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Abstract

Near-field Scanning Microwave Microscopy (NSMM) is a technique that produces

an image from the evanescent microwave field interacting with the sample with

the spatial resolution down to the atomic scale. This technique is commonly used

simultaneously with any scanning probe microscopy (SPM) technique, such as the

atomic force microscopy (AFM) or the scanning tunneling microscopy (STM). The

NSMM is prominent for providing non-invasive imaging of sub-surface structures

and allowing local quantitative characterization of the sample. Regardless, a novel

technique known as near-field Inverted Scanning Microwave Microscopy (iSMM) is

the improvement developed recently to broaden the application beyond the current

focus on surface physics and semiconductor technology. Despite the iSMM offer

advantages over NSMM, this technique has not been widely commercialized and the

system setup needs to be custom designed according to the existing instruments

we have in our microscopy laboratory. In the present work, the iSMM setup was

constructed with a slight modification of SPM probe into a simple and rugged metal

tip, and utilization of a transmission line as part of the sample holder. The setup was

then evaluated by performing the sensitivity test, waveguide analysis and verified

by scanning on real sample. The microwave image (S11) of graphite at frequency

12.03 GHz acquired by the AFM-modified iSMM. After applying proper calibration

procedure and the time domain analysis, the quality of the iSMM image is improved

and the details of graphite flake is well visible. The AFM-modified iSMM has been

successfully developed for real sample analysis at high frequencies.

i



Chapter 1

General Introduction

1.1 Overview of Scanning Probe Microscopy

Scanning Probe Microscopy (SPM) is a powerful metrology tool that has been a ma-

jor breakthrough in nanotechnology, providing access to visualize and study sample

properties at the atomic level. The working principle of SPM is utilizing a sharp

probe to perform a raster scan in close proximity to the sample surface and recording

the tip-sample local interaction signal. The feedback system is employed to maintain

the interaction by adjusting the tip-sample position height so that the tip-sample

separation can be controlled during the scanning process. The adjustment of the tip

position performed by the piezo scanner in three dimensions with the sub-nanometer

resolution is monitored thereby producing the atomic-scale resolution topographic

image. Various types of interaction are exploited in different types of SPM tech-

niques, chosen according to the characteristics of the sample and the purpose of the

study. Figure 1.1 shows the generalized schematic diagram of SPM.

Besides, the SPM techniques are able to perform in different kinds of environ-

ments like ultra-high vacuum [1] [2], air [3] [4], and liquid [5] [6]. Scanning Tunneling

Microscopy (STM) is the first SPM technique invented by G. Binnig and H. Rohrer

in 1981 [7] then were awarded the Nobel Prize in physics in 1986. However, it re-
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Chapter 1. General Introduction

Figure 1.1: The generalized schematic diagram of SPM

quires a conducting and semi-conducting sample surface. This main limitation has

led to the invention of Atomic Force Microscopy (AFM) [8] that broadens the appli-

cation to a wide variety of samples. Both STM and AFM techniques will be further

discussed in the next sections respectively.

1.1.1 Scanning Tunneling Microscopy

The STM working principle is based on the quantum-mechanical phenomenon of

tunneling current. As the tip approaches the conductive or semi-conductive sample

surface to distances of few nanometers (nm), the tunnel current is produced as a

consequence of the bias applied between the tip and the sample causing the electrons

to flow through the narrow potential barrier [9]. In this way, the distance between

the tip and the sample surface is maintained thanks to the exponential decay of the

tunnel current over the tip-sample distance. Figure 1.2 shows the basic principle of

STM.

Generally, the STM can operate either in constant current mode or constant

height mode. In constant current mode, the STM feedback system is used to keep

the tunnel current constant by adjusting the tip height at each measurement point

over the sample. For example, when the system detects an increase of tunnel current,
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Chapter 1. General Introduction

Figure 1.2: (a) The STM feedback system and (b) the relationship between the
tunnel current and the tip-sample distance

Figure 1.3: The STM modes and the dotted line indicates the path following by the
STM probe tip. (a) The constant-current mode. The red atoms exhibit different
height paths compare to the blue atoms due to differences in the local density of
states. (b) The constant height mode. The orange glow along a constant height
path represents the recorded tunnel current. The glowing is more for the higher
tunnel current detected than the surrounding surface

it adjusts the voltage applied to the piezo scanner to increase the distance between

the tip and the sample, refer Figure 1.3 (a). The tip height variation measurements

are then used to produce the STM topographic image. In constant height mode

instead, the feedback system can be turned off as the tip is scanned at a constant

height. The changes in tunnel current due to the sample topography and local

density states are measured at each point, refer Figure 1.3 (b). Such measurements

are used to produce the STM image. This mode is faster as no displacement of
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Chapter 1. General Introduction

tip height involves, but it provides useful information only for relatively smooth

surfaces.

Apart from the limitation of STM to conductive and semi-conductive samples, it

also requires high bias especially for the dielectric samples to allow current tunneling

which can cause overheating to the instrument. Therefore, AFM is a good alternative

and more preferable by many research groups.

1.1.2 Atomic Force Microscopy

The AFM probe comprises of a sharp tip mounted on the flexible cantilever and the

working principle is based on the optical beam bounce approach. This approach

involves the reflected laser beam on the cantilever serves as a means to measure the

interaction forces between the tip and sample. As the tip approaches the sample sur-

face to distances of several nanometers (nm), the deflection of the cantilever due to

the detection of the atomic forces is translated into an electrical signal corresponding

to the motion of the reflected laser beam on the photodetector. The intensity of the

electrical signal is proportional to the cantilever deflection.

In the AFM technique, there are several forces involved, called Van der Waals

force, which originated from intramolecular interaction. When the tip is brought

extremely close to the sample, the repulsive force dominates while as the tip is

retracted from the sample, the attractive force quickly becomes dominant. Never-

theless, the tip-sample distance has to be close enough to be able to detect such

forces.

The AFM has three operation modes contact, non-contact, and tapping modes.

In contact mode, the tip is scanned in direct contact with the sample surface. Mean-

while, in non-contact and tapping modes, the cantilever oscillates at the resonant

frequency throughout the scanning process. The tapping mode is usually employed

to enhance the AFM sensitivity as it reduces the tip pressure applied to the sample
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Chapter 1. General Introduction

at which it becomes relevant especially for soft biological samples. Figure 1.4 shows

the basic principle of AFM.

Figure 1.4: (a) The AFM feedback system and (b) the relationship between tip-
sample force and the tip-sample distance

The AFM feedback system monitors the reflected laser beam to keep the inter-

action forces constant by adjusting the tip-sample distance, performed by the piezo

scanner. In contact mode, the forces are kept constant by maintaining the cantilever

deflection whereas, in non-contact and tapping modes, the amplitude of the oscilla-

tion is maintained. The variation of tip height is recorded and is used to produce

the AFM topographic image.

1.1.3 Near-Field Scanning Microwave Microscopy

Near-field Scanning Microwave Microscopy (NSMM) is a technique that integrates

a microwave signal path into SPM to study the local electromagnetic properties

response of the sample through its interaction with the scanning probe, in contact

or non-contact at near-field within nanometer (nm) scale, known as the evanescent

field. In such a manner, high spatial resolution down to atomic scale can be achieved,

resolving the resolution limitation in classical optical principle, the Abbe’s limit [10].

The basic components of NSMM consist of a microwave source, a scanning probe, a
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Chapter 1. General Introduction

detector system as shown in Figure 1.5 below.

Figure 1.5: The SMM basic schematic diagram

Usually, the vector network analyzer (VNA) is employed as both the microwave

source and the detection system. As the detection system, the VNA provides the

microwave response measurement in terms of the reflection and transmission coeffi-

cients describe in S-parameters. These parameters are in a complex form composed

of magnitude and phase characteristics of the signal. The reflection coefficients (S11

and S22) involves a one-port configuration measurement and are defined as the ra-

tio of the reflected signal to the incident signal. The transmission coefficients (S21

and S12), on the other hand, involves two-port configurations measurement, defined

as the ratio of the transmitted signal to the incident signal. Figure 1.6 shows the

S-parameters of VNA in the two-port network, commonly study in NSMM.

The scanning probe of NSMM is utilized as an antenna and a receiver to transmit

and detect the signal separately. The probe can be aperture-based or apertureless.

The aperture-based probe has an open-ended aperture such that the incident and

reflected signals only confined to the local region, but causes high signal attenuation

as the incident signal will have to pass the cut-off region. Thus, the apertureless
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Chapter 1. General Introduction

Figure 1.6: The S-parameters of VNA in two-port network

probe is currently predominant and it uses a sharp tip to allow the field-concentrating

feature to intensify the incident signal locally.

The main idea of NSMM is the use of the probe tip to scan in contact or in close

proximity to the sample surface at a distance, d typically less than one-tenth of tip

dimensions, D, establishing a high signal-to-noise ratio (SNR) [11], refer Figure 1.7.

Figure 1.7: The near-field apertureless probe

As the NSMM records the interaction signal in the evanescent field that is con-

centrated in the vicinity of the tip apex, the tip-sample distance has to be maintained

during the scanning process to ensure the high precision of the near-field measure-

ment. Therefore, the evanescent waves are responsible for the imaging capabilities of
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Chapter 1. General Introduction

the NSMM and the spatial resolution is determined by the tip apex dimensions [11].

The short distance between the tip and the sample can be maintained by exploiting

the STM or the AFM feedback circuit in the NSMM distance-following system due

to the fact both techniques share the operating principle that able to control the

tip-sample distance with atomic-scale precision. The integration of NSMM with the

STM (STM-based SMM) or AFM (AFM-based SMM) allows acquiring electromag-

netic properties and topographic images simultaneously.

The NSMM can be either resonant or non-resonant based on the system setup

and the microwave response can be presented in different manners such as resonant

frequency, f and quality factor, Q in resonator-based microscopy, or reflection coef-

ficient, Γ and transmission coefficient, T for both real and imaginary parts in other

cases.

For a resonant microscope, a resonator is introduced in the system that is cou-

pled to the microwave source at one end and connected to the probe at the other

end. It operates at a resonant frequency and involves monitoring the reflection or

transmission properties at a point of maximum slope of the response curve. The

changes in resonant frequency, ∆f , and quality factor, Q represent the microwave

response of the sample are measured, refer Figure 1.8 (a). By having a resonator in

the NSMM, the sensitivity of the system increases but it is restricted to narrow-band

frequency. Therefore, a resonant microscope is efficient only for which frequency it

was designed.

For a non-resonant or broadband microscope, a transmission line, either coaxial

or waveguide, is used as a signal path from the microwave source to the probe. This

physical implementation involves cable connections, adapters, and the transition

from the guided-wave structure to the probe. As a consequence, multiple minima

are generated in the magnitude of the reflection coefficient corresponding to the

cumulative effect of the interfaces and associated impedance mismatch. Thus, a
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Chapter 1. General Introduction

fixed or a frequency range has to be selected for the operating frequencies of the

NSMM to maximize the SNR, which is often found by trial and error. Then, the

microwave response of the sample, the reflection coefficient, Γ and/or transmission

coefficient, T for both real and imaginary parts are obtained, refer Figure 1.8 (b).

By having a broadband system in NSMM, it opens the possibility to perform local

microwave spectroscopy.

Figure 1.8: The basic schematic diagrams of (a) resonant and (b) broadband mi-
crowave microscopes

The NSMM is able to provide non-invasive and label-free imaging means for

localized microwave characterization of the sample owing to the low microwave pho-

tons energy of a few tens microelectron-volts (µeV) that neither electronic structures

nor chemical bonds will be disrupted. Ergo, this technique has gained interest in

various application fields including biology. Recent studies have shown that the

this technique is not only capable of examining the structure of biological cells [12],

but also in measuring and quantifying the dielectric constant of lipid bilayer [13],

the electric permittivity of single bacterial cells [14], and the complex impedance of

CHO cells and E. coli [15].
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Chapter 1. General Introduction

However, thus far the NSMM application in the biology field is still limited

to dried samples as the NSMM probe tip is incompatible with the physiological

buffer. This is because the physiological buffer has higher dielectric permittivity than

that of the air causes the parasitic interaction between the entire probe body and

conducting sample holder become worse thus reduce the sensitivity. An advanced in

understanding the intracellular biology is still dictated by the development of new

scanning techniques allowing to study of both morphology and physiology of the

living cell.

State-of-the-art

One of the commercial SMM is developed by Keysight Technologies (Santa Rosa,

USA). It interfaces the VNA operating between 1 and 20 GHz with the AFM as

shown in Figure 1.9 (a) [16]. Figure 1.9 (b) shows the Keysight SMM standard

setup [17]. In the setup, an impedance matching network consists of l/2 resonator

and 50 ω shunt resistor, inserted between the VNA and the AFM probe to match

the impedance system of the probe so that the it is sensitive to detect very small

changes in the sample impedance.

Another SMM system is produced by PrimeNano Inc. with a commercial name of

Scanning Microwave Impedance Microscopy (SMIM). The instrument is composed

of the high sensitivity of signature electronics design and the customized shielded

AFM probe. The SMIM allows direct access to the conductivity and permittivity

of the sample as it is based on the capacitive coupling between the sample and the

AFM probe. Besides, it able to perform real-time detection of the capacitive and

the resistive characteristics separately. The SMIM instrument is operated only at

a single frequency of 3 GHz. Figure 1.10 shows the basic schematic diagram of

SMIM [18].
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Chapter 1. General Introduction

Figure 1.9: (a) The Keysight SMM and (b) the Keysight SMM standard setup

Figure 1.10: The SMIM basic schematic diagram
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Chapter 2

Inverted Scanning Microwave Mi-

croscopy

2.1 Introduction

The near-field Inverted Scanning Microwave Microscopy (iSMM) is a new scanning

microwave technique, recently developed by Farina et al. [19] on 2019 with the main

objective to overcome the limitation addressed by the conventional SMM on sensi-

tivity issue in biology application. They demonstrated the first successful microwave

imaging of live cells in physiological conditions. Later, in the same year, this tech-

nique has applied to the inorganic materials, resulted in good sensitivity and quality

of quantitative imaging [20]. The iSMM requires a slight modification of the SPM

probe into a simple and rugged metal tip, and utilization of a transmission line such

as slot line or coplanar waveguide as part of the sample holder. In both cases, the

AFM-modified iSMM and the slotline have been used on live L6 cells and platinum

diselenide (PtSe2) respectively.

In contrast to the conventional SMM, the microwave signal in the iSMM setup

is injected through the transmission line and the probe is always grounded. The

microwave excitation and measurement are performed through the sample holder

12



Chapter 2. Inverted Scanning Microwave Microscopy

whereas the probe is used as a perturbation tool to the sample. In such manner,

the parasitic interaction is significantly reduced as most of the surround parts are

grounded. As a result, the iSMM has higher sensitivity compared to the conventional

SMM, forthright able to resolve the probe compatibility issue in physiological buffer.

Figure 2.1 shows the schematic diagrams of the conventional AFM-based SMM and

iSMM.

Figure 2.1: The schematic diagrams of (a) a conventional AFM-based SMM in one-
port configuration and (b) an iSMM in two-port configuration [19]

Besides that, the input and output ports of the transmission line are connected to

the VNA to allow the measurement of both reflection and transmission coefficients.

With regards to the high SNR, the iSMM able to fully benefited from the wide

dynamic range feature offered by the two-port configuration measurement that has

been demonstrated in previous work [19] as shown in Figure 2.2 below.

The image quality of S21 displayed higher contrast and finer resolution than

that of S11. The dynamic in the transmission is typically higher than that in the

reflection, causes it to be more sensitive to the small perturbation induced by the

probe during the scanning process. Meanwhile, for the conventional SMM, the two-

port configuration measurement is impractical as it does not contribute additional

value but produce a faint replica image [21] [22].
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Chapter 2. Inverted Scanning Microwave Microscopy

Figure 2.2: The iSMM images of dried L6 cell in air based on S11 and S21 respectively
[19]

Furthermore, the iSMM sample holder allows either a fixed frequency or broad-

band measurement to be performed in the same setup. Apart from providing in-

formation at relevant frequencies and tomography, broadband microwave scanning

enables the time-domain analysis in post-processing to further increase the image

quality by filtering out the unwanted signals [23].

Albeit the aforementioned advantages of iSMM, the spatial resolution is deter-

mined by the tip dimensions and the SPM-based iSMM also allows the acquisition

of high frequency microwave image together with a topography, similar to the con-

ventional SMM. In summary, the iSMM provides better performance for microwave

scanning and has open up opportunities to many applications beyond surface physics

and semiconductor technology. However, further improvements are required to op-

timize the technique for future development.

Figure 2.3 shows the first iSMM prototype, the slot line sample holder that has

fabricated in collaboration with Lehigh University (Pennsylvania, USA) by convert-

ing their commercial SMM into the iSMM.
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Chapter 2. Inverted Scanning Microwave Microscopy

Figure 2.3: The iSMM first prototype

2.1.1 Transmission Line

Microwave imaging is performed in a frequency range varies typically from few giga-

hertz to few tens of gigahertz (GHz). Such high frequencies require a transmission

line for the signal propagation along the desired path. In iSMM, the planar trans-

mission line used to transmit the microwave signal to the sample subsequently to the

VNA for the measurement that also served as a sample holder. It consists of con-

ductive signal line placed on a dielectric substrate with precise geometry to ensure

the signal propagates with minimum possible losses.

Slotline is a type of planar transmission line that was utilized in previous works

[19] [20]. The structure composes of a narrow gap in the conductive coating on

one side of the substrate surface. Coplanar waveguide (CPW) instead, has a center

conductive strip, the signal line separated by narrow gaps from two parallel ground

planes, equidistant from it, will be used in the present work. The purpose of the gap

in both structures is to concentrate the field density between the conductor strips

allowing to transmit the microwave signal efficiently. Figure 2.4 shows the schematic

of both planar transmission lines.
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Chapter 2. Inverted Scanning Microwave Microscopy

Figure 2.4: (a) The slotline and (b) coplanar waveguide (CPW)

2.2 Calibration Procedure

The microwave calibration procedure allows to quantitatively characterize the in-

trinsic sample properties. It requires a set of calibration sample with known loads

called the standards, that is used to determine the unknown variables in the measure-

ment and the unwanted interactions coming from the surrounding will be eventually

removed.

The calibration technique demonstrated by Karassi et al. [24] and Huber et al.

[25] employed an array of known capacitive loads as the standards. The replacement

of the sample under analysis with the calibration sample encounters the differences

in parasitic interactions between both measurements, mainly due to the presence of

the interaction with the sample holder.

Then, in-situ calibration technique has been developed [26] [22] to improve the

measurement accuracy by removing the undesired effects coming from the cables,

connectors, geometry of the tip-sample interaction area and surrounding part of the

microscope. In this technique, the unknown measurement of these effects are embod-

ied in the one-port error network model of the sample admittance being measured,

refer Figure 2.5 (a). The model requires at least three measurements of known loads,

the standards that are the capacitance at three different distances from a ground

plane, over a frequency range as shown in the Figure 2.5 (b).
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Chapter 2. Inverted Scanning Microwave Microscopy

Figure 2.5: (a) The schematic of the calibration measurement and (b) definition of
reference plane and three known loads measurement [22]

The reference plane is a critical element as it indicates what measurements will

be considered in the error network. The reference plane defined at the probe tip

allows removal of the undesired effects involving the cross-talk at the lateral part of

the tip due to the topography effect.

In this work, this calibration technique is applied in order to get the local sample

impedance.

2.3 Time Domain Analysis

Time domain analysis is a post-processing procedure that helps to filter out the un-

wanted signal from the image for higher SNR by performing inverse-Fourier trans-

form on the reflection coefficient data over a given frequency range [23]. As the

microwave image is composed of contributions from both near-field and far-field in-

teractions, the description of the recorded reflection coefficient changes with time

allows the possibility for the local and non-local signals to be partially disentangled.

This is attributed to the fact that the local interactions at the tip apex are instan-

taneous while the non-local interactions are delayed by a certain period of time. On
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Chapter 2. Inverted Scanning Microwave Microscopy

top of that, despite this procedure take a great deal of time to process especially

over wider frequency range, the reflection coefficient in time is a real quantity. It

combines the informative data that might be hidden either in amplitude or phase

(real or imaginary) plot during frequency sweeping and sometimes disseminate be-

tween the two. Therefore, the microwave image in the time domain displays higher

quality compared to the frequency domain. The contribution of the time domain

analysis can be visualized in Figure 2.6 of breast cancer cells MCF-7 (dried) [27].

Figure 2.6: (a) The STM-based SMM image (corrected) and (b) the same image
after the time-domain analysis, revealing the details of the image that was not visible
in the STM image

18



Chapter 3

Experiment, Results and Discussion

3.1 Sample Preparation

Graphene has been used as the sample for this iSMM study and was prepared by

exfoliating a highly oriented pyrolytic graphite (HOPG) flat surface substrate of

1.0×1.0×0.02cm in 10mL dimethylformamide (DMF) solvent through a sonication

procedure. The graphene was sonicated for two hours resulting in multiple layer

sheets. The dispersed graphene of 20 µL was then deposited on the CPW and let

dried for few hours to be ready to get analyzed by AFM-modified iSMM as shown

in Figure 3.1.

Figure 3.1: The exfoliated graphite
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Chapter 3. Experiment, Results and Discussion

3.2 Experimental Setup

Figure 3.2 shows the iSMM setup that composed of the NT-MDT Solver Pro-47 AFM

and the CPW from Signal Microwave. The CPW center signal line was terminated

with SMA connectors at both ends that were then connected via coaxial cables to

the two ports of the Keysight Technologies E8361A VNA operating between 10 MHz

and 67 GHz. Both the reflection and transmission coefficients are measured by the

VNA. The AFM probe, a gold tip NSG03/Au TipsNano with the curvature radius

of 35 nm is electrically grounded. The optical microscope was used to facilitate in

properly align the focused laser beam on the AFM cantilever.

Figure 3.2: The iSMM setup

20



Chapter 3. Experiment, Results and Discussion

3.3 System Sensitivity

Before performing broadband microwave scanning, the sensitivity of the AFM-

modified iSMM setup was evaluated to understand the overall system performance

by monitoring the S-parameters of the VNA. Figure 3.3 shows the two-port config-

uration measurement obtained over the operating frequency of the VNA, between

10 MHz and 67 GHz.

Figure 3.3: The S-parameter of iSMM setup

Based on the measurement, the system was considered asymmetric and reciprocal

as S11 6= S22 and S21 = S12, respectively. The resonances generated in the S11

were different from in the S22, indicating the mismatch of the circuit at both input

and output ports that caused by the physical implementation of the microwave

signal paths connected between the VNA and the transmission line. Meanwhile,

the S21 and S12 displayed consistence decay over the frequency range correlates to

the power dissipation principle in which the higher the frequency, the higher the

power dissipated. Therefore, the overall AFM-modified iSMM system performance
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Chapter 3. Experiment, Results and Discussion

was reasonable and acceptable for microwave scanning.

3.4 Waveguide Analysis

After that, the CPW performance was measured to understand the behavior and to

ensure no excessive signal distortion takes place. Two different analyses were done

that are the analysis across and along the CPW signal line involving one-port and

two-port configuration measurements over frequency range of 1 to 5 GHz.

3.4.1 Sensitivity Analysis Across Signal Line

In the one-port configuration, the CPW was connected to the port 1 of the VNA

and terminated with 50Ω at the other end. The measurement of the SNR of S11

was recorded at five different positions sequentially from Gap 1 to Gap 2 across the

signal line as shown in Figure 3.4.

Figure 3.4: The five different positions across the CPW for SNR measurement of
S11

Figure 3.5 illustrates the SNR measurement of S11 obtained for all the mentioned
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Chapter 3. Experiment, Results and Discussion

positions. The graphs showed a downward trend between 1 and 3.5 GHz and then

remained stable at a higher frequency.

Figure 3.5: The SNR measurement of S11 graphs across the CPW

A fixed frequency, 1.16 GHz was selected for further discussion. Based on the

histogram in Figure 3.6, the SNR measurement of S11 increased from the position

of gap 1 to edge 2 and then slightly decreased at the gap 2 position.

The lowest SNR value at the gap 1 position is because the measurement was

recorded out of the signal line, refer Figure 3.7 (a). As the cantilever moved forward

across the signal line, the stray capacitance between the cantilever body and the

signal line as shown in Figure 3.7 (b) caused the significant increased of the SNR

value. Then, despite gap 2 position is out of the signal line, the SNR was still high

due to the presence of the stray capacitance showed in Figure 3.7 (c).

3.4.2 Sensitivity Analysis Along Signal Line

In two-port configuration, the input and output ports of the CPW were connected to

both ports of VNA. The measurement of the SNR of S21 was recorded at 3 different
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Figure 3.6: The SNR measurement of S11 at 1.16 GHz

Figure 3.7: The capacitance coupling between the AFM cantilever and the CPW

positions along the signal line as shown in Figure 3.8. Point 1 position was located

at the center of the CPW. Following with point 2 and point 3 positions towards one

end of the CPW that was connected to the port 2 of VNA.

Figure 3.9 illustrates the SNR measurement of S21 obtained for the three different

positions and similar to the analysis across the CPW signal line, the graphs in Figure

3.9 showed a downward trend between 1 and 3.5 GHz and remained stable at a higher

frequency.

Based on the analysis of SNR measurement of S21 at 1.3 GHz in the Figure 3.10,

the point 1 position provided the highest SNR value and was decreasing towards

the end of the CPW. The SNR value changes along the signal line because the

field is position-dependent and it has wavelength comparable with the size of the

24



Chapter 3. Experiment, Results and Discussion

Figure 3.8: The three different positions along the CPW for SNR measurement of
S21

Figure 3.9: The SNR measurement of S21 graphs along the CPW

waveguide. Hence, changes of frequency along the line, will cause the sensitivity to

change.
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Figure 3.10: The SNR measurement of S21 at 1.3 GHz

In summary, the CPW behaves as expected and the optimal area for the sample

to be deposited was at the center of the signal line in order to have high sensitivity

thus obtain a good microwave image quality.

3.5 Sensitivity Test

Next, the operating frequency range for AFM-modified iSMM was identified because

the system works in broadband wherein the resonator was not present to provide high

sensitivity. For this reason, the sensitivity test of the system was performed. Within

this frequency range, the unwanted contributions signal will be minimum resulting

good quality either in magnitude or phase of microwave image. The sensitivity can

be evaluated as follows

SNR(p(f)) = 20log

(
p1(f)− p2(f)

σ(p(f))

)
(3.1)

where p(f) is either the magnitude or phase of the microwave reflection coeffi-

cient S11, p1(f) and p2(f) are the p(f) measured under two distinct conditions of

probe-tip configuration such that with and without the feedback, corresponding to
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a change in distance of 1 − 1.5µm. The measurement was repeated for 500 times

for each condition and averaged, so do for the standard deviation σ(p). Generally,

the optimal operating frequency band is selected with high SNR > 20 dB for plot-

ting good frequency-domain microwave images quality. Figure 3.11 below shows the

selected operating frequency range between 12.02 – 12.04 GHz of reflection coeffi-

cient, S11 that provided high SNR up to 23 dB. This frequency range was applied

to produce the microwave images.

Figure 3.11: The operating frequency range for the iSMM

3.6 Results and Discussion

The graphene or graphite has been chosen as a sample to be analyzed to verify the

performance of the developed AFM-modified iSMM tool.

The AFM-modified iSMM measurement was performed for one-port configura-

tion and the image was produced from variations in the reflection coefficient, S11.

Figure 3.12 shows the AFM topography and iSMM image of graphite flake for a

scan area of 5.0 × 5.0um2 in 256 × 256 pixels acquired simultaneously. It can be
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(a) AFM image (b) iSMM image

Figure 3.12: The simultaneous AFM and iSMM images of the graphite flake. The
iSMM image is based on the magnitude of the reflection coefficient at 12.03 GHz.

seen that the quality of the iSMM image obtained is comparable to the AFM image.

Figure 3.13 shows the graphite height profile is about 600 nm.

Figure 3.13: Graphite height profile acquired from AFM

The reflection coefficient, S11 was calibrated with the tip at different distances

of 100, 500 and 1000 nm from the metal ground plane of the CPW sample holder.

The tip was approximating as a sphere with a radius of 100 nm [22]. Figure 3.14
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(a) Real part (b) Imaginary part

Figure 3.14: The calibrated iSMM images of graphite flake for both real and imag-
inary parts at 12.03 GHz

presents the calibrated iSMM images for both real and imaginary parts.

After the frequency domain calibration of the obtained S11 image, the time do-

main analysis was performed by inverse Fourier transform which disentangle the

unwanted tip-microscope interaction for further improvement of the microwave im-

age [23]. Figure 3.15 shows the time domain graphite flake image with better quality

and revealing the details of the image that was not visible in AFM image.

Figure 3.15: The iSMM in time domain image of graphite flake
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Summary

The AFM-iSMM based on CPW transmission line has been developed and its ca-

pability in performing high frequency imaging of graphite flake is demonstrated.

The developed iSMM shows better sensitivity when the tip cantilever is placed at

the center of the signal line of the CPW. Both the AFM and iSMM images are

showing good sensitivity and quality. The calibration procedure has been applied

to raw S11 image at 12.03 GHz obtained by the iSMM, removing all the stray ef-

fects coming from the cables, connectors, geometry of the tip-sample interaction

area and surrounding part of the microscope. The calibrated S11 image provided for

both real and imaginary parts corresponding to the graphite flakes local admittance.

The time domain analysis applied to the obtained frequency domain calibrated S11

image which combine the real and imaginary part thus displays higher S11 image

quality. As a conclusion, the AFM-modified iSMM has been successfully developed

and demonstrated effectively to image graphite flake at high frequencies.
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