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ABSTRACT OF THE THESIS

Numerical Simulation of Photoinduced Force Microscopy
By
Mohammad Almajhadi
Master of Science in Electrical and Computer Engineering
University of California, Irvine, 2016

Professor H. Kumar Wickramasinghe, Chair

In this thesis we introduce a method of imaging: photoinduced force microscopy
(PiFM). In this method, the images are accomplished by detecting tip-sample force at the
near field which is optically excited. The origin of this force is related to the dipole
momentum of the tip and its image in the sample. The dipole momentum strength is
function of the polarizability of the sample under test; the polarizability is a wavelength
dependent. Therefore, driving sample at resonance will give higher force than off
resonance. This polarizability contains the spectroscopic information about the sample. By
tuning the excited laser over broad range of frequency spectra, sample can by identified by
comparing the resulting force measurement to a well-known absorption curve. PiFM
Spatial resolution is well below 10nm and it is limited only by the tip geometry. This is
because the field is spatially confined and the gradient of tip-sample force is proportional
to z* where z is the distance away from the tip. Finite Element Method (FEM) is utilized to

calculate the force gradient, and the tip-sample force.
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The probe is attached to the end of a cantilever vibrating at one or two mechanical
frequencies. Simultaneously, topographic and optical imaging process can be done by
detecting them at different mechanical frequencies. In fact, the force will shift the
mechanical frequencies, and this shift will be detected through quad-photodetector and the

extracted signal will be translated into an image.



CHAPTER1: Introduction to Atomic Force Microscopy

1.1 Historical overview

Curiosity derives scientists for discovery, and scientific observations what make them
sustain till they achieve great discoveries which elevate human’s cognition and perception
to a higher level, enhancing their ability to solve dilemma, which usually open new
disciplines for next generations to elaborate. Seeing small features was a dilemma which
was surmounted by inventing microscope; microscope is a device that allows us to see
small features. In this introduction, we will briefly trace the progress of microscope from

seeing biological cells to the atomic resolution.

Optical microscope has been developed steadily since Antoni Van Leeuwenhoek (1632-
1723) who has constructed the simple microscope until the invention of the compound
microscope. Biological cells were stained to visualize their structure through compound
microscope. In 1935, phase contrast imaging was invented by Fritz Zernike. Because of this
invention living cells can be observed without staining. In 1951, further development was
done by Young and Roberts [1] who built the very first scanning optical microscope. For
detailed history about scanning microscopy one can refers to the excellent review by H.K.
Wickramasinghe [2]. The aforementioned microscopes are not skillful enough to capture
features in atomic scale. Therefore, a new generation of microscope that is capable of
distinguishing minute features becomes necessity. This generation should overcome Abbe’s
criterion that limits microscope resolution to one half of the incident wavelength, it should
be gentle to avoid damaging the specimen by excessive energy or mechanical force and

accurate to resolve features with atomic scale.



In 1982, a new era of microscope emerged by Binnig et al. when they successfully
translated O’Keefe’s principle to actual device taking the advantage of the ongoing
development of manipulating objects with nanometer precision by Russell D. They called
the device Scanning Tunneling Microscopy (STM) [3]. STM utilizes probe tip with one atom
at its end. The probe and the sample are conductors. As the tip approaches the sample
surface, tip-sample electron clouds interfere creating channel for electrons to tunnel once a
voltage is applied to the tip. These tunneling electrons increases or decreases during
scanning as the tip passes over bumps or holes. Current fluctuation which corresponds to
the specimen surface will be measured and translated to a 2D image. STM is able to image
single atoms, and, obviously, surmounts Abbe’s criterion by far. The successful story of STM
furnished the ground for the advent of new family of microscopes: scanning probe
microscopes (SPM) [4]. Atomic force microscopy (AFM) was among the first arrivals. In
fact, it was introduced in 1985 by Binnig, Calvin F. Quate, and Christoph Gerber. In the

following section, the working principle of AFM will be illustrated.

1.2  Principle of operation

In this section we will provide an introduction of AFM in terms of working principle. Then
we will elaborate to introduce the main instrument of AFM. Finally, three main modes of

operation will be discussed: contact mode, non-contact mode, and tapping mode.

AFM, essentially, is a force senor. It has the ability to precisely measure small forces (10-15
N) limited only by the thermal fluctuation. In particular, the tip of the cantilever interacts
with the sample. This interaction causes the cantilever to deflect (contact mode), or causes

a shift in the cantilever resonance frequency (non-contact mode). The question one may



ask is why measuring tip-sample force is useful. It turns out that as the tip scans the
sample, it follows the surface corrugation of the sample. Based on the recorded forces one
can extract topographic image of a sample; AFM is capable of creating 3D images where
these 3D images give information related to the surface of the sample but not the inner
structure. For higher resolution images, AFM tip curvature radius should be as small as
possible. AFM can perform well with conductors and insulators, and this is what makes
AFM superior over STM. In addition, no specific sample preparation is required before

scanning process.

AFM microscope consists of scanner which is nothing but a 3D positioning system. This
part is responsible of adjusting the relative tip-sample distance according to a feedback
system i.e. detected deflection is fed back to the scanner and the later adjusts the relative
tip-sample distance. Then, these changes in the scanner position are translated to
topographic image. Sample holder is an important part of AFM; it should be as stable as
possible. In addition, AFM microscope includes cantilever beam with tip at its rear. AFM tip
is made from silicon or silicon nitride and the cantilever is made from the same material. It
is of concern to design a tip-holding structure that endures carrying the tip at the very end
of it, and provides the flexibility to deflect. The tip should be fabricated so that its radius of
curvature is in atomic scale. Finally, detection system must be installed, for the sensed

information becomes recognizable.

To detect the deflection of the cantilever a light beam incidents on the very end of the
cantilever, and it is reflected to quadrant photodetector (figure 1). The vertical section of

the photodetector shows heights and gaps (up and down motions). On the other hand, the



horizontal sections detect the literal deflections that are due to shear forces. The
photodetector converts light to current which is amplified and sent to the control circuit.
The scanner—through the control circuit— adjusts the position of the tip with respect to

the sample (or vice versa) i.e. by utilizing a piezoelectric.

Detector

Laser

Cantilever

Figure 1: Detection method of cantilever motion. The box is the quad photodetector. Adopted

from [5].

AFM operations modes are generally three: contact, non-contact, and tapping modes. These
modes are interacting with the sample morphology. This interaction manifests itself as shift
in frequency or deflection in the cantilever. Utilizing different methods, one can probe
different type of material properties. For example, by utilizing contact mode method,

sample features can be probed since the tip is in a direct contact with the sample, where



the tip force needs to be maintained by feedback system to avoid damage or deformation of
the sample caused by dragging forces. If atomic forces, electrical, or magnetic forces are of
importance, the non-contact mode should be utilized. Thus, these modes are employed in
different applications. The tip-sample force behavior can be understood by classifying it
into attractive and repulsive forces. As the tip is approaching the sample, the tip-sample
force is attractive van der Waals force. Once the electron clouds of the tip and the surface
atoms see each other, a repulsive van der Waals force will dominate; van der Waals forces
can be repulsive or attractive depending on the tip-sample distance. Therefore, in the
contact mode the force is mainly repulsive while attractive force is dominant in the non-
contact mode. The tapping mode utilizes the same principle of non-contact mode; the
cantilever vibrates at natural frequency, and the information is taking by measuring the
shift in the frequency. The difference is that in non-contact mode the tip never touches the
sample, while in tapping mode tip touches the sample. Therefore, the tip is exposed to
attractive and repulsive forces in one cycle. This method can be employed to image soft

sample, which cannot be done by the contact mode.

1.3  Application

Applications of AFM are very diverse, and it is hard to cover all of them in this introduction.
Instead, three categories will be illustrated: applications in physical and material science, in

nanotechnology, and in biology [5]

AFM gives the ability to measure surface roughness of a material because AFM shows 3D
images with high contrast between the rough and smooth parts of a surface. Scanning

electron microscopy (SEM) is employed, but it cannot resolve surface roughness with 100A



or below. Because AFM does not have this limitation, it becomes the first choice for such
application. Generally, roughness affects material properties such as optical and adhesion
to other materials; high resolution images of surfaces allows better understanding of
roughness effect, and AFM capable of generating high resolution images. Atomic resolution
images are not useful if the sample consists of deferent molecules that are not organized.
Thus, very pure samples are a prerequisite, for atomic resolution images to be useful and
interpretable. In fact, atomic resolution images are those that allows observer to
distinguish atoms features individually [5], and this is achievable by scanning tunneling
microscope STM only. AFM images does not discriminate individuals atoms but the average
arrangement of atoms i.e. it shows atomic lattice resolution. This point is emphasized for
clarity, but ‘atomic resolution’ will be used throughout the thesis and it means atomic
lattice resolution. Another application that belongs to physical and material science
category is friction measurement. Through lateral forces microscopy (LFM), which is an
AFM mode of operation, tribology discipline can be studied. Friction properties of materials
can be imaged, which leads to the characterization of heterogeneous materials. LFM is not
the only technique for friction measurements. However, it allows friction measurements in

nanoscale.

Applications in nanotechnology require a technique that is capable of measuring local
properties of a material. To have access to local property, the technique should employ
high resolution device. These two main features exist in the AFM technique. In addition,
AFM illustrates information extracted from the sample in 3D. All these advantages make
the AFM excellent method for nanotechnology and nanoscience application. The properties

of a material are proportion to its size. Therefore, AFM has been utilized intensively for



measuring nanoparticles size with high precision. These nanoparticles can be conductive or
nonconductive. In addition, manipulating nanoparticle or any nanostructures is possible by
using AFM. For example, sample electrical properties can be examined by positioning the

sample utilizing AFM tip between two electrodes currying current.

AFM Applications extend to the study of biological cells. It is of importance to study these
cells in physiological-like conditions because biological cells alter their structure when
dried. Finding a device that can operate normally under the physiological-like conditions is
a challenge that has been overcome by the invention of AFM. Most of biological samples are
probed in liquid, which consists, in most cases, of salt to achieve physiological-like
conditions. Because cells are considered as soft samples, non-contact mode is utilized to
avoid damaging the samples. Thus, AFM has two key advantages: its ability to work in
liquid, non-destructive mode of operation. By combining these two advantages with high

imaging resolution, biomolecule imaging using AFM has been widely investigated.

Readers who are interested in AFM applications are referred to [5]. For profound

understanding in how AFM is utilized in biological applications, readers are referred to [6].



CHAPTER 2: Optically Dressed AFM

2.1 Scanning Near Field Optical Microscopy (SNOM)

2.1.1 Introduction

Classical optical microscopy is limited to Rayleigh criterion 0.61A/NA, where NA is the
numerical aperture and A is the wavelength. With this condition, the best resolution can be
achieved is 0.2-0.5 micrometer in the optical frequency, which is not suitable for studying
local properties of a sample, and by local we mean spots with molecular dimension. In
1928, Synge addressed this problem by proposing a scheme, which is then called scanning
near-field optical microscopy (SNOM), that can beat diffraction limit. A subwavelength
illuminated aperture acts as subwavelength light source which is placed in the near-field
region to a transparent substrate. The image is not formed by diffraction-limited lens but
by collecting the scattered light by sample; this scattered light carries information about
fraction of the sample. This fraction size is determined by the size of the aperture [10]. Due
to technology limitation, Synge’s proposal is reborn after 4 decades by Ash and Nicholls

[11]. They could achieve A/60 spatial resolution in the microwave regime.
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Figure 2: It shows the principle of Synge. (A) two molecules illuminated together; no possible
contrast. (B) one gets illuminated by the help of the aperture; possible contrast. Adopted from

[44].

Figure 2 illustrates the diffraction limit and Synge’s principle. Assume we have a sample
that consists of two molecules. If a plane wave is incident on the sample, then both
molecules will get excited. The generated scattered field from both molecules will overlap
so that no possible contrast can be detected (overlapped peaks). With the help of the
aperture one molecules can be excited, and one pattern of scattered field can be generated
and, therefore, detected. The aperture radius is much smaller than the incident wavelength;
it’s 100nm as Synge proposes, and the aperture-sample distance, to insure local excitement,
is no greater than the radius of the aperture. The incident wave suffers from severe
attenuation proportional to the aperture radius. In fact, the output radiation is an
evanescent wave at nano-scale aperture. Because of this attenuation, the aperture-sample
distance must be as small as possible for better performance. In other words, for better

images, targeted sample should scatter adequate amount of radiation.

By the advent of the scanning probe microscopy (SPM) controlling aperture-sample

distance within nanometer scale become possible. In addition, the opaque metal layer is



replaced by probe which guides light into the sample and scattered light from sample to the
detector. After implementing Synge’s proposal successfully, the next step is to shrink the
size of the aperture to reach atomic resolution. Unfortunately, as aperture size decreases
the transmitted light intensity becomes insufficient to be scattered by sample; it must be
large enough for light to penetrate the aperture. This is true for light source probe or light
collector probe as will be introduced in the next section. This put a limit to SNOM spatial
resolution. Practically, aperture cannot be smaller than 50nm, where at this size the decay
rate is proportional to the 105. The evanescent loss at the aperture can be overcome by
increasing the intensity input, but it turns out that increasing the intensity cause excessive
heat that could damage the probe. In the next section the principle of SNOM will be

introduced and its limitation will be highlighted.

2.1.2 Principle of Operation

Figure 2 illustrates general set up of the SNOM. It consists of three main units: illumination
light unit, light collection unit and finally detection unit. In this set up, the laser light is
lunched and its polarization is control before coupling it to the fiber. The light is coupled
and guided by probe having at its apex an aperture small enough to locally illuminate the
sample. The probe is glued into a tuning fork that is attached to the piezoelectric
responsible for driving the fork mechanically, therefore, driving the probe to oscillate
laterally into its near resonance with vibrating amplitude in the range of 1nm to 5nm. Van

der Waals forces interact with the probe and shifts the resonance peak.

10
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Figure 3: (a) lllumination unit. (b) Collecting and distribution unit. (c) Detection module.

Adopted from [19].
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Therefore, sample corrugation will change the resonance as the probe raster-scan the
sample i.e. it causes phase shift. In addition, the oscillation amplitude is changing while
approaching the sample, but practically phase signal is used due its fast response to the
change. In fact, the feedback is either pure phase feedback [12], or phase and amplitude
feedback [13][14][15], but not pure amplitude feedback due its slow response. To keep the
probe-sample distance fixed, AFM feedback unit, which is called shear force feedback
[16][17], is installed to adjust the height based on the shift in the resonance. The setup

provide control in the lateral axis i.e. to move the probe into a specific area.

Exciting light needs to be collected after interacting with the sample. For effective
collection, high NA microscope objective must be used. Practically, an oil immersion
aperture is used specially if the substrate is flat because light may undergo total internal
reflection and never go to the detector. This light is called forbidden light. Obviously,
collecting this forbidden light will give better images [18]. Once light is collected, it is
redirected through dichroic mirror. Finally, it is sent to the detector after filtering the

unwanted spectral component from the light through the pin hole.

12
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Figure 4: Set up configuration for controlling the probe-sample distance. Adopted from [45].

There are two main steps to fabricate near-field optical probe. First, transparent tapper

probe with sharp apex is created. Second, coating probe wall by metal i.e. aluminum so that
the probe become opaque. The end apex of the probe is not covered by the coating to create
the aperture. These two steps can be done either by heating and pulling method or through

chemical etching [19].

The fiber is locally heated i.e. using CO:z laser, and at specific temperature and certain time

the fiber is pulled. Timing, temperature, and heated spot size must be taken into account

13



for better probe design [20] [21]. The probe is coated through evaporation, and to increase
the evaporation layer quality, the fiber walls should be as smooth as possible; this can be
achieved using heating method. In addition, apex will be flat which is suitable for emitting
or collecting light, but it is not suitable for scanning rough surfaces because the tip cannot
follow the topography of the surface. In general, light transmission through the apex is low
due to the small cone angle that is hardly increased using this method. Figure 5 (left) shows

the resulting probe using heating and pulling method.

Figure 5: Probe design using heating and pulling method (left), and chemical etching (right).
Adopted from [19]

In 1984, Turner proposed a technique that would help designing probe using chemical
etching, and it was first implemented by P. Hoffmann et. al. in 1995 [22][23]. The Idea is to

immerse the cleaved fiber into hydrofluoric (HF) acid covered by protection layer; this

14



protection layer can be organic solvent. The aqueous etching solution will chemically attack
the immersed part of the fiber (see figure 6). The protection layer will gradually cover the
attacked part to create tetrahedral shape with large cone angle. This cone angle responsible
for high transmission coefficient can be controlled by changing the protection layer
composition and by the original fiber diameter [23]. The only disadvantage of using
chemical etching is that it creates irregularities in the formed probe. This leads, after
aluminum coating, into light leakage through the tip walls. This problem, however, has
been solved by P. Lambelet et al, where, in there experiment, etching caused by diffusion

process through the fiber jacket which is not included in Turner proposal [24].

start 80 minutes

Figure 6: Schematic geometries of the liquid layer protection etching. Adopted from [23]
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Figure 7: Different methods of doing SNOM. Adopted from [25]

Figure 7 illustrates several modes of operation of doing SNOM. Fig.7(a) the tip is used as a
light source to illuminate locally the sample. Then the light is collected once it interacts
with the sample through light collection unit, filtered through pin hole to remove unwanted
spectra, and detected by the photodetector. This method is important for fluorescence
application. The tip can be a light collecting. The sample is illuminated from the far-field,
and light that undergoes total internal reflection causes evanescent waves at the surface
which interacts with the tip and propagates through the aperture to be detected by the
photodetector. This mode suffers from signal obscuring caused by field scattering and
interference Fig.7(b). For opaque sample, the operation mode shown in Fig.7(c) is utilized.
Dielectric probe illuminates the opaque sample and the reflecting light is collected by the
probe itself. If compared to the radiation background, the collected signal intensity is weak
and this causes a problem at the detection unit [25]. An alternative way of doing SNOM is
invented by H. K. Wickramasinghe and C. C. Williams in 1990 [26]. The tip is utilized as
scatterer to the evanescent field generated near the surface. This method will be

introduced in detailed in section 2.2.

16



2.1.3 Applications

Aperture SNOM extracted the images through contrast difference; this contrast can be
phase or amplitude contrast, and depending on the type of contrast the applications can
vary. For example, Aperture SNOM with phase contrast can be employed to image dielectric
grating. The difference in the dielectric cause difference in the optical path which is
translated into phase difference. In this application, probe-sample distance is important for
high resolution image; it must be in the order of few nanometers for better images [27]. For
amplitude contrast application, SNOM can be good imaging technique for metal island film;
by measuring the relative light intensity while scanning, metal island can be imaged with
resolution in the order of 50nm [27]. Another application for SNOM is fluorescence
imaging. SNOM capable to image single molecule fluorescence, which was accomplish by
Betzig and Chichester in 1993 [28]. It opens opportunities to study the dynamic behavior of
the single molecule. In addition, SNOM can operate under ambient condition or biological
cells native environment which is advantageous for studying living cells. SNOM is well
suited for biomedical applications. For example, Photosynthetic Systems can be imaged
with high resolution. Studying the distribution of photosynthetic protein in membranes has
been reported [29] [30] [31]. Furthermore, chromosome mapping related applications
have been implemented using SNOM and reported [32] [33] [34]. For more details about
SNOM applications, the readers are referred to the excellent review done by Robert C. Dunn

[35].

17



2.2  Scattering-Type Scanning Near Field Optical Microscopy SNOM

2.2.1 Introduction:

Despite the advantages of aperture NSOM for studying and extracting spectroscopic
information through light-matter interaction, it has limitations that limits its applicability
in nanoscience applications. For example, the transmission coefficient when using the
optical probe as light source suffers from severe degradation, and compensating this loss
by increasing the input power need not to be considered if it leads to probe damage by
excessive heating caused by metallic absorption. Other limitation is related to the difficulty
to produce smooth coated-metal walls. In addition, probe apex is flat, and this is not
suitable for extracting surface topography. In other words, the probe cannot follow the
corrugation of the sample accurately, therefore, limiting the spatial resolution. Thus, a
better technique that overcomes these obstacles is necessary. In 1990, H. K.
Wickramasinghe and C. C. Williams introduce for the first time scattering type NSOM [26];

it is called scattering-type SNOM (sSNOM) or apertureless SNOM (aSNOM).

Figure 8 illustrates the principle of sSSNOM (left) and its realization as proposed by [26]. In
sSNOM the probe acts as a scatterer object. It converts the evanescent wave into
propagating wave which will be detected at the far field by photodetector. sSSNOM,
obviously, overcomes the SNOM limitations. For example, while SNOM is limited to certain
wavelength region, where this region is related to the transmission coefficient, sSSNOM
application can be extended from optics to infrared regime. The spatial resolution, in
sSNOM, is limited by the tip apex radius which is limited by fabrication technology

available. On the other hand, SNOM aperture radius is governed by the transmission

18



coefficient which limits its spatial resolution. Fabricating SSNOM probes are much easier

than those in SNOM because they will not be used as illuminating sources but rather

scatterers.
_ Detector Detector

(a) Collection lens (b}  Collection lens
Far- \\ /7 \\ /7
field

- Y- A AR B
Near- _\ s
Field

Figure 8: Scattering type NSOM principle of operation. Adopted from [45].

2.2.2  Principle of operation

The incident light is focused into the scatterer which is in this case an AFM tip or STM tip.
The tip approaches the sample, through AFM control unit, to locally scatter the evanescent
field. Once the tip approaches the sample surface the tip enhances the field into orders of
magnitudes depending on excitation wavelength, coating material, tip-sample distance, and
tip geometry. That means that the tip is not only an antenna but also a local light source.
The enhancement originated from tip-sample optical coupling at the near-field distances,
and electronic transition (chemical effect). This enhancement can be further increased

when plasmon effect is involved by employing noble metal as a coating material. The

19



enhancement is very confined near the tip apex, and this helps increase the spatial

resolution of the sSSNOM.
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k
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Figure 9: Quasi-electrostatic approximation (dipole approximation). Adopted from [40]

To understand the physics involved in the enhanced region, the dipole approximation will
be explained. The tip is considered as a polarized sphere with dipole moment; this dipole
creates its image on the substrate. Therefore, the field in any dipole is a superposition of
the incident field and the field induced by the other dipole. As illustrated in figure 9, center
to center distance between the dipoles is 2r, where r is the distance from dipole center to

3 —
a’(gg—1) [36]

the substrate surface. The polarizability of the sphere with radius ais a; = 0
t

)

where the subscription t denotes the tip polarizability, and ¢; is the dielectric function of
the tip. Any polarizable object subject to an electric field will generate dipole moment P
(bold indicates vector quantity), where it is related to the electric field through the
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polarizability a;; this dipole momentum is also affected by the field incident from the image

dipole. The total dipole momentum generated at the tip is:
P = a,(E + E(7)) 2.2.21
The image dipole field calculated at the location of the tip dipole is

3((m.P)a-P")

8r3

E() = 2.2.2.2

fl is the surface normal and P’ is the image dipole momentum. The field of image dipole is
inversely proportional to the distance cube r-3; this means the further the tip the less the
image field to contribute in the field enhancement. According to [37], the optical coupling

between the sample and the tip can be found by calculating the effective polarizability a. .

The effect of the image dipole field is embedded into .
aerr = ar(1+ fcosB)Eny 2.2.2.3

p == 2.2.2.4

Einn = gp—1 11+c0529 a \3
-(m) () @5)

ert2 a+z

2.2.2.4

Einn, € and z are the electric field enhancement located in the tip-sample gap, the dielectric
function of the sample, and the gap distance respectively. The angle 0 is the angle between
the light polarization i.e. electric field (E) orientation, and the surface normal. To increase
the enhancement, the electric field polarization should coincide with the surface normal,
and the tip-sample gap should be as small as possible. Note that when 6 = 0, the two dipoles

fields are constructive fields while they are cancelling each other in the case when 6 = /2.
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Experimentally, however, the dipoles fields may not cancel each other; these analyses are

an approximation. It gives us an idea about the behavior of the tip-sample optical coupling.
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Figure 10: Setup configurations for sSSNOM. (a) Interferometric transmission mode and (b)
reflection mode. (c) Non-interferometric mode. (d) Setup for evanescent wave. Adopted from

[40].

AFM non-contact mode is the main mode used for sSSNOM setup. The tip is located at the
end of cantilever, and the cantilever is driven at one of it mechanical oscillation frequency.
The oscillation amplitude is in the order of few nanometers, and the oscillation direction is

parallel to the surface normal. The oscillation amplitude is detected optically or through
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piezoelectric, but the most common method is optical detection. As illustrated in figure 11,
light beam is incident on the back of the cantilever; approximately, at the end of the
cantilever where the tip is located. The quad-photodetector detect the reflected signal. This
signal is use to detect the oscillation amplitude. The tip is metalized through coating to
enhance the field in the gap. As a consequence, the scattered field is enhanced. The
amplitude of the oscillation is kept fixed through AFM unit feedback that utilize a
piezoelectric which works out of plane from the sample surface. Hence, the sample

topography can be extracted simultaneously with optical information.

Figure 10 shows different setup that sSSNOM can operate with. Interferometric mode is
used to study, mainly, the elastic-scattering properties of the sample i.e. refractive index
measurement. In other words, the detected signal is the scattered light. For inelastic
measurement, non-interferometric mode is utilized. In this mode the scattered intensity is
the measured quantity. This method is suitable for Raman, photoluminescence, and
second-harmonic generation applications. These two modes differ from each other based

on light illumination and light collection implementation.

Interferometric mode is first illustrated by Wickramasinghe [38], which is shown in figure
10(a). In this mode, a light beam is incident on a beam splitter, and is sent to the objective
that focus the beam into two diffraction limited spots. The tip approaches one of these spot.
The scattered field then is a combination of scattered field due to the tip (tip-scattered
field) and due to the sample (back-scattered field). These two components are filtered and

send back to the photodetector which detect the amplitude and the phase shift between the

23



tip-scattered field and the back-scattered field; this phase shift is responsible of the

contrast.

The non-interferometric mode is used to measure the intensity of the scattered light. the
illumination will be focused using long distance lens and this lens will act as light source
and light collector. Alternatively, the illumination can be done using bottom illumination
where the scattered light pass through filter and collected by, favorably, very sensitive
photodetector (see figure 10(c)). The last mode of operation is the evanescent mode. A
sample is set on a prism, and light beam with angle below the critical angle is incident on
the prism surface. The light will undergo total internal reflection which will generate
evanescent wave. The metallic probe will perturb locally the evanescent wave and the

scattered light will be collected through a collection optics unit.

Detector

Laser

Cantilever

Figure 11: Figure 1 is repeated for convenience.
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2.2.3 Applications

As mentioned above, sSSNOM in interferometric mode is mainly employed to measure the
elastic scattering light from a sample. Thus, elastic scattering imaging is an important
application. In other words, sSSNOM optically discriminates sample composition through
elastic scattering light. For example, Fisher U. C. et al imaged what so called “Fischer
patterns” sample which are made of metal shaped in triangular structure, using the
principle of elastic scattering [39]. This experiment becomes standard test for sSSNOM
resolution. Another important application for sSSNOM is Raman spectroscopy. The
combination of the near-field optics with Raman (near-field Raman) allows dynamic and
electronic study with nano-spatial resolution. Single molecule structure and electronic
information can be extracted with the help of a sharp metallic tip. Raman signal is
extremely small and it is not detectable for single molecule, but surface plasmon resonance
and antenna effect can enhance the field by several order of magnitude making Raman
signal detectable in nanoscale allowing single molecule resolution. This means that the Si
tips are not used in near-field Raman imaging application because Si tips have weak field-
enhancement. Because Raman technique is a non-invasive, it has been utilized in many
applications in nanotechnology and biotechnology [40]. For example, Achim Hartschuh et
al. used near-field Raman technique to image single isolated single-walled nanotube with
spatial resolution of 25nm using silver-coated tip with tip radius of 10-15nm with
excitation wavelength of 633nm [41]. In general, the enhancement is a function of
geometry, coating material, tip apex radius, and tip-sample distance. Raman signal at
nanoscale is detectable when the tip-sample distance is smaller than the tip apex radius
because the largest field enhancement manifests at tip-sample distance much smaller than
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the tip apex radius. Another example, Norikiko Hayazawa el at. imaged nanocrystallized

Rhodamine6G and Crystal Violet molecules using near-field Raman technique [42].
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2.3 Photoinduced Force Microscopy

2.3.1 Introduction:

In 2010, Rajapaksa et al demonstrates for the first time a technique, which is then called
photo-induced force microscopy (PiFM), that images molecular resonance by sensing the
mechanical force due to the interaction between sample dipole which is optically excited
and its image in a polarizable tip; as a result, maps of local optical force is produced. In this
methods, the atomic resolution provided by a sharp AFM tip is employed to extract local
spectroscopic information provided by optical excitation. Unlike SNOM and sSNOM, the tip
in PiFM senses the evanescent waves directly. In other words, PiFM is near-field detection
technique. This force is related to the polarizability of the tip and the sample. Therefore,
chemical information can be extracted using this technique. Because probed force is
spatially confined in nanoscale, PiFM is capable of providing spectroscopic information
with high spatial resolution well below 10nm.

The detected force is proportional to the tip-sample polarizability and the gradient of the
field. The polarization can be complex, which leads to gradient force and scattering force.
Gradient force is related to the inhomogeneity, while scattering force is related to
momentum transfer to a polarizable object by light fields. To understand optical force on a
tip approaching sample, the principle of dipole-dipole interaction between tip and sample
can be used. In this principle, the tip and sample are approximated to be dipoles. The
optical force is, then, proportional to the strength of these dipoles. In other words, driving
sample at resonance and off resonance will show high contrast in spectroscopic imaging.
Both dipoles are assumed to be point dipoles; this assumption allows having analytical
expression which help enhances our understanding in the nature of forces at play. The total

27



force (F,:) exerted on the tip must include van der Waal’s forces, meniscus forces,
chemical and Casimir forces (Fiy;).

2.3.2  Principle of operation

Spectroscopic information depends on optical excitation. Optically excited molecule or
structure can be scanned using different methods as mentioned previously. What makes
PiFM unique is that it is not limited by far field detection sensitivity; it is, only, limited by
the tip geometry because it directly senses the local optical forces between the tip and
sample. When the tip approaches the irradiated sample by light, tip-sample field is
enhanced and the optical force is enhanced, which depends on the spectroscopic property
of the sample. The principle of dipole-dipole interaction between tip and sample is

illustrated in figure 12(b).

Every dipole consists of magnetic and electric momentum. Some material exhibit high
electric momentum such as metal, while dense dielectric and metal clusters can exhibit
magnetic momentum. Depending on experimental set up one can ignore the momentum
that is not dominant. In general, the optical force can be divided into three main
components: time-averaged force due to electrical dipole, time-averaged force due to
magnetic dipole, and interaction force between electrical and magnetic dipoles. It is
assumed that the electric and magnetic momentum are spatially non-varying. However, the
total force (F;,;) exerted in the tip must include van der Waal’s forces, meniscus forces,

chemical and Casimir forces (Fi,¢)-

Fior = Fopt + Fint 2.3.2.1
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For more physical insight into the nature of the optical forces analytical approach is
needed. This approach relies on the assumption that the tip and sample can be assumed to
be point dipole. Field across point dipole is constant, which simplifies the analysis by far.
Optical forces are function of the polarizabilities of the tip and sample. The polarizability
(e = a, + ja;) consists of dispersive component («,-) and dissipative component (a;).
Based on the polarizability component optical forces can be decomposed into scattering

force caused by the imaginary part and gradient force caused by the dispersive component.

a

<F>=< ZYRe{E;VE} >+ < 2%, Im{E; VE;} > 2.3.2.2

Based on the geometrical set up optical forces can be classified into optical tweezer force,
When the tip is irradiated with no substrate, image dipole force, when tip is irradiated
above semi-infinite substrate, and optical binding force, when tip is mediated above
polarizable object (see figure 12). The cantilever tip is sensitive to the z-component of the

optical force. Thus, other components will be ignored for simplicity.

(a) optical tweezer (b) image dipole (c) optical binding

Figure 12: The three different types of forces are graphically illustrated. Adopted from [59].
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Image dipole approximation takes into account the tip-sample mutual coupling due to
optical excitation. The tip-substrate geometry will be a dipole with dipole moment consists
of z component only, and its image on the substrate that consists of z component as well.
The dipole momentum is proportional to the incident field through dipole polarizability.
For detailed force analysis please refer to [59] and [60]. However, the final results will be

mentioned and discussed. The scattering force < F;, > and the gradient force < F; > can be

written as:
30.’itza’itlz 2~ k 25
< F.'S‘C > = —W IEOZI VA + ;aitzlonl Z 2.3.2.3
<F>= - iy g 2; 2324
= - Z e IV
g 2e,mz% 0z

it ,» A’ o Artp Are! , » Eozy Eoy, and k are imaginary component of the tip polarizability,
imaginary component of the image polarizability, real component of the tip polarizability,
real component of the image polarizability, z component of the incident field, x component
of the incident field, and the wavenumber respectively. Note that the gradient is
proportional to the z~#, and it is originated from field inhomogeneity. In simulation section,

the force gradient will be illustrated using Finite Element Method software.

Optical binding force (figure 12(c)) is the force between the tip and the particle placed in
the vicinity of it. This force can be approximated by the dipole image theory as illustrated
before, but with different assumption. Without going into detailed analysis, the total force

on the tip can be written as:

2
3(artzarpz+aitzaipz) |Eozl

2.3.2.5
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Aip, Arp, €y are imaginary and real part of the polarizability of the particle, and the relative

permittivity of the medium. Note that the second component is the one that contains the

spectroscopic information and it has z™* distance dependence.
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Figure 13: Basic layout of PiFM. adopted from [43]

In figure 13, PiFM employs the AFM cantilever tip with inverted optical microscopic
structure. The light is received from two beams and focused into small spot to reduce the
exposure of unexamined sample and to increase the intensity which magnifies the optical
forces. The two beams are modulated at independent frequency. Typically, modulation
frequency ranging from 100kHz to 10MHz. In this structure, the PiFM can measure the
topography of the sample and the optical response at the same time. This can be achieved
by driven the cantilever at f; with certain amplitude. This frequency is responsible of the

topographic image extracted from the sample. In this step, a control circuit will maintain
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constant height by sensing the phase shift occurs on f; due to change in the optical forces
between the tip and the sample. f,;can be any frequency i.e. first mechanical resonance.
Because the cantilever exhibits multiple eigenfrequencies, one can utilize another
resonance frequency f,,to detect the optical response. Figure 13 shows two images sample

topography and PiFM image. f,,can be any frequency as long it is far from the first

frequency fy;.

Demodulation the cantilever motions that corresponds to the optical modulation frequency
allows detecting the photoinduced forces. The optical modulation frequency f,, can be f; if
single beam is employed, or f; + f; if two-beam scheme is utilized. Depending on the aimed
measurement PiFM can operate at two modes: direct-mode, where f;,, is tuned to f;,, or
sideband-mode, where f,,, + f,; is tuned to f;,. While sideband is good at extracting
quantitative information, direct-mode allows more sensitive measurement to the gradient

force.

2.3.3  Application:

The technique can be utilized to detect the linear and nonlinear optical properties of
nanoparticle that display strong absorption features i.e. semiconductors in the visible
range. PiFM has chemical imaging capabilities. An example is shown in figure 14 where
there are two different polymers having different resonances at different wavelengths in
the near IR range. By tuning the laser so that it covers both resonances for both polymers,
optical contrast can be seen. The pictures in the figure are opposites revealing to
resonances as illustrated in the figure. Another application related to mapping the electric

field components of focused light, where the tip becomes a sensor of the near field, and
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because the PiFM is capable of sensing the near field, it can be utilized to observe plasmon
polaritons [62]. More promising application related to the subservice detection. An
embedded nanoparticle in a sample can be detected using PiFM. It has been shown in the
literature that by using sSSNOM the nanoparticles embedded in the range of the tip radius
can be detected with high spatial resolution. With PiFM, the resolution is expected to be
higher because sSNOM technique relays on the scattering of the evanescent wave while

PiPM measure the interaction forces directly.

(a) 1492 cm™!
\ 101.3 Vv

Figure 14: Chemical imaging for coblock polymer (PS-b-P2VP). The IR laser is incident at
1492cm-1 and 1589cm-1. (Adopted from [61])
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Chapter3: COMSOL Simulation

3.1 Simulation Setup

Finite Element Method (FEM) with frequency domain approach has been utilized to
analyze the tip-sample field components with three-dimensional mesh. A non-uniform
meshing based on free tetrahedral elements is employed, where dense mesh elements are
in the vicinity of tip-sample region with minimum element size of 0.1[nm]; the maximum
size element is one tenth of the wavelength of the incident beam, which is required for
converged solution. The dielectric constants of the set up are assumed to be uniform within
the boundary of the tip, sample, and substrate. The set up will be modeled using 180° mesh
due to the symmetry in the configuration. The far-field boundary condition has been
modeled using perfectly matched layer (PML). PML is very useful boundary condition for
open boundary problems; it helps truncating the computational regions. It has been proven
that PML is a strong absorbing layer which prevent waves impinging on it from reflecting

back. The setup has been simulated using COMSOL Multiphysics software.

Optical forces that are sensed by the tip are strongly dependent on the absorption rate of
materials, which is a frequency dependent phenomenon. The higher the absorption rate the
higher the optical forces between tip and sample. Let assumed that a particle is adsorbed
into a sample, where particle and sample have different absorption spectrum i.e. when the
particle at resonance, the sample is transparent. If the particle is driven at resonance by
incident monochromatic plane wave, the particle can be chased, and its location can be
determined through observing force gradient curve which is affected by the particle

location. The gradient rate is proportional to z~° because gradient is derivative of force,
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where z is the distance away from the tip. The particle location is swept from the surface of

the PMMA until 2004 in depth (see figure 15).

To validate the theory, we have implemented the configuration shown in figure 15. The tip
with 100 half angle is terminated by sphere with radius of 100A. The tip is, then, coated by
gold with thickness of 50A. Tip-sample distance is 5A. PMMA with 3004 thickness is the
host media of the Polystyrene (PS) particle; the PS particle radius is 50A. The wavenumber
of the monochromatic plane wave is set to be 700cm-1; at this wavenumber polystyrene has
strong absorption peak while PMMA is transparent. The dielectric functions have been
taken from [80] [81] [82]. The substrate is silicon and it is assumed to be infinite (it is not
shown in figure 15). The sample has been irradiated by two monochromatic plane waves
travelling in x-axis creating standing wave. The polarization of the electric field is in the z-
axis i.e. parallel to the tip axis. The surrounding medium is air, and the far-field boundary

condition is set to be perfectly matched layer (PML).

Figure 15: The configuration set up. Tip with 10° half taper angle terminated by sphere of
1004 radius coated by gold with 504 thickness. Tip-sample distance is 5A. The geometry is
irradiated by standing wave with polarization parallel to the tip axis. The PS particle is
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embedded into PMMA sample, and swept into -z direction. In addition, The PS particle is
scanned by sweeping the tip in x-axis. For both cases MST has been calculated.

3.2 Validating COMSOL Model and Equations

3.2.1 Closed Form Solution Validation: Mie Solution

Before starting to simulate a problem using Finite Element Method, the geometry of the
problem must be validated. Validation can be done by solving a problem that is already
solved by well-known publication and comparing the results of the simulation, or by
implementing Mie analysis and compare the results to a well-known Mie solutions done by
software code i.e. MATLAB. Mie theory describes the scattering and absorption process of
an incident electromagnetic plane wave by a homogenous sphere. This case has been
implemented (figure 16) to validate our geometry. In the figure, a sphere particle with
radius of 10004 and refractive index n = 5 + 0.4i is irradiated by a monochromatic plane
wave. The extinction cross section (ECS) has been analyzed and compared to analytical Mie
solution done by Matzler code [83]. Due to symmetry, one quarter of the geometry is
simulated to save computational time. COMSOL shows an excellent agreement with Mie
solution (figure 16). Maxwell stress tensor (MST) is employed for force calculations.
Therefore, validating MST equations used by COMSOL is inevitable. Irradiated particles are
exposed to radiation force in the incidence direction. This force is proportional to the
pressure cross section which is proportional to the extinction and scattering cross section.
Once the pressure cross section is found, the radiation force can be calculated. Radiation
force must equal the integration of MST over the particle surface. Figure 16 shows

comparison between Mie solution and COMSOL results. MST equations results are identical
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to the radiation force calculated by COMSOL and Matzler code. This enhances our

confidence on COMSOL analysis.

— MST
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Normalized Forec

Normalized ECS

OO0 HEReh NN W
oNvbho~NRODNNPODWN DO

0 02 04 06 08 1 12 14 16 18 2
(8)

Parameter size x=ak

Figure 16: (A) shows comparison between MST and pressure force calculated by COMSOL i.e.
COMSOL equations, and calculated using Mie analysis; y-axis is normalized. (B) Extinction
cross section of a sphere with radius of a=100 [nm] irradiated by monochromatic plane wave;
the dotted line and solid line are COMSOL results and the asterisk is Mie results. The x-axis is
parameter size x=ak, where a is sphere radius and k is wave number.

3.2.2 Bench Mark:

To add more confidence to our geometry, the simulated configuration done by [84] is
repeated (figure 17). In this configuration, solid silver tip is irradiated by monochromatic

plane wave with wavelength of 632.8nm, where the incident angle is /3. The tip is free
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surrounded by air, and modeled as a solid metal cone terminated by sphere with radius of
250A. Dielectric constants are the same as in [84]. The resulting field is normalized to the
incident field. Therefore, the result shown in figure 17 is the field enhancement. The result
is in good agreement with what is published in [84]. After validating our geometry using
Mie analysis and previous published work problem, we are ready to simulate our

configuration.

Figure 17: FDTD (left) [48] vs COMSOL (right) Ag solid tip illuminated by an incident field
with pi/3 incident angle. The wavelength is 632.8nm E;,;, = Eioe \where Eoc [V/m] is the

Einc

electric filed at the tip, and Einc [V/m] is the incident filed.

3.3 Optimization:

In this section, we will study the effect of sample thickness and tip-coating thickness on the
electric filed enhancement in the gap, and the field gradient in the sample to optimize the
configuration. The effect of the Si substrate, which is not shown in figure 15, should be

large to enhance the filed in the gap, which means higher force exerted on the tip.
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Therefore, several PMMA thicknesses has been tested and the result shown in figure 18. It
is obvious that Si substrate effect is eliminated at the thickness of 50nm, where the field
enhancement is dominated by the PMMA only, and becomes thickness independent
(saturate) as PMMA thickness exceed 50nm. Substrate effect can be understood by
understanding the capacitance effect between the probe and the substrate, and to
strengthen the capacitance effect the PMMA thickness should be decreased. Due to the fact
that we are interested to embed a particle with radius of 504, we decide to set the
thickness to 3004; this thickness match the experimental set up done by [78]. Three metals
coating has been studied: silver, platinum, and gold. Both shows same field enhancement.
Gold metal is chosen for coating with 50A coating thickness; the smaller the coating
thicknesses the higher the enhancement. The smaller the radius of the coated tip the
stronger the gradient in the gap. Strong gradient enhances the spatial resolution. To
conclude, PMMA thickness is chosen to be 3004, and the tip is coated by gold with 504

thickness.
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Figure 18: Gap-field enhancement as a function of PMMA thickness (left column) and coating
thickness (right column). Row (a) tip has been coated by platinum, row (b) tip has been
coated by gold, and (c) tip coating material is silver. Each curve is for fix coating thickness
(left column) or fix PMMA thickness (right column). The incident wavelength is 10um.
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3.4 Results

In this work, we are interested to observe the force sensed by the tip due to the presence of
the PS particle which is driven at resonance by a standing wave E(z) = Ey(e”** + e™*¥)Z at
700 cm-1, and embedded in PMMA layer. The tip-sample gap remains fixed while PS particle
is swept in the -z direction i.e. away from the tip. Optical forces are function of the

polarizabilities of the tip and sample.

MST has been integrated over the tip surface and force curve is shown in figure 19. As
mentioned before, tip and sample can be assumed to be dipole and its image. If we assume
that the dipole of the sample is dominated by the PS particle since it is driven at resonance,
then the force exerted on the tip will be proportional to the PS particle location. The closer
the particle to the tip the higher the force will be, and this is shown in figure 19. However,
the force and PS particle location proportionality is not linear. The force is exponentially
decreased, and it saturates once the PS particle location exceed a distance equal, roughly,
the tip radius. The rapid decay in the force at short distance (close to the tip) is related to
the rapid decay in the electrical field due to the inhomogeneity. Figure 16(A) illustrates the
optical contrast. As the tip scan the sample and passes through the particle which is driven
at resonance, the force shows lorenzian line shape. What matter is the difference between
the maximum (tip above the particle) and minimum (tip away from the particle) force
measured. Note that, for PS particle, at resonance, the deference is larger than when it is off
resonance; this case cannot be generalized because ultimately this difference depends on
the strength of the absorption index. For example, gold particle (figure 16(B)) is driven at

resonance and off resonance, but in this case the off resonance wavelength is chosen to be
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in the infrared region. The contrast is higher in the IR case than the resonance case, but the
line width is larger, which indicates lower spatial resolution. The full width half maximum
should not be the radius of the tip plus the radius of the particle because the effective field

is confined into a smaller volume.
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Figure 19: MST calculation on the tip due to the presence of the particle. (A) and (B) show the
difference between the maximum MST (particle at the tip) and the minimum MST (particle
away from the tip). For (A), red curve represents ON resonance case (n=1.9+0.12i and
k=700cm-1) for PS particle and blue is OFF resonance (n=1.65+0.005i and k= 625cm-1). For
(B), red curve represents ON resonance case (n= 0.32+ 2.5789i and k=17543.86cm-1) for Au
particle and blue is OFF resonance (n= 48.88+3346.2i and k= 625cm-1).

Subservice detection have been done by other techniques. For example, T. Taubner
F.Keilmann and R. Hillenbrand [85] employ the sSNOM technique to detect embedded
nanoparticles. They buried Au particles in Polymer layer with different thickness, and

imaged the particles with best spatial resolution below 120nm. Relatively, this technique is
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not suitable for imaging nanoparticles because the smaller the particle the less evanescent
waves to be seen by the tip. In addition, the covering layer will significantly reduce the
evanescent wave strength resulting in poor images. PiFM provides better spatial resolution
well below 10nm. As illustrated in the figure 19 above, PS particle with radius of 5nm is
resolved with different depth. While sSSNOM is limited by far-field detection scheme, PiFM
is limited only by the tip geometry, which means better signal to noise ratio, hence better
imaging technique. Shekhawat, G. S., and V. P. Dravid demonstrate scanning technique that
can be used to scan buried structure with high resolution, which they call scanning near-
field ultrasonic holography SNFUH. Regardless to its high spatial resolution, the technique
cannot be used to extract spectroscopic information since it detects perturbation caused by
inhomogeneity in the sample [86]. Laurene Tetrad et al [87] utilized SNFUH to image
nanoparticle in cells, but it shows structure of the particles but not the chemical properties.
PiFM is a nondestructive technique that can be useful for studying toxicity of nanoparticle
in cells; toxicity of nanoparticles depends on the physical and chemical properties of the
nanoparticle [88] [89], and PiFM can detect spectroscopic properties and physical size of
the nanoparticle. Therefore, it is an ideal technique for field of studying nanoparticles
toxicity. Scanning depth of buried nanoparticles depends on the polarizability of the
nanoparticle that is driven at resonance i.e. embedded metal, such as gold, nanoparticles
scanning depth is deeper than soft nanoparticle scanning depth because metal has higher
polarizability than soft material, such as PS. Applications of PiFM as scanning embedded
nanoparticles can extend from material science to biological application. For example, if
there is a particle buried in a sample, PiFM can predict particle compound by comparing

the resulting force into known spectroscopic curve, where this can be done by tuning laser
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frequency i.e. from optical regime into IR. PiFM can, in principle, be used to analyze
nanoparticle populations in a host media i.e. biological cell. Nanoparticle coating due to
interaction between the nanoparticle surface with the host media and purity analysis is a

promising application for PiFM.
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