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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Semiconductor one-dimensional nanomaterials

In recent years, the continuous advances of nanotechnology lead to the synthesis and
characterization of one-dimensional nanostructures in a group of different
nanostructures such as nanowires, nanoneedles, nanobelts and nanotubes [1-3].
Particularly, the metal oxide nanomaterials have drawn a rising interest for both
fundamental researches and electronic industry. Owing to their unique geometry with
high aspect ratio, the one-dimensional nanomaterials have well-defined chemical
composition, surface terminations, higher surface-to-volume ratio [4]. Additionally, the
surface effects of these fascinating materials are of great significance because of the
high specific surface that caused a high-performance chemical property, such as
applications in different catalyst and chemical adsorption [5-8]. These materials with
well-defined crystal structures and increased surface vacancies are vitally promising for
the applications in gas sensors with promoted stabilities, especially in polycrystalline
systems that related to grain coalescence and unsteadiness of different electrical
properties. They have now been widely used in many areas, such as transparent
electronics, piezoelectric transducers, ceramics, catalysis, sensors, electro-optical and
electro-chromic devices [9-11].

Among the different types of semiconductor one-dimension nanomaterials, ZnO,
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CuO and SnO; are common and diverse materials among the various groups of
semiconductors.

CuO is an interesting metal oxide and has a variety of application. The cupric oxide
one-dimensional nanomaterials have high sensitivity for toxic gases such as carbon
monoxide [12-14], nitrogen dioxide [12,15] and hydrogen sulfide [13,16,17]. In
addition, this material shows promising applications in rechargeable battery electrodes,
photovoltaics, infrared detectors and field emitting devices.

As an n-type semiconductor material, SnO> has a relatively large band gap [18,19]
with a high optical transparency and an advanced electrical conductivity that are
different from other Group IV element semiconductors. For instance, the superior
optical transparency of SnO> make it suitable to fabricate optically passive component
in a variety of different devices [20-22]. Recently, one-dimensional SnO-based gas
sensors such as nanobelts [23], nanorods [24], nanowires [25], and nanotubes [26] have
been reported to show higher responses compared with those of bulk and thin film-
based sensors due to their ultrahigh surface area-to-volume ratio [27]. Research about
SnO2 nanomaterials have gain a great popularity recently due to its promoted properties
and promising applications in solar cells [28], catalyst chemical material [29, 30], and
different chemical sensors, etc. [31,32]. On the other hand, SnO2 nanowire is of
particular interest for metal-oxide-based field effect transistors based on its surface
sensitivity to adsorbents of oxidizing and reducing gases. Tremendous efforts have been
devoted to developing SnO2 nanowire with the goal of producing a new generation of

high-performance devices including electronic devices [33,34], gas sensors [35,36] and
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biosensors [37,38].

The zinc oxide (ZnO) is acommercially important material used in protective coating,
sunscreens and paints owe to its low cost and nontoxic property. In the past decade,
ZnO thin films and different nanostructures have been fabricated. Comparing with
various wide band gap semiconductors, ZnO with a band gap of 3.37 eV has been
considered as one of the best candidates for economic and large-scale optoelectronic
applications [39,40]. Because of their unique structural one-dimensionality and
possible quantum confinement effects in two dimensions [41], ZnO nanowires can
possess novel electronic and optical properties with uses as, field-effect transistors [42],

photodetectors [43] and solar cells [44].

1.2 Evaluation of electrical properties of semiconductor one-

dimensional nanomaterials

Evaluation of the local electrical properties of semiconductor one-dimensional
nanomaterials is significant [45-50] because of their wide applications in electronic
devices, gas sensors and chemical sensors. Among the different electrical properties,
the relative permittivity and electrical conductivity of the semiconductor one-
dimensional nanomaterials are evaluated in this research.

In recent years, the nanomaterial based high frequency electronic devices are of

interest for applications in high-speed logic integrated circuit, communication devices,
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and optics that are operated at around 100 GHz [51] [52]. When the devices are operated
at high frequency that from 100 GHz to several terahertz, the relative permittivity and
electrical conductivity of the nanomaterial will change, which is different from the
situation without the external AC electric field. Thus, the evaluation of the electrical
properties around 100 GHz is significant to accurately model the data and determining
the high-frequency electrical properties.

According to our information, the relative permittivity is a significant parameter
since it determines the application of a materials. The material with a low permittivity
is desirable for applications such as high-speed integrated circuits and some
nanodevices [53], while that with a high permittivity can be used for high energy
storage [54]. With the prevalence of the high-performance nanomaterials, metrology
tools are urgently needed to quantitatively characterize electrical properties at the
nanoscale.

On the other hand, during the utmost important hunt for the newer nanomaterials
with applicable properties in nano-electronics devices, a variety of nanomaterials are
fabricated with different electrical conductivities that stem from the density and
arrangement of dopant, impurity atoms, carrier density and carrier mobility. Evaluation
of the local electrical conductivity of the one-dimensional nanomaterials is proved
greatly significant because of the following two reasons. Firstly, it helps to understand
the nature of the nanomaterials and pave the path to optimize different nano-electronic
devices. Secondly, it helps to understand the change in conductance induced by gas

adsorption, light response [55] and optoelectronic devices [56].



Chapter 1 Introduction

Field effect transistors (FETs) have played a significant role in the electronics
industry since the middle of the last century. The FET device includes source and drain
electrodes contacting a semiconductor. A dielectric material is placed on one interface
of the semiconductor, and a gate electrode is placed at the opposite one. The gate
voltage is able to control the carrier density in the semiconductor. When the
semiconductor one-dimensional nanomaterials are utilized in the FET, the electronic
properties and sensitivity of the device will be significantly improved [57][58].
Meanwhile, the nanomaterial FET device can be fabricated in ultra-small dimensions
[59]. Because of these advantages, the nanomaterial FET not only is a basic electronic
device but also exhibits a broad range of applications in high-performance devices such
as in gas sensors, biosensors and optoelectronic devices [60-63]. Thus, the evaluation
of the electrical properties of nanomaterial FET is extremely significant.

Previous studies on nanowire FETs are mostly based on two-terminal measurement
method [64][65] and four-terminal measurement method [66] which can measure the
output characteristic. Although the results from previous measurements illustrated the
characteristics of the entire nanowire devices, these methods fail to measure the local
electrical property of the one-dimensional nanomaterial FET devices. In order to
characterize the electrical features of nanomaterials, serval techniques based on atomic
force microscope (AFM) including scanning kelvin probe microscopy, electron force
microscopy, microwave impedance microscopy and microwave atomic force

microscopy are springing up in recent years.
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1.2.1 Scanning kelvin probe microscopy

Scanning Kelvin probe force microscopy (KPFM) is a scanning probe microscopy
(SPM) that is a modification of AFM and associated techniques [67-71]. The
topography and potential distribution of a surface can be simultaneously mapped with
this technique. The probe tip operates at a close distance from the surface, which
enables the enhanced spatial resolution relative to a standard Kelvin probe. KPFM is
developed and first use to study photoresist-covered Si wafers [72] and semiconductor
dopant profiles [73].

Recently, the KPFM with AFM surface-approach spectroscopy methods are used for
characterizing in-plane piezoelectric potential of ZnO nanowires [74]. The
measurement results directly observed the of carrier concentration coupling
phenomenon in ZnO nanowire. In another research, the SKPM is used to study the shifts
of the Fermi levels, and the changes in surface band bending in a single GaN nanowire
[75]. The obtained quantitative electrical information has been applied to the study of
nanowire p-n junctions with an extremely high resolution. However, this technique

works in contact mode which may cause damage to the evaluated sample.

1.2.2 Electrostatic Force Microscopy

Electrostatic Force Microscopy (EFM) is mainly devoted to voltage detection and
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can measure local dc voltage in a contact mode [76]. By applying a voltage between a
sample and the EFM probe, the local voltage as well as the electrostatic force can be
measured [77]. The capacitance between the tip and sample can also be evaluated. EFM
was used on materials where normally existed surface voltages need to detect and
structures where the effects of external applied voltage need to analyze. Recently the
EFM technique was used to observe charge generation of a conjugated polymer solar

cell [78].

1.2.3 Microwave Impedance Microscopy

Microwave impedance microscopy (MIM) is a scanning probe technique that
characterizes local complex permittivity of solid-state samples [79]. In a typical MIM
operation, electrical signal is sent to a metal tip and generates a strong electric field near
the tip apex which is screened by the material through dielectric and conductive
response. MIM was applied to measure the electrical conductivity and relative
permittivity of a series of bulk dielectrics [80] and nanoribbons [81] in tapping mode

with high resolution (300 nm) [80].

1.2.4 Microwave atomic force microscopy

To combine the strong points of AFM and those of the microwave measurement



Chapter 1 Introduction

method, microwave atomic force microscopy (M-AFM) has been developed to be able
to evaluate the topographic and microwave images at the same time at nanoscale. Along
with the scientific exploration, the M-AFM technique has also undergone continuous
improvements over the years. Different from the techniques introduced above in terms
of mechanism, M-AFM measured the reflected microwave signal and that is used to
calculate the conductivity of the sample [82].

The probe of M-AFM has a unique wave guide that can propagate and receive the
microwave signal as shown in Fig. 1.1 [82] [83]. Because of the special structure of the
probe that combines the parallel plate waveguide and high-resolution AFM probe, the
M-AFM technique can quantitatively evaluate the topographic images and reflected
microwave signals at nanoscale in non-contact mode [84].

For instance, the conductivity of metallic films was evaluated by M-AFM in Fig. 1.2
[82]. M-AFM has high resolution which is about 170 nm. However, from Fig. 1.2 (a)
to (e), the measured topography of the film provides little surface characteristics. Thus,
in this research, the advantages of M-AFM are not fully revealed. Based on the
contribution of this study, the full merits of M-AFM will be shown in future study.

In previous research, the evaluation of electrical conductivity [82] and relative
permittivity is developed by M-AFM technique on bulk material. Keeping a standoff
distance between the M-AFM probe and sample, M-AFM can characterize the
topographic images of the sample, the reflected microwave images and the atomic
interaction caused by incident microwave on the sample surface at the same time. In

this research, a novel evaluation method containing a theoretical model and a
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calibration technique is established to quantitatively evaluate the local conductivity that
was developed on a series of metal films. Thus, this research demonstrates that the
quantitative evaluation of the local electrical conductivity has been realized by M-AFM

at the nanoscale.

Photo Detector Laser

Microwave

Fig. 1.1 The schematic diagram of the M-AFM
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Fig. 1.2 (a)-(e) Topographies and microwave images of a series of metal materials; (f)

evaluated conductivities of the samples in comparison with tested conductivities. [82]

For the dielectric materials, the relative permittivity is much more significant than

electrical conductivity [85]. Recently, the relative permittivity of the dielectric

materials was developed by M-AFM. This study established a theoretical model and

analyzed the influence of microwave on the interatomic force between the tip of the M-

AFM probe and the sample. This study also provides an evaluation equation as well as

a calibration method to quantitatively evaluate the relative permittivity of the sample

by the force gradient curves between the tip of the M-AFM probe and sample. Utilizing

the theoretical model and the evaluation equation, the local relative permittivity of

10
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different kinds of semiconductor bulk materials were respectively obtained. In Fig. 1.3,
the evaluated relative permittivity by M-AFM is in agreement with the nominal relative
permittivity from reference. This research provides a novel evaluation method for the
local relative permittivity of dielectric materials in a non-contact and non-destructive
fashion. Different from SKPM, EFM and MIM that measure images of electrical
properties between a probe and a sample with electrode-like probe, M-AFM probe
functions like a microwave sensor which measures the reflected local microwave signal
and evaluates the relative permittivity as well as the conductivity. Although this study
established a theoretical model to measure the relative permittivity with high accuracy
by the unique feature of M-AFM, the samples in this research, Ge wafer, ZrO, films
and Al>Osz films, are bulk materials. As M-AFM is more suitable to evaluate the
nanomaterials because of its high resolution, sensitivity and non-destructive
characteristic, further research is needed to reveal the advantages of M-AFM technique

in nanomaterials.

11
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Evaluated relative permittivity

6 9 12 15 18 21 24 27
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Fig. 1.3 The evaluated relative permittivity by M-AFM compared with nominal

relative permittivity

1.3 Objective

This study aims at evaluating the electrical properties of semiconductor one-
dimensional nanowires quantitatively in a non-contact mode by M-AFM.

There are several unresolved issues in the current AFM based techniques such as
SKPM, EFM and MIM. Firstly, since they work in contact or tapping mode, which
could damage the nanomaterials. Secondly, the resolution of tapping mode MIM is
above 300 nm, which is insufficient to evaluate the one-dimensional nanomaterials. In
addition, the conductivity of nanomaterial FETs is difficult to measure quantitatively.

The previous researches in M-AFM provided us with a series of theoretical models
to solve these issues. They evaluated the electrical conductivity of metallic bulk

12
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material and relative permittivity of dielectric bulk materials in nanometer scale,

respectively. Here, by applying the theoretical models, the electrical properties of

different nanowires and nanobelt devices are quantitatively evaluated in non-contact

mode with high resolution. The research objective is accomplished through the

following goals.

1)

2)

To investigate the theoretical model of evaluating the relative permittivity by M-
AFM, a theoretical model based on nearfield approximation will be established to
describe the dependence of the electrical field on the probe-sample distance in
Chapter 3. The effect of microwave on the interaction between the tip and sample
will be clarified. By utilizing this effect caused by microwave, a quantitative
distance dependence can be obtained, which will provide a prerequisite theoretical

support for a non-contact evaluation in a near-field region.

To evaluate the local relative permittivity of the semiconductor one-dimensional
nanowires, the relative permittivity of different semiconductor one-dimensional
nanowires will be evaluated in Chapter 3. To increase the difference of reflectivity
between the substrate and nanowires and to visualize the nanowires in microwave
image, the silicon wafer substrates coated with a 100 nm Au film will be used in the
experiment. The topography and microwave image of nanowires will be measured
by M-AFM. Several points will be selected from the topography image and the
force distance curves on those points will be measured with and without microwave.

13
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3)

4)

From the force curves, the local relative permittivity will be evaluated.

To investigate the theoretical model of evaluating the electrical conductivity by M-
AFM, a nondestructive method to measure the electrical conductivity of
semiconductor material using M-AFM will be built up in Chapter 4. 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. By the reflected microwave signal,
the reflection coefficient of the material can be calculated and thus the electrical
conductivity can be obtained. Both the topography and electrical conductivity

images of the sample will be simultaneously characterized.

To evaluate the electrical conductivity of SnOz nanobelt FET under a changing
external voltage, the electrical conductivity of SnO> FET will be evaluated in
Chapter 4. First, the SnO; nanobelt FET will be fabricated. Then the output
characteristic as well as the electrical conductivity of the SnO> nanobelt FET will
be measured by two-terminal measurement method. M-AFM will be applied to
measure the SnO, nanobelt FET under different gate-source voltages with the same
drain-source voltage. The result evaluated by M-AFM will be compared with that

of terminal measurement method.

14
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1.4 Thesis organization

In this thesis, comprehensive research on the application of M-AFM on the
semiconductor nanomaterials was presented.

Chapter 1 introduced the background of this research, and the objectives of this study.

In Chapter 2, the principles of the AFM and microwave measurement system of M-
AFM were respectively introduced. Particularly the working principle of M-AFM and
the mechanism of the microwave measurement method based on the M-AFM were
respectively introduced. Next, the fabrication of the M-AFM probe was introduced. The
SEM images of the fabrication results after each step were illustrated. In order to
evaluate the fabricated probes, the experiment which applying the fabricated probes
was carried out a sample consisted with Au film and Si substrate. The evaluated results
measured by M-AFM were presented and discussed, which demonstrates that the
fabricated M-AFM probes can precisely evaluate the topography and microwave image
on the nanometer scale.

Chapter 3 mainly focuses on the quantitative characterization of the local relative
permittivity on the nanometer scale. Based on the force curve measurement method and
the additional force caused by microwave between M-AFM and sample, a novel
analytical method and evaluation equations to evaluate the local relative permittivity of
one-dimensional nanomaterials were proposed. One reference material was used as a
reference material for calibration and the relative permittivity of each kind of

nanomaterials were evaluated respectively.

15
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In Chapter 4, the field effect of the one-dimensional metal oxide nanomaterials was
studied by M-AFM. First of all, the SnO> nanobelt FET was fabricated. Secondly the
output characteristic of the fabricated SnO> nanobelt FET and the electrical
conductivity were measured by a parametric test fixture. Finally, M-AFM was utilized
to measure the SnO2 nanobelt FET under different gate-source voltages with the same
drain-source voltage. The experimental result shows that the change of electrical
conductivity of the SnO. nanobelt under different gate-source voltages can be
distinguished by M-AFM.

Finally, the most significant achievements in this study were summarized and

respectively discussed in Chapter 5.

16
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Chapter 2 Principle of M-AFM and
Fabrication of M-AFM probe

Introduction

In this chapter, the principle of M-AFM and fabrication of M-AFM probe are
introduced. M-AFM is a complex device which consists of microwave measurement
system and atomic force microscopy. Firstly, the principle and working mode of the
atomic force microscopy will be introduced. To transport the microwave and measure
the reflected microwave signal, the microwave measurement system is also introduced.
Then the fabrication process of M-AFM probes is described. Finally, the fabricated

probes are evaluated by M-AFM system.

2.1 Principle of M-AFM

The microwave atomic force microscopy (M-AFM) combines the principles of the
atomic force microscopy (AFM) and those of the microwave measurement method [1-
3]. M-AFM keeps vibration at a constant distance from the evaluated material during

measurement. By measuring the change of the resonance frequency of the M-AFM
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probe, the topography and reflected microwave signal of the sample can be respectively
evaluated with nanoscale resolution.

Fig. 2.1 shows the image of M-AFM probe during the measurement. Unlike other
SPM techniques, the M-AFM probes have a special structure which can function as a
parallel plate waveguide. The microwave transmits through the waveguide and is
incident on the sample from the slit at the tip of the probe.

The unique structure of M-AFM probe provides a series of special advantages for
this technique. First of all, the M-AFM result has high resolution based on AFM. Then
the M-AFM works in a non-contact mode which won’t cause damage to the sample.
Finally, by utilizing the M-AFM probe, the electrical property evaluation can be

realized on a nano-meter scale with high sensitivity.

M-AFM probe

Fig. 2.1 M-AFM probe during measurement.
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2.1.1 Working mode of M-AFM

M-AFM works in a frequency modulation (FM) mode that is a non-contact mode. In
FM-AFM, the probe can evaluate the sample in a non-destructive and non-contact
fashion with a nanometer scale spatial resolution.

In FM-AFM, a cantilever with resonant frequency f, and spring constant k is
subject to controlled positive feedback such that it oscillates with constant amplitude
A as shown in Fig. 2.2.

Firstly, the deflected signal transmits in a bandpass filter. Secondly, the signal is
divided into three branches: the first one is a phase shift signal that enters an analog
multiplier and then functions as a fed back signal; the oscillation amplitude and the gain
input g are calculated by the second branch of signal; the last one is applied to feed the

frequency detector.
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Fig. 2.2 The working principle of the FM-AFM [4].

When force between tip and sample is applied, the vibration frequency of the
cantilever f is given by f = f, + Af. Where, f, is the resonant frequency of the

probe and Af is the change of the frequency during measurement.

*

1
The resonant frequency of a harmonic oscillator can be represented as (:‘L—)z /(2m),

*

where k™ is the effective spring constant and m is the effective mass. If the second
derivation of the tip-sample potential k., = (0% V,,)/(0z?%) is constant for the whole
range covered by the oscillating cantilever, k = k. + kq. If k.s<<Kk, the square root
can be expanded as a Taylor series and the shift in eigenfrequency is approximately

given by:

Af =%2f, @)

By measuring Af, the change of the force between tip and sample can be obtained.
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The oscillator circuit plays a significant role in the system. In order to understand the
working principle of FM-AFM, it is necessary to discuss the cantilever motion. The
cantilever of the probe can be considered as a damped harmonic oscillator with an
piezoelectrical signal. For sinusoidal driven signals Ay, ,.e®?™ drivet and a quality
factor Q>>1, the oscillation amplitude of the cantilever A can be represented by the
equation below:

A 1

- (2.2)

Aari farive ,;
drive 1_%+lfdrive/(f0Q)
0

where Adrive and f4ive are the amplitude and frequency of the driving signal. The

absolute value of the amplitude |A| is given by

|A rive|
4] = —— (2:3)
\/(1—%)#5”%/0502)

And the phase shift between the driving and resulting signals ¢ is

= _ farive
¢ = arctan |52 ) (24)
In here, the Q isthe Q factor which is a property to indicate how underdamped an
oscillator is. When it is a closed feedback loop, the driving frequency can be calculated
by f,, the phase shift ¢, and the force between tip and sample. By applying the
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oscillator system in Fig. 2.2, controlled positive feedback on the probe vibration at a
constant amplitude can be obtained.
In Fig. 2.2, the gain g is a resulting signal. g is enhanced by multiplying with a

!

phase shifted cantilever deflection signal ¢q'". The oscillation amplitude of the
cantilever is set at its minimum value by adjusting the phase shifter and the driving
signal.

During the measurement of FM-AFM, it is significant to discuss the motion of the
cantilever that is considered as a weakly disturbed harmonic oscillator with an
amplitude A at a distance q(t) to a sample. The minimum distance between tip and

sampleis g =d and q(t) = q'(t) +d + A.

The Hamiltonian of the cantilever is:

2 k 12
H="—+=—+V(q) (2.5)

m*dq’

Where k is the spring constant, and m* is the effective mass. And m*V,; = ”

The unperturbed motion is given by:

q'(t) = Acos(2mtfyt) (2.6)

Next, it is significant to understand the change of resonance frequency under the
influence of external force during the vibration of the cantilever. The resonance

frequency of the cantilever without external force can be represented as the equation
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below:

fo=5- (2.8)

OF;s

Fy IS

If the change of the interatomic force between the tip and the sample k., = —
constant during the vibration, the change of the frequency can be represented as below:

Af = foo2 (2.9)

Thus, if k. can be obtained by measuring Af, the non-contact measurement
method can be realized.

In the FM-AFM, the cantilever keeps vibrating at a frequency moderately higher than
the resonance frequency. The amplitude of the vibration is several nanometers. When
the tip and of the probe is influenced by the external long-range forces such as Van der
Waals force, the vibrating frequency will decrease. When FM-AFM is scanning above
a sample, the force between the tip and sample will change due to the variation in the
distance caused by the uneven sample surface. The vibration frequency keeps at a
constant value by the feedback loop system during the measurement. When the system
detects a decrease in frequency, it immediately adjusts the distance between the tip and
sample. Thus, the topographic image of the sample surface can be obtained. But
regarding the M-AFM, there is a parallel plate waveguide inside the cantilever of M-

AFM probe, which means it is necessary to discuss the influence of the cantilever’s
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vibration on the microwave transmission. When M-AFM is scanning the sample, the
resonance frequency of the cantilever is around 150 kHz and the frequency of the
microwave is 94 GHz. As the frequency of the microwave is much higher than that of
cantilever, the microwave signal can be considered as a constant value on each
measuring point. And thus, the influence of the cantilever’s vibration on the microwave

signal is negligible.

2.1.2 Experimental setup of M-AFM

In Fig. 2.3, the experimental setup of M-AFM was schematically illustrated [6]. In
this system, the microwave is generated by an analog signal generator with a frequency
of 16.66 GHz. Then, a six-time frequency multiplier is applied to increase the frequency
to 94 GHz. The microwave signal was transmitted into a magic tee and was divided
into two branches. One was transmitted to the probe to sense the sample and receive
the reflected signal while the slit on the tip emitted microwave onto the sample surface.
The other one was sent to the attenuator and the tunable-short as a reference microwave
signal with a constant phase difference comparing with the signal reflected from the
sample. By adjusting the attenuator and the tunable-short, the reference signal was set
at a given value by adjusting the output voltage of the detector, while the distance
between M-AFM probe and sample is long (about 1cm). Finally, a detector that
measured the reference signal and microwave signal from the M-AFM probe was

connected to the magic tee and was used to indicate the voltage converted from the
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reflected microwave signals.

Signal generator

l

Multiplier

L

Tunable short Attenuation Magic tee [<

l

AFM topography and |[<— Detector
microwave image

Microwave signal

Cantilever of M-AFM probe

Fig. 2. 3 The microwave system of M-AFM [6].

2.2 Fabrication of M-AFM probe

Before the fabrication of the M-AFM probe, the size of the probe should be
determined. In the previous researches, the measurement methods of conductivity and
relative permittivity based on M-AFM are established by using bulk materials. In this
study, the target samples are one-dimensional nanomaterials with width and thickness

that are at least 100 nm. In order to evaluate the nanomaterials by M-AFM, the
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dimension of the fabricated M-AFM probe in this study is less than 100 nm.

To determine the size of the probe, the spring constant that strongly influences the
eigenfrequency of the cantilever must be determined at first. Meanwhile the parameter
of electrical impedance which represents the characteristic of the transmission line of
microwave is also significant that should be taken into consideration. To measure the
topography with high resolution, the value of spring constant of the AFM cantilever
should be high. The eigenfrequency will receive less influence from the noise during
measurement when the sample is soft and small. Also, in order to detect microwave
signal with high sensitivity, it is necessary to prevent reflection and attenuation of
microwave as much as possible in the transmission line. Therefore, considering the
connection with the external microwave source, the characteristic impedance of the
transmission line is designed as 50 Q. By considering these problems, the size of the
probe can be determined as shown in Table 2.1. In Table 2.1, the size and substrate
material of the probes are illustrated, the spring constant and the eigenfrequency of the

cantilever, as well as the characteristic impedance can be calculated.
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Table 2.1. Size of M-AFM probes.

Parameter Value
Dimension of Width, a 42
cantilever, Length, [ 250
[um] Thickness, d 15
Spring constant, k [N/m] 182.6
Resonance frequency, f, [kHz] 151.4
Characteristic impedance, Z. [Q] 51.8

As a material of the M-AFM probe, it is necessary to select a material that can
function as the AFM probe and can also transmit the microwave. As depicted in the
former content, the gallium arsenide (GaAs) which is a group IlI-V compound
semiconductor having excellent insulation properties is used as a probe substrate [7].
The probe substrate was a single crystal gallium arsenide wafer of 2 inches in plane
orientation (100), thickness 350 um, double-sided mirror finished, non-doped. In
addition, Au, which has good electrical conductivity and is chemically stable, was used
for the conductor plate of the parallel plate line serving as a waveguide. To fabricate
the probes, microelectromechanical system technology such as photolithography and

wet etching was applied.
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Fig. 2.4 Fabrication process of the M-AFM probe.

Photolithography mainly consists of three steps: photoresist application, exposure
and development. The photoresist which is composed of resin, photosensitizer and
organic solvent is applied to the wafer substrate. Ultraviolet rays will be irradiated
through a patterned mask through a double-sided mask aligner to transfer the pattern to
the resist resin. Unnecessary portions of the resist are dissolved by the developing

solution. Pattern on the wafer is fabricated by the steps above. In addition, when
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applying the resist to the wafer surface, a spin coating method was used to control the
film thickness of the resist by the rotation speed of the spin coater. In the spin coating
method, an arbitrary film thickness can be obtained by the following steps. First the
wafer would be placed on a spinner. Then the spinner will fix the wafer by creating
vacuum place under the wafer. By dropping photoresist on the wafer and rotating the
spinner at a high speed, the excessive photoresist will be blown away. The film
thickness also depends on the viscosity of the resist in addition to the rotation speed of
the spinner.

Wet etching is a processing method in which material is removed mainly by chemical
reaction with chemical liquid. In order to fabricate a probe, the crystal which has
different chemical characteristic on different crystal planes is applied in the chemical
etching [8]. In this method, the etching rate by wet etching varies greatly on different
crystal planes. Meanwhile when the pattern on the wafer is fabricated by lithography,
the etching rates of the crystal planes parallel to each side of the mask pattern are
different form each other. The etching side surface obtained at this time is the one which
has the least etching rate. Therefore, the etched sides have different etching speed
depending on the direction of the pattern. Thus, the structure of the probe is fabricated.
When fabricate the pattern with resist by photolithography, it is necessary to consider
the crystal planes. In addition, gallium arsenide which is a compound semiconductor
has a sphalerite structure. It is different from the crystal structure of silicon which is a
diamond structure. So, the wet etching in the gallium arsenide is complicated than that

of silicon and it is difficult to anticipate the etching result [9,10]. Furthermore, in the
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wet etching, the back side of the wafer will be etched with the etching solution. So that
the side etching progresses. In order to using the wet etching, it is necessary to prepare
an etching mask to make an appropriate pattern during lithography so that the desired
shape will be formed.

The fabrication processes of the probe are listed below. Fig. 2.4 illustrate the fabrication
process.

(a) Patterning the etching mask for the tip.

(b) Fabricating the tip.

(c) Patterning the photoresist mask for the waveguide and coating Au film.

(d) Removing the photoresist and coating Au film.

(e) Patterning the etching mask for the cantilever.

(f) Wet etching to fabricate the wave guide of the M-AFM probe.

(g) Forming the etching mask for fabrication of the support part of the probe.

(h) Fabricating the support part of the probe by wet etching.

(1) Fabricating the Au film on the back side of the probe.

(j) Fabricating the nanoslit on the surface of the tip by focus ion beam.

To make the pattern on the wafer in photolithography, 3 kinds of photo resist are
applied depending on the demand of manufacturing process. In order to fabricate the
tip with high accuracy in micrometer order, FPPR-P-30 is applied. When fabricate the
waveguide of the probe, the FNPR-L3 is used since it can fabricate an overhang
structure pattern. When fabricate the cantilever and support of the probe, it is necessary

to protect the tip of the probe. Thus FPPR-HW600A which has high viscosity and high
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film thickness is applied.

During wet etching the structure of the probe is formed. And depending on the
demand of the manufacture process, two kinds of the etching solution are applied. When
fabricate the tip of the probe, the solution consist of H3PO4-H20,-H>O is applied since
it has low etching rate. When fabricating the cantilever as well as the support of the
probe, the solution consist of H2SO4-H>02-H>O is applied because it has a relatively

high etching rate.

2.2.1 Fabrication of the tip

In order to form the tip of the probe by wet etching, first the photolithography is
applied to fabricate a pattern on the wafer. There are two kinds of etching: dry etching
and wet etching. Using the liquid chemicals, wet etching is widely applied as a material
removal method. Before the wet etching, the pattern is fabricated on the sample by
photolithography. The materials that are not covered by photoresist are removed by the
chemical. The wet etching process generally contains a series of chemical reactions
among the chemical enchants, the material and the byproducts. The wet etch process
consists of the following parts. Firstly, the liquid etchant spread and move the target
material that needs to be processed. Secondly, the chemical reactions occur between
the etchant and the material. Finally, the byproducts are generated and diffuse away
from the reacted material. In dry etching, plasmas or etchant gasses remove the

substrate material. The reaction that takes place can be done utilizing high kinetic
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energy of particle beams, chemical reaction or a combination of both. But the price of
the dry etching is high and the etching rate of the dry etching is slow. In this part, the
wet etching is applied since it doesn’t demand complicated experimental devices. To
fabricate the structure of the tip of the probe, the side etching is applied. To fabricate
the cantilever and the support of the probe, the wet etching is applied.

To make a pattern for wet etching with micro-order accuracy, FPPR-P-30 is applied
for its high etching resistance. In this research, the shape of the pattern is a square. Each
side of the square is 18 micrometers. In Table 2.2, the condition of lithography to

fabricate the tip is listed.

Table 2.2 Photolithography condition of fabrication of the tip

Resist FPPR-P-30
Rotation speed, [rpm] 1500
Rotation time, [sec] 15
Temperature, [C] 100
Prebake
Time, [min] 10
Exposure, [mJ/cni] 175
Developer NMD-3
Developing time, [sec] 60
Temperature, [C] 145
Postbake
Time, [min] 20
Thickness of resist, [um] 3
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After the fabrication of the pattern by the lithography, the wet etching is applied and
the tip will be fabricated in this step. The side etching is applied during the wet etching.
With the process of the wet etching, the shape of the tip will be formed gradually. When
the gallium arsenide around the pattern is removed and the pattern drops from its
position. The tips are fabricated perfectly. Since the tip is significant for the
measurement and it will affect the resolution of the experimental result. The etching
rate should be slow when fabricate the tip. Thus, the etching solution should be chosen
carefully. In this research, the solution which consists of phosphoric acid is applied. It
should be mentioned that if the ratio of phosphoric acid increases, the tip of the will be
sharper. Thus, the phosphoric acid to hydrogen peroxide ratio is 10 to 1 [9]. Meanwhile
if the temperature of the solution is high, the shape of the tip will be blunt. So, the ice
should be put around the reaction vessel to cool down the temperature of the solution.
The condition of wet etching is listed in Table 2.3. After etching, the excessive resist
will be removed with the acetone and cleaned by ultrasonic wave. The fabricated probe

tip is displayed in Fig.2.5.

Table 2.3 Wet etching condition of fabrication of the tip

Etching time Temperature, [C] Etching time, [min]

H3PO4:H202:H,0=10:1:1 2 125
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Fig. 2.5 The tip of M-AFM probe observed by SEM.

2.2.2 Fabrication of the cantilever

To fabricate the cantilever of the probe, first the waveguide of the probe will be
fabricated. When coating the Au film to fabricate the waveguide by electron beam
physical vapor deposition (EBPVD), pattern will be made on the wafer by lithography
with photo resist. The photo resist is shown in Table 2.4. Before coating the photo resist
on the wafer, the FAP is applied to increase the stickiness of the photo resist. After the
fabrication of the pattern, the exposure is applied. In Table 2.4, the conditions of the
lithography are listed. After fabrication of the pattern, electron beams vapor method is
applied to coating the Au film on the wafer. Then the excessive Au film will be removed
by clean the wafer in the acetone with ultrasonic wave. The condition for the film

formation is listed as follows.
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Table 2.4 Photo resist condition before EBPVD

HMDS FAP
Rotation speed, [rpm] 1000
Rotation time, [sec] 20
Temperature, [1C] 100
Prebake
Time, [min] 1

Meanwhile, Table 2.5 shows the EBPVD condition of coating on the probe. After

coating the Au film, the excessive photo resist will be cleaned. Finally, the Au film will

be formed on the probe.

Table 2.5 EBPVD condition of coating on the probe

Instrument EBX-10D
Target Au
Pressure, [Pa] 2*10°
Substrate temperature, [1C] Room
Evaporation rate, [A/sec] 2
Evaporation time, [min] 8
Emission current, [mA] 100

In Fig. 2.6, the photo resist used to fabricate the overhang structure is illustrated with

schematic diagram. After the fabrication of the Au film, the structure of the cantilever



Chapter 2 Principle of M-AFM and Fabrication of M-AFM probe

will be fabricated. The process of making the cantilever is similar with that of tip
fabrication which applied photolithography and wet etching. First the pattern is
fabricated by lithography in Table 2.6. In order to protect the tip during wet etching in
the latter process, the FPPR-HWG600A is applied. The film thickness of this resist is 14
micrometer and it has high viscosity. The condition of lithography is listed in the Table

2.6.

Table 2.6 Photolithography condition of fabrication of the cantilever

Resist FPPR-HW600A
Rotation speed, [rpm] 1000
Rotation time, [sec] 20
Temperature,
110
Prebake ['C]
Time, [min] 15
Exposure, [mJ/cni] 450
Developer TMAH
Developing time, [sec] 180
Temperature,
145
Postbake ['C]
Time, [min] 20
Thickness of resist, [um] 14
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The solution for wet etching is consisted of H2SO4, H.O2 and H2O. Since the
consistence of the H20- is high in this solution [11,12], the surface reaction rate on each
crystal plane is different in Table 2.7. Unlike the process of tip fabrication, here the
anisotropy etching is applied. In the solution, the ratio of H2O2: H2SO4: H20 is 8:1:1.
In such solution, the wet etching is anisotropy etching [13].

In this step, the pattern of the resist is parallel to the (011) crystal direction. When
applied the mixed solution which is consisted of H.SO4, H2O2 and H20, on the side
surface, a 45-degree inclined plane is formed and two inclined surface which parallel
to (111) and (111) crystal plane is fabricated [14]. It is known that when the pattern is
arranged in the direction rotated by 90 degrees in the (011) direction, the surfaces on
the (111) and (111) direction are inverted mesa type and have an inclination of 60 to 75
degrees appear on the side. Therefore, in the latter step, the Au film on the back side
can easily connect with the one on the surface of the probe and form the waveguide.

The fabricated cantilever is illustrated in Fig. 2. 6.

Fig. 2.6 The cantilever observed by SEM.
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Table 2.7 wet etching condition of fabrication of the cantilever

Etching time Temperature, [1C] Etching time, [min]

H2S04:H20,:H,0=1:8:1 2 85

2.2.3 Fabrication of the Support part of the Probe

The fabrication of the support of the probe is similar with that of the fabrication of
the cantilever. This step also applied the photolithography and wet etching. When
fabricating the support part of the cantilever, the wafer will be etched from the back
surface.

Firstly, photolithograph is applied and pattern is fabricated on the back surface of the
wafer. To fabricate the support part of the probe, FPPR-HWG600A is applied as the
photoresist which is the same as the one applied in cantilever fabrication. The condition
for lithography is listed in Table 2.8. To make it difficult for Au film formation at both
sides of the support part, pattern was formed and the support part of the probe becomes

a mesa structure after wet etching on the back surface.
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Fig. 2.7 The support observed by SEM.

Table 2.8 Wet etching condition of fabrication of the holder

Etching time Temperature, [TC] Etching time, [min]

H2S04:H>0,:H,0=1:8:1 2 140

After lithography, the etching solution consisted of H2SOs-H20,-H-O is applied for
wet etching. The etching will start from the back surface of the wafer. The etching will
be stopped when the cantilever of the wafer can be seen from the back surface of the
wafer. In this step the time for etching coast much longer than that of the former steps
since much more gallium arsenide on the wafer will be removed in this step. Thus, in
this step, the etching is not uniformed easily and the cantilevers often disappears. In
order to protect the cantilevers, the wafer was cut into quarters an etched so as to reduce
the rate of disappearance of the cantilever caused by the excessive etching. In Table 2.8,
the condition for fabricating the support is listed. The support part of the probe is

illustrated in Fig. 2. 7.
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2.2.4 Fabrication of the Au Film on the Backside of the Probe

After the fabrication of the support part, Au film is formed on the back surface of the
probe and connects with the Au film on the probe surface at the end of the cantilever.
EBPVD method same with that applied in cantilever fabrication is applied.

In the film formation, it is ideal that the parallel plate line is not short-circuited on
the side face of the support part or the cantilever. And Au film on the top surface of the
probe should be connected with that on the back surface at the terminal end position.
Film forming condition by EB evaporation is listed in Table 2.5. In order to confirm
whether the metal film on both sides of the probe is short-circuited, it was confirmed

by the digital multimeter.

2.2.5 Focus ion Beam Processing

The waveguide was connected by depositing Au film on both surface of the probe.
However, until this step, the waveguide is short-circuited, no potential difference occurs
on both surface of the probe and the transmission of microwave is impossible.
Therefore, a parallel plate line was constructed on the probe and a slit was processed
by focused ion beam (FIB) processing that emits and detects the microwave at the probe
tip. The slit traversed the waveguide so as to separate the metal film on the tip. As a

result, a parallel plate waveguide is constructed in Fig. 2.8. The tip becomes the end of
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the microwave waveguide. And the emission of microwave from the slit approachs
maximum. In this research, a scanning ion microscope SMI 2050 manufactured by
SEIKO EG&G was used. The condition for FIB processing is listed in Table 2.9. And

the slit on the M-AFM probe is illustrated in Fig. 2.8.

Table 2.9 FIB condition

Instrument Sl SMI2050
Beam Condition U.Fine

Depth, [um] 0.2

Wide, [um] 0.1

Fig. 2.8 Nanoslit on the tip observed by SEM.
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2.3 Evaluation of the M-AFM Probes

2.3.1 Sample to Evaluate the Probe

To confirm whether the fabricated M-AFM probe can evaluate the topography and
microwave image, measurement based on M-AFM was carried out. For confirmation
of the waveguide, a thin metal lines sample was used. This metal thin wire specimen is
made by depositing Au on a gallium arsenide substrate. The height of each line is 150
nm. A SEM image of the sample is shown in Fig. 2.9. As the measurement condition
of the M-AFM, the measurement mode was non-contact mode, the measurement range

was 12um * 7um. The scanning speed was 1 um/s. The frequency of microwave was

94 GHz, and the microwave amplitude was 10 dbm.

Fig. 2.9 The sample to evaluate the M-AFM probe.
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2.3.2 Experiment to Evaluate the M-AFM Probe

To evaluate the fabricated waveguide of the probes, the experiment which applying
the fabricated probes is arranged. The microwave is conducted by the probe, and a
sample consisted of GaAs substrate and Au film is fabricated in this experiment. The
detailed information on the surface is analyzed in Fig. 2.10 (a). In the Fig. 2.10 (b), the
microwave image of the sample is scanned. The height difference between Au film and
Si substrate is 120 nm in Fig 2.10 (a). Marked with black arrow in Fig. 2.10 (a), the
lateral resolution of the M-AFM probe is 91 nm. In Fig. 2.10 (b), the lateral resolution
of the M-AFM probe in microwave image is 46 nm. There is a difference in the lateral
resolution between the topography and microwave image because the lateral resolution
of the topography is determined by the sizes of the slit and tip of the probe, while the
resolution of the microwave image only depends on the size of the slit on the tip. Since
the shortest distance between two points on a sample that can be distinguished as
different entities is lateral resolution of the M-AFM probe, the measured resolution
indicated that the fabricated M-AFM probe can distinguish a nanomaterial that is larger
than 91 nm. Thus, the fabricated probes are available to evaluate the nanowires in this
study. In the previous stages, the multimeter is applied to confirm the insulation
statement of each probe. The scanning region of the M-AFM is 12x7 micrometer, the
scanning speed was 2 micrometer per second, the microwave frequency was 94 GHz,
and the microwave amplitude was 10 dBm. According to the microwave image, the

change of the reflected microwave signal is detected. Also, from (b) which illustrates
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the reflection difference on the sample surface, it can be seen that the change
distribution of the response of the microwave is obtained. The difference of the
reflected microwave signal is 2.1 mV. This image is obtained due to a change in the
microwave signal which is influenced by the electrical properties of material surface.
The change distribution of the microwave also corresponds to the change of the part of
the material of the sample. From these facts, it was found that the produced M-AFM
probe can release and detect microwaves. There is a relationship between the reflection
coefficient of microwave, conductivity, and relative permittivity, and the reflection
coefficient of microwave obtained from the different aspects of these electrical
characteristics changes. In this experiment, since a detector that outputs a voltage
proportional to the square of the reflection coefficient of the microwave is used, the
voltage distribution of the microwave image should reflect the change distribution of
the conductivity of the material surface.

From the measurement result of the microwave image, since clear difference between
GaAs and thin metal film can be confirmed, it can be seen that the microwave is guided

inside the fabricated probe.
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Fig. 2.10 The topography and microwave image measured by M-AFM with the

fabricated probe.

2.4 Summary

In this chapter, the mechanisms of the AFM and the microwave system are

described. The waveguide which is used to transport the microwave is constructed
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based on the AFM probe. The semiconductor material, gallium arsenide, is chosen as

the substrate of the probe. Consider that the spring constant of the cantilever should be

small and the characteristic impedance of the parallel plate waveguide should be 50 Q,

the size of the probe is designed. The basic structure of the probe mainly applied the

micro electron mechanical system such as photolithography and wet etching. The

waveguide on the probe is coat by the EBPVD. After the FIB processing, a nanoslit is

induced across the tip of M-AFM probe. Finally, the M-AFM probes are evaluated. The

main results in this chapter are summarized as below:

(1) The tip of the fabricated probe is scanned by the scanning electron microscope. The

()

3)

(4)

height of the tips is about 7 micrometers. And the curvature radius is about 30 nm.
The cantilever and the support part of the probe are also fabricated by the micro
electron mechanical system. The experimental results are scanned by the scanning
electron microscope. The waveguide coating on the probe is fabricated. By using
the multimeter, it is confirmed that the waveguide is short circuit.

A slit is induced on the probe, by utilizing the FIB processing. After the FIB
processing, the probe is tested by the multimeter and it is confirmed that the
waveguide is separated and insulated.

The sample consisted of Au film and GaAs substrate is used to evaluate the probes.
The topography and microwave images are scanned by the probes. Meanwhile the
reflection change on the sample surface is detected on the nanoscale. According

to the evaluated result, the resolution of the M-AFM probe is about 100 nm which
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is extremely high compared with other scanning probe technique for electrical
property evaluations. From the measurement result of the microwave image, clear
difference between GaAs and thin metal film can be confirmed. These evaluated

results suggest that the fabricated M-AFM probes have high performance.
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Chapter 3 Quantitative Evaluation of Local
Permittivity of Metal Oxide Nanomaterials
Using Microwave Atomic Force Microscopy

3.1 Introduction

The metal oxide semiconductors such as zinc oxide [1], copper oxide [2] and tin
oxide [3] are very common and variety dielectric materials among a series of different
semiconductors. In the past years, a series of different methods including thermal
oxidation [4], solution-phase growth [5], and template-assisted synthesis [6] have been
utilized to fabricate various one-dimensional semiconductor nanomaterials. Owe to the
high surface-volume ratio property, the semiconductor nanomaterials have improved
physical and electronic properties [7, 8] which have been applied to a large number of
electronic devices such as solar cells [9,10], photodetectors [11] and gas sensors [12,13].
For such dielectric insulator materials, permittivity is a meaningful electric property
parameter since the dielectric materials with low permittivities are desirable for high-
speed integrated circuits and some nanodevices [14], while the dielectric materials with
high permittivities can be applied for high energy storage [15]. With the prevalence of
the high-performance nanomaterials, metrology techniques are urgently required to
quantitatively characterize electrical properties at the nanoscale.

M-AFM was developed to realize the non-contact and non-destructive evaluation for
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nanomaterials [16, 17]. Microwave can propagate via the cantilever of the probe of M-
AFM and then emit from a slit at the tip. Based on the microwave measurement and
non-contact mode of AFM, M-AFM had been proved as a favorable technique to
measure the electrical conductivity of the samples at nanoscale. Recently, in order to
describe the atomic force effect by microwave on the interaction between the M-AFM
probe and evaluated material, a theoretical model to quantitatively characterize the local
relative permittivity of the sample have been developed [18]. And the relative
permittivity of bulk materials measurement was established on the M-AFM. When the
M-AFM tip is scanning the sample surface, an additional coulomb force is generated.

In order to measure the Coulomb force caused by microwave, force distance curve
is measured in this study. Force distance curves is applied to study different surface
physical or chemical properties. From the end of last century, a large number of studies
characterize novel atomic forces based on force curves measurement.

For instance, in recent research, Force-distance-curve based AFM imaging has now
reached an exciting stage where it can be used to image the architecture of complex
biological systems and systematically analyze the local biological and physical
properties with a nanometer scale [19]. To achieve the objective, the AFM technique is
applied to measure the force curves on the sample. Each of the force curves reflects the
local interatomic force on the sample with high accuracy and sensitivity. These
interatomic forces are measured pixel by pixel on the sample. Thus, the interaction on
the sample surface can be entirely mapped and reflected by the AFM. This research

reveals that the force curve measurement method can evaluate the physical, chemical

62



Chapter 3 Quantitative Evaluation of Local Permittivity of Metal Oxide Nanomaterials Using
Microwave Atomic Force Microscopy

and biological forces, and functions as a molecular toolbox, allowing the target surface
property combining different kinds of interactions to be comprehensively investigated.
Therefore, the force curve measurement method is a promising technique to the
quantitatively analyze the biological, chemical and physical properties on different
samples.

In this study, the force curve measurement method is applied on the insulators to
analyze the force between the tip and sample. By measuring the force distance curve
between the tip and sample, the relative permittivity of the sample material can be
evaluated. In this chapter, the topography and microwave images of ZnO, CuO
nanowires and SnO2 nanobelts by the M-AFM was realized. In addition, the
quantitative evaluation of the permittivities of the metal oxide nanomaterials was
succeeded based on the force curves measured by M-AFM. In this chapter, the
morphology and microwave image of one-dimensional nanomaterials are successfully
visualized, and the local relative permittivity are evaluated in a quantitative and non-
contact mode.

This chapter firstly describes the mechanism of the influence on the Van der Waals
force caused by microwave and how to apply this effect to evaluate the permittivity of
the semiconductor and insulator materials. Then the different samples are fabricated.
After that the morphology and microwave images of ZnO, CuO nanowires and SnO>
nanobelts are measured. Finally, the electrical permittivity of the one-dimensional

nanomaterials is evaluated by M-AFM
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3.2 Theoretical Model

As revealed in Fig. 3.1 (a), there are electrode charges on the Au film of M-AFM tip
when the microwave is applied on the sample. The M-AFM probe that functions as a
parallel plate waveguide conducts and emits the microwave through the slit on the probe.
On the other hand, when the electrical field of the microwave is transmitted across a
dielectric, the polarized atoms are caused in the sample. Since the direction of the
electric field on the tip is contrary to that of dipoles’ polarization on the sample surface,
the dipoles generate an attractive force to the tip. Thus, the Coulomb force between the
charge on the M-AFM probe and the dipoles in the sample is generated by the
microwave emitted from the tip. In this research, the near field approximation is applied
to the quantitative calculation since the distance between the tip and sample (about 10
nm) is significantly shorter than the wavelength of microwave. On the other hand, the
structure of the M-AFM probe is considered has a sharp tip that only the charges at the
top of the tip should be taken into consideration. Thus, the electrical field of the incident
microwave is considered as the electric field of two groups of sinusoidally alternating

charges with opposite polarities.
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Fig. 3.1 The interaction between electrode charges of the tip and the dipoles on the

sample surface.

Fig. 3.1 (b) illustrated the cross section between the tip and sample. The meaning of
each parameter is explained. w is the distance between the two halves of the tip and z
is the distance between tip and sample. Eop is the incident electric-field amplitude at the
middle of the dipole. Eo is the reflected electric-field amplitude.

In this case, the equivalent charges q, is represented as the equation below:
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o = gWZSOEo (3.1)

Where ¢, is the permittivity of free space.
According to method of image charges, if a single point charge is placed over the
sample with a distance z,, the electric field of the polarized charge gz is represented as

the equation below:

1-&,
q1 = —r 9o (3.2)

When microwave is applied, the effect of microwave should be taken into
consideration. The Coulomb force Fy, between the M-AFM tip and sample can be

expressed as [20]:

_ er—lmew*E§ 1 2z
Fuo = e+l 16 {422 (422+W2)%} (33)
&, is the relative permittivity of the sample. Since the amplitude of electric field of
microwave is shifting with time which is E,sinwt. Consider that the amplitude of
microwave is time-dependent which is E, sin wt. And the microwave frequency (94

GHz) is much more than that of cantilever vibration f, (100 kHz). The time-dependent

force Fyosin? wt that functions as its root mean square value is written as:
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Fy = 220 (3.4)
On the other hand, the atomic force F,, between the tip and sample, is distance
dependent, while F, from an irregular-shaped structure consist of three terms, can be

presented as [20]:

FA = Alz_l + AZZ_Z + A3Z_3 (35)

Where A,, A,, A; are parameters based on different components, and z is the
distance between the tip and the sample, while A;z71, A,z72, and A;z~3 stand the
forces between the tip and sample in a conic, spherical and a cubic shape, respectively
[21,22].

In the non-contact mode, the M-AFM probe vibrates at the resonance frequency with
an amplitude of few nanometers, and the frequency of the vibration changes when the
probe approaches the sample. Utilizing the small-amplitude approximation, the change
of the resonance frequency, Af, and the gradient of atomic force, dF,/dz, can be written

as:

dF
Af = —2oTa (3.6)

Where k and fo are the spring constant and the resonance frequency of the cantilever.

Therefore, through the measurement of M-AFM without microwave, the gradient of the
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interatomic force is represented as follows:

_HEA S ZNF = Az 4 Az + ALzt (3T)
dz fo

A1', A2', and As' can be determined based on the force curves of M-AFM. When the

microwave is applied, the force between the tip and sample should be written as:

) _ _Jo [@Fa , dFy
Af' = 2k © dz dz)

(3.8)

Finally, the gradient of the force between the tip and sample should be written as:

Bt g A e MHG) (9
0

Where M is [20]

M=§§B§ﬁ (3.10)
and H(z) is [20]
H(2) _ 1, 2wi-16z” (3.11)

2z3  (4z2+w?2)5/2

By measuring the force curves without microwave and fitting the force curves with
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Egs. (3.7), (3.9) and (3.10). The parameter A7, A, and A% can be obtained. Then, M
is calculated by measuring the force curves with microwave and fitting the measured
force curves with Eq. (3.10). By measuring the force curve of Si substrate with a known
relative permittivity &,,, the relative permittivity &,., of an unknown sample is

represented as below.

M1 gr—1 g+l
M2 £T1+1 Erz—l

(3.12)

3.3 Fabrication of Sample

The studies of one-dimensional nanostructures have focused primarily on
lithographically and epitaxially defined quantum wires embedded in a semiconductor
medium such as nanowire fasteners and nanowire solar cells. Free-standing nanowires
have several attractive differences from these systems, including a large variation in the
relative permittivity of the surrounding medias. Here in order to study the relative
permittivity of individual free-standing metal oxide nanomaterials, the nanomaterials
should be dispersed on a substrate. First of all, the CuO nanowires were synthesized by
thermal oxidation [23]. The ZnO nanowires and SnO, nanobelts were synthesized by
thermal sublimation [24]. Scanning electron microscopy show that individual and well-
isolated nanowires are readily produced by this method (Fig. 3.2). In order to increase
the difference of reflectivity between the substrate and nanowires, the silicon wafer

substrates coated with a 100 nm Au film by EBPVD, was used in the experiment. The
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suspension of each kind of nanowires in ethyl alcohol was prepared by ultrasonic
dispersion. Several drops of the suspension were dispersed onto the Au film and dried

at room temperature.

<L EBPVD

</ L-Ultrasonic dispersion

Naowires

Au film

Fig. 3.2 Fabrication of the nanowire sample
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After dispersing the nanowires onto the Au film, the scanning electron microscopy
(SEM) were used to characterize the morphological features of nanowires as shown in
Fig. 3.3. Fig. 3.3 (a) displays the SEM result of ZnO nanowires. Fig. 3.3 (b) displays

the SEM result of CuO nanowires. And Fig. 3.3 (c) displays the SnO2 nanobelts.

Fig. 3.3 SEM images of (a) ZnO nanowires, (b) CuO nanowires and (c) SnO>

nanobelts that are dispersed on the Au film. The diameter of each nanowire can be

estimated.
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3.4 Microwave Images and Force Distance Curves of Metal Oxide

Nanomaterials

The measurements of CuO, ZnO nanowires and SnO> nanobelt were carried out by
M-AFM with the scanning speed of 1 um/s and the amplitude of microwave of 15 dbm.
A commercial silicon wafer is measured by M-AFM for calibration when evaluating
the relative permittivity of the one-dimensional nanomaterials. The experimental setup

is illustrated in Fig. 3.4.

A

Cantilever of M-AFM probe

Au film Silicon substrate

Fig. 3.4 Schematic diagram of interaction induced by microwave between M-AFM tip

and nanowire
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The silicon wafer also measured in the same condition with the one-dimensional
nanomaterials by M-AFM. After the morphology and microwave images of each one-
dimensional nanomaterial and the silicon wafer were measured by M-AFM, the
morphology and microwave images of one-dimensional nanomaterials were evaluated
as shown in Fig. 3.5. The force curves on the one-dimensional nanomaterial and the
silicon wafer were measured at four conditions: without microwave, 5 dom, 10 dbm,
and 15 dbm microwave.

Fig. 3.3 displays the morphology of nanowires observed with the SEM. The
diameters of ZnO nanowires and CuO nanowires are approximately 155 nm and 100
nm, respectively, while the width and thickness of SnO> nanobelts are approximately
150 nm and 100 nm, respectively. These results are in agreement with the morphology
measured by M-AFM. As depicted in the measurement results of M-AFM as shown in
Fig. 3.5, the diameter of the ZnO nanowires is approximately 140 nm on average, while
that of the CuO nanowires is approximately 130 nm. The width and the thickness of
SnO; nanobelts are approximately 165 nm and 110 nm respectively. As shown in Fig.
3.5, the microwave images were measured for each of the one-dimensional
nanomaterials and the silicon wafer. Since the reflectivity of the one-dimensional
nanomaterials and the Au film substrate is different, microwave images can distinguish
these one-dimensional nanomaterials. These results indicated that M-AFM has the

ability to visualize the measured nanowires with high accuracy.
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(e)

12 pm—+ 710 nm

e ———

Onm | 2000 nm

91 mV

0 pm 87 mV

0 pm 12 pm
Fig. 3.5 The experimental result measured by M-AFM: (a) the topography of the ZnO
nanowire; (b) the microwave image of the ZnO nanowire; (c) the topography of the
CuO nanowire; (d) the microwave image of the CuO nanowire; (e) the topography of

the SnO nanobelt; (f) the microwave image of the SnO> nanobelt.
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3.5 Quantitative Evaluation of Local Permittivity of Metal Oxide

Nanomaterials

After the microwave image and topography of the CuO, ZnO nanowires and SnO>
nanobelt are measured by M-AFM, several points are selected on the sample to measure
the force curve of each sample in order to evaluate the relative permittivity of these
nanomaterials. The diagram of force curve measurement is illustrated in Fig.3.6.

In the force curve measurement, the probe is measure on one point of the sample
surface as shown in Fig. 3.6. Different from the scanning mode, the force distance curve
measurement method is utilized to study the interatomic force.

In Fig. 3.6, the M-AFM probe stays at the standoff distance above the sample and
keeps vibrating. When standoff distance equals to zero, the vibration frequency begins
to decrease. Once the standoff distance is less than 0 nm, the tip of the M-AFM will

receive the impact from the sample’s atomic force.
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(Start) 30nm

M-AFM probe
\
Onm '
(End) -2nm A 4 I Standoff distance
Sample

Fig. 3.6 The force curve measurement method.

While measuring the force curves, the piezo of the probe is ramped while the sample
stage is moving vertically. In the non-contact mode, the cantilever of M-AFM probe
keeps vibrating with an additional piezoelectric signal when approaching the sample.
Meanwhile M-AFM records the change of the resonance frequency along the moving
track. As a result, the force curve that shows the relationship between the change of the
resonance frequency and the distance between the tip and sample can be obtained.

During force curve the change of the frequency of the probe can be measured, and
by applying Eqg. (3.6), the connection between the change of the frequency and force
differential can be calculated.

Here the silicon is implemented as a sample and the force curve measurement is
applied on the silicon wafer. In the force curve measurement, the silicon wafer is N
type. The orientation is (100) with edge (110). The electrical resistance is over 1000

Q-cm. The force distance curve is measured without microwave and in the condition
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with microwave. The frequency of microwave is 94 GHz and the amplitudes of the
microwave 0 dom, 5 dbm and 10 dbm. The force curves under different amplitudes are
measured separately. According to the function, the force curve data without
microwave and that with 10 dbm microwave is enough to calculate the relative
permittivity. So only the force curve data without microwave and that with microwave
at 10 dbm are processed by nonlinear fitting.

As shown in Fig. 3.7, the respective force curves of ZnO, CuO nanowires and SnO-
nanobelts are illustrated for the measurement under the condition without microwave,
and with 5 dbm, 10 dom and 15 dbm microwaves, respectively. When there is no
microwave, the resonance frequency decrease with the decrease of the distance between
the tip and the sample, which means that the atomic force is an attractive force. When
microwave was applied, the curves declined in a sheer amount. With the increase of the
amplitude of microwave, the curves further plummeted. This indicated that microwave
induced an attractive force between the tip and sample, and this force increase with the
increase of amplitude of microwave, which is in agreement with the theoretical analysis.
By fitting the force curves with Egs. (3.7) and (3.9), the parameters M of silicon wafer
was obtained. With similar calculation, the parameters M of ZnO and CuO nanowires
as well as SnO2 nanobelts were obtained. Using the nominal permittivity of silicon
wafer as 11 to calibrate and combine Eq. (3.11), the relative permittivity of each
nanowire was calculated. The evaluated results of the nanowires versus their reference

values are shown in Fig. 3.8. These results are average values of five measurements.
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Fig. 3.7 The force distance curves measured by M-AFM without microwave and with
5 dbm 10 dbm and 15 dbm microwave: (a) the force distance curves of Si wafer; (b)
the force distance curves of ZnO nanowires microwave; (c) the force distance curves

of CuO wafer; (d) the force distance curves of SnO2 nanobelts.

As listed in Table 3.1, the relative permittivity of ZnO nanowires was evaluated to

be 3.82, 4.02, 3.86, respectively under the condition of 5, 10 and 15 dbm microwave.
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The nominal value of bulk ZnO material is 8.1 [25]. The relative permittivity measured

on a ZnO nanowire was ranging from 2.4 to 6.4 [26]. The relative permittivity of ZnO

nanoparticle was 6 which was measured at 10 MHz [27].

Table 3.1 Results calculated from the measured force curves and nominal values

including parameter M, evaluated relative permittivities with 5 dbm, 10 dom and 15

dbm microwave.

CuO Zn0O SnOz
Measured materials
nanowire nanowire nanobelt
Nominal value 18.1 8.1 13.5
Evaluated value (15 dbm) 17.97 3.82 11.54
Evaluated value (10 dbm) 16.07 4.02 11.64
Evaluated value (5 dbm) 18.62 3.86 11.37

The relative permittivity of CuO nanowires was 18.62, 16.07, 17.97, measured with
5 dbm, 10 dbm and 15 dbm, respectively. The nominal value of CuO bulk material is
18.1 [25]. In the study of Das, different CuO nanoknife arrays are fabricated [28].
Besides, they found that the relative permittivity of fabricated CuO nanomaterials is the
same as that of CuO bulk material, which is 18.1. The relative permittivity of SnO>
nanobelts was 11.37, 11.64, 11.54, measured with 5 dbm, 10 dbm and 15 dbm,
respectively. The relative the static relative permittivity of SnO bulk material is 13.5

[25]. Li. [29] synthesize the SnO- nanowires and evaluated the relative permittivity of
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SnOz. In 10 MHz frequency, the measured result of Li was approximately 13, which is
close to our result. Therefore, the dielectric properties of ZnO, CuO, and SnO:
nanowires measured by M-AFM are in agreement with nominal values and previous
studies. However, errors still exist. With respect to the relative permittivity of ZnO
nanowires, our result was different from the nominal value [25] but agree with the
values in the researches of Yang [26]. The high frequency of microwave (94 GHz) on
M-AFM induced the difference between our result and that of nominal value. Because
of the frequency dependence of the relative permittivity, the relative permittivity will
be lower when the frequency increases. This deviation was caused by the frequency of
our experiment which is 94 GHz. Similarly, the evaluated relative permittivity of CuO
nanowires is lower than the nominal value [25], the deviation of the evaluated relative
permittivity is caused by the different frequency between the researchers. The static
relative permittivity of SnO> bulk material is 9.86 while the electrical field vector is
parallel to the crystal c-axis and 13.5 while it is perpendicular to the crystal c-axis [25].
However, SnO> nanobelt crystal grew along in the crystallographic direction [1, 0, 1],
which caused a deviation of SnO2 nanobelt because of different crystallographic surface.
Besides the difference of frequency, the shape of the sample was another influential
factor. Theoretically, the sample was flat [20], while it was not in our research.
However, this assumption may not be strictly accurate when the distance between the
tip and sample was less than 10 nm. To sum up, the contribution of this study is to
evaluate the local relative permittivity of one-dimensional nanomaterials in a non-

contact mode based on M-AFM technology by a quantitative and non-destructive
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Fig. 3.8 The nominal relative permittivity from reference compared with the relative

permittivity evaluated with force distance curve by M-AFM under 5 dbm, 10 dbm and

15 dbm microwave.
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3.6 Discussion

The evaluated relative permittivity of the nanomaterial by M-AFM is different from
the static relative permittivity of bulk material. The error may be caused by the
following two reasons.

Firstly, the relative permittivity of one-dimensional nanomaterials could be different
from that of bulk materials. The one-dimensional nanomaterials have a higher surface
to volume ratio and more surface defects when compared with bulk materials. Thus,
the arrangement of atoms between nanomaterial and bulk material are different, which
resulting in a difference in the relative permittivity.

Secondly, the evaluated relative permittivity will change if the frequency of the
electromagnetic wave changes. Several kinds of the polarization effects contribute to
the overall relative permittivity as illustrated in Fig. 3.9 [30]. If the frequency of
microwave affects the evaluated relative permittivity, it’s necessary to discuss that the
evaluated relative permittivity is measured in a high or low frequency.

More specifically, the frequency of the microwave is 94 GHz in this research, which
is between the dipolar and the atomic polarization, according to Fig. 3.9. Thus, it is
significant to discuss that the polarized atoms on the surface of the evaluated

nanomaterial are mainly dipolar polarization or atomic polarization.
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Fig. 3.9 Frequency response of dielectric mechanisms [30]

When applying high frequency evaluation techniques such as terahertz time-domain
spectroscopy to measure the sample [31], the whole sample is polarized and evaluated.
Specifically, the applied electric field is approximately equal to that of each atom in the
evaluated sample, and the response of the atomic electrons can be modeled as
harmonics. Thus, the relative permittivity under high frequency conditions and the
influence of atomic polarization can be evaluated. However, in this study, the polarized
area of microwave radiation under the M-AFM probe is in an area about 100 * 100 nm.
The electric field of the atoms in the center of this area is equal to the applied electric
field of microwave. As the distance from the center increases, the frequency of the
electric field of the atoms remains unchanged, but the amplitude of the electric field
becomes smaller, and the direction of the electrical field also changed. Thus, when
building the theoretical model, two approximations are made. First of all, the electric

field of microwave radiation is based on a near-field approximation. Secondly, the
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dipoles are caused by the microwave in the polarized area and only the dipolar
polarization is considered in the theoretical model.

In Tong's research [20], this approximated model and evaluation method proved to
be able to accurately evaluate the relative permittivity of the measured bulk dielectric
materials.

In Table 3.2, the measured relative permittivity is compared with the nominal values.
Nominal value in low frequency is investigated from Shannon’s result [25]. Nominal
values at 200 GHz are experimentally evaluated data by terahertz time-domain
spectroscopy [32] [33] [34]. Nominal value in high frequency that is more than 20 THz
is calculated by first principle [35]. In this study, the measured permittivity also agrees
with the nominal value at low frequency.

To sum up, the polarization of the sample measured by M-AFM is a dipolar
polarization, and M-AFM measures the relative permittivity in low frequency. Thus,
the microwave influence from M-AFM on the relative permittivity of the one-

dimensional nanomaterial evaluated in this experiment is negligible.
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Table 3.2 Nominal values compared with evaluated relative permittivities with 5

dbm, 10 dbm and 15 dbm microwave.

CuO ZnO SnO2
Measured materials
nanowire | nanowire | nanobelt
Nominal value (static relative
18.1 8.1 135
permittivity)

Evaluated value (15 dbm) 17.97 3.82 11.54
Evaluated value (10 dbm) 16.07 4.02 11.64
Evaluated value (5 dom) 18.62 3.86 11.37

Nominal value (at 2*10* Hz) 6.0 7.9 2.3

Nominal value (above 2*10% Hz) 7.2 3.7 3.8

3.7 Summary

In this research, the main results are summarized as follows: first, the morphology
and microwave image of several metal oxide semiconductor nanomaterials were
obtained by M-AFM, which were in agreement with the SEM observation results.
Secondly, based on the force curves of M-AFM, a method to evaluate the local relative
permittivity of metal oxide nanostructures was introduced. At last, by measuring the
force curves by M-AFM on the one-dimensional nanomaterials, quantification of the

local relative permittivity of the nanowires was developed based on the M-AFM. The
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topography as well as microwave images measured by M-AFM were highly
reproducible. This measurement method of local relative permittivity is significant
since it is experimentally revealed that the dielectric properties of semiconductor
nanomaterials are different from those of bulk materials [26,27]. Moreover, compared
with the result measured ZnO nanowires in the research of Yang [26] and the research
of P.G.Li [29] measured SnO; nanowires, M-AFM can visualize the morphology and
reflected microwave signals with high resolution and accuracy, which indicated that M-
AFM could be more suitable to locate and measure the local relative permittivity when
compared with other means. Compare with other AFM techniques, this study succeeded
measuring the local relative permittivity of one-dimensional nanomaterials
quantitatively and non-destructively using a non-contact mode based on M-AFM
technology. Therefore, the high spatial resolution and this evaluation method of relative
permittivity based on the M-AFM can fulfill the need of evaluating local electrical

properties of nanomaterials.

89



Chapter 3 Quantitative Evaluation of Local Permittivity of Metal Oxide Nanomaterials Using
Microwave Atomic Force Microscopy

Reference

[1] Y. W.Heo, D.P. Nortona, L. C. Tiena, Y. Kwona, B. S. Kang, F. Ren, S. J. Peartona,
J. R. LaRoche, ZnO nanowire growth and devices, Materials Science and Engineering:
R: Reports, 47, 1 (2004).

[2] T. Ha, and V. Nguyen, Copper oxide nanomaterials prepared by solution methods,
some properties, and potential applications: a brief review, International scholarly
research notices, 2014 (2014).

[3] Dai, Z. R., et al., Tin oxide nanowires, nanoribbons, and nanotubes, The Journal of
Physical Chemistry B, 106, 1274 (2002).

[4] T. Zhai, X. Fang, M. Liao, X. Xu, H. Zeng, B. Yoshio, and D. Golberg, A
comprehensive  review of  one-dimensional  metal-oxide  nanostructure
photodetectors, Sensors, 9 [8], 6504 (2009).

[5] S. Liu, X. Guo, M. Li, W. Zhang, X. Liu, and C. Li, Solution - phase synthesis and
characterization of single - crystalline SnSe nanowires, Angewandte Chemie
International Edition, 50 [50], 12050 (2011).

[6] Shankar, K. Shantha, and A. K. Raychaudhuri, Fabrication of nanowires of
multicomponent oxides: Review of recent advances, Materials Science and
Engineering: C, 25, 738 (2005).

[7] S. Gubbala, V. Chakrapani, V. Kumar, and M. K. Sunkara, Band-Edge Engineered
Hybrid  Structures for Dye-Sensitized Solar Cells Based on SnO2
Nanowires, Advanced Functional Materials, 18 [16], 2411 (2008).

[8] X. Li, Metal assisted chemical etching for high aspect ratio nanostructures: A review

90



Chapter 3 Quantitative Evaluation of Local Permittivity of Metal Oxide Nanomaterials Using
Microwave Atomic Force Microscopy

of characteristics and applications in photovoltaics, Current Opinion in Solid State and
Materials Science, 16 [2], 71 (2012).

[9] Y. Yu, P. V. Kamat, and M. Kuno, A CdSe nanowire/quantum dot hybrid
architecture for improving solar cell performance, Advanced Functional Materials, 20
[9], 1464 (2010).

[10] S. Ko, D. Lee, H. Kang, K. Nam, J. Yeo, S. Hong, C. Grigoropoulos, and H. Sung,
Nanoforest of hydrothermally grown hierarchical ZnO nanowires for a high efficiency
dye-sensitized solar cell, Nano letters, 11 [2], 666 (2011).

[11] R. R LaPierre, M. Robson, K. M. Azizur-Rahman, and P. Kuyanov, A review of
I11-V nanowire infrared photodetectors and sensors, Journal of Physics D: Applied
Physics, 50 [12], 123001 (2017).

[12] Y. Sun,S. Liu, F. Meng, J. Liu, Z. Jin, L. Kong, and J. Liu, Metal oxide
nanostructures and their gas sensing properties: a review, Sensors, 12 [3], 2610 (2012).
[13] R. Kumar, O. Al-Dossary, G. Kumar, and A. Umar, Zinc oxide nanostructures for
NO2 gas—sensor applications: A review, Nano-Micro Letters, 7 [2], 97 (2015).

[14] S. Bagga, J. Akhtar, and S. Mishra, Synthesis and applications of ZnO nanowire:
Areview, AIP Conference Proceedings. AIP Publishing LLC, 1989 [1], 020004 (2018).
[15] A. S. Al-Asadi, L. A. Henley, M. Wasala, B. Muchharla, N. Perea-Lopez, V.
Carozo, Z. Lin, M. Terrones, K. Mondal, K. Kordas, and S. Talapatra, Aligned carbon
nanotube/zinc oxide nanowire hybrids as high performance electrodes for
supercapacitor applications, Journal of Applied Physics, 121 [12], 124303 (2017).

[16] L. Zhang, Y. Ju, A. Hosoi, and A. Fujimoto, Microwave atomic force microscopy

91


https://aip.scitation.org/author/Zhang%2C+Lan
https://aip.scitation.org/author/Ju%2C+Yang
https://aip.scitation.org/author/Hosoi%2C+Atsushi
https://aip.scitation.org/author/Fujimoto%2C+Akifumi

Chapter 3 Quantitative Evaluation of Local Permittivity of Metal Oxide Nanomaterials Using
Microwave Atomic Force Microscopy

imaging for nanometer-scale electrical property characterization, Review of Scientific
Instruments, 81 [12], 123708 (2010).

[17] L. Zhang, Y. Ju, A. Hosoi, and A. Fujimoto, Microwave atomic force microscopy:
quantitative measurement and characterization of electrical properties on the nanometer
scale, Applied Physics Express, 5 [1], 016602 (2011).

[18] X. Wu, Z. Hao, D. Wu, L. Zheng, Z. Jiang, V. Ganesan, Y. Wang, and K. Lai,
Quantitative measurements of nanoscale permittivity and conductivity using tuning-
fork-based microwave impedance microscopy, Review of Scientific Instruments, 89
[4], 043704 (2018).

[19] Y. Dufrénel, T. Ando, R. Garcia, D. Alsteens, D. Martinez-Martin, A. Engel, C.
Gerber, and D. Miiller, Imaging modes of atomic force microscopy for application in
molecular and cell biology, Nature nanotechnology, 12 [4], 295 (2017).

[20] B. Tong, M. Zhao, Y. Toku, Y. Morita, and Y. Ju, Local permittivity measurement
of dielectric materials based on the non-contact force curve of microwave atomic force
microscopy, Review of Scientific Instruments, 90 [3], 033706 (2019).

[21] S. Zanette, A. Caride, V. Nunes, G. Klimchitskaya, F. Freire, and R. Prioli,
Theoretical and experimental investigation of the force—distance relation for an atomic
force microscope with a pyramidal tip, Surface science, 453 [1], 75 (2000).

[22] H. J. Butt, B. Cappella, and M. Kappl, Force measurements with the atomic force
microscope: Technique, interpretation and applications, Surface science reports, 59 [1],
1 (2005).

[23] X. Jiang, T. Herricks, and Y. Xia, CuO nanowires can be synthesized by heating

92



Chapter 3 Quantitative Evaluation of Local Permittivity of Metal Oxide Nanomaterials Using
Microwave Atomic Force Microscopy

copper substrates in air, Nano letters, 2 [12], 1333 (2002).

[24] E. Comini, G.Faglia, G. Sberveglieri, D. Calestani, L. Zanotti, M. Zha, Tin oxide
nanobelts electrical and sensing properties, Sensors and Actuators B: Chemical, 111,
2 (2005).

[25] R. D. Shannon, Dielectric polarizabilities of ions in oxides and fluorides, Journal
of Applied physics, 73, 348 (1993).

[26] Y. Yang, W. Guo, X. Wang, Z. Wang, J. Qi and Y. Zhang, Size dependence of
dielectric constant in a single pencil-like ZnO nanowire, Nano letters 12, 1919 (2012).
[27] A. S. Lanje, S. J. Sharma, R. S. Ningthoujam, J. S. Ahn, and R. B. Pode, Low
temperature dielectric studies of zinc oxide (ZnO) nanoparticles prepared by
precipitation method, Advanced Powder Technology 24, 331 (2013).

[28] S. Das, S. Saha, D. Sen, U. K. Ghorai, D. Banerjee, and K. K. Chattopadhyay,
Highly oriented cupric oxide nanoknife arrays on flexible carbon fabric as high
performing cold cathode emitter, Journal of Materials Chemistry C, 2, 1321 (2014).
[29] P. G. Li, M. Lei, X. Wang, and W. Tang, Large-scale SnO2 nanowires synthesized
by direct sublimation method and their enhanced dielectric responses, Materials
Letters, 63, 357 (2009).

[30] A. Ward, Dielectric materials for advanced applications, NRC, pp 10, 2015. DOI:
10.13140/RG.2.1.3481.5600

[31] H. J. Joyce, J. L. Boland, C. L. Davies, S. A. Baig, and M. B. Johnston, A review
of the electrical properties of semiconductor nanowires: insights gained from terahertz

conductivity spectroscopy, Semiconductor Science and Technology, 31 [10], 103003

93


http://dx.doi.org/10.13140/RG.2.1.3481.5600

Chapter 3 Quantitative Evaluation of Local Permittivity of Metal Oxide Nanomaterials Using
Microwave Atomic Force Microscopy

(2016).

[32] F. Kernan, Material Characterization of Zinc Oxide in Bulk and Nanowire Form
at Terahertz Frequencies[M]. Portland State University, 2012.

[33] K. P. Regan, J. R. Swierk, J. Neu, and C. A. Schumutternater, Frequency-
dependent terahertz transient photoconductivity of mesoporous SnO2 films, The
Journal of Physical Chemistry C, 121 [29], 15949 (2017).

[34] J. C. Rosa, A. Locquet, D. Bouscaud, S. Berveiller, and D. S. Citrin, Optical
constants of CuO and ZnO particles in the terahertz frequency range, Ceramics
International, 46 [15], 24110 (2020).

[35] J. A. Spencer, A. L. Mock, A. G. Jacobs, M. Schubert, Y. Zhang, and M. J. Tadjer,
A review of band structure and material properties of transparent conducting and
semiconducting oxides: Ga203, AlI203, In203, ZnO, Sn0O2, CdO, NiO, CuO, and

Sc203, Applied Physics Reviews, 9 [1], 011315 (2022).

94



Chapter 4 Quantitative Measurement of Local Conductivity of SnO, Nanobelt Field Effect
Transistor Utilizing Microwave Atomic Force Microscopy

Chapter 4 Quantitative Measurement of Local
Conductivity of SnO, Nanobelt Field Effect
Transistor Utilizing Microwave Atomic Force

Microscopy

4.1 Introduction

Semiconductor nanomaterials such as nanowires and nanotubes have gained large
popularity in recent years and become building blocks for the next generation of
electronic devices because of their high surface-volume ratio, high-performance
electronic properties, and easy to realize high-density-integration [1].

As an independent field of nanomaterials, nanobelts are considered as the ideal
material to study dimensionally confined transport phenomena owing to their unique
size-dependent properties and well-defined geometry [2]. Nanobelts have been
regarded as model materials for a systematic experimental and theoretical
understanding of the fundamental electrical, optical, and ionic transport processes of
nanodevices [3].

Alternatively, field-effect transistors (FETs) have significantly contributed to
electronics industry since the middle of the 20th century. Recently, nanomaterial FETSs
have been one of the most researched nanomaterial-based devices due to their exciting
properties, such as favorable electronic properties [4], ultra-small dimensions [5], and
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high sensitivity [6,7]. With these advantages, nanomaterial FETs have exhibited a broad
range of applications in high-performance devices, such as gas sensors [8-10],
biosensors [11-13], and optoelectronic devices [14-16].

To obtain the functions of nanomaterial FETS, it is vital to adjust the electrical
conductivity of the nanomaterials is most important. Recently, from the utmost search
for new nanomaterials with applicable properties in nanoelectronic devices, a variety
of nanomaterials have been fabricated for nanomaterial FETs with different electrical
conductivities that stem from the arrangement of the density of dopants, to reach
different carrier densities and mobilities [17-19]. Therefore, the evaluation of the
electrical conductivity of nanomaterial FETSs is vital to understand the nature of the
nanomaterials and pave the path to optimize different nano-electronic devices [20-22].

In this study, a non-doped SnO> nanobelt-based FET device was fabricated, and the
local conductivity of the SnO. nanobelt affected by gate voltages was evaluated. With
a wide bandgap (3.6 eV at 300 K), and low resistivity, SnO> is a typical semiconductor
material used for nanomaterial FETs [1,3]. M-AFM measures the topography and
microwave image of the SnO nanobelt with a non-contact mode with high resolution.
Based on the measured microwave image, the electrical conductivity of the single SnO-
nanobelt was determined, which is significant for understanding the function and

performance of nanomaterial FETS.

4.2 Principle of Microwave Measurement for Electrical Properties
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The microwave measurement method in this study is based on the microwave surface
reflection method. When microwave irradiates over the sample, the microwave reflects
at the top and bottom surfaces of the sample. And the microwave signal reflected from
the wafer will be the sum of the reflections from both the top and bottom surfaces.
Therefore, the measured reflection coefficient depends on the electromagnetic
parameters and the thickness of the wafer. According to our former research [23], the
microwave frequency is set at 94 GHz. The size of the slit on the M-AFM probe is
approximately 100 nm. The electric field of incident microwave on the sample surface
should be about 100 nm as well. Therefore, the reflected microwave signal from the
bottom of the sample is negligible and only that reflected from the top should be
considered if the thickness of the evaluated sample is thicker than 100 nm [23]. When
the M-AFM probe keeps a fixed distance from the evaluated material, the output

reflected voltage V can be represented as the equation below [24]:

When the thickness of the wafer is large enough, |T'|? can be replaced by |T'¢|?

which is the absolute value of the top surface reflection coefficient. Eq. (4.1) can be

converted as [24]

ITs| =+ (V= bo)/ko (4.2)
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On the other hand, the reflection coefficient || can be calculated as [24]

Nn1i—12

.| =
| SI N1+12

(4.3)

Where

N = +/Ho/&o

And

n2 = u/e/\J1— jo/(we)

n, and n, are the intrinsic impedance of vacuum and the SnO2 nanobelts respectively.

o and pu are the conductivity and permeability of the measured SnO2 nanobelts. w
is the angular frequency of the microwave. The permittivity can be expressed as ¢ =
£0&r, Where g, is the permittivity of the vacuum and &, is the relative permittivity.
Because of the nonmagnetic performance of the SnO2 nanobelts, the permeability u is
equal to the permeability of vacuum u,. Thus, the intrinsic impedance of the sample

can be written as [24]

M2 =01 /y& —jo/(we) (4.4)
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Based on Egs. (4.3) and (4.4), |['s| can be calculated by [24]

1-/&—jo/(@ey)

|FS I - 1+ er—jo/(wegp)

(4.5)

To evaluate the conductivity of the SnO2 nanobelts, o can be solved from Eq. (4.5)

0 = (wee)y1—=(ye)?/y  (4.6)

where

|Fs|2+1 \/(Zgr_l)(lrslz_1)2+4|Fs|2_4‘|rs|2
y = B (4.7)

(2e7,—1)(ITs|2+1)2+4|T5|?

In order to calculate ko and b in Eq. (4.1), two kinds of materials with investigated
electrical conductivities are applied for calibration. The electrical conductivity of the
measured sample can be determined by Eq. (4.1), (4.6) and (4.7).

To determine ko and bo in Eqg. (4.1), a Ge wafer and Si wafer with known
conductivities were used for calibration. The o values of the Ge and Si wafers were 2
S/m and 10 S/m, and their &. were 16.2 and 11.9, respectively. Thus, their | FS| can
be calculated using Eq. (4.6). In this study, the measured output voltages of M-AFM
for Ge and Si wafers are 18.3 mV and 14.9 mV, respectively. Finally, from Eq. (4.1),

ko and bo were determined to be 65.6 and -5.7, respectively.
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4.3 SnO, Material

Before the experiment, it is necessary to investigate the nature of the SnO:
nanomaterial. In this section, firstly, the crystal structure of the SnO. bulk material and
the surface atomic alignment are investigated. Then the corresponding energy bands
structure are respectively inquired. Finally, the influence of the lattice defect is analyzed.

Generally, the SnO2 bulk material crystallizes in the rutile structure as shown in Fig.
4.1 [25]. With pressure induced transition, the rutile structure can also crystallize in
other different types [25].

Based on the rutile structure, the band gap of SnO bulk material is studied as below
[26]. As a typical metal oxide material, O-2s contributes most of the density of states
below -15 eV, while O-2p contributes the whole upper valence band which higher than
-15 eV. Sn contributes the valence band that below -5 eV or above 5 eV. At the bottom

of conduction band, the dispersion is relatively high and the band gap is 3.6 eV.
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Fig. 4.1 The crystal structure of rutile SnO-

The SnO2 nanobelt has high surface to volume ratio. In the surface of the SnO>
material, the atomic alignment is different from that of bulk material. Meanwhile the
band gap is considerably decreasing because of the surface effect. The band structure
of reduced surface and stoichiometric surface are investigated [26]. In the reduced
surface in which a large number of unbonded Sn atoms are formed, a large number of
electrons occupy the band gap states that has higher energy level than the bulk valence
band maximum. Thus, in the reduced surface of SnO> material, the majority carrier is
electron.

The lattice defect is another case that determine the carrier density and the type of
majority carrier. To understand how the lattice defect affect the electrical conductivity
in SnO2, a research based on first principle calculations considered the formation
energies and electrical (donor, acceptor) levels studied a variety of lattice defects such
as O vacancy, Sn interstitial, Sn antistites, Sn vacancy and O interstitial phenomenon

under different conditions [27]. This research reveals that Sn interstitial phenomenon
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and O vacancy are the major surface defect type in SnO.. Because of these surface
defects, the majority carrier of the undoped SnO: is electron [27,28]. Thus, the SnO-

nanobelt is a pronounced n-type semiconductor material.

4.4 Fabrication of SnO,; FET

At the beginning of the experiment, the SnO. FET is fabricated. Fig.4.2 illustrates
the fabrication of the SnO, nanobelt FET. By using EBPVD, a 200 nm Au film was
fabricated on the back side of an n-type Si substrate. A 500 nm SiO film was fabricated
on the n-type Si substrate. The SnO2 nanobelts were synthesized by thermal sublimation
method with average widths and thicknesses of 118 nm and 96 nm, respectively. The
suspension of SnO2 nanobelts in ethanol was prepared by ultrasonic dispersion. Several
drops of the suspension were dispersed onto a SiO> film and dried at 25 “C. An SiO>
film with a thickness of 500 nm was fabricated on an n-type Si substrate with a thickness
of 500 um and an electrical resistivity of 9-11 Q cm. Using photolithography and
EBPVD, the Au electrodes of the FET, which are 100 nm thick terminals were
fabricated to connect the SnO2 nanobelts. Four pairs of main terminals were formed on
the left and right sides of the substrate and worked as drain-source electrodes of the
FETSs. Each main terminal has a comb-like structure with multiple small terminals. The
width and length of the small terminals were 15 pm and 250 pum, respectively. The

distance between the two small terminals is 15 pm.
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(a) (b)

Nanobelt Au film

I si substrate [l SiO, film

Fig. 4.2 Fabrication of SnO2 nanobelt FET

Fig. 4.2 shows the sample during fabrication during different steps. Fig. 4. 3 shows
the size of structure of the SnO2 nanobelt FET and the SEM observation results. The
SEM observation results of the main terminals, small comb-like terminals, and a typical
SnO2 nanobelt connected with two small terminals are shown in Fig. 4.3 (b), (c) and (d),

respectively.

After the SnO; nanobelt FET is fabricated. A wire bonder (Westbond model 7476D)

device is applied to fabricate the bonding part on the drain, gate and source terminals.
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(a)

SnO, nanobelt

Main terminal 2

Au film

Si substrate

Main terminal 1

Fig. 4.3 Schematic diagram and SEM images of fabricated SnO- nanobelt FET. (a)
The schematic diagram of the SnO; nanobelt FET. The terminals of the sample
connect with a voltage source and function as drain and source terminals. (b) The
terminals and electrode are observed by SEM image. (c) and (d) illustrate the

electrodes and nanowires in different magnification.

4.5 Operation Principle of SnO2 nanobelt FET

In this section, the operation principle of the SnO2 nanobelt FET is investigated.
Specifically, it is necessary to discussed how the carrier density and the electrical

conductivity of the SnO2 nanobelt are changed when the gate voltage is changing.
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In Fig.4.4 (a), the structure of the FET is shown. In Fig 4.4 (b), when Vg < 0 and Vgs
= 0, the electrical potential of drain and source terminal are 0 V, while that of gate
terminal is -12V. Thus, the drain and source terminal attracted positive charge and gate
terminal has negative charge. The thermal excited electrons in SnO2 nanobelt near drain
or source are attracted by positive charge forming the depletion regions. When Vgs = 20
V, the schematic diagram is shown in Fig 4.4 (c). The electrons move from source to
drain on the surface of SnO2 nanobelt due to the electrical potential difference. Because
of the depletion regions, the conductivity is low and the current is weak. When the Vs
=0V, Vg = 20 V, the diagram is illustrated in Fig 4.4 (d). The depletion regions
between the nanobelt and the drain and source terminal respectively decrease. Thus, the
carrier in the nanobelt increase and the current from source to drain increase as well.
When the Vgs = 12 V, Vgs = 20 V, the diagram is illustrated in Fig 4.4 (e). The depletion
regions between the nanobelt and the source terminal disappear since Vgs > 0. The
depletion between the nanobelt and the drain terminal considerably decreases, since the
potential difference between gate and drain decrease further. Since the depletion region
on drain and source decrease, the carrier in the nanobelt increases. The electrical current

is also attracted at the bottom of the nanobelt.
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Fig. 4.4 Operation principle of SnO2 nanobelt FET

4.6 Output characteristics of SnO; field effect transistors

By using the two-terminal measurement method, the output characteristic of the
SnOz nanobelt FET is measured by a test fixture (Agilent Technologies U2941A) in

Fig.4.5. Fig. 4. 5 displayed the lgs vs. Vs the output characteristic of the SnO2 nanobelt
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FET. The gate-source voltage Vgs is fixedat 12 V, 4V, 0V, -4 V and -12 V respectively
and the drain-source voltage Vs is fixed at 20 V. Based on the measured lgs- Vgs diagram,
the conductivity of SnO. nanobelt FET at different gate-source voltage is obtained.
When Vg was increased, lqgs increased correspondingly, which indicates the FET
working well. The lgs - Vas curve has a well-defined ohmic region at low biases. As the
bias increases, the drain-source current saturates due to the local depletion of carriers
around the drain electrode. There is an ohmic region below Vgs =10 V, and a saturation
region is from Vgs being higher than 10 V. Cutoff region is around at Vgs having a
negative value. The lgs - Vgs curve exhibits excellent linearity and saturation
characteristics, indicating that the fabricated SnO, FET is an n-type semiconductor FET
and available for further evaluation by M-AFM.

For comparison with the M-AFM measurements, the average conductivity, oy, of a
single SnO2 nanobelt FET under different gate-source voltages was calculated from the

measured lgs - Vs results using Eq. (4.8).

- _ 1 1 1 1 -
or = IsVi'S 1(; toto D) L (4.8)

I I3
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Fig. 4.5 Output characteristics of the SnO2 nanobelt FETs measured under different

back-gate voltages.

4.7 Microwave Images of SnO2 Nanobelt on the FET

By applying M-AFM, the topographies as well as the microwave image of the
nanobelt of the SnO> are under the gate-source voltage at -12 V, -4V, 0V, 4V, 12V,
respectively. The drain-source voltage is fixed at 20 V. The average reflected
microwave signal of the SnO2 nanobelt are 13.8 mV, 14.5mV, 19.4 mV, 21.2 mV, 27.3
mV under -12V, -4 V,0V, 4V, 12 V respectively according to Fig. 4.6 (a)-(e). In Fig.
4.6, the difference of the reflected microwave signal between the SnO> and the SiO-

film is clearly distinguished by M-AFM. M-AFM can measure the nanomaterials with
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high resolution and distinguish the difference of the electrical conductivity of SnO>
nanobelt between different gate-source voltages. The reflected microwave signals are
applied to calculate the conductivity of the SnO2 nanobelt in different gate-source
voltage. By using the theoretical model, the conductivity of the SnO2 nanobelt under
different gate-source voltage are evaluated. The output voltages of the locally reflected
microwave signals were obtained from data of the crossed lines (points A to B) through
the SnO> nanobelt, as illustrated in the microwave images in Fig. 4.7. Based on the
output voltages measured at each point, | FS| was determined using Eq. 4.2, and the
conductivity of the SnO2 nanobelt was evaluated using Eq. 4.4 and Eq. 4.5. Here, the
relative permittivity of the SnO, nanobelt was 11.5. Fig.4.7 compares results from two-
terminal measurement method and M-AFM. The conductivities of SnO2 nanobelt
evaluated by M-AFM under -12 V, -4V, 0V, 4V, 12 V are 2.6 S/m, 16.4 S/m, 53.6
S/m, 65.7 S/m, 114.3 S/m, respectively, while results from two-terminal measurement
method under -12 V,-4V,0V, 4V, 12 V are 2.8 S/m, 11.9 S/m, 36.1 S/m, 60.4 S/m,
93.6 S/m, respectively. Displayed in Fig. 4.7, the two results have a similar tendency in
that the conductivity increases as Vgs increases, because an increased Vgs can cause an
increase in the carrier density in the SnO. nanobelts. These differences could be
attributed to the fact that the two-probe method measured four SnO2 nanobelts, whereas
M-AFM measured a single SnO, nanobelt. Moreover, that the error bar was relatively
large for Vgs = 12 V, which may be due to the increased conductivity of the nanobelt

and the system noise of the microwave measurement.

109



Chapter 4 Quantitative Measurement of Local Conductivity of SnO, Nanobelt Field Effect
Transistor Utilizing Microwave Atomic Force Microscopy

(a) 10 pm

0
10 pm

(b) 10 pm

0
10 pm

(C) 10 pm —— 361 nm 10 pm
'I I 0 0

0 10 pm

(d) 10 pm —— 345 nm 10 pm
0“ 0t

0 10 pm

(e) 10 pm —— 361 nm 10 pm
.‘ 0 0

10 pm

— 392 nm

— 407 nm

39.5 mV

10 pm —p

0 10 pm
— 73.0 mV

0 -18.5 mV
10 pm

— 254 mV

5.9 mV
0 10 pm
— 23.9mV

5.3 mV

0 10 pm

Fig. 4.6 Morphology and microwave images of SnO. nanobelt FET scanned by M-

AFM. (a) morphology and microwave images measured at Vgs = 12 V. (b)
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morphology and microwave images measured at Vgs = 4 V. (c) morphology and
microwave images measured at Vgs = 0 V. (d) morphology and microwave images
measured at Vgs = - 4 V. (e) morphology and microwave images measured at Vgs = -

12 V.
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Fig. 4.7 Evaluation values of conductivity measured by M-AFM compared with that

measured by two-terminal measurement method.
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4.8 Discussion

4.8.1 The interaction between the M-AFM probe and SnO. nanobelt

FET

However, the error still exists. Morphologically, the nanobelt becomes wider when
the value of Vgs changes, either positive or negative. In Fig.4.8, the evaluated width and
reflected microwave signal of SnO. nanobelt are illustrated. The widths of SnO;
nanobelt evaluated by M-AFM in microwave images are in agreement with those
measured in topography images. However, the widths of SnO2 nanobelt evaluated by
M-AFM in topography images under -12 V, -4V, 0V, 4 V, 12 V are 1190 nm, 1058
nm, 508 nm, 1063 nm, and 780 nm, respectively. Thus, it is necessary to discuss the
reason why the evaluated width of the SnO2 nanobelt changes when the Vgs changes.

This may be due to the edge effect of charges induced by Vgs under the nanobelt.
These charges could impact the tip of the probe, thereby causing errors during the
measurement. In the microwave image, the nanobelt was observed to be homogeneous
in its length direction, because the edge effect of the carrier distribution near the drain
and source electrodes was limited, and the measurement area was located at the center
of the nanobelt. Here, the influence of the back-gate voltage and carrier in nanobelt to
the probe are analyzed.

When Vg =+ 0, the nanobelt measured by M-AFM is getting wider. This

phenomenon is caused by the current flowed through the SnO2 nanobelt and the gate
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Fig. 4.8 The evaluated width and reflected microwave signal of SnO. nanobelt.

When M-AFM is working, half of the probe tip interacts with atoms on the nanobelt
as it approaches the edge of the nanobelt. This interaction changes the resonant
frequency of the probe during vibration. When the resonant frequency of the probe is
changed, the probe lifts as well. The resonant frequency is given by the following

equation.

Af =L (4.9)
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Where,
Jeys = L 4.10
ts = 55 (4.10)
2
% is the deviation of the interatomic force between the M-AFM tip and sample.

In Fig. 4.9, the interaction between the tip and SnO nanobelt FET is illustrated.

The structures of the M-AFM probe and SnO. nanobelt FET are respectively
introduced in Fig. 4. 9 (1). As shown in Fig. 4. 9 (1), the probe is scanning across the
nanobelt. The SiO- film is 500 nm, and N type silicon substrate under the SiO> film is
500 um. An Au film that is under the silicon substrate is connected to the back gate
voltage and fabricated.

When the probe is scanning over the doped Si-substrate that is uniformly charged
with positive charge, an electrical field is formed from the bottom to the top of the SiO>
film, as shown in Fig. 4. 9 (11). When M-AFM is working, the two halves of the probe
tips have different charge. The charges from the Si-substrate interact simultaneously
with the charge on the M-AFM tips. Since the force has same intensity but opposite
direction. Thus, the Vi is the Van der Waals potential which only depend on the
intermolecular force.

Shown in Fig. 4. 9 (lll), the probe is scanning over the Si-substrate which is
uniformly charged with negative charge. An electrical field is formed from the top to
the bottom of the SiO, film. The interaction between tip and sample is the

intermolecular force which has the same amplitude and opposite direction compared

115



Chapter 4 Quantitative Measurement of Local Conductivity of SnO, Nanobelt Field Effect
Transistor Utilizing Microwave Atomic Force Microscopy

with that in Fig. 4. 9 (11).

As shown in Fig. 4. 9 (1V), the probe is scanning across the SnO2 nanobelt when Vgs
= 0 V. The electrons that are evenly distributed in the nanobelt flow through the
nanobelt. And the interaction between tip and sample is the intermolecular force as well.

Thus, Vis can be write in the following equation in the Fig. 4. 9 (I)-(IV).

Vis = Vypw (4-11)

Where Vypy is the potential of Van Der Waals force.

When Vg > 0V, positive charges are formed on the Si-substrate as shown in Fig. 4.
9 (V). The current in the nanobelt will change the distribution of the positive charge
in the Si-substrate. Specifically, the positive charges are attracted and approaches to
the area under the SnO2 nanobelt because of the electrical current in the nanobelt. Thus,
a small area on the Si substrate on the both sides of the nanobelt will contain less
positive charge. When the tip is far from the sample, the potential between tip and
sample can be represented by Eq. (4.11). When the tip is approaching the sample, the
tip-sample potential Vis is consist of 2 interactions. One is the intermolecular force
potential. Another one is contributed by the electrical potential due to the asymmetric
distribution of positive charges on the Si substrate surface. More specifically, the half
of the M-AFM tip on the right side has electrical interaction with the positive charges
while that on the left side is scanning the area without positive charges, in Fig. 4. 9

(V). Thus, V, is changed as the following equation.
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Vis = Vypw + Vg (4.12)

where Vg is the potential from the electrical charge. When the force from the electric
field is larger than the threshold of AFM, the M-AFM probe lifts no matter whether
the probe is directly over the nanobelt or not, which results in a wider nanobelt
measured by M-AFM.

When Vgs < 0 V, negative charges are formed on the Si-substrate as shown in Fig. 4.
9 (VI). The current in the nanobelt will repel the distributed negative charge on the Si-
substrate. More specifically, the negative charges are repelled and leave the area under
the SnO2 nanobelt because of the electrical current in the nanobelt. The area on the Si
substrate near the nanobelt will contain more negative charges that are repelled by the
electron current of the SnO. nanobelt. Thus, the negative charge near the SnO;
nanobelt is distributed unevenly. The side that is close to the nanobelt has fewer
negative charges while the one that is far from the nanobelt has more. When the tip is
approaching the sample, the tip-sample potential Vi is also consist of the
intermolecular force potential and the electrical potential of negative charges on the
Si substrate surface. The two halves of the M-AFM tips receive the electrical
interaction from the sample, as shown in Fig. 4. 9 (V). The half tip on the right side
has a stronger electrical interaction with the negative charges while the one on the left
side is weaker. Because of the different interactions on the two halves of the M-AFM

tip, Vi should be represented by Eq. (4.12). Thus, the nanobelt measured become
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Fig. 4.9 Charge influence during the evaluation of nanobelt FET.
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4.8.2 Frequency dependance of conductivity and the influence of the

different frequency between M-AFM and two-terminal method

Electrical conductivity is defined with the relationship between current density and

electric field amplitude by the following equation:

] = oE (4.13)

Where ] iscurrentdensity, o iselectrical conductivity, E is electric field amplitude.
When a conductor is exposed at an altering electrical field, the charge carriers in the
conductor response to the change of the electric field. And the electrical conductivity

is represented as below [29]:

o(w) =04 + 04 (4.14)

Where o(w) is the electrical conductivity, o,. is the dc conductivity. And o, is
the ac conductivity. When frequency increase, a,. rises monotonously according to
the frequency power [29]. Meanwhile, o,. is a complex value. The imaginary part
represents the phase lag between the electric field and current density.

More specifically, the electrical conductivity of a semiconductor in an alternating

electrical field can be represent as follows [30][31] according to the Drude-Smith model:

Ne?t 1
m*(1—-iwt)

+ 3% (4.15)

O—((l)) = j= 1(1 le)]]
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Where w is the frequency of the electrical field, e is the electron charge, m* is
the effective electron mass, t is the scattering time that is an average time before a
random electron makes it next collision, ¢; is the velocity of the electron after collision
with positive ion after a number of j collision.

In our experiment, the SnO> nanobelt FET is connected in a direct current circuit
during both of the evaluations by M-AFM and two-terminal measurement method.
Thus, the electrical conductivity of SnO, nanobelt FET evaluated by M-AFM is the
same with that evaluated by two-terminal measurement method when external altering
electrical field is not induced.

When the SnO2 nanobelt FET is measured by M-AFM, part of the SnO nanobelt is
exposed at the 94 GHz microwave that is high frequency alternating electrical field.
Thus, the influence of the microwave on the conductivity should be discussed.

In the discussion part of Chapter 3, it is demonstrated that the polarization of the
atoms on the sample surface is dipolar polarization when measured by M-AFM, and
the change of the relative permittivity of the one-dimensional nanomaterials are
negligible. Since the o, is caused by the change of real and imaginary part of relative
permittivity. Thus, the influence of 94 GHz microwave on the conductivity of SnO-
nanobelt is negligible.

Moreover, the conductivity of SnO2 nanowire is quantitatively investigated by a time
resolved terahertz spectroscopy in terahertz frequency range [31]. When the frequency
is 250 GHz (0.25 THZ), the real part of the conductivity of SnO> nanowire is 55.6 S/m

and the imaginary part is -9.6 S/m [31]. The study indicated the following 2 points.
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Firstly, the o4, is much more significant than ¢,. when the microwave frequency of
M-AFM is around 100 GHz for the SnO, material. Secondly, phase lag between the
electric field and current density is small and can be negligible at 100 GHz.

As aresult, the influence of 94 GHz microwave on the conductivity of SnO2 nanobelt

is negligible.

4.9 Summary

The main results of this research are summarized as follows: In this study, SnO>
nanobelt FETs were fabricated and their output characteristics were measured. The
topography and microwave images of a SnO2 nanobelt FET were simultaneously
analyzed by M-AFM, and the local conductivity of the nanobelt was quantitatively
evaluated. The proposed method has prospects in the local conductivity measurement
of nanomaterial FETs, as well as FET-based sensors, regarding carrier density changes

caused by gas, biomolecules, chemicals, and ions on the surface of the nanomaterials.
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Chapter 5 Conclusions

The nanomaterials, including nanowires, nanotubes, nanobelts, etc., have been
attracting considerable attention during the past decade, because the high surface to
volume ratio, surface effect and good electrical property make them promising as
building blocks for electrical devices, biological sensors, light-emitting diodes, field
effect transistors, solar cells, and so on. The corresponding evaluation method for the
electrical property of nanomaterials is in great need. On the other hand, the M-AFM
combined with the merit of non-contact AFM and microwave measurement is the
promising candidate for the local electrical property evaluation.

In this study, the microwave measurement system and AFM system were
respectively investigated. Then, the M-AFM probes were fabricated. To verify the
reliability of the M-AFM probes, the fabricated probes were evaluated by M-AFM
system.

The method of evaluating the relative permittivity by force-curve based on M-AFM
was established to evaluate one-dimensional nanomaterials. As the first step of this
research, the morphology and microwave images of ZnO, CuO nanowires and SnO-
nanobelts are measured by the M-AFM. Then, the quantitative evaluation of the relative
permittivity of the metal oxide nanomaterials was succeeded based on the force curves
measurement of M-AFM. The evaluated relative permittivity based on the force curves
by M-AFM agrees with the nominal value with high reproducibility. The experimental

result reflects that the M-AFM is a favorable technique to evaluate the relative
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permittivity of the one-dimensional nanomaterial.

The electrical conductivity of a SnO, nanobelt FET was evaluated by M-AFM. In
the experiment, a SnO> nanobelt-based FET device was fabricated, and the local
conductivity of the SnO> nanobelt affected by gate voltages was evaluated. M-AFM
measures the topography and microwave image of the SnO2 nanobelt in the non-contact
mode with high resolution. Based on the measured microwave image, the electrical
conductivities of the single SnO2 nanobelt under different gate voltages were obtained,
which is significant for understanding the function and performance of the SnO>
nanobelt FET.

In summary, there are two main findings in this study. Firstly, it is proved that the
M-AFM technique can evaluate the in-situ relative permittivity of the one-dimensional
nanomaterials. Next, the electrical conductivity of the SnO. nanobelt FET was
determined successfully. These results indicate that the M-AFM is a promising

candidate to evaluate the electrical properties of one-dimensional nanomaterials.
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