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ABSTRACT 

 

 Nanoscale size-related properties play key roles in both research and applications. 

Devices based on microscale materials, like resonators, have already initiated new and 

broad applications in chemical, physical, and biomedical areas. Continuously 

miniaturizing resonator size to improve device sensitivity and reducing fabrication 

cost are the perpetual targets. However, further decreasing resonator size is limited by 

existing fabrication techniques and signal detection methods. At the same time, as 

reducing materials to the nanoscale, the large surface-to-volume ratio can result in 

strong size dependent properties, which are significantly different from their bulk 

counterparts. Therefore, both the new fabrication and detection techniques are 

required for developing next-generation nanoscale resonator devices.  

 In this dissertation, a systematic study on exploring a new fabrication method for 

nanowire (NW) resonator arrays and an unique nano-resonance detection technique is 

presented. As three-dimensional nanoelectromechanical systems (NEMS), NW 

resonator arrays can be easily mass produced by “bottom up” growth and they possess 

good crystal quality and ultra-high sensitivity due to the nanoscale geometric size.  

 First, controllable synthesis of zinc oxide (ZnO) NWs is one of the preliminaries 

to provide the desired shape and size of the nanomaterials, because the performance 
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of a NW resonator device is highly related to the mechanical characteristics of 

nanomaterials. 

 Second, the size-effect of the as-synthesized nanomaterials is systematically 

studied by characterization. During the characterization, material size in between 0D 

and 1D nanomaterials is defined as a half-dimensional (0.5D) nanomaterial. 

Photoelectric properties of 0.5D nanomaterials have been comprehensively 

investigated through measuring current differences in ZnO NWs with height and 

diameter ratios covering 0D, 0.5D, and 1D in illuminated and dark environment. 

Results show that the photoelectric property of 0.5D nanomaterial does not follow 

classical Ohm’s Law. An analytical model based on carrier density then was built to 

interpret this novel property. Additionally, the mechanical property, shear modulus, of 

ZnO NW was characterized for first time experimentally. Based on the innovative 

measurements and the theoretical model analysis, the shear modulus size effect of 

ZnO NWs was successfully characterized.  

 Third, based on the NW growth and properties characterization, a unique NW 

NEMS resonator array device has been developed by bottom-up and top-down 

compressive processes, which has much reduced difficulty in terms of NEMS 

fabrication. Furthermore, a novel method for nano-resonance observation in the 

atmosphere was invented for directly observing NW resonance in the air. Combining 

the foregoing systematic work, a new type of NW NEMS resonator system has been 

realized, which could have a large impact on NEMS techniques.  
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CHAPTER 1 

INTRODUCTION 

1.1 Motivation 

 It is known that resonator device is a key element for timing and sensor technology. 

Research and applications always require precisely testing unknown tiny values like small 

time, small signal, or any other small parameters in high sensitivity devices like quartz crystal 

watch, radio filter, and more. In addition, those accurate devices are desired to be as small 

and cheap as possible. MEMS devices have been greatly developed for few decades and 

reach nanoscale, which become advance to nanoelectromechanical system (NEMS). 

Compared with MEMS, NEMS has much higher sensitivity and thus possesses novel 

applications. According to the extraordinary large surface area-to-volume ratio and quantum 

effect of nanomaterials, people now are able to design new NEMS resonator devices with 

greatly enhanced performance. However, there are few reports on NEMS resonator devices in 

atmosphere, although such NEMS devices are highly anticipated due to extensive important 

applications. Therefore, it is essential and valuable to develop NEMS NW resonator devices 

that could function in atmosphere with high performance. 

 

1.2 Background 

1.2.1 Resonator  

 In physics and engineering fields, resonance of a resonator is a particular phenomena that 



2 
 

happens when a supposed system is functioned by external force or another period system to 

vibrate with several specific exclusive frequencies at larger amplitudes. And the known 

resonant frequencies have the relative maximum response amplitudes. Because of the stored 

vibrational energy in the system, large amplitude vibrations can be excited by ultra-small 

periodic external forces at resonant frequencies.  

 In general, resonator device is related to many areas, for example, a musical instrument, 

a computer component, et al., which uses the characteristics of the resonance vibration as 

useful signal. Currently, the most common resonator technologies are cantilever or string 

vibrations, quartz crystal vibrations, and air vibrations. To be detailed, cantilever or string is 

an example of stable mechanical behavior of resonator device which has a uniform structure 

containing the constant resonance frequencies. One basic application as a tuning fork or a 

guitar is shown in Figure 1.1a; another example of resonator device is small scale sensor 

which uses different changes of resonance vibration states with small outside effects to 

analyze information. The typical applications of this mechanization resonator are highly 

sensitive equipment such as atomic force microscopy (AFM), gas sensor, et al., (Figure 1.1b). 
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Figure 1.1, (a) Music instruments of resonators in civilian life. (b) Typical research resonator 

devices with small size with high sensitivity. 

 

 One of the most important resonators is the cantilever resonator, which usually has a 

cantilever with one end braced and the other end moving free, as Figure 1.2a shows. The size 

of the such as length l, width w, and thickness t of the cantilever cantilever dominates the 

resonator properties. The relation of frequency–dependent vibrations can be calculated as 

equation (1): 

                           

3
2

n 4

E w t
f=α

12ml
                            (1) 

Where f is the resonance frequency, 
nα  is the constant of a natural frequency, n is the 

number of n-th natural resonance frequency, E is the elastic modulus of the cantilever, and m 

is the mass of the cantilever. As shown in Figure 1.2b, one cantilever resonator works in the 

first harmonic mode with resonance frequency 428.22MHz. 

 Except resonance frequencies, quality factor (Q factor) is another important parameter of 
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a resonator. The Q factor as a dimensionless value represents the performance of an 

under-restrained resonator. As Figure 1.2c shows, it is defined by the center frequency f  

and the bandwidth of frequency Δf using equation (2): 

                          
f

Q=
Δf

                             (2) 

A cantilever resonator, vibrating in vacuum, has a higher Q factor, while a cantilever 

resonator in the air has a lower Q factor. Resonators with high Q factors have lower damping 

so that they vibrate longer time. The relation of Q factor–dependent movements is calculated 

using equation (3): 

                            
Eρt

Q 9 3 ( )
l P

                       (3) 

Where ρ  is the material density of the resonator, P  is the air pressure around the 

resonator. 

 

 

Figure 1.2 (a) A standard cantilever resonator with parameters of length, thickness, and width. 

(b) Typical resonance characterization of a cantilever as a resonator with first natural 

resonance frequency. (c) Definition of Q factor. 

 

1.2.2 MEMS resonator 

 Utilizing the materials and fabrication techniques for microelectronics, researchers have 
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been creating microstructured machines, like beams, cantilevers, gears, and membranes. 

These microelectronic circuits and mechanical units are integrated in a system, working as 

MEMS. Recently, many companies manufacture MEMS for a broad area of consumers. 

MEMS have actively progressed into research area and evolution in a wider range of 

industrial targets and for academic applications. MEMS devices cause the integration of 

mechanical components using micro fabrication technology on a general substrate. MEMS 

resonators have the potential to replace quartz crystal and surface acoustic wave resonator 

and are heavily utilized in radio frequency industrial or communication transceivers with high 

Q factor. MEMS cantilevers can also find utilizations as radio frequency filters. With much 

higher Q factor in loss of insertion, percent bandwidth, dynamic range, and achievable 

rejection, filters in radio frequency of networking system that using MEMS technologies 

exhibit better performance than filters by transistor technologies. MEMS resonators also 

provide on-chip components inherent with complementary metal–oxide–semiconductor 

(CMOS) process that interfaces with electronic transistors at board levels and one solution to 

overcome the major obstruction in the eventual miniaturization of wireless communication. 

The integration of these parts into a single CMOS circuitry silicon chip will improve the 

stability of the system performance with additional benefits of reduced costs, power 

consumption and size. 

 Cantilevered are the most basic configurations in the MEMS area. The resonator is an 

important example of a MEMS cantilever.
1
 MEMS cantilevers are usually constructed from 

Si, Si2N3, or polymers. The step of production representatively includes lithography processes. 

As a typical example, AFM cantilever plays a key role for AFM related research and study. 
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Several research groups are trying to progress cantilevers for medical applications as 

biosensors.
2
 MEMS cantilevers have been also applied in various areas, such as acoustic 

waves detection,
3
 particle flux measurements,

4
 infrared detection, and so on. The dynamic 

working method of MENS is to assess the resonant frequency of the cantilever. Normally, the 

resonance can be modified by the mass attached on the device, which makes the resonator a 

sensitive mass meter device with a small scale of 3.8 × 10
 − 8

kg/m
2
.
5,6

  

 Because of the wide application of MEMS, according to market research from Yole 

Developpement SA, in 2012, the value of international market of MEMS is about $11.5 

billion, an expand of 12.7% comparing with the market value in 2011. MEMS for motion and 

micro-fluidic sensing, keeps powerful increase and get to fill up near half of the market value 

in 2017 at $21 billion. Combination sensors are a novel category of merchandise in 2011 with 

only $100 million market value, but which will be worth of $1.7 billion market value in 2017, 

as shown in Figure 1.3. 

 

 

Figure 1.3 Market value of MEMS from the 2011 to 2017. 
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1.2.3 NEMS resonator 

 As microelectronics technology keeps developing toward smaller sizes into the 

submicron scale, MEMS enters the era of NEMS.
7 

Nanoscale cantilevers, as a typical 

NEMS
,9
 for small mass detection,

10
 attract wide interest for biochemical analysis,

11-14
 gas 

sensing,
15,16

 quality control,
17

 fragrance design, oenology, forensic investigations,
18,19

 drugs 

detection,
20,21

 and basic research.
22-24

 With the enhancement of nanofabrication techniques, 

some research have reported about the fabrication and property characterization of 

nanometer-size resonators,
25-27

 which own extreme-high Q factor, ultra-high fundamental 

frequency,
28,29

 and novel potential applications.
30

 Although the detections symbolically take 

a little difficult in the resonant frequency, the mix-manifold modes can provide enhanced 

immobility 
31

 or more properties. For instance, combine-mode observations are applied to 

decide the adsorbed mass or position of particles on a cantilever.
 32

 Meanwhile, the mass or 

position of each cells attached on a NEMS resonator are detected by getting the first and 

second mode frequencies.
 33

 Except mass and position of target samples, recently, NEMS 

has been proposed to stimulate serial mass circulations with one atomic resolution,
34

 which 

is a forceful method for measuring biological and artificial nanostructures. 

 Chemically synthesized ("bottom-up") NWs are desirable material candidates for NEMS 

resonators by their eventually miniaturized features and naturally even side surfaces, as 

shown in Figure 1.4. However, the current major obstacles that still hinder the development 

of NEMS cantilever technology are extremely difficult for nanoscale device fabricat ion and 

corresponding resonance detection techniques. Especially for large number of nano-cantilever 

arrays, the fabrication is too hard to be achieved with good yield. On the other hand, when the 
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cantilever size reaches nanoscale, the resonance detection in the atmosphere becomes 

changeable due to the limits of the existing methods. To observe the resonance of the 

nano-resonators within 100nm, vacuum resonant observation methods with scanning electron 

microscope (SEM) or transmission electron microscope (TEM) are used, which are very 

inconvenient and cannot applied in many areas,
35,36

 like biology measuring, gas sensing, and 

so on. For those previous resonators in the atmosphere, the sizes of nano-resonators are larger 

than 100nm, because of complex etching or transferring of fabrications and the technical 

limitations of characterizations.
37,38

 Till to present, no NEMS cantilever with diameter less 

than 100nm could be effectively identified resonance in the atmosphere. 

 

 

Figure 1.4 Images showing the overview structure of existing NW resonators. The basic 

architecture of these resonators includes lateral NW as cantilever, one end of the NW is fixed 

by a contact, and driven electrode on the free end of NW to induce vibration. 
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1.3 Challenge of NEMS resonator 

1.3.1 Difficulties in fabrication 

 Etching method for fabrication cantilever: As shown in Figure 1.5a, on a Si wafer, Si2N3 

is deposited by chemical vapor deposition system at several hundreds of Celsius degree with 

a reactive DCS and NH3 gas. The Si2N3 plays as the base layer for the cantilever. The ratio of 

reactant gases has great effect on the tension in diaphragms,
39

 and is selected to have the 

diaphragm small tension and further to minimize the tension descent which leads contorting. 

After the chemical vapor deposition of the Si2N3, a film is constructed by KOH etching. Next, 

the piezo-layer and metal electrodes are coated by a sputter and evaporation. Then, the 

cantilever is loosed by CF4 etching on the Si2N3 with the several films are patterned and 

coated on the SiN diaphragm. This method is difficult to fabricate cantilevers with small size, 

because the small pattern and etching speed are difficult to control at nanoscale. 

 Assembly method for fabrication cantilever: As Figure 1.5b shows, growth assembly is 

applied to put and move single NWs at patterned positions with lithography on a flat 

substrate for making devices. There are three mainly designs are used to get yielded NW 

integration on substrate surfaces: electric-field forces, capillary forces, and lift-off. Organized 

matrixes of holes are in a nonconductive photoresist layer. An switching voltage is used 

between the managing electrodes to make small electric fields in space that change NWs’ 

position. The NWs are pulled by dielectrophoretic forces to the top and align them with the 

electric field direction. NWs should be moved in electrode holes with capacitive fields of the 

NWs and managing electrodes.
40

 Then, the NEMS resonator is integrated by depositing 

metal brace at one end of the NW. By finally developing photoresist layers, the one ends of 
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the single-NW cantilevers are left free. To some extent, this method allows NW as the 

resonator. However because the complex transformation steps, the size of NW are still 

relative large (>100nm), and the success rate is also very low. 

 Forming nano-cantilevers in research: As shown in Figure 1.5c, the NWs are synthesized 

on substrates.
41

 The fabrication of a resonator is performed inside a SEM chamber. A 

nanomanipulator is applied to choose grown NWs from the previous substrate. After a NW is 

attached to the metal probe on a nanomanipulator in the SEM, then, the NW is stretched off 

from the previous substrate, placed close to another metal probe, which is served as a driven 

electrode. This method needs high resolution tools for fabrication, and can only form one NW 

to be a resonator. The fabrication is highly challengeable and successfully rate is extremely 

low. 
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Figure 1.5 Fabrication of resonators. (a) The etching method. (b) The assembly method. (c) 

The research method.  

 

1.3.2 Challenge for nanoresonance observation in atmosphere. 

 Besides challenges of fabricating ultra-small NEMS devices, characterization of such 

devices involves implementation of high-sensitive displacement sensing to achieve 

high-resolution. Comparing to MEMS, NEMS devices, especially for ultra-small NEMS (size 

smaller than 100nm), are still limited within the responsibility of specialists,. A major barrier 

to their feasible development and widespread application is the problem of realizing 

ultra-sensitive displacement detection. Displacement detection regularly employed by 

existing MEMS/NEMS is not applicable to ultra-small NEMS. For example, optical signal 

readouts,
42

 diffraction effects begin to be apodictic while device dimensions are amounted 

greatly below the wavelength of the laser (Figure 1.6a). The state of capacitive detection at 

the nanoscale sharply decreases, and the signal is generally overpowered by disorderly effects 

(Figure 1.6b). For the piezoresistive method,
43

 the complex fabrication is difficult, and the 

signal decreases and loses for ultra-small NEMS devices (Figure 1.6c). Then again, these 

three mainstream methods are not suitable for vertical NW resonator vibration testing. For 

TEM observation, the high vacuum and strong electron cantilever are affecting on the 

performance of NEMS resonator (Figure 1.6d). By comparison, the predigestion and 

optimization of integrated displacement transduction and detection for ultra-small nanoscale 

mechanical devices is primary to the experimental work in atmosphere. 
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Figure 1.6 Observation method of resonators. (a) Optical observation method. (b), 

Capacitance observation method. (c), Piezo observation method. (d), TEM observation 

method. 

 

 Although the TEM/SEM observation method needs the high vacuum, it is currently the 

only method to detect/observe the vibration states of NEMS resonator with ultra-small size. 

For example, Figure 1.7 presents that a carbon nanotube in TEM working as a resonator. 

When an alternating voltage is worked on the carbon nanotube with competence to adjust the 

frequency, resonant vibration will be induced. When the driven voltage frequency equals to 

the resonant frequency of the carbon nanotube (Figure 1.7), resonance is observed and the 

corresponding frequency can also be accurately obtained. The resonant frequency has the 

relation with the nanotube diameter (D), the length of nanotube (l), the nanotube density (  ), 

and the elastic modulus (E). 

2

nα D E
f=

8π l ρ
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where 
1α =1.875 and 

2α =4.694 for the first and the second harmonics. The elastic modulus 

of nanotubes can be calculated as a function of diameter.  

 

 

Figure 1.7 The vibration of carbon nanotube is observed by TEM in vacuum with strong 

electron flux. 
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CHAPTER 2 

SYNTHESIS OF ZINC OXIDE NWS 

2.1 Synthesis ZnO on flat substrate 

 To overcome the fabrication diffuculty of NEMS cantilevers, the vertically grown ZnO 

NWs with smooth sides and uniform structure are adopted. The vertical ZnO NW arrays 

grown through Vapor-Liquid-Solid (VLS) method using Au as catalyst are preponderantly 

single crystal structured, oriented in the [0001] growth directions,
44

 and have long-cycle 

mechanical vibration. This bottom-up technique is general and can be extended to grow other 

NWs, and the vertical nanostructured materials could be also formed by top-down method. 

The synthesis is schematically illustrated in Figure 2.1. Equal amounts (by weight) of ZnO 

power and graphite power are mixed together and placed in a ceramic boat as holder, which 

is placed at the center of a ceramic tube in the furnace. The substrate, Au coated Si wafer, is 

cleaned and placed face-up in the downwind of the source holder. Then, the whole system is 

pumped down to 0.8 mbar. 100 sccm N2 and 1.5 sccm O2 are introduced into the chamber to 

bring the system pressure back to 300 mbar. By keeping a constant pressure of 300 mbar, the 

system then is heated up to 960℃ at a rate of 20 ℃ min
-1

. After maintaining the system at 

peak temperature 960℃ for certain time duration, the furnace is shut down and naturally 

cooled to room temperature. The chemical reaction of the source materials firstly starts 

between ZnO powder and graphite powder at a temperature of 960℃ to generate Zn vapor, 
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and then the reactant Zn vapor will react with O2 gas at the Si substrate surface to grow ZnO 

NW arrays. The reaction procedure can be explained as follows: 

22 2C ZnO Zn CO    

22 2Zn O ZnO   

With carefully adjusting the position of the substrate, when the source materials are heated up, 

Zn vapor will flow up and be carried by carrying gas towards the substrate surface. In such a 

design, the flow speed of the Zn vapor at the substrate flat surface, which is directly placed at 

the downwind of the source material, determines Zn vapor local concentration at the surface 

of the Si substrate. 

 

 

Figure 2.1 Fabrication of ZnO NWs using the catalytic VLS growth method. 

 

 Figure 2.2a and 2.2b show the growth results with catalyst of Au in forms of film and 

dots, respectively. Many NWs with high density can be observed in Figure 2.2a, the growth 

result with a 5nm thick Au film as catalyst. Figure 2.2b shows the grown ZnO NWs have low 

density with Au dots as catalyst. The SEM image indicates the well alignment on the surface 
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of the substrate. Figure 2.2c shows the TEM image of the as-synthesized ZnO NW. Figure 

2.2d shows the high resolution TEM image of the ZnO NW as indicated in Figure 2.2c. The 

inset in Figure 2.2d is the diffraction pattern. Figure 2.2d reveals that lattice spacing of the 

NW is 0.26 nm along the growth direction [0001]. The catalyst thickness, volume ratio of 

reaction gas to carrier gas, chamber pressure, and synthesis time have strong effects on the 

diameters and the lengths of the NWs. 

 

 

Figure 2.2 (a) and (b) Aligned ZnO NW arrays are grown on a conductive silicon substrate. (c) 

The TEM image of typical ZnO NWs. (d) The high resolution TEM image of the ZnO NWs, 

showing the perfect crystal structure without defects. Inset, diffraction pattern of the ZnO 

NW indicating the growth direction is along the [0001] direction. 

 

2.2 Synthesis lateral ZnO NWs on edge 

 The as-synthesized ZnO NR sample is shown in the SEM image of Figure 2.3a. All the 

NRs are laterally grown on the end side of the substrate and there is no growth on the flat 
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surface, which is the significant difference to the previous growth results.
45

 In the previous 

work,
46

 ZnO NWs covered the entire silicon substrate surface. The top inset of Figure 2.3a 

shows the detailed structure of ZnO NRs on the substrate edge and the lower inset of Figure 

2.3a shows the NR tip shapes. The NRs are all around 300 mm in length and 200 nm to 500 

nm in diameter. Because there was no catalyst coated on the substrate before the growth, a 

vapor solid (VS)
47,48

 growth process dominated instead of a vapor liquid solid (VLS)
49

 

process, which is widely employed to grow vertically aligned NW arrays on the top surface 

of the substrate. Furthermore, the growth results reveal that the VS method can grow 

ultra-long laterally aligned NRs with a high growth rate, which is another beneficial 

supplement to VS growth. Normally, vertical NWs grown by a VS process are observed to 

have a lower growth rate (10–100 times) than that of VLS NWs because of lower diffusivity. 

Figure 2.3b is the XRD spectrum of the as-synthesized ZnO NRs, which shows that the 

sample is wurtzite structured ZnO with lattice constants of a = 3.249 Å and c = 5.206 Å. 

Figure 2.3c shows the transmission electron microscope (TEM) image of the as-synthesized 

ZnO NR. Figure 2.3d shows the high resolution TEM image that was taken on the side of the 

ZnO NR as indicated in Figure 2.3c. The inset in Figure 2.3d is the diffraction pattern. Figure 

2.3d reveals that lattice spacing of the NR is 0.26 nm along the (0002) crystal planes and the 

NR’s growth direction is [0002]. 
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Figure 2.3 SEM/XRD/TEM characterization results for the as-synthesized ZnO NRs on the 

edge of a bare silicon substrate. (a) Laterally oriented ZnO NRs grown on the side edge of the 

bare silicon substrate for synthesis time of 60 minutes. Top inset is the root details of 

the NRs on the edge, bottom inset is the tip details of the NRs, (b) XRD spectrum of the 

as-grown NRs, (c) TEM image of a typical NR and (d) high resolution TEM image of the NR, 

inset is the corresponding TEM diffraction pattern indicating that the growth direction is 

[0002]. 

 

 NR crystal growth can be affected by both structural factors (surface morphology) of the 

silicon substrate and environmental conditions (chemical vapor diffusion concentration 

density). The growth mechanism can be explained by the periodic bond chain (PBC) theory. 

According to the PBC theory, the crystal characteristics are determined by a set of 

uninterrupted chains of strong bonds formed in the crystal lattice. There are three types of 

distinguished faces in the PBC theory: F (Flat) faces parallel to at least two non-parallel 
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intersecting PBCs; S (Stepped) faces parallel to only one PBC; and K (Kinked) faces not 

parallel to any PBC. K faces have the highest bond energy. 

 As shown in Figure 2.4a, by carefully adjusting the position and height of the substrate, 

when the source materials were heated up, Zn vapor would flow up towards the substrate 

surface and further go across the substrate's edge to the downstream direction. In such a 

design, the flow speed of the Zn vapor at the substrate flat surface, which was directly facing 

the source material, was larger than that across the end of the substrate, resulting in the larger 

Zn vapor local concentration at the edge of the Si substrate. In addition, the much higher 

binding surface energy on the substrate edge was another driving force to guide the Zn vapor 

to nucleate and precipitate out to form ZnO NRs.
5051

 The nucleation
52

 only on the edge of the 

substrate was the key for growing ZnO NRs on the substrate side instead of the flat top 

surface. The growth details are illustrated in Figure 2.4b and c, respectively. At the beginning 

of the growth when the temperature of source materials reaches the reaction point (around 

960 °C), Zn vapor will be generated from the reactants and flow up toward the substrate. As 

the Zn vapor reaches the substrate, the flow will be separated toward the opposite edges of 

the substrate as indicated in Figure 2.4b. The Zn vapor flow will turn around the edge 

according to the morphology of the substrate. Because nucleations only occur at the locations 

with energetically suitable accommodation sites,
53

 some of the Zn atoms will be absorbed on 

the side edge that has high bond energy. The bonded Zn atom will react with the oxygen atom 

in the carrier gas and thus form the discrete ZnO nuclei. In the second stage, as shown 

in Figure 2c, ZnO molecules tend to condense and precipitate out from these nuclei to form 

uniform NR arrays (Figure 2.4c). The relatively high Zn vapor concentration around the 
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substrate edge corner is another driving force for ZnO NRs only growing on the edge. Figure 

2.4 is the schematic figure for explaining the mechanism. The NRs grow on the edge because 

of the high bonding energy of the edge and the high density of nutrition vapor around the 

edge both upstream and downstream. 

 

 

Figure 2.4 Schematic experimental setup and the mechanism for growing laterally aligned 

ZnO NRs only on the silicon substrate edge without any catalysts and precursors. (a) 

Schematic diagram of the synthesis system, (b) mechanism of forming nanodot nucleation on 

the side edge of the substrate and (c) mechanism of NRs growing out of the nanodots 

(nuclei). 
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CHAPTER 3 

HEIGHT SIZE EFFECT OF NANOMATERIALS 

3.1 Introduction 

 It is known that One-Dimensional (1D) nanomaterials regularly are nanowires (NW) 

with tens or larger height-diameter ratio and nanoparticles (NP) have a height-diameter ratio 

of around one are Zero-Dimensional (0D) nanomaterials. 1D and 0D nanomaterials have 

been the focus of research and application due to their outstanding and novel characteristics.
54

 

NWs are important building blocks for nanodevices.
55,56

 NP have been applied in optical
57

 

and biomedical area.
58

 However, up to present, all researches about the nanomaterial’s size 

effect are limited within their specific dimensions and no attention has been given to 

nanomaterial with a height-diameter ratio in-between 0D and 1D. Here, we name this kind of 

nanostructured materials with intermediate ratio Half-Dimensional (0.5D) nanomaterials and 

explore their properties by studying the photoelectric property of individual Zinc Oxide (ZnO) 

nanomaterials with different dimensions through changing lengths yet keeping the same 

radius. As the NW reduces its height, changing size from 1D to 0D, photoelectric response 

decreases, which is supposed to increase according to Ohm’s Law. A model is set up to 

explain this phenomenon, making it possible to control the photoelectric sensitivity of ZnO 

nanomatrials. Therefore, a landmark has been set for studying properties of 0.5D 

nanomaterials. 
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3.2 Experiments 

3.2.1 Synthesis of ZnO nanomaterials with different height 

 ZnO nanomaterial used in the experiments were grown by vapor-liquid-solid (VLS) 

process on conductive silicon substrates, using Au particles as a catalyst.
59

 To characterize 

the properties of different dimensions, we deliberately control the synthesized ZnO 

nanostructures with different length but a constant diameter of 50nm (Figure 3.1a for 1D 

nanomaterials, Figure 3.1b for 0.5D nanomaterials, Figure 3.1c for 0D nanomaterials, 

respectively). There are several key stratagems in the measurement, which benefit to 

achieving higher measurement accuracy. First, the Au particles, staying at the tips of the 

sample ZnO nanomaterials (Figure 3.1d), serve as good conduction contacts in the 

measurement. Additionally, ZnO nanomaterials synthesized by VLS method possess perfect 

crystal structure, leading to an ultra-low current noise in the measurement (Figure 3.1e).
60

 

Second, the ZnO nanomaterials all grow along the [ 0001] direction and have side surfaces of 

[ 0101 ], as Figure 3.1f shows, providing a consistent experimental platform. Lastly, in order 

to reduce the complexity of the measurements, the ZnO nanomaterials have been grown with 

relatively less density, so that the Atomic Force Microscope (AFM) tip can exclusively reach 

one individual ZnO nanomaterial without touching another. 
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Figure 3.1, ZnO nanomaterials from 0D to 1D. (a), Aligned 1D ZnO NW arrays with 50nm in 

diameter and approximately 1μm in height. (b), Aligned 0.5D ZnO nanonrod arrays with 

50nm in diameter and approximately 150nm in height. (c), 0D ZnO nanomaterial arrays with 

50nm in diameter and 40nm in height. (d), The TEM image of typical ZnO nanomaterials. (e), 

The high resolution TEM image of the ZnO nanomaterials, showing the perfect crystal 

structure without defects. (f), Diffraction pattern of the ZnO nanomaterials indicating the 

growth direction is along [0001].  

 

3.2.2 Characterization ZnO nanomaterials with C-AFM 

 The measurements were performed by Current AFM (I-AFM, Park X-70) with a gold 

coated silicon tip. The cantilever had a calibrated normal spring constant of 1.51 N/m (Figure 

3.2a). ZnO nanomaterials were identified by scanning AFM tip in non-contact mode. Then, 

conductive tip contacted the top of ZnO nanomaterial with a normal force of 20nN and the 

current-voltage (IV) curves of ZnO nanomaterials in the illumination (0.1w/cm
2
, microwave 
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light source) and dark were successfully characterized. This is a direct method for measuring 

the conductivity of nanomaterials, which avoids the complex nano-electrode fabrication 

process. We conducted the same measurements on ZnO nanomaterials with different height 

but the same diameter of 50nm and the IV curves are shown in Figure 3.2b, 3.2c and 3.2d for 

1D, 0.5D and 0D ZnO nanomaterials, respectively. The blue curves are the IV curves under 

illumination and the red curves are from the dark environment. Through decreasing the height 

of ZnO nanomaterials, the additional dimension along height will change from macrosize to 

nanoscale, where nano-confinement will happen during this process. 

 The currents of 1D ZnO nanomaterials under illuminated and dark environment are 

obviously different (Figure 3.2b). As shown in Figure 3.2c, the current difference of 0.5D 

ZnO nanomaterials under illuminated and dark environment becomes smaller comparing with 

1D ZnO nanomaterials. For 0D ZnO nanomaterials, the current curves in illuminated and 

dark environment overlap and cannot be identified separately (Figure 3.2d). This shows that 

as nanomaterial changes its dimension, photoelectric effect varies significantly.  

 To study this phenomenon quantitatively, we performed multi-cycle tests by measuring 

currents of different height ZnO nanomaterials repeatedly to reduce random error. Monitoring 

the currents under working voltage of 10V, we found that the photo-response I  

(difference between illumination current and dark current) becomes undetectable as the 

height decreases as shown in Figure 3.2e. The orange points are data from experiments and 

red dash is the fitted curve. The quantum effect can be neglected for this size.
61 

According to 

Ohm's Law, the I should be:   

                     
)( d a r kl i g h t

l
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I  

                    (i) 
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U  is the voltage; s  is the cross section of resistor; l  is the length; light
 is the 

conductivity under illumination; dark
 is the conductivity in the dark. 

As the blue solid line shows, theoretical Ohm’s Law deviates from the red line (fitted curve 

of experimental data) as the length of the nanomaterial is lower than a certain value. These 

experimental results strongly indicate that photoelectric property varies apparently with 

nanomaterial’s dimension. 

 

 

Figure 3.2, Experimental design and measurement. (a), Experimental setup and procedures 

for measuring IV curve by touching the top of ZnO nanomaterials with a conductive AFM tip. 

The sample location is from scanning AFM in none contact mode. IV curve acquirements are 

from conductive AFM tip touching the ZnO nanomaterial arrays in contact mode with light 

illumination or in dark. (b), (c), and (d), IV curves measured on the nanomaterials of Figure 

3.1a, 3.1b, and 3.1c, respectively. Red line represents IV curve under illumination, blue line 

represents IV curve in dark environment. The insets are the corresponding topographies of 



26 
 

ZnO nanomaterials obtained by AFM working in non-contact mode. Scale bars are 25nm. (e), 

Under fixed voltage of 10V, the measured current difference as the function of the height of 

ZnO nanomaterials with a fixed radius of 25 nm. Blue solid line is from Ohm's law, red dash 

line is the fitted curve of measured data. As the length of ZnO nanomaterial is less than a 

certain value, current difference I  deviates Ohm’s law apparently.   

 

3.3 Results and discussion 

3.3.1Analysis Model 

 To set forth this phenomenon theoretically, we built an analytic model to describe 

electron movement in the ZnO nanomaterials. For ZnO nanomaterials in the dark, oxygen is 

absorbed on the surface of ZnO in form of negatively charged ions by capturing free 

electrons from the semiconductor and environment, resulting in a electron depletion layer 

with low electrical conductivity on the surface [O
2
+e

−
→O

2−
] (as Figure 3.3 dark color along 

the edge indicts). Electron density inside, when a ZnO nanomaterial is not connected in 

circuit, is stable and balanced for 1D, 0.5D (Figure 3.3a), and 0D ZnO nanomaterials (Figure 

3.3b). When an external electrical field is applied, the electron density will change because 

electron transition between the valance and the conduction bands of ZnO is a dynamic 

equilibrium process.
62

 When the ZnO nanomaterial is connected in circuit and applied 

electrical potential along the longitude direction, once electrons in valance band are excited 

into the conduction band, they will move along the electrical field direction. Because the 

mean free path of electrons is the average distance that electrons travel before collision, the 

excited electrons do not have opportunities to collide and fall into the valance band to 
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recombine with holes during mean free path,
63

 resulting in rich electron layer. In other words, 

all electrons that can be excited have been excited into conduction band and valance band has 

no more electrons for further light excitation within the mean free path length. For 1D and 

0.5D ZnO nanomaterials, the layer with high excited electron locates on the two ends (Figure 

3.3c). For 0D ZnO nanoparticles, the electron depletion layer covers the whole ZnO material 

completely (Figure 3.3d). Therefore, the current difference of ZnO nanomaterials in the 

illuminated and dark conditions becomes smaller in terms of electron density as the height 

decreases from 1D to 0D nanomaterials.  

 

 

Figure 3.3, Dark electron density in ZnO nanomaterials. (a), 1D and 0.5D ZnO nanomaterials 

electron density distribution. (b), 0D ZnO nanomaterial electron density distribution. (c), 1D 

and 0.5D ZnO nanomaterials electron density distribution under applied electrical potential in 
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longitude direction. Bottom and top ends have larger electron density. (d), 0D ZnO 

nanomaterial electron density distribution under applied electrical potential. High electron 

density covers entire longitude direction. Yellow dots represent electrons. 

 Based on the model above, the average electron density of ZnO nanomaterials in the dark 

can be derived as: 
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where, thermaln
 is the thermal electron density in conduction band; pen

 is the light excited 

electron density in conduction band; rodh
 is the height of ZnO nanomaterials; rodR

 is the 

radius of ZnO nanomaterials; br  is the Bohr radius of ZnO; mfp
 is the mean free path of 

electrons in ZnO. 

 Figure 3.4a is the contour plot of electron density of a ZnO nanomaterial in dark 

environment as a function of radius and height according to equation (ii). When the height or 

radius is small enough, the dark electron density will arrive at a constant value, i.e., thermal 

electron super saturation. Figure 3.4b shows the curve that electron density changes with the 

height of nanomaterials with a fixed radius of 25 nm. The solid blue curve in Figure 3.4c is 

the calculation according to equation (ii), which fits the measured data well. The light purple 

area represents ZnO nanomaterial with a height-diameter ratio from 1 to 20 (0.5D) and light 

green area is ZnO nanomaterial with a height-diameter ratio above 20 (1D). The current 

response reaches the highest value when ZnO nanomaterial changes its height within 0.5D, 

which indicates the photoelectric property experiences significant change in 0.5D 

nanomaterial. 

 



29 
 

 

Figure 3.4, Theory calculation and data fitting. (a), Electron density in ZnO nanomaterials as 

a function of radius and height according to the model of 0.5D nanomaterial. (b), Electron 

density of ZnO nanomaterial as function of nanomaterial length at a fixed radius of 25nm, cut 

from (a). (c), Compare of the measured experimental data with the theoretical calculation. 

Blue curve is from the model and yellow dots are the experimental data. The light purple area 

represents 0.5D ZnO nanomaterial with a height-diameter ratio from 1 to 20. The light green 

area represents 1D ZnO nanomaterial with a height-diameter ratio above 20. The location of 

convex point indicates that the optimized photoelectric response is within 0.5D nanomaterial.  

 

3.3.2 Ohm's law 

 As the height of ZnO nanomaterial decreases, the current difference I  between 

illumination and dark environment disappears (Figure 3.2e). From the Ohm's Law,  
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lightr  is the resistance under illumination, darkr  is the resistance in dark environment. U is the 

voltage, s is the cross section of resistance, l is the length, light  is the conductivity under 

illumination, dark  is the conductivity in dark environment.  

According to Ohm's Law, I  should be the solid blue line in Figure 3.2e. It deviates from 

the experiment result as the length of the wire-shape nanomaterial decreases to a critical 

value. A more accurate model, rather than Ohm’s Law, is needed for describing this behavior 

of nanomaterials in that dimension. 

 

3.3.3 Ignoring quantum confinement 

 Usually, quantum confinement should be taken into consideration when the objective is 

in a very small size.
64 

A quantum material is a portion of matter (e.g., semiconductor) whose 

size is confined in all three spatial dimensions.
65

 Considering the Bohr radius of ZnO is 

2.34nm, and the radius of the nanomaterial used in this study is around 25nm, quantum 

confinement could be reasonably ignored. 

 

3.3.4 Surface energy 

 For nanoscale materials, surface energy is a strong effect that cannot be ignored. Surface 

energy quantifies the disruption of intermolecular bonds that occur when a surface is created. 

When an object volume gets smaller, the surface energy becomes higher.
66 

 

 At temperature of 300K, the total binding energy, as a function of the molecular number of 

ZnO nanomaterial with a hexagonal cross-section, can be approximated by:
67
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 bE  is the bulk binding energy per atom. 1  is the top and bottom surface energy. 2 is the 

side surface energy. cellv  is the volume of a ZnO crystal unit cell. rodR  is the radius of the 

hexagonal ZnO nanomaterial. rodh  is the height of the ZnO nanomaterial. 

 The activation energy )(NEA  is approximated by the energy that removes one atom from 

the nanomaterial: 
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When keeping the radius rodR  as a constant, ( )AE N  can be expressed as: 
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When keeping rodh  as a constant, )(NEA  becomes: 
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 In our experiment, the radius of ZnO nanomaterial keeps at 25nm, thus we just consider 

equation (4). From equation (4), activation energy )(NEA  is a constant if the radius of ZnO 

nanomaterial is constant. It is reasonable to believe hexagonal nanomaterials with different 

rodh , but the same radius rodR , have the unchanged top, bottom, and side surface energy. It is 

known that oxygen chemisorptions play key role in regulating the photosensitivity of ZnO 

nanomaterials.
68

 As the size of ZnO reaches nanoscale, the surface-volume ratio becomes 

extremely high. Higher surface energy leads to stronger oxygen absorption,
69

 which endows 

ZnO nanomaterial a pronounced photoelectric effect. 
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3.3.5 Optical and electrical properties 

 a) Electrons on side surface: In the dark, oxygen is absorbed on the surface of ZnO in 

form of negatively charged ions by capturing free electrons from the semiconductor, resulting 

to a depletion layer with low electrical conductivity on the surface [O2+e
−
→O

2−
]. Light 

absorption generates electron-hole pairs [hν→e
-
+h

+
], and the holes oxidize the negatively 

charged oxygen ions at the surface while the released electrons in the conduction band 

increase the conductivity [O
2-

+h
+
→O2]. The ZnO's natural excited radius (called Bohr radius), 

the mean radius of the orbit of outer electrons around the nucleus, is 2.34 nm. So we consider 

that the surface effect can approximately reach 2.34 nm in space on the side, which means 

electrons on conduction band with a depth of 0 - 2.34nm will be affected by oxygen absorbed 

on the surface (Figure 3.5). 

 

 

Figure 3.5, Oxygen absorption on the ZnO side surface. Electrons on conduction band with a 

depth of Bohr radius will be affected by oxygen absorbed on the surface, where no free 

electron stays. For deeper layer, the electrons are not affected by oxygen. 

 

 b) Electron density distribution when ZnO is connected in circuit：When a ZnO 

nanomaterial is connected with electrodes on both the top and bottom end surfaces, the free 

electrons will be regulated by the applied external electrical field. In dark environment, the 
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electrons transition between the valence band and the conduction band of ZnO is a dynamic 

equilibrium process, as shown Figure 3.6(1). Under the electrical potential, once electrons in 

valence band that have been excited into conduction band, the electrons will move on the 

direction of the electric field (Figure 3.6(2)). When electrons collide with other electrons 

(Figure 3.6(3)), they will fall into valence band to combine with holes (Figure 3.6(4)). The 

ZnO mean free path is 21nm,
70

 which is the mean length of a path covered by an electron 

between subsequent impacts. The mean free path represents the average distance of a carrier 

exists in a given band before recombination.  

 

 

Figure 3.6, The schematic diagram of the electron motion in ZnO nanomaterials under 

external electrical field. (1), In dark environment, the electrons transition between the valence 

band and the conduction band of ZnO is a dynamic equilibrium process, electron moves 

between conduction band and valence band spontaneously. (2), Under the electrical potential, 

once electrons in valence band that have been excited into conduction band, the electrons will 

move along the direction of the electric field. (3), When electrons collide with other electrons, 

they will lose the energy and others will get energy. (4), The electrons lost energy will fall 
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into valence band to combine with holes, and those who get energy keep going alone the 

electrical field direction. 

 

 The path is the distance between two collisions in which the carrier changes state. From 

the end (top and bottom) surfaces of the ZnO nanomaterial, the mean free path works. Figure 

3.7a and 3.7b are the schematic figures for the IV measurements on short and tall ZnO 

nanomaterials, respectively. Figure 3.7c and 3.7d schematically indicate the distribution of 

the free electrons in the nanomaterials. Figure 3.7c is an illustration of the free electron 

distribution in ZnO nanomaterials with a short height (less than the double of ZnO mean free 

path). Dark purple area is the side surface area, where oxygen is absorbed by capturing 

conduction electrons from ZnO, leading to a depletion layer with low electrical conductivity 

on the surface. Light blue part is where electrons move without collisions. In this area, 

electrons are taken away by the applied electrical filed after the excitation from the valence 

band into the conduction band and there are no collisions. For tall ZnO nanomaterial, as the 

indication of Figure 3.7d, Light purple part is the area where electrons have large chance to 

collide and fall into valence band. 
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Figure 3.7, (a) and (b), Schematic of an AFM tip working in I-AFM mode measures IV curve 

under illumination and dark environment on ZnO nanomaterials with same radius but 

different heights. (c) and (d), The electron density distribution in ZnO nanomaterials with 

different heights under applied external electrical field. 

 

 Based on the analysis of the electrons in ZnO nanomaterial, at temperature of 300K, the 

average electron density lightn  of ZnO nanomaterials under illumination can be expressed 

as： 

                       pethermallight nnn                              (6) 

Where thermaln  is the thermal electron density in conduction band. pen  is the light excited 

electrons density (form valence band to conduction band). 

 The average electron density darkn  of ZnO nanomaterials at dark environment is： 
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Where v  is the volume of a nanomaterial. sidenonv   is the volume of a nanomaterial without 

sides (light purple and light blue parts in Figure 3.7c and 3.7d). bottomtopv   is the volume of top 
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and bottom parts on nanomaterial (light blue part in Figure 3.7d). nen  is the non-equilibrium 

electron density that exists only at the light blue parts of the Figure 3.7d, in which the 

electrons in conduction band are attracted by the applied electrical filed without collisions. 

Under applied electric field, the equilibrium of electron transition between valence band and 

conduction band is broken and extra electrons are further excited from valence band into 

conduction band, forming non-equilibrium electron density nen .  

 Rewrite equation (7) in terms of the ZnO nanomaterial with hexagonal cross section: 
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Figure 3.3b is the contour plot of electron density (equation (8)) of a ZnO nanomaterial in 

dark environment at 300K as a function of radius and height. When the radius or height is 

small enough, the dark electron density will reach constant values, i.e., thermal electron 

supersaturation. And as the radius and height go larger, the property of ZnO nanomaterial 

will follow Ohm's Law again. 

 

3.3.6 Electrical conductivity 

 Electrical conductivity measures a material's ability to conduct an electric current. The 

conductivity can be calculated as: 

                      enen hhee                                (9) 

http://en.wikipedia.org/wiki/Electric_current
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en  is the density of electrons. e  is electrical mobility. hn  is the density of holes. h  is 

hole mobility, e  is the charge amount of electron. 

 At 300K, for ZnO nanomaterials, en = hn , e =200cm
2
V

-1
s

-1
, h =5cm

2
V

-1
s

-1
.
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Because e >> h , the second term of equation (9) can be reasonably ignored. Thus, 

equation (9) can be rewritten as: 

                         en ee                                  (10) 

 

3.3.7 Electrical conductivity and temperature (Meyer–Neldel rule) 

 In the case of a thermally activated electrical conductivity, material conductivity 

complies with Meyer–Neldel rule:
72

 

                         kTEAe /                               (11) 

A is a constant factor related to materials. E is the activation energy. k is the Boltzmann 

constant. T is the temperature. 

 Combining equations (8), (10), (11) together, at T=300K, the factor A can be expressed as: 
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B is a constant coefficient. 

Then, 
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As Miller
73

 measured, B has a value of: 275.2 10B                           

Similar to the conductivity of ZnO nanomaterials in dark environment, the conductivity of 

ZnO nanomaterials under illumination can be expressed:  
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3.3.8 Ratio of resistance between illumination and dark environment 

 According to Ohm's Law, the resistance r is defined as: 
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 l is the length of the conductor. S is the cross-sectional area. 

For c-direction grown ZnO nanomaterial: 2
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From equation (13), the resistance in dark environment at 300K is: 
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The resistance under illumination at 300K is: 
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Ratio of resistance between illumination and dark environment is:  
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 The non-equilibrium electron density nen  is approximately comparable with light excitation 

electron density pen  because both of them are generated in the ZnO nanomaterial after the 

equilibrium is broken. 

 In ZnO semiconductor, the electron density is very low (10
18

cm
-3

) comparing with other 

materials. From previous research work,
 
we can find the density of electrons, which are 

bumped to the conduction energy band by thermal energy at high temperature, is close to the 

http://en.wikipedia.org/wiki/Conduction_band
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density of electrons that are excited by light. Therefore, we can reasonable assume: pen ≈ nen . 

From equation (18), by keeping a constant radius, the ratio of resistance becomes smaller, as 

rodh  decreases. When rodh  is close to double mean free path length, 

                               1
d a r k

l i g h t

r

r
                           (19) 

 Resistance of ZnO nanomaterial under light illumination equals the resistance in dark, 

which means that photoelectrons barely contribute to the resistance change and the 

photoelectric effect becomes undetectable, when the length of the ZnO nanomaterial 

decreases to double mean free path length or less. 

 

3.3.9 Current difference to be detected 

 The voltage applied to the ends of the nanomaterial is U=10V, the current difference can 

be written as: 
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Comparing the data in Figure 3.3c with equation (20), as the solid green line shows, equation 

(20) dictates this behavior quite well. 

 

3.3.10 Light intensity 

 A photocurrent ( I ) of ZnO nanomaterial has been observed even with a small 

percentage of UV-light from a broadband light source such as indoor incandescent light or 
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sunlight.
74

 We use an incandescent bulb (Microwave, 175W) as light source, According to 

Bao's work,
75

 as the UV intensity keeps increasing, the photocurrent of ZnO nanomaterial 

goes up then reaches a stable value, saturation. This means that if the light intensity is high 

enough, the photoelectric current of ZnO nanomaterial will be saturated. In our experiment, 

we find that ZnO nannomaterials worked on saturation currents condition when the light 

intensity reached a value of 0.1W/cm
2
. So the illumination power we used is 0.1Wcm

-2
 to 

guarantee the maximum current discrimination. 

 

3.3.1 Voltage selection 

 The contact between gold electrode and ZnO is a Schottky contact (barrier height ～

0.7eV).
76

 Through this kind of contact, the IV curve will possess nonlinear and asymmetric 

current-voltage characteristic.
 
The tip of AFM is coated with gold film (AppNano, 

HYDRA7R-100W). Figure 3.2b shows the measured IV curves under illumination and dark 

environment. Blue curve is IV curve under light illumination. Red is dark IV curve. It is 

obvious that as voltage increases, the I  increases. The higher voltage applied on the ZnO 

nanomaterials (the surface electrode is gold film), the bigger I  could be obtained. Thus, 

10V is chosen as test voltage, which is the highest voltage of function generator (SRS DS355) 

used in the experiments. 

 

3.4 Conclusions 

 In summary, the photoelectric property of the ZnO nanomaterial changes significantly in 

the intermediate dimension of 0.5D that bridges 1D and 0D nanomaterials. The property 
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change does not follow traditional Ohm’s law because of additional nano-confinement from 

the third dimension which is previously not in the range of nanoscale. This makes it possible 

to tune the photoelectric characteristic of nanomaterials by controlling the additional 

confinement, which will pave a new and effective way for optimal nanodevice design, 

fabrication, and performance. For instance, individual nanomaterial with controllable 

photoelectric property can be a grown photoelectric sensor pixel, achieving nanoscale 

resolution. Photoelectric property of 0.5D nanomaterials studied is a preliminary study that 

initiates a research field, which can lead to not only new discoveries and understandings of 

property change in 0.5D but also novel applications of all nanomaterials, including but not 

limited to semiconducting nanomaterial, carbon nanotube,
77

 grapheme,
78

 and more.  
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CHAPTER 4 

SHEAR MODULUS PROPERTY OF ZNO NW 

4.1 Introduction 

 Nanomaterials possess novel properties
79-88

 compared with their bulk counterparts due to 

the quantum confinement effect and the extensively high surface energy.
89-92

 Characterizing 

the basic properties of nanomaterials, such as electrical and mechanical features, improves 

the understanding of nanomaterial characteristics. It also guides the design of nanodevices 

with desired functions and sufficient robustness. Some previous research has shown the 

nanoscale single crystal material has much more strength than the macroscopic single 

crystal.
93 - 95

 Shear modulus and elastic modulus are two important basic mechanical 

characteristics in material science and engineering fields. It is desirable to know the elastic 

property of nanostructured materials, such as nanowires/ nanotubes/nanorods 

(NWs/NTs/NRs), which are the fundamental building blocks for novel nanodevices.
96

 There 

are some established techniques for measuring the elastic properties of individual 

nanostructured materials. The technique used by Lieber et al.
97

 employed atomic force 

microscopy (AFM) to scan and bend the free end of a carbon nanotube to obtain the elastic 

property of the carbon nanotube. Moreover, Song et al. took advantage of the aligned 

structure of NW arrays and measured the Young’s modulus of individual NW using an AFM. 

Wang et al.
98,99

 measured the elastic modulus of ZnO NWs/belts by the in suite transmission 

electron microscope technique (TEM), which used an ac voltage source to induce the 
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resonance vibration of the NW in TEM. The technique by Yu et al.
100

 used two atomic force 

microscope tips to stretch a carbon NT that was fixed at both ends to two AFM tips. The 

stretching force−displacement curve gave the measurement of tensile strength and elastic 

modulus. In addition, a technique developed by Salvetat et al.
101

 used an AFM tip to bend a 

NT or a bundle of single-walled NTs lying across a hole in a substrate to obtain the elastic 

property of the NTs. Treacy et al.
102

 quantified the thermal vibration amplitude of a NT in 

TEM to deduce its elastic modulus. Palaci et al.
103

 also applied AFM to study the transversal 

elasticity of NTs by using AFM and applying small indentation amplitudes in order to stay in 

the linear elasticity regime. All the above techniques measured the elastic modulus (Young’s 

modulus) of nanostructured materials. However, little research has been done on the 

nanomaterial shear modulus characterization due to a complicated measurement system setup. 

Present equipment and established measurement methods are not feasible to directly induce 

the shear deformation and identify the shear modulus on nanoscale materials. Twisting the 

NW/NT/NR and recording the corresponding force are much more challenging compared 

with simply bending those nanostructured materials and measuring the force.  

 I this work, we report a simple and transferable method to directly measure the shear 

modulus of NWs/NRs using AFM and the nanofabrication technique. With an AFM tip 

scanning in contact mode on a zinc oxide (ZnO) NR, one end of which is fixed along an edge 

of a predesigned microtrench in silicon substrate, the NR will be twisted. The shear modulus 

of the NR will be identified from the topography and corresponding later force image. This 

generic method can be applied to all NWs/ NRs that have polygon cross sections.  
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4.2 Experiments 

4.2.1 Preparation of hexagonal NR sample 

 

Figure 4.1 (a) Schematic structure of the ZnO NW sample with one end fixed on the edge of 

the microtrench for the shear modulus characterization. Inset is the front view of the 

measurement mechanism. (b) SEM image of the fixed ZnO NR shows it is well aligned along 

the edge of the microtrench in silicon substrate. (c) AFM tapping mode topography image of 

the ZnO NR along the edge of a microtrench with one end fixed on the substrate. 

 

 The ZnO NR we used was grown on silicon substrates with gold catalyst by a 

vapor−liquid−solid (VLS) process.
104

 The hexagonal shape cross section of the ZnO NR 

indicates the growth direction was along the c-direction. The diameter of the ZnO NR was 

about 300 nm, and the length was around 6−10 μm. A fresh silicon substrate (University 

wafer) was etched with parallel trenches through the lithography process. The dimension of 

the trench was 200 nm in depth and 20 μm in width. As indicated in Figure 4.1a, the ZnO NR 
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was carefullypicked up and manipulated into the small trench of the Si substrate with the 

micromanipulator under microscope (Cascade, RF-1, Probing station). Fine adjustment was 

made to ensure the axial of the NR was aligned along the edge of the trench. One end of the 

NR was fixed on the substrate by silver paste, while the other end was left free. Well-polished 

singlecrystal Si was used as the substrate in order to furthest reduce the friction.
105106

 In such 

a design, when the AFM tip scans over the free end of the NR, the NR will be twisted instead 

of bending because of the direct impedance of the trench edge, as indicated in the inset of 

Figure 4.1a. The scanning electron microscopy (SEM) image of the as-fabricated device is 

shown in Figure 4.1b, revealing the NR is right attached on the edge of the silicon trench. 

Figure 4.1c is the AFM topography image of the device, which was recorded when AFM 

worked in tapping mode to locate the preferred scanning area for the shear modulus 

measurement. The trench and the NR in Figure 4.1c both clearly reveal that the device was 

fabricated as designed. The right side of the NR is obviously wider than the left side, which is 

because of the image convolution of the AFM tip and the NR.  
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Figure 4.2 (a) Schematic figure of the undeformed ZnO NR scanned by AFM tip in contact 

mode before the twisting starts. (b) The ZnO NR is twisted by the AFM tip and shear 

deformation formed. (c) Sectional view when AFM tip scans the NR before the twisting. (d) 

Sectional view when AFM tip pushes the corner of the NR to twist it away from its original 

shape marked with dashed line. (e) Section view when AFM tip releases the corner of the 

NW, and the NR recovers to back to its original shape. 

 

4.2.2 The measurement of twisted NR with lateral force AFM 

 The shear modulus measurement was performed by an AFM (Park System, XE-70) 

operated in contact mode. The rectangular shape cantilever (Park CONTSCR) has a 

calibrated normal spring constant of 0.2 N/m, and the lateral spring constant is 460.8 N/m.
107

 

After locating the device area, AFM was operated in contact mode with a set point of 0.1 nN. 
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The scanning frequency was 0.1 Hz, and scanning area was 5 μm × 5 μm. In such a slow 

scanning speed (0.5 μm/s), the NR twisting process can be regarded as a semistatic process, 

which will significantly improve the precision of the measurement. The principle for the 

AFM measurement is illustrated in Figure 4.2. When the AFM tip scans the free end of the 

NR (Figure 4.2a), under the torque force applied by the AFM tip, the confinement from the 

edge of the trench and the fixing end, the NR will suffer shear deformation, as Figure 4.2b 

shows. Under the AFM contact mode, the tip will keep a constant force on the vertical 

direction, the normal force. When the tip scans over the ZnO NR from the right to the 

direction of the trench edge, it will lift to adjust normal force accordingly to retrieve the 

constant normal force as indicated in Figure 4.2c. When the AFM tip touches the NR and 

keeps scanning to the left, the tip pushes a corner of the hexagonal NR, leading to a shear 

deformation on the NR. The NR will be twisted from its original position due to the 

confinement of the trench edge and the fixed end of the NR (Figure 4.2d). After the tip scans 

on the top of the NR with a flat surface, the NR will be released by the tip and return its 

original position as indicated in Figure 4.2e. During the scanning process, the AFM works as 

follows: starting from the fixed end of the NR toward the free end, the AFM tip scans the 

sample from right to left. After one line scan, when the tip arrives at the right end, it will raise 

to untouch the sample, move one step toward the free end, and go back to the left to do the 

next scan, repeatedly. The sample stage is carefully adjusted to ensure the cantilever aligns 

with the NR direction in order to scan the sample in the direction perpendicular to both the 

axial of the NR and the cantilever. In such a way, the lateral force image obtained from the 

scan will directly relate with the twisting force that causes the shear deformation on the NR. 
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This specific setup directly reduces the difficulty of the twisting force identification. When 

the tip contacts the ZnO NR, the cantilever retracts to keep the normal force as a constant, the 

cantilever is twisted, and a quick change in lateral force signal will be detected by the 

photodetector. At the initial contact position to the NR, the height of the sample surface 

changes suddenly, and the lateral signal increases to a higher value comparing with the 

almost constant value of the lateral force when the tip only touches the substrate. As the tip 

keeps moving at a very low scanning speed, the NR will be twisted slowly under the force 

applied by the AFM tip. The shear deformation of the NR is the result of the comprehensive 

action of the AFM tip force, the confinement force of the trench edge and the fixed end of the 

NR. During the twisting process, the height of the AFM tip is almost constant and the lateral 

force stays at a relative stable value. When the AFM tip makes further scans, the NR will be 

released by the AFM tip, leading to a sharp change of the height of AFM tip again. The 

corresponding lateral force will recover back to the original value, correspondingly. During 

each scan line, the NR is twisted and released once. The scanning area is chosen to cover the 

whole NR to ensure the complete measurement.  
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4.3 Result and discussion . 

4.3.1 Topography of the twisted NR with applied force 

 

Figure 4.3 (a) Topography of the ZnO NR sample scanned in contact mode; the twisted edge 

of the NR reveals the shear deformation formed by the AFM tip and the confinements of the 

trench and fixed end. (b) Selected scanning line profiles obtained by evenly cutout from the 

topography image of (a). (c) Corresponding scanning line profiles from lateral force image. 

(d) Twisting distance of the edge verses the length that is in-between the scanning position on 

the NR and the fixed end. Inset is the schematic diagram for identifying the twisted distance. 

 

 Figure 4.3a is the topography of the NR under the AFM scanned over the sample with a 

scanning area of 2.5 μm by 4μm in contact mode. From the image, we can clearly see the 

twisted NR, which is indicated by the twisting edge of the NR. To rule out bending 

deformation, we carried out control experiments. We fabricated the identical sample, but on 
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flat silicon substrate without microtrenches. With one end of the NR fixed on flat silicon 

wafer, the AFM scanned the sample in contact mode with normal forces of 0.5, 1, and 3 nN, 

respectively. The NR scanning profile will have a bending curve if there is no other 

confinement except the fixing end. Furthermore, the typical bending curve should rise as 

normal force increases. Contrary to the topography images of the NR on the etched substrate, 

which did not have any obvious bending curves, the topographies of the NR on the flat 

substrate showed the NR bending curves and the bending distance rose as the normal force 

increased. This is because the bigger normal force will give a stronger bending force to 

deform the NR to the scanning direction if the NR has no confinement from the trench edge. 

Figure 4.3b,c contains 20 cutout scan lines. The scans areretracted from topography, and 

corresponding lateral force images and all the scan lines distribute uniformly from the 2.5 μm 

by 4 μm scanning area that covers the whole NR device. The red segments in the curves of 

Figure 4.3b are the tip scanning profiles when tip scanned over the NR, which contain the 

twisting distance information as indicated in the inset of Figure 4.3d. The orange segments of 

curves in Figure 4.3c are the corresponding lateral force that caused the twisting deformation 

on the NR. From the red segments of the scanning curves in Figure 4.3b, the NR twisting 

distance d versus the length from the scanning line to the fixed end of the NR can be easily 

read out, as shown in Figure 4.3d. The inset of Figure 4.3d shows the relationship between 

twisting distance, the diameter of the NR, and the twisting angle.  
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4.3.2 Data analysis 

 

Figure 4.4 (a) Typical scan line profile in Figure 4.3a; red segments indicate the AFM tip 

scans and touches the NR. (b) Corresponding scan line profile in lateral force image; orange 

color segments indicate the laterals force changes when AFM tip twists the NR. (c) and (d) 

are the enlarged portions of the areas enclosed by rectangles in (a) and (b), respectively. 

 

 Taking a line scan in the topography image, a curve for the cantilever retracting distance 

verses the tip lateral scanning distance is obtained, as shown in Figure 4.4a. The red area with 

rapid height change is the AFM tip scanning profile when it scanned over the NR. The 

corresponding lateral force that acted on the NR can be obtained from the later force scanning 

line as the orange segment in the lateral force curve in Figure 4.4b. Figures 4.4c and 4.4d are 

the enlarged marked areas from the topography and corresponding lateral force scanning 

profiles in Figures 4.4a and 4.4b, respectively. The inflection point from right to left (AFM 
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tip scanning direction) on the topography curve in Figure 4.4c is at width of 3.7 μm where the 

AFM tip bent the corner of the NR. By comparing with the first scanning line that ran across 

the NR with zero distance to the fixed end, the twisting distance can be easily identified. The 

simple twisting distance measurement benefits from the confinement of the microtrench. The 

corresponding lateral force that caused the twisting can be identified from the lateral force 

profile at the same distance location where the first inflection point appears on the 

topography scanning profile. Because of the very slow scanning speed, when the tip started to 

twist the NR, the lateral force reaches a maximum value instantly, which can be clearly 

identified by the curves shape of the lateral force scanning line. The shear modulus 

identification is based on the following calculation. As the AFM scans over the NR, the 

distance of the right-up edge of the NR will be moved by the AFM tip from the original place 

(dashed shape in Figure 4.2d). At the maximum twisted position before the NR is released, 

the twisted distance reaches the maximum value. The position and corresponding force can 

be directly read out from the topography and the corresponding lateral force image. From the 

geometrical relationship illustrated in Figure 4.2d, when a NR suffers from a twisted 

deformation away from the initial untwisted position, the displacement of the edge can be 

expressed under the small deflection approximation:  

                               
 

 
 φ                            (1) 

where R is the radius of the circumscribed circle of the NR cross section, d is the distance 

that is the length of right-up edge of the NR moved away from the initial untwisted position, 

and φ is the angle that the NR has been twisted. The force that caused the shear deformation 

of the NR is perpendicular to the radius, which connects the center and the corner of the NR. 
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The lateral force recorded from the AFM is parallel to the substrate. From the illustration of 

Figure 4.2d, the twisting force F can be expressed as: F = f sin( /3 + φ), where f is the lateral 

force. The moment M that acts on the NR to cause the shear deformation can be written as 

                                    φ                       (2) 

According to the definition of shear modulus, G = FR/AΔx = M/AΔx, A is the cross section 

of the NR, and Δx is the transverse displacement; the relation between shear modulus G and 

φ for the NR with hexagonal cross section can be obtained: 

                        
    

  
φ                                  (3) 

where L is the length between twisting force acting point to the fixed end of the NR. Finally, 

combining eqs 2 and 3, the shear modulus of the NR is 

                        
 

   

  

φ
                                   (4) 

According to eq 4, the shear modulus can be identified if the radius of the NR, twisting force, 

acting distance, and the twisting angle could be obtained.  
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Figure 4.5 Relationship between the value (FL) and twisting angle (φ).The red dashed line is 

the fitting curve of the data points, and the slope of the fitted curve equals 3GR3 /2 according 

to the inset equation. 

 

 The radius of the NR is 166 nm, which is the accurate measurement from the AFM 

topography image in Figure 4.1c. According to the data we obtained from Figure 4.3b,c, the 

FL versus φ curve can be drawn as shown in Figure 4.5. By fitting these data points, a linear 

line (red dashed line) is obtained. The slope of the red line in Figure 4.5 is 3GR
3
 /2 according 

to eq 4. Thus, we can obtain the shear modulus G of the ZnO NR, which is 8.1 ± 1.9 GPa. In 

addition, when we calculate the shear modulus for each scan line along the axial direction 

starting from the fixing end of the ZnO NR, the value of G has a maximum value of 11.0 GPa 

and a minimum value of 7.0 GPa. The mean value is 8.5 ± 1.6 GPa. Additional repeated 

experiments have been performed, and the data support the same order conclusion. The shear 

modulus always gets larger when the length of the NR is short. Because the shear 

deformation of a short NR is much larger than that of a long NR under same twisting force, 

the shear deformation on a short NR could be only approximately calculated by eq 4, which 

is based on the small twisted angle approximation. Such a result should be reasonable: a 

rough proportionality between shear modulus G and Young’s modulus E exists, and it is 

given by a ratio of G/E ∼ 3/8.
108,109

 By taking the Young’s modulus of ZnO NR, the ratio for 

G/E of ZnO NR is around 2.4/8, which inosculates the prediction in literatures well. 
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4.4 Detail of experimental design 

4.4.1 Control experiment for twist deformation. 

 To rule out the torsion of the NR is caused by bending deformation, we carried out 

control experiments. We fabricated the identical sample but with NR one end fixed on flat 

silicon wafer and scanned the samples with normal force of 0.5, 1, and 3 nN, respectively. 

The topography images of the NR on the etched substrate did not have any obvious bending 

curves. The typical bending curve should increase with the increase of normal force. The 

topographies of the NR on the flat substrate showed the NR bending curves, which increases 

with the increase of the normal force. Figures 4.6a, b show the topography images of the NR 

which is one end fixed on the trench edge of the substrate with normal forces of 0.5 and 3 nN, 

respectively. Figures 4.6c, d are the topography images of the NR with one end fixed on the 

flat silicon substrate with normal forces of 0.5 and 3 nN. 

 

 

Figure 4.6 (a) Topography of the ZnO NR with one end fixed on the edge of the etched 

trench in the silicon wafer, which is obtained through AFM scanning in contact mode with 

normal force of 0.5 nN. (b) Topography of the ZnO NR with one end fixed on the edge of the 

etched trench in the silicon wafer, which is achieved through AFM scanning in contact mode 
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with normal force of 3 nN. (c) Topography of the ZnO NR with one end fixed on a flat 

silicon wafer, gained by AFM scanning in contact mode with normal force of 0.5 nN. (d) 

Topography of the ZnO NR with one end fixed on a flat silicon wafer, acquired by AFM 

scanning in contact mode with normal force of 3 nN. 

 

 The NR twisting distance d verses the length from the scanning line to the fixed end of 

the NR can be easily read out through topography image. For example, taking two scan lines 

in the topography image, one scan line is the scanning profile when AFM tip scans over the 

fixed end of the NR, as shown in Figure 4.7a. The other scan line is the scanning profile as 

AFM tip scans over the NR at the position that is 3.9 µm from the fixed end (as in Figure 

4.7c). From these two profiles, AFM tip retracting distance verses the tip lateral scanning 

distance could be obtained, as shown in Figures 4.7a, c. Figures 4.7b, d are the enlarged NR 

areas from the topographies 4.7a, c. The NR twisting distance d verses the length from the 

scanning line to the fixed end of the NR can be identified, as shown in Figures 4.7b, d. 
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Figure 4.7 (a) a line profiles through the end of the NR. (b) Enlarged portion of the areas 

enclosed by rectangle in (a). (c) Line scan profile through the position of the NR with a 

distance of 3.9 µm from the fixed end. (d) Enlarged portion of the areas enclosed by rectangle 

in (b). 

 

4.4.2 Equation derivation: 

 The force F that caused the shear deformation of the NR is perpendicular to the radius 

that connects the center and the corner of the NR. The lateral force recorded from the AFM is 

parallel to the substrate. From the illustration of Figure 4.8, the twisting force F can be 

expressed as:        
 

 
 φ  
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Figure 4.8 The stress analysis between the twisting force F and the lateral force f 

 

 The detailed derivation for eq 3 is listed below: Shear modulus of a rod could be 

expressed by: 

                              
  

   
 

 

   
                     (4) 

where Δx is the transverse displacement, F is the torque force, R is the radius of the rod, A is 

the cross section, M is the moment. Under the action of torque force F, the right end of the 

rod will rotate along its axel by a small angle φ, known as angle of twist.  

Hence, we have Rate of twist:   
 φ

  
                               (5) 

Shear Strain at the outer surface of the rod: 
   

 
  φ

  
                (6) 

For pure torsion, the rate of twist is constant and equal to the total angle ϕ of twist divided by 

the length L of the rod:  
   

    
 φ

 
                    (7) 

From Hooke’s Law: 

                                                            (8) 

G is shear modulus of elasticity,   is shear strain. 

and Shear Strain equation :  
   

    
 φ

 
                           (9) 



59 
 

The Moment of a small element on the cross section dA located at radial distance ρ is given 

by: 

                         
    

 
ρ                              (10) 

Integrate the equation above, and then we get eq 3 in the manuscript: 

                         
    

  
φ                              (11) 

 

4.4.3 The mode for friction 

 The coefficient of friction between ZnO NR and Silicon substrate is measured to be 0.2 

(see the following paragraph for the coefficient of frication measurement), relatively small. 

For the friction between NR and substrate top surface, when we scanned the AFM in contact 

mode on the NR, a constant normal force was maintained of 0.1 nN. Thus, the friction force 

between the nanrod and silicon substrate top surface is 0.02 nN, which is significantly small 

and could be reasonably neglected compared with the lateral force (~10
5
 nN see Figure 4.4 in 

the manuscript) that cause the shear deformation on the NR. The schematic stress analysis 

figure is shown in Figure 4.10. For the friction between trench side and the NR, the lateral 

force (parallel to the substrate) applied by the AFM cantilever is balanced with the shear 

torsion force and the normal force between the trench side and the NR due to the semi-static 

slow scanning process (Figure 4.9). When the AFM tip starts to touch the NR, the normal 

force between the NR and the trench side could be regarded as the same value of the 

cantilever lateral force. With the NR starts to be twisted, lateral force of the cantilever will be 

balanced by the torsion force and the normal force between NR and trench side. As shown in 

Figures 4.4c and d in the manuscript, after the AFM tip starts to twist the NR beyond a small 
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angle, lateral force becomes constant, indicated by the relative flat lateral force trace in 

Figure 4.4d in the manuscript, which means the tip further twists the NR at the cost of 

reduction of normal force decrease between NR and trench side. At the maximum bending 

distance, the torsion force reaches its maximum and the normal force between NR and trench 

side reduces to minimum value. The shear modulus calculation is based on the maximum 

torsion state, at which the friction between NR and trench side reaches smallest value due to 

the lowest value of the normal force. Even we take the whole maximum value of the lateral 

force as the normal force between NR and trench side from Figure 4.4d in the manuscript, 

friction force between the NR and trench side is 0.2 × maximum normal force, which is still 

small enough to be neglected. Actually, when the AFM tip twists the NR to maximum torsion 

position, the friction force between the NR and the trench reduces to much lower value than 

the number we estimated above. In short, from the experimental data and the stress analysis, 

the friction force between the NR and the substrate surface and the trench side are both small 

enough to be reasonably neglected without affecting the shear modulus characterization. The 

coefficient of friction between ZnO NR and silicon substrate identification: we used AFM tip 

to scan a free standing ZnO microrod/NR on the same silicon substrate. As the optical image 

Figure 4.9a shows, a microrod/NR is placed on the silicon substrate, while AFM tip scans 

slowly in contact mode to cover the area of ZnO microrode/NR. After the tip scans over the 

substrate surface, the ZnO microrod/NR is pushed to move a small distance from its original 

place. During this process, the topography and lateral force image will be recorded. The 

coefficient of friction between ZnO NR and silicon substrate can be obtained directly from 

the value of lateral force trace (Figures 4.9c, d) and is measured to be µ = 0.205. 
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Figure 4.9 (a), (b) Measuring the coefficient of friction between ZnO microrod/NRe and 

silicon substrate using AFM. (c), (d) Topography scan line and its corresponding lateral force 

trace, respectively. 

 

Figure 4.10 Stress analysis when AFM tip twists the free end of a ZnO NR along silicon 

micro trench side. 
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4.4.4 Additional data 

Set for the shear modulus characterization of the ZnO NR: 

 

Figure 4.11 Addictional data set for the shear modulus characterization of the ZnO NR. (a) 

Selected scanning line profiles obtained by evenly cutout from the topography image. (b) 

Lateral force scanning line Scans corresponding to (a). 

 

4.5 Conclusion 

 In summary, we have presented a general method to directly measure the shear modulus 

of an individual NR on a solid substrate with predesigned microtrenches using AFM. When 

AFM tip scans the NR that is aligned on the edge of the trench with one end fixed on the 

substrate, the NR will be twisted by the AFM tip and the confinement from the trench edge 

and the fixed end. The shear deformation and the corresponding twisting force can be 

retrieved from topography and lateral force image, respectively. Under small-angle 

approximation, the shear modulus of ZnO NR, which has a radius of 166 nm and length of 4 

μm, is measured to be 8.1 ± 1.9 GPa. This technique demonstrates a universal method for 

characterizing shear modulus of individual NW/NR with polygons cross sections. The 
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technique addressed provides a sample of producing shear deformation on nanoscale 

materials and further characterizing the shear modulus. 
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CHAPTER 5 

VERTICAL NANOWIRE RESONATOR 

5.1 Introduction 

 Nanoscale cantilevers, as nanoelectromechanical systems (NEMS)
110-112

 for small mass 

detection, attract wide interest for biochemical analysis,
 
gas sensing, quality control, 

fragrance design, oenology, forensic investigations, drugs detection, and basic research. With 

the enhancement of nanofabrication techniques, some research have been reported about the 

fabrication and property characterization of nanometer-size resonators, which own 

extreme-high quality factor (Q-factor), ultra-high fundamental frequency, and novel potential 

applications. However, the current major obstacles that still hinder the development of NEMS 

cantilever technology are extremely difficult for nanoscale device fabrication and 

corresponding resonance detection techniques. Especially for large number of nano-cantilever 

arrays, the fabrication is too hard to be achieved with good yield. On the other hand, when the 

cantilever size reaches nanoscale, the resonance detection in the atmosphere becomes 

changeable due to the limits of the existing methods. To observe the resonance of the 

nano-resonators within 100nm, vacuum resonance observation methods with SEM or TEM 

are used, which are very inconvenient and cannot perform in many areas, like biology 

measuring, gas sensing, and so on. For those previous resonators in the atmosphere, the sizes 

of nano-resonators are larger than 100nm, because of complex etching or transferring of 

fabrications and the technical limitations of characterizations. Till to present, no NEMS 
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cantilever with diameter less than 100nm could be effectively identified resonance in the 

atmosphere. 

 In this chapter, we introduce an innovative, chip-size, vertically aligned, nanoscale 

(50nm in diameter) NEMS cantilever arrays by simple bottom-up grown fabrication process 

and accurate, reliable, resonance detection method in the atmosphere. Chip-size NEMS 

cantilever arrays are made from ten thousands of vertically aligned nanowires (NWs), which 

are grown a silicon wafer by thermal deposition process. These NWs are controllably 

synthesized and self-assembly integrated directly on the entire wafer chip without complex 

sample manipulations and nano-fabrications, which significantly distinguishes the vertical 

NW array resonators (VNRs) from previous laterally aligned NW array resonators fabricated 

via complicated lithography process. Besides, we systematically studied the Q-factor, 

fundamental frequency, sensitivity, and mass sensing resolution of these VNRs with NW 

size-effect and half-dimension theory by a new atomic displacement transduction detecting 

method. Novel properties of VNRs enable it be applied as an ultra-thin-film thickness 

detector with sub-nm (<10
-9

m) resolution and a mass selecting sifter for targeting small 

particles with tenth-ag resolution (10
-20

kg). 

 

5.2 Experiment design 

5.2.1 Structure of VNRs 

 The schematic structure of VNRs device is shown in Figure 5.1a. Vertically aligned NW 

arrays are grown on conductive substrate in-between stripe-shape top electrodes, which will 

be biased with electrical signal to induce the vibration. Resonance of the NWs will be 
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detected by atomic force microscopy (AFM) working in non-contact mode. As indicated in 

Figure 5.1b, conductive substrate that also serves as the common bottom electrode will be 

used to grow vertically aligned semiconducting NW arrays. With one step lithography 

process, stripe top electrodes will be formed by depositing dielectric insulating material and 

conductive gold, sequentially. The cross-section view of the VNR is schematically shown in 

Figure 5.1c with vertically aligned NWs in-between the parallel stripe electrodes. As the 

alternative current driving signal is applied to the bottom and top stripe electrode, NWs will 

vibrate. The vibration will reach maximum amplitude state, i.e., resonance, when the applied 

driving signal frequency is tuned to NWs’ resonant value. Here, we grew vertical zinc oxide 

(ZnO) NW arrays on conductive silicon substrate as an example to form VNRs and the 

device fabrication could be expanded to other materials by both bottom-up growth and 

top-down lithography processes. The vertical ZnO NW arrays grown by vapor–liquid–solid 

(VLS) approach using Au thin film as catalyst are preponderantly single crystal structure, 

oriented in the [0001] growth direction (Figure 5.1h), with long-cycle mechanical vibration. 

Figure 5.1d is the photography of vertically aligned ZnO NW arrays grown in wafer size. 

Stripe top electrodes are fabricated directly on the NWs by depositing Al2O3 and gold as 

dielectric insulating layer and top stripe electrode, respectively. Such simple device 

fabrication process takes the advantages of self-assemble characteristic of grown ZnO NW 

arrays without complex and low-yield lateral NW resonators integration process.
113 ,114

 

Scanning electron microscopy image of the as fabricated VNRs shown in Figure 5.1e reveals 

NW resonator arrays have a high-yield, positioned at the interspace between strip electrodes 

on the chip. SEM image in Figure 5.1f is the enlarged portion of VNR with one vertically 
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ZnO NW resonator clamped with bottom conductivity Si chip (right), and kept certain 

distance from the strip Au electrode (left). Figure 5.1g is the zoom in SEM image of the 

vertical ZnO NW and Figure 5.1h is the TEM image of the NW. Inset is the diffraction 

pattern, indicating the growth direction is [0001]. The resonators of VNRs are extra-small 

(50nm), uniform, straight and vertical to the chip surface.  

 

 

Figure 5.1, Vertical NW resonators (VNRs) architecture and object. (a), Schematic figure of 

device structure, with vertical NW arrays on a conductive substrate. The stripe metal next to 

the NWs and conductive substrate work as induction electrodes. (b), Steps for fabrication of 

VNRs by using grown NW arrays and lithographed stripe electrodes. (c), The schematic 

cross-section of VNR shows the working mechanism. The resonance of NW arrays achieved 

by the applied AC electric field which is tuned to NW’s fundamental-vibration frequency. (d), 
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The photograph of a 4-inch wafer-size VNR. (e), SEM image (top view) of the VNR, with 

3μm width stripe electrodes, 50nm diameter ZnO NW arrays. (f), The enlarged SEM image 

of (e) showing one stripe electrode and one NW, the basic element of the large-scale VNR. 

(g), SEM image (45°view) of one vertical NW resonator, with 2.0μ m height, 50nm in 

diameter. (h), TEM image of the ZnO NW scraped off the grown substrate, showing the 

smooth and uniform structure of the NW grown by VLS method. Inset is the electron 

diffraction pattern recorded from the NW, indicating the growth direction is along [0001]. 

 

5.2.2 Observation method with N-AFM 

 Besides fabrication, how to effectively identify the resonance state of the ultra-small 

NEMS cantilever (diameter is about 50nm) in the atmosphere is also challengeable. 

Displacement transductions of NEMS regularly employed for previous MEMS/NEMS are not 

applicable to ultra-small NEMS. For example, the state of capacitive detection at the 

nanoscale sharply decreases, and the signal is generally overpowered by disorder effects. For 

optical signal readouts,
115

 diffraction effects begin to be apodictic while device dimensions 

are amounted greatly below the wavelength of the detecting laser signal. For the 

piezoresistive method, the fabrication of separate electrodes on the ultra-small cantilever is 

hard, and the signal decreases and even loses if the cantilever thickness is too thin. 

 Here we introduced a new ultra-sensitive atomic displacement sensing method by using 

AFM. Non-contact mode of AFM has extreme-high displacement sensitivity (sub-ångström 

<10
-10

m), having been applied in atomic scale position measurements.
116,117

 When AFM tip 

is brought close to a NW in non-contact mode, the tip is oscillated just above its resonant 

http://en.wikipedia.org/wiki/Resonance
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frequency where the amplitude typically can be down to a few picometers (10
-12

m).
118

 The 

Van Der Waals force between the AFM tip and NW, which becomes strong from 1nm to 

10nm above the specimen, reduces the resonance frequency of the tip. This reduction in 

resonant frequency aggregating with the capture system preserves the constant oscillation 

frequency by adjusting the tip-to-NW distance or the average tip-to-NW distance. This 

interaction force is as small as 0.4kJ/mol,
119

 under which, the NW resonator characteristics 

cannot be affected (<5% change in frequency), but such small Van Der Waals force acting on 

tip can be recorded by the signal change of a high precise position detector (PD) to sense 

tip-to-NW distance. For VNRs vibration measurement, as Figure 5.2a shows, the AFM tip 

keeps a small distance (in the Van Der Waals force working distance) from the NW top (left). 

With applying a small DC voltage between the driving electrodes, the NW is bent and the 

tip-to-NW distance increases. Then, the tip will be adjusted to maintain the previous setting 

distance (middle). As the applied DC voltage increases, NW is further bent, causing the tip 

moving down more (right). Correspondingly, NW bent distance could be recorded by AFM 

PD signal change. Then, as the applied voltage is functioned with sinusoidal signal to induce 

NW vibration, tip-to-NW distance changes periodically as the inset of Figure 5.2b indicates. 

Due to the high speed of NW vibration, the tip cannot keep changing synchronously with NW 

(dash lines), and will stay at the average tip-to-NW distance (solid lines). Therefore, the 

vibration and amplitude of VNRs can be identified from the averaged value from PD. Figure 

5.2c shows the PD signal change as function of cantilever stiffness. Sequentially, tips are 

brought to be above the NW with a small setting distance (5nm). First, PD signal changes are 

calibrated as 0V induction signal is applied (orange curve). Then the NW is bent by a 1V DC 

http://en.wikipedia.org/wiki/Van_der_Waals_forces
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bias (dark green curve, the PD signals change according to the adjusting of tips), PD’s 

sensitivity to tip-to-NW distance decreases with the increase of the cantilever stiffness.  

This result agrees with the previous reports:
120 

 

                           
  

  
                                (1) 

   is the change of PD signal;    is the cantilever frequency;    is the cantilever stiffness; 

   is the change of cantilever position;   is a constant;  

 Therefore, soft cantilever is preferred for detecting NW virbration with high sensitivity. 

For an AFM cantilever with spring constant   =0.3N/m, frequency   =300khz, the PD 

signal performance change with tip-to-NW distance is shown in Figure 5.2d, which reveals 

the closer of the tip-to-NW, the better performance of using PD signal change to detect NW 

vibration. Additionally, to prove applied AC induction voltage does not affect the tip 

measurement, the AFM tip was placed in between electrodes under the drive AC bias without 

NW, as inset of Figure 5.2e shows. The PD signal maintained constant value as the curve 

shown in Figure 5.2e. With this method, the high-sensitive atomic displacement sensing 

technique can accurately achieve the VNRs vibration status in the atmosphere, which can also 

be employed for any tiny mechanical movement observation. 
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Figure 5.2, Atomic displacement transduction sensing. (a), Under non-contact mode, AFM tip 

adjusts its position to keep the setting distance between tip-to-NW when applying the driving 

voltage to bend the NW. The change of tip position is recorded by a high precise PD. (b), The 

PD signal change outputs with the vibration of the NW resonator. The tip-to-NW distance 

changes with the vibration of the NW resonator. During such process, AFM tip attempts to 

adjust to keep the setting distance but stays at an averaged position because of the fast speed 

of NW vibration. Dash lines show the PD signals if tip can synchronously change with the 

vibration, solid lines are the actual PD signals with the tip stays at the average distance. Blue 

is the large amplitude vibration, green is the small amplitude vibration, orange is 

corresponding to static NW. As the inset shows, light red tips are the theoretical tip moving 

range if the tip could move faster enough to synchronize with NW vibration. The dark red tip 

is the actual average staying position. (c), The AFM tip sensitivity tests as a function of 
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cantilever stiffness. At setting distance of 5nm, orange dots are PD signals from static NW 

for calibration. Green dots are PD signals with bent NW (by 1V bias). (d), The performance 

of PD with the setting distance for AFM cantilever  =0.3N/m,   =300khz. (e), The flat PD 

signals presenting that AC induction voltage has little effect on displacement measurement. 

Inset is the measurement setup. 

 

5.3 Results and discussion 

 By the high-sensitive atomic displacement sensing technique mentioned above, VNRs 

performance is studied by measuring the resonant oscillations of vertical ZnO NW cantilevers 

at 1atm and room temperature. The NWs are harmonically driven by AC signal applied on 

electrodes, and their motion is measured by the atomic displacement sensing method. Figure 

5.3a shows a representative resonance spectra for ZnO VNRs, fitting well to a lorentzian 

function with a 9.98Mhz fundamental frequency (The average Q-factor measured is 1020, 

NW diameters are ～50nm; Lengths are ～2μm; at 1atm and room temperature) The peak 

amplitude varies linearly with drive voltage (Figure 5.3b), confirming that the resonators 

operate in the linear regime. The Q-factor and frequency maintain the same with the different 

amplitudes of driving electrical AC field.  

 On the other hand, some literatures pointed out that vacuum environment could increase 

the Q-factor of resonators. However, nano-cantilevers are small enough to remain the high 

Q-factor in the atmosphere, close to the value in high vacuum.
31

 Because the dimensions of 

VNRs approach (even smaller) to the mean free path of air (68nm) at atmospheric pressure, 
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VNRs can possess high work Q-factor at atmospheric pressure, resulting in wide applications 

yet simple working environments.  

 Additionally, we further systematically studied the size-effect (diameter change) and 

half-dimension (height change, 0.5D) properties of ZnO VNRs by characterizing the 

performances of VNRses with different diameter and height.  

 Some previous research modeling the NW resonators with classical physics theory and 

the nano-confinement effect of NW diameter is ignored. Such simplification is reasonable 

because the NW diameters are too large (100nm or larger) to have strong size-effect.
121,122

 

We synthesized sets of uniform vertically aligned ZnO NW array samples with constant NW 

height of 2µm but diameter variance of 50nm to 300nm. After fabricating those samples into 

VNRses, a platform for testing resonator size-effect is formed as Figure 5.3c indicates. The 

measured Q-factor of ZnO NW resonators as a function of the diameter in is shown Figure 

5.3d. The Q-factor of ZnO NW resonator increases with the decrease of diameters. Insets are 

the SEM images of ZnO NW with different diameters but identical height. The core-shells 

composite model is taken in numerical simulation
123

 and fits the measured data well (orange 

line in Figure 5.3d). The core-shells composite model in terms of the surface stiffening effect 

correlated with significant contractions occurred near the surfaces explores the origin of the 

size-effect. The NW with multiple surface layers can be treated as a multi-shell cable shown 

in Figure 5.3e with a core and cylinder shells having elastic modulus of E0 (take value from 

bulk material) and Es (correlated with the surface bond length contractions), respectively. 

Thus, the modulus E of NW can be presented as:
124 
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Where   is the diameter of NW,    is the depth of the shell. 

And the Q-factor can be derived as:
125
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;                (3) 

  is the length.    is a constant of 1atm. According to equation (3), Q-factor is a 

monotonically increasing function of diameter.  

 However, the data presents in Figure 5.3d showing a monotonically decreasing trend, 

which could be caused by VNRs dimensions approaching the mean–free-path of air at 

atmospheric pressure (even more prominent if dimension of the resonator is smaller than 

mean-free-path of air 68nm
126

). Therefore, the pressure for the air damping of ultra-small 

nano-cantilevers should be corrected as a function of resonator diameter. According to the 

relation between Q-factor and air damping,
127

 P  can be expressed as:    
  

    
 

 

   
      

 

 
  (   is the mean free path of air.   is the gas constant, and   is the 

temperature.    the molar volume.  ,   and   are parameters that are determined 

empirically from the gas). This correction is constant when the   close to the mean free path 

of air.  

Then, the equation (3) can be expressed as:  
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;                (4) 

Q-factor expressed by Equation (4) decreases with the increase of resonator diameter, which 

fits the data well (Figure 5.3d).  

 



75 
 

 

Figure 5.3, The measurement and simulation of VNRs’ properties. (a), Measured spectra 

(dots) and lorentzian fitting (line) for of ZnO VNR. Resonance is 9.98 MHz and Q-factor is 

1020 for NW height of 2μm and diameter of 50nm at 1atm and room temperature.(b), The 

fundamental resonant response of the 9.98 MHz VNR with induction voltage varying from 

0.4V to 1V. The inset shows that resonance amplitude is linearly proportional to the applied 

induction voltage, and the Q-factor and frequency maintain the same. (c), Schematic diagram 

for size-effect of NW with the same height. (d), Variation of Q-factor with size-effect for the 

same height NW resonators. Diameter dependence of effective Q-factor (NW heights are ～

2μm): red dots are experimental measurements and solid line is the fitted curve. Insets are the 

45°view SEM images of NW with different diameters, scale bars are 500nm. (e), The 

schematic illustration of the core-shells composite NW model. Simulation is performed using 

a finite-element method (Abaqus) in two-dimensional space and calculating result fits solid 
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orange curve in Figure 5.3d. (f), Schematic diagram for half-dimension effect of NW 

resonator (NW height varies but with the same diameter). (g), Height dependence of 

resonance frequency. Insets are the 45° view SEM images of the vertical NW resonators with 

different height but the same diameter of 50nm. Scale bars are 300nm. (h), Resonance 

frequency is proportional to the height of NW. The inset the Q-factors corresponding to NW 

resonator heights.  

 

 How the VNRs property changing with the NW height is another key characteristic for 

improving performance. NW height effect is within the scope of 0.5D nanomaterial, a new 

research area that studies property change caused by reducing the height of 1D nanomaterial 

from microscale/bulk to nanoscale, i.e. by the appearance of the third nanoconfinement. We 

fabricated VNRses by using vertically aligned ZnO NW arrays samples with height variance 

of 400nm to 2um but the same diameter (50nm), as Figure 5.3f indicates. Figure 5.3g shows 

that the fundamental frequency of ZnO NW resonators increases with the decrease of height 

and insets are the SEM images of ZnO NW with the same diameter but different height. The 

measured fundamental frequency of ZnO NW resonators as a function of the NW height are 

shown in Figure 5.3h. Inset is the Q-factor corresponding to different NW height. The 

Q-factor of VNR maintains almost the same value with the changing height. From Equation 

(2), the fundamental frequency of the vertical aligned NW resonator could be expressed 

with:
128
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where   is a constant for the fundamental harmonic:  =1.88, and fits the experimental 

measurement well (Figure 5.3h).  

 According to the study of size-effect and half-dimension properties of ZnO NW 

resonators, we find that the Q-factor can be adjusted by the diameter of NW, and the 

fundamental frequency can be modified by the NW height.  

 

5.4 Data analysis 

5.4.1 NW resonator model considering environment pressure.  

 Here are the details of the derivation of environment pressure effect on the NW 

resonator. 

The principal assumptions are: 

(1) The NW behaves as an elastic solid; 

(2) The gas molecules are supplanted clearly in the path of NW vibration; 

(3) Every gas molecule moving distance is the mean free path. 

(4) The air is the ideal gas and air molecules enter the path of NW vibration uniformly. 

 For the molecules at the edge between gas and NW can be simple as Figure 5.4a. While a 

NW swipes an area, the gas molecules will be pushed away, transitorily leaving an empty 

space. Initially, gas molecules stay around the space edge. The outer molecules collide with 

the molecules on NW edge. Those molecules previously on the space edge move into the 

space initially occupied by the NW with distance of gas mean-free-path. As supposed, every 

molecule moves with mean-free-path in very short time, therefore, transitorily, there will be 

empty space with width of gas mean-free-path down the edge previously covered by the NW, 
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as Figure 5.4a shown (Quantitatively, the speed of air molecule is about 1.482m/s and the 

time for the molecule to travel distance of mean-free-path is less than half period of the NW 

vibration.). 

 The model for the NW resonator in air pressure is shown in Figure 5.4b. Figure 5.4b is 

the top view of the vibrating NW with diameter close to the mean-free-path of the air. When 

the NW vibrates, the space of the NW going through is a "vacuum" state (yellow part), in 

which, the air molecules are pushed away by the NW. Each time, after NW passing, the air 

molecules will try to refill the "vacuum" space.  

 

 

Figure 5.4. Schematic diagram of air molecule distribution in the space of NW vibration. 

 

The pressure of ideal gas directly follows: 

                          

n R T
P

V


;                            (1) 

where V  is the volume of the gas, n  is the amount of substance of gas, R  is the gas 

constant, and T is the temperature. 

According to the model that no air molecule at mean-free-path deep on the edge of NW 

vibrating space due to the fast vibration of the NW discussed above. The amount of substance 

of gas 0n
 from one side will be modified as:  
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where d  is the diameter of the NW, X is the vibrating amplitude of the NW, l is the 

mean-free-path of the air.  

Then the modified pressure is: 
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Because air is not so idea gas as the model we build, equation (4) can be rewritten as:
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mV the molar volume. a ,b  and c  are parameters that are determined empirically for every 

gas species.    

 

5.4.2 The noise. 

a), In AFM non-contact mode, the thermal limitation of the minimum detectable frequency 

shift is
130

  

                  

2

0 /Bk T B k A Q  
;                       (6) 

where Bk
, B , and T are the Boltzmann constant, bandwidth and absolute temperature 

respectively. With smaller amplitude, the frequency noise increases and goes to the limit case  

                  
2 /BA k T k

;                                (7) 

The frequency of noise is derived as  

                  0 /B Q  
;                              (8) 



80 
 

Thus, the temperature frequency noise from Equation (8) is used for elevating the accuracy of 

the VNR resonance.  

b), PD noise is mainly contributed by three sources, which are compound (g-r) noise,
131

 

thermal noise
132

 and 1 / f noise.
133

 For high-frequency applications, there are two main noise 

sources: shot noise 
2

nsi
,
134

 and thermal noise 
2

nTi
. The overall noise current is: 
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The corresponding noise voltage is: 

             
2 1 / 2[ 2 ( ) 4 ]n n L b d s L B LU i R e i i i R f K T f R      

;        (10) 

b d si i i i   , bi  is the average signal current; si is background photocurrent; di is dark 

current of the reverse saturation. LR is the equivalent resistance of the detector.  

The analysis of PD noise decreases the measurement errors and improves the accuracy of the 

experiments for the VNR resonance testing. 

 

5.4.3 Uniformity of the NWs and VNRs on the same chip. 

 More than twenty randomly selected areas on the chip have been characterized the 

performance as resonator arrays, which is summarized in the Table 5.1. Figure 5.5a and 5.5b 

show measured resonance frequencies and Q-factors of these NW-resonators. The NW 

resonator arrays have the good uniformity in size and similar performance. Table 5.1, Figure 

5.5a, 5.5b and corresponding explanations are also added.  
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Table 5.1. Twenty areas randomly selected from the chip and their corresponding resonance 

frequencies and Q-factors.  

Figure 5.5 (a) and (b), the measured resonance frequencies and Q-factors of the 

corresponding NW resonator arrays from twenty areas randomly selected on the chip. 

 

Nano-resonator arrays from twenty areas randomly selected from the chip have similar 

resonance frequency and Q-factor, which indicated the size uniformity of the NWs on the 

entire chip. Furthermore, we also performed SEM characterization on the chip. More than 

200 NWs from different areas randomly chosen from the chip have been identified through 

SEM images. The statistical analysis of NW diameters and height are shown in Figure 5.6. 

The diameter and heights distribution are 47.0 ± 7.5nm and 1.85 ± 0.27μm, correspondingly, 

revealing the good size uniformity of the NWs on the entire chip. The insets of Figure 5.6a 

and 5.6b are the typical SEM images for performing statistical NW diameter and height 

analysis.  
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Figure 5.6 (a) and (b), the histograms of the size of NW-resonators show the high uniformity 

on the same chip. 

 

 

Figure 5.7 (a) and (b), the 15°tilted SEM images show the grown NW arrays. 

 

5.4.4 NW resonator size effect and 0.5D property characterization.  

 NWs with different size and height used for characterizing size effect and 0.5D property. 

Diameter, length, resonance frequency and elastic modulus for every of the vertical ZnO NW 

resonators shown in Figure 5.3d, 5.3h, accordingly. 

Table 5.2 Parameters of the NW resonators used for size effect characterization 
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Table 5.3 Parameters of the NW resonators used for 0.5D property characterization  

 

 

5.5 Application of VNRs for thickness and mass detection 

 To demonstrate the applications of ZnO VNRs, we synthesized ZnO NW arrays sample 

with uniform diameter of 50nm and 2µm in height and further fabricated it in into VNRs with 

a high Q-factor, large amplitude, and suitable fundamental frequency. The as fabricated 

VNRs sample is able to function as a high resolution thickness detector and small mass 

selecting sifter. A thin layer of polymethyl methacrylate (20% PMMA) is spinning coated at 

the roots of the vertical NW resonators without infiltration on the side surface of the NWs 

(Inset SEM image of Figure 5.8c). As the schematic Figure 5.8a shows, the deposited film 

thickness measurement was performed in atmosphere. Before film coating, the resonant 

frequency is 10.2MHz, and it shifts to 12.4 MHz after the thin film deposition as shown in 

Figure 5.8b. The measurement of the VNR on the thickness of the deposited thin film is 

calibrated to ~10kHz/nm
 
(thickness <300nm), ~20kHz/nm

 
(thickness >300nm), according to 

the equation (4). Correspondingly, VNRs measured thickness of 845nm, 698nm, 472nm, and 
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287nm of the PMMA thin films formed by different spinning speeds of 1000rad/s, 2000rad/s, 

3000rad/s, and 4000rad/s with the relatively shifted resonant peaks, respectively (Figure 5.8c). 

Inset is SEM image of the sample, which shows PMMA nano-film depositing on the root of 

NW.  

 Figure 5.8d schematically shows the VNRs could selectively sense mass as a precision 

mass object sifter. The objects with different mass are adsorbed on vertical NW resonators. 

Through tuning the induction field frequency, the NWs absorbed the target mass samples will 

resonate with the driving field, while NWs with other masses will not, which realizes VNRs’ 

mass selection function. Inset is the schematic figure showing resonant state of NW attached 

target mass. To test the performance and sensitivity of VNRs, the accretion of tert-butanol 

molecules is used, which could be attached onto the cooled surfaces of the NW simply by 

physisorption. The measured resonance frequency of VNR decreases with the injection of 

tert-butanol. 

The mass of the tert-butanol attached to the NW has been usually quantified by:
 135

  

                              
  

 
  

 

 

  

 
;                             (5) 

where   is the angular resonance frequency,    is the frequency shift,   is the NW mass, 

and    is the adsorbed mass. According to resonant peak shifts of VNR, we can resolve 

mass absorbed on NW resonators as small as tenth-ag and the detected mass are the 40ag, 

85ag, and 122ag, respectively (Figure 5.8e). 
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Figure 5.8 Application of VNRs as nanofilm thickness detector and atomic mass selecting 

sifter. (a), Schematic diagram of depositing thin film on the roots of VNRs. (b), Spectra of the 

resonance frequency of the VNRs before (red line) and after (black line) nanofilm deposition. 

The arrow indicates the sign of the resonance frequency shifting. (c), The corresponding 

thickness of nanofilm with the frequency shifting of the VNR. Inset is the 45° view SEM 

image of the cross-section of a NW resonator in VNR, showing the root of the NW resonator 

is imbedded in nanofilm. Scale bar is 100nm. (d), Schematic diagram of VNRs functioning as 

a high precision mass selecting sifter. The objects with different mass are adsorbed on the 

NW resonators of VNRs. Through adjusting the induction field frequency, the NWs absorbed 

the target mass samples (red ball) will resonate with the induction field, while NWs with 

other mass samples (blue ball) will not. Inset is the schematic figure showing that a NW 

attached a target mass sample resonates with the induction filed. (e), Virbration spectra of the 
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VNR. Resonance frequency shifts from original (pink line), to the positions of absorbing 

tert-butanol of 40ag, 85ag, 122ag (blue, red, black lines, correspondingly). 

 

5.6 Conclusion 

 In conclusion, we have demonstrated a wafer-size vertical NW resonator arrays by 

integrating ZnO NWs into NEMS resonators. By taking advantage of the self-assembled 

grown ZnO NW arrays, a VNRs device could be fabricated by a simple one-step lithography 

process. A new high-sensitive atomic displacement sensing technique has been developed by 

using AFM. This displacement sensing technique can detect atomic displacement of extra 

small NW cantilevers in atmosphere. The VNRs operate in the linear induction voltage 

regime with a Q-factor of 1020 at 1atm and room temperature. Size-effect and 0.5D 

properties study on VNRs systematically revealed NW size dependent Q-factor and NW 

height caused resonant frequency shifting. Furthermore, the VNR is applied as a nano-film 

thickness detector with sub-nm resolution and a mass selecting sifter with tenth-ag resolution. 

The VNRs and unique atomic displacement sensing technique in the atmosphere could find 

widely applications in biology, chemistry, and physics areas. 
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CHAPTER 6 

CONCLUSION AND FUTURE WORKS 

 In this dissertation, an innovative research about the reinforced mechanical property of 

ZnO NW based on vertical grown NWs and non-contact AFM is presented, which provides 

ideal methodology to study the nanoresonant in atmosphere with 50nm diameter NWs.  

 Beginning with the fabrication of VNR arrays, vertical and uniform ZnO NW arrays are 

first grown on conductive Si substrate by VLS method. Then a simple structured resonators 

array through assembling vertical ZnO NW cantilevers with stripe driven-electrodes is 

realized. By varying two key size parameters, the height and the diameter of NWs, thousands 

of ZnO NWs can be synthesized into resonators array as the study samples. ZnO NWs have 

diameter varying from 50 to 273nm and height from 630 to 2,001nm. The corresponding 

mechanical property of ZnO NW is characterized in atmosphere to provide a guide for 

fabricating vertical ZnO NW resonators on large-scale substrate and applying in NEMS. Q 

factor for the NW resonator increases with NW diameter, especially for the diameter smaller 

the free-mean-path of air. And the resonance frequency of NW increases with decreasing 

heights. The elastic modulus of ZnO NW is also accurately measured. Additionally, 

applications of VNR as sensitive resonator to sense small mass and thin thickness film are 

also demonstrated and investigated. This research builds the solid knowledge for practical 

ZnO NEMS.  
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 In order to understand the mechanical property of the ZnO VNR in depth, and to further 

present the size effect of nanoscale confinements, the half-dimension for wire-shape 

nanomaterial is defined and studied. Based on the photoelectric property measurement, the 

size effect of the third direction has been characterized with C-AFM cantilever touching on 

the top of ZnO NWs. Due to the nanoconfinement and carriers in semiconductor, a 

wire-shape ZnO nanomaterial presents a new resistance law, rather than classical Ohm's law. 

When single ZnO NW is connected by the gold coated AFM tip, the carrier distribution of the 

NW changes while the electrical potential is applied on the two ends of the. The electrical 

field is formed by the applied voltage from the gold coated AFM tip and the conductive 

substrate. When the tip connects the top of the NW, electrons originally exited from the 

valance band are held in the conduction band. And these electrons will return the valance 

band to recombine with holes until they make a collision with other electrons and lose some 

energy. The average travel distance of these electrons is the mean–free-path, which leads to 

the rich electron concentration areas near the two ends of NWs. The abnormal photoelectric 

property against Ohm’s law dominates in 0.5D ZnO nanomaterial height, which has a height 

of 500nm or less and diameter is around 50nm. The similar phenomenon could be observed 

for other semiconductor nanomaterials, like silicon, which are widely applied on FET devices. 

The observed maximum of photocurrent 5nA from the nanomaterials grown on the 

conductive substrate is under the applied bias 10V and light intensity 0.1mw/cm
2
.  

 Experimentally characterizing shear modulus of the NW is very important to the 

reliability and stability of the nanoscale-device like NEMS. A new approach to directly 

measure the shear modulus of a hexagonal-cross-section NW on silicon substrate with a small 
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trench has been designed. A ZnO NW is aligned along the small trench with one end fixed on 

the substrate and AFM tip scans the free end in contact mode. Both the topography and 

lateral force image are recorded. The topography of the whole NW contains information of 

NW diameter and length, as well as the maximum twisting angle of each part of the NW.  

Combining with the corresponding lateral force that caused the NW twisting, shear modulus 

of NW can be experimentally characterized. By small-angle approximation, the shear 

modulus of the ZnO NR, which has a radius of 166 nm and a length of 4 μm, is measured to 

be 8.1 ± 1.9 GPa. This method can be applied directly to characterize the shear modulus of 

any NW/NR that possesses a polygon cross section. 

 As an example for applying the knowledge obtained in this dissertation, the VNR sensor 

arrays have been fabricated to have the capability of measuring ultra-small mass and 

sub-nanometer thickness in atmosphere.  

 In summary, this dissertation presents systematical research on the mechanical property 

of NW in the atmosphere with diameter size smaller than 100nm, which provide the guide for 

practical application of NWs in NEMS. From the growth of vertical ZnO NW arrays to 

characterize the photoelectric and shear modulus propertes, the VNR is realized by AFM 

working in non-contact mode. A prototype vertical NW resonator sensor for detecting small 

particles and thin film is fabricated. Furthermore, the performance and characteristic of the 

VNR in atmosphere are discussed in depth. The work in this dissertation builds a systematical 

basis for applying NWs in NEMS. 
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