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ABSTRACT 

With the development of nanotechnology, different types of scanning probe 

microscope (SPM) have been developed for satisfying the requirement of 

nanotechnology. Recently, for the development of next generation devices and the 

analysis of biological tissues, the quantitative measurement of electrical properties of 

materials in an infinitesimal scanning area has become into a great needing. 

  On the other hand, microwave microscopy has been proposed for determining 

electrical properties of materials, because the response of materials in microwave 

range is directly relative to the electromagnetic properties of materials. However, 

nanometer scale resolution and quantitative evaluation have not been successful so far 

due to the difficulty in controlling the standoff distance between the probe and 

measured sample. 

To solve the problem of microwave signals are affected by the standoff distance, 

we proposed a novel microwave atomic force microscopy (M-AFM). The M-AFM is 

a combination of the principles of the scanning probe microscope and the 

microwave-measurement technique. By combining the advantages of AFM with 

microwave-based measurement, the M-AFM has the ability to sense the topography 

and microwave image simultaneously with a high spatial resolution. It could be used 

for characterizing the electrical properties of materials on the nanometer scale.  

The M-AFM probe consists of an AFM cantilever integrated with a parallel plate 

waveguide. To decrease the loss of microwave, gallium arsenide (GaAs) was used as 

the substrate. The GaAs cantilever was fabricated by micro electro mechanical system 

(MEMS) technique. As a result, the average dimensions of the fabricated cantilever 

and the body of the M-AFM probes are typically 252×31×14 µm and 2742×723×339 

µm, respectively. Based on these dimensions, the characteristic impedance of the 

M-AFM probes is, on average, 49.3 Ω. In this way, the M-AFM probe could match 

well with the co-axial line, which has an impedance of 50 Ω. 

In order to confirm the spatial resolution of the fabricated M-AFM probes, the 
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AFM topography of two grating samples having 2000 line/mm and 18 nm step height 

were measured by the fabricated M-AFM probe. AFM measurements were performed 

by comparing with the commercial Si AFM probe. It is indicated that GaAs 

microwave probe has a capability to catch AFM topography of grating samples and 

having a high accuracy for lateral and height evaluation, similar as the commercial 

AFM probe. 

Then, we created an M-AFM-obtained microwave image using a compact 

microwave instrument that was optimally synchronized with an AFM scanner. The 

distinguishing features of M-AFM are its ability to maintain a constant standoff 

distance between the probe tip and the sample surface and to measure the microwave 

signal interacted with the sample. Therein, both the topography and 

electrical-property images of the sample can be simultaneously characterized. 

Therefore, M-AFM is able to measure, in situ, the distribution of electrical properties 

on a nanometer scale. As shown in the experimental results, we successfully generated 

a microwave image of a 200-nm Au film coating on a glass wafer substrate with a 

spatial resolution of 120 nm, and, moreover, we measured the voltage difference 

between these two materials to be 19.2 mV. We also successfully created a microwave 

image of an Au/Au step sample with a spatial resolution on nanometer order, which 

indicates that the microwave measurement is not affected by the surface shape of the 

material and the standoff distance was well controlled by the atomic force. 

Moreover, for quantitative measurements, based on the microwave theory, 

analytical and explicit evaluation equations for the local conductivity were proposed. 

To calibrate the undetermined constants, only two reference samples are needed. By 

substituting the measured voltage for any other materials into the evaluation equations, 

the conductivity of the material can be determined quantitatively. 

Facing a novel device, we put the M-AFM technique into some practical 

applications. Firstly, under the non-contact mode, the surface topography and 

microwave image of a single Au nanowire were obtained by the M-AFM probe, 

simultaneously. In contrast to the traditional four-point method, which requires some 

nanowires to be in suitable positions for conductivity measurements by dispersing the 
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nanowires onto an insulated substrate with electrode arrays, the M-AFM can spot the 

nano-structures directly and measure the microwave image and topography 

simultaneously. Secondly, we carried out a group of experiment to verify the M-AFM 

with the capacity of measuring the electrical information of underlying materials. 

Some special samples with different thickness of dielectric films (SiO2) which plays 

the role of oxide layer creating on the material surface were fabricated. Based on the 

results, the M-AFM can be used to measure the electrical property of material under a 

thin oxide layer with a limited thickness of 60 nm, and the thickness and 

electromagnetic parameters of the oxide layer should be considered in a quantitative 

measurement. Thirdly, under the non-contact AFM mode, a microwave image of 

osteoblast-like cell on nanometer-scale spatial resolution was created by the M-AFM. 

By analysis the results, quantification such as number and distribution of organelles 

and proteins of osteoblast-like cell as well as their dimension and electrical 

information can be characterized.

 

 

 

  



    Chapter 1. Introduction   

5 
 

1. Introduction 

1.1 Atomic Force Microscope (AFM) 

1.1.1 Brief History of AFM 

The individual surface atoms of flat samples could be made visible in real space until 

the introduction of the Scanning Tunneling Microscope (STM) in 1981 by Binnig, 

Rohrer, Gerber, and Weibel.[1] This powerful instrument has provided a 

breakthrough in our possibilities to investigate matter on the atomic scale. Within one 

year of its invention, the STM has helped to solve one of the most intriguing problems 

in surface science: the structure of the Si surface. Because of their fabulous 

contribution, G. Binnig and H. Rohrer were rewarded with the Nobel Prize in physics 

in 1986. A huge number of conductors and semiconductors have been investigated on 

the atomic scale and marvelous images of this world of atoms have been created 

within the first few years after the inception of the STM. Today, the STM is an 

invaluable asset in the surface scientist’s toolbox. 

Despite the great success of the STM, it has a serious limitation. The STM requires 

electrical conduction of the sample material, because the STM needs the tunneling 

current which is flowing between a pin contact with or very nearing the sample. Thus, 

the STM can only image electrically conductive samples, which limits its application 

to imaging metals and semiconductors. But even conductors except for a few special 

materials, like highly oriented pyrolytic graphite can not be studied in ambient 

conditions by STM but have to be investigated in an ultra-high vacuum (UHV). In 

ambient conditions, the surface layer of solids constantly changes by adsorption and 

desorption of atoms and molecules. UHV is required for clean and well defined 

surfaces. Taking the above condition into account, Binnig  speculated the atomic 

force between the tip and sample, the Atomic Force Microscope (AFM)[2][3] was 

invented by him in 1986. Because electrical conductivity of the sample is not required 

in AFM, the AFM can image virtually any solid surface without the need for surface 
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preparation. Consequently, thousands of AFMs are in use in universities, public and 

industrial research laboratories all over the world.  

1.1.2 Principle of Atomic Force Microscope 

The AFM consists of a cantilever with a sharp probe-tip at its end that is used to scan 

the specimen surface (see Fig. 1-1). The cantilever is typically silicon or silicon 

nitride with a tip radius of curvature on the order of nanometers. When the tip is 

brought into proximity of a sample surface, forces between the tip and the sample lead 

to a deflection of the cantilever according to Hooke's law. Depending on the situation, 

forces that are measured in AFM include mechanical contact force, van der Waals 

forces, capillary forces, chemical bonding, electrostatic forces, magnetic forces , etc. 

Along with force, additional quantities may simultaneously be measured through the 

use of specialized types of probe. The deflection is measured using a laser spot 

reflected from the top surface of the cantilever into an array of photodiodes.  

Laser light from a solid state diode is reflected off the back of the cantilever and 

collected by a position sensitive detector (PSD) consisting of two closely 

spaced photodiodes whose output signal is collected by a differential amplifier. 

Angular displacement of the cantilever results in one photodiode collecting more light 

than the other photodiode, producing an output signal (the difference between the 

photodiode signals normalized by their sum) which is proportional to the deflection of 

the cantilever. It detects cantilever deflections <10 nm (thermal noise limited). A long 

beam path (several centimeters) amplifies changes in beam angle. 

If the tip was scanned at a constant height, a risk would exist that the tip collides 

with the surface, causing damage. Hence, in most cases a feedback mechanism is 

employed to adjust the tip-to-sample distance to maintain a constant force between the 

tip and the sample. Traditionally, the sample is mounted on a piezoelectric tube that 

can move the sample in the z direction for maintaining a constant force, and 

the x and y directions for scanning the sample. Alternatively a tripod configuration of 

three piezoelectric crystals may be employed, with each responsible for scanning in 
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the x, y and z directions. This eliminates some of the distortion effects seen with a 

tube scanner. In newer designs, the tip is mounted on a vertical piezoelectric scanner 

while the sample is being scanned in x and y using another piezoelectric block. The 

resulting map of the area z=f(x,y) represents the topography of the sample.  

 

Fig. 1-1 Atomic Force Microscope. 

 

1.1.3 Modulation of Atomic Force Microscope 

1.1.3.1 Contact Mode 

In the static mode operation, the static tip deflection is used as a feedback signal. 

Because the measurement of a static signal is prone to noise and drift, low stiffness 

cantilevers are used to boost the deflection signal. However, close to the surface of the 

sample, attractive forces can be quite strong, causing the tip to snap-in to the surface. 

Thus static mode AFM is almost always done in contact where the overall force is 

repulsive. Consequently, this technique is typically called contact mode. In contact 
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mode, the force between the tip and the surface is kept constant during scanning by 

maintaining a constant deflection. 

1.1.3.2 Tapping Mode 

In ambient conditions, most samples develop a liquid meniscus layer. Because of this, 

keeping the probe tip close enough to the sample for short-range forces to become 

detectable while preventing the tip from sticking to the surface presents a major 

problem for non-contact dynamic mode in ambient conditions. Dynamic contact mode 

(also called intermittent contact or tapping mode) was developed to bypass this 

problem. In tapping mode (also called AC Mode or intermittent contact mode) the 

cantilever is driven to oscillate up and down at near its resonance frequency by a 

small piezoelectric element mounted in the AFM tip holder similar to non-contact 

mode. Tapping mode is gentle enough even for the visualization of supported lipid 

bilayers or adsorbed single polymer molecules under liquid medium. With proper 

scanning parameters, the conformation of single moleculescan remain unchanged for 

hours.  

1.1.3.3 Non-Contact Mode 

In this mode, the tip of the cantilever does not contact the sample surface. 

The cantilever is instead oscillated at a frequency slightly above its resonant 

frequency where the amplitude of oscillation is typically a few nanometers (<10 nm). 

The van der Waals forces, which are strongest from 1 nm to 10 nm above the surface, 

or any other long range force which extends above the surface acts to decrease the 

resonance frequency of the cantilever. This decrease in resonant frequency combined 

with the feedback loop system maintains a constant oscillation amplitude or frequency 

by adjusting the average tip-to-sample distance. Measuring the tip-to-sample distance 

at each (x,y) data point allows the scanning software to construct a topographic image 

of the sample surface. Non-contact mode AFM does not suffer from tip or sample 
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degradation effects that are sometimes observed after taking numerous scans with 

contact AFM. This makes non-contact AFM preferable to contact AFM for measuring 

soft samples. In the case of rigid samples, contact and non-contact images may look 

the same. However, if a few monolayers of adsorbed fluid are lying on the surface of 

a rigid sample, the images may look quite different. An AFM operating in contact 

mode will penetrate the liquid layer to image the underlying surface, whereas in 

non-contact mode an AFM will oscillate above the adsorbed fluid layer to image both 

the liquid and surface. 

In amplitude modulation, changes in the phase of oscillation can be used to 

discriminate between different types of materials on the surface. Amplitude 

modulation can be operated either in the non-contact or in the intermittent contact 

regime. In frequency modulation (FM mode), changes in the oscillation frequency 

provide information about tip-sample interactions. Frequency can be measured with 

very high sensitivity and thus the frequency modulation mode allows for the use of 

very stiff cantilevers. Stiff cantilevers provide stability very close to the surface and, 

as a result, this technique was the first AFM technique to provide true atomic 

resolution.  

1.2 Microwave Technique for Materials Characterization 

The microwave methods for materials characterization generally fall into resonant 

methods and non-resonant methods. Resonant methods are used to get knowledge of 

dielectric properties at single frequency or several discrete frequencies, while 

non-resonant methods are often used to get a general knowledge of electromagnetic 

properties over a frequency range. By modifying the general knowledge of electrical 

properties over a certain frequency range obtained from non-resonant methods with 

the accurate knowledge of electrical properties at several discrete frequencies 

obtained from resonant methods, accurate knowledge of materials properties over a 

frequency range can be obtained. 
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1.2.1 Resonant Methods 

Resonant methods usually have higher accuracies and sensitivities. They are most 

suitable for low-loss samples. Resonant methods generally include the resonator 

method and the resonant-perturbation method. The resonator method is based on the 

fact that the resonant frequency and quality factor of a dielectric resonator with given 

dimensions are determined by its permittivity and permeability. Resonant method is 

usually used to measure low-loss dielectric whose permeability is µ0. The 

resonant-perturbation method is based on resonant-perturbation theory. For a 

resonator with given electromagnetic boundaries, when part of the electromagnetic 

boundary condition is changed by introducing a sample, its resonant frequency and 

quality factor will also be changed. From the changes of the resonant frequency and 

quality factor, the electrical properties of the sample can be derived.  

1.2.2 Non-Resonant Methods 

In non-resonant methods, the electrical properties of materials are fundamentally 

deduced from their impedance and the wave velocities in the materials. As shown in 

Fig. 1-2, when an electromagnetic wave propagates from one materials into another 

(from free space to sample), both the characteristic wave impedance and the wave 

velocity change, resulting in a partial reflection of the electromagnetic wave from the 

interface between the two materials. Measurements of the reflection from such an 

interface and the transmission through the interface can provide information for the 

deduction of permittivity and permeability relationships between the two materials.  

  Non-resonant methods mainly include transmission/reflection methods and 

reflection methods. In a transmission/reflection method, the material properties are 

calculated on the basis of the reflection form the sample and the transmission through 

the sample, and in reflection methods, electromagnetic waves are directed to a sample 

under study, and the properties of the material sample are deduced from the reflection 

coefficient at a defined reference plane.  
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Fig. 1-2 Boundary condition for material characterization using a non-resonant 

method. 

 

1.2.2.1 Transmission/Reflection Method 

In a transmission/reflection method, the sample under test is inserted into a segment 

of transmission line, such as waveguide or coaxial line. From the relevant scattering 

equations relating the scattering equations relating the scattering parameters of the 

segment of transmission line filled with the sample under study to the permittivity and 

permeability of the sample, the electromagnetic properties of sample can be obtained.  

1.2.2.2 Reflection Method 

In a reflection method, the properties of a sample are obtained from the reflection due 

to the impedance discontinuity caused by the presence of the sample in a transmission 

structure.  

  The reflection method is a type of non-resonant method. From the view of 

transmission line, in a reflection method, the sample under test is introduced into a 
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certain position of a transmission line, and so the impedance loading to the 

transmission line is changed. The properties of the sample are derived from the 

reflection due to the impedance discontinuity caused by the sample loading.  

  In a reflection method, the measurement fixture made from a transmission line is 

usually called measurement probe or sensor. In order to increase the measurement 

accuracy and sensitivity, or to satisfy special measurement requirements, the 

measurement probes are often specially designed (Taking this thesis for example, to 

investigate the surface topography and electrical property of conductive and dielectric 

materials simultaneously on a nanometer scale. In my work, the sensor with the name 

of microwave atomic force microscope (M-AFM) probe is a composed of scanning 

probe microscope and microwave-measurement technique together). 

1.2.2.3 Near-Field Scanning Probe 

In the reflection methods, there is a special method named Near-field scanning probe 

should be introduced. Scanning techniques for local characterization of conducting 

and insulating films are attracting much interest. Many efforts have been made on 

developing microwave near-field scanning techniques, and various types of near-filed 

microwave microscopes have been developed for different purposed. Under the 

reflection method, the properties of a sample are obtained from the reflectivity due to 

the presence of the sample.  

In principle, any type of transmission lines can be used to develop near-field 

microwave microscopes. In a near-field microwave microscope developed form 

parallel-board waveguide, the most important part is an aperture in the form of a 

narrow slit (the following mentioned nano-slit plays this role in M-AFM probe). 

When a sample surface is in the near-filed zone of the slit, the microwave is reflected 

mostly from the region under the slit. Since reflection from a sample surface is 

determined by the resistivity, by measuring the amplitude and phase of the reflected 

wave while raster scanning the surface, it is possible to map the microwave resistivity 

of the surface. For conductive layer with thicknesses much larger that the skin depth, 
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we can get surface impedance, while for thin layer, we can get sheet resistance. In the 

determination of microwave resistivity, it is necessary to measure layer thickness 

independently.  

1.3 Developed AFM-Based and Microwave Technique for 

Measuring the Electrical Properties 

Electrical properties are the most significant intrinsic characteristics of substances; 

they strongly affect the work functions of different materials, especially in 

nanometer-scale materials and devices. Thus, measuring electrical properties has 

become an urgent need in many areas of modern technology. For instance, in the 

electronics industry, critical feature sizes are becoming smaller, and it is necessary to 

evaluate the electrical properties of the materials with the spatial resolution on a 

nanometer scale to establish the knowledge to predict the behavior of materials in real 

devices. In addition, newly developed materials, such as conducting plastic thin films 

and biomaterials, which may possibly have some uncertain physical properties, will 

be important in the field of surface science and biological applications. Despite being 

intensely studied for years, their electrical properties, especially their conductivity and 

permittivity, are still poorly understood.  

As the first section of this chapter saying, atomic force microscopy (AFM) has 

played an important role in nano-scale science and technology because it is one of the 

most versatile instruments available for imaging and manipulating structures on the 

nanometer scale. [4-7] Several attempts based on atomic force microscopy have been 

made to characterize the electrical information of materials on the nanometer scale, 

such as conducting atomic force microscopy (C-AFM),[8][9] scanning capacitance 

microscopy (SCM)[10][11] and electrostatic force microscopy (EFM).[12][13] 

Although C-AFM can produce a nano-scale electrical characterization of thin-films, 

the AFM tip must contact the conducting substrate to apply a current, so during the 

probing process, the AFM tip will scratch the surface of the sample. SCM can 

characterize electrical information by measuring the capacitance between the tip of 
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the probe and the sample. However, it suffers from a limited spatial resolution and is 

sensitive to the thickness of the specimen. EFM, including Kelvin probe force 

microscopy (KFM)[14], scanning surface potential microscopy (SSPM)[15] and 

scanning Maxwell-stress microscope (SMM)[16], can measure the surface electrical 

potential of materials by detecting the electrostatic force between the probe tip and the 

sample. However, the van der Waals forces and chemical bonding forces, as well as 

the electrostatic forces are included in the measured data. Hence, the sample surface 

chemistry and atmospheric conditions greatly impact the measured electrical 

potential. 

On the other hand, microwave measurements have been of great interest to many 

researchers because microwaves can propagate easily in air, and the sample response 

is directly related to the electrical properties of the material.[17] Thus, to obtain the 

microscopic electrical information, a variety of microwave microscopes have been 

developed [18][19]. Steinhauer et al. developed a non-destructive and non-invasive 

near-field scanning microwave microscope (NSMM), which can image the local 

permittivity and tenability of a dielectric thin film with a spatial resolution of 1 

μm.[20] Zhang and co-authors improved the NSMM to investigate the local 

perpendicular dielectric information of single-phase multi-ferroic thin films and single 

crystal materials.[21] Ferd Duewer et al. introduced scanning evanescent microwave 

microscopy (SEMM),[22][23] which measures the changes of the tip-sample 

capacitance at the resonant frequency and the quality factor of microwave absorption. 

They succeeded in imaging the topography and surface resistance of metallic samples. 

However, to evaluate the electrical properties of materials using microwaves, it is 

necessary to keep the stand-off distance between the microwave probe and the sample 

constant because microwave signals in the near-field are extremely sensitive to this 

distance. Otherwise, it would be difficult to distinguish whether the changes in the 

signal are due to the difference of the material properties or the variation of the 

stand-off distance. In particular, to evaluate the electrical properties of materials with 

high resolution on the nanometer scale, it is indispensable to control the stand-off 

distance precisely on the order of nanometers.  
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Recently, to solve the problem of how microwave signals are affected by the 

stand-off distance, a technique of combining AFM with microwave microscopy has 

been studied.[24-27] K. Lai et al. invented a microwave impedance microscope 

(MIM),[24][25] which fed a microwave signal to a silicon nitride cantilever with a Pt 

tip that was used to investigate the nano-scale dielectric inhomogeneity in a 

non-invasive manner. The Weide group combined an NSMM with an AFM 

(NSMM-AFM)[26][27] by adding a microwave signal to a commercial probe. The 

NSMM-AFM can measure the topography and dielectric constant of thin film 

simultaneously. However, it is noted that MIM and NSMM-AFM do not use matched 

probes or cantilevers as the microwave-guide connected with the source of microwave 

signals. Thus, the microwave signals may not propagate along the probe and emit 

from the tip apex of the probe. Therefore, these techniques can only measure the 

changes of the probe-sample system impedance but not the intrinsic electrical 

properties of the measured materials.  

To summarize, these AFM-based methodologies and microwave microscopy 

techniques can only image relative electrical properties, rather than the absolute 

values of the intrinsic electrical properties, such as the conductivity, permittivity, and 

permeability. Thus, the need remains for a microscopy technique that can provide a 

simultaneous measurement of topography and electrical properties on the nanometer 

scale. 

1.4 Research Objective 

Recently, we proposed a novel microwave atomic force microscopy (M-AFM). 

[28-32] By combining the advantages of AFM with microwave-based measurement, 

the M-AFM has the ability to sense the topography and microwave image 

simultaneously with a high spatial resolution. It could be used for characterizing the 

electrical properties of materials on the nanometer scale.  

In previous studies, M-AFM probes have enabled us to measure the topography of 

a grating sample with high-resolution in air in the non-contact AFM mode.[28] These 
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results demonstrate that the M-AFM probe has a similar ability to image the surface 

topography of materials in comparison with a conventional Si AFM probe. To 

confirm the emission of microwaves at the tip of the M-AFM probe, a network 

analyzer was connected to the M-AFM probe by a coaxial line.[29] When the test 

samples approached the tip of probe, the reflected microwave signals were measured 

by the network analyzer, which indicates that the nano-slit at the tip of probe can act 

as a sensor to emit and receive microwave signals. Moreover, the effects of using Al 

and Au as waveguide coating materials for the propagation of microwave signals in 

the M-AFM probe has also been studied.[30] However, because it is difficult to 

synchronize the network analyzer that is used to measure the microwave signals with 

the AFM scanner that is used to create the AFM image, a microwave AFM image has 

not yet been achieved. Therefore, in my work, a compact microwave instrument was 

constructed which can be appropriately synchronized with an AFM scanner. 

Consequently, the microwave AFM image of different measured sample was realized.  

Although microwave imaging has been realized,[31] whether the microwave image 

is independent from the geometrical configuration of the surface needs to be 

investigated further. In the following work, a new sample with two steps of same 

material (Au/Au) was measured with the M-AFM. The results indicated that our 

M-AFM can sense the electrical properties of measured materials without the 

influence of the geometrical configuration.  

Moreover, even though the possibility of evaluating the conductivities of metallic 

materials has been quantitatively demonstrated,[32] the measurement of the 

distribution of the conductivities and the quantitative evaluation of the conductivities 

from microwave images has not yet been realized. Thus, for quantitative 

measurements, based on the microwave theory, analytical and explicit evaluation 

equations for the local conductivity were proposed. To calibrate the undetermined 

constants, only two reference samples are needed. By substituting the measured 

voltage for any other materials into the evaluation equations, the conductivity of the 

material can be determined quantitatively. 

Facing a novel device, we put the M-AFM technique into some practical 
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applications. Firstly, under the non-contact mode, the surface topography and 

microwave image of a single Au nanowire were obtained by the M-AFM probe, 

simultaneously. In contrast to the traditional four-point method, which requires some 

nanowires to be in suitable positions for conductivity measurements by dispersing the 

nanowires onto an insulated substrate with electrode arrays, the M-AFM can spot the 

nano-structures directly and measure the microwave image and topography 

simultaneously. Secondly, we carried out a group of experiment to verify the M-AFM 

with the capacity of measuring the electrical information of underlying materials. 

Some special samples with different thickness of dielectric films (SiO2) which plays 

the role of oxide layer creating on the material surface were fabricated. Based on the 

results, the M-AFM can be used to measure the electrical property of material under a 

thin oxide layer with a limited thickness of 60 nm, and the thickness and 

electromagnetic parameters of the oxide layer should be considered in a quantitative 

measurement. Thirdly, under the non-contact AFM mode, a microwave image of 

osteoblast-like cell on nanometer-scale spatial resolution was created by the M-AFM. 

By analysis the results, quantification such as number and distribution of organelles 

and proteins of osteoblast-like cell as well as their dimension and electrical 

information can be characterized. 

1.5 Organization of This Dissertation 

The remainder of this thesis consists of six chapters.   

In Chap. 2, firstly, the principle of microwave atomic force microscope (M-AFM) 

was defined as that, the M-AFM is a combination of the principles of the scanning 

probe microscope and the microwave-measurement technique. Secondly, the working 

mode of M-AFM and the mechanism of microwave signals transmission were 

explained. Thirdly, the fabrication process of the M-AFM probe was provided. Then, 

we used the SEM to observe the fabricated probes and EDX to check the coating 

metal on the surface of M-AFM probe. Finally, by using the standard grating samples, 

the basic function (the capability of mapping the topography of measured sample) of 
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M-AFM was proofed. 

In Chap.3, we depicted the integrated test system of the M-AFM. A Au/Glass step 

sample was scanned and the microwave image of the measured sample was obtained. 

and .To testify the To demonstrate that M-AFM can sense the microwave image based 

on electrical characteristic of the measured materials and is not affected by the surface 

shape of the sample an Au/Au step sample was scanned. 

Chapter 4 mainly put the focus on the discussion of quantitative measurement of 

the electrical properties of materials on nanometer scale. Based on the microwave 

theory, we proposed the novel analytical and explicit evaluation equations for 

evaluating the local conductivity. Only two reference samples were used to calibrate 

the undetermined constants in the equations, and then, any other conductivity of the 

material can be determined quantitatively. 

In Chap. 5, we put the M-AFM technique into three kinds of application field. 

Firstly, we used the M-AFM probe to implement a microwave image of a single Au 

nanowire. Secondly, some special samples with different thickness of dielectric films 

which plays the role of oxide layer creating on the material surface were scanned by 

the M-AFM probe. Thirdly, under the non-contact AFM mode, a microwave image of 

osteoblast-like cell on nanometer-scale spatial resolution was created by the M-AFM. 

Finally, the conclusions of this thesis are summarized and discussed in Chap. 6.  

A work flowchart of this research is illustrated in Fig. 1-3. 
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Fig. 1-3 The work flowchart of this research. 
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2.The Principle, Fabrication and Evaluation 
of Microwave AFM 

2.1 The Principle of M-AFM 

2.1.1 Microwave AFM 

The microwave atomic force microscope (M-AFM) is a combination of the principles 

of the scanning probe microscope and the microwave-measurement technique.[1-5] 

M-AFM can maintain the constant stand-off distance between the M-AFM-probe tip 

and scanned sample surface, by detecting the deflection of the atomic force between 

them, and measure the electrical properties of materials with nanometer scale spatial 

resolution.  

 

Fig. 2-1 Schematic diagram of the M-AFM probe that was used to measure the 

electrical properties of materials in this study. 

 

Figure 2-1 shows the schematic diagram of the M-AFM probe that was used to 

measure the electrical properties of materials in this study. Different with the normally 

commercial AFM probes, the M-AFM probe is having a special structure. That is, a 
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pair of metal films was fabricated on surfaces of the M-AFM cantilever by EB 

(electron beam) vapor method. The metal films play a role of parallel-board 

microwave-signal waveguide, which can make the microwave signal propagate in the 

body of M-AFM cantilever and emit at the probe-tip apex. Then, by detecting the 

response of microwave signal reflected from the vicinity of the sample, the electrical 

properties can be evaluated on the nanometer scale. 

2.1.2 The Working Mode of Microwave AFM 

To make the M-AFM can provide a non-contact scanning function with advantage of 

non-destructive and non-invasive, and keep a high sensitivity for detecting atomic 

force acting between the M-AFM probe and measured sample. The frequency 

modulation (FM) mode,[6] which belongs to non-contact AFM mode, was employed 

in our experiment. In FM-AFM, a cantilever with eigenfrequency f0 and spring 

constant k is subject to controlled positive feedback such that it oscillates with a 

constant amplitude A as shown in Fig. 2-2. 

 

Fig. 2-2 Schematic view of an oscillating cantilever at its upper and lower turnaround 

points. The minimum tip-sample distance is d and the amplitude is A. 

 

  The deflection signal first enters a band-pass filter. Then the signal splits onto three 

branches: one branch is phase shifted, route through an analog multiplier, and feed 
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back to the cantilever via an actuator; one branch is used to compute the actual 

oscillation amplitude-this signal is used to calculate a gain input g for the analog 

multiplier; and one branch is used to feed a frequency detector. The frequency f is 

determined by the eigenfrequency f0 of the cantilever and the phase shift ϕ between 

the mechanical excitation generated at the actuator and the deflection of the cantilever. 

If ϕ=π/2, the loop oscillates at f= f0. 

  Forces between tip and sample cause a change in f= f0 +Δf. The eigenfrequecy of a 

harmonic oscillator is given by (k∗/m∗)0.5/(2π), where k∗ is the effective spring 

constant and m∗ is the effective mass. If the second derivative of the tip-sample 

potential kts=∂2Vts/∂z2 is constant for the whole range covered by the oscillating 

cantilever, k=k+kts. If kts<<k, the square root can be expanded a Taylor series and the 

shift in eigenfrequency is approximately given by 

02
f

k
kf ts=Δ

                             
(2-1) 

The case in which kts is not constant is treated in the next section. By measuring the 

frequency shift Δf, one can determine the tip-sample for gradient. 

The oscillator circuit is a critical component in FM-AFM. The function of this 

device is understood best by analyzing the cantilever motion. The cantilever can be 

treated as a damped harmonic oscillator that is externally driven. For sinusoidal 

excitations 
t

drivefi
driveeA π2  and a quality factor Q>>1, the response of the oscillation 

amplitude of the cantilever is given by 
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the drivef  is the driving frequency of AFM, the absolute value of the amplitude A  is 

given by 
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and the phase angle ϕ  between the driving and resulting signal is 
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where the Q is value of the cantilever. 

  In the closed feedback loop, the driving frequency can no longer be chosen freely 

but is determined by f0 of the cantilever, the phase shift ϕ, and the tip-sample forces. 

The purpose of the oscillator circuit is to provide controlled positive feedback (with a 

phase angle of ϕ=π/2) such that the cantilever oscillates at a constant amplitude. The 

cantilever deflection signal is first routed through a band-pass filter which cuts off the 

noise from unwanted frequency bands. The filtered deflection signal branches into an 

RMS-to-DC converter and a phase shifer. The RMS-to-DC chip computes a DC 

signal that corresponds to the RMS value of the amplitude. The signal is added to the 

inverted set-point RMS amplitude, yielding the amplitude error signal. The amplitude 

error enters a proportional and optional integral controller, and the resulting signal g is 

multiplied with the phase-shifted cantilever deflection signal ''q  with an analog 

multiplier chip. This signal drives the actuator. The phase shifter is adjusted so that 

the driving signal required for establishing the desired oscillation amplitude is 

minimal. 

  The oscillation frequency is the main observable in FM-AFM, and it is important to 

establish a connection between frequency shift and the forces acting between tip and 

sample. While the frequency can be calculated numerically, an analytic calculation is 

important for finding the functional relationships between operational parameters and 

the physical tip-sample forces. The motion of the cantilever (spring constant k , 

effective mass *m ) can be described by a weakly disturbed harmonic oscillator. Figure 

2-2 shows the deflection q’(t) of the tip of the cantilever: it oscillates with an 

amplitude A at a distance q(t) from a sample. The closest point to the sample is q=d 

and q(t)=q’(t)+d+A. The Hamiltonian of the cantilever is  
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where p=m*dq’/dt. The unperturbed motion is given by 

 
( ) ( )tfAtq 02cos' π=

                         
(2-6) 

FM-AFM operated in the AFM system solved some of problems that appear in the 

imaging of reactive surfaces with the static AFM. The periodic motion of the 

cantilever prevents the tip degradation during the lateral scan due to the shear force 

caused by adhesion, and eliminates the jump to contact instability through the 

restoring force of the cantilever, 0kA
 
the condition is  

 
maxmax ts

ts F
dz

dV
=− < 0kA

                       
(2-7) 

where tsV
 
is the tip-sample interaction, z

 
the tip-surface separation, tsF

 
contains 

the tip-surface interaction forces, k
 
the cantilever spring constant and 0A  the 

oscillation amplitude. 

Figure 2-3 shows the principle of frequency character of changes in mechanical 

resonance of the cantilever. The curve of the right ones is vibration characteristics of 

the cantilever resonance in a state free. In this case, resonance frequency of the 

cantilever f0 is given by the following equation.  

0
1

2
kf
mπ

=                           (2-8) 
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Fig. 2-3 Resonance frequency–oscillation amplitude curve of cantilever. 

 

Here, k is the spring constant of the probe cantilever, m is the effective mass of the 

probe cantilever. When the AFM probe was approached to the sample surface in a 

very closer proximity state, and due to the gradient of the atomic force interaction 

between the tip and sample surface, the effective spring constant of the cantilever was 

changed. As a result, the resonant frequency changes as the left curve in Fig. 2-3, the 

following equation is given by the changed resonant frequency f0': 

0
1'

2

Fk
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mπ

∂
−

∂=                          (2-9) 

Here, ∂F/∂z is the gradient between the AFM probe tip and sample surface. 

Therefore, by measuring the changes in resonant frequency, an approximate gradient 

of the atomic force acting on the cantilever (F') can be determined as follows:  

 
0
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∂
                          (2-10) 
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Thus, in the other words, the non-contact measurement method is possible, due to 

force gradient can be decided by detecting the frequency changes of AFM probe 

cantilever.  

In the FM mode, the cantilever is oscillated at a frequency slightly above its 

resonant frequency where the amplitude of oscillation is typically a few nanometers 

(<10 nm). The van der Waals forces, which are strongest from 1 to 10 nm above the 

surface, or any other long range force which extends above the surface acts to 

decrease the resonance frequency of the cantilever. During the scanning process, if the 

tip-to-sample distance was kept constant, the aforementioned force, thereby the 

oscillation frequency, at each scanning point would be different due to the uneven 

surface. In a practical scanning process, the feedback loop system can sense the 

transient decrease in oscillation frequency immediately and maintains a constant 

oscillation frequency by adjusting the average tip-to-sample distance. Measuring the 

tip-to-sample distance at each scanning point allows the computer to construct a 

topographic image of the sample surface. However, there is another question should 

be discussed, it is noted that taking the basic principle of M-AFM into account and as 

above mentioned, the microwave signals should be propagated in the probe cantilever, 

weather the deflection of cantilever will affect the microwave evaluation results. As 

view as the diagram (see Fig. 2-2), which shows the oscillating cantilever at its upper 

and lower turnaround points. During the scanning process, the absolute tip-sample 

distance (the deflection q’(t) of the tip of the cantilever (see following image)), it 

oscillates with an amplitude A at a distance q(t) from a sample, and q(t)= q’(t)+d+A. 

However, the deflection phenomena will not affect the microwave measurement, for 

comparing with the scanning speed the cantilever, microwave signals having a higher 

frequency (94 GHz in this study, the value which is around 400 times of the 

oscillating-cantilever frequency), which means at one probing point, the measured 

microwave signal is a mean value.  
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2.1.3 Microwave Transmission Mechanism 

To make the microwave signals can be transmitted in the AFM probe holder and 

cantilever, it is important to form a microwave-signal waveguide on the surface of the 

probe. In order to meet the needs of light weight, mass production easy, wide 

bandwidth, and suit for semiconductor substrate, etc., a method of parallel-board 

microwave-signal waveguide was employed in this study. Figure 2-4 shows the 

transmission mechanism image of parallel-board microwave-signal waveguide.  

 

Fig. 2-4 The Schematic image of parallel-board microwave-signal waveguide. 

 

Characteristic impedance (Zc) of the parallel-board microwave-signal waveguide is 

represented by the following equations.[7] 

 
Z

a
bZc =

  
                              (2-10) 

Z μ
ε

=                              (2-11) 

Here, a is the width of the conductor, b is the height distance of conductor plate 

spacing, Z is the characteristic impedance of the medium, μ is the permeability of the 

medium, ε represents the dielectric constant of the medium.  

The characteristic impedance of M-AFM should be considered to match well with 
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the external microwave signals’ source and waveguide (In my work, the characteristic 

impedance of external waveguide is 50 Ω, thus the characteristic impedance Zc of 

M-AFM also designed with a value of 50 Ω).  

Moreover, it is necessary to choose a material suit for microwave transmission in it. 

Recently, the single crystal silicon (Si) and silicon nitride (SiN) substrate were used in 

fabricating for AFM probe widely. Since the perspective of that Si and SiN can keep 

the high mechanical strength and very easy to be fabricated. However, we need a 

material which can keep a characteristic of excellent microwave transmission. 

Comparing with Si and SiN, the compound semiconductor Gallium arsenide (GaAs) 

having excellent insulating and with low transmission losses. Therefore, the GaAs as 

a substrate was used to be fabricated the M-AFM probe in this study. 

2.2 Fabrication of M-AFM Probe 

2.2.1 Fabricating the Tip of M-AFM Probe 

To restrain the attenuation of microwave in the M-AFM probe, GaAs was used as the 

substrate of the probe. On the other hand, to obtain the desired structure, wet etching 

was used to fabricate the tip of the probe. Different with the dry etching, a 

side-etching will occur under the etching mask. Utilizing this property, a micro tip can 

be fabricated by etching a wafer, of which a small mask was introduced on the surface 

in advance. In the case of single crystalline wafer, such as Si and GaAs, the chemical 

activities are different for different crystalline planes, thereby, the etch rates are also 

different. Therefore, the side plane obtained at the side of the mask pattern is the most 

inactive plane (that is the plane having the most low etching speed) which is parallel 

to the side of the mask pattern. Consequently, the result of etching is strong affected 

by the direction of mask pattern. On the other hand, GaAs has a sphalerite structure 

that is more complex than that of Si, which has a similar structure as diamond. 

Therefore, the prediction of the etch effects is very difficult[2][3]. 

 



   Chapter 2. The Principle, Fabrication and Evaluation of M-AFM     

32 
 

 

 
Fig. 2-5 Fabricated tip of GaAs probe. 

 

 
Fig. 2-6 GaAs probe tip with high magnification of apex part. The key component in 

an AFM is the tip, which should be as very sharp as possible. 

 

In our study, it was found that only the square resist pattern can form a sharp tip 
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(Fig. 2-5 and Fig. 2-6). In the case of hexagonal pattern, the reason that tip was not 

formed well may be due to the side of the etching mask to be too short. The reason for 

triangular pattern may due to that there is no crystalline plane parallel to the side of 

the etching mask. In addition, it was also found that one side of the square mask being 

45° to the <011> direction can form a tip with a higher aspect ratio comparing with 

the case of one side of the resist pattern being parallel to <011> direction[4]. 

2.2.2 Fabrication of M-AFM Probe 

The process of probe fabrication is shown in Fig. 2-7 in details: (a) Patterning the 

etching mask for tip generation; (b) Forming the tips by wet etching; (c) Patterning 

the stencil mask for the waveguide and evaporating the metal film; (d) Removing 

resist and film; (e) Patterning the etching mask for the beam of cantilever; (f) Forming 

the beam of cantilever by wet etching; (g) Patterning the etching mask on back side 

for the fabrication of the holder; (h) Forming the holder; (i) Evaporation of metal film 

on the back side; (j) Introducing slit aperture at the tip of the probe. 

In the experiment, no doped semi-insulted GaAs wafer having (100) oriented 

surface and 350 μm thickness was used. At first, the tips were formed by etching the 

wafer for 100 seconds to reach the etching depth of 7.7 μm. After that, Au film used 

to construct the waveguide was evaporated on the substrate. The film thickness was 

about 50 nm (Fig. 2-7(c)). After the deposition, the pattern of the waveguide was 

formed by lift-off process, where the film on the resist mask corresponding to the area 

without waveguide pattern was removed (Fig. 2-7(d)). Then, in order to form the 

beam of the cantilever, the beam etching mask was patterned. Here, by considering 

the chemical activities at different crystalline planes, the length direction of the 

etching mask was patterned along the <011> direction. In consequence, the 

side-etching occurred under the resist mask, and mesa type planes appeared at the 

both sides of the beam (45º inclined plane). On the other hand, inverse-mesa type 

plane was formed at the end of the beam (60-75º inclined plane). Etching depth of the 

beam was about 20 μm.  
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In the same conditions as the beam fabrication process, holder was formed by back 

side etching (Fig. 2-7(f)). Here, the etching mask was patterned on the bottom surface, 

and etching was carried out until the substrate was penetrated. The stirring was 

performed by magnetic stirrer in order to etch the sample uniformly. In the step (i) as 

shown in Fig. 2-7, Au film was deposited on bottom surface of the probe to propagate 

a microwave signal in the probe. The thickness of the film was 50 nm, which is the 

same as that on the top surface of the probe. Both plane surfaces of the waveguide 

which were evaporated Au film are connected at the end of the beam. However, there 

is no Au film on the sides of the beam, since the formed inclined planes at the beam 

sides are not face to the direction of the evaporation. Finally, by using FIB fabrication, 

a slit at the tip of probe was formed to open the connection of the Au film on the two 

surfaces of the probe. Consequently, a homogeneous parallel plate waveguide was 

formed and microwaves are able to propagate along the probe and emit at the tip apex 

of the M-AFM probe. 

It should be mentioned that dimensions of the GaAs substrate and the Au films of 

the M-AFM probe decide the characteristic impedance of the waveguide, in order to 

make certainly that microwave signals can propagate properly in the M-AFM probe 

for maximum sensitivity, the waveguide should have a characteristic impedance of 50 

Ω (to match the characteristic impedance of a coaxial transmission line). Thus, the 

cantilever and the body of the M-AFM probe were designed with the dimensions of 

250×30×15 µm and 2740×720×340 µm respectively. 

 



   Chapter 2. The Principle, Fabrication and Evaluation of M-AFM     

35 
 

 

Fig. 2-7 Fabrication processes of the M-AFM probe. (a) Patterning the etching mask 

for the generation of tip. (b) Forming the tip by wet etching. (c) Patterning the resist 

mask for the waveguide. (d) Evaporating the metal film. (e) Removing the resist and 

metal film. (f) Patterning the etching mask for the beam of cantilever. (g) Forming the 

beam of cantilever by wet etching. (h) Patterning the etching mask on back side for 

fabrication of the holder. (i) Forming the holder. (j) Evaporation of metal film on the 

back side. (k) Introducing the micro slit at the tip of probe. 
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2.2.3 SEM Observation for Fabricated M-AFM Probes 

The SEM images of the fabricated M-AFM probes are depicted in Fig. 2-8 to Fig. 

2-11. Figure 2-8 shows the SEM photograph of the fabricated M-AFM probes. There 

44 probes were fabricated in one process for one substrate. Figure 2-9 shows the 

as-fabricated cantilever of the M-AFM probe. The dimensions of the M-AFM probe 

depend on several small variations of experimental parameters, including the 

developing time of the resist pattern, the wet etching rate, and the EB evaporation rate. 

The average dimensions of the cantilever and the body of the M-AFM probes are 

typically 252×31×14 µm and 2742×723×339 µm, respectively. Thus, the 

characteristic impedance of the M-AFM probes is, on average, 49.3 Ω. Figure 2-10 

depicts an SEM photograph of the FIB-fabricated nano-slit that has been patterned 

across the cantilever through the center of the probe tip. The observed tip is located 

near the front edge of the cantilever. As can be observed in Fig. 2-11, the tip is 

approximately 7 µm high, and the nano-slit is approximately 100 nm in width. 

 

Fig. 2-8 The fabricated M-AFM probes. 
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  Fig. 2-9 The cantilever of the M-AFM probe. 

 

 

Fig. 2-10 The 100-nm-wide-FIB-fabricated nano-slit that is across the cantilever and 

through the center of the tip. 
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Fig. 2-11 The high-magnification image of the M-AFM-probe tip. 

 

2.3 Microwave AFM Probe Evaluation 

2.3.1 EDX for Checking the Coating Metal on the Surface of 

M-AFM Probe 

In order to make the microwave signal can propagate efficiently in the M-AFM probe 

holder and the cantilever, metal films were deposited on the top and bottom surfaces 

of the probe to form a parallel-board microwave-signal waveguide. The metal film is 

required to be connected at the end of the beam, and should be absent at the sides of 

the beam. It is important to form the waveguide with high precision to evaluate the 

electrical properties of materials because the standoff distance between an AFM probe 

and a sample is in nanometer scale and in a practical measurement. However, the 

microwave probe obtained by the anisotropic etching has a steep slope between the 

cantilever and the body of the probe, and it is difficult to obtain the uniform film on 

this part. As previous introduced, the metal film is deposited on the AFM probe by EB 

process, because the deposition method has an advantage that it is possible to obtain 



   Chapter 2. The Principle, Fabrication and Evaluation of M-AFM     

39 
 

the metal film on an inhomogeneous surface. However, some fabricated probes are 

nagged by the situation of that the propagation of microwave signals in the 

microwave probe may interrupt by the open circuit at the top or other parts of the 

probe. Thus, in my work, The Energy Dispersive X-ray Spectrometry (EDX) method 

was used to be check weather that the fabricated M-AFM probes were possessing a 

suit coating film.  

EDX is an analytical technique used for the elemental analysis or chemical 

characterization of a sample.[8][9] Almost, all fundamental elements’ atom can be 

detected. Its characterization capabilities are due to the fundamental principle that 

each element has a unique atomic structure allowing X-rays that are characteristic of 

an element's atomic structure to be identified uniquely from one another. Quantitative 

analysis (determination of the concentrations of the elements present) entails 

measuring line intensities for each element in the sample and for the same elements in 

calibration standards of known composition. Then, the element distribution of sample 

can be obtained.  

Firstly, we checked the coating metal on the bottom surface of M-AFM probe 

holder by EDX technique. The M-AFM-probe holder was covered by the metal Au 

could be confirmed by the EDX profile (lower image in Fig. 2-12). The EDX 

spectrum taken from the surface of the M-AFM-probe holder, and the phase shows 

that Au element takes the most part of atomic concentration. Secondly, based on same 

examine situation, the bottom surface of M-AFM cantilever was detected (in Fig. 

2-13). Similar with the detected results of EDX spectrum over the bottom surface of 

M-AFM probe holder. The Au element is taking main part in atomic concentration. To 

verify the precision of analysis, we did repeated tests at the different place over the 

M-AFM probe holder and cantilever, the similar results were obtained finally. 
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Fig. 2-12 SEM image of M-AFM-probe holder and cantilever, the crossing marker is 

the detection position, and the EDX spectrum over the detection position. 

 

Fig. 2-13 SEM image of M-AFM cantilever, the crossing marker is the detection 

position, and the EDX spectrum over the detection position. 
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Figure 2-14 shows the SEM image of top part of M-AFM-probe and the EDX 

spectrum over the residual GaAs wafer substrate. During the forming the beam of 

cantilever (as the previous chapter mentioned), due to obtain a suit dimension of 

cantilever by wet etching, the GaAs wafer substrate will remain at the top part of 

M-AFM holder sometimes (see SEM image of Fig. 2-14). However, the extruding 

length of this residual GaAs structure is much shorter the cantilever, thus, it will not 

affect the AFM scanning results. 

 

Fig. 2-14 SEM image of M-AFM-probe; EDX spectrum was used to examine the 

chemical characterization of residual GaAs wafer substrate. 

 

There is potential difference, between the parallel-board microwave-signal 

waveguide (lower and upper metal films located on surfaces of M-AFM-probe 

cantilever), which can make sure the microwave signals can propagate in the M-AFM 

probe. If the sides of M-AFM cantilever were coated by the metal during the EB 

process, the microwave signals will be interrupted by the short circuit. Thus, as the 

Fig. 2-15 shown, we checked the chemical characterization over the sides of M-AFM 



   Chapter 2. The Principle, Fabrication and Evaluation of M-AFM     

42 
 

cantilever. In the EDX spectrum profile gallium and arsenide phase take the most part 

of atomic concentration. However, the gallium and arsenide phase was detected as 

well as some metal element (Au and Cu in EDX spectrum). The main reason for the 

detection of metal element was due to the under a relatively low magnification factor 

(with a 270 times), the crossing marker was difficult to be pointed at a very accuracy 

place and the metal film on the bottom surface of M-AFM probe cantilever will affect 

the detection result more or less, inevitable.  
 

 

Fig. 2-15 SEM image of M-AFM-probe; EDX spectrum was used to examine the 

chemical characterization of GaAs (side surface). 
 

Figures 2-16 to 2-18 are the SEM images of M-AFM-probe holder, cantilever and 

the EDX profiles for checking the surface chemical composing of them. The similar 

detected results over the three different checking positions were presented. As shown 

in the EDX spectrum profiles in Fig.2-16, Fig.2-17 and Fig.2-18, the Au element is 

taking main part in atomic concentration.  
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Fig. 2-16 SEM image of M-AFM-probe holder and cantilever, the crossing marker is 

the detection position, and the EDX spectrum over the detection position. 

 

Fig. 2-17 SEM image of M-AFM-probe holder and cantilever, the crossing marker is 

the detection position, and the EDX spectrum over the detection position. 
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Fig. 2-18 SEM image of M-AFM-probe holder and cantilever, the crossing marker is 

the detection position, and the EDX spectrum over the detection position. 
 

 

Fig. 2-19 SEM image of top part of the M-AFM-probe, the detection position located 

at the end of the cantilever beam, and the EDX spectrum over the detection position. 
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To generate a whole microwave signals transmission waveguide, the metal film on 

M-AFM-probe is required to be connected at the end of the cantilever beam. As the 

SEM image of Fig. 2-19 shown, the detecting of chemical characterization for the end 

of the cantilever beam also have been done by the EDX method. In the EDX profile 

(see lower image of Fig. 2-19), Au element is possessing very high proportion in 

atomic concentration, thus, the end of the cantilever beam was coated by the metal Au 

was verified. 

2.3.2 Measuring Topography by M-AFM Probe 

In order to confirm the spatial resolution of the fabricated M-AFM probes, the AFM 

topography of two grating samples having 2000 line/mm and 17.9 nm step height 

were measured by a commercial Si AFM probe, a GaAs probe without nano-slit and a 

M-AFM probe with nano-slit, respectively.  

 

Table 2-1 The properties of AFM probes in the atmosphere:  

Probe The resonance 

frequency (kHz)

Q-value Spring constant (N/m) 

A commercial Si 

probe 

262 370 Typical value: 42 

 

A GaAs probe 

without the 

nano-slit 

185 510 Typical value: 134 

 

A M-AFM probe 

with the nano-slit 

201 333 Typical value: 134 

 

 

A JSPM-5400 was used for measurement of the sample under the noncontact mode 

(frequency modulation (FM) mode). The properties of three kinds of probe are given 

in Table 2-1, the resonance frequency was swept and the Q value was defined by the 

following relation, Q=f0/(f+-f-), where f0 is the peak frequency, f+ and f- the shifted 
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frequency from f0 at 70.7% of peak intensity. The Q value indicates a resonance 

sharpness of the cantilever; the higher the Q value, the better stabilization of the 

oscillation.  

Whether during the scanning process, the AFM system can keep in a non-contact 

mode, or to say, the probe can lift without having an adhesion with the measured 

sample. There are several experimental condition should be concerned. Firstly, the 

physical and surface characteristics of measured sample take very influence on it in 

the scanning process. For instance cohesive material, cohesionless material and elastic 

material were prepared as the sample, the results are very different. Secondly, the 

experimental environment (the testing temperature and humidity) also will affect the 

experimental process. Especially, for scanning living cells, the AFM probe should be 

put into the solution, this testing environment needs that probe cantilever with a very 

proper design parameter to fit this experimental needing.  

Taking my experiment into account, our samples are solid materials without the 

special properties of cohesiveness. Moreover, under the FM-AFM testing mode, the 

commercial Si probe (which was used in this work with a series number of 

OMCL-AC160TS-C2, fabricated by Olympus) can keep in a non-contact testing 

situation without have a tap or contact with the measured sample surface. Based on 

the values as shown in Table 2-1, the typical spring constant value of M-AFM probe 

cantilever is 134 N/m, this value is larger than 100 N/m and is three times around the 

one of Si probe cantilever. The larger spring constant of cantilever means the M-AFM 

can provide larger oppose force to the van der Waals adsorption in attractive region 

(via Hook’s law: zkF ×−= ，where F is the force, k is the stiffness of the cantilever, 

and z is the distance of cantilever is bent) and keep the oscillate (with an amplitude of 

A) to be smaller, under the same testing situation. Thus, during the scanning process, 

the M-AFM probe can keep a non-contact scan, and protect the surface of measured 

sample.  

The AFM system is also integrated with a scanner indicator, which can 

synchronously provide the status information of the probe to the user, during the 
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scanning process. When we found the probe has an adhesion with the sample, we can 

stop the scanning process, and take a proper adjustment. 

Figures 2-21 to 2-23 show the topographies of the standard sample (the sketch as 

shown in Fig. 2-20) having 2000 lines/mm obtained by the commercial Si probe, 

GaAs probe without the nano-slit, and M-AFM probe with the nano-slit under the 

non-contact mode, respectively. The measurements were performed in the air, and the 

AFM worked in non-contact mode, with a working environment temperature of 

25.0 °C and a relative humidity of 50%. The resonance frequency of Si probe and 

M-AFM probes (without nano-slit and with nano-slit) were 262 kHz, 185 kHz and 

201 kHz, respectively, and the Q-value of them were 370, 510 and 333. The scan area 

was 2×2 μm2, scanning speed was 3 μm/s, and the white spots in these figures are due 

to micro-dust on the sample surface. 

 
Fig. 2-20 The standard sample for the AFM measurement. 

 

Figure 2-21(a and b) show the non-contact mode AFM topography and 

three-dimensional image obtained by using the commercial Si cantilever. Even though 

the Q-value is lower than that of the GaAs probe without the nano-slit, the 

commercial Si probe still can obtain a little higher resolution topography due to the 

higher aspect ratio of the tip.  
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Comparing the obtained images of Fig. 2-22, Fig. 2-23 with the ones in Fig. 2-21, 

the results illustrate that M-AFM probe has a similar capability for sensing surface 

topography of materials as that of commercial AFM probes. 

 

 

Fig. 2-21(a) Surface topography of the grating sample obtained by the commercial Si 

probe. 

 

 
Fig. 2-21(b) A three-dimensional image that corresponds to Fig. 2-21(a). 
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Fig. 2-22(a) Surface topography of the grating sample obtained by the GaAs probe 

without the nano-slit. 

 

 
Fig. 2-22(b) A three-dimensional image that corresponds to Fig. 2-22(a). 
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Fig. 2-23(a) Surface topography of the grating sample obtained by the M-AFM probe 

with the nano-slit. 

 

 
Fig. 2-23(b) A three-dimensional image that corresponds to Fig. 2-23(a). 
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Fig. 2-24(a) Topography of the grating sample obtained by the commercial Si probe 

with the analysis of crossing profile. 

 

 
Fig. 2-24(b) A three-dimensional image that corresponds to Fig. 2-24(a). 
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Fig. 2-25(a) Topography of the grating sample obtained by the commercial Si probe 

with the analysis of crossing profile. 

 

 
Fig. 2-25(b) A three-dimensional image that corresponds to Fig. 2-25(a). 

 

In order to evaluate the accuracy of height measurement, a grating sample having 
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17.9 nm±1nm step height was measured by using the commercial Si probe and the 

M-AFM probe, respectively. Figures 2-24 and 2-25 show the AFM topographies and 

the cross-section profiles of the grating sample obtained by the commercial Si probe 

and the fabricated M-AFM probe, respectively. 

From the slope of the step of the cross-section profile in the figures, it is confirmed 

that the fabricated M-AFM probes have the capability to catch the AFM topography 

with the resolution of nanometer order. The height of the step of the grating sample 

obtained by each probe was 19.17 nm and 19.67 nm, respectively. The fabricated 

M-AFM probe has also high resolution although the resolution was inferior as 

compared to the commercial Si probe. The reason why the resolution degraded with 

the fabricated probe is that the tip of the probes was cut by FIB fabrication. From 

these results, it is considered that the control of the standoff distance between the 

probe and the sample with high precision was achieved by the fabricated M-AFM 

probe. 

2.4 Summary 

(a) The microwave atomic force microscope (M-AFM) is a combination of the 

principles of the scanning probe microscope and the microwave-measurement 

technique. M-AFM can maintain the constant stand-off distance between the 

M-AFM-probe tip and scanned sample surface, by detecting the deflection of the 

atomic force between them, and measure the electrical properties of materials with 

nanometer scale spatial resolution.  

(b) Microwave-AFM probes were fabricated on the GaAs wafer by using the wet 

etching process. A waveguide was introducing on the probe by evaporating Au film on 

the both surfaces of the probes. The open structure (the nano-slit) of the waveguide at 

the tip apex of the M-AFM probe was obtained by using FIB fabrication. 

(c) SEM was used to observe the fabricated M-AFM probes. The average dimensions 

of the cantilever and the body of the M-AFM probes are typically 252×31×14 µm and 

2742×723×339 µm, respectively. Based on these dimensions, the characteristic 
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impedance of the M-AFM probes is, on average, 49.3 Ω. In this way, the M-AFM 

probe could match well with the co-axial line, which has an impedance of 50 Ω. The 

observed tip is located near the front edge of the cantilever and the tip is 

approximately 7 µm high, and the nano-slit is approximately 100 nm in width. 

(d) The metal film on the surface of M-AFM probe is required to be connected at 

the end of the beam, and should be absent at the sides of the beam. We checked the 

coating metal on the bottom surface of M-AFM probe holder by EDX technique. 

Based on the EDX profile results shown, the fitting spots on M-AFM-probe holder 

were well covered by the metal Au could be confirmed. 

(e) AFM measurements were performed by comparing with the commercial Si 

AFM probe. It is indicated that GaAs microwave probe has a capability to catch AFM 

topography of grating samples and having a high accuracy for lateral and height 

evaluation.  
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3. Microwave Imaging for Materials on 
Nanometer-scale 

3.1 Experimental Setup 

Figure 3-1 schematically depicts the integrated test system of the M-AFM.[1][2] In 

our M-AFM system, the initial microwave signals, which are working at a frequency f

＝16.66 GHz, are generated by a microwave generator. Next, the frequency of the 

microwave signals is extended by a six-frequency multiplier, which results in a stable 

testing frequency f＝94 GHz. The microwave signals propagate through an isolator 

and a circulator and then propagate into the M-AFM probe. The transmission line that 

connects the circulator and the probe changes from a rectangular waveguide into a 

coaxial line, which then changes into the parallel-plate waveguide (in the M-AFM 

probe). A detector is connected to the circulator, to measure the microwave signals 

that are received by the tip of the probe and indicate the voltage data that are 

converted from the reflected microwave signals. The measured signals are 

synchronized with positional information that is obtained from the AFM scanner, 

which is then used to create a microwave image. At the same time, by evaluating the 

output voltage data, the electrical properties of the measured materials can be 

determined. Figure 3-2 presents the photo image of M-AFM system.  

A coaxial line was used to connect the M-AFM probe to the compact microwave 

instrument; more specifically, a coaxial line with an inner diameter of 1 mm was fixed 

on the probe holder, which is used to set up an AFM probe for an AFM measurement. 

[3][4] A schematic image of modified probe holder is shown in Fig. 3-3, and an 

enlarged view of the probe connection is shown in Fig. 3-4. The outer and inner 

conductors of the coaxial line are connected to the bottom and top surfaces of the 

M-AFM probe, respectively. Therefore, microwave transmission line changes from 

the coaxial line to the parallel board waveguide (special structure of M-AFM 

possessing). By using this holder, the M-AFM probe can be set-up repeatedly and a 
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measurement of the microwave response and AFM surface profile can be realized 

simultaneously. 

 

Fig. 3-1 Diagram of the M-AFM system. 

 

Fig. 3-2 Photo of the M-AFM system. 
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Fig. 3-3 A schematic diagram of the modified probe holder. 

 

 
Fig. 3-4 The connection between the M-AF probe and the coaxial line. 

 

We prepared a sample for the scanning test of surface topography and microwave 

imaging (see Fig. 3-5). At first, a resist mask was patterned onto the glass substrate 

wafer by lithography. After developing the resist pattern, a 200-nm thick Au layer was 

deposited on the glass substrate by electron beam (EB) evaporation. Finally, the 

unexposed photo-resists were lifted off in acetone. The resulting Au and glass step 
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structure is depicted in SEM image of Fig. 3-6.  

 

Fig. 3-5 Schematic diagram of the fabrication process of Au/Glass step sample. 

 

 
Fig. 3-6 SEM image of measured sample. 



  Chapter 3. Microwave Imaging for Materials on Nanometer-scale     

60 
 

3.2 Microwave Image of Au/Glass Step Sample 

Figures 3-7 and 3-8 depict the M-AFM scanning results of the sample at the step area 

between the Au coating film and the glass wafer substrate. The measurements were 

performed in the air, and the M-AFM worked in non-contact mode, with a working 

environment temperature of 24.5 °C and a relative humidity of 38.4%. The resonance 

frequency of M-AFM probe was 133 kHz and the Q-value of it was 295. The scan 

area was 10×10 μm2, scanning speed was 5 μm/s. Fig.3-7(a) depicts the surface 

topography of the M-AFM-measured sample. In this image, the left side represents 

the Au film, whereas the right side is the glass substrate. As can be seen in the 

scanning profile depicted in Fig.3-7(a), the thickness of the Au film was 

approximately 200 nm on average. In addition, Fig.3-7(b) depicts the 

three-dimensional image with height information that corresponds to Fig.3-7(a).  

Figure 3-8(a) depicts the microwave image of the voltage that was converted from 

the measured microwave signals, which were simultaneously acquired by the M-AFM 

probe at the corresponding position depicted in Fig.3-7(a). Figure 3-8(d) depicts a 

three-dimensional image with electrical information that corresponds to that depicted 

in Fig. 3-8(a). This experimental result demonstrates that the microwave image has 

two spatial phases. Because the standoff distance between the tip of the M-AFM 

probe and the surfaces of the Au film and glass substrate is constant and controlled by 

the atomic force, thus, the response of the microwave signals were observed to change 

based on the different electrical characteristics of the measured materials. As per Fig. 

3-8(a), the output voltage over the glass area is larger than that over the Au area, 

because the scanning started from the Au area with the initial offset from the nulling 

operation. 
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Fig. 3-7(a) AFM topography image of the Au/Glass step sample. 

 

 
Fig. 3-7(b) A three-dimensional image that corresponds to Fig. 3-7(a). 
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Fig. 3-8(a) Microwave image of the output voltage that was converted from the 

measured microwave signals. 

 
Fig. 3-8(b) A three-dimensional image that corresponds to Fig. 3-8(a). 
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An analysis of the scanning profile depicted in Fig. 3-8(a) demonstrates that the 

spatial resolution is higher than 120 nm, and that the output voltage measured over the 

Au and glass areas were 262.5 mV and 281.7 mV, respectively. The difference 

between the measured voltages between the Au and glass areas is 19.2 mV. Since, the 

stability of the measurement is high, this value is large enough for evaluating the 

electrical properties of other materials having the conductivity between Au and glass. 

As the results presented, the M-AFM should allow us to scan the electrical 

conductivities of other conductor materials on a nanometer scale. In addition, based 

on the same principle, it can also be used to measure the permittivities of dielectric 

materials on a nanometer scale. 

3.3 Microwave Image of Au/Au Step Sample 

To demonstrate that M-AFM can sense the microwave image based on electrical 

characteristic of the measured materials and is not affected by the surface shape of the 

sample, we prepared an Au/Au step sample for the scanning test and performed 

simultaneous measurements of the surface topography and microwave image of the 

sample within only one scanning procedure.  

 

Fig. 3-9 Fabricating procedure of the Au/Au step sample. 
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Fabricating procedure of the Au step sample was described as follows. At first, a 

resist mask was patterned onto the Au plate by lithography. After developing the resist 

pattern, a 100 nm thick Au layer was deposited on the Au plate substrate by EB 

evaporation. Finally, the unexposed photo-resists were lifted off in acetone (see Fig. 

3-9).  

Figure 3-10 depicts the M-AFM probe scanning the Au step sample in the FM 

mode (non-contact mode). The measurements were performed in the air, with a 

working environment temperature of 26.0 °C and a relative humidity of 50%. The 

resonance frequency of M-AFM probe was 133 kHz, respectively, and the Q-value of 

it was 295. The scan area was 8×8 μm2, scanning speed was 4 μm/s. Figure 3-11 

shows the surface topography of the sample measured with the M-AFM. As can be 

seen in the scanning cross-section profile, which is shown in Fig. 3-11, the difference 

between the higher and lower parts of the sample was measured to be 97.1 nm and 

with a spatial resolution of approximately 100 nm. This result demonstrates the 

capability of the M-AFM for imaging the surface topography with a spatial resolution 

on nanometer order. Figure 3-12 shows the microwave image of the measured 

voltage that was converted from the detected microwave signals. The image was 

simultaneously acquired by the M-AFM probe at the corresponding position depicted 

in Fig. 3-12. Because the standoff distance between the tip of the M-AFM probe and 

the surface of the sample is controlled by the atomic force, the responses of the 

microwave signals were changed only due to the electrical characteristic of the 

material. It should be noted that, under the FM mode, the period of the normal 

vibration of the cantilever is approximately 9.4 μs (frequency: 106.83 kHz), which is 

approximately 416 times shorter than the scanning time for one pixel (scanning speed: 

4 μm/s). Meanwhile, the compact microwave instrument implements a real time 

measurement and the data measured at each pixel is an average of the microwave 

signal during 9.4 μs, including 416 times vibrations of the cantilever. Therefore, the 

influence of the normal vibration to the microwave measurement (image) can be 

eliminated. Different from the evident difference in heights of different parts of the Au 

step sample (see Fig. 3-11), the voltages measured from the lower and higher parts are 
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certainly the same (see Fig. 3-12). The uniform voltage value can be explained as that 

higher and lower parts of the Au step sample are composed of the same material, i. e. 

with the same conductivity. This result indicates that our M-AFM can sense the 

electrical properties of measured sample regardless of the surface shape. It is noted 

from Fig. 3-12 that there is a pulse-shaped signal corresponding to the boundary 

between the two parts of the Au step sample, the microwave signal was changed 

abruptly. This phenomenon is due to the acute vibration of the M-AFM probe that 

occurs when the probe is scanning over the boundary of the two parts. The vibration 

of the probe leads to a mutation of the microwave signal in a short period according to 

the scanning speed. But this very short-time mutation just affect the microwave signal 

at the boundary of Au step sample smaller than 100 nm. Over the broad areas, the 

microwave signals can keep in a stable situation and not affected by the vibration. 

These results indicate that the boundary effect will not affect the normal surface 

measurement of material’s conductivity. It is also shown that the spatial resolution of 

the conductivity measurement is in the order of 100 nm. In addition, the vibration of 

probe could be restrained or eliminated by controlling the scanning speed. Since there 

are the much smaller differences among the voltages measured over the broad Au 

areas with respect to the relative higher voltage created at the step boundary, the 

microwave image is observed in homogenous significantly in Fig. 3-12. It is also 

noted from Fig. 3-12 that the measured voltages were presented having high values 

more than 4 V because that we did not carry out the voltage-offset process to make the 

initial voltage zero. 

 
Fig. 3-10 Schematic diagram of the M-AFM probe that was used to measure the Au 

step sample. 
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Fig. 3-11 Topography image of the sample with the crossing height profile. 

 
Fig. 3-12 Microwave image obtained from the same scanning process as Fig. 3-11, 

the lower one is the voltage profile. 
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3.4 Sensitivity in the Measurement of Electrical Properties 

Affected by the Nano Structure of M-AFM Probe 

As previous chapters mentioned, to make microwave propagating properly in the probe, 

a parallel-plate waveguide was formed by evaporating Au films on the top and bottom 

surfaces of the M-AFM probe. The Au films on the both side are connected at the end 

of the probe cantilever and there are no Au films on the sides of cantilever and probe 

holder. Consequently, a homogeneous parallel plate waveguide was fabricated and 

microwaves are able to propagate along the probe. On the other hand, in order to make 

microwave signals emit at the apex of the probe tip, a nano-slit at the centre of the 

probe tip was introduced by focused ion beam (FIB) process, in order to open the short 

circuit of Au films on the two surfaces of the probe (see Fig. 3-13).  

 

Fig. 3-13 SIM image of top part of M-AFM-probe cantilever, the nano-slit across the 

tip apex fabricated by FIB process. 
 
The nano-slit plays a very important role in the M-AFM structure, due to the 

nano-slit is a transmitter to emit the microwave signals to the surface of measured 

sample, and a detector to get the reflected microwave information. Thus, to research 



  Chapter 3. Microwave Imaging for Materials on Nanometer-scale     

68 
 

the sensitivity in the measurement of electrical properties affected by the nano 

structure of microwave AFM (M-AFM) probe, three kinds of M-AFM probe with a 

nano-slit on its tip in different width (75 nm, 120 nm and 160 nm) were investigated. 

As shown in Fig.3-14, Fig.3-15 and Fig.3-16, the nano-slits with three different 

parameters: 75 nm, 120 nm and 160 nm in width were fabricated by FIB, respectively. 

 

Fig. 3-14 SEM image of M-AFM-probe tip with a 75-nm nano-slit at the apex. 

 

Fig. 3-15 SEM image of M-AFM-probe tip with a 110-nm nano-slit at the apex. 
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Fig. 3-16 SEM image of M-AFM-probe tip with a 160-nm nano-slit at the apex. 

 

Table 3-1 Experimental microwave imaging results: 

Probe The measured 

voltage on  Au 

The measured 

voltage on glass 

Voltage 

difference 

M-FAM probe tip with the 

75 nm nano-slit 

178.68 mV 233.77 mV 55.09 mV 

M-FAM probe tip with the 

110 nm nano-slit 

276.80 mV 309.15 mV 32.35 mV 

M-FAM probe tip with the 

160 nm nano-slit 

151.98 mV 158.85 mV 

 

6.97 mV 

 

Using the M-AFM probes with the measurement system, the prepared Au and 

glass samples were measured respectively. Table 3-1 shows the experimental 

microwave imaging results. The voltage values were converted from the reflected 

microwave signal without the calibration, which was obtained by the M-AFM probes. 

The measurements were performed in the air, and the AFM worked in non-contact 



  Chapter 3. Microwave Imaging for Materials on Nanometer-scale     

70 
 

mode, with a working environment temperature of 22.0 °C and a relative humidity of 

40%. The resonance frequency of the M-AFM probes (with nano-slits of 75 nm, 120 

nm and 160 nm) were 157 kHz,148 kHz and 146 kHz, respectively, and the Q-value 

of them were 481, 641 and 750. The scan area was 1×1 μm2, scanning speed was 0.5 

μm/s. 

As shown in Table 3-1, for M-AFM probe with 75 nm nano-slit on the tip, the 

measured voltage over the scanning area of Au sample is 178.7 mV on average, and 

the voltage over the glass area is 233.8 mV on average. The difference of measured 

voltage between Au and glass samples is 55.1 mV. In the same way, for M-AFM 

probe with 120 nm nano-slit on the tip, the measured voltage over the Au and glass 

areas are 276.8 mV and 309.1 mV on average, respectively. The difference of 

measured voltage between Au and glass samples is 32.3 mV. For the M-AFM probe 

with 160 nm nano-slit on the tip, the measured voltage over the Au area is 152.0 mV 

and glass area 158.9 mV on average. The difference of measured voltage between Au 

and glass samples is 6.9 mV. In this study, since the tip structure will affect the 

reference value of microwave signal, the value of the measured voltage for Au and 

glass samples obtained by different probes are different. It is noted that such 

difference can be corrected by calibration, therefore it will not affect the evaluation of 

electrical properties of materials. Comparing the experimental results, it is suggested 

that the M-AFM probe with 75 nm nano-slit has the highest sensitivity for measuring 

electrical properties of materials. In addition, it should be noted that the difference of 

measured voltage between Au and glass samples is 55.1 mV, which is sensitive 

enough for evaluating the electrical properties of materials. Therefore, the M-AFM 

probe should allow us to scan the electrical properties of materials on the nanometer 

scale. 

3.5 Summary 

(a) We have created an M-AFM-obtained microwave image using a compact 

microwave instrument that was optimally synchronized with an AFM scanner. The 
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distinguishing features of M-AFM are its ability to maintain a constant standoff 

distance between the probe tip and the sample surface and to measure the microwave 

signal interacted with the sample. Therein, both the topography and 

electrical-property images of the sample can be simultaneously characterized. 

Therefore, M-AFM is able to measure, in situ, the distribution of electrical properties 

on a nanometer scale. As shown in the experimental results, we successfully generated 

a microwave image of a 200-nm Au film coating on a glass wafer substrate with a 

spatial resolution of 120 nm, and, moreover, we measured the voltage difference 

between these two materials to be 19.2 mV. We believe that the high spatial resolution 

and simultaneous measurement capability of this M-AFM system will have important 

implications to nanotechnology characterization in the immediate future.  

(b) We also successfully created a microwave image of an Au/Au step sample with 

a spatial resolution on nanometer order, which indicates that the microwave 

measurement is not affected by the surface shape of the material and the standoff 

distance was well controlled by the atomic force. 

(c) To confirm the sensitivity in the measurement of electrical properties affected 

by the nano structure of microwave AFM (M-AFM) probe, three kinds of M-AFM 

probe with a nano-slit on its tip in different width (75 nm, 120 nm and 160 nm) were 

investigated. Au and glass samples were measured by the probes working at a 

noncontact AFM mode. The M-AFM probe with the nano-slit having the width of 75 

nm, by which the difference of the measured voltage between Au and glass samples is 

55.1 mV, shows the highest sensitivity for detecting electrical properties of materials. 

As the result illustrated, the M-AFM probe with smaller width nano-slit on the tip can 

be considered to be an ideal nano structure. 
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4. Quantitative Measurement of the 
Electrical Properties of Materials on the 
Nanometer-scale. 

4.1 Principle of Microwave Measurement for Electrical 

Properties 

The principle of the method described here is based on the reflection of the 

microwave from measured materials’ surface. Based on the situation of that the 

reflection from bottom surface can be neglected, the measured reflection coefficient 

of the microwave signal can be expressed by considering the reflection only from the 

top surface as [1] 

   0

0

,η η
η η

−
Γ =

+                       (4-1) 
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In the above equations, Γ represents the reflection coefficient, and η，σ，μ  and 

ε are intrinsic impedance, conductivity, permeability, and permittivity of materials, 

respectively, and η0，σ0，μ0 and ε0 are those of free space. Symbolω  denotes the 

angular frequency, and j= 1− . 

For non magnetic materials, considering 0μ μ= , and using the above equations, 

the reflection coefficient, Γ, can finally be written as 
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where X is the real part and Y the image part of the reflection coefficient. By 

solving the simultaneous equations of the real and imaginary parts of Eq.(4-4) and 

eliminating ε, the conductivity of materials can be expressed as 

2 2
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2 2 2
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Y X Y
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ωεσ − −
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+ +                   
     (4-5) 

                                            

4.2 Quantitative Measurement of the Electrical 

Conductivities of samples 

For quantitative measurement, the operating frequency of M-AFM is set at 94 GHz. 

The high-frequency microwaves are easy to propagate in the waveguide and emit 

from the nano-slit on the probe tip. Since the width of the nano-slit is around 100 nm, 

the field of microwave interacting with the measured materials can be considered to 

be in 100 nm order. Thus, if the thickness of measured materials is larger than 100 nm, 

the reflection from the bottom surface of the sample can be neglected. Therefore, only 

the reflection from the top surface needs to be considered.  

Moreover, the diode detector works in a small signal range, where it is considered 

to be a square-law detector.[2] Therefore, while keeping the standoff distance between 

the tip of the M-AFM probe and samples constant, the output reflected voltage V, 

which varies only with the conductivity of the sample, has a relationship with the 

squared absolute value of the top surface reflection coefficient, 2
sΓ  as 

                         0
2

0 bkV s +Γ=                          (4-6) 

The two undetermined constants 0k  and 0b  can be calibrated with two samples 

whose conductivities are known. 

For good conductors, which are used in this experiment, the surface reflection 
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coefficient sΓ  can be written as[3][4] 

                     
0

0

/1
/1

ωεσ
ωεσ

j
j

s
+

−
=Γ                        (4-7) 

where 0ε  and σ  represent permittivity of free space and the conductivity of the 

measured material, respectively, and ω  is the angular frequency of the microwave. 

For semiconductor or isolating materials, similar equations can also be constructed. 

Then, the conductivity can be determined from Eq. (4-7) as 
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(4-8) 

After 0k  and 0b  in Eq. (4-6) are calibrated using two reference samples with 

known conductivities, the conductivities of any samples can be calculated from the 

measured voltage. Therefore, the M-AFM allows us to quantitatively evaluate the 

electrical conductivities of materials on the nanometer scale. 

It should be noted that Eq. (4-7) and (4-8) are derived under the plane wave 

condition, while the probe works in near-field mode. Although near-field analysis may 

further improve the precision of evaluation results, it requires more reference samples, 

which will increase the complexity of the measurement. Since the tested material was 

very close to the open end of the probe-tip (the standoff distance of several 

nanometers was extremely small as compared with the waveguide width (~100 nm) 

and the wavelength), this problem can be equivalent to the case that the material 

surface is terminated at the end of the waveguide, which can be represented by the 

plane wave model (see Fig. 4-1). Therefore, the plane wave approximation is used in 

this study.  

There is a limitation of M-AFM technique we have to face. In the case of that the 

thickness of measured sample smaller than 100 nm, the reflection of microwave 

signal from the bottom surface of the sample and the substrate should be considered. 

Therefore, the M-AFM can not use the previous mentioned equations to obtain the 

electrical properties of measured sample quantitatively.  
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Fig. 4-1 Schematic diagram of the interaction between the M-AFM probe tip and 

sample surface. 

 

Five different metallic films (Cu, Pb, Al, Co and Zn) with EB fabrication were 

prepared for the quantitative measurement. The tested electrical conductivities by the 

four point probe van der Pauw method were obtained as the standard values for 

calibration and evaluation of M-AFM results.[5] The tested electrical conductivities 

of these metal films are in the range of 4.46×106 S/m to 5.68×107 S/m. The 

measurements were performed in the air, and the AFM worked in non-contact mode, 

with a working environment temperature of 23.0 °C and a relative humidity of 50%. 

The resonance frequency of M-AFM probe was 107 kHz and the Q-value of it was 

675. The scan area was 2×2 μm2, scanning speed was 1 μm/s. Before scanning, we set 

the original voltage to be zero while maintaining a constant distance of 2.6 µm 

between the probe tip and the sample. During the scanning process, the standoff 

distance between the probe tip and samples was fixed at several nanometers by the 

atomic force, and the voltage corresponding to the inspected sample was measured. 
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Figures 4-2 to 4-6 show the topographies and microwave images of the five 

samples. The variations of the measured voltages for the five samples are less than ±0.46 

mV, which is much smaller than the dynamic range of the M-AFM. The signal-to-noise 

ratio of the M-AFM measurements was evaluated to be 20.14 dB on average. 

 

Fig. 4-2 Topography and microwave image of measured Cu sample. 

 

Fig. 4-3 Topography and microwave image of measured Pb sample. 

 

Fig. 4-4 Topography and microwave image of measured Co sample. 

 

Fig. 4-5 Topography and microwave image of measured Al sample. 
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Fig. 4-6 Topography and microwave image of measured Zn sample. 

 

The Fig. 4-7 shows the variation margins of measured local voltages for samples 

with different conductivities. Using the measured voltages of two samples obtained 

from Figs. 4-2 and 4-3 (4.89 mV for Cu and 18.01 mV for Pb on average) and their 

tested conductivities (5.68×107 S/m for Cu and 4.46×106 S/m for Pb) for calibration, the 

two undetermined constants in Eq. (4-6) were calculated to be k0＝-5.9632 and b0＝

5.9629. Then, the conductivities of Al, Co and Zn samples were evaluated with Eq. (4-6) 

and Eq. (4-8) by using the measured voltages obtained from Figs. 4-2 to 4-6.  

 
Fig. 4-7 Variation margins of measured local voltages for samples with the different 

conductivities. 
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Figure 4-8 shows the variation margins of measured local voltages for samples 

with the square of surface reflection coefficient ( 2
sΓ ) of them. As previous 

mentioned, two undetermined constants in Eq. (4-6) were calculated to be k0＝-5.9632 

and b0＝5.9629. That means the method in this work was based on a premise of that the 

surface reflection coefficient and measured voltage should be kept in a linear 

relationship. It is noted that the surface reflection coefficient and measured voltage 

could be provided in a linear relationship (see the fitting straight line in Fig. 4-8). 

Thus, the applicability of the evaluation method in my work can be proved. 

 
Fig. 4-8 Variation margins of measured local voltages for samples with the square of 

surface reflection coefficient of them. 

 

Figure 4-9 shows the evaluated results versus the tested values of Al, Co and Zn 

samples. It is noted from Figs. 4-2 to 4-6 that no correlation can be observed between the 

microwave images and their corresponding geometry images. In other words, the variations 

of the measured local voltages are not caused by the surface morphology. The main causes 

of error bars of the evaluated conductivities are as follows. Firstly, the film samples 

prepared by EB evaporation were not homogenous in the microscopic view, and the 
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distribution of conductivity was location-dependent (local conductivity).  

 

Fig. 4-9 Evaluated conductivities of the samples in comparison with the tested 

conductivities of them. 

 

It is believed that the variation margins of measured local voltages (see Fig. 4-7) by the 

M-AFM caused the error bars of the evaluated conductivities. Secondly, the microwave 

signal for conductivity measurement was very small, which might be affected by the 

measurement environment. Therefore, the uncertainty of the microwave measurement may 

contribute to the error bars. It is also noted from Fig. 4-9 that the deviation of evaluated 

conductivities from the values tested by the Van der Pauw method is 2.03%, 7.24% and 

11.6% for the Zn, Co and Al, respectively. One of the causes of this deviation is that the 

standoff distance variation between different materials may affect the measured voltage, 

thereby inducing deviation of evaluated conductivity, especially for high-conductivity 

materials such as Al. Another cause of the deviation may be the evaluation equation which 

was derived under the plane wave approximation rather than the much more complicated 

near field analysis. The quantitative evaluation was performed three times, and the similar 

results as shown in Fig. 4-7 were obtained.  

On the other hand, the evaluated resistivities of the five samples can be presented 

out as shown in Fig. 4-10. 
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5.  M-AFM Applications 

5.1 Imaging the Nano-Structure Materials 

5.1.1 Imaging the Au nanowire by the M-AFM Probe 

In general, nanomaterials refer to low-dimensional materials whose crystal structures 

arrange in zero-dimensional dot, one-dimensional chains or two- dimensional plane, 

such as nanoparticle, nanowire, nanowhisker, nanorod, nanobelt, nanotube and 

nanofilm. Among which, the one-dimensional metallic nanostructures display a 

plethora of electrical, optical, chemical and magnetic properties with diverse 

applications. For example, the important role of metallic nanowires in semiconductor 

industry or integrated circuit (IC) may be one of the most attractive topics for 

scientists and engineers. Recently, the scale of interconnects used in IC is continually 

shrinking towards dimensions comparable with the electronic mean free path (tens of 

nanometers) or even smaller.  

On the other hand, however, in the nanometer scale, the electrical properties of 

materials are affected not only by the structure and composition of these materials, but 

also by the mechanical factors of stress and strain due to lattice vibrations. The 

electrical properties such as resistivity or conductivity of metallic nanowires will 

become size-dependent and quite different from that of the bulk materials even at 

room temperature. Thus it is a great needing toward us to research on the electrical 

properties of materials on nanometer scale. 

The resistance measurement is the most important step for electrical properties’ 

evaluation, in which the preparation of nanowire with electrodes connected to a 

circuit is limited by manipulation difficulties in nano-scale. When the nanowire and 

electrodes are well connected, resistance measurement can be carried out by 

four-point probe (FPP) method which is able to cancel the influences of contact 

resistances. However, the probes should be connected to the nanowires directly or to 

electrodes deposited on the nanowires. The process will become somewhat complex 
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for free-standing nanowires.  

Comparing the traditional four-point method, which needs finding some nanowires 

in suitable positions for conductivity measurement by dispersing the nanowires onto 

an insulated substrate with electrodes arrays, the M-AFM can spot the nano-structure 

(such as free standing nanowires and nanotubes) out directly and measure the 

electrical properties with the topography simultaneously. 

 

Fig. 5-1 Microwave atomic force microscopy setup and typical surface topography 

and microwave image of a nanowire sample: (a) schematic graph of the AFM 

compact microwave instrument setup and schematic diagram of the Au nanowires 

scanned using the M-AFM probe; (b) topography image of measured sample; (c) 

microwave image of the nanowire created from the voltage of the measured 

microwave signals; (d) crossing profile corresponding to the arrow in the topography 

image; (e) crossing profile of the selected area in the microwave image. 

 

Figure 5-1 shows schematically the integrated measurement system of M-AFM. As 

mentioned in previous chapters, When the M-AFM probe is located above a sample 

surface (a Au nanowire in this work), the measured signals are synchronized with the 
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position information obtained from the AFM scanner, and the topography and 

microwave image can be generated. Figure 5-1(b) shows the measured width and 

height of a single Au nanowire on a glass substrate to be 480 and 210 nm, 

respectively, as obtained with M-AFM. The Au nanowires were formed by partially 

etching the Au film using FIB with a width of 500, where the Au film was coated on a 

glass-wafer substrate of 200 nm thickness by EB evaporation (the fabrication process 

of the was shown in Fig. 5-2).  

Figure 5-1(c) shows the microwave image of the Au nanowire, where the voltage 

was measured from the reflected microwave signal without calibration. The M-AFM 

worked in frequency modulation (FM) mode (noncontact mode). The resonance 

frequency of M-AFM probe was 106 kHz and the Q-value of it was 570.  The 

measurements were performed in air ambient, with a working environment 

temperature of 26.0 °C and a relative humidity of 50%. The scanning area and 

scanning speed were 1.5×1.5 µm2 and 500 nm/s, respectively. In Fig. 5-1(e), it is 

noted that the difference in the measured voltages of the Au and glass substrate is 

approximately 16 mV, and the spatial resolution is 170 nm. This result illustrates that 

M-AFM is capable of sensing the microwave image of a nanostructure. In contrast to 

the traditional four-point method, which requires some nanowires to be in suitable 

positions for conductivity measurements by dispersing the nanowires onto an 

insulated substrate with electrode arrays, M-AFM can spot the nanostructures directly 

and measure the microwave image and topography simultaneously. 

 

Fig. 5-2 The crossing view of fabrication process of the Au nanowires. 
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5.1.2 Imaging Results’ Precision Affected by Scanning Speed 

To study the interaction relationship between the scanning speed and the imaging 

results, based on a standard sample, the scanning process of M-AFM with three kinds 

of scanning speed was investigated.   

 

Fig. 5-3 (a) and (b) AFM topography image with the profile and microwave image of 

the Au-nano-belts obtained by the M-AFM probe with a scanning speed of 500 nm/s; 

(c) and (d) AFM topography image with the profile and microwave image of the 

Au-nano-belts obtained by the M-AFM probe with a scanning speed of 1000 nm/s; (e) 

and (f) AFM topography image with the profile and microwave image of the 

Au-nano-belts obtained by the M-AFM probe with a scanning speed of 2000 nm/s. 
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Using the M-AFM probes with the compact-measurement system, a special sample 

of Au nano-structure was sensed. The Au-nano-belts with the dimension of 400×200 

nm arranged on a glass substrate was prepared. The fabrication method of 

Au-nano-belts was similar with the fabrication method of the Au nanowire in previous 

chapter. Figure 5-3 shows the scanning results of topographies and the microwave 

images. The measurements were performed in the air, and the AFM worked in 

non-contact mode, with a working environment temperature of 25.0 °C and a relative 

humidity of 40%. The resonance frequency of M-AFM probe was 153 kHz and the 

Q-value of it was 760. The scan area was 2×2 μm2, and the scanning speeds were 500 

nm/s, 1000 nm/s, and 2000 nm/s, respectively.  

Comparing the experimental results, it is suggested that with the scanning speed is 

decreasing more and more (form 2000 nm/s to 500 nm/s, in this work), the spatial 

resolution is going to be much better (see the profiles in Fig. 5-3). Based on the 

results in the Fig. 5-3 (a), (c), and (e), the sensed shape was presented as much better 

with the scanning speed decreasing (see Fig. 5-3 (e)). However, on the other hand, the 

precision of microwave image was not change much during the scanning speed was 

decreasing. The reason can be explained as that comparing with the scanning speed 

(taking the maximal scanning speed of 2000 nm/s in this work for example), the 

microwave signal with a very high frequency, the data measured at each pixel is an 

average of the microwave signal during 9.4 μs, i.e. compact microwave instrument can 

always implements a real time measurement and the variation of scanning speed 

cannot put the influence in the microwave measurement (image). As the result, our 

M-AFM can be used to measure the electrical properties of materials with a high 

operating efficiency.  

It is also noted that, in this work, the value of the measured voltage for the sample 

of Au-nano-belts obtained in the different scanning process are much different (see 

Fig. 5-3 (b), (d), and (f)). The reason can be explained as that before the scanning 

process, without the original nulling setup, in the other word, the original testing 

voltage were different. However, such difference can be corrected by the calibration 
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process with a zero setting, therefore it will not affect the evaluation of electrical 

properties of materials.  

5.2 Imaging the Nano-Structure Materials 

Recently, the researches about electrical characteristics of metallic film and membrane 

on a nano-scale have become the hot topics more and more. However, if the surface of 

the metallic film or membrane is covered by a thin oxide layer, the traditional method 

will fail in evaluating the electrical property of material under the oxide layer, because 

it is difficult to make direct contacts to the material under test. On the contrary, M-AFM 

can be used to solve this problem, because the microwave signals emitted from the tip 

of M-AFM can penetrate the dielectric film, and have an interaction with the 

underlying materials. By analyzing the reflected microwave signals, the electrical 

properties of underlying materials can be evaluated. In this paper, some special samples 

with different thickness of dielectric films which plays the role of oxide layer created 

on the material surface were fabricated, and the measurement of electrical properties of 

materials under the oxide layer by the M-AFM was investigated in details.  

5.2.1 Improved the Compact Microwave Instrument 

In order improve the sensitivity of the microwave evaluation system, the compact 

microwave instrument was modified. In this work, the compact microwave instrument 

which is composed of an amplifier, a magic-Tee, an attenuator, a tunable short, and a 

diode detector, as shown in Fig. 5-4. Figure 5-4(a) shows the flow chart of the 

operating microwave signals for measurements. The microwave signals working at a 

frequency f＝94 GHz (same with previous), which was generated by a microwave 

generator. Then the microwave signals were separated into two branches by the 

magic-tee (a four-port, 180 degree hybrid splitter, realized in waveguide). One branch 

signal was sent to the M-AFM probe to sense the samples and then the reflected 

signal was received by the probe tip, as shown in Fig. 5-4(b). Another branch signal 

was sent to the attenuator and then to the tunable-short to form a reference signal with 
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a constant phase difference and a similar amplitude comparing with the reflected 

signal from the sample. The reference signal was determined by setting the output 

voltage of the detector to be a definite value when the M-AFM was set in air without 

the approaching, and this was carried out by adjusting the attenuator and the 

tunable-short.  

 

Fig. 5-4 Schematic diagram of the M-AFM measurement system. 
 

The reflected signal and the reference signal were finally synthesized by the 

magic-Tee, and the coherent signals were measured by the detector. The detector used 

in the experiment was a square-law detector, and the output voltage has a linear 

relationship with the squared complex modulus of the reflection coefficient. When the 
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sample was scanned by the M-AFM probe, the reflected signal which carries some 

useful information of the sample’s electrical property was received and converted to 

the voltage value. Figure 5-5 shows the photo image of the M-AFM measurement 

system. 

 

 

Fig. 5-5 Photo image of the M-AFM measurement system. 

5.2.2 Experimental Conditions and Samples 

Figure 5-6 indicates the interaction of microwave signals with the sample under test. 

The incident microwave signals propagated in M-AFM probe and then were emitted at 

the top of probe tip. Considering the configuration and dimensions of the probe tip and 

the nano-slit from which microwave signals are emitted, the measurement was 



Chapter 5. M-AFM Applications 

91 
 

dominated by the interaction between the near-field microwave and a shallow surface 

layer of the sample. Therefore, if the distance between M-AFM probe tip and the 

sample under test exceeds the interaction range of the near-field microwave, the 

microwave cannot sense the sample and no useful information of the sample’s 

electrical property is presented in the reflected microwave signals. In this study, we 

researched on the relationship between the thickness of oxide layer on a metallic film 

and the reflected microwave signals. It can be demonstrated from our study that the 

M-AFM is able to measure the electrical property of material under a thin oxide layer.  

The samples under test are prepared as follows. A thin Ag film with thickness of 100 

nm on average was deposited on the Si wafer by electron beam (EB) evaporation. Then, 

SiO2 films with different thickness were evaporated on the Ag film respectively, as 

shown in Fig. 5-6(b). These SiO2 films play the role of oxide layer created on the 

surface of the metallic film. In this way, we obtained five samples with the SiO2 films 

having the thickness from 20 nm to 100 nm with the increment of 20 nm and another 

one without the SiO2 film. 
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Fig. 5-6 Schematic diagrams, a: interaction of near-filed microwave with the sample 

under test; b: the fabrication process of samples used in this study. 

 

Since the thickness of Ag film in this study was 100 nm, which is much larger than 

the skin depth of Ag for microwave at the frequency of 94 GHz, only the microwave 

signal reflected from the top face of the Ag film can affect the measurement results. The 

M-AFM worked in frequency modulation (FM) mode (noncontact mode). The 

resonance frequency of M-AFM probe was 106 kHz and the Q-value of it was 570.  

The measurements were performed in air ambient, with a working environment 

temperature of 25.0 °C and a relative humidity of 50%. The scanning area and scanning 

speed were 2×2 µm2 and 1000 nm/s, respectively.  
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5.2.3 Experiment Results of Measuring the Samples 

Figure 5-7(a) depicts the schematic diagram of experiment of measuring the samples.  
 
 

Fig. 5-7 (a): schematic diagram of the scanning process of samples covered by oxide 

films with different thickness;( b): the relationship between the measured voltage and 

the thickness of oxide film. Inset C and D are the microwave images of Ag film and 

Ag film covered by a 60 nm oxide layer measured by the M-AFM.  

 

Since this study is going to use the M-AFM probe to scan the Ag samples under 6 

different thickness of oxide film (SiO2), the whole experiment was separated into 6 

times. In order to make all the steps can be kept in same initial measurement conditions, 

before the scanning processes for all the samples, we firstly set the initial voltage to 1.5 

V (by the voltage-offset function of pre-amplifier) at the situation of keeping a constant 

distance of 2.6 µm between the probe tip and measured sample. Then, during the 
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scanning process, the stand-off distance between the probe tip and scanning surface 

was fixed in several nanometers by the atomic force and the voltage corresponding to 

the inspected sample was measured and recorded. Figure 5-7(b) shows the relationship 

between the thickness of oxide film and the measured voltage, which was converted 

from the reflected microwave signals.  

 
Fig. 5-8 (a) The M-AFM probe scanned the samples of Ag film 20 times with 

different standoff distances ranging from 0 to 1000 nm. (b) the relationship between 

measured voltage values and the standoff distances.  

 

In order to verify the creditability of the measurements, calibration experiment was 

also carried out (see Fig. 5-8). The M-AFM as well as the AFM is able to adjust the 

standoff distance to different values and keep it constant during the scanning process. 

By recording the scanning route of scanning topography, the cantilever of probe could 

be lifted up a set value with nano-meter order. Lifting the cantilever on the each 
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scanning contour, the M-AFM probe performs up-and-down motion line by line. Then, 

the stable topography and microwave image can be acquired in twice scanning process. 

In this study, we input the height value to lift up the M-AFM tip from the normal 

feedback position of topography image with a positive value from 20 nm to 1000 nm. 

All the other experimental conditions are kept the same as mentioned for the previous 

works.  

5.2.4 Discussion 

As shown in Fig. 5-7(a), the measured voltage is monotone increasing when the 

thickness of oxide layer is smaller than 60 nm. However, when the thickness of oxide 

layer covered on the Ag film becomes larger than 60 nm, the measured voltage almost 

keeps constant regardless of different thickness of oxide layer. This result illustrates 

that the electrical property of Ag film under the oxide layer would affect the reflected 

microwave signals and thus can be extracted from the measured voltage when the 

SiO2 layer is thinner than 60 nm. However, if the thickness of oxide layer is larger 

than 60 nm, the microwave signals will spread to other directions rather than penetrate 

the oxide layer to sense the covered sample. Thereby, the electrical property of the 

sample under a thick oxide layer can not be extracted from the measured voltage. In 

the calibration experiment, the similar phenomenon was observed. When the standoff 

distance is larger than 200 nm, the change in the measured voltage becomes very 

small. It means that the effective detection range of the M-AFM probe tip in air is 

almost 3 times larger than that in the SiO2 layer. The reason can be explained as that 

considering the relative dielectric constants ( rε ) of air and SiO2 are 1.000585 and 3.9, 

respectively, the airrε  is much smaller than the 
2SiOrε . The microwave wavelength 

in the air is longer than the one in the oxide layer. Thus, the effective detection range 

(interaction range) of microwave signal and measured material has a relationship of 

positive correlation with the wavelength.  

The results suggest that the M-AFM can be used to measure the electrical property of 
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material under a thin oxide layer, but the thickness and electromagnetic parameters of 

the oxide layer should be considered in a quantitative measurement.  

5.3 Osteoblast-like Cells Analysis on Nanometer Scale 

The cell is the functional basic unit of life. It is the smallest unit of life that is 

classified as a living thing, and is often called the building block of life. The interior 

of a cell is the part inside the cell membrane, consisting of the cytoplasm and all 

organelles within it.  Biochemical studies reveal that all biological structures are 

made up of combinations of proteins, carbohydrates, lipids and nucleic acids. These 

compositions carry out complicated biochemical and physiological process inside the 

cell. In order to study these complicated process, acquiring the morphological and 

fundamental function of these intracellular structures become an indispensible 

process. 

With the development of biotechnology, more and more approaches have been 

developed to investigate the intracellular structures. Immunofluorescent staining was 

the most widely used method to detect the changes of microfilaments in studying the 

behavior of cytoskeleton.[1-2] Some cellular organelle such as chloroplast have been 

isolated from plant cells and investigated morphological structures and functions in 

the process of photosynthesis. In order to observe the intracellular structures, some 

special microscopes have been designed. Tokita and cooperators have developed a 

new kind of microscope that able to observe the internal structure of living cells.[3] 

Researchers from Caltech try to see the arrangement of individual proteins inside cells 

in a lifelike state with the electron cryomicroscope.[4] Transmission electron 

microscopy (TEM) and scanning electron microscope (SEM) also play an important 

role in cellular research. Compared with those approaches above, in this study, we try 

to visualize the intracellular structures with AFM. 

Advances in our understanding of molecular and cellular biology were and still are 

dictated by the development of new techniques, allowing the structural and functional 

study of living materials. The nano-scale surface analysis of microbial cells represents 
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a significant challenge of current microbiology and is critical for developing new 

biotechnological and biomedical applications. The exploration of microbes using 

atomic force microscopy (AFM) is an exciting research field that has expanded 

rapidly in the past years. Since the invention of the AFM in 1986,[5] amazing 

progress has been made in the imaging and manipulation of bio-molecules. AFM 

topographies of plant [6-7], bacteria [8] and other cells [9-12] have been acquired by 

different groups, which make it easier to study cells on nanometer-scale. Recently, 

researchers have successfully used AFM to measure the elasticity and adhesion forces 

of cells [13-15]. AFM can be used not only for mechanical imaging but also for 

nanometer level mechanical manipulations of biological samples through its 

capability of pushing and pulling them with a sharp tip prefabricated on a thin 

cantilever. Afrin and Han have tried to deliver small molecules and DNA in to living 

cells with tip modified AFM [16-17]. Results indicated that AFM can be an effective 

tool for gene/molecule delivery. However, few papers reports on the application of 

AFM to study the intracellular structures of cells, with a new type of novel M-AFM, 

we try to observe and measure the intracellular microstructures of cells. M-AFM 

probe is operated in a non-contact mode, which provides anon-invasive measurement. 

Therefore, the measurement could be utilized for various materials, such as metals, 

organic and inorganic samples and bio-specimens.  

Figure 5-9(a) shows the flow chart of the operating microwave signals for 

measurements. When the sample was scanned by the M-AFM probe, since the cell 

membrane which’s range from 7 to 8 nm in thickness, the microwave signal can 

transmit membrane (see Fig. 5-9 (c)).The reflected signal which carries some useful 

information of the sample’s electrical property was received and converted to the 

voltage value. The M-AFM worked in frequency modulation (FM) mode (noncontact 

mode). The resonance frequency of M-AFM probe was 132 kHz and the Q-value of it 

was 500. The measurements were performed in air ambient, with a working 

environment temperature of 25.0 °C and a relative humidity of 50%. The scanning 

area and scanning speed were 20×20 µm2 and 10µm /s, respectively. 
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Fig. 5-9 Schematic of the M-AFM set up and the osteoblast-like cells composed of 

organelles: (a and b) schematic graph of the AFM compact microwave instrument 

setup and the schematic diagram of the osteoblast-like cell scanned by the M-AFM 

probe; (c) High-magnification image of interaction part of M-AFM-probe tip and cell 

organelles. 

 

AFM imaging of thus prepared samples revealed single osteoblast-like cell with 

diameters of up to 20 μm. Figure 5-10 depicts an optical microscope image of 

osteoblast-like cells spread on a glass substrate. Figure 5-11(a) shows the surface 

topography of an osteoblast-like cell with the M-AFM. Figure 5-11(b) is the three 

dimensional image corresponding to Fig. 5-11(a). Figure 5-12(a) shows the 

microwave image of the measured voltage that was converted from the detected 

microwave signals. The image was simultaneously acquired by the M-AFM probe at 

the corresponding position depicted in Fig. 5-11(a). Figure 5-12(b) is the three 

dimensional image of Fig. 5-12(a). 

In Figure 5-11, the topography image showing the outline of an osteoblast-like cell 

was chosen so that the total height of the membrane and its structures could be 
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determined. Three different height levels are clearly detectable. The first level has a 

value of 65 nm PFA coating film associated with the 10 nm-height of the lipid 

bi-layer (cell membrane). 

 

Fig. 5-10 The osteoblast-like cells wereobserved with optical microscope. 

 

The second level corresponds to the height of the residual body of cytoplasm with 

exception of nucleus and mitochondria protruding from the inner surface of the 

membrane. Finally, the third level shows the nucleus and mitochondria. The 

protruding nucleus appears with height of 460 nm. Moreover, please notice that, in 

Fig. 5-11(a) the second level and third level (see Fig. 5-11(a)) in appear with different 

heights. However, in Fig. 5-12(a), at the corresponding area, the microwave images of 

nucleus and mitochondria were distinguished, but the residual body of other 

cytoplasm with no response. The reason can be explained as that the, the reflected 

microwave signals over nucleus and mitochondria much than other scanning area. 

Mitochondria are found in nearly all eukaryotes, thus in microwave image the 

mitochondria also can be found. It also should be noted that the apparent shape of the 

them is usually found to be semi-ellipsoidal (see Fig. 5-11(a)) with smooth probing 

contour, which means that under the non-contact mode, the M-AFM can eliminate the 
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fact that lateral dimensions of the base of individual proteins are well estimated as the 

result of M-AFM-probe. 

 

Fig. 5-11(a) AFM topography image of the osteoblast-like cell. 

 

 
Fig. 5-11(b) 3D-AFM topography image of the osteoblast-like cell. 
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Fig. 5-12(a) Microwave image obtained from the the osteoblast-like cell. 

 

 

Fig. 5-12(b) 3D-Microwave image obtained from the the osteoblast-like cell. 
 

The electrical information images of osteoblast-like cell obtained with the M-AFM 
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were accomplished, and the scanning results are very reproducible. Further, in 

non-contact mode, the M-AFM-probe tip is scanned above the cell surface, 

maintaining a constant stand-off distance. The created lateral forces are too small to 

sweep away or deform the fragile biomolecules. The technique M-AFM may serve as 

a suitable method for imaging the ocsteoblast-like cells. Quantification such as 

determining the number and distribution oforganelles andproteins as well as their 

dimension and electrical information becomes possible. Theunique potentials of 

M-AFM to image biological substrates with nanoscale resolution under physiological 

conditions on a non-damaging manner, where the original structure and function of 

the biomolecules under investigation are preserved, make this technique very 

attractive to biologists in near future. 

5.4 Summary 

(a) Under the non-contact mode, the surfacce topography and microwave image of a 

single Au nanowire were obtained by the M-AFM probe, simultaneously. The 

deference of the measured voltage between the Au and glass substrate is 

approximately 16 mV. These results illustrate that the M-AFM is capable of sensing 

the microwave image of a nano-structure. In contrast to the traditional four-point 

method, which requires some nanowires to be in suitable positions for conductivity 

measurements by dispersing the nanowires onto an insulated substrate with electrode 

arrays, the M-AFM can spot the nano-structures directly and measure the microwave 

image and topography simultaneously.  

(b) Using the M-AFM probes with the compact-measurement system, the sample of 

Au-nano-belts was sensed with three kinds of scanning speed: 500 nm/s, 1000 nm/s, 

and 2000 nm/s, respectively. Comparing the experimental results, it is suggested that 

with the scanning speed is decreasing, the spatial resolution is going to be much better. 

However, on the other hand, the precision of microwave image was not change much 

during the scanning speed was decreasing. Because M-AFM with the compact 

microwave instrument can always implements a real time measurement, and the 
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variation of scanning speed cannot put the influence in the microwave measurement 

(image).Which means that the M-AFM can be used to measure the electrical 

properties of materials with a high operating efficiency.  

(c) To improve the sensitivity of the microwave evaluation system, the compact 

microwave instrument was modified. The improved compact microwave instrument is 

composed of an amplifier, a magic-Tee, an attenuator, a tunable short, and a diode 

detector. The microwave signal was separated into two routes, one branch signal was 

sent to the M-AFM probe to sense the samples and then the reflected signal was 

received by the probe tip. Another branch signal was sent to the attenuator and then to 

the tunable-short to form a reference signal with a constant phase difference and a 

similar amplitude comparing with the reflected signal from the sample. The reflected 

signal and the reference signal were finally synthesized by the magic-Tee, and the 

coherent signals were measured by the detector. As the result, the environment noise 

can be eliminated, and the system accuracy control could get a much improvement. 

(d) We carried out a group of experiment to verify the M-AFM with the capacity of 

measuring the electrical information of underlying materials. Some special samples 

with different thickness of dielectric films (SiO2) which plays the role of oxide layer 

creating on the material surface were fabricated. The thickness of oxide-layer is from 

20 nm to 100 nm with 20 nm increase in this work. Based on the results, the M-AFM 

can be used to measure the electrical property of material under a thin oxide layer 

with a limited thickness of 60 nm, and the thickness and electromagnetic parameters 

of the oxide layer should be considered in a quantitative measurement.  

(e) M-AFM can sense the topography and microwave image of cells in one 

scanning process, simultaneously. Under the non-contact AFM mode, a microwave 

image of osteoblast-like cell on nanometer-scale spatial resolution was created by the 

M-AFM. By analysis the results, quantification such as number and distribution of 

organelles and proteins of osteoblast-like cell as well as their dimension and electrical 

information can be characterized.  
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APPENDIX： 

Cell culture: Osteoblast-like cells MG-63 (cellbank) was used in this study, which has 

a number of characteristic features of osteoblasts. The MG63 cells were cultured in 

Dulbbeco’s modified Eagle’s medium (DMEM, Gibco). 10% fetal bovine serum (FBS) 

and 1% penicillin/streptomycin were added to culture media. hMSCs were seeded in 

25 cm2 culture flasks (Becton Dickinson Labware, USA) and kept in humidified 

incubator (SANYO, Japan) at 37ºC under 5% CO2 atmosphere. The culture medium 

was changed every 3 days. After reaching confluence, cells were detached with 0.25 % 

trypsin/ mM EDTA (Takara Bio Inc., Japan). Sample preparation: After MG-63 cells 

were cultured on the cover glass for 2 days, the surfaces were rinsed with PBS and the 

cells attached on the surfaces were fixed with 2.5% glutaraldehyde (Wako, Japan) in 

PBS for 1 h at room temperature. After thorough washing with PBS, the cells on the 

surfaces were dehydrated in ethanol graded series (50%, 60%, 70%,80%, 90%, 95% 

and 100%) for 15 min each and air-dried at room temperature.  
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6. Conclusion 

(a) We invented out a novel device named of microwave atomic force microscope 

(M-AFM), which is a combination of the principles of the scanning probe microscope 

and the microwave-measurement technique. M-AFM can maintain the constant 

stand-off distance between the M-AFM-probe tip and scanned sample surface, by 

detecting the deflection of the atomic force between them, and measure the electrical 

properties of materials with nanometer scale spatial resolution.  

(b) Microwave-AFM probes were fabricated on the GaAs wafer by using the wet 

etching process. A waveguide was introducing on the probe by evaporating Au film on 

the both surfaces of the probes. The open structure (the nano-slit) of the waveguide at 

the tip apex of the M-AFM probe was obtained by using FIB fabrication. SEM was 

used to observe the fabricated M-AFM probes. As the results, the average dimensions 

of the cantilever and the body of the M-AFM probes are typically 252×31×14 µm and 

2742×723×339 µm, respectively. Based on these dimensions, the characteristic 

impedance of the M-AFM probes is, on average, 49.3 Ω. In this way, the M-AFM 

probe could match well with the co-axial line, which has an impedance of 50 Ω. The 

observed tip is located near the front edge of the cantilever and the tip is 

approximately 7 µm high, and the nano-slit is approximately 100 nm in width. 

(c) The AFM topography of two grating sample having 2000 line/mm and 18 nm 

step height were measured by the fabricated M-AFM probe. AFM measurements were 

performed by comparing with the commercial Si AFM probe. The results indicated 

that GaAs microwave probe has a capability to catch AFM topography of grating 

samples and having a high accuracy for lateral and height evaluation, similar as the 

commercial AFM probe. 

(d) We have created an M-AFM-obtained microwave image using a compact 

microwave instrument that was optimally synchronized with an AFM scanner. The 

distinguishing features of M-AFM are its ability to maintain a constant standoff 

distance between the probe tip and the sample surface and to measure the microwave 
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signal interacted with the sample. Therein, both the topography and 

electrical-property images of the sample can be simultaneously characterized. 

Therefore, M-AFM is able to measure, in situ, the distribution of electrical properties 

on a nanometer scale. As shown in the experimental results, we successfully generated 

a microwave image of a 200-nm Au film coating on a glass wafer substrate with a 

spatial resolution of 120 nm, and, moreover, we measured the voltage difference 

between these two materials to be 19.2 mV. We believe that the high spatial resolution 

and simultaneous measurement capability of this M-AFM system will have important 

implications to nanotechnology characterization in the immediate future.  

(e) We also successfully created a microwave image of an Au/Au step sample with 

a spatial resolution on nanometer order, which indicates that the microwave 

measurement is not affected by the surface shape of the material and the standoff 

distance was well controlled by the atomic force. 

(f) The sensitivity in the measurement of electrical properties affected by the nano 

structure of microwave AFM (M-AFM) probe was confirmed. Three kinds of 

M-AFM probe with a nano-slit on its tip in different width (75 nm, 120 nm and 160 

nm) were investigated. Au and glass samples were measured by the probes working at 

a noncontact AFM mode. The M-AFM probe with the nano-slit having the width of 

75 nm, by which the difference of the measured voltage between Au and glass 

samples is 55.1 mV, shows the highest sensitivity for detecting electrical properties of 

materials. As the result illustrated, the M-AFM probe with smaller width nano-slit on 

the tip can be considered to be an ideal nano structure. 

(g) We also demonstrated a novel evaluation equation and calibration technique for 

the quantitative measurement of the local conductivity. Based on the analytical and 

explicit expressions proposed, using two reference samples with known conductivities, 

the conductivities of any samples can be calculated from the measured voltage. Our 

results demonstrate that M-AFM is able to quantitatively measure, in situ, the 

distribution of electrical properties on the nanometer scale.  

(h) Under the non-contact mode, the surfacce topography and microwave image of 

a single Au nanowire were obtained by the M-AFM probe, simultaneously. The 
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deference of the measured voltage between the Au and glass substrate is 

approximately 16 mV. These results illustrate that the M-AFM is capable of sensing 

the microwave image of a nano-structure. In contrast to the traditional four-point 

method, which requires some nanowires to be in suitable positions for conductivity 

measurements by dispersing the nanowires onto an insulated substrate with electrode 

arrays, the M-AFM can spot the nano-structures directly and measure the microwave 

image and topography simultaneously.  

(i) Using the M-AFM probes with the compact-measurement system, the sample of 

Au-nano-belts was sensed with three kinds of scanning speed: 500 nm/s, 1000 nm/s, 

and 2000 nm/s, respectively. Comparing the experimental results, it is suggested that 

with the decrease of scanning speed, the spatial resolution becomes much better. 

However, on the other hand, the precision of microwave image was not change much 

during the decrease of scanning speed. Because M-AFM with the compact microwave 

instrument can always implements a real time measurement, and the variation of 

scanning speed cannot put the influence in the microwave measurement (image), the 

M-AFM can be used to measure the electrical properties of materials with a high 

operating efficiency. 

(j) We carried out a group of experiment to verify the M-AFM with the capacity of 

measuring the electrical information of underlying materials. Some special samples 

with different thickness of dielectric films (SiO2) which plays the role of oxide layer 

creating on the material surface were fabricated. The thickness of oxide-layer is from 

20 nm to 100 nm with 20 nm increase in this work. Based on the results, the M-AFM 

can be used to measure the electrical property of material under a thin oxide layer 

with a limited thickness of 60 nm, and the thickness and electromagnetic parameters 

of the oxide layer should be considered in a quantitative measurement.  

(k) M-AFM can sense the topography and microwave image of cells in one 

scanning process, simultaneously. Under the non-contact AFM mode, a microwave 

image of osteoblast-like cell on nanometer-scale spatial resolution was created by the 

M-AFM. By analysis the results, quantification such as number and distribution of 

organelles and proteins of osteoblast-like cell as well as their dimension and electrical 
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information can be characterized.  
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