is send back to the probe and the probe is retracted to avoid high contact force. The 

probe deflection and the interaction forces can be simulated by this model. Fig. 52 shows 

the interaction forces simulated for a FIRAT probe with 80 and 300 kHz cut-off 

frequencies. If the probe was ideal, the interaction forces curve would have a flat top. 

Since the response is not ideal, some delay is added to the ATC signal and the reduced 

cut-off frequency causes distortion in the interaction forces. The ATC signal duration is 

shorter than a normal TRIF signal, so it requires higher bandwidth. As a result, the 
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interaction forces are not as low as ATC intended and they become higher as the cut-off 

frequency of the probe decreases.  
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Figure 52 The interaction forces after applying ATC. 
 

When the tip of the probe makes contact with the surface, the force is applied as a 

point load. On the other hand, the electrostatic force is applied all over the FIRAT probe 

beam (Fig. 53). The deflection is detected by the interferometric detection, in which a 

laser spot of 20 µm radius is illuminated on the beam. In fact, the detection measures the 

average displacement of the beam under the laser spot, not the displacement of the tip. 

However, this does not create a problem in normal TRIF mode operation since the 

electrostatic forces are not used with interaction forces.  
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Figure 53 (a) The deflection of the beam when contact force is applied. The area around the tip 
deflects more than the rest of the beam and the laser beam averages out the displacement. (b) The 
deflection of the beam when ATC is used. Beam deflects with a smoother profile. 

 

When ATC is employed, a scaling factor, that represents the ratio of the tip 

deflection to the average deflection, is required to adjust the electrostatic deflection in 

terms of the tip deflection. To examine the geometry affects on the scaling factor, a 3-D 

FEA model of the doubly-supported FIRAT probe beam is constructed. Then the average 

displacement is calculated for different laser spot sizes and compared with the tip 

deflection. The scaling factor is closest to unity (meaning no need for scaling) when the 

beam is large (as 100x100 µm beams) and spot size is small, as expected. The scaling 

factor may become as low as 0.85 for small beams and large spot sizes. The scaling factor 

can be added to the Simulink model (Fig. 51) as the gain parameter in the ATC block.  

5.5 Chapter Summary 

A method is developed to actively control the interaction forces during individual 

tapping events of intermittent contact mode [99]. This is achieved by ATC circuitry 

integrated with an AFM system that retracts the FIRAT probe tip during each tap cycle 

when the force exceeds a user-specified threshold. This method enables stable imaging 

with reduced repulsive forces, preserves a desired section of the force curve for nanoscale 
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material characterization, and provides more accurate topography data especially on soft 

samples. This imaging method is particularly useful for imaging soft, heterogeneous 

samples regardless of the substrate material. By accurately controlling the repulsive 

forces, one can investigate the effect of indentation on the force curve during dynamic 

AFM imaging, helping accurate nanomechanical characterization of layered surfaces.  
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CHAPTER 6 

SIMULTANEOUS TIME-RESOLVED INTERACTION FORCE AND 
ULTRASONIC AFM MEASUREMENT FOR BROAD RANGE OF 

MATERIALS: ULTRASONIC TRIF MODE 
 

The AFM mode selection depends on both the sample properties and the desired 

parameters to measure. While imaging compliant samples, intermittent contact AFM is 

used to minimize sample damage. Topography, elasticity, adhesion, and adhesion 

hysteresis can be measured concurrently on a surface by monitoring transient tip-sample 

interaction forces during intermittent contact AFM [47, 49, 50, 86]. In this mode, the 

probe should be soft enough to avoid high indentation, while it should also be stiff 

enough for a stable operation. Even though these requirements can be satisfied by 

optimizing the probe stiffness [53] or applying active control [99], the probe stiffness has 

to be matched with  contact stiffness to maintain sensitive mechanical characterization. 

The elasticity range that can be imaged by a probe due to the stiffness limitation is shown 

in Fig. 41. On stiff samples, contact stiffness can easily reach few kN/m even at low 

contact forces [23]. High probe stiffness decreases the force sensitivity and also if the 

material type varies on the same substrate, the sensitivity of the probe will be different all 

over the sample. To overcome the difficulty of fabricating and employing very stiff 

probes, mechanical property measurements on a stiff surface is usually performed in 

contact mode AFM with ultrasonic actuation [25, 26, 63, 64, 68, 69, 74, 102]. In the 

ultrasonic AFM (UAFM), the effective probe stiffness is increased by using higher order 

vibration modes of the probe [25].  

One uses different imaging modes and probes [89] when analyzing materials of 

different stiffness since intermittent contact probes are not sensitive on the stiff materials 
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and contact mode UAFM may be destructive especially on soft samples. Consequently, 

composite samples, like polymer mixtures, with stiff and compliant regions especially 

pose a challenging problem for sensitive, quantitative and nondestructive imaging of 

mechanical properties. One approach to address this challenge is to combine several 

imaging modes. For example, pulsed-force imaging has been combined with UAFM for 

this purpose [103]. However, the quantitative nature of the measurements obtained from 

each mode, especially UAFM, has not been retained. In this study, a method that 

combines time-resolved interaction force (TRIF) imaging with UAFM is described and 

an analysis of the results is presented to take full advantage of both modes. The method is 

gentler on the sample as compared to regular UAFM because of intermittent contact and 

lack of lateral forces, provides quantitative UAFM data over a range of forces during a 

single tap, and maintains high sensitivity to both soft and stiff features. A FIRAT probe 

based system is used to demonstrate the method. The broad bandwidth of the FIRAT 

probe is useful for TRIF imaging capability, while its integrated ultrasonic actuator 

simplifies UAFM operation at MHz frequencies [50, 52].  

When the dynamic stiffening at ultrasonic frequencies is employed during the 

interaction force imaging, it is possible to characterize materials with high sensitivity. 

Such an application increases the range of the samples that can be characterized by an 

AFM probe, nanocomposites can be analyzed with higher accuracy, and the elasticity of 

the samples can be obtained for multiple force points.  

6.1 Experimental Set-up and the Results 

The experimental set-up for the combined TRIF and UAFM mode imaging is shown 

in Figure 54. For TRIF mode imaging, the z-piezo is actuated at 2 kHz to generate taps 
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on the sample surface and the controller keeps the RMS value of the tap signal constant 

while the interaction force signal at the photodetector (PD) is digitized. Simultaneously 

with TRIF imaging, the FIRAT probe tip is vibrated using the integrated electrostatic 

actuator at an ultrasonic frequency to perform UAFM imaging. As a result, the PD output 

not only has the signal related to the TRIF, but also the high frequency UAFM signal 

which is much smaller in amplitude as compared to the TRIF signal. The UAFM 

component of the PD output is analyzed by a lock-in amplifier (LIA) in a time-resolved 

manner and its phase and amplitude are recorded for further analysis [104]. 

 

Figure 54 The experimental set-up for ultrasonic TRIF mode. 
 

Quantitative analysis of elasticity and adhesion based on the TRIF signal has been 

described in the fourth chapter [52]. That analysis relies on the static spring constant of 

the probe and is accurate on samples with less than 2 GPa elasticity for a 25 N/m FIRAT 

probe. To quantify the UAFM signal, one considers how the response of the probe 

changes with tip-sample contact, specifically how the higher order mode resonances 

change with contact stiffness, k*. The equation for contact stiffness calculation is also 

explained and shown in second chapter. Contact stiffness provides elasticity information 
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through the Eq. 6.1 which relates k* to the contact force, F, tip radius, R, and reduced 

elastic properties of the tip and the sample, E*;  

3 2** 6FREk  .        (6.1) 

During TRIF imaging, the tip goes through non-contact and contact regions in every 

tap (Fig. 55 (a)). In the non-contact region, the frequency response of the FIRAT probe is 

close to the free probe response (Fig. 55 (b)). When the probe contacts the surface, the 

tip-sample contact stiffness effectively acts as a spring attached to the probe and causes 

changes in the response of the probe. The response of the same probe in contact with the 

surface at a fixed force of 224 nN is also shown in Fig. 55 (b). The particular FIRAT 

probe has resonance modes around 800kHz and 1.2 MHz with low quality factors, which 

generates oscillation free tap signals suitable for TRIF mode imaging. When the probe 

contacts the surface with 224 nN force, the resonance frequency at 1.2 MHz moves to 1.4 

MHz, and its vibration amplitude is amplified.  

 

Figure 55 Frequency response of free FIRAT probe and probe in contact. Higher resonance modes 
are amplified with the contact [104]. 

 

The contact force, hence the contact stiffness is not constant during a tap (Fig. 55) 

and consequently the frequency response of the probe is altered in the course of the 
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contact region [23]. Figure 56 shows the TRIF signal and the UAFM signal amplitude 

when the FIRAT probe is driven by a 1.25 MHz signal (Fig. 54). The UAFM signal 

amplitude decreases with the initial contact and then increases as the resonance frequency 

is first smaller, then larger than the measurement frequency. It is evident from this 

behavior that dynamic changes in contact resonance can be tracked in real-time with the 

FIRAT probe. However, this interesting result is difficult to quantify for elasticity 

measurements. When the same probe is actuated at 1.4 MHz, higher tip-sample contact 

force creates a monotonic increase in the magnitude of the vibration (Fig. 57), which 

provides a single valued, quantitative calibration curve. Therefore, the UAFM frequency 

is chosen at a frequency where this type of behavior is observed. 

 

Figure 56 Interaction forces during the tap and the vibration amplitude for 1.25 MHz. By the initial 
contact amplitude decreases but then increase in the stiffness boosts the amplitude.  

 

 

Figure 57 Interaction forces during the tap and the vibration amplitude for 1.4 MHz. 
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Fig. 58 shows a calibration curve where the lock-in amplifier output amplitude is 

plotted for different contact stiffness values obtained by increasing the contact force (Eq. 

6.1). The probe used in this calibration procedure is actuated by a small signal at 2.25 

MHz. The calibration curve is generated as follows: First, the tip is placed on a clean 

silicon surface and the TRIF measurements are performed at 2 kHz. Then, different set-

points are assigned to the controller which resulted in taps with peak-forces ranging from 

100nN to 800 nN. The interaction forces and UAFM signals are recorded for each peak 

contact force. With other parameters in Eq. 1 known, one can match the increase in the 

amplitude of the lock-in amplifier with the contact stiffness (Fig 58). This particular 

calibration curve shows that if the contact stiffness reaches 500 N/m, the amplitude 

change reaches 0.4 V. For contact stiffness values higher than 600 N/m, the amplitude 

change starts to saturate. 

 

Figure 58 The vibration amplitude change created by contact stiffness at 1.45 MHz. 
 

Combined TRIF and UFAM imaging is performed on a sample composed of silicon, 

aluminum, and chromium to compare TRIF and UAFM based elasticity measurement 

results on stiff samples. During imaging, the TRIF mode provides topography, adhesion 
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and elasticity data (Fig. 59 a-c). The UAFM mode elasticity image (Fig. 59 d) is obtained 

using the calibration curve in Fig. 58, and converted into reduced Young’s modulus by 

Eq. 1. Although both methods provide three distinct regions of different stiffness, the 

standard deviation of the UAFM image is lower, providing an improved measurement of 

reduced Young’s modulus as compared to the TRIF mode (Fig. 59 e). UAFM 

measurements show 2.5 GPa standard deviation while the TRIF elasticity measurement 

has 14.9 GPa standard deviation on the smooth silicon surface with 52 GPa expected 

reduced Young’s modulus. This is due to the low spring constant of the probe at TRIF 

mode frequencies which does not match to the sample. 

 

Figure 59 (a) Topography and (b) adhesion force image of a sample composed of  aluminum, silicon, 
chromium. Elasticity is measured by (c) TRIF. (d) UAFM modes concurrently. (e) Elasticity data by 
two methods on the same line exhibit higher standard deviation by TRIF due to non-matching probe 
surface stiffness. Contamination on the silicon surface is clearly observed by UAFM [104]. 
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6.2 Modeling of the FIRAT Probe for Ultrasonic TRIF mode 

6.2.1 Analytical model 

As it is explained in previous sections, FIRAT probe can be utilized for sensitive 

elasticity imaging on both compliant and stiff samples after a thorough calibration 

procedure. Although the calibration method worked out well, a better understanding is 

necessary to guide the experiments and even to decrease the calibration steps.  

As the probe tip contacts the surface, some of the resonance frequencies of the 

probe changes. To quantitatively analyze the resonance frequency data, a calculation 

method for the frequency shifts with respect to the contact stiffness is necessary. There 

are analytical expressions for the frequency shifts in AFM cantilevers when the probe tip 

is in contact. These expressions are used to convert the contact resonance frequencies into 

contact stiffness data. Since FIRAT probe is a doubly supported beam, the analytical 

expressions of the cantilevers are not applicable. Therefore, the equations for resonance 

frequencies in FIRAT probe have to be derived by using the geometry shown in Fig. 60 

(a). The used geometry is a doubly supported beam with 2L1 length and the center is 

attached to a spring. If the spring constant is zero, it means that the probe is not in 

contact. Since the tip is placed to the center of the probe, one can define the model as two 

connected beams with L1 length (Fig. 60 (b)). 
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Figure 60 (a) The simple model of FIRAT probe in-contact.  (b) The model is symmetrical and can be 
cut into half.  
 

The vertical displacement of one of these two beams is expressed with y. The boundary 

conditions due to the supports are: 

y=0, 0


x
y

 for x=0.        (6.2) 

Although many modes will appear for a probe like FIRAT, frequency shifts occur in 

symmetric modes and these modes should be modeled. For a symmetric mode, the 

boundary conditions caused by the contact stiffness are the force on the spring and the 

slope of the probe: 
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where k* is the contact stiffness and kc is the cantilever stiffness.  If a general solution of 

the equation of motion is solved by using these boundary conditions, following 

characteristic equation is obtained: 
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The kn values that fulfill the characteristic equation are the wavenumbers for the 

resonance modes. The resonance frequency, fn, for kn is: 

2

2
1)(

c

n
n c

Lk
f            (6.5) 
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1 2
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  .        (6.6) 

Cc is a constant, that contains density, ρ, cross-section area, A, and moment of inertia, I.  

Note that, the geometry for this model is two dimensional with parameters for the width. 

This model assumption is true when the width of the probe is smaller than the length of it. 

However, a wider probe may have additional resonance orders since it behaves as a 

plane, not a beam. The resonance frequencies with respect to the contact stiffness are 

calculated by using Eq. 6.4 for a FIRAT probe with 100 µm length, 750 nm thickness, 

and 2.5 µm width: 

 

Figure 61 Normalized resonance frequencies for a thin FIRAT beam in-contact. 
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For the low contact stiffness values, first resonance frequency shifts, while the second 

and third resonances remain constant since they are much stiffer. Although the analytical 

solutions are helpful to quantify the resonance data, the equations cannot be reliable for 

wider probes. The commonly used FIRAT probe has at least 40 µm width so the 

analytical solution can only be used as a guideline.   

6.2.2 Modal Analysis by the FEA Model 

As explained before, an appropriate model of the FIRAT probe in-contact is 

needed to analyze the effects of the contact stiffness on frequency shifts. Nevertheless, 

the analytical expressions become complicated when handling the plates and the beam 

approximations are not suitable for the FIRAT probe. To solve these problems, modal 

analysis of FEA can be used. One can examine the mode shapes and the resonance shifts 

by using the modal analysis of FEA.  

In FEA of FIRAT probe for ultrasonic TRIF mode measurements, SHELL181 is 

used to model the beam while COMBIN14 is used for the spring. Two sides of the beam 

are fixed while the spring element is attached between the center of the probe and a fixed 

location outside of the probe plane. To verify the results of the FEA analytically, the 

probe in previous section is simulated. This probe is a doubly supported beam with 100 

µm length, 2.5 µm width and 0.75 µm thickness. The analytically calculated first and 

second resonance frequencies are plotted with the FEA results in the following figure. 

For a probe with these dimensions, FEA results agree with analytical solutions and the 

FEA model is verified by this calculation. 
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Figure 62 The FEA calculations for the contact resonances and the analytical solution. 
 
 

The FIRAT probe simulated in this FEA model is not realistic since it is much 

narrower than the laser beam. In reality, the FIRAT probes used in the experiments are 

wider than 40 µm but the accuracy of the analytical model decreases for these probes. 

Since FEA is verified, it can be used for the actual FIRAT probes. To understand the real 

resonance frequencies of a FIRAT probe while it is in contact, a 100x100 µm FIRAT 

probe is simulated. The free resonances of the doubly supported probe are shown in Fig. 

63 (a). One important difference from a narrower beam is the extra resonance occurring 

due to the width of the probe. The resonances at 569 kHz, 922 kHz, 1.44 MHz, 1.7 MHz, 

and 1.87 MHz are taking place at higher frequencies for a narrower beam. As seen in Fig. 

63, the first free resonance order at 469 kHz moves to 637 kHz for an attached spring 

while for the narrow probe, this resonance becomes 1.79 MHz. This difference comes 

from the softening effect of the wider probe; the sides of the probe can still make a 

flapping motion while their motion is restricted for the narrow beam. In a mode like the 

second free mode at 569 kHz, the mode shape and frequency do not change with the 
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attached spring since the center does not move in this mode. The second symmetric mode 

occurs at 2.63 MHz for a free probe and this mode shifts to 2.69 MHz when the probe is 

in contact. The free resonance frequency at 922 kHz is an order due to the wider probe 

and cannot be predicted with the shown analytical expression. Unlike the resonances at 

569 kHz or 1.44 MHz, this mode is affected by the contact and is shifted to 1.52 MHz.  
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Figure 63 Mode shapes of a FIRAT probe when it is free and it is in contact. 
 
 
 
 

(a) 

(b) 
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The complicated nature of the plane geometry of the FIRAT probe makes it 

difficult to analyze quantitatively. While performing ultrasonic TRIF mode experiments, 

one should be aware of the asymmetric modes and choose resonance orders that may not 

be affected by these modes. In addition to this, FEA models can be helpful to select the 

modes and the frequency range.  

6.2.3 Frequency Response Analysis with the Squeezed Film Effects 

The modal analysis by FEA can be used to understand the mode shapes and the 

frequency shifts with respect to the contact stiffness. However, the frequency response 

and higher order resonances are affected by the squeezed film (Fig. 55) and the FIRAT 

probes in contact should be analyzed by including these effects. Modal projection 

technique is applied to couple the squeezed film with the modal analysis of FEA [105]. 

This technique adds the dissipative and stiffening effects of the fluid film between the 

beam and the substrate for damped harmonic analyses.  

3-D FEA calculations are implemented by ANSYS 11.0.25. The 3-D structural 

plane element (PLANE45) is used to mesh the beam and it is clamped at two ends. In 

addition, the fluid film under the FIRAT probe is meshed with the squeezed film element 

(FLUID136). It is assumed that there is a spring connected to the center of the probe, 

representing the linearized contact stiffness. It is meshed with a spring element 

(COMBIN14). The two sides of the beam is clamped as it is in the FIRAT probes, while 

constant pressure is applied to the two remaining sides.  

First, the resonance modes are calculated without the squeezed film effects. The 

mass normalized mode shape, Φi, of the ith mode and the corresponding modal frequency, 
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wi are computed using the modal analysis by FEA and recorded for further process. Then, 

the damping ratio, ζi, and the film-stiffness ratio, ri, are extracted for each mode [106].  

One can calculate the modal excitation force by using Φi of the resonance modes. 

The P is the distributed pressure on the beam; in this case it is uniform pressure. 

 
A

ii dAPF .        ( 6.7) 

The scalar modal displacement xi of mode i for a frequency, w, can be calculated by using 

the following equation: 
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After solving Eq. 6.7 and 6.8, one can use MATLAB to compute the displacement on the 

beam for each mode: 
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 Frequency response is computed using the described formulation. The simulated 

frequency response of the free FIRAT probe and in-contact probe are shown in the 

following figure. The damping on the beam and the amplified contact resonance 

frequencies (Fig. 64) demonstrate similar behavior to the experimental results (Fig. 65). 

As a result, this model can be used to analyze high frequency behavior of the FIRAT 

probes for sensitive elasticity measurements.  



 110 

 

Figure 64 The simulated frequency response of the free FIRAT probe and probe in contact. Third 
mode is amplified by the contact. 
 

 
 
Figure 65 The measured frequency response of the free FIRAT probe and probe in contact. 
 
 At low frequencies, the contact limits the membrane movement and decreases the 

vibration amplitude. Interesting enough, the addition of the contact stiffness expands the 

area of vibration at the third resonance mode (Fig. 64). Expanding the area of movement 

amplified the vibration of the third mode. As a result, not only the frequency is shifted for 

the third mode (from 1.12 MHz to 1.445 MHz) but also the amplitude is increased.   
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6.3 Future  Improvements for Ultrasonic TRIF Mode 

The initial ultrasonic TRIF mode experiments are carried out by using FIRAT 

probe, which was introduced to measure interaction forces during intermittent contact 

mode. In these experiments, the vibration amplitude of a high frequency component is 

measured by FIRAT probes with different dimensions and gap heights. When the aim is 

to detect amplitude change due to the contact stiffness, one should use low Q probes 

since low Q factor slows down the rate of the amplitude change. However, Q factor 

should be higher to be able to detect resonances.  

It is possible to modify the FIRAT probes so that they are low Q for interaction 

forces imaging but high Q while detecting contact resonances. This can be achieved by 

changing the excitation force for a mode. Currently, uniform pressure is applied through 

the electrostatic actuation and this uniform pressure causes different vibration modes (Eq. 

6.7). One can pattern the electrodes to actuate a higher contact resonance mode with 

higher Q and this time P will not be constant. For example, to have higher Q in the third 

resonance mode (Fig. 64), P should match the mode shape, Φ3. Such kind of modification 

does not affect the performance of the FIRAT probe for TRIF mode, since no AC 

actuation is necessary for TRIF mode and the high frequency signal has small amplitude.  

To obtain more reliable and quantitative contact stiffness data, an experimental 

set-up with resonance tracking capability should be used. To solve this issue, one should 

implement a high frequency detection scheme by employing a phase comparator and 

voltage controlled oscillator (VCO) (Fig. 66). A similar set-up was used before for fast 

ultrasonic AFM measurements [69, 74], however in these set-ups contact mode was used 

and a single contact force was applied. In the proposed ultrasonic TRIF imaging set-up 
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contact resonance frequencies are going to be calculated for many force points, which 

will give us 3-D subsurface imaging capability. This set-up will detect the phase of the 

vibration and change the actuation frequency accordingly to find the desired phase which 

is going to be the phase of the resonance order. The design of this circuit will define the 

how fast the resonance frequency can be tracked. The probe used in such a set-up can 

have higher Q values but one should not forget that high Q will cause ringing in the 

tapping data. 

 

 

Figure 66 The proposed set-up for real-time resonance frequency tracking during the tap. 
 

One of the advantages of the FIRAT probe is the embedded electrostatic actuation 

with high bandwidth, which provides clean actuation signal. In the UAFM and AFAM 

experiments, the tapping piezo, cantilevers with ZnO, and piezoelectric transducers 

attached to the samples are used. Different configurations show that it is important to 

actuate only the tip-sample contact and the probe; otherwise the vibrations will couple 
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into other structures and cause errors. The clean electrostatic actuation embedded in 

FIRAT probes makes it an attractive tool for ultrasonic AFM methods. 

6.4 Chapter Summary 

Mechanical properties imaging on nanocomposites is not feasible due to the 

reduced elasticity sensitivity for different stiffness regions during intermittent contact 

mode. A combined ultrasonic AFM and TRIF mode is introduced in this research to solve 

this problem. The experimental set-up, calibration steps for quantitative elasticity 

measurement and measurement results are presented in this chapter. Higher elasticity 

sensitivity over stiff samples –like silicon– is demonstrated. In addition to this, analytical 

and finite element models of a FIRAT probe in contact is presented. It is possible to 

improve the FIRAT probe for this combined method by using these modeling studies. 

This method can also be applied to cantilevers by including an additional piezoelectric 

transducer in the set-up.  
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CHAPTER 7 

CONCLUSION 
 
 

The aim of this research was to analyze and model quantitative mechanical properties 

measurements and subsurface imaging capability of AFM probes and to introduce 

techniques for providing better control on topography imaging and more sensitive 

elasticity measurement. For these purposes, thorough understanding of the current AFM 

techniques is developed, analytical, finite element, and Simulink models are constructed, 

and experiments are performed. Based on these models and the understanding, different 

techniques are introduced by utilizing FIRAT, which is an active AFM probe with broad 

bandwidth.  

Subsurface imaging modeling studies presented in this thesis shows that finite size 

subsurface structures can be detected by using AFM. In addition, the 3-D FEA model 

explained in chapter 2 can also be implemented for any quasistatic probe contact based 

elasticity measurement technique for investigating subsurface imaging capability. One 

can measure the elasticity mapping of a surface and use this model to analyze the depth 

and size of the embedded nanostructures, or one can use this model prior to experiments 

to determine if the subsurface structures are detectable.  

FIRAT is an AFM probe that can be utilized to measure interaction forces during 

intermittent contact mode. Probe dynamics, stiffness, stiffness ambiguity, assumed 

contact mechanics model, and noise are important parameters that determine the error 

rates on the measured mechanical properties. The guidelines generated in chapter 4 are 

not only useful for designing FIRAT probes but also useful for analyzing and improving 
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other time-resolved interaction forces measurement techniques such as pulsed-force 

mode and torsional cantilevers.  

Since using soft probes or decreasing the contact time in a tap causes instability 

during intermittent contact mode, topography imaging may have inaccuracies on 

compliant samples in a stable scan. This problem can be solved by employing an active 

probe with high actuation bandwidth –like FIRAT probe– and applying active tip control 

(ATC). With ATC, users don’t have to compromise either stability or reduced 

indentation.  

The accuracy of the elasticity measurement by intermittent contact (force-

displacement curves, pulsed-force mode, torsional cantilevers, and FIRAT probes) highly 

depends on the probe stiffness (Fig. 42). The user should select the proper probe for the 

material of interest; however, this constitutes a challenge on the samples with different 

stiffness regions, such as nanobeads on polymers. It is possible to characterize such 

samples by combining ultrasonic AFM methods with intermittent contact mode. 

Combined ultrasonic AFM and TRIF mode is a promising technique that provides high 

sensitivity on a broad range of materials with non-destructive topography imaging. 

7.1 Contributions 

The contributions of this work are summarized as the following: 

 A 3-D FEA model of AFM tip-sample contact is constructed for simulating 

subsurface imaging by means of elasticity measurement. This model is verified 

experimentally by employing ultrasonic AFM methods. The results of this study is 

published in Journal of Applied Physics [65]. 
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 Mechanical properties imaging capability of FIRAT probe, which is an active and 

broadband AFM probe, is investigated. Analytical and Simulink models are used to 

generate realistic taps and to study several parameters such as dynamics and 

material properties. Then, guidelines for the sensitivity of the mechanical properties 

measurements with respect to the probe dynamics, stiffness, noise, and contact 

mechanics assumptions are generated by combining these models. Some of the 

modeling studies are used in an article published in Review of Scientific 

Instruments [50]. 

 To allow the user to control the applied contact force during intermittent contact 

mode, active nature and high bandwidth of FIRAT probe is utilized and active tip 

control (ATC) method is introduced. An experimental set-up for ATC is designed 

and experimental studies that verify the increased accuracy in topography imaging 

are performed. Then, previously introduced Simulink models are used to analyze 

ATC operation for a better understanding of the interaction forces. Some of the 

results of this study are published in Ultramicroscopy [99]. 

 A combined ultrasonic AFM and interaction forces imaging method is introduced 

to solve the reduced elasticity measurement sensitivity on stiff materials. An 

experimental set-up is built to test this idea, the calibration steps for quantitative 

analysis are determined, and the increased elasticity sensitivity of the combined 

operation is verified. In addition to these, analytical and finite element modeling 

studies are performed to understand the contact resonance mechanism of the 

FIRAT probes that may decrease the calibration steps and can help improving the 
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probes for combined operation. Some of the results of this research is published in 

Review of Scientific Instruments [104]. 

7.2 Future Work 

The introduced models and methods in this thesis answered many questions related to 

improving the subsurface and mechanical properties mapping during topography 

imaging. The suggested future works related to this thesis are listed as the following:  

 Spring softening and ultrasonic TRIF mode: One can employ spring softening to 

the FIRAT probes and then operate combined ultrasonic AFM and TRIF mode. This 

combination can extend the sensitive elasticity measurement to both softer and stiffer 

materials than the nominal elasticity measurement range of that probe.  

 Viscoelasticity measurements by ultrasonic TRIF mode: In this thesis, we used high 

frequency component of ultrasonic TRIF mode to analyze stiff materials and assumed 

that the material is lossless. TRIF mode is more sensitive to soft materials like 

polymers and biological specimens. One can calculate the elasticity of the compliant 

material by using TRIF mode measurements and analyze the ultrasonic AFM outputs 

for viscoelasticity.  

 Lateral stiffness measurements by ultrasonic TRIF mode: In this research, the 

FIRAT probe is actuated at flexural vibrations and the contact stiffness is calculated. 

However, it is possible to actuate a torsional resonance of the probe, to monitor the 

lateral output of the photodiode and to determine the lateral stiffness by analyzing this 

data during a tap.  

 Experimental improvements for ultrasonic TRIF mode: Current ultrasonic TRIF 

mode measures the amplitude of a high frequency vibration to calculate the contact 
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stiffness. One can add a resonance tracking circuitry to obtain a faster and more 

accurate detection scheme. On top of this, the actuation scheme of the FIRAT probe 

can be modified for obtaining higher quality factor for an individual contact 

resonance, which is not possible for cantilevers.   

 Subsurface imaging by ultrasonic TRIF mode: The 3-D subsurface imaging models 

show that different contact forces are necessary to resolve the depth information of 

the embedded structures. However, current ultrasonic AFM techniques employ 

contact mode AFM and the tip –as well as the sample– deforms during multiple 

scans. In addition to this, many force points mean longer data acquisition. On the 

other hand, one can employ ultrasonic TRIF mode (preferably with a faster lock-in 

amplifier than SRS844) and measure the contact stiffness during a tap, which is non-

destructive and fast. 

 Combined ATC and ultrasonic TRIF mode: In some applications, such as relaxation 

time measurements, one can employ ATC, keep the force constant in a tap, and then 

measure the UAFM amplitude during that constant force. 

 Piezoresponse measurements by FIRAT probe: The conductive FIRAT probes can 

be utilized for the characterization of the piezoelectric samples. The DC bias and 

small amplitude high frequency signal causes deflections on the probe. When the 

probe tip acts as an electrical contact on the piezoelectric materials the material will 

start to vibrate because of the applied high frequency signal. The combination of 

these two vibrations can be detected by monitoring the PD output and analysis of this 

signal provides piezoelectric properties. 
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